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1. Introduction 

 

1.1 Hematopoietic stem cell transplantation 

The term Hematopoietic Stem Cell Transplantation (HSCT) refers to the transfusion of 

bone marrow (BM), peripheral blood or cord blood derived multipotent hematopoietic 

stem cells primarily to patients suffering from benign or malignant severe disorders of the 

lymphohematopoietic system, with the aim to regenerate the patient’s dysfunctional (e.g. 

aplastic anemia) or ablated (i.e. after intensive myeloablative radio-/chemotherapy for 

leukemia eradication) blood-forming system. The introduction of this unique therapeutic 

treatment dates back in the 50’s when Rekers et al. using a mouse model showed that 

marrow aplasia secondary to radiation exposure could be restored after syngeneic 

marrow transplantation (124). The potential of HSCT as a life-saving therapeutic tool 

against leukemia was unraveled a few years later in 1956 by Barnes and colleagues, who 

conducted bone marrow transplantation experiments on two mice groups with acute 

leukemia (11). Mice from both groups were irradiated and received as salvage therapy to 

bone marrow aplasia either syngeneic (i.e. same strain mice: group one) or allogeneic (i.e. 

different strain mice: group two) bone marrow grafts. All mice from the first group died 

from leukemia relapse contrary to those from the second group who died from a “wasting 

syndrome” albeit without prior relapse. The findings of these experiments comprise the 

three basic principles of HSCT. 1) A preparative (i.e. conditioning) regimen prior to HSCT is 

an essential prerequisite for engraftment, 2) the post HSCT reconstituted immune system 

has the ability to eradicate residual disease and thus prevent leukemia relapse. This is 

commonly known under the term “Graft versus Leukemia effect” (GvL) and 3) the new 

engrafted donor cells may elicit a cytotoxic immune response against the cells of the 

recipient leading to the development of a “wasting syndrome” known as “Graft versus 

Host Disease” (GvHD). The first HSCT clinical trials date also back in the middle 50’s, as E. 

D. Thomas in the United States and G. Mathé in Europe were the first to perform 

allogeneic HSCT in humans (77;147). These initial efforts had minimal success as they 

were compromised by the lack of knowledge on the pivotal role of histocompatibility in 

transplantation. The discovery of the Human Leukocyte Antigen (HLA) System (39) in 
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conjunction with the development of the first HLA typing methods (157) allowed better 

understanding of the immunobiological processes implicated in post HSCT engraftment, 

GvHD and leukemia relapse. To underscore the immense impact of these discoveries on 

the fight against previously incurable diseases, J. Dausset, B. Benacerraf along with G. D. 

Snell in 1980 won the Nobel Prize in Physiology or Medicine for their contribution in the 

discovery of the HLA system. The same award was granted 10 years later to E. D. Thomas 

and J.E. Murray for their pioneer work in the field of bone marrow and solid organ 

transplantation respectively. Eleven years after the discovery of HLA, the first ever bone 

marrow transplant between individuals matched by molecular analysis was a reality (26).  

Since then hundreds of thousands of HSCTs have been performed with the millionth 

being reported by the Worldwide Network for Blood and Marrow Transplantation in 

December 2012 (60). Even though hematological malignancies still account for the 

majority of HSCTs performed annually, the increasing safety of HSCT protocols due to the 

tremendous progress in HLA typing (133), conditioning regimens as well as infection 

control and GvHD prophylaxis treatments has allowed the expansion of HSCT indications 

to a plethora of other non-malignant, non-hematological disease entities (65;97) (Table 

1). The steadily growing number of volunteer donors registered in the Bone Marrow 

Donor Worldwide (BMDW) database, which surpassed the threshold of 30,000,000 in July 

2017 (18), has also contributed immensely to this development. Data from both the 

European Group for Blood and Marrow Transplantation (EBMT) and the Center for 

International Blood and Marrow Transplant Research (CIBMTR) regarding the use of HSCT 

in Europe and the United States respectively, clearly indicate a remarkable boost to 

almost all sorts of HSCTs, with the exception perhaps of unrelated cord blood HSCT 

(38;119) (Figure 1). Despite this irrefutable progress, HSCT remains a high-risk treatment 

associated with high mortality rates due to transplantation-related morbidity factors such 

as GvHD, toxicity and severe infection, with patient/donor HLA-compatibility still 

remaining the most decisive donor-parameter influencing HSCT outcome (59). 

 

 

 

Adapted from () 
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Table 1: HSCT indications 

Indications for allogeneic HSCT 

Standard of care Rare Developmental 

Acute myeloid leukemia Acute promyelocytic leukemia, 
relapse 

Germ cell tumor, 
relapse 

Acute lymphoblastic leukemia Fanconi’s anemia Germ cell tumor, 
refractory 

Chronic myeloid leukemia Dyskeratosis congenita Ewing’s sarcoma, high 
risk or relapse 

Myelodysplastic syndromes Blackfan-Diamond anemia Soft tissue sarcoma, 
high risk or relapse 

T-cell non-Hodgkin lymphoma Congenital amegakaryocytic 
thrombocytopenia 

Neuroblastoma, high 
risk or relapse 

Lymphoblastic B cell non-
Hodgkin 
lymphoma (non-Burkitt) 

Severe combined 
immunodeficiency 

Juvenile rheumatoid 
arthritis 

Burkitt’s lymphoma Wiskott-Aldrich syndrome Systemic sclerosis 

Hodgkin lymphoma Hemophagocytic disorders  

Anaplastic large cell lymphoma Lymphoproliferative disorders  

Severe aplastic anemia, new 
diagnosis 

Severe congenital neutropenia  

Severe aplastic anemia, 
relapse/refractory 

Chronic granulomatous disease  

Sickle cell disease Other phagocytic cell disorders  

Thalassemia IPEX syndrome  

 Other autoimmune and immune  

 Mucopolysaccharoidoses (MPS-I 
and MPS-VI) 

 

 Other metabolic diseases  

 Osteopetrosis  

 Globoid cell leukodystrophy 
(Krabbe) 

 

 Metachromatic leukodystrophy  

 Cerebral X-linked 
adrenoleukodystrophy 

 

Abbreviations: IPEX= immunodysregulation polyendocrinopathy enteropathy X-linked 
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 Figure 1: Use of HSCT in US and Europe by donor type 

 a) From (119), p.790, Fig. 3a; b) From (37), slide 4/43. The graphs reveal very similar trends between 
Europe (a) and US (b) with unrelated donors constituting the most common graft source and related-
haploidentical donors being gradually preferred over umbilical cord units.  
Abbreviations: HSCT=Hematopoietic Stem Cell Transplantation, URD=Unrelated Donor, BM=Bone 
Marrow, PB=Peripheral Blood, iden=identical, Sib=sibling, UCB=Umbilical Cord Blood.  

 

1.1.1  Hematopoietic Stem Cell features 

Although the regenerative capacity of bone marrow was already known, the notion of the 

“hematopoietic stem cell” (HSC) was first introduced almost 10 years later by Becker, 

McCulloch and Till following their revolutionary studies on blood-system regeneration in 

mice (12). Those initial experiments led to the discovery of the HSCs, these multipotent 

cells residing in the bone marrow characterized by two unique features: 1) Self-renewal 

which consists of their ability to produce identical daughter cells without further 

differentiation and 2) multi-potency, a term which reflects their ability to differentiate 

into cell-line progenitor cells and thus give rise to all functional cellular components of the 

blood system.  Specifically, these progenitor cells are: a) the Common Lymphoid 

Progenitor (CLP), which generates all of the lymphoid cells (i.e.  B-cells, T-cells and natural 

killer (NK) cells) and b) the Common Myeloid Progenitor (CMP), which generates all of the 

mature myeloerythroid cells (i.e. granulocytes, monocytes, thrombocytes and 

erythrocytes) (5;55) (Figure 2). Dendritic cells and osteoclasts have also been found to 

derive from HSCs (47). Another two basic features that characterize the HSCs are their 

migration potential outside the bone marrow as well their ability for programmed cell 

death named apoptosis (21;29;43). Fine tuning of all these four intrinsic qualities of the 

HSCs ensure the homeostasis of the blood-forming system. In terms of “molecular 



5 
 

marking”, the HSCs are characterized by: CD34+, CD59+ and CD90+ (Thy-1), CD38-/low , C-kit- 

and lin- staining. Interestingly, despite their common phenotypical properties, the HSCs 

are nothing but homogeneous. At least three major multipotent HSC populations have 

been identified until now: The Long-Term (LT)-HSC, the Short-Term (ST)-HSC and the 

Multi-Potent Progenitor (MPP), which constitutes a crossing population between HSCs 

and Common Progenitor cells, as it has lost the self-renewal capacity of HSC (106). The ST 

HSCs are mostly committed in generating blood components with constrained self-

renewal and long-term engraftment potential, whereas the LT HSCs exhibit high life-long 

engraftment capacity and their adequate presence in BM and peripheral blood stem cells 

(PBSC) grafts is imperative for a successful transplantation (47). Up to now there is 

unfortunately no established method for selective collection of the aforementioned HSC 

populations. HSCs can be acquired by direct aspiration from donor’s bone marrow, by 

PBSC collection after granulocyte-colony stimulating factor (G-CSF) mobilization or by 

cryopreserved cord-blood units. The BM grafts contain stroma cells, mesenchymal cells, 

progenitor and lineage-committed cells as well as mature leukocytes and erythrocytes. 

Although efficient, this approach has been extensively abandoned in adult patients after 

the introduction of PBSC apheresis, a much less interventional and much more donor-

friendly procedure, which consists of HSC collection by centrifugation after G-CSF stem 

cell mobilization. An average PBSC graft contains up to 10 times more T-cells, monocytes 

and NK-cells compared to a BM one. Prior use of G-CSF is mandatory as HSCs normally 

constitute only up to 0.1% of all circulating blood cells. After G-CSF mobilization their 

presence in peripheral blood can rise up to 20 times (36;87). In cord blood grafts the 

mean number of HSCs per unit is limited and usually insufficient for an average male adult 

patient, hence double unit transplants or other ex-vivo expansion techniques are 

essential to overcome this barrier (71;138). 
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Figure 2: Hematopoiesis  

From (114), distributed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). As shown in 
the picture, all blood cell lines derive from one multipotent cell that has the ability to not only 
differentiate into more committed cell lines but also to renew itself. This is a simplified depiction of the 
multiple differentiation steps needed, before fully mature cells exit the bone marrow in order to enter 
into the peripheral blood circulation.  

 

1.1.2 Types of HSCT 

HSCT can be categorized in various groups depending on stem cell source and donor-

recipient relation. As already mentioned, hematopoietic stem cells can be retrieved from 

direct BM aspirates, from peripheral blood after stem cell mobilization as well as from 

cryopreserved cord blood units. In terms of donor identity, HSCT is divided in two major 

categories: 1) the autologous HSCT, where donor and recipient are the same individual 

and 2) the allogeneic, wherein donor and recipient are not the same person. The 

allogeneic HSCT can be further subdivided into related and unrelated depending on 

whether the donor and the recipient are family related or not. On account of 

histocompatibility between patient and donor, both related and unrelated allogeneic 
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HSCTs can be categorized into HLA matched and HLA mismatched. Haploidentical HSCT 

constitutes a distinct group of HLA mismatched related allogeneic HSCT in the sense that 

patient and donor apart from being related (i.e. usually first degree relationship, namely 

parent, child or sibling) they are also only half HLA identical as they share only one 

common HLA haplotype. Even though matched sibling donors remain the gold standard, 

the increasingly better outcomes with matched unrelated as well as with 1-2 HLA 

mismatched unrelated and haploidentical donors preclude donor unavailability as reason 

for a patient not receiving an HSCT if strongly indicated (148). In Germany, due to the 

extended network of volunteer donors, it is estimated that for every German patient the 

probability of finding a matched unrelated donor is about 75% (42). The chance for a 

matched sibling donor is only 25-30%. Considering that for almost every patient there is 

at least one haploidentical donor available, it becomes clear that nowadays donor 

availability is no longer the main HSCT constraint. 

 

1.2 The human Major Histocompatibility Complex  

The HLA-complex corresponds to the human Major Histocompatibility Complex (MHC), a 

genomic region of about 3.78 Mb length located at the short arm of chromosome 6 

(6p21.32-6p22.1).  253 HLA-complex genes have been identified thus far from which at 

least 133 are being actually expressed (135). Most of the genes encode protein structures 

with high immunological significance. The histocompatibility relevant genes are divided in 

two distinct groups, the HLA-class I, which contains the Ia classical HLA molecules -A, -B 

and -C as well as the Ib non-classical HLA-E, -F and -G molecules (112;134) and the HLA-

class II with the HLA antigens -DR, -DQ and -DP. The region between class I and class II is 

named HLA-class III and it includes immunity-relevant genes that encode for instance the 

cytokines Tumor Necrosis Factor (TNF), Lymphotoxin A and B (LTA and LTB), the heat-

shock proteins HSPA1L, HSPA1A and HSPA1B as well as the complement factors C2, C4 

and (Complement Factor B) CFB (125). A more clear view of the genomic organization of 

human MHC is depicted in Figure 3. 
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Figure 3: The human MHC  

Based on (158), p.1179. General overview of the human MHC located at the short arm of chromosome 6. 
All transplantation related HLA genes are located in the Class I and Class II fraction of the MHC genome. 
These are HLA-A,-B and -C for Class I and HLA-DR,-DQ and -DP for Class II.  
Abbreviations: HLA=Human Leukocyte Antigen, DOA=HLA-DOA, DP=HLA-DP, DOA=HLA-DOA, DMB=HLA-
DMB, DMA=HLA-DMA, TAP=Transporter Associated with Antigen Processing, LMP=low-molecular mass 
polypeptide, DOB=HLA-DOB, DQ=HLA-DQ, DR=HLA-DR, CYP=steroid 21-hydroxylase enzyme, 
C4=complement factor C4, Bf=Properdin factor B of the alternate complement pathway, C2=Complement 
factor C4, HSP 70=Heat Shock Protein 70, TNF=Tumor Necrosis Factor, LT=Lymphotoxin, MICA/B=MHC 
class I chain-related protein A and B, B=HLA-B, C=HLA-C, X=HLA-X, E=HLA-E, J=HLA-E, A=HLA-A, H=HLA-H, 
G=HLA-G, F=HLA-F. 

 

Dispersed in the HLA genomic area are also found other non-HLA genes like HFE (Human 

hemochromatosis protein), MHC class I polypeptide-related sequence A (MICA), MHC 

class I polypeptide-related sequence B (MICB), Transporter associated with antigen 

processing I (TAP I) and Transporter associated with antigen processing II (TAP II) as well 

as numerous HLA pseudogenes. The HLA complex and especially its class Ia and II regions 

constitute the most polymorphic genomic sites of the human genome. From an 

immunological standpoint, this outstanding polymorphism is to be viewed as an 

evolutionary advantage corresponding to HLA’s role as antigen presenting molecules that 

have to bind and present a continuously increasing number of pathogenic peptides to 

immune effector cells. Like Janus face, however, this irrefutable immunological asset is at 
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the same time the biggest challenge transplantation specialists are confronted with every 

day (153). According to the latest IMGT/HLA database (Release 3.35.0 January 2019) 

more than 21,000 HLA alleles have been identified overall until now and their number is 

expected to rise exponentially due to the broader use of more refined molecular typing 

methods that allow for whole gene sequencing (126;127). More detailed data on the 

number of HLA-class I and II alleles are presented in tables 2a and 2b. 

Table 2: HLA Alleles 

a) HLA-class I, IPD-IMGT/HLA Database (126;127), Version 3.35.0 

Gene HLA-A HLA-B HLA-C HLA-E HLA-F HLA-G 

Alleles 4,846 5,881 4,654 27 38 61 

Protein 3,286 4,088 3,070 8 6 19 

Null-alleles  255 190 185 1 0 3 

Abbreviations: HLA=Human Leukocyte Antigen 

 
b) HLA-class II, IPD-IMGT/HLA Database (126;127), Version 3.35.0  

Gene DRA DRB DQA1 DQB1 DPA1 DPB1 DMA DMB DOA DOB 

Alleles 7 2,841 114 1,498 85 1,312 7 13 12 13 

Protein 2 2,043 46 1,007 32 868 4 7 3 5 

Null-

alleles  
0 99 4 46 0 64 0 0 1 0 

 
It is of note that in the very first IPD-IMGT/HLA release version from December 1998 only 

964 HLA alleles were overall included. Today they number about 21,499 (126;127). One 

significant feature of the HLA genes is that they are located close to one another in the 

chromosome and because of this vicinity they tend to be inherited in a non-random way, 

together as a block (en bloc). These blocks are called haplotypes and one individual 

expresses co-dominantly the HLA alleles present in the maternal and the paternal 

haplotypes respectively (Figure 4). In rare cases (i.e. 1-3%) alleles from paternal and 

maternal origin switch places giving birth to new haplotypes (14). These recombination 

events occur mostly between HLA-A/HLA-C and HLA-DQ/HLA-DP due to the relatively 

longer distance separating them on the chromosome (Figures 5a and 5b). These crossing-
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overs add more diversity in HLA haplotype frequencies rendering donor search even more 

challenging, especially in remote and isolated populations. 

 

 

Figure 4: Inheritance of HLA haplotypes 

The figure depicts a typical example of HLA haplotypes inheritance within a family. The probability of two 
siblings to be HLA identical is about 25%. As shown in the picture, the maternal and paternal HLA 
haplotypes are passed on to the next generation en bloc. 
Square=Male, Circle=Female   

  



11 
 

 

 

 

Figure 5: HLA Complex 

a) Based on (76), p.356. Overview of the location of the HLA genes on the chromosome. The generally 
short distance between the HLA loci accounts for their en bloc inheritance from generation to generation. 
Some loci genes are located closer to one another, which in turn leads to strong linkage disequilibrium 
between them (e.g. HLA-B/C and HLA-DR/DQ). The relatively longer distance between HLA-A and HLA-C 
as well as HLA-B and HLA-DR predispose to recombination events, known as crossing-overs. The general 
frequency rate of the latter is about 1-3%. 
b) Based on (123) p.643. Here is depicted a typical example of an A/C crossing over event (sibling 3). 

 
 
 

a)

b)
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1.2.1 Biological function of human MHC 

The HLA molecules are cell-surface proteins that present exclusively peptidic antigens to 

specific immune competent cells and play a major role in histocompatibility and immune 

regulation. Each MHC molecule has the ability to bind peptides with specific structural 

features (140). These peptides originate most often, yet not always, from substances 

which are foreign to the body (e.g. virus, bacteria, allo-cells etc.). The basic duty of MHC 

molecules is to present pathogen-related peptides to specific immune cells (T-Cells). They 

play a key-role in immune response against pathogens and tumor cells, in allorecognition 

(i.e. immune response against transplanted cells/tissues) as well as in autoimmune 

diseases (i.e. when self-peptides are presented). Their great polymorphism in terms of 

gene as well as allelic diversity highlights their crucial importance in species evolution and 

survival (8;17). 

1.2.1.1 HLA class I 

The MHC class I molecules are cell-surface proteins found on all nucleated cells as well as 

on platelets and sperms. As previously mentioned, this group comprises two subgroups, 

the Ia classical and the Ib non-classical HLA-molecules, which despite their very similar 

structure, display distinct functional features (85;108). The HLA-class I gene structure as 

well as a two-dimensional depiction of the HLA-class I protein are being presented in 

figures 6a & 6b respectively (16). The HLA-class I protein consists of two non-covalently 

linked polypeptide chains, a 3-segment polymorphic MHC-encoded α-chain and a non-

polymorphic, non MHC-encoded β-chain (i.e. β-2 microglobulin, which is encoded in 

chromosome 15)(16;17).  
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Figure 6: MHC Class I 

a) Genomic structure of MHC I, based on (99), p.35. General overview of the MHC Class I genomic 

structure. 
Abbreviations: L=leader peptide, TM=transmembrane domain, CYT=cytoplasmic/intracellular domain, 
3’UT=3’utranslated domain. 

 

 

Figure 6: MHC class I 

b) Molecular structure of MHC I, based on (99), p. 32. Two-dimensional overview of an MHC Class I 
molecule. 

 

The most polymorphic and thus most important part of the molecule resides in the 

extracellular domain of the protein molecule and is called the peptide binding cleft. This 

structural component is formed by the α1 and α2 domains, which in turn are encoded by 

the exons 2 and 3 of the respective HLA-class I gene (102;156;161). The high 

polymorphism observed in these two exons accounts for the great diversity characterizing 

the MHC class I molecules. Practically only this small part of the gene (Exon 2 & 3) is 

analyzed in order to determine one’s HLA class I type (100;140). The peptide binding cleft 
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of the class I HLA molecules can only accommodate short peptides of up to 11 amino acid 

residues maximum length. The peptide/HLA complex is formed intracellularly and is 

stabilized by the β-2 microglobulin, before being transferred to the cell surface. The 

assembled complexes can then interact with a small subset of CD8+ cytotoxic effector T-

cells carrying specific HLA-restricted T-cell receptors (TCRs) (161). The great specificity of 

this interaction explains the enormous diversity observed in both TCRs and HLAs.  The 

MHC-I molecules mostly display peptides generated intracellularly (e.g. viral infections, 

intracellular pathogens, tumor antigens but also normal self-peptides), yet through a 

process called cross-presentation, they may also bind and present peptides deriving from 

exogenous proteins (15). Their multifaceted function renders them key-components of 

immune responses against intracellular pathogens, tumors and allografts. Apart from 

their evident implication in the induction of adaptive-immunity-related responses, the 

HLA-class I proteins are also important immunomodulating factors of innate immunity 

through their interaction with a significant number of inhibitory as well as activating 

receptors expressed on the surface of NK-cells (116). 

1.2.1.2 HLA class II 

In contrast to MHC class I molecules, the constitutive expression of MHC class II proteins 

is restricted to a rather narrow range of immune-related cells (i.e. dendritic cells, 

activated T-cells, B-cells, monocytes and thymus epithelial cells) (85). Under stress 

conditions (i.e. inflammation, infection etc.) their expression can be induced by 

interferon-γ in cells that normally do not express these molecules on their surface (e.g. 

endothelial cells) (64). The genomic region of HLA-class II comprises the genes for the loci 

HLA-DP, -DM, -DO, -DQ and -DR (78). Of those only HLA-DR, -DQ and lately but to a lesser 

extent -DP are taken into consideration for donor selection in the setting of an allogeneic 

HSCT (111). HLA-DM and -DO play a significant role in the regulation of peptide loading on 

the other MHC-class II molecules (103). Apart from their expression profile, the HLA-class 

II proteins differ from their class I counterparts both, in terms of structure and function 

(24). The basic genomic as well as protein structure of the MHC-class II molecules is 

shown in Figure 7. 
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Figure 7: MHC class II 

a) Genomic structure of MHC II based on (99), p.35. The α1 chain is generally low polymorphic. The exon 
2 of the β chain is the most polymorphic site of the MHC Class II genome as it encodes the β1 chain. The 
high polymorphism observed in this genomic site accounts for the high number of HLA-Class II alleles 
identified thus far.  
Abbreviations: L=leader peptide, TM=transmembrane domain, CYT=cytoplasmic/intracellular domain, 
3’UT=3’utranslated domain. 

 

 

Figure 7: MHC class II 

b) Molecular structure of MHC II based on (99), p.32. Two-dimensional overview of an MHC Class II 
molecule. 

 
The heterodimeric form of the HLA-class II molecules consists of two 2-domain 

polymorphic MHC encoded chains (i.e. α and β chains). Both chains are anchored in the 

membrane and together they form the HLA-class II protein (80;149). The high 

polymorphism which characterizes the clinically relevant class II molecules, namely the 
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HLA-DR, -DQ and -DP, is mainly observed in the β1 chain which together with the less 

variant α1 chain form the peptide binding cleft, where antigenic peptides are being 

bound. This highly variable domain is encoded by exon 2 of the β1 chain (80). Typing of 

this small genomic region is sufficient to determine one’s HLA-class II genotype (140). 

Compared to HLA-class I, the peptides that bind to HLA-class II are significantly longer (i.e. 

10-30 amino acid residues long). The main function of the clinically relevant MHC-class II 

proteins is to present peptides of mostly but not exclusively extracellular origin (i.e. 

bacteria, other extracellular pathogens) to CD4+ helper T-cells (34;140). The display of 

these peptides to the CD4+ helper T-cells triggers their activation and enables them to 

prime other immune competent cells (e.g. activate B-cells so that they produce antigen 

specific antibodies) in order to combat the pathogen (2). In thymus they also present self-

peptides and thus contribute significantly to the process of positive and negative 

selection of lymphocytes especially during the early after-birth period when the immune 

system is being molded (131). Like their class I counterparts, they constitute critical 

components of the adaptive immune system and hence key players in anti-pathogen, allo-

recognition and autoimmune processes (150;153). 

1.2.2 HLA typing methods and nomenclature 

Initially the HLA molecules were serologically identified through the use of anti-sera with 

known anti-HLA specificities. In those early years the list of the distinct HLA proteins was 

rather short and the nomenclature was much simpler than it appears to be nowadays. 

After the introduction of molecular based typing which allowed discrimination of distinct 

HLA alleles on account of their DNA sequence, particularly in the polymorphic domain of 

the peptide-binding cleft, not only the list of the newly discovered alleles increased 

exponentially but also the nomenclature became unavoidably much more complex 

(102;132).  An overview of the currently used nomenclature is being presented in Figure 

8. 
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Figure 8: HLA Nomenclature  

The content of the picture is explained in detail in the main text. 
Abbreviations: HLA=Human Leukocyte Antigen 
 

The * separator implies that the allele has been determined using DNA PCR and 

sequencing based techniques. The HLA prefix defines the HLA locus in question. This 

prefix is followed by 4 separate fields separated with a colon. The numbers in the 

following fields reflect the point in time when an allele was identified. As expected, the 

most common alleles were determined prior to more rare ones but this is by no means 

the rule. The first field defines the antigen group to which an allele belongs. Alleles of the 

same antigen group are indistinguishably identified with serological methods. These 

alleles obviously share some structural features but are not identical if the second field, 

which corresponds to the protein sequence of the allele, is different. The first two fields 

are the ones used in praxis for the HLA genotyping and thus correspond to what is 

defined as high resolution typing according to current standards (41). The determination 

of the other two fields can only be accomplished with the use of extended or whole gene 

sequencing methods. Alleles that only differ in the 3rd field are considered as equivalent 

since the DNA differences in the coding regions do not confer any changes to the amino 

acid structure of the peptide binding cleft (i.e. silent mutations or else synonymous DNA 

substitutions in any part of the gene’s coding regions).  It should be noted, however, that 

exclusive typing of only the peptide-binding cleft relevant exons is in many instances not 

sufficient, as specific changes in other exons or introns (e.g. read frame shift changes due 

to insertions or deletion, splicing mutations, substitution of significant amino acids like 

cysteine) may lead to impaired or completely defective surface expression of the 
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molecule. These expression changes are denoted in the last naming field using the letters 

N (i.e. Null) for complete absence of expression, Q (i.e. questionable) for uncertain 

expression and L (i.e. low) for low expression. Exclusion of null alleles (i.e. especially those 

that exhibit relatively high prevalence, like HLA-C*04:09N) is necessary upon patient and 

donor HLA-typing prior to HSCT, as they are clinically relevant and should be considered 

in HLA-matching. All alleles that share the same genetic information in the peptide-

binding coding domain (i.e. exon 2 & 3 for class I and exon 2 for class II) form a group 

nominated by an upper case ‘G’ which follows the first 3 fields of the lowest numbered 

allele in the group (e.g. HLA-DRB1*14:01:01 and *14:54:01:01 belong to the allele group 

*14:01:01G). Accordingly, alleles with identical amino acid sequence in the peptide-

binding coding domain are designated by an upper case ‘P’ which follows the 2-field allele 

designation of the lowest numbered allele in the group (126;127).  The IPD-IMGT/HLA 

Database is being updated and issued every three months while updates on the current 

HLA Nomenclature report (101) are being produced on a monthly basis and comprise all 

new and confirmatory sequences reported to the Nomenclature Committee as well as 

corrections to formerly erroneous sequences.  

 

1.2.3 Role of HLA in HSCT donor selection 

HLA compatibility between patient and donor has long been identified as the most 

decisive donor-parameter in an allogeneic HSCT setting (59). A plethora of studies in the 

last five decades have clearly demonstrated that HLA discrepancies between patient and 

donor in the loci HLA-A,-B,-C and -DRB1 lead to significantly inferior HSCT outcomes 

primarily due to aggravated transplant-related mortality (TRM) (i.e. GvHD , graft failure, 

fatal infection etc.) and secondarily due to higher relapse rates on account of more 

intensive immunosuppression needed in order to combat the exacerbated alloreactive 

immune responses (50;120). The current HLA compatibility standards as to unrelated 

HSCT define 8/8 (HLA-A,-B,-C and -DRB1) HLA identical transplant pairs at allele level (i.e. 

alleles with equivalent amino acid sequences in the peptide binding cleft site, namely 

alleles of the same P group) as well matched (41). When more stringent criteria are 

applied, only 10/10 HLA identical donors are considered fully matched. It is of note 
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however, that according to data reported thus far, HLA-DQB1 mismatch  impact on HSCT 

outcome is rather minimal therefore 9/10 match is to be considered almost equivalent to 

10/10 when the mismatch concerns the DQB1 locus (50;92;41).  HLA-C*03:03/*03:04 

mismatch is also considered a permissive HLA discrepancy (48;54). Donors with more 

than two mismatches are not considered for donor selection as other alternative donor 

options (i.e. haploidentical or cord blood HSCT) have been shown to associate with more 

favorable results compared to multiple-HLA-mismatched unrelated donor grafts. HLA-

DPB1 mismatches are categorized into permissive and non-permissive with respect to 

their immunogenicity profile as described in the T-cell epitope (TCE) algorithms (35;49) 

currently in use. Although DPB1 mismatch consideration is not obligatory according to 

present donor selection standards, it is advised to be taken into consideration in the case 

of multiple equivalently matched donors along with other non-HLA parameters like donor 

age, CMV matching status, AB0 blood group compatibility etc. (69). As far as related HSC 

donors are concerned, better HLA matching doesn’t appear to optimize HSCT outcome in 

a haploidentical setting (51;83). Evidently, matched sibling donors (i.e. donors that share 

both haplotypes with recipients, hence HLA identical), due to their maximum degree of 

HLA compatibility with their respective recipients, still constitute the gold standard HSC 

donor choice (148). 

 

1.3 Non-classical MHC class I molecules  

The genomic region located on the short arm of chromosome 6 comprises a large number 

of genes responsible for the encoding of the classical as well as of the non-classical MHC 

class I molecules. The latter constitute a group of proteins with similar structure albeit 

distinct expression and functional profile compared to their classical class Ia counterparts 

(3;7). The MHC-Ib region encompasses the gene coding for the proteins HLA-E, HLA-F, 

HLA-G, HFE, MICA and MICB. Their basic features are summarized in Table 3. Since this 

study focuses on the role of HLA-E in HSCT, this molecule will be presented in more detail 

in the next paragraph. 
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Table 3: Characteristics of non-classical HLA molecules 

* Ubiquitously transcribed but primarily expressed on the surface of immune and endothelial cells. It is also expressed on trophoblastic cells. Inflammatory 
conditions can induce surface expression of HLA-E (7). 
† Under normal conditions mainly expressed on fetal derived placental cells (cytotrophoblasts), erythroid precursors, cornea, thymic medulla and 
pancreatic islets. Under pathological conditions (i.e. cancer, viral infection, transplantation and autoimmune diseases) can be also neo-expressed on other 
tissues (93). 

 

MHC Ib Molecule 
Number of known 

Alleles/Isoforms 
Expression β2m associated 

Heavy chain 

structure 

Peptide 

presentation 
Receptors 

HLA-E 7/8 Ubiquitous* Yes α1, α2, α3 Short peptides CD94/NKG2A,C αβ TCRs 

HLA-F 30/5 B-cells Yes α1, α2, α3 Questionable ILT-2, 4(LILRB1,2) 

HLA-G 58/18 Restricted† Not always α1, α2, α3 Short peptides KIR2DL4, LILRB1,2 

HFE 6/4 Ubiquitous Yes α1, α2, α3 No TfR 

MICA 

MICB 

107/82 

 42/28 

Stress induced 

Stress induced 

No 

No 

α1, α2, α3 

α1, α2, α3 

No 

No 

NKG2D, γδ TCRs 

NKG2D, γδ TCRs 

Abbreviations: HLA=Human Leukocyte Antigen, HFE=Gene encoding the human hemochromatosis protein, CD=Cluster of Differentiation, KIR=Killer-cell Immunoglobulin-like 
Receptor, TCR=T-cell Receptor, ILT-2,4 (LILRB1,2)=Leukocyte Immunoglobulin-like Receptor Subfamily B member 1,2, TfR=Transferrin Receptor, MICA/B= MHC class I 
polypeptide-related sequence A/B. 
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With the exception of MICA and MICB molecules, the MHC-Ib proteins are almost 

identical in structure with the classical MHC-Ia ones (see Figure 6). MICA and MICB 

contrary to the other MHC-I proteins, do not associate with β2m, display only 15-40% 

sequence homology to MHC-Ia molecules, do not bind or present antigens and their 

expression is stress-induced (i.e. infection, inflammation, tumorigenesis etc.). They act as 

ligands to the strong activating NKG2D/DAP10 (Natural Killer Group 2D/DNAX-activating 

protein of 10 kDa) receptors, which in turn are found on NK-cells, αβ and γδ CD8+ T-cells 

as well as on NKT cells. Due to this interaction they play a significant role in 

immunosurveillance against pathogenically altered and thus potentially harmful cells (e.g. 

cancer and pathogen-infected cells) (139;75). Both MIC genes are markedly polymorphic 

(see Table 2). This polymorphism has functional impact, as allelic variants tend to bind to 

NKG2D/DAP10 receptors with different affinity (166). Due to linkage disequilibrium on 

account of gene vicinity, certain alleles have been found to associate with specific HLA 

haplotypes. Several studies have investigated the effect primarily of MICA polymorphism 

on HSCT outcome, as MICA molecules can be expressed not only on leukemic cells but 

also on otherwise healthy tissue due to chemotherapy-induced inflammation 

(21;53;85;117). HLA-E, -F, -G and HFE are structurally almost identical to their MHC-Ia 

counterparts (3). HFE is ligand to the transferrin receptor (TfR) and appears to play no 

role in antigen presentation or in any other immune process (3). HLA-F and HLA-G on the 

other hand play a significant immunoregulatory role especially during pregnancy as they 

have been detected among other tissues also on the surface of trophoblasts (1). Due to 

their interaction with inhibitory receptors found on the surface of NK-cells, T- and B-

lymphocytes as well as antigen presenting cells (APCs), they are believed to downregulate 

immune responses effectuated by those cells. Furthermore, contrary to HLA-A, -B, -C and 

-E, HLA-F and -G do not appear to interact with T-cells through the conventional MHC-TCR 

pathway (27;58;137). Evidently, in pregnancy their effect is to be viewed as necessary and 

beneficial. In a tumor or leukemia context however, their expression is considered to 

have detrimental consequences (86). Indeed several studies have reported an association 

between high levels of HLA-F/HLA-G and worse outcome in malignant-disease patients 

(4;75;86;139). 
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1.3.1 HLA-E 

HLA-E is probably the most thoroughly investigated non-classical MHC-Ib molecule thus 

far. In terms of structure, HLA-E is practically identical to its MHC-Ia counterparts. It is a 

heterodimer consisting of a 3-domain α heavy chain and an invariant β2-microglobulin 

light chain (22;105). The HLA-E gene includes 8 exons of which exon 1 encodes the signal 

peptide, exons 2 and 3 the α1 and α2 heavy chain domains, which in turn form the 

peptide binding cleft, exon 4 encodes the α3 domain, exon 5 the transmembrane domain 

and exons 6 and 7 the cytoplasmic tail of the molecule. HLA-E was initially considered to 

be ubiquitously expressed as it was found to be transcribed in all nucleated cells. Further 

investigation revealed that HLA-E is primarily expressed on the surface of immune (i.e. 

lymphocytes, monocytes and macrophages) and endothelial cells (32). The expression of 

HLA-E has been found, however, to be also inducible under inflammatory conditions as 

well as during pregnancy where HLA-E is also expressed on the surface of the 

trophoblastic cells (76;86). Interestingly, the constitutive surface expression of HLA-E on 

immune cells appears to significantly exceed that of endothelial cells. Under the influence 

of inflammatory cytokines (i.e. TNF-a and INF-γ), however, endothelial cells are also able 

to express HLA-E at markedly higher levels. HLA-E is far less polymorphic compared to its 

MHC-Ia paralogues with overall 27 Alleles and 8 distinct proteins being identified up to 

now (IPD-IMGT/HLA Database). Of its 8 isoforms, basically only 2 are found in high 

prevalence worldwide, the HLA-E*01:01 and the HLA-E*01:03. These two differ at one 

amino acid position in the α2 heavy chain domain, where Arginine in HLA-E*01:01 is 

replaced by Glycine in HLA-E*01:03 (143). It is still unclear how this amino acid 

substitution affects the functional as well as the expression features of the two alleles, 

however it has been established that the surface expression of HLA-E*01:01 is 

significantly lower compared to that of HLA-E*01:03, while the two alleles have been 

found to exhibit distinct peptide binding affinity profiles. This in turn seems to affect their 

interaction with their corresponding receptors (28;76;96;142;154). It is believed that 

these differences in surface expression are most likely due to post-transcriptional 

regulation, as no differences have been observed in the mRNA levels of the two 

genotypes (90). 
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HLA-E antigens are generally viewed as surrogate markers of classical MHC-Ia expression, 

since the leader sequences of the latter constitute their routine repertoire of bound 

peptides. Yet, it has been shown that under certain conditions, HLA-E can also present 

virus-, bacteria-, heat shock protein-, minor histocompatibility- and even TCR-derived 

peptides (81). It is of note that HLA-E like HLA-G can be also found in soluble form 

primarily under inflammatory conditions. The association of soluble HLA-E levels with a 

specific immunoregulatory function remains still unclear (9). 

HLA-E antigens are believed to play a significant immunomodulatory role, as peptide-HLA-

E (pHLA-E) complexes have been found to interact with a series of activating as well as 

inhibitory receptors on the surface of NK-cells, NKT cells, CD8+ cytotoxic- but also CD8+ 

regulatory T-cells (143;162). All p/HLA-E-immune cell interactions are summarized in 

Figure 9.  

 

Figure 9: Peptide/HLA-E interactions 

Based on (162), p.525. Depending on which receptors the peptide/HLA-E peptides bind to, the generated 
signal can either lead to activation or inhibition of the cell carrying the receptor. With green and red are 
indicated activating and inhibitory signals, respectively.  
Abbreviations: HLA=Human Leukocyte Antigen, CD=Cluster of Differentiation, NK=Natural-Killer cell, 
TCR=T-cell Receptor, CTL=Cytotoxic T-cell Lymphocyte, Treg=Regulatory T-cell, ER=Endoplasmic 
Reticulum, TAP=Transporters Associated with Antigen Processing, RNA=Ribonucleic Acid, DNA= 
Deoxyribonucleic Acid. 
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In the context of HSCT, the most important interaction is presumably the one concerning 

the inhibitory CD94/NKG2A heterodimeric receptor as well as its activating paralogue, the 

CD94/NKG2C. The reason why, is that especially CD94/NKG2A receptor is the first to be 

expressed on the surface of newly generated donor NKs. All other NK receptors appear 

gradually at a later time point (30;109;136;165). Given the strong inhibitory potential of 

the CD94/NKG2A receptor, it becomes clear that any parameter able to influence the 

degree of this receptor’s activation may significantly affect the post HSCT outcome, since 

NK cell activation may enhance or suppress adaptive immunity, depending on the 

circumstances under which this activation is conferred (144). Moreover, the importance 

of blocking the CD94/NKG2A pathway with regard to effective leukemia control was also 

highlighted in the study of Ruggeri et al., who after implementation of an anti-NKG2A 

monoclonal antibody (mAb) in a murine model observed eradication of HLA-E bearing 

leukemia and lymphoma cells (129). 

As mentioned before, the immunomodulatory role of HLA-E is not limited to NK cell 

activity regulation. It has long been established, that HLA-E can present antigens to HLA-E 

restricted αβ or γδ TCR CD8+ T-cells (6;79;122) and thus may play an active role in 

infection control and immune regulation overall. Even though all the aforementioned 

interactions have long been reported, the exact role of HLA-E and its corresponding 

genetic polymorphism in malignant as well as non-malignant disease settings remains to 

date rather obscure (7).  

 

1.3.2 HLA-E and HSCT 

Despite the undisputable role of HLA-E in regulating both innate and adaptive immunity 

responses (143;162), its impact on HSCT outcome has only been sporadically investigated 

and thus in rather small-size cohorts (75). The results of these studies are, in many 

instances, discordant hence preclude a clear understanding on the putative mechanisms 

implicated. The most probable reason for these inconsistencies is the high heterogeneity 

of the studies in terms of cohort characteristics (i.e. malignant and non-malignant 

hematological disease entities, sibling vs unrelated HSC donors etc.). In Table 4 are 

summarized the studies published thus far focusing on the effect of HLA-E polymorphism 

on HSCT outcome. Most of these studies restricted their research in the effect of patient 
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and/or donor HLA-E genotype on HSCT outcome. Tamouza et al. reported an association 

between donor homozygous HLA-E*01:01 genotype and early TRM primarily due to 

higher severe bacterial infection rates (145). These findings were discordant with those of 

Ludajic et al. that implied higher early TRM risk for the homozygous HLA-E*01:03 donor 

genotype (95). Danzer et al. in line with the results of Tamouza et al. reported better 

survival rates for HLA-E*01:03 homozygous patients as well as lower post-transplant 

complication incidence for the same genotype in donors (38;146). It is of note that this 

cohort consisted mainly of HLA-E matched transplant pairs (90%) as most HSCTs were 

related (80%). Last, Hosseini et al. found an association between lower relapse and GvHD 

rates with the HLA-E*01:03 homozygous genotype in an HLA-E matched HSCT setting 

(66). These are the main results of studies aiming at establishing a correlation between 

HLA-E polymorphism and HSCT outcome. Much fewer studies have sought to investigate 

the potential effect of HLA-E matching between patients and donors on HSCT results. 

Specifically, Fürst et al. did not observe any association between HLA-E mismatch and 

HSCT outcome (53), while the results of Harkensee et al. suggested a negative impact of 

HLA-E incompatibility on survival (62). It should be noted, that these two studies were 

designed on a different basis, hence their results are not comparable. The cohort of Fürst 

et al., was heterogeneous in terms of diagnoses, while the Harkensee et al. study 

rationale was performed in an HLA-mismatched setting and its primary goal was to 

establish associations between various non-HLA genetic factors and HSCT outcome for 

HLA disparate transplant pairs. 
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Table 4: Previously published studies on the effect of HLA-E on HSCT outcome 

Study Cohort features HLA-E matching Donor HLA-E effect Recipient HLA-E effect HLA-E matching effect 

Tamouza et 
al. 2005 (145) 

77 matched unrelated 
HSCT pairs 

39% mismatched 
Adverse effect of *01:01/01:01 on 
bacterial infections and TRM 

ns ns 

Tamouza et 
al. 2006 (146) 

187 matched related 
HSCT pairs 

100% matched 
Lower risk of TRM and aGvHD for 
*01:03/01:03 

Lower risk of TRM and aGvHD 
for *01:03/01:03 

na 

Danzer et al. 
2009 (38) 

83 matched related and 
unrelated HSCT pairs 

89% matched 
Higher OS and DFS, lower risk of 
TRM for *01:03/*01:03 

Higher OS and DFS, lower TRM 
for *01:03/*01:03 

na/ns 

Ludajic et al. 
2009 (95) 

124 matched unrelated 
HSCT pairs 

47% mismatched 
*01:03/01:03 higher risk of relapse 
and TRM, yet lower aGvHD and 
cGvHD. 

ns ns 

Harkensee et 
al. 2009 (62) 

460 mismatched 
unrelated HSCT pairs 

unknown na na 
lower OS in 
mismatched cases 

Hosseini et al. 
2012 (66) 

56 matched related and 
unrelated HSCT pairs 

100% matched 
Lower risk of aGvHD and cGvHD, 
higher OS for *01:03/01:03 

Lower risk of aGvHD and 
cGvHD, higher OS for   
*01:03/01:03 

na 

Fürst et al. 
2012 (53) 

116 matched unrelated 
HSCT pairs 

32% mismatched ns ns ns 

Hosseini et al. 
2013 (67) 

56 matched related and 
unrelated HSCT pairs 

100% matched 
Lower risk of relapse for 
*01:03/01:03 

Lower risk of relapse for 
*01:03/01:03 

na 

Mossallam et 
al. 2015 (107) 

88 matched related HSCT 
pairs 

100% matched 
Trend towards lower relapse rates 
for *01:03/01:03 

Trend towards lower relapse 
rates for *01:03/01:03 

na 

Abbreviations: HSCT=Hematopoietic Stem Cell Transplantation, HLA=Human Leukocyte Antigen, OS=Overall Survival, DFS=Disease Free Survival, TRM=Transplant-related 
mortality, aGvHD=acute Graft versus Host Disease, cGvHD=chronic Graft versus Host Disease, na=not-applicable, ns=not significant 
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1.4 Aim of the current study 

HLA-E is a significant immunoregulatory player holding a multifaceted role in both innate 

and adaptive immunity. HSCT on the other hand is a therapeutic treatment, whose 

success is primarily dependent on the complex immunological interactions taking place 

between the newly reconstituted donor-derived immune system and the pathological as 

well as healthy cells of the recipient (i.e. GvL and GvH effects). The main aim of this study 

is to shed light on the putative ways HLA-E may affect the outcome of a 10/10 HLA-

matched unrelated HSCT in a rather homogeneous setting of adult acute leukemia 

patients. To this aim, adult acute leukemia patients and their corresponding donors were 

HLA-E genotyped using two different, albeit equivalent sequencing methodologies. To 

add validity to the results two independent cohorts consisting of overall more than 2300 

transplant pairs were separately investigated. The first multicenter cohort consisted of 

509 patients of Caucasian origin treated in 21 different transplantation centers in 

Germany. The second much larger confirmatory cohort included 1840 acute leukemia 

patients registered in the CIBMTR database, who also received 10/10 HLA matched (at 

allelic level) unrelated HSC grafts. The main issues addressed by this study regarding the 

role of HLA-E in an acute leukemia matched unrelated HSCT setting are in summary the 

following: 

i. Are there any differences in the prevalence of specific HLA-E genotypes between 

recipients and donors as well as between the two independent cohorts and the 

reported HLA-E genotype frequencies? 

ii. How does HLA-E incompatibility affect HSCT outcome with respect to the basic 

clinical endpoints OS, DFS, TRM, Relapse, aGvHD and cGvHD? 

iii. Does the recipient HLA-E genotype influence post HSCT prognosis? 

iv. Does the donor HLA-E genotype have any effect on HSCT outcome? 

v. Are specific HLA-E recipient/donor HLA-E genotype combinations correlated with 

superior or inferior post-HSCT results? 

vi. Is the putative effect of HLA-E on HSCT outcome fully independent or does it 

associate with other clinical predictors in a statistically significant manner?  

vii. Should HLA-E genotyping be considered for donor selection in the future?
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2. Material and Methods 

 

2.1 Materials 

2.1.1 Study Sample/Specimen 

Within the scope of this thesis, overall 2413 high-resolution HLA typed patients and their 

donors from two independent cohorts were initially selected for analysis. Particularly, 552 

patients transplanted in 21 transplantation centers in Germany and 1861 patients 

transplanted in 122 transplantation centers in the USA along with their corresponding 

donors formed the initial sample of the two independent cohorts and were HLA-E 

genotyped by sequence-based typing (SBT) and next generation sequencing (NGS) 

respectively. The analysis of the second larger cohort was performed on the basis of a 

collaborative study project approved by the CIBMTR Scientific Board in 2016 (IB1601). 

After exclusion of patients with incomplete clinical data and >1 HSCT grafts, the finalized 

cohorts consisted of 509 and 1840 transplant pairs respectively. Only patients and donors 

with declaration of consent regarding the further use of their genetic material for 

research purposes focusing on the identification of polymorphisms relevant to allogeneic 

HSCT were included in the study. Donor signed consent was given upon registration at 

their corresponding bone marrow donor registry. Patient informed consent, which 

additionally included the permission of use of their clinical data in the context of HSCT 

relevant clinical studies, was obtained by the cognate transplantation center after 

thorough information of the patient. As to the German cohort, DNA material was already 

stored in our lab sample-storage facility and was readily available for analysis. With 

respect to the US larger cohort, DNA genetic material was extracted by frozen as well as 

filter paper blood samples from both recipients and donors that were sent to our 

laboratory directly from the CIBMTR research sample repository. The study was approved 

by the ethical committee of Ulm University (Antrag-Nr. 227/16). With reference to the 

clinical databases of the two cohorts, the German cohort is named DRST cohort (DRST 

stands for Deutsches Register für Stammzelltransplantationen) cohort, while this from the 

USA, CIBMTR cohort.  
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2.1.2 Study design and Patient characteristics 

2.1.2.1 DRST final cohort (n=509) 

-  All patients included received unrelated 10/10 HLA matched at allelic level HSC grafts. 

-  DNA material was readily available for both recipients and donors. 

-  Clinical data were available for all 509 patients finally included in the study. 

-  All HSCTs took place between 2002 and 2009. 

-  All patients included were >18 years old. 

-  All patients were diagnosed with AML, ALL or undifferentiated AL. 

-  No patients with two or more overall allogeneic HSCTs were included in the final cohort. 

-  All patients included received either PBSCs or Bone Marrow grafts. 

-  All patients received either a myeloablative or a reduced intensity conditioning regimen  

- Only transplant pairs with clear and unambiguous HLA-E genotyping results were 

considered in the final analysis. 

 

2.1.2.2 CIBMTR final cohort (n=1840) 

- All patients included received unrelated 10/10 HLA matched at allelic level HSC grafts. 

- Material for DNA extraction was readily available for both recipients and donors. 

- Clinical data were available for all 1840 patients finally included in the study. 

- All HSCTs took place between 2000 and 2015. 

- All patients included were >18 years old. 

- All patients were diagnosed with AML or ALL. 

- All patients included were transplanted at complete remission. 

- No patients with two or more overall allogeneic HSCTs were included in the final cohort. 

- All patients included received either PBSCs or Bone Marrow unmanipulated grafts. 

- All patients received either a myeloablative or a reduced intensity conditioning regimen. 

- For the analysis of patient and/or donor HLA-E genotype effect on outcome, only 

transplant pairs with the following three HLA-E genotypes were included, namely HLA-

E*01:01/01:01, *01:01/01:03 and *01:03/01:03.  
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- Only transplant pairs with clear and unambiguous HLA-E genotyping results were 

considered in the final analysis of donor/recipient HLA-E genotype effect on HSCT 

outcome. 

 

2.1.3 List of reagents used for HLA-E genotyping 

2.1.3.1 HLA-E Sanger SBT Reagents 

-  3730 Puffer (10x) mit EDTA: Art. Nr. 4335613, Life Technologies GmbH, Darmstadt, 

Germany. 

-  BigDye: BigDye Terminator Version 1.1, Art. Nr. 4336797, Life Technologies GmbH, 

Darmstadt, Germany. 

-  Absolute Ethanol: Emsure Ethanol-absolut, Art. Nr. 100983, Merck KGaA, Darmstadt, 

Germany. 

- LiChrosolv Water (HPLC aqua dest.): Art. Nr. 115333, Merck KGaA, Darmstadt, 

Germany. 

-  Performance optimized polymer 7 (POP 7): Art. Nr. 4332241, Life Technologies GmbH, 

Darmstadt, Deutschland. 

- Primers: The DNA-oligonucleotide HLA-E exon2/3 specific primers were in-house 

designed and subsequently manufactured by Metabion International AG, Martinsried, 

Germany. Dilution of primers to desired concentration was made using LiChrosolv (HPLC) 

water. 

-  Taq DNA Polymerase: 5 U/μl Art. Nr. 201209, Qiagen N.V., Hilden, Germany. 

- Taq DNA-Polymerase 11435094001: 5 U/μl, Art. Nr. 12781322, Roche Diagnostics 

GmbH, Penzberg, Germany. 

 

2.1.3.2 HLA-E NGS Reagents 

- LiChrosolv Water (HPLC aqua dest.): Art. Nr. 115333, Merck KGaA, Darmstadt, 

Germany. 

-  Absolute Ethanol: Emsure Ethanol-absolut, Art. Nr. 100983, Merck KGaA, Darmstadt, 

Germany. 

- Invitrogen™ TE-Buffer pH 8.0: Art.Nr. 12090015, Thermo Fisher Scientific-Life    

Technologies GmbH, Darmstadt, Germany. 
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-  Primers: The DNA-oligonucleotide HLA-E specific primers for amplicon generation of 

exon 2, 3 and 4, were in-house designed and subsequently manufactured by Metabion 

International AG, Martinsried, Germany. Dilution of primers to desired concentration was 

made using LiChrosolv (HPLC) water.  

-  Sodium Hydroxide (NAOH) 1N: Art.Nr. Sigma-59223C, Sigma-Aldrich Chemie GmbH, 

Munich, Germany. 

-  Denaturation solution (NAOH 0.2N): 2:10 dilution of NAOH 1N with Aqua dest.  

-  10mM Tris-HCl with 0.1% Tween 20, pH 8.5: Art.Nr. T7724, Teknova, Hollister CA, USA. 

-  PhiX Control V3: Art.Nr. FC-110-3001, Illumina GmbH, Munich, Germany. 

 

2.1.4 Commercial kits 

-  Chemagic DNA Blood Kit: DNA isolation kit special for DNA extraction from EDTA blood 

samples. The kit contained: magnetic beads for DNA binding, cell lysis buffer, binding 

buffer, washing buffers, elution buffer, protease, 2ml deep-well-plates, low-well-plates 

and tip-racks. Art.Nr. CMG-746, Chemagen Biopolymer Technologie AG, Baesweiler, 

Germany. 

-  QiAmp Investigator Kit:  DNA isolation kit from Qiagen designed to extract DNA out of 

FTA (i.e. chemically treated filter paper designed to collect biological sample for 

subsequent DNA and RNA analysis) and Guthrie Cards. The kit contained: minElute 

columns, 2ml collection tubes, ATL tissue lysis buffer, AL lysis buffer, AW1 concentrate 

washing buffer, Aw2 concentrate washing buffer, ATE elution buffer, proteinase K and an 

RNA carrier for DNA binding enhancement. Art. Nr. 56504, QIAGEN N.V., Venlo, 

Netherlands.  

- H-Seq-ABC Kit: Test kits for locus specific amplification of HLA-A,-B,-C, Exon 2 + 3 

including primers and mastermix. Art. Nr. 001, DRK Blutspendedienst Baden-

Württemberg – Hessen gGmbH, IKT Ulm, Dept. Transplantation Immunology, Ulm, 

Germany. For SBT HLA-E genotyping, the master mix used was from this  certified DNA 

sequencing kit. 

- H-Seq-NGS Kit: Test kits for locus specific amplification of HLA-A,-B,-C,-DRB1/3/4/5  

Exon 2 + 3 including PCR and molecular identifier (MID)-PCR primers and mastermix. Art. 
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Nr. 013/014, DRK Blutspendedienst Baden-Württemberg – Hessen gGmbH, IKT Ulm, Dept. 

Transplantation Immunology, Ulm, Germany. For NGS HLA-E genotyping, the master mix 

as well as the MID-PCR primers used were from this  certified DNA sequencing kit. 

-  Quant-iT™ PicoGreen® dsDNA Assay Kit: Test kit of high sensitivity for selective dsDNA 

quantification in a ds/ssDNA mix. The kit contained: Quant-iT™ PicoGreen® dsDNA 

reagent (Solution in DMSO), 20x TE (200 mM Tris-HCl, 20 mMEDTA, pH 7.5) and Lambda 

DNA standard (100 μg/mL in TE). Art.Nr. P11496, Thermo Fisher Scientific-Life 

Technologies GmbH, Darmstadt, Germany. 

-  MiSeq Reagent Kit v3 (600-cycle): Test kit for NGS sequencing on an Illumina MiSeq 

sequencer. The kit contained a paired-end reagent plate (600 cycles), a MiSeq Flow Cell 

and a Wash Buffer. Art.Nr. MS-102-3003, Illumina GmbH, Munich, Germany (Figure 10). 

 

Figure 10: Illumina® flow cell and Illumina® Reagent Kit v3 (600-cycles) 

Used by kind permission of Illumina® Inc. (74) 

 

2.2 Methods 

2.2.1 DNA isolation and measurement of DNA concentration 

DNA material was necessary for HLA-E genotyping by either SBT or NGS. When not readily 

available, DNA was extracted from nucleated cells contained in tubes with frozen EDTA-

blood or filter-paper-blood specimens. After DNA isolation, DNA was distributed with the 

use of the Perkin Elmer Liquid Handler automated pipetting robotic system (Multiprobe II, 

Perkin Elmer LAS GmbH, Rodgau-Jügesheim, Germany) in 96-well plates. 94 DNA test 

samples were placed per plate along with one negative and one positive control. The use 

of this robotic system was significant at this phase as it facilitated sample tracking, 

minimized the risk of sample mix-up and enabled significant reduction of hands-on-time 
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procedures through the scanning of samples’ unique barcodes and generation of sample 

matrix working sheets. DNA concentration was measured by NanoDrop™ ND-1000 

(Peqlab Biotechnologie GmbH, Erlangen, Germany) or Epoch®-Reader (BioTek 

Instruments Inc., Winooski VT, USA) spectrophotometers. 

 

2.2.1.1 DNA extraction from EDTA-blood samples 

DNA isolation from EDTA-blood samples was carried out in the DNA-extraction designated 

room of our laboratory using a previously described commercial kit (see 2.1.4 Chemagic 

DNA Blood Kit special). The instruments used were: Chemagic Magnet Separation Module 

I (MSM I), Chemagic 96 Road Head (Chemagen Biopolymer-Technologie AG, Baesweiler, 

Germany) and Dispenser Chemagic MSM I (Chemagen, Biopolymer-Technologie AG, 

Baesweiler, Germany).  In brief, the method consisted of cell lysis and subsequent DNA 

binding on magnetic beads with the use of a proteinase. The extracted DNA remained 

bound on the magnetic beads, while all other non-DNA containing debris was gradually 

removed in four consecutive washing steps. The DNA was finally eluted from the beads 

with the use of an elution buffer. 200-250μl of whole blood was used per sample and 

optimal DNA concentration was set at 20-50ng/μl with a purity of 1.8-2.2 for a 260/280 

ratio. DNA concentration measurement was carried out as previously described (see 

2.2.1). 

2.2.1.2 DNA extraction from filter-paper-blood samples 

Some of the CIBMTR blood samples were sent in the form of dry blood drops on filter-

paper. A different commercial kit was used for the DNA isolation of these samples (see 

2.1.4 Qiagen DNA Investigator Kit) applying the corresponding protocol: Isolation of total 

DNA from FTA and Guthrie Cards (QIAmp DNA investigator Handbook). In brief the DNA 

isolation was carried out in four process steps which included sample lysis by proteinase 

K, DNA binding to the silica-based membrane, washing away of residual contaminants 

and elution of pure, concentrated DNA from the membrane. Optimal concentration was 

set at 15-30ng/μl with a purity of 1.8-2.2 for a 260/280 ratio.  
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2.2.2 Genotyping of HLA-E 

All patients and donors from the German cohort were HLA-E genotyped by Sanger SBT, 

while the transplant pairs of the CIBMTR cohort were HLA-E genotyped by Next 

Generation Sequencing. 

2.2.2.1 Sanger based HLA-E genotyping 

Principle of SBT 

Sanger SBT is a sequencing method based on controlled chain-termination after 

incorporation of dideoxynucleotides by DNA polymerase during normal DNA replication. 

Dideoxynucleotide-triphosphates (ddNTPs) differ from their normal deoxynucleoside-

triphosphates (dNTPs) counterparts in that they lack one 3’OH-group which is essential 

for the formation of phosphodiester bond and thus chain elongation during DNA 

replication. Initially, the sequencing process took place in 4 distinct PCR reactions each 

containing only one ddNTP (i.e. ddATP, ddGTP, ddTTP and ddCTP) in a ratio of 100:1 of a 

respective ddNTP to its cognate dNTP (e.g. 0.2mM ddGTP: 0.002mM dGTP) in a mixture 

containing one specific ddNTP and all four dNTPs. After repeated DNA extension rounds 

all PCR products of all 4 reactions were then separated by size through gel electrophoresis 

and sequencing reading was performed after DNA band visualization by autoradiography 

or UV light on an X-ray film or a gel image respectively. Implementation of dye-labelling of 

the four ddNTPs with four distinct fluorescence substances emitting at different 

wavelengths allowed for DNA sequencing in one single reaction with all generated DNA 

fragments carrying at their end a fluorescence-labelled ddNTP. Modern automated 

Sanger sequencers like the one we also used for our study, separate the various DNA 

fragments according to their length using capillary electrophoresis, detect the distinct 

fluorescence-dye light emission and finally record and output these data in the form of a 

fluorescent peak trace chromatogram. 

PCR Amplification of HLA-E gene (PCR I) 

The PCR of HLA-E exons 2 and 3 was carried out using the reagents included in the H-Seq-

ABC kit (see 2.1.4 “Commercial kits”). The HLA-E specific generic primers were designed 

to bind in intron 1 and 3 regions as shown in Table 5 in order to assure undisrupted 
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sequencing of both exons as well as precise determination of the *01:01/*01:03 defining 

codon 107 position at the beginning of exon 3. PCR set up as well as the applied 

thermocycler program are presented in Tables 6 and 7, respectively. Instruments used 

were the Hamilton 2 micro-pipetting robotic system (Microlab Star, Hamilton AG, 

Bonaduz, Switzerland) as well as the GeneAmp PCR Systems 9600/9700 (Applied 

Biosystems™, Applera Corporation Business, Darmstadt, Germany) and peqSTAR (PEQLAB 

Biotechnologie GmbH, Erlangen,Germany) thermocyclers. 

Table 5: HLA-E generic primers 

 

Region 

 

Localization 

 

Position 

 

Sequence 

Exons 2 & 3 Intron 1 fwd 169-186 CGA TCT CAG CCC CTC CT 

Intron 3 rev 1039-1021 GGC ACA GTC CTA GCC CAA G 

Abbreviations: fwd=forward, rev=reverse, C=Cytosine, G=Guanine, A=Adenine, T=Thymine. 

 

Table 6: PCR set up per sample 

 

Reagents 

 

Volumes per sample 

Taq-DNA polymerase 1.25U≡0.25μl 

PCR buffer (Mastermix) 18μl  

Primer  ≈0.5μM per primer≡2μl primer pair 

Sample DNA 2μl 

Abbreviations: PCR=Polymerase Chain Reaction, Taq=Thermus Aquaticus, DNA=Deoxyribonucleic Acid. 

 

Table 7: Thermocycler program of SBT HLA-E PCR 

 

Step 
 

Temperature (◦C) 
 

Time (sec) 
 

Number of Cycles 

Initial denaturation          96.0       120                 1 

Denaturation          94.0         10  

Annealing/Extension          65.0         60                10 

Denaturation           94.0         10  

Annealing /Extension          61.0         50                30 

Extension           72.0         30  

Final extension          72.0       600  

Cooling            4.0         ∞  

Abbreviations: sec=seconds. 
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Purification of PCR products 

Before further processing, the PCR products had to be first purified from residual 

byproducts that could interfere with subsequent sequencing such as free dNTPS, DNA 

polymerase, PCR buffer and unbound primers. To this end, we used the paramagnetic 

SPRI (solid phase reversible immobilization) Agencourt AMPure XP beads (Beckman 

Coulter GmbH, Krefeld, Germany), which bound the PCR produced amplicons while let all 

other PCR by-products (i.e. residual primers, Taq-polymerase, residual dNTPs and PCR 

buffer salts) be stepwise washed away after 2 consecutive washing steps as shown in 

Figure 11. The whole process was carried out by the pipetting robotic system Janus 4Tip 

(Perkin Elmer LAS GmbH, Rodgau-Jügesheim, Germany) in an automated fashion. 

 

Figure 11: Purification of PCR-product with AMPure XP Beads 

Used by kind permission of Beckman Coulter Diagnostics (13) 
Magnetic-beads-mediated purification of PCR products in 6 consecutive steps: 

1) Addition of beads in a volume ratio of 1:1.1 (Beads: PCR-Product). 
2) 5min incubation to allow amplicon binding on the beads. 
3) Accumulation of the beads along a magnetic ring and subsequent separation of DNA from the 

residual PCR byproducts. 
4) Two consecutive washing steps each with 100 µl 70 % Ethanol. 
5) Addition of 80 µl LiChrosolv-water for DNA elution from the beads. 
6) Transfer of DNA into new tubes.  

 

Sequencing –specific PCR (PCR II) 

After amplification and purification of the PCR products followed the sequencing cycle. 

The antiparallel coding and non-coding DNA-strands (i.e. sense and antisense 

respectively) were separately sequenced. In order to achieve complete sequencing of 

exon 2 & 3 of the HLA-E gene we used the same primers as in the PCR amplification step 

(see Table 5). The sequencing buffer used was included in the in-house  certified H-

Seq-ABC kit. All elements necessary for the integration of ddNTPs and controlled DNA 
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extension were included in the commercial mix BigDye™ Terminator Mix (Cycle 

Sequencing Kit Version 1.1). Sequencing-reaction set up is summarized in Table 8. The 

sequencing reaction was carried out in a PeqSTAR (PEQLAB Biotechnologie GmbH, 

Erlangen,Germany), GeneAmp 9700 or an GeneAmp 9600 (Applied Biosystems™, Applera 

Corporation Business, Darmstadt, Germany) thermocycler as shown in Table 9. Set up of 

the sequencing-specific PCR was performed by the pipetting robotic systems Hamilton 1 

& 3 (Microlab Star, Hamilton AG, Bonaduz, Switzerland). 

Table 8: Sequencing reaction set up per sample 

 

Reagents 

 

Volumes per sample 

Primer 0.6μM ≡6μl 

Sequencing buffer 1.5μl  

BigDye  0.5μl 

PCR-product 2μl 

Abbreviations: PCR=Polymerase Chain Reaction. 

 

Table 9: Thermocycler program of SBT HLA-E sequencing reaction 

 

Step 

 

Temperature (◦C) 

 

Time (sec) 

 

Number of Cycles 

Initial denaturation        96.0      60               1 

PCR    

Denaturation         96.0      10  

Primer-annealing         50.0        5             25 

Extension 1        60.0    120  

Cooling          4.0      ∞  

Abbreviations: sec=seconds. 
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Purification of PCR II products and sequencing 

Like in the first PCR step, the sequencing-reaction products were purified from all non-

dsDNA substances before being loaded onto the sequencer. To this end, a similar process 

as previously described was followed, yet using another magnetic-bead based purification 

kit, the Agencourt CleanSEQ beads (Beckman Coulter GmbH, Krefeld, Germany). For the 

two washing steps a higher concentration Ethanol mix was used (85% vs 70%), while the 

whole procedure was carried out by two automated pipetting robotic systems , the 

Genesis RSP 150 (TECAN Deutschland GmbH, Crailsheim, Germany) or the post-PCR 

Hamilton 1 & 3 pipetting-robot (Microlab Star, Hamilton AG, Bonaduz, Switzerland). After 

completion of this step, the sequencing plates with the purified sequencing-products 

were centrifuged and covered with specific Plate Septa 96-well rubber mats. Until final 

loading onto the sequencer, the plates were placed on specific magnetic holders. The 

subsequent capillary-electrophoresis based sorting of the sequencing products as well as 

fluorescence-signal detection was performed by a Hitachi 3730 DNA Analyzer/XL 

sequencer (Applied Biosystems™, Applera Corporation Business, Darmstadt, Germany). 

 

Analysis of sequencing data  

The analysis of the sequencing data was carried out by the Sequence Pilot - HLA SBT Allele 

identification Software (JSI Medical Systems GmBH, Ettenheim, Germany). The 

sequencer-generated FastQ raw data were imported into the software, where they were 

subsequently compared with the consensus sequences of the IPD/IMGT-HLA databank. 

After sequence analysis and comparison with the consensus sequences of all known HLA-

E alleles, the program suggested a two-allele combination for every sample. If no 

heterozygous positions were detected, the sample was characterized as homozygous. In 

the case of HLA-E, due to its very low polymorphism the most critical position for allele 

assignment is located in the 48th position of exon 3, as this polymorphism distinguishes 

HLA-E*01:01 from HLA-E*01:03. As clearly depicted in Figure 12, determination of this 

position was clear and unambiguous. For every sample a specific chromatogram was 

generated by the software for more comprehensive visualization of the sequencing data. 

In rare cases of high background noise, manual editing of base calls was necessary.  
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Figure 12: Sequencing analysis of HLA-E SBT sequencing by SeqPilot 

Used by kind permission of JSI medical systems GmbH. The figure depicts a screenshot from the SBT 
sequence-analysis program SeqPilot. The specific chromatogram was generated by the SeqPilot software 
after analysis of the FastQ raw data imported from the sequencer. In this example one sees the position 
in exon 3 sequence (nucleotide 48 of exon 3), which differentiates HLA-E*01:01

R
 from HLA-E*01:03

G
. As 

shown in the figure, exon 3 sequence was generated by the reverse primer, while forward primer allowed 
for exon 2 sequencing. This primer setting insured unambiguous HLA-E typing by SBT. 

 

2.2.2.2 NGS based HLA-E genotyping 

Principle of NGS SBT by Illumina/Solexa platform 

The Illumina/Solexa NGS method is based on the sequencing by synthesis principle. 

Specifically, like with Sanger SBT, the four fluorescence-labeled ddNTPs used for chain 

elongation during sequencing prevent further extension of the DNA chain after their 

incorporation. The difference in this case is that the termination is reversible and chain 

elongation can proceed after enzymatic removal of the fluorescence label. Repeated 

rounds of stepwise complementary-strand synthesis and recording of distinct light 

emission signals from each incorporated labeled ddNTP permit final sequence reading. 

For assignment of base calls to a finalized sequence read, millions of DNA strands need to 

be simultaneously synthesized from their DNA templates. To achieve this high-throughput 

performance, a pre-sequencing amplification of the DNA fragments to be sequenced is 

required. This process takes place in the sequencer on solid-phase flow cells using a 

bridge amplification technique where the sequence templates hybridize to their 

complementary adaptor DNA oligos attached on the surface of the flow cell.  
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During this solid phase amplification, 1,000 identical copies of each single template 

molecule are created in close proximity resulting in the generation of clusters with a 

density of up to 10 million single molecules per cm2. For solid phase hybridization of the 

initial sequence templates as well as sample identification and tracking of generated 

sequence reads, the DNA samples need to be appropriately modified through a process 

called library preparation. In brief the latter consists of two consecutive PCR reactions (i.e. 

the first for amplicon generation and the second for barcode indexing of the amplicons 

along with ligation of two oligo adaptor sequences at both ends of each single strand) and 

a final pooling of all test samples in one tube. A schematic outline of Illumina based NGS 

typing is depicted in Figure 13. A more detailed description of the Illumina based NGS 

HLA-E genotyping assay we used in our study follows right after. 
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Figure 13: Illumina® sequencing by synthesis  

Used and adapted by kind permission of Illumina® Inc. (73), p.2-4. i) Sample preparation through ligation 
of specific adapters to both ends of randomly fragmented genomic DNA. ii-vi) Cluster generation by 
bridge amplification: ii) single-stranded fragments through the complementary adapter sequence bind to 
the inside surface of the flow-cell channels., iii) unlabeled nucleotides and enzyme are added for 
initiation of bridge amplification, iv) nucleotides are enzymatically incorporated to build double-stranded 
bridges on the solid phase substrate, v) after denaturation single-stranded templates are left anchored to 
the substrate, vi) dense clusters of double-stranded DNA are formed in each flow-cell channel (>10

6
 pro 

channel). 
Abbreviations: DNA=Deoxyribonucleic Acid  
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Figure 13: Illumina® sequencing by synthesis 

Used and adapted by kind permission of Illumina® Inc. (73), p. 2-4. vii) First chemistry cycle is initiated by 
addition of all four labeled reversible terminators (ddNTPs), primers and DNA polymerase are added to 
the flow-cell, viii) After laser excitation fluorescence is emitted from each cluster. This image is captured 
and leads to recording of first base for each cluster, ix) procedure of point (vii) is repeated for initiation of 
second chemistry cycle, x) identity of second base is recorded as previously described (viii), xi) after 
repeat of multiple chemistry cycles, a sequence of bases for a given fragment is determined by one base 
per cycle, xii) generated sequence data are aligned to a reference consensus sequence for allele 
assignment.  
Abbreviations: DNA=Deoxyribonucleic Acid, ddNTPs=Dideoxynucleotides 
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Library preparation 

Sequencing by NGS technology requires specific processing of the target DNA sequences 

in a multi-step procedure called ‘library preparation’.  In summary, the basic steps of this 

process are the following (Figure 14): 

 

Figure 14: Work-flow of NGS-based HLA-E genotyping 

1. PCR Amplification (generic Multiplex-PCRs) 
2. Verification of PCR Amplification (Capillary electrophoresis by QIAxcel Advanced System) 
3. Purification of PCR-Products with magnetic beads 
4. MID-PCR Amplification (generic) 
5. Verification of MID-PCR Amplification (Capillary electrophoresis by QIAxcel Advanced System) 
6. Pooling of MID-PCR-Products (partial pools) 
7. Purification of partial pools with magnetic beads 
8. Quantification of partial pools by Fluorescence emission  (PicoGreen) 
9. Normalization of partial pools  

10. Final pooling   
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Amplicon generation and PCR verification 

HLA-E genotyping by NGS was carried out on an amplicon based platform. To this end, 

three multiplex PCR mixes were used for the generation of HLA-E exon 2, 3 and 4 

amplicons. In order to crosscheck sample identity, we decided to include two more PCR 

mixes in the assay for HLA-A, -B and -C genotyping. The PCR-primer mixes used are 

summarized in Table 10.  In Table 11 are presented the sequence data of the HLA-E 

specific primers. The amplicon generation was carried out in one of the following 

thermocyclers: GeneAmp 9700 (Applied Biosystems™, Applera Corporation Business, 

Darmstadt, Germany), PTC-200 (MJ Research Inc., Waltham MA, USA), PeqSTAR (PEQLAB 

Biotechnologie GmbH, Erlangen,Germany)  or ProFlex PCR System (Applied Biosystems™, 

Applera Corporation Business, Darmstadt, Germany). The PCR set up as well as the 

applied thermocycler programs are presented in Tables 12 and 13 & 14, respectively. 

Table 10: PCR-Primer mix specificity 

 

Primermix 
 

                                         Specificity 

I HLA-A, -B, -C exon 2 generic 

II HLA-A,-B, -C exon 3 generic 

III HLA-E exon 2 generic 

IV HLA-E exon 3 generic 

V HLA-E exon 4 generic 

Abbreviations: HLA=Human Leukocyte Antigen. 

Table 11: HLA-E NGS generic primers 

Region Localization Primer Target specific sequence 5’-3’ 

Exon 2 Intron 1 fwd HLAE-E2f GGAGGAGGGTCGGGCCGATCTC 
Intron 2 rev HLAE-E2r ACCCGAAGATTCGAGGGGACCCGC 

Exon 3 Intron 2 fwd 
Intron 3 rev 

HLAE-E3f 
HLAE-E3r 

GGCTTGGTGGGCGGGACTGACTAAG 
GAGAGTAGCCCTGTGGACCCTCTTAC 

Exon 4 Intron 3 fwd 
Intron 4 rev 

HLAE-E4f 
HLAE-E4r 

TGCTGCTGGAGTGTCCCATGAGAGATAC 
CGGAAGGGCTCCAGAAGGGCTCCC 

Abbreviations: HLA=Human Leukocyte Antigen, E2=exon 2, E3=exon 3, E4=exon 4, A=Adenine, C=Cytosine, 
G=Guanine, T=Thymine. 
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Table 12: PCR set up per sample 

Reagents Volumes per sample 

Taq-DNA polymerase 5U/ μl (Qiagen)≡0.20μl 

PCR buffer (Mastermix) 18μl  

PCR Primer mixes I-V   ≈0.5μM per primer≡2μl primer pair 

Sample DNA 2μl 

Abbreviations: DNA=Deoxyribonucleic Acid, Taq=Thermus Aquaticus, PCR=Polymerase Chain Reaction. 

 

Table 13: Thermocycler program for PCR-Mix I-II (NGS Ampli) 

Step Temperature (◦C) Time (sec) Number of Cycles 

Initial denaturation        96.0    120              1 

Pre-PCR    

Denaturation         94.0      10  

Primer-annealing         65.0      60            10 

PCR    

Denaturation         94.0      10  

Primer-annealing        61.0      50            26 

Extension I        72.0      30  

Extension II        72.0    600              1 

Cooling          4.0 ∞  

Abbreviations: PCR=Polymerase Chain Reaction, sec=seconds. 

 

Table 14: Thermocycler program for PCR-Mix III-V (Ampli1) 

Step Temperature (◦C) Time (sec) Number of Cycles 

Initial denaturation        95.0     120               1 

Pre-PCR    

Denaturation         94.0       10  

Primer-annealing         65.0       60              10 

PCR    

Denaturation         95.0       15  

Primer-annealing 3        62.0       30              30 

Extension         72.0       15  

Extension         72.0     300                1 

Cooling          4.0       ∞  

Abbreviations: PCR=Polymerase Chain Reaction. 
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All PCR-Primers had on their 5’ end an overhang adapter sequence (i.e. a 33-nt sequence 

for all forward primers and 34-nt sequence for all reverse primers) for binding of the 

second PCR MID primer (Figure 15). The PCR efficacy was evaluated using the QIAxcel 

system (Qiagen GmbH, Hilden, Germany), which uses a capillary gel electrophoresis 

technique in order to sort DNA fragments according to size in an automated fashion. Only 

line H of every PCR plate including both the positive and negative control was tested by 

QIAxcel. The generated data were subsequently visualized by an in-house software 

program (i.e. ABC-Program, IKT Ulm, Germany). An example is shown in Figure 16. 

 
Figure 15: Target-specific amplicon generation 

The primers for the target-specific amplicon amplification consist of two sequence parts, the target-
specific sequence (depicted in blue) and the overhang adapter sequence (depicted in orange). The latter 
is necessary for the subsequent binding of the MID-PCR primer in the subsequent MID PCR. 
Abbreviations: MID=Molecular Identifier, DNA= Deoxyribonucleic Acid, PCR= Polymerase Chain Reaction.  
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Figure 16: QIAxcel result visualization 

The performance of the amplicon-generation PCR was verified by QIAxcel capillary gel electrophoresis. 
The generated amplicons were visualized using an in-house software program (ABC-Program, IKT Ulm, 
Germany). In this example, the generated amplicon is depicted as a peak between the peaks of the two 
QIAxcel markers with known size. The position of the PCR product peak on the minute axe reflects the 
size of the product. 
Abbreviations: PCR= Polymerase Chain Reaction. 

 

Purification of PCR products 

After completion and verification of the amplicon generation step, the PCR products were 

purified from all unwanted substances (i.e. dNTPs, unused primers, primer dimers and 

remaining Taq-polymerase) by the AMPureXP/cleanPCR system (Beckman Coulter GmbH, 

Krefeld, Germany/GC biotech, Waddinxveen, the Netherlands) a solid phase magnetic-

bead based technology for exclusive binding of DNA products >100bp on the magnetic 

beads. The purified PCR products were eluted in LiChrosolv water, while all non-bound 

substances were washed away in two washing steps with 70% Ethanol (see also Figure 

11). The purification process was fully automated and was carried out by the post-PCR 

pipetting robotic systems Microlab Star or Star Manualload (Hamilton AG, Bonaduz, 

Switzerland). 

MID PCR 

After generation and purification of the target-specific amplicons a second round PCR was 

performed in order to add the MID-index as well as the adapter sequences for sample 

identification and tagging of the amplicons on the flow-cell respectively. All samples in 

the same run were supplied with a unique two-index sequence combination that allowed 

sample pooling before final sequencing. The procedure is schematically depicted in Figure 

17. The PCR set up as well as the thermocycler program implemented are summarized in 

Tables 15 and 16 respectively. The same evaluation protocol as in the first PCR step was 

used for the evaluation of the PCR performance by the QIAxcel system as previously 
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described. All 8 MID-PCR primer mixes that were used per run were in the form of 

distinctively colored and barcoded 96-well plates. The necessary pipetting steps were 

carried out by the automated pre- and post-PCR Hamilton pipetting robotic systems 

(Microlab Star, Hamilton AG, Bonaduz, Switzerland), while the PCR reaction took place in 

the same thermocyclers as the first PCR.  

 

Figure 17: Ligation of MID indices and Miseq adapters 

The MID-PCR primers consist of two parts. The complementary sequence to the overhang adapter 
sequence integrated in the amplicons upon the amplicon-generation PCR (depicted in orange), the MID 
index sequence (depicted in red) which serves as DNA barcoding of the samples and the P5/7 sequences 
(depicted in green) which are complementary to the sequences anchored at the flow cell for attachment 
of the DNA fragments. 
Abbreviations: MID=Molecular Identifier, PCR= Polymerase Chain Reaction.  

 

Table 15: MID-PCR set up 

Reagents Volumes per sample 

Taq-DNA polymerase 5U/ μl (Qiagen)≡0.20μl 

PCR buffer (Mastermix) 18μl  

MID-PCR Primer mixes 1-8  ≈0.5μM per primer≡2μl primer pair 

Sample DNA 2μl 

Abbreviations: Taq=Thermus Aquaticus, DNA=Deoxyribonucleic Acid, PCR=Polymerase Chain Reaction, 
MID=Molecular Identifier 
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Table 16: MID-PCR thermocycler program (Ampli 1) 

Step Temperature (◦C) Time (sec) Number of Cycles 

Initial denaturation          95.0     120             1 

Pre-PCR    

Denaturation           94.0       10  

Primer-annealing           65.0       60           10 

PCR    

Denaturation           95.0       15  

Primer-annealing 3          62.0       30           30 

Extension           72.0       15  

Extension           72.0     300             1 

Cooling            4.0       ∞  

Abbreviations: sec=seconds, PCR=Polymerase Chain Reaction 

 

Partial pooling 

Before final purification and library normalization, the MID-PCR products had to be first 

partially pooled as amplicons deriving from different region-specific PCR reactions tend to 

differentially amplify in the sequencer leading to unbalanced cluster formation on the 

flow-cell and hence poor sequencing results for some of the PCR products. Partial pooling 

consisted of bringing together all samples of the same MID-PCR 96-well plate into one 

single tube after the purification step. This means that 40 partial pools were generated 

per run (i.e. 5 PCR mixes x 8 MID sets). Each partial tube contained in the end 180μl (i.e. 

~2μl per sample). Five runs were overall required for the HLA-E NGS typing of all CIBMTR 

cohort samples (i.e. n=3680, 752 samples tested per run). 

AMPure/Cleanup purification 

Partial pools were subsequently purified from unwanted non-DNA PCR debris using the 

same magnetic beads technique (AMPure XP/CleanPCR) as previously described. After 

completion of the process, 70μl purified content from each tube were transferred into a 

new 96-well plate as shown in Figure 18.  
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Figure 18: Partial pools after AMPure/Clean PCR 

Overview of the 96-well plate containing the 40 generated partial pools, after the purification step (1 
partial pool per PCR and Set). Color intensity refers to the PCR reaction (i.e. light to darker=PCR I to PCR 
V. Color refers to the different MID sets (e.g. blue=set 1, green=set 2 etc.).   
Abbreviations: PCR=Polymerase Chain Reaction 

 

Pico Green Quantification and Library normalization 

For optimal sequence results a specific cluster density had to be achieved during library 

propagation on the flow-cell of the sequencer. For a 700-800K Clusters/mm2 density all 

partial pools had to have a DNA concentration of about 1.0ng/μl. In order to achieve that, 

all partial pools had to be accordingly diluted after quantification with the Quant-iT™ 

PicoGreen® dsDNA Assay Kit (see section 2.1.4) on an Applied Biosystems 7500 fast Real-

Time PCR platform (Applied Biosystems™, Applera Corporation Business, Darmstadt, 

Germany). The PicoGreen DNA quantification assay is based on the property of this 

fluorescence substance to specifically intercalate dsDNA. DNA quantification is 

accomplished after measurement of the fluorescence intensity which is analogous to the 

DNA concentration (i.e. higher fluorescence intensity corresponds to higher DNA 

concentration). A standard-DNA sample with known DNA concentration was used for 
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generation of the reference standard-curve after consecutive dilutions as shown in Figure 

19.  

 
 

Figure 19: Standard DNA curve preparation. 

The above picture offers an overview of the standard DNA curve preparation. 100 μl of a commercial DNA 
eluate with known concentration of 100 ng/μl, was added to tube #1. 50 μl of dilution buffer was added 
to the tubes #2-7. Subsequently 50 μl of tube #1 were transferred to tube #2. After good mixing 50 μl of 
tube #2 were transferred to tube #3 and the process was repeated up to tube #7. 
Abbreviations: DNA=Deoxyribonucleic Acid 

 
Valid standard curves had to have a correlation coefficient R2 of at least 0.98. Before 

transfer of partial pools to the barcoded MicroAmp® Fast Optical 96-Well Reaction Plate 

for quantification, they were first 1:100 diluted with TE (Tris-EDTA) pH 8.0 buffer. 

Subsequently, 50μl of each diluted partial pool were transferred to the MicroAmp® Fast 

Optical 96-Well Reaction Plate. 50μl of each standard sample (i.e. #1-#8) were also 

transferred to the same quantification plate. Finally 50μl of PicoGreen were added to the 

corresponding cells as shown in Figure 20. After completion of the quantification, all 

partial pools were further accordingly diluted with TE buffer in order to reach the desired 

1.0ng/μl DNA concentration. For DNA quantification of the partial pools, 50 μl of 

PicoGreen were added to each test well. Each test well in the rows 1, 3, 5, 7 and 9 

corresponded to a respective partial pool (i.e. one partial pool per PCR per set). The test 

wells in the last column were filled with the seven generated mixes of the standard DNA 

curve. The last well in position H12 was filled with TE buffer and was DNA-free. 
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Figure 20: Preparation of MicroAmp® Fast Optical 96-Well Reaction Plate 

Color intensity refers to the PCR reaction (i.e. light to darker=PCR I to PCR V. Color tone refers to the 
different MID sets (e.g. blue=set 1, green=set 2 etc.). The 8 standard curve mixes are pipetted in the eight 
cells of column 12. Into well 12A is pipetted the mix with the highest concentration. The rest of the mixes 
are pipetted stepwise from high to low concentration into the rest of the wells of column 12.     
Abbreviations: PCR=Polymerase Chain Reaction 

 
 

Final Pooling 

As previously mentioned, not all amplicons from the five PCR mixes had the same 

amplifying potential. For this reason partial pools from different PCR mixes were 

differentially represented in terms of concentration in the final pool mix (i.e. 8 partial 

pools per PCR mix). The final pooling process is shown in Table 17. 

 

Table 17: Final pooling 

Partial Pools          Volume per partial pool in final pool 

PCR I partial pools (i.e. HLA-A,-B,-C Ex2) 17μl 
PCR II partial pools (i.e. HLA-A,-B,-C Ex3) 18μl 
PCR III partial pools (i.e. HLA-E Ex2)  2μl 
PCR IV partial pools (i.e. HLA-E Ex3) 2μl 
PCR V partial pools (i.e. HLA-E Ex4) 2μl 
Abbreviations: PCR=Polymerase Chain Reaction, HLA=Human Leukocyte Antigen  
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Sequencing 

Sequencing of the final library was carried out using the MiSeq reagent kit V3 (600 cycles) 

(see section 2.1.4) according to the instructions of the manufacturer. Final preparation of 

the sequencing pool is described schematically in Figure 21. Sequencing process was 

performed in a fully automated fashion within the MiSeq sequencer (Illumina GmbH, 

Munich, Germany). 

After mixing of all partial pools together to a final pool mix, a final sequencing-pool was 

prepared by mixing the content of 4 test tubes in a final test tube as shown below. The 

final sequencing-pool consisted of a mixture of sample pool and PhiX in a 3:1 ratio. PhiX is 

a ready-to-use DNA library included in the commercial v3 Illumina kit, which serves 

among others as internal quality control for cluster generation, sequencing and 

alignment, as it can be quickly aligned and thus can facilitate estimation of relevant 

sequencing metrics like phasing and error rate. 

 

 
 
Figure 21: Final sequencing-pool preparation 

HT-1=Hybridization buffer (Illumina), Tris-HCL + Tween 20=Buffer used for diluting DNA before enzymatic 
reactions. This buffer thanks to Tween 20 (Polysorbate 20) reduces DNA absorption to plastics, while it 
also warrants no interference with PCR reactions.   PhiX=DNA control pool 
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Data analysis 

During sequencing, forward and reverse reads were end-paired within the sequencer 

thanks to the sequence overlapping between the two reads. The sequence data 

generated were in a FastQ format, while sample identification was ensured by sequencing 

of the MID barcode indices. Before analysis of the data by the SeqPilot-NGS-Software (JSI 

Medical Systems, Germany) all non relevant sequences were outfiltered (i.e. sequences 

from irrelevant HLA loci like HLA-H, HLA-F etc. which interfere with sequencing of HLA 

class I molecules due to many holologous sequences). HLA-E allele assignment was caried 

out by the software after alignment of generated sequences with those of all currently 

known HLA-E alleles registered in the built-in IPD-IMGT/HLA databank (version 3.28 was 

built-in at the time of analysis).  An example of HLA-E typing analysis with the SeqPilot 

NGS software is shown in Figure 22. Five runs were overall needed for the HLA-E 

genotyping of all samples.  

  
 

Figure 22: Example of HLA-E NGS analysis with the SeqPilot NGS software 

Used by kind permission of JSI medical systems GmbH. This is an example of sequence analysis by the 
SeqPilot NGS software. The screenshot depicts a view of an exon 3 fraction. The marked heterozygous 
position is the one allowing for differentiation between HLA-E*01:01

R 
and HLA-E*01:03

G
. The number 

shown next to each sequence is indicative of the coverage depth as it shows how many reads with the 
respective sequence have been detected after alignment and merging of the sequenced fragments. 
Coverage depth threshold of 10 reads was set for the acceptance of allele assignment. Phasing of the 
allele sequences allowed for unambiguous sequencing. 
Abbreviations: HLA=Human Leukocyte Antigen 
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2.3 Clinical Data 

2.3.1 Retrieval of clinical data 

DRST cohort 

All clinical data were initially recorded in the EBMT ProMISE database (45) and were 

subsequently provided to us by the German Registry for Stem Cell Transplantation (DRST), 

which is responsible for the clinical data management of the German patients’ subset.  

Recipient and donor consents for HLA typing and for the analysis of clinical data were 

obtained according to the Declaration of Helsinki upon initiation of donor search and 

registration in the EBMT database respectively. The study was approved by the ethical 

review board of the University of Ulm (project number 263/09). 

CIBMTR cohort 

All clinical data regarding this international cohort were obtained by the CIBMTR 

observational database, which is responsible for the clinical data management of all 

patients transplanted in collaborating transplant centers after signed consent of both 

recipients and donors in accordance with the Declaration of Helsinki upon initiation of 

donor search and registration in the CIBMTR database respectively. The study was 

approved by the ethical review board of the University of Ulm (project number 227/16) as 

well as by the National Marrow Donor Program Institutional Review Board in conformity 

with the federal regulation regarding the protection of human research participants.  

 

2.3.2 Definition of clinical endpoints 

Overall Survival (OS): As OS was defined the time to death of any cause. Surviving 

patients at time of last contact were censored. 

Disease free survival (DFS): As DFS was defined the time to treatment failure (death or 

relapse). Patients surviving in continuous complete remission were censored at time of 

last follow-up. 
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Relapse: Disease recurrence or persistence was defined as relapse. This event was 

summarized by cumulative incidence estimate with TRM as the competing risk. 

Transplant-related mortality (TRM)/Non-relapse mortality (NRM): The time to death 

without evidence of disease relapse was defined as TRM/NRM. Relapse was the 

competing risk, and patients surviving in continuous complete remission were censored 

at last follow up. 

Acute GvHD (aGvHD): The incidence of aGVHD grade II-IV/III-IV, according to the 

Glucksberg grading criteria was defined as aGvHD.  The outcome was evaluated by the 

cumulative incidence, with death without aGVHD as the competing risk. Patients were 

censored at date of last follow-up. 

Chronic GvHD (cGvHD): cGvHD was defined as the incidence of cGVHD.  This endpoint-

outcome was evaluated by the cumulative incidence, with death without cGVHD being 

the competing risk.  Patients were censored at date of subsequent transplant or date of 

last follow-up. 

 

2.3.3 Definition of clinical predictors 

Disease stage 

-DRST cohort: Early disease stage included AML, AL, and ALL transplanted in first 

complete remission, intermediate disease stage was defined as AML and ALL in second 

complete remission or first relapse, as well as AL transplanted in second complete 

remission. All other disease phases of AML, ALL and AL were characterized as advanced 

stage. 

-CIBMTR cohort: Early disease stage was defined as AML or ALL transplanted in first 

complete remission. Intermediate disease stage was defined as AML or ALL transplanted 

in ≥2nd complete remission and advanced disease stage as AML or ALL transplanted in 

relapse or primary induction failure. No advanced disease patients were included in the 

cohort. 
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Conditioning intensity 

-DRST cohort: As myeloablative (Mab), was defined the treatment with total body 

irradiation equal or above 10 Gy and/or cyclophosphamide equal or greater than 120 

mg/kg, and/or busulfan equal or greater than 16 mg/kg. Less intense regimen treatments 

were accordingly classified as reduced intensity conditioning (RIC) (10;72). 

-CIBMTR cohort: As myeloablative conditioning (MAC), was defined the treatment with 

total body irradiation (TBI) ≥500 cGy in a single fraction or ≥ 800cGy fractionated, and/or 

Busulfan (Bu) ≥ 9mg/kg per os or IV equivalent, and/or Melphalan > 140 mg/m2, or 

combinations of Bu-Cyclophosphamide (Cy) and Cy-TBI. Less intense regimen treatments 

were accordingly classified as RIC (57). 

Graft manipulation 

The term graft manipulation encompasses all methods used for ex vivo depletion of 

graft’s T-cells. The most broadly used methods for T-cell depletion are divided in two 

major categories: 1) Negative selection of T-cells via Soybean lectin agglutination with E-

rosette depletion or antibody-mediated with monoclonal antibody and complement or 

immunotoxin or monoclonal antibody with immunomagnetic beads and 2) Positive 

selection of CD34+ cells with the use of monoclonal antibody and immunomagnetic beads 

(130). 

 

2.4 Definition of immunogenetic predictors 

HLA-DPB1 compatibility and permissiveness of incompatibility 

Permissiveness of HLA-DPB1 mismatches was estimated in the DRST cohort using the IPD-

IMGT/HLA-DPB1 TCE algorithm Version 1.0 Tool, as described by Fleischhauer et al. (49). 

In the CIBMTR cohort the HLA-DPB1 permissiveness was defined according to the newer 

TCE-algorithm Tool Version 2.0 (35).  
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Donor KIR haplotype (AA vs Bx Haplotype) 

Complete KIR haplotype donor data were only available in the DRST cohort. KIR 

haplotypes were categorized as AA or Bx according to the expression or not of respective 

KIR genes as previously described (31). 

ABO blood group major and minor mismatch 

There are 3 groups of ABO mismatches to be considered, the minor, the major and the bi-

directional. Minor ABO mismatches account for about 20-25% of transplants and are 

characterized by the ability of donor to produce anti-recipient antibodies (e.g. group O 

donor to a group A recipient). Major ABO mismatches (ca 20-25% of transplants) are 

defined by anti-donor ABO antibodies, which are already present in the recipient (e.g. 

group A donor to a group O recipient). Bi-directional ABO mismatches (i.e. ≤5% of 

transplants) are characterized by the prevalence of both, anti-donor ABO antibodies in 

the recipient and anti-recipient ABO antibodies in the donor (e.g. group A donor to a 

group B recipient) (163). 

 

2.5 Statistical methods 

2.5.1 DRST cohort 

The cumulative estimates for the univariate analysis of overall survival (OS) and disease 

free survival (DFS) were obtained using the Kaplan-Meier method. For the multivariate 

analyses of the same endpoints Cox regression models were implemented. Competing 

risk analysis was used for the univariate analyses of non-relapse mortality (NRM), relapse 

incidence (RI) and cGVHD incidence while competing risk regression models for stratified 

data were used for multivariate analysis of these three endpoints. Centre effects were 

adjusted using a gamma frailty term. (33) 

Statistical models covered covariates in accordance with previously published 

recommendations of the EBMT study group (44;59), hence patient age, disease stage, 

graft manipulation, conditioning regimen, graft source, donor source (national vs 

international), year of transplantation, time between diagnosis and transplantation, and 
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donor-recipient gender combination were assessed. In addition to these, patient and 

donor cytomegalovirus (CMV) status, treatment with anti-thymocyte globulin (ATG) as 

well as Karnofsky performance score (KPS) at time of transplantation were also evaluated. 

Missing data for CMV status, ATG treatment and KPS were treated as separate categories 

in multivariate analyses (missing values for CMV status and ATG treatment in 21.6% of 

the patients and for KPS in 37.1% of cases) (72).  A stepwise backward exclusion 

procedure was used for model selection, where all variables have been included in the 

first model and then successively reduced (at each step the least significant) until the loss 

of information became significant (44;72). Statistical significance for inclusion in the 

multivariate model was set at p-value=0.1. Statistical significance for outcome effects was 

set at p-value ≤0.05. All statistical analyses were performed using the open source 

program for statistical computing “R”, version 3.1.0. 

 

2.5.2 CIBMTR cohort 

All statistical analyses were carried out by the CIBMTR statistical group as follows: 

Characteristics of the dataset were summarized and reported in descriptive tables of 

patient-, disease- and transplant-related factors. For discrete factors, the number of cases 

and their respective percentages were calculated. Chi-Square tests were used to compare 

the distributions of discrete factors between the HLA-E matched vs HLA-E mismatched 

groups. For continuous factors, the median and ranges were also calculated. The Kruskal-

Wallis test was used to compare the continuous factors between the HLA-E matched vs 

HLA-E mismatched groups. The probabilities of OS and DFS were estimated using the 

Kaplan Meier estimator, with the variance estimated by Greenwood’s formula. 

Cumulative incidences of TRM/NRM, relapse, acute GVHD and chronic GVHD were 

estimated to account for competing risks. Non-relapse death was a competing risk in the 

estimation of malignancy relapse, death without chronic GVHD was a competing risk for 

estimation of chronic GVHD, and relapse was a competing risk for estimation of 

TRM/NRM. Comparison of survival curves was done using the log-rank test. Comparison 

of cumulative incidence curves was done based on Fine-Gray’s model. 
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Multivariate analyses were performed using Cox’s proportional hazards model. All 

variables were tested for the affirmation of the proportional hazards assumption (PHA). 

Factors violating the PHA were adjusted via stratification. A stepwise model building 

approach was subsequently used to select variables related to a given outcome for the 

primary and secondary outcomes with a threshold of 0.05 for both entry and stay in the 

model. Predictors considered for model integration were: 

i) Patient-related: 

- Recipient age at transplant: 18-19 vs 20-29 vs 30-39 vs 40-49 vs 50-59 vs 60-69 vs 70-

79 

- Recipient gender: Male (M)  vs Female (F) 

- Recipient race: Caucasian vs African-American vs Asian/Pacific islander vs Native   

- American vs Other 

- Karnofsky score prior to transplant: <90 vs ≥90 

ii) Disease-related:  

- Disease: AML vs ALL 

- Prior Auto: Yes vs No 

- Disease status: Early vs Intermediate  

- Conditioning intensity: MAC vs RIC 

iii) Transplant-related: 

- Graft type: Bone marrow vs Peripheral blood 

- Donor age at transplant: 18-32 vs 33-49 vs ≥50 

- Donor gender: Male vs Female 

- Donor-recipient sex match: M-M vs M-F vs F-M vs F-F 

- Donor race: Caucasian vs African-American vs Asian/Pacific islander vs Native American 

vs More than one race vs Other 

- T-cell Epitope matching (TCE): Fully matched vs Permissive vs GvH non-permissive vs 

HvG non-permissive vs Bidirectional non-permissive 

- Donor / recipient CMV status: -/- vs -/+ vs +/- vs +/+ 

- ABO incompatibility: Matched vs Minor mis-match vs Major mis-match vs Bi-

directional 
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- GVHD prophylaxis: Ex-vivo T-cell depletion vs CD34 selection vs Post-CY + other(s) vs 

Tac (Tacrolimus) + MMF (mycophenolic acid) +- others vs Tac + MTX (methotrexate) +- 

others (no MMF) vs Tac + others (no MTX, MMF) vs Tac alone vs CSA (cyclosporine) + 

MMF +- others (no Tac) vs CSA + MTX +- others (no Tac, MMF) vs CSA + others (no Tac, 

MTX, MMF) vs CSA alone vs Other GVHD prophylaxis  

- ATG/Campath: ATG + CAMPATH vs ATG alone vs CAMPATH alone vs No ATG or 

CAMPATH 

- Year of transplantation 

- Time from diagnosis to transplantation 

Finally, the comparison of the HLA-E matched vs HLA-E mismatched groups was 

performed with the adjustment for the selected covariates. 

As second step, the association of specific HLA-E alleles with the outcome endpoints was 

also explored. HLA-E genotype effects in donors and recipients were tested separately by 

comparing 0, 1 or 2 copies of a particular HLA-E allele (i.e. HLA-E*01:03). Allele specific 

mismatch in graft-versus-host direction were also examined. For uniformity reasons only 

patients and donors with the following HLA-E genotypes were included in this analysis 

(i.e. *01:01, 01:01/*01:03 and *01:03). Statistical significance was set at 0.01, while all 

analyses were carried out by the statistical software SAS version 9.4 (SAS Institute, Cary, 

NC). 
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3. Results 

3.1 DRST Cohort 

3.1.1 HLA-E genotyping results 

The HLA-E genotyping results are summarized in Tables 18 & 19. The HLA-E allele and 

genotype findings were in accordance with previous data reported for Caucasian 

populations (56;61;145). Although 37% of patients were HLA-E discrepant from their 

cognate donors, no differences were observed as to the HLA-E allele frequencies between 

patients and donors. The known co-dominant prevalence of HLA-E*01:01 and HLA-

E*01:03 was also confirmed since only one donor was found to carry an HLA-E*01:07 

allele (151). 

Table 18: HLA-E allele frequencies 

Data from (151) p.1950, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2002 to 2009 in Germany 

HLA-E allele frequencies (n,%) 

HLA-E* 01:01 01:03 01:07 
 

Patients 567 (55.7) 451 (44.3) - 
 

Donors 572 (56.0) 445 (43.8) 1 (0.2) 
 

Abbreviations: HLA=Human Leukocyte Antigen 

 

Table 19: HLA-E genotypes 

Data from (151) p.1950, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2002 to 2009 in Germany 
 

HLA-E allele genotypes (n,%) 

HLA-E* 01:01/01:01 01:01/01:03 01:03/01:03 01:01/01:07 

Patients 157 (30.8) 253 (49.7) 99 (19.5) - 

Donors 151 (29.7) 269 (52.8) 88 (17.3) 1 (0.2) 

Abbreviations: HLA=Human Leukocyte Antigen 

  

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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3.1.2 Cohort characteristics on account of HLA-E matching status 

The cohort characteristics are summarized in Table 20. As the data show, the distribution 

of the HLA-E-matched and -mismatched cases with respect to other important clinical 

predictors was balanced. Median follow-up time was 4.97 years and median patient age 

was 49 (18-74) years.  About 63% of patients received in vivo T-cell depletion treatment 

with ATG and almost 68% were treated with myeloablative conditioning regimens. Last, 

PBSC was the graft source for the vast majority of patients (  ̴93%). Despite the 10/10 HLA 

compatibility, 37.1% of transplant pairs were HLA-E disparate (151). 

Table 20: Cohort characteristics 
Data from (151) p.1949-1950, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode).   

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2002 to 2009 in Germany 

Variable 
Study cohort 
n (%) 

HLA-E matched 
n (%) 

HLA-E mismatched 
n (%) 

p-value 

Number of patients 509 320 189  

Number of transplantation 
centers  

21 20 (95.2) 20 (95.2) 0.61 

Age category     

18-29 97 (19.0) 62 (19.4) 35 (18.5) 

0.24 

30-39 71 (14.0) 32 (10.0) 39 (20.6) 

40-49 89 (17.5) 62 (19.4) 27 (14.3) 

50-59 129 (25.3) 82 (25.6) 47 (24.9) 

60-69 108 (21.2) 75 (23.4) 33 (17.5) 

70-79 15 (3.0) 7 (2.2) 8 (4.2) 

Diagnosis     

AML 313 (61.5) 196 (61.2) 117 (61.9) 

0.89 ALL 132 (25.9) 85 (26.6) 47 (24.9) 

AL 64 (12.6) 39 (12.2) 25 (13.2) 

Disease stage     

Early 237 (46.5) 147 (45.9) 90 (47.6) 

0.46 Intermediate 152 (29.9) 92 (28.8) 60 (31.7) 

Advanced 120 (23.6) 81 (25.3) 39 (20.6) 

Conditioning regimen     

Myeloablative 345 (67.8) 215 (67.2) 130 (68.8) 
0.78 

Reduced intensity 164 (32.2) 105 (32.8) 59 (31.2) 

Karnofsky performance 
score* 

    

KPS < 90 98 (30.6) 66 (32.0) 32 (28.1) 
0.50 

Missing data 189 (37.1) 114 (35.6) 75 (39.7) 

This Table is continued in next page 
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Variable 
Study cohort 
n (%) 

HLA-E matched 
n (%) 

HLA-E mismatched 
n (%) 

p-value 

Stem cell source     

BM 32 (6.3) 18 (5.6) 14 (7.4) 
0.54 

PBSC 477 (93.7) 302 (94.4) 175 (92.6) 

ATG Treatment*     

Yes 252 (63.2) 157 (61.3) 95 (66.4) 

0.31 No 147 (37.8) 99 (38.7) 48 (33.6) 

Missing data 110 (21.6) 64 (20.0) 46 (24.3) 

Patient-Donor CMV status 
combination* 

    

neg neg 126 (31.6) 81 (32.1) 45 (30.6) 

0.86 

neg pos 45 (11.3) 31 (12.3) 14 (9.5) 

pos neg 102 (25.5) 61 (24.2) 41(27.9) 

pos pos 126 (31.6) 79 (31.4) 47 (32.0) 

Missing data 110 (21.6) 68 (21.2) 42 (22.2) 

Donor KIR Haplotype*     

Haplotype AA 158 (31.3) 95 (30.0) 63 (33.7) 

0.68 Haplotype Bx 346 (68.7) 222 (70.0) 124 (66.3) 

Missing data 5 (0.98) 3 (0.94) 2 (1.0) 

Patient C1/C2 KIR ligands     

C1 positive 443 (87.0) 277 (86.6) 166 (87.8) 
0.86 

C1 negative 66 (13.0) 43 (13.4) 23 (12.2) 

HLA-DPB1 TCE mismatch*     

Permissive 326 (64.3) 208 (65.2) 118 (62.8) 

0.13 
HvG non-permissive 86 (17.0) 59 (18.5) 27 (14.4) 

GvH non-permissive 95 (18.7) 52 (16.3) 43 (22.8) 

Missing data 2 (0.4) 1 (0.3) 1 (0.5) 

Recipient-donor sex match     

Male-male 228 (44.8) 143 (44.7) 85 (45.0) 

0.80 
Male-female 46 (9.0) 26 (8.1) 20 (10.6) 

Female-male 168 (33.0) 108 (33.8) 60 (31.7) 

Female-female 67 (13.2) 43 (13.4) 24 (12.7) 

Year of transplantation     

2002-2005 127 (25.0) 77 (24.0) 50 (26.5) 
0.62 

2006-2009 382 (75.0) 243 (76.0) 139 (73.5) 

Abbreviations: HLA=Human Leukocyte antigen, AML=Acute Myeloid Leukemia, ALL=Acute Lymphoblastic 
Leukemia, AL=Acute Leukemia (undifferentiated), KPS=Karnofsky-Performance Score, BM=Bone Marrow, 
PBSC=Peripheral Blood Stem Cells, ATG=Anti-Thymocyte Globulin, neg=negative, pos=positive, 
CMV=Cytomegalovirus, KIR=Killer-cell Immunoglobulin-like Receptor, TCE=T-cell Epitope, HvG=Host versus 
Graft, GvH=Graft versus Host 

  

Continuation of Table 20: Cohort characteristics 
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3.1.3 Impact of HLA-E matching status on HSCT outcome 

3.1.3.1 HLA-E incompatibility significantly improves OS, DFS and NRM 

Both, the univariate and multivariate analyses of the HLA-E mismatch impact on HSCT 

outcome revealed an unexpected beneficial effect on OS and DFS that was driven by the 

significantly lower NRM observed in patients transplanted with HLA-E discrepant grafts. 

The respective results are summarized in Table 21, while Figure 23 depicts the univariate 

results for OS, DFS and NRM. In order to further investigate the observed divergence in 

the NRM rates between HLA-E matched and mismatched cases, we analyzed the 

prevalence of aGvHD III-IV between the two patient groups, yet no differences were 

observed (  ̴10% in both groups). However, death cause analysis (section 3.1.5) showed 

that the rate of GvHD-related mortality was substantially higher in the HLA-E matched 

group (9% vs 5.8%). Infection-related mortality was moderately higher in patients 

receiving HLA-E compatible grafts (10.9% vs 7.9%), while severe infection was notably 

more frequently reported among this group of patients (17.2% vs 9.5%). As to cGvHD 

incidence- and aGvHD III-IV prevalence- rates, it should be noted that data were 

incomplete for 9% (46/509) and 43% (217/509) of cases, respectively. Death cause data 

were missing in only 2.1% (11/509) of patients. The cumulative probability of cGvHD 

showed a putative association between HLA-E mismatch and lower cGvHD incidence, 

which did not reach statistical significance (Table 21). Given, nevertheless, the 

indisputably high rate of missing data, this finding should be viewed with caution. After 

stepwise backward exclusion, the variables that were maintained in the multivariate 

models were patient age, disease stage, diagnosis, CMV serostatus compatibility, ATG 

treatment and patient HLA-E haplotype (151). 
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Figure 23: Effect of HLA-E mismatch on HSCT outcome, whole cohort  

Adapted from (151), p.1952, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

The figure has been slightly modified compared to the original as to the color of the graphs, format of the 
figures, title and legend, without however altering the information of the content. Hematopoietic stem 
cell transplantation outcome with respect to HLA-E matching status between acute leukemia patients and 
10/10 HLA matched unrelated donors (whole cohort, n=509). Adult acute leukemia patients transplanted 
with 10/10 HLA matched unrelated HSC grafts from 2002 to 2009 in Germany.  a) Overall survival 
(p=0.002), b) Disease free survival (p=0.007) and c) Non-relapse mortality (p=0.006). Black line=HLA-E 
matched, yellow line=HLA-E mismatched. 
Abbreviations: HLA=Human Leukocyte Antigen 

  

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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Table 21: Effect of HLA-E mismatch on HSCT outcome I 
Data from (151) p.1951, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2002 to 2009 in Germany. 

Number of patients included in the analyses, n=509. Omitted observations due to missing data 
for overall survival=6, disease free survival=4, non-relapse mortality=6, relapse incidence= 20 
and cGvHD incidence=217. Statistical significance is marked in bold. 
 

Univariate Analysis  Multivariate Analysis  

Endpoints HLA-E M HLA-E MM p-value HR CI 95% p-value 

OS       

1 year 0.59(0.53-0.65) 0.67(0.61-0.75) 

0.002 0.63 0.48-0.83 0.001 3 year 0.42(0.36-0.49) 0.57(0.50-0.65) 

5 year 0.38(0.32-0.44) 0.53(0.46-0.62) 

DFS       

1 year 0.51(0.46-0.58) 0.59(0.52-0.66) 

0.007 0.71 0.55-0.92 0.008 3 year 0.36(0.31-0.43) 0.51(0.44-0.59) 

5 year 0.32(0.27-0.39) 0.45(0.38-0.53) 

NRM       

1 year 0.27(0.22-0.32) 0.19(0.14-0.26) 

0.006 0.63 0.43-0.91 0.015 3 year 0.36(0.30-0.41) 0.22(0.16-0.29) 

5 year 0.37(0.31-0.43) 0.26(0.19-0.33) 

Relapse        

1 year 0.25(0.20-0.31) 0.25(0.19-0.32) 

0.84 1.02 0.73-1.43 0.90 3 year 0.32(0.27-0.38) 0.31(0.24-0.38) 

5 year 0.35(0.29-0.41) 0.34(0.26-0.41) 

cGvHD       

6 months 0.34(0.27-0.42) 0.24(0.17-0.32) 

0.102 0.70 0.47-1.04 0.074 12 months 0.39(0.31-0.46) 0.28(0.21-0.37) 

24 months 0.39(0.32-0.47) 0.32(0.24-0.40) 

Abbreviations: HLA=Human Leukocyte Antigen, HR=Hazard Ratio, CI=Confidential Interval, M=Matched, 
MM=Mismatched, OS=Overall Survival, DFS=Disease Free Survival, NRM=Non-Relapse Mortality, cGvHD= 
chronic Graft versus Host Disease. 

 

3.1.3.2 HLA-E matching status effect is influenced by disease stage 

Additional tests for the search of potential interactions between HLA-E mismatch and 

other clinical predictors revealed an association between HLA-E incompatibility effect and 

disease stage. Specifically, separate analysis of HLA-E mismatch effect in 

early/intermediate and advanced disease stage patients disclosed that the beneficial 

effect of HLA-E incompatibility observed in the whole cohort analysis was much more 

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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pronounced among advanced disease stage cases. The results of both, univariate and 

multivariate analyses for OS, DFS, NRM, relapse- and cGvHD-incidence of the advanced 

disease group of patients are presented in Table 22. The curves of the respective OS, DFS 

and NRM univariate models are displayed in Figure 24. The clinical outcome endpoints 

OS, DFS and NRM were notably improved in advanced disease patients that were 

transplanted from HLA-E discrepant donors as show the results of the univariate (OS: 50% 

vs 18%, p=0.005; DFS: 40% vs 12%, p=0.002; NRM: 32% vs 55%, p=0.038) and multivariate 

analyses (OS: HR=0.40, CI 95%=0.22-0.72, p=0.002; DFS: HR=0.42, CI 95%=0.25-0.72, 

p=0.001; NRM: HR=0.44, CI 95%=0.20-0.95, p=0.036) respectively. aGvHD prevalence 

analysis showed that HLA-E mismatch in advanced disease patients associated with lower 

rates of grade II-IV aGvHD (7.7% vs 12.3%). GvHD-related mortality was also markedly 

lower in HLA-E mismatched cases of advanced disease patients (2.6% vs 14.8%). No 

significant differences were observed on account of severe infection prevalence between 

the two groups (21.0% of HLA-E matched vs 17.9% of HLA-E mismatched cases). It is of 

note that aGvHD data were missing in 17.5% (21/120) of cases, while death-cause data 

were incomplete for 2.5% (3/120) of advanced-disease patients. The effect of HLA-E 

mismatch in non-advanced disease patients, albeit noticeable, was not statistically 

significant for any of the endpoints in neither univariate nor multivariate models. No 

marked differences were detected in this subset of patients as to aGvHD rates and GvHD-

related death. Notwithstanding, there was a notable difference observed with regard to 

severe infection prevalence (15.9% in HLA-E matched cases vs 7.3% in HLA-E mismatched 

ones), as well as with respect to infection-related mortality rates (10.5% vs 5.3% in HLA-E 

matched and mismatched cases respectively). Death-cause data were missing for 2% 

(8/389) of early/intermediate disease patients. The univariate as well as multivariate 

analysis results for the early/intermediate subgroup of patients are summarized in Table 

23 (151). 
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Figure 24: Effect of HLA-E mismatch on HSCT outcome, advanced disease patients 

Adapted from (151) p. 1952, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

The figure has been slightly modified compared to the original as to the color of the graphs, format of the 
figures, title and legend, without however altering the information of the content. Hematopoietic stem 
cell transplantation outcome with respect to HLA-E matching status between acute leukemia patients and 
10/10 HLA matched unrelated donors (advanced disease patients, n=120). Adult acute leukemia patients 
transplanted with 10/10 HLA matched unrelated HSC grafts from 2002 to 2009 in Germany. a) Overall 
survival (p=0.005), b) Disease free survival (p=0.002) and c) Non-relapse mortality (p=0.038). Black 
line=HLA-E matched, Green line=HLA-E mismatched. 
Abbreviations: HLA=Human Leukocyte Antigen 
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Table 22: Effect of HLA-E mismatch on HSCT outcome II 
Data from (151) p.1953-1954, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2002 to 2009 in Germany. 

Advanced disease patients, n=120. Omitted observations due to missing data for overall 
survival=2, disease free survival=1, non-relapse mortality=2, relapse incidence= 14 and cGvHD 
incidence=69. Statistical significance is marked in bold. 
 

 
Univariate Analysis Multivariate Analysis 

Endpoints HLA-E M HLA-E MM p-value HR CI 95% p-value 

OS       

1 year 0.32(0.23-0.46) 0.57(0.43-0.76) 

0.005 0.40 0.22-0.72 0.002 3 year 0.20(0.12-0.33) 0.54(0.39-0.74) 

5 year 0.18(0.11-0.31) 0.50(0.35-0.71) 

DFS 
      

1 year 0.27(0.18-0.40) 0.52(0.38-0.72) 

0.002 0.42 0.25-0.72 0.001 3 year 0.16(0.09-0.28) 0.52(0.38-0.72) 

5 year 0.12(0.06-0.24) 0.40(0.25-0.62) 

NRM 
      

1 year 0.48(0.36-0.59) 0.32(0.17-0.48) 

0.038 0.44 0.20-0.95 0.036 3 year 0.55(0.42-0.66) 0.32(0.17-0.48) 

5 year 0.55(0.42-0.66) 0.32(0.17-0.48) 

Relapse 
      

1 year 0.31(0.20-0.43) 0.24(0.10-0.41) 

0.60 1.10 0.50-2.43 0.81 3 year 0.33(0.22-0.45) 0.24(0.10-0.41) 

5 year 0.37(0.25-0.49) 0.35(0.16-0.54) 

cGvHD 
      

6 months 0.50(0.30-0.67) 0.13(0.03-0.30) 

0.009 0.18 0.05-0.65 0.008 12 months 0.50(0.30-0.67) 0.13(0.03-0.30) 

24 months 0.50(0.30-0.67) 0.13(0.03-0.30) 

Abbreviations: HLA=Human Leukocyte Antigen, HR=Hazard Ratio, CI=Confidential Interval, M=Matched, 
MM=Mismatched, OS=Overall Survival, DFS=Disease Free Survival, NRM=Non-Relapse Mortality, cGvHD= 
chronic Graft versus Host Disease.  
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Table 23: Effect of HLA-E mismatch on HSCT outcome III 
Data from (151) p.1953-1954, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2002 to 2009 in Germany. 

Early/intermediate disease patients, n=389. Omitted observations due to missing data for 
overall survival=4, disease free survival=3, non-relapse mortality=4, relapse incidence= 6 and 
cGvHD incidence=148.  
 

 
Univariate Analysis  Multivariate Analysis  

Endpoints HLA-E M HLA-E MM p-value HR CI 95% p-value 

OS       

1 year 0.68(0.62-0.74) 0.72(0.65-0.80) 

0.071 0.75 0.55-1.04 0.09 3 year 0.50(0.43-0.57) 0.60(0.52-0.69) 

5 year 0.45(0.38-0.53) 0.56(0.48-0.65) 

DFS       

1 year 0.60(0.53-0.67) 0.60(0.52-0.69) 

0.26 0.85 0.63-1.15 0.29 3 year 0.43(0.37-0.51) 0.51(0.43-0.60) 

5 year 0.39(0.33-0.47) 0.46(0.38-0.56) 

NRM       

1 year 0.20(0.15-0.26) 0.16(0.11-0.23) 

0.083 0.72 0.46-1.12 0.14 3 year 0.26(0.20-0.32) 0.18(0.12-0.25) 

5 year 0.29(0.23-0.36) 0.20(0.14-0.27) 

Relapse        

1 year 0.24(0.18-0.30) 0.25(0.18-0.33) 

0.86 1.05 0.72-1.55 0.80 3 year 0.29(0.23-0.35) 0.30(0.23-0.28) 

5 year 0.32(0.26-0.39) 0.32(0.24-0.40) 

cGvHD        

6 months 0.31(0.24-0.39) 0.27(0.19-0.36) 

0.60 0.86 0.56-1.31 

 

12 months 0.36(0.29-0.44) 0.32(0.23-0.41) 0.48 

24 months 0.37(0.29-0.45) 0.36(0.27-0.46) 

Abbreviations: HLA=Human Leukocyte Antigen, HR=Hazard Ratio, CI=Confidential Interval, M=Matched, 
MM=Mismatched, OS=Overall Survival, DFS=Disease Free Survival, NRM=Non-Relapse Mortality, cGvHD= 
chronic Graft versus Host Disease.             
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3.1.4 Impact of patient/donor HLA-E genotype on outcome 

3.1.4.1 Donor HLA-E genotype has no significant effect on outcome 

Donor HLA-E genotype had no marked impact on any clinical outcome endpoint in neither 

univariate nor multivariate analysis models (151). 

3.1.4.2 Patient HLA-E*01:03/01:03 genotype associated with inferior HSCT outcome 

Although patient HLA-E genotype appeared to have no influence on any outcome 

endpoint in the univariate analyses, it was identified as a significant parameter in the 

multivariate models. Specifically, the patient HLA-E*01:03/01:03 genotype was found to 

associate with worse OS and DFS and higher NRM (OS: HR=1.45, CI 95%=1.00-2.10, 

p=0.05; DFS: HR=1.47, CI 95%=1.04-2.07, p=0.03; NRM: HR=1.74, CI 95%=1.09-2.78, 

p=0.02) (151).  

3.1.5 Death cause analysis and severe infection prevalence 

3.1.5.1 Whole cohort 

Death cause analysis: 

- HLA-E matched (n=320): Alive=146 (45.6%), GvHD=29 (9.1%), Infection=35 

(10.9%), Other=21 (6.6%), Relapse=67 (20.9%), Sec. malignancy=3 (0.9%), 

Lymphoproliferative disease=0, Toxicity=7 (2.2%), Unspecified TRM=7 (2.2%), 

Missing data: 5 (1.6%) 

- HLA-E mismatched (n=189): Alive=113 (59.8%), GvHD=11 (5.8%), Infection=15 

(7.9%), Other=8 (4.2%), Relapse=30 (15.9%), Sec. malignancy=0, 

Lymphoproliferative disease=1 (0.5%), Toxicity=4 (2.2%), Unspecified TRM=1 

(0.5%), Missing data: 6 (3.2%) 

Severe infection prevalence: 

- HLA-E matched (n=320): 55 (17.2%) 

- HLA-E mismatched (n=189): 18 (9.5%) 
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3.1.5.2 Advanced disease patients 

Death cause analysis: 

- HLA-E matched (n=81): Alive=24 (29.6%), GvHD=12 (14.8%), Infection=10 (12.3%), 

Other=8 (9.9%), Relapse=19 (23.5%), Sec. malignancy=0, Lymphoproliferative 

disease=0, Toxicity=3 (3.7%), Unspecified TRM=4 (4.9%), Missing data: 1 (1.3%) 

- HLA-E mismatched (n=39): Alive=21 (53.9%), GvHD=1 (2.6%), Infection=7 (17.9%), 

Other=3 (7.7%), Relapse=5 (12.8%), Sec. malignancy=0, Lymphoproliferative 

disease=0, Toxicity=0, Unspecified TRM=0, Missing data: 2 (5.1%)  

Severe infection prevalence: 

- HLA-E matched (n=81): 17 (21.0%) 

- HLA-E mismatched (n=39): 7 (17.9%) 

3.1.5.3 Early/intermediate disease patients 

Death cause analysis: 

- HLA-E matched (n=239): Alive=122 (51.0%), GvHD=17 (7.1%), Infection=25 

(10.5%), Other=13 (5.5%), Relapse=48 (20.1%), Sec. malignancy=3 (1.2%),   

Lymphoproliferative disease=0, Toxicity=4 (1.7%), Unspecified TRM=3 (1.2%), 

Missing data: 4 (1.7%)  

- HLA-E mismatched (n=150): Alive=92 (61.3%), GvHD=10 (6.7%), Infection=8 

(5.3%), Other=5 (3.3%), Relapse=25 (16.7%), Sec. malignancy=0, 

Lymphoproliferative disease=1 (0.6%), Toxicity=4 (2.7%), Unspecified TRM=1 

(0.7%), Missing data: 4 (2.7%) 

Severe infection prevalence: 

- HLA-E matched (n=239): 38 (15.9%) 

- HLA-E mismatched (n=150): 11 (7.3%) 
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3.1.6 Summary of DRST cohort results 

- HLA-E genotyping results in our German cohort are in accordance with those 

concerning HLA-E polymorphism frequencies in Caucasian populations previously 

reported. 

- HLA-E exhibits loose linkage disequilibrium with its classical HLA counterparts as 

37% of 10/10 HLA matched individuals were HLA-E discrepant. 

- HLA-E*01:03, 01:03 patient genotype is not associated with better HSCT outcome. 

- HLA-E incompatibility significantly improves OS, DFS and NRM. 

- Advanced disease acute leukemia patients benefit the most from HLA-E 

mismatched unrelated 10/10 HLA matched HSCT. 

- HLA-E mismatch has no effect on relapse incidence rates. 

- The beneficial effect of HLA-E incompatibility between recipient and donor 

appears to be associated with lower GvHD-related mortality in advanced disease 

patients and better severe infection control in patients with early/intermediate 

disease stage. 

 

3.2 CIBMTR results 

3.2.1 HLA-E genotyping results 

HLA-E genotyping of both recipients and donors revealed no differences in HLA-E allelic 

frequencies between them or between those observed in the DRST cohort or in other 

populations of mainly Caucasian origin previously reported. The genotyping results are 

summarized in Table 24.  The co-dominance of the two most prevalent isoforms 01:01 

and 01:03 was once more confirmed. In a total of 3680 samples, three patients were 

found to carry an unidentified allele, while three patients and two donors were found to 

carry the more rare isoform 01:05. Due to poor sample quality, HLA-E genotyping was 

unsuccessful in overall three transplant pairs. The loose linkage disequilibrium between 

HLA-E and the other HLA-class Ia molecules was once more observed, with 32.5% of 

10/10 HLA matched transplant pairs being HLA-E discrepant (152). 
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Table 24: HLA-E genotyping results 
Data from (152) p.2360, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2000 to 2015 in the USA. 
 

HLA-E genotypes (n,%) 

HLA-E* 01:01/01:01 01:01/01:03 01:03/01:03 01:01/01:05 

Patients 592 (32.2) 915 (49.7) 324 (17.6) 3 (0.16) 

Donors 583 (31.7) 916 (49.8) 337 (18.3) 1 (0.05) 

HLA-E* 01:03/01:05 01:01/01new 01:03/01new missing 

Patients - 1 (0.05) 2 (0.11) 3 (0.16) 

Donors 1 (0.05) - - 2 (0.11) 

Abbreviations: HLA=Human Leukocyte Antigen. 

 

3.2.2 Cohort characteristics  

The demographic, clinical and immunogenetic features of the study cohort are 

summarized in Table 25. Median follow-up time was 90 (9-185) months. All transplanted 

patients were adults with a median age of 46 years (18-77). Less than 30% of patients 

received in-vivo T-cell depletion treatment with ATG and or Campath, while about 77% 

were treated with a myeloablative conditioning regimen. PBSC was chosen as graft source 

in about 2/3 of the cases, while only early and intermediate disease stage patients were 

included in the cohort. No biased distribution of patients on account of their HLA-E 

matching status with donor was observed for any of the significant parameters 

considered (Table 26) (152).  

Continuation of Table 20: Cohort characteristics  

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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Table 25: Cohort characteristics 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

Variable n % 

Number of patients 1840 
 

Number of centers 122 
 

Patient-related   

Recipient age at transplant, years Median(range) 46 (18-77)  

Recipient gender   

 Male 975 53.0 

 Female 865 47.0 

Recipient race   

 Caucasian 1732 94.1 

 African-American 31 1.7 

 Asian/Pacific islander 29 1.6 

 Native American 5 0.3 

 Other 4 0.2 

 Missing 39 2.1 

Karnofsky score prior to transplant   

 <90 540 29.3 

 >=90 1209 65.7 

 Missing 91 5.0 

Disease-related   

Disease   

 AML 1379 75.0 

 ALL 461 25.0 

Disease status   

 Early 1265  68.8 

 Intermediate 575 31.2 

Conditioning regimen   

 High dose TBI + CY +/- others 590 32.1 

 High dose TBI +/- others (no CY) 96 5.2 

 Myeloablative Bu +/- Cy +/- low dose TBI +/-  973 52.9 

 Others 181 9.8 

Transplant-related   

Graft type   

 Bone Marrow 469 25.5 

 Peripheral Blood 1371 74.5 

Donor age at transplant, years Median(range) 31 (18-61)  

Donor-recipient sex match   

 M-M 724 39.4 

 M-F 552 30.0 

 F-M 251 13.6 

 F-F 313 17.0 

 

This Table is continued in next page 
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Variable n % 

T-cell Epitope matching   

 Fully matched 292 15.9 

 Permissive 807 43.9 

 GvH non-permissive 315 17.1 

 HvG non-permissive 329 17.9 

 Missing 97 5.2 

Donor-Recipient CMV match   

 -/- 508 27.6 

 -/+ 679 36.9 

 +/- 204 11.1 

 +/+ 414 22.5 

 Missing 35 1.9 

ABO incompatibility   

 Matched 797 43.3 

 Minor mismatch 402 21.9 

 Major mismatch 413 22.4 

 Bi-directional 118 6.4 

 Missing 110 6.0 

ATG/Campath   

 ATG + CAMPATH 1 <0.1 

 ATG alone 490 26.6 

 CAMPATH alone 50 2.7 

 No ATG or CAMPATH 1297 70.5 

 Missing 2  0.1 

Conditioning intensity   

 MAC 1414 76.9 

 RIC 426 23.1 

Year of transplant   

 2000-2007 974 52.9 

 2008-2015 866 47.1 

Time from diagnosis to transplant 6 (<1-252) 
 

Median follow-up of survivors (range), months 90 (9-185) 
 

Abbreviations: AML=Acute Myeloid Leukemia, ALL=Acute Lymphoblastic Leukemia, TBI=Total Body 
Irradiation, CY=Cyclophosphamide, Bu=Busulfan, M=Male, F=Female, GvH=Graft versus Host, HvG=Host 
versus Graft, CMV=Cytomegalovirus, ABO=ABO blood group, ATG=Anti-thymocyte globulin, 
MAC=Myeloablative Conditioning, RIC=Reduced Intensity Conditioning.  

 

Continuation of Table 25: Cohort characteristics 
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Table 26: Distribution of HLA-E matched vs HLA-E mismatched cases  
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

Variable 
HLA-E D-R matched 
n(%) 

HLA-E D-R mismatched 
n(%) 

Number of patients 1242 598 

Number of centers 116 99 

Patient-related   

Recipient age at transplant, years 
Median(range) 

46 (18-77) 48 (18-74) 

Recipient gender   

 Male 656 (53) 319 (53) 

 Female 586 (47) 279 (47) 

Recipient race   

 Caucasian 1167 (94) 565 (94) 

 African-American 21 (2) 10 (2) 

 Asian/Pacific islander 23 (2) 6 (1) 

 Native American 2 (<1) 3 (<1) 

 Other 2 (<1) 2 (<1) 

 Missing 27 (2) 12 (2) 

Karnofsky score prior to transplant   

 <90 358 (29) 182 (30) 

 >=90 819 (66) 390 (65) 

 Missing 65 (5) 26 (4) 

Disease-related   

Disease   

 AML 925 (74) 454 (76) 

 ALL 317 (26) 144 (24) 

Disease status   

 Early 847 (68) 418 (70) 

 Intermediate 395 (32) 180 (30) 

Transplant-related   

Graft type   

 Bone Marrow 311 (25) 158 (26) 

 Peripheral Blood 931 (75) 440 (74) 

Donor age at transplant, years   

Median(range) 31 (18-61) 31 (19-61) 

Donor-recipient sex match   

 M-M 487 (39) 237 (40) 

 M-F 380 (31) 172 (29) 

 F-M 169 (14) 82 (14) 

 F-F 206 (17) 107 (18) 

 
 
 
 

  
This Table is continued in next page 
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Variable 
HLA-E D-R matched 
n(%) 

HLA-E D-R mismatched 
n(%) 

T-cell Epitope matching   

 Fully matched 204 (16) 88 (15) 

 Permissive 555 (45) 252 (42) 

 GvH non-permissive 196 (16) 119 (20) 

 HvG non-permissive 218 (18) 111 (19) 

 Missing 69 (6) 28 (5) 

Donor-Recipient CMV match   

 -/- 348 (28) 160 (27) 

 -/+ 453 (36) 226 (38) 

 +/- 140 (11) 64 (11) 

 +/+ 272 (22) 142 (24) 

 Missing 29 (2) 6 (1) 

ABO incompatibility   

 Matched 540 (43) 257 (43) 

 Minor mis-match 286 (23) 116 (19) 

 Major mis-match 264 (21) 149 (25) 

 Bi-directional 78 (6) 40 (7) 

 Missing 74 (6) 36 (6) 

ATG/Campath   

 ATG + CAMPATH 0 1 (<1) 

 ATG alone 324 (26) 166 (28) 

 CAMPATH alone 30 (2) 20 (3) 

 No ATG or CAMPATH 886 (71) 411 (69) 

 Missing 2 (<1) 0 

Conditioning intensity   

 MAC 962 (77) 452 (76) 

 RIC 280 (23) 146 (24) 

Year of transplant   

 2000-2007 675 (54.3) 299 (50.0) 

 2008-2015 567 (45.7) 299 (50.0) 

Time from diagnosis to transplant 6 (1-245) 6 (<1-252) 

Median follow-up of survivors                     
(range), months 90 (9-182) 89 (10-185) 
Abbreviations: HLA=Human Leukocyte Antigen, D=Donor, R=Recipient, AML=Acute Myeloid Leukemia, 
ALL=Acute Lymphoblastic Leukemia, M=Male, F=Female, GvH=Graft versus Host, HvG=Host versus Graft, 
CMV=Cytomegalovirus, ABO=ABO blood group, ATG=Anti-thymocyte globulin, MAC=Myeloablative 
Conditioning, RIC=Reduced Intensity Conditioning. 
 

  

Continuation of Table 26: Distribution of HLA-E matched vs HLA-E 

mismatched cases 
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3.2.3 Impact of HLA-E matching status on HSCT outcome 

3.2.3.1 HLA-E incompatibility does not significantly impact any HSCT outcome endpoint 

No apparent effect of HLA-E matching status between recipient and donor was identified 

for any of the clinical outcome endpoints investigated. Both univariate and multivariate 

models clearly showed that donor-recipient HLA-E matching has no impact on survival, 

transplantation associated morbidity or leukemia control (152). The results of the 

univariate and multivariate analyses are presented in Tables 27 and 28 respectively. The 

other covariates maintained in the respective multivariate models were: 

- Recipient age, disease diagnosis and Karnofsky score for the OS model 

- Recipient age, conditioning intensity, disease diagnosis and Karnofsky score for 

the DFS model  

- Recipient age, donor age, disease diagnosis, disease stage, GvHD prophylaxis and 

time from diagnosis to transplantation for the TRM model 

- Donor recipient CMV match status, conditioning intensity, disease stage, time 

from diagnosis to transplantation and Karnofsky score for the relapse model 

- ATG/Campath administration, donor age, graft type and DPB1 T-cell epitope 

matching for the aGvHD II-IV model 

- ATG/Campath administration and donor age for the aGvHD III-IV model 

- ATG/Campath administration, disease diagnosis, graft type and recipient race for 

the cGvHD model 

All covariates violating the PHA assumption were handled via stratification in the 

models. These were for OS, DFS and TRM donor/recipient sex match and graft type, 

disease diagnosis for relapse, donor/recipient ABO blood group mismatch and 

conditioning intensity for aGvHD (II-IV & III-IV) and year of transplantation for cGvHD.  

No interactions between the HLA-E match status and the other covariates were 

identified in any of the statistical models.  
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Table 27: Univariate outcomes 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

 HLA-E D-R M (n = 1242)     HLA-E D-R MM (n = 598)  

Outcomes n (95% CI) n (95% CI) p-value 

Overall survival 1242  598      0.59 

 1-year  64 (62-67)%  65 (61-69)%  

 3-year  49 (46-52)%  48 (44-52)%  

 5-year  43 (40-46)%  42 (38-46)%  

Disease free survival 1230  589   

 1-year  56 (53-59)%  55 (51-59)%  

 3-year  43 (40-46)%  42 (38-46)%  

 5-year  37 (35-40)%  39 (35-43)%  

Transpl. related mortality 1230  589      0.34 

 1-year  18 (16-21)%  18 (15-21)%  

 3-year  25 (22-27)%  22 (19-26)%  

 5-year  28 (26-31)%  25 (21-29)%  

Relapse incidence 1230  589       0.20 

 1-year        26 (23-28)%  27 (23-31)%  

 3-year  32 (29-35)%  35 (32-39)%  

 5-year  34 (32-37)%  36 (33-40)%  

Grade 2-4 acute GVHD 1233  593       0.39 
 100-day  42 (39-44)%  43 (39-47)%  

Grade 3-4 acute GVHD 1232  591       0.51 
 100-day  16 (14-18)%  17 (14-20)%  

Chronic GVHD 1233  594       0.87 

 1-year  47 (45-50)%  47 (43-51)%  

 3-year  55 (52-57)%  54 (50-58)%  

 5-year  55 (53-58)%  54 (50-58)%  

      

Abbreviations: HLA= Human Leukocyte Antigen, M= Matched, MM= Mismatched, GVHD=Graft versus Host 
Disease. 
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Table 28: Summary of HLA-E mismatch effect on outcome 
Data from (152), p.6 of Supplementary material, distributed under CC BY-NC-ND 4.0 

(https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode). 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 

2000 to 2015 in the USA. 
 

Outcome Endpoints HR (match baseline) 95% CI p-value 

Overall Survival 1.01 0.89-1.14 0.91 

DFS 1.00 0.88-1.13 0.99 

TRM 0.89 0.74-1.09 0.24 

Relapse 1.09 0.93-1.29 0.28 

Acute GVHD II-IV 1.09 0.94-1.26 0.26 

Acute GVHD III-IV 1.10 0.87-1.38 0.43 

Chronic GVHD 1.11 0.97-1.27 0.12 

Abbreviations: DFS=Disease Free Survival, TRM=Transplant-related Mortality, GVHD=Graft versus  
Host Disease. 

 

No differences were also identified in the death-cause analysis between HLA-E matched 

and mismatched cases (Table 29). 

 

Table 29: Summary of death cause analysis 

Cause of death HLA-E D-R matched  HLA-E D-R mismatched  

Alive        497 (40)              228 (38) 

Primary disease        315 (25)              166 (28) 

Graft failure            9 (<1)                  1 (<1) 

GvHD        104 (8)                58 (10) 

Infection        122 (10)                50 (8) 

IPn          17 (1)                  8 (1) 

ARDS          13 (1)                  5 (<1) 

Organ failure          82 (7)                37 (6) 

Secondary malignancy          19 (2)                  7 (1) 

Hemorrhage          17 (1)                  7 (1) 

Accident/suicide            3 (<1)                  0 

Vascular            3 (<1)                  3 (<1) 

Other          36 (3)                23 (4) 

Unknown            5 (<1)                  5 (<1) 

Abbreviations: HLA=Human Leukocyte Antigen, GVHD=Graft versus Host Disease, IPn=Idiopathic  
Pneumonia, ARDS=Acute Respiratory Distress Syndrome. 

 

  

https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
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3.2.4 Impact of patient/donor HLA-E genotype on outcome 

In order to assess the effect of patient/donor HLA-E genotype on outcome, we excluded 

from the analyses all cases with unclear, missing or rare HLA-E genotypes. 1827 out of the 

overall 1840 transplant pairs remained for analysis. In both patients and donors, 3 HLA-E 

genotypes were identified: HLA-E*01:01/01:01, HLA-E*01:01/01:03 and HLA-

E*01:03/01:03. Due to the high correlation of recipient and donor HLA-E genotype 

(p<0.0001) on account of the significant HLA-E compatibility ratio among them (  ̴70%), 

the effects of recipient and donor HLA-E genotype were analyzed in separate multivariate 

models. Additionally, two 4-level ‘joint donor/recipient HLA-E genotypes’ multivariate 

models were applied with the aim to better assess the respective effect of donor and 

recipient HLA-E genotype on outcome. 

The multivariate models implemented to investigate separately the impact of recipient 

and/or donor HLA-E genotype on HSCT outcome revealed that both recipient and donor 

HLA-E genotype can influence DFS in a statistically significant manner. A trend was also 

observed for relapse incidence. A summary of these results are presented in Table 30.  

The statistical models for DFS and relapse are thoroughly presented in the sections 

3.2.4.1, 3.2.4.2 and 3.2.4.3.  

Table 30: Summary results of HLA-E genotype effect on HSCT outcome  
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

* a) Donor=01:01+, Patient=01:01+ (set as baseline), b) Donor=01:01+, Patient=01:03/01:03, c) 
Donor=01:03/01:03, Patient=01:01+ and d) Donor=01:03/01:03, Patient=01:03/01:03 where 
01:01+=01:01/01:01 or 01:01/01:03     
† a) Donor=’01:01+’, Patient=’01:01/01:01 (set as baseline), b) Donor=’01:01+’, Patient=’01:03+’, 
c) Donor=’01:03/01:03’, Patient=’01:01/01:01’ and d) Donor=’01:03/01:03’, Patient=’01:03+’, 
where ’01:01+’=01:01/01:01 and/or 01:01/01:03 and ’01:03+’=01:03/01:03 and/or 01:01/01:03. 
Statistical significance is marked in bold. 
 

Endpoints 
Donor HLA-E 
genotypes 

Recipient HLA-E 
genotypes 

Joint 
Donor/Recipient 
HLA-E genotypes* 

Joint 
Donor/Recipient 
HLA-E genotypes† 

OS 0.1323 0.0744 0.1440 0.0095 
DFS 0.0039 0.0045 0.0055 0.0003 
TRM 0.0805 0.2107 0.1500 0.0382 
Relapse 0.0270 0.0131 0.0545 0.0065 
aGVHD II-IV 0.3944 0.7553 0.3678 0.5213 
aGVHD III-IV 0.8766 0.4264 0.9135 0.6701 
cGVHD 0.6426 0.3000 0.5534 0.0360 
Abbreviations: HLA= Human Leukocyte Antigen, OS=Overall Survival, DFS=Disease free Survival, 
TRM=Transplant-related Mortality, GVHD=Graft versus Host Disease.      
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3.2.4.1 Patient HLA-E genotype effect on HSCT outcome 

As shown in Table 30, patient HLA-E genotype was found to significantly impact DFS 

(p=0.0045). Specifically, with the HLA-E genotype 01:01/01:01 set as baseline, the results 

of the multivariate analyses disclosed that the presence of one or two HLA-E*01:03 allele 

copies in the genotype associates with inferior DFS (HR=1.18, CI 95%=1.03-1.34, 

p=0.0164; HR=1.31, CI 95%=1.11-1.55, p=0.0017, respectively). A pairwise comparison 

analysis showed that the presence of one vs two HLA-E*01:03 allele copies in the 

genotype does not improve DFS in a statistically significant fashion (HR=0.90, CI 

95%=0.77-1.05, p=0.1678). The latter is also visually demonstrated in the adjusted Kaplan 

Meier curves for DFS displayed in Figure 26. The impact of patient HLA-E genotype on 

relapse although insinuated, did not meet the stringent significance-threshold of <0.01. 

The multivariate models for DFS and relapse are presented in detail in Tables 31 and 32 

respectively. The covariates, which were stratified due to PHA violation were 

donor/recipient sex match and graft type in the DFS model and disease type in the 

relapse model. 

 

Figure 25: Adjusted Kaplan Meier curves of DFS 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 2000 to 

2015 in the USA. 

Adjusted Kaplan Meier curves depicting the disease free survival probability of acute leukemia patients 

receiving 10/10 HLA matched unrelated HSC grafts on account of the recipient’s HLA-E genotype. 
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Abbreviations: HSC=Hematopoietic Stem Cells, DFS=Disease Free Survival, HLA=Human Leukocyte 

Antigen 

 

Table 31: Multivariate analysis of patient HLA-E genotype effect on DFS 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

* Stratified variables: Donor/Recipient sex match, Graft type. Statistical significance is marked 
in bold. 
 

Factor Level Count Event HR CI 95% p-value 

Recipient HLA-E genotypes *overall . . . . 0.0045 

‘01:01/01:01’ 1 584 345 1.00 . . 

‘01:01/01:03’ 2 908 608 1.18 1.03-1.34 0.0164 

‘01:03/01:03’ 3 318 224 1.31 1.11-1.55 0.0017 

Recipient age at transplant *overall . . . . <.0001 

18-29 1 366 220 1.00 . . 

30-39 2 264 136 0.80 0.65-1.00 0.0475 

40-49 3 421 258 1.09 0.91-1.31 0.3571 

50-59 4 457 328 1.35 1.12-1.61 0.0012 

60+ 5 302 235 1.56 1.26-1.94 0.0001 

Conditioning intensity *overall . . . . 0.0084 

MAC 1 1392 857 1.00 . . 

RIC 2 418 320 1.24 1.06-1.45 0.0084 

Disease  *overall . . . . 0.0079 

AML 10 1362 874 1.00 . . 

ALL 20 448 303 1.21 1.05-1.39 0.0079 

Karnofsky score *overall . . . . 0.0064 

<90% 1 533 362 1.00 . . 

≥90% 2 1187 745 0.88 0.78-1.00 0.0542 

Missing 99 90 70 1.26 0.97-1.64 0.0791 
 

Abbreviations: HLA=Human Leukocyte Antigen, MAC=Myeloablative Conditioning, RIC=Reduced Intensity 
Conditioning, AML=Acute Myeloid Leukemia, ALL=Acute Lymphoblastic Leukemia.  
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Table 32: Multivariate analysis of patient HLA-E genotype effect on Relapse 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

* Stratified variables: Disease type. Statistical significance is marked in bold. 
 

Factor Level Count Event HR CI 95%  p-value 

Recipient HLA-E 
genotypes 

*overall . . . . 0.0131 

‘01:01/01:01’ 1 584 182 1.00 . . 

‘01:01/01:03’ 2 908 338 1.24 1.04-1.49 0.0177 

‘01:03/01:03’ 3 318 122 1.38 1.09-1.73 0.0067 

Donor-recipient CMV 
match 

*overall . . . . 0.0182 

-/- 1 496 174 1.00 . . 

-/+ 2 666 252 1.10 0.91-1.34 0.3233 

+/- 3 203 51 0.66 0.49-0.91 0.0102 

+/+ 4 410 149 1.01 0.81-1.26 0.8984 

Missing 99 35 16 1.30 0.78-2.17 0.3191 

Conditioning intensity *overall . . . . <.0001 

MAC 1 1392 443 1.00 . . 

RIC 2 418 199 1.83 1.54-2.18 <.0001 

Disease status *overall . . . . 0.0016 

Early 1 1246 421 1.00 . . 

Intermediate 2 564 221 1.41 1.14-1.75 0.0016 

Time from diagnosis  
to transplant (month) 

*overall . . . . 0.0099 

<=6.25 1 917 337 1.00 . . 

>6.25 2 893 305 0.76 0.62-0.94 0.0099 

Karnofsky score *overall . . . . 0.0161 

<90% 1 533 194 1.00 . . 

≥90% 2 1187 405 0.90 0.75-1.06 0.2088 

Missing 99 90 43 1.40 1.00-1.95 0.0476 

Abbreviations: HLA=Human Leukocyte Antigen, CMV=Cytomegalovirus, MAC=Myeloablative Conditioning, 
RIC=Reduced Intensity Conditioning.  

 

3.2.4.2 Donor HLA-E genotype effect on HSCT outcome 

Similarly to patient HLA-E genotype, donor HLA-E genotype was found to also impact 

significantly DFS and to a less extent relapse-incidence. Interestingly, HLA-E*01:03 allele 

was again associated with inferior DFS outcome. Contrary to the patient HLA-E genotype 

effect however, it appears that the number of HLA-E*01:03 copies in the genotype 

differentially affects the impact of HLA-E genotype on outcome (HR=1.01, CI 95%=0.89-

1.16, p=0.8348; HR=1.28, CI 95%=1.09-1.51, p=0.0027, for donor HLA-E*01:01/01:03 and 
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HLA-E*01:03/01:03 genotype, respectively). With HLA-E*01:01/01:01 set as baseline, 

donor HLA-E*01:01/01:03 genotype does not seem to influence DFS, whereas the HLA- 

E*01:03 homozygous one was found to indeed adversely affect DFS probability. Pairwise 

comparison of the two genotypes confirmed this finding (’01:01/01:03’ vs ’01:03/01:03’: 

HR=0.79, CI 95%=0.68-0.92, p=0.0022). The adjusted Kaplan Meier curves for DFS on 

account of donor HLA-E genotype are depicted in Figure 26. The multivariate models for 

DFS and relapse are presented in Tables 33 and 34, respectively. Donor/recipient sex 

match and graft type were stratified due to PHA violation in the DFS model, while disease 

type was stratified for the same reason in the relapse model. 

 

Figure 26: Adjusted Kaplan Meier curves of DFS 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 2000 to 
2015 in the USA. 
Adjusted Kaplan Meier curves depicting the disease free survival probability of acute leukemia patients 
receiving 10/10 HLA matched unrelated HSC grafts on account of the donor’s HLA-E genotype. 
Abbreviations: HSC=Hematopoietic Stem Cells, DFS=Disease Free Survival, HLA=Human Leukocyte 
Antigen 
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Table 33: Multivariate analysis of HLA-E genotype effect on DFS 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC 
grafts from 2000 to 2015 in the USA. 
 

* Stratified variables: Donor/Recipient sex match, Graft type. Statistical significance is marked 
in bold 
 

Factor Level Count Event HR CI 95% p-value 

Donor HLA-E 
genotypes 

*overall . . . . 0.0039 

‘01:01/01:01’ 1 577 368 1.00 . . 

‘01:01/01:03’ 2 905 573 1.01 0.89-1.16 0.8348 

‘01:03/01:03’ 3 333 240 1.28 1.09-1.51 0.0027 

Recipient age at 
transplant 

*overall . . . . <.0001 

18-29 1 368 221 1.00 . . 

30-39 2 263 136 0.80 0.65-1.00 0.0472 

40-49 3 423 259 1.08 0.90-1.29 0.4262 

50-59 4 459 330 1.35 1.12-1.61 0.0012 

60+ 5 302 235 1.57 1.26-1.95 <.0001 

Conditioning 
intensity 

*overall . . . . 0.0127 

MAC 1 1397 862 1.00 . . 

RIC 2 418 319 1.22 1.04-1.43 0.0127 

Disease  *overall . . . . 0.0079 

AML 10 1364 877 1.00 . . 

ALL 20 451 304 1.21 1.05-1.39 0.0079 

Karnofsky score *overall . . . . 0.0079 

<90% 1 531 361 1.00 . . 

≥90% 2 1194 750 0.89 0.78-1.01 0.0610 

Missing 99 90 70 1.26 0.97-1.63 0.0847 

Abbreviations: HLA=Human Leukocyte Antigen, MAC=Myeloablative Conditioning, RIC=Reduced Intensity 
Conditioning, AML=Acute Myeloid Leukemia, ALL=Acute Lymphoblastic Leukemia.  
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Table 34: Multivariate analysis of donor HLA-E genotype effect on Relapse 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

* Stratified variables: Disease type. 
 

Factor Level Count Event HR CI 95% p-value 

Donor HLA-E genotypes *overall . . . . 0.0270 
‘01:01/01:01’ 1 577 192 1.00 . . 
‘01:01/01:03’ 2 905 321 1.09 0.91-1.30 0.3678 
‘01:03/01:03’ 3 333 131 1.35 1.08-1.69 0.0083 
Donor-recipient CMV 
match *overall . . . . 0.0195 
-/- 1 498 175 1.00 . . 
-/+ 2 668 252 1.10 0.90-1.33 0.3573 
+/- 3 204 52 0.67 0.49-0.91 0.0114 
+/+ 4 410 149 1.00 0.80-1.25 0.9898 
Missing 99 35 16 1.35 0.81-2.25 0.2563 
Conditioning intensity *overall . . . . <.0001 
MAC 1 1397 445 1.00 . . 
RIC 2 418 199 1.82 1.53-2.17 <.0001 
Disease status *overall . . . . 0.0020 
Early 1 1250 423 1.00 . . 
Intermediate 2 565 221 1.40 1.13-1.74 0.0020 
Time from diagnosis  
to transplant (month) *overall . . . . 0.0149 
<=6.25 1 920 338 1.00 . . 
>6.25 2 895 306 0.78 0.63-0.95 0.0149 
Karnofsky score *overall . . . . 0.0192 
<90% 1 531 194 1.00 . . 
≥90% 2 1194 407 0.90 0.76 0.2210 
Missing 99 90 43 1.39 1.00 0.0519 
Abbreviations: HLA=Human Leukocyte Antigen, CMV=Cytomegalovirus, MAC=Myeloablative Conditioning, 
RIC=Reduced Intensity Conditioning. 

 
 

3.2.4.3 Joint patient/donor HLA-E genotype effect on HSCT outcome 

Apart from the separate analysis of donor/recipient HLA-E genotype on outcome and in 

order to better assess the respective contribution of each variable to the overall effect on 

DFS and relapse observed, an additional joint patient/donor HLA-E genotypes analysis 

was performed. Specifically two forms of cases-grouping were tested. Grouping A 

consisted of investigating the effect of HLA-E*01:03 homozygous genotype in both 

patients and donors vs others. As explained in the footnote of Table 30, this grouping was 

as follows: a) Donor=01:01+, Patient=01:01+ (set as baseline), b) Donor=01:01+, 

Patient=01:03/01:03, c) Donor=01:03/01:03, Patient=01:01+ and d) Donor=01:03/01:03, 

Patient=01:03/01:03 where 01:01+=01:01/01:01 or 01:01/01:03. The rational as to 
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grouping B took into consideration the results of the pairwise comparisons conducted in 

the separate analyses. Therefore patient HLA-E*01:01 homozygous genotype vs other 

patient HLA-E genotype and donor HLA-E*01:03 homozygous genotype vs other donor 

HLA-E genotype were set as parameters. Grouping B was as follows:   

a) Donor=’01:01+’, Patient=’01:01/01:01’ (set as baseline) 

b) Donor=’01:01+’, Patient=’01:03+’ 

c) Donor=’01:03/01:03’, Patient=’01:01/01:01’  

d) Donor=’01:03/01:03’, Patient=’01:03+’ 

where ’01:01+’= 01:01/01:01 and/or 01:01/01:03 and ’01:03+’=01:03/01:03 and/or 

01:01/01:03. Interestingly, both grouping analyses showed that the donor HLA-

E*01:03/01:03 genotype effect appears to predominate as it correlates with higher risk of 

inferior DFS, regardless of patient HLA-E genotype (DFS grouping A: Donor=‘01:03/01:03’ 

Patient=’ 01:01+’: HR=1.29, CI 95%=1.04-1.59, p=0.0184; Donor=‘01:03/01:03’ 

Patient=‘01:03/01:03’: HR=1.31, CI 95%=1.09-1.56, p=0.0035; DFS grouping B: 

Donor=‘01:03/01:03’ Patient=’ 01:01/01:01’: HR=1.80, CI 95%=1.09-2.98, p=0.0228; 

Donor=‘01:03/01:03’ Patient=‘01:03+’: HR=1.41, CI 95%=1.19-1.67, p=0.0001).   Inversely, 

the effect of patient HLA-E*01:01/01:03 and/or HLA-E*01:03/01:03 appears to be far 

weaker (DFS grouping A: Donor=‘01:01+’ Patient=’ 01:03/01:03’: HR=1.08, CI 95%=0.86-

1.36, p=0.4906; DFS grouping B: Donor=‘01:01+’ Patient=’ 01:03+’: HR=1.18, CI 95%=1.03-

1.35, p=0.0173).  

As no interaction was detected between patient and donor HLA-E genotype in the joint 

analysis models, it is plausible to assume that the marked impact observed in the groups 

comprising donor HLA-E*01:03/01:03 and patient HLA-E*01:01/01:03 and/or HLA-

E*01:03/01:03 is the cumulative impact of both parameters, yet with the contribution of 

donor HLA-E genotype clearly outweighing this of the patient. Although the impact of 

joint donor/recipient HLA-E genotypes on relapse did not reach statistical significance 

(p=0.0545) in the grouping A analysis, there was a trend towards higher risk of relapse in 

patients receiving HLA-E*01:03/01:03 grafts. The effect was more evident in the grouping 

B analysis, where the overall impact of joint donor/recipient HLA-E genotypes was 

notably significant (p=0.0065). All aforementioned results of DFS and relapse analyses are 

presented in detail in Tables 35 and 36 for grouping A and Tables 37 and 38 for grouping 

B. 
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Table 35: Joint patient/donor HLA-E genotype effect on DFS (grouping A) 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

* Stratified variables: Donor/Recipient sex match, Graft type. Statistical significance is marked 
in bold. 
 

Factor Level Count Event HR CI 95% p-value 

Joint Donor/Recipient HLA-E 
genotypes *overall . . . . 0.0055 
Donor=‘01:01+’ 
Patient=’ 01:01+’ 11 1352 853 1.00 . . 
Donor=‘01:01+’ 
Patient=’ 01:03/01:03’ 12 123 82 1.08 0.86-1.36 0.4906 
Donor=‘01:03/01:03’ 
Patient=’ 01:01+’ 21 136 98 1.29 1.04-1.59 0.0184 
Donor=‘01:03/01:03’ 
Patient=‘01:03/01:03’ 22 195 142 1.31 1.09-1.56 0.0035 

Recipient age at transplant *overall . . . . <.0001 
18-29 1 365 219 1.00 . . 

30-39 2 262 136 0.81 0.66-1.01 0.0580 

40-49 3 421 258 1.09 0.90-1.31 0.3820 

50-59 4 456 327 1.34 1.12-1.61 0.0013 

60+ 5 302 235 1.57 1.26-1.95 0.0001 

Conditioning intensity *overall . . . . 0.0096 

MAC 1 1389 856 1.00 . . 

RIC 2 417 319 1.23 1.05-1.44 0.0096 

Disease  *overall . . . . 0.0061 

AML 10 1358 872 1.00 . . 

ALL 20 448 303 1.22 1.06-1.40 0.0061 

Karnofsky score *overall . . . . 0.0066 

<90% 1 530 361 1.00 . . 

≥90% 2 1186 744 0.88 0.78-1.00 0.0537 

Missing 99 90 70 1.26 0.97-1.63 0.0830 

Abbreviations: HLA=Human Leukocyte Antigen, MAC=Myeloablative Conditioning, RIC=Reduced Intensity 
Conditioning, AML=Acute Myeloid Leukemia, ALL=Acute Lymphoblastic Leukemia.   
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Table 36: Joint patient/donor HLA-E genotype effect on Relapse (grouping A) 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

* Stratified variables: Disease type. Statistical significance is marked in bold. 
 

Factor Level Count Event HR CI 95% p-value 

Joint Donor/Recipient HLA-E 
genotypes *overall . . . . 0.0545 
Donor=‘01:01+’ 
Patient=’ 01:01+’ 11 1352 465 1.00 . . 
Donor=‘01:01+’ 
Patient=’ 01:03/01:03’ 12 123 45 1.08 0.80-1.47 0.6122 
Donor=‘01:03/01:03’ 
Patient=’ 01:01+’ 21 136 54 1.29 0.97-1.71 0.0793 
Donor=‘01:03/01:03’ 
Patient=‘01:03/01:03’ 22 195 77 1.33 1.05-1.70 0.0197 

Donor-recipient CMV match *overall . . . . 0.0143 
-/- 1 495 174 1.00 . . 

-/+ 2 666 252 1.10 0.90-1.33 0.3538 

+/- 3 203 51 0.65 0.48-0.90 0.0080 

+/+ 4 407 148 1.00 0.81-1.25 0.9687 

Missing 99 35 16 1.33 0.80-2.23 0.2757 

Conditioning intensity *overall . . . . <.0001 

MAC 1 1389 442 1.00 . . 

RIC 2 417 199 1.84 1.54-2.19 <.0001 

Disease status *overall . . . . 0.0013 

Early 1 1244 421 1.00 . . 

Intermediate 2 562 220 1.42 1.15-1.76 0.0013 

Time from diagnosis to 
transplant (month) *overall . . . . 0.0126 
<=6.25 1 916 337 1.00 . . 

>6.25 2 890 304 0.77 0.63-0.95 0.0126 

Karnofsky score *overall . . . . 0.0180 

<90% 1 530 194 1.00 . . 

≥90% 2 1186 404 0.89 0.75-1.06 0.2001 

Missing 99 90 43 1.39 0.99-1.93 0.0546 
 

Abbreviations: HLA=Human Leukocyte Antigen, CMV=Cytomegalovirus, MAC=Myeloablative Conditioning, 
RIC=Reduced Intensity Conditioning.   
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Table 37: Joint patient/donor HLA-E genotype effect on DFS (grouping B) 

Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC 
grafts from 2000 to 2015 in the USA. 
 

* Stratified variables: Donor/Recipient sex match, Graft type. Statistical significance is marked 
in bold. 
 

Factor Level Count Event HR CI 95% p-value 

Joint Donor/Recipient  
HLA-E genotypes *overall . . . . 0.0003 
Donor=‘01:01+’ 
Patient=’ 01:01/01:01’ 11 565 329 1.00 . . 
Donor=‘01:01+’ 
Patient=’ 01:03+’ 12 910 606 1.18 1.03-1.35 0.0173 
Donor=‘01:03/01:03’ 
Patient=’ 01:01/01:01’ 21 18 16 1.80 1.09-2.98 0.0228 
Donor=‘01:03/01:03’ 
Patient=‘01:03+’ 22 313 224 1.41 1.19-1.67 0.0001 

Recipient age at transplant *overall . . . . <.0001 
18-29 1 365 219 1.00 . . 

30-39 2 262 136 0.82 0.66-1.01 0.0655 

40-49 3 421 258 1.09 0.91-1.31 0.3502 

50-59 4 456 327 1.34 1.12-1.61 0.0014 

60+ 5 302 235 1.57 1.26-1.95 0.0001 

Conditioning intensity *overall . . . . 0.0100 

MAC 1 1389 856 1.00 . . 

RIC 2 417 319 1.23 1.05-1.44 0.0100 

Disease  *overall . . . . 0.0080 

AML 10 1358 872 1.00 . . 

ALL 20 448 303 1.21 1.05-1.39 0.0080 

Karnofsky score *overall . . . . 0.0061 

<90% 1 530 361 1.00 . . 

≥90% 2 1186 744 0.88 0.78-1.00 0.0493 

Missing 99 90 70 1.26 0.97-1.63 0.0841 

Abbreviations: HLA=Human Leukocyte Antigen, MAC=Myeloablative Conditioning, RIC=Reduced Intensity 
Conditioning, AML=Acute Myeloid Leukemia, ALL=Acute Lymphoblastic Leukemia. 
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Table 38: Joint patient/donor HLA-E genotype effect on Relapse (grouping B) 
Adult acute leukemia patients transplanted with 10/10 HLA matched unrelated HSC grafts from 
2000 to 2015 in the USA. 
 

* Stratified variables: Disease type. Statistical significance is marked in bold. 
 

Factor Level Count Event HR CI 95% p-value 

Joint Donor/Recipient HLA-E 
genotypes *overall . . . . 0.0065 
Donor=‘01:01+’ 
Patient=’ 01:01/01:01’ 11 565 175 1.00 . . 
Donor=‘01:01+’ 
Patient=’ 01:03+’ 12 910 335 1.24 1.03-1.48 0.0240 
Donor=‘01:03/01:03’ 
Patient=’ 01:01/01:01’ 21 18 7 1.68 0.79-3.59 0.1775 
Donor=‘01:03/01:03’ 
Patient=‘01:03+’ 22 313 124 1.48 1.18-1.87 0.0008 
Donor-recipient CMV match *overall . . . . 0.0167 

-/- 1 495 174 1.00 . . 

-/+ 2 666 252 1.09 0.90-1.33 0.3671 

+/- 3 203 51 0.66 0.48-0.90 0.0087 

+/+ 4 407 148 1.00 0.80-1.25 0.9973 

Missing 99 35 16 1.32 0.79-2.21 0.2891 

Conditioning intensity *overall . . . . <.0001 

MAC 1 1389 442 1.00 . . 

RIC 2 417 199 1.83 1.53-2.17 <.0001 

Disease status *overall . . . . 0.0017 

Early 1 1244 421 1.00 . . 

Intermediate 2 562 220 1.41 1.14-1.75 0.0017 

Time from diagnosis  
to transplant (month) *overall . . . . 0.0107 
<=6.25 1 916 337 1.00 . . 

>6.25 2 890 304 0.77 0.62-0.94 0.0107 

Karnofsky score *overall . . . . 0.0161 

<90% 1 530 194 1.00 . . 

≥90% 2 1186 404 0.89 0.75-1.06 0.1925 

Missing 99 90 43 1.39 1.00-1.94 0.0518 

Abbreviations: HLA=Human Leukocyte Antigen, CMV=Cytomegalovirus, MAC=Myeloablative Conditioning, 
RIC=Reduced Intensity Conditioning. 
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3.2.5 Summary of CIBMTR cohort results 

- HLA-E genotyping results in the American cohort were highly concordant with 

those previously reported for Caucasian populations as well as those of the 

German cohort. 

- The loose linkage disequilibrium between HLA-E and its classical HLA counterparts 

was once more confirmed with 32.5% of 10/10 HLA matched transplant pairs 

being found to be HLA-E discrepant. 

- HLA-E matching status was found to have no apparent effect on any clinical 

outcome endpoint in AML and ALL patients in complete remission undergoing first 

unrelated HSCT.  

- HLA-E genotype primarily of donor can influence DFS outcome in a statistically 

significant manner. 

- HLA-E*01:03/01:03 genotype in both recipient and donor associates with inferior 

DFS probability. 

- The donor HLA-E genotype has a clearly more pronounced impact on outcome 

compared to that of recipient’s. 

 

3.3 Combined results summary 

- The low polymorphism of the HLA-E locus as well as the co-dominance of the two 

HLA-E isoforms HLA-E*01:01 and HLA-E*01:03 are confirmed in both studies with 

>99% of individuals tested carrying one or two copies of each of the two alleles in 

their genotype. 

- Both studies agree on that patient/donor HLA-E matching does not improve the 

outcome of acute leukemia patients undergoing matched unrelated HSCT. 

According to the CIBMTR cohort results, HLA-E matching status does not appear to 

influence overall the HSCT outcome of acute leukemia patients transplanted in 

complete remission. The results of the DRST study on the other hand are 

suggestive of a beneficial effect of recipient/donor HLA-E incompatibility, primarily 

in advanced disease patients receiving ATG.  



96 
 

- The results of recipient /donor HLA-E genotype analysis in both cohorts imply an 

adverse effect of patient HLA-E*01:03/01:03 genotype on outcome. In the CIBMTR 

cohort an additional effect of donor HLA-E genotype was identified, which appears 

to outweigh that of patient’s. No donor HLA-E genotype effect was identified in 

the DRST cohort. 

- The findings of the CIBMTR cohort clearly suggest that avoidance of HLA-

E*01:03/01:03 donors may improve leukemia control in AML and ALL patients in 

complete remission receiving first transplant from HLA matched unrelated donors. 
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4. Discussion 

Despite the progress made in deciphering the immunomodulatory implications of HLA-E 

in innate and adaptive immunity, its role in HSCT remains rather elusive (75;162). The two 

independent cohorts analyzed in this study are the largest ones to date aiming at 

elucidating the role of HLA-E polymorphism in unrelated matched HSCT outcome. 

Although not fully concordant as to their results (e.g. the effect of HLA-E matching status 

on outcome), both analyses highlight the potential future applicability of HLA-E 

genotyping in donor selection for acute leukemia patients to be transplanted from HLA-

matched unrelated donors. This section revisits the results presented in the previous 

section with the aim to explore the potential prospects of HLA-E genotyping in unrelated 

HSCT daily practice by attempting a scientifically consistent explanation for the effects 

observed, based on data already reported in literature. 

 

4.1 DRST cohort 

4.1.1 Cohort HLA-E characteristics 

The markedly low polymorphism in conjunction with the codominant prevalence of the 

two HLA-E protein isoforms 01:01 and 01:03 has long been established (61). The HLA-E 

genotyping of both patients and donors confirmed previously reported findings for 

Caucasian populations. Furthermore, it was once more clearly shown, that 10/10 HLA 

compatibility between recipient and donor does not preclude disparity in the HLA-E locus, 

which appears to be in loose linkage disequilibrium with its classical HLA-class I 

counterparts (53;56;145). The latter is of great importance, as it allows consideration of 

donor HLA-E genotype in a matched unrelated HSCT setting.  

 

4.1.2 Effect of recipient/donor HLA-E matching status on outcome 

This study is the first to report a correlation between HLA-E matching status between 

recipient and donor and outcome after HLA-matched unrelated HSCT in an acute 

leukemia setting. Statistical analyses revealed a beneficial effect of recipient/donor HLA-E 
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disparity on survival that is attributed to lower NRM, as no impact on relapse was 

identified. Moreover, HLA-E matched and mismatched cases were evenly distributed with 

regard to other known clinical predictors that could potentially confound the observed 

favorable effect of HLA-E mismatch (59) (Table 20). Very few studies have addressed the 

role of donor/recipient HLA-E compatibility in unrelated HSCT outcome thus far (53;62). 

Fürst et al. did not detect any association between HLA-E matching status and HSCT 

outcome, while the findings of Harkensee et al. were suggestive of an adverse HLA-E 

mismatch effect on survival (53;62). The discordance in the findings of these studies is 

most probably due to their different design in terms of cohort selection and investigation 

goals. Specifically, the cohort of Fürst et al., apart from its significantly smaller size 

(n=116), was heterogeneous in terms of diagnoses, which for reasons that will be outlined 

right after, may be a critical factor for the impact of HLA-E matching status on outcome. 

The Harkensee et al. study on the other hand was designed to establish associations 

between various non-HLA genetic factors and HSCT outcome in an HLA mismatched 

setting. Hence, any direct comparison of results between evidently disparate studies is 

unsafe. 

Indisputably, the most interesting finding of this analysis is the differential impact of HLA-

E mismatch on survival with respect to disease stage. Although, all patients transplanted 

from HLA-E disparate donors exhibited notably higher survival probability rates and lower 

NRM compared to those receiving HLA-E compatible grafts, patients with advanced 

disease stage appeared to benefit far more from this effect. Separate analysis of patients 

with regard to their disease stage, clearly showed that it’s the subgroup of patients with 

advanced disease stage the one driving the results within the entire cohort, as the HLA-E 

mismatch effect in the larger group of early/intermediate disease stage patients, albeit 

detectable, did not reach statistical significance. What makes this finding even more 

remarkable is the fact that even though disease stage is a profound clinical predictor of 

relapse incidence, no differences were observed as to this outcome endpoint on account 

of HLA-E matching-status.  

Another intriguing observation is that, according to death-cause and severe infection 

prevalence data, the lower NRM rates in advanced disease patients appear to be utmost 

related with lower GvHD-related mortality, whereas in early/intermediate disease 

patients with better severe infection control. This finding is in turn indicative of a 
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putatively combined mechanism accounting for the beneficial effect of HLA-E 

incompatibility observed. These two observations imply that disease stage not only is a 

decisive parameter as to the intensity of the HLA-E mismatch effect, but also may 

differentially impact the components of an apparently combined mechanism responsible 

for the overall effect. In other words, patients with advanced disease stage seem to 

benefit from HLA-E incompatibility mostly through a mechanism that interferes with 

GvHD-related morbidity, whereas early/intermediate disease stage patients appear to 

profit, albeit to a much lesser extent, from a rather weaker HLA-E mismatch-related effect 

on severe infection control.   

Two hypothetical models aiming at identifying the biomolecular mechanisms accounting 

for these findings are outlined in the next two paragraphs. The first concerns the 

potential impact of HLA-E mismatch on GvHD-related morbidity, an effect utmost 

prevalent among patients with advanced disease. The second is about the putative 

interference of HLA-E incompatibility in infection control, which in turn seems to mainly 

concern patients with early or intermediate disease stage.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

 

4.1.2.1 Hypothetical mechanism I: HLA-E mismatch effect on GvHD-related morbidity 

 It is common ground that HLA-E is an important modulator of NK-cytotoxicity mainly 

through its interaction with the CD94/NKG2A/C group of NK receptors (23). According to 

a murine model described by Olson et al., early post-transplant NK-alloreactivity could 

lead to lower GvHD incidence and non-relapse mortality via NK-mediated elimination of 

activated alloreactive T-cells and thus more favorable survival rates (113).  It is unknown 

through which molecular pathway HLA-E mismatch may exert its beneficial effect on 

outcome primarily in an advanced-disease stage matched unrelated HSCT, as HLA-E apart 

from NK cells, it has been also found to interact with HLA-E restricted CD8+ CTLs and 

Tregs (128). The fact, however, that CD94/NKG2A/C receptors are the first to appear on 

freshly reconstituted NK cells in conjunction with the fact that NK cells are the first 

immune cells to arise after transplantation, undoubtedly strengthens the possibility that 

this “HLA-E effect” could be NK-mediated (121;136). Moreover, the fact that no 

differences in relapse were observed on account of HLA-E matching status supports the 
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assumption that NK-related mechanisms could underlie the “HLA-E mismatch effect”. Hu 

et al. have already reported that exacerbated NK activation may interfere with T-cell 

alloreactivity (71) and hence it is expected that NK cells eliminate both GvL and GvH 

alloreactive T-cells in a promiscuous fashion. On the other hand it is also known that NK 

cells may have a potent GvL effect (68). The latter is expected to compensate for the 

dampened T-cell mediated GvL-alloreactivity that overstimulation of NK cells may induce. 

In line with this notion, NK-mediated T-cell suppression could probably account for the 

lower NRM rates observed in the HLA-E mismatched cases. 

Numerous studies have highlighted the prominent effect of peptide specificity in 

peptide/HLA-E (pHLA-E) complexes as to the affinity and intensity of HLA-E interactions 

with its cognate NK receptors, namely the inhibitory CD94/NKG2A and the activating 

CD94/NKG2C (68;82;94;155). Kaiser et al. suggested that allelic variation has no effect on 

the pHLA-E - CD94/NKG2A/C interaction and underscored the leading effect of the bound 

peptides’ specificity (82). In this in vitro study, however, the same peptides were 

exogenously loaded on the two basic HLA-E allelic variants, therefore the inbuilt 

propensity of alleles to bind different peptides, as reported by Celik et al. and Strong et 

al.,  was not considered (28;142). Supportive evidence that divergence in peptide 

selection and overall pHLA-E complex constellation between HLA-E alleles may probably 

account for functional differences between the two allelic forms, was issued by Maier et 

al. (96). The findings of Hoare et al. were towards the same direction, suggesting “TCR-

like features” for the CD94/NKG2A/C receptors, as they appear able to discriminate 

between subtle changes in both, sequence and conformation of peptides bound to HLA-E 

(63). It is of note, that according to the findings of Lauterbach et al., the notably divergent 

expression level patterns of the two main isoforms of HLA-E are the outcome of post-

transcriptional regulation, as differential peptide-binding affinities lead to pHLA-E 

complexes with diverse stability (90). It appears that the HLA-E*01:01 isoform exhibits 

weaker peptide binding affinities overall, which in turn leads to lower surface expression 

levels. In other words, the two main allelic forms of HLA-E not only have different 

peptide-binding “preferences”, but also distinctive peptide-binding affinities. Hence, it is 

possible that any functional differences between the two allelic forms may derive from 

the combination of distinct peptide-binding profiles and uneven cell-surface expression. 

The impact of HLA-E polymorphism, with respect to the NK “licensing” process has not 
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been yet investigated and is therefore elusive. Given the TCR-like features of the 

CD94/NKG2 receptors, however, it is possible that NK cells during their “licensing” phase 

may be tuned to identify only “self” pHLA-E constellations. This may occur i) through 

sensing of differential binding affinity among disparate pHLA-Es with their cognate 

receptor (e.g. NKG2A), ii) through detection of distinct surface expression levels or more 

likely through both. It is well established that NKG2A signaling strongly prohibits NK cell 

activation (129;141). On the other hand, it is known that NK activation is the result of 

synergistically acting signals (25). The study findings insinuate that apart from the HLA-E 

mismatch itself, other disease-related factors may significantly contribute to this putative 

NK cell overactivation.  Certain studies have reported aberrant expression of the classical 

HLA molecules on leukemic cells (40;46;160). It is also known that under normal 

conditions HLA-E molecules present peptides mainly deriving from the leader sequences 

of HLA-class I antigens and thus their expression on cell surface serves as surrogate 

marker of normal HLA-class I prevalence as well (22). Interestingly, there is supporting 

evidence that HLA-E expression on leukemic cells is withheld regardless of potential 

classical HLA downregulation, implying that leukemia-related “unconventional” peptides 

could bind to HLA-E (98;104;115). The distinct and polymorphic proteomic profile of acute 

leukemia could induce the generation of such “unconventional” peptides (164). According 

to the observations of Kraemer et al., in the absence of normal HLA-class I expression, 

HLA-E can bind “unconventional” peptides leading to the generation of pHLA-E complexes 

which can be recognized by the activating CD94/NKG2C receptor, but not the “default” 

inhibitory CD94/NKG2A receptor (88). Given that cumulative signals are needed for NK 

activation, HLA-E mismatch combined with “unconventional” pHLA-E complexes could 

probably explain why an “HLA-E mismatch effect” becomes primarily identifiable in an 

acute leukemia setting. Based on this hypothesis, it also becomes apparent why the 

impact of HLA-E disparity is mainly apparent in advanced disease patients, as stress 

conditions, heavier leukemia-cell burden and further alterations due to advanced 

leukemogenesis possibly account for a significant rise in “aberrant” pHLA-E combinations 

and subsequently more robust NK activation. 
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4.1.2.2 Hypothetical mechanism II: HLA-E mismatch effect on severe infection control 

As already mentioned, the beneficial effect of HLA-E mismatch was markedly weaker 

among patients with early/intermediate disease stage. Furthermore, death cause and 

severe infection prevalence analyses revealed that lower NRM observed in the HLA-E 

disparate cases of this subgroup of patients appears to relate more to better severe 

infection control rather than lower GvHD. This in turn is suggestive of a distinct 

mechanism implicated in the generation of the weaker HLA-E mismatch effect in these 

patients. The reduction of fatal infection-related mortality is more likely to be T-cell 

mediated, as it has been reported that HLA-E restricted αβ T-cells may play a significant 

role in the control of viral as well as bacterial infections (CMV, EBV, HIV, M.tuberculosis, S. 

typhi etc.) (79). The role of HLA-E allelic variation in the specificity of HLA-E bound 

peptides has already been extensively highlighted (68;82;94;155). Moreover, the ability of 

HLA-E to bind pathogen-derived peptides (89) along with the importance of peptide 

specificity in TCR recognition of pHLA-E complexes (79), lead to the assumption, that in an 

HLA-E mismatched context, the chances of pathogen-specific HLA-E restricted T-cells to 

encounter the right pHLA-E constellation may be significantly higher due to a theoretically 

broader pHLA-E repertoire on account of HLA-E polymorphism. After an allogeneic HSCT, 

peptides from pathogens are expected to be presented by both, donor antigen presenting 

cells and patient infected cells. In an infection post HSCT setting, pathogen-specific donor 

HLA-E restricted T-cells are more likely to come across an immune-response-instigating 

pHLA-E pattern if recipient and donor are HLA-E disparate (28;79).  

 

4.1.3 Recipient/donor HLA-E genotype effect on outcome 

The results of the DRST cohort analysis were rather inconclusive as to the role of recipient 

and/or donor HLA-E genotype on outcome. Recipient HLA-E genotype marginally reached 

significance in the multivariate models, where HLA-E*01:03 homozygous genotype was 

found to associate with inferior outcome. The acquired statistical significance in the 

multivariate models may be attributed to the skewed distribution of HLA-E matched and 

mismatched grafts in 01:03/01:03 patients, as the latter received more HLA-E disparate 
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grafts compared to patients with the other two genotypes (46.5% vs 42% for HLA-

E*01:01/01:01 and 30.4% for HLA-E*01:01/01:03 patients, p=0.006). Donor HLA-E 

genotype on the other hand was not found to significantly impact outcome. In the case of 

01:03/01:03 donors, no such skewed distribution with respect to HLA-E matching status 

was observed. Opposite to these results, previously published studies have reported 

lower transplantation related mortality, less severe bacterial infection rates as well as 

lower relapse and severe GvHD incidences in patients with the HLA-E*01:03/01:03 

genotype (38;66-67;95;107;145-146). In order to avoid redundancy, the findings of 

previous studies as well as a hypothetical model regarding the effect of recipient/donor 

HLA-E genotype on HSCT outcome are thoroughly presented in in the discussion chapter 

of the CIBMTR cohort, where recipient/donor HLA-E genotype was found to clearly 

impact DFS and relapse. The uncertain results of the DRST cohort as to the putative effect 

of patient and/or donor HLA-E genotype on HSCT outcome may be to a great extent 

attributed to a lack of statistical power due to the low number of cases in specific HLA-E 

genotype categories. 

 

4.2 CIBMTR cohort 

4.2.1 Cohort HLA-E characteristics 

HLA-E genotyping of both recipients and donors from a cohort of overall 1840 transplant 

pairs confirmed once again the codominance of the two main HLA-E protein isoforms 

found worldwide. In line with the results of the DRST cohort, despite 10/10 HLA 

compatibility, over 32% of patients received HLA-E disparate grafts. The HLA-E mismatch 

rate, albeit somewhat lower than this observed at the DRST cohort, was within the range 

already reported elsewhere for Caucasian populations (56;61;145). Despite the 32.5% 

HLA-E discrepancy between recipients and donors, there were no differences found as to 

the frequencies of the respective HLA-E allelic forms. This in turn precludes any possible 

association between a specific HLA-E genotype and disease occurrence. Furthermore, the 

very low polymorphism of the gene locus underscores the distinctive role of HLA-E, 

compared to its HLA-A class Ia counterparts, in the complex human immune system.  
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4.2.2 Effect of recipient/donor HLA-E matching status on outcome 

Contrary to the results of the DRST cohort, no association was identified between 

recipient/donor HLA-E compatibility and HSCT outcome with regard to the endpoints 

analyzed in the CIBMTR cohort. Although the results of the two cohorts on the role of 

HLA-E matching status in HSCT outcome appear prima facie to be discordant, it should be 

noted that the two cohorts had some significant differences as to their characteristics, 

which may account for the discrepancies observed. The CIBMTR cohort was designed to 

follow the main features of the DRST cohort. This was to a great extent met. However, 

due to differences in disease stage definition as well as in T-cell depletion for GvHD 

prophylaxis with ATG in daily practice between Europe and USA, it was impossible to align 

the two cohorts with respect to these two parameters. Specifically, no advanced disease 

patients were included in the CIBMTR cohort, as according to the CIBMTR standards for 

disease stage definition in acute leukemia, advanced disease stage is defined as HSCT in 

non-complete remission. The definition of advanced disease stage in the DRST cohort on 

the other hand comprised a broader range of patients (any stage with >2 remission) and 

not only those transplanted in non-complete remission as was the case in the CIBMTR 

cohort. Hence, in order to avoid censorship of a large number of patients in the DFS and 

relapse analysis, it was decided to exclude patients with advanced disease stage 

according to the CIBMTR definition from the CIBMTR cohort. Considering that the HLA-E 

mismatch effect observed in the DRST cohort mainly concerned the subgroup of patients 

with advanced disease stage, it is reasonable to assume that the discordant results 

between the two cohort studies may be -at least  partly- the result of the aforementioned 

discrepancy. Another parameter, which from an immunological standpoint could be even 

more relevant, is the significant difference as to ATG treatment between the DRST and 

the CIBMTR patients. Indeed, the majority of the DRST patients (i.e. 63%) did receive ATG 

during conditioning. The picture is completely reversed in the CIBMTR cohort with 70% of 

patients being treated neither with ATG nor with Campath. Although no significant 

interaction was observed between HLA-E matching status and ATG treatment in any of 

the two cohorts, one cannot exclude the potential relevance of this parameter to the 

discordance observed. This assumption is mainly underpinned by the fact, that the 
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favorable HLA-E mismatch effect on HSCT outcome in the DRST cohort was mainly 

conferred through NRM dampening.  Considering that ATG administration mainly aims at 

mitigating GvH alloreactivity, a potential synergistic effect between HLA-E mismatch and 

ATG treatment cannot be precluded. 

 

4.3 Recipient/donor HLA-E genotype effect on outcome 

The role of recipient/donor HLA-E genotype in HSCT outcome has been more extensively 

investigated, yet by an admittedly small number of studies (75;162). This is to date the 

largest study examining the potential effect of HLA-E polymorphism on the prognosis of 

patients undergoing matched unrelated HSCT. Separate as well as joint analysis of 

recipient and donor HLA-E genotype effect on clinical outcome endpoints revealed that 

patient HLA-E*01:01/01:01 has a rather protective effect with respect to DFS and relapse 

while donor HLA-E*01:03/01:03 adversely affects the same endpoints.  

Interestingly, these results are discordant with the majority of those previously reported 

(38;53;66-67;107;145-146). As already shown in Table 4, the homozygous HLA-E*01:03 

has been identified by most of these studies as a rather protective immunogenetical 

feature of either donors or patients or both (38;66-67;107;145-146). Specifically, 

Tamouza et al. in two independent cohorts of 77 matched unrelated and 187 matched 

related transplant pairs, respectively, reported an association between better bacterial 

infection control, lower TRM and lower risk of aGvHD and the HLA-E*01:03 allelic form 

(145-146). Contrary to the results of the CIBMTR cohort, the findings of Hosseini et al. as 

well as of Mossallam et al. are suggestive of a favorable effect of HLA-E*01:03/01:03 

genotype on relapse after analysis of two small size cohorts of 56 and 88 HLA-E matched 

transplant pairs (67;107). Danzer et al. after analyzing a cohort of 83 matched related 

transplant pairs, reported a statistically significant correlation between recipient/donor 

HLA-E*01:03/01:03 genotype and improved OS and DFS as well as lower risk of TRM (38). 

It is of note that the multivariate results of the latter cohort appear to be somewhat 

inconsistent, as HLA-E*01:03/01:03 genotype and early disease stage are mentioned to 

be statistically significant parameters associating with improved OS, although 95% 

confidence intervals of relative risks range from <1 to >1, which should preclude a p<0.05. 
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Fürst et al. in a cohort of 116 matched unrelated HSCT pairs detected no significant 

impact of HLA-E on any HSCT outcome endpoint. A putatively favorable effect of donor 

HLA-E*01:03/01:03 genotype on relapse has been reported by Ludajic et al., who also 

analyzed a cohort of 124 matched unrelated transplant pairs (95). Significant differences 

in cohort characteristics most probably account for these inconsistencies. Specifically, 

inclusion of pediatric patients in some cohorts, heterogeneity of disease entities, 

disparities as to donor features (i.e. related/unrelated, HLA-E matched/mismatched etc.) 

as well as differences in graft manipulation and conditioning regimens are some of the 

factors, that may have decisively contributed to these markedly discordant results. It 

should also be noted, that HLA-E compatibility between recipients and donors in most of 

the aforementioned studies, precluded identification of distinct recipient and donor HLA-

E genotype effects on outcome. This in turn renders even more precarious any attempt to 

directly compare the results of these previously published studies with those of this large 

CIBMTR cohort, given that joint recipient/donor HLA-E genotype analysis apart from 

confirming the results of the separate analyses of recipient and donor HLA-E genotype 

effect, it also disclosed that donor HLA-E genotype effect outweighs this of patient’s. The 

more pronounced impact of donor HLA-E genotype on outcome is also insinuated by a 

couple of other studies, which analyzed unrelated HSCT cohorts with a relatively high 

prevalence of recipient/donor HLA-E disparity (i.e. 39-47%). These studies reported no 

significant correlation between recipient HLA-E genotype and HSCT outcome (95;145). 

This notion is not confirmed by the results of the DRST cohort, which are instead 

suggestive of a recipient’s HLA-E predominant effect. In this analysis, however, a 

putatively ‘masked’ donor effect cannot be excluded, given the profound intensity of the 

HLA-E matching status effect as well as the marginally reached statistical significance of 

the patient HLA-E effect. A biological explanation for both effects observed (i.e. protective 

effect of patient HLA-E*01:01/01:01 genotype and adverse of donor HLA-E*01:03/01:03 

genotype on DFS and relapse) is sought in the next paragraph. 
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4.2.3.1 Hypothetical mechanism for patient and donor HLA-E*01:03/01:03 genotype 

effect on outcome  

There is accumulating evidence that the pHLA-E-CD94/NKG2A pathway may decisively 

facilitate the immune evasion and persistence of residual leukemic cells after HSCT 

(110;129). The strong inhibitory signals induced after binding of pHLA-E complexes with 

the potent inhibitory heterodimer receptor CD94/NKG2A most probably account for this 

unfavorable effect (91). Indeed, certain studies have suggested that the pHLA-E/NKG2A 

mediated inhibitory signals are strong enough to even override potentially parallel 

activating signals coming from other activating receptors that could potentially lead to 

leukemia eradication from host (141) or donor (109;136) immune cells. Moreover, 

Nguyen et al. have shown that IFN-γ upregulation of HLA-E expression in AML-blasts can 

abrogate NK-mediated cytotoxicity after haploidentical HSCT (110), while two other 

studies reported delayed KIR reconstitution and higher prevalence of CD94/NKG2A NK 

cells after T-cell replete HSCT (30;165). On the other hand, it is established that the two 

co-dominant allelic forms of HLA-E differ significantly not only as to their expression levels 

on cell surface, with HLA-E*01:03 being notably higher expressed compared to its HLA-

E*01:01 paralogue (142), but also as to their peptide binding affinities and “preferences” 

(28;63;90;96). As already stressed in section 4.1.2.1, any functional differences between 

the two allelic forms may derive from the combination of distinct peptide-binding profiles 

and uneven cell-surface expression. Stronger induction of CD94/NKG2A mediated 

inhibitory signals by the HLA-E*01:03 isoform either due to its higher expression levels or 

its distinct peptide binding repertoire, could account for the adverse impact of this allelic 

form on DFS and leukemia control when carried by donor and/or patient. The 

predominant role of this inhibitory pathway is also underpinned by the fact that 

peptide/HLA-E complexes bind with an up to 8-fold higher affinity to CD94/NKG2A 

compared to CD94/NKG2C (82;155;159). Lower HLA-E surface expression in HLA-E*01:01 

homozygous patients may account for an impaired inhibition of CD94/NKG2A+ NK- and T- 

cells that in turn render them more capable of eradicating residual blast cells. It can also 

not be excluded that HLA-E*01:01 isoforms bind with greater affinity aberrant minor 

histocompatibility or leukemia derived peptides capable of inducing an activating signal 

via hampered recognition of the pHLA-E complex by the CD94/NKG2A and/or through 
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direct activation of the CD/94NKG2C receptor. The possibility that HLA-E*01:01 isoforms 

may present with greater affinity minor histocompatibility antigens was also suggested by 

Tamouza et al. (146). The possibility that HLA-E*01:01 alleles may better present disease-

related peptides primarily to HLA-E restricted CTLs by donor APCs is also supported by the 

fact that one copy of HLA-E*01:01 in donor genotype was enough to significantly override 

the detrimental effect of the HLA-E*01:03 allele copy, as patients receiving HLA-

E*01:01/01:01 grafts had similar outcome with those receiving HLA-E*01:01/01:03 ones. 

On the other hand, it has been reported that CD94/NKG2A+ CD8+ CTLs tend to migrate 

more to malignant sites compared to CD94/NKG2A- ones (19;141). In a donor HLA-

E*01:03 homozygous setting, donor antigen presenting cells that simultaneously present 

leukemia related allo-specific antigens through MHC-I classical molecules may fail to 

instigate an efficient T-cell mediated GvL response due to the induction of strong 

inhibitory signals via a more potent HLA-E/NKG2A interaction. The fact that no 

differences were observed in acute or chronic GvHD on account of HLA-E polymorphism 

may be also attributed to this putative accumulation of CD94/NKG2A+ cells in the site of 

the disease. Moreover Ruggeri et al. have already highlighted the importance of blocking 

the CD94/NKG2A pathway with regard to effective leukemia control (129). Specifically, 

they showed that implementation of an anti-NKG2A mAb in a murine model led to 

eradication of HLA-E bearing leukemia and lymphoma cells. Regarding an HLA-E 

restricted-TCR mediated mechanism postulated by other studies (38;67;107;146), it is 

true that pHLA-E complexes can be directly recognized by a specific subset of HLA-E 

restricted αβ and γδ TCR CTLs but this also holds for regulatory T-cells (162). The 

simultaneous prevalence of HLA-E restricted T-cells with opposite functions renders this 

pathway of T-cell alloreactivity much more difficult to define as already reviewed 

(79;162). Hence, current available data support the notion that the impact of patient and 

donor HLA-E polymorphism on HSCT outcome and primarily on relapse-control appears to 

be decisively determined by the interaction between peptide/HLA-E complexes and 

CD94/NKG2A receptor (129). 
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4.4 Combined conclusions and future prospects 

The two herein presented independent cohort studies aiming at elucidating the role of 

HLA-E polymorphism in the outcome of unrelated HSCT for acute leukemia are the largest 

of this kind to date. The following three points summarize the most important 

conclusions drawn from the two studies: 

a) HLA-E matching between patients and donors in the setting of unrelated HSCT for 

acute leukemia confers no advantage to outcome. 

b) Avoidance of HLA-E*01:03/01:03 donors may improve DFS prognostics in patients 

undergoing first matched unrelated HSCT for acute leukemia in complete remission. 

c) HLA-E incompatibility between patients and donors may improve unrelated HSCT 

outcome in a subset of advanced disease patients receiving ATG. This remains to be 

confirmed, however, by future validation studies. 

The lack of data in a number of important clinical factors such as cytogenetic risk, CMV 

reactivation prevalence and donor KIR genotyping (only applicable to the CIBMTR cohort) 

indisputably constitute limitations of the two studies. Moreover, the incomplete 

reporting of acute as well as chronic GvHD in the DRST cohort impedes comprehensive 

assessment of the observed HLA-E mismatch effect on NRM. However, the markedly 

larger size of these cohorts, their homogeneity in terms of several clinical parameters and 

the long median follow-up time (>62 vs 20 months FUP reported in certain studies) partly 

compensate for the aforementioned limitations.  

HSCT constitutes a very complex immunological milieu, where due to manifold 

interactions among various patient- and donor-related parameters, it becomes really 

challenging to identify and isolate specific factors that can impact outcome in a significant 

and independent fashion. Regardless of this however, the findings of these two large 

independent retrospective studies, albeit not fully accordant, certainly lay the 

foundations for future consideration of HLA-E genotyping in unrelated donor selection, 

while underscore the need for further research primarily on a functional molecular assay 

basis. 
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5. Summary 

 More than 50 years after its first implementation for the treatment of acute leukemia, 

allogeneic hematopoietic stem cell transplantation (HSCT) is still considered the only 

therapeutic option with life-long curative potential. Despite the undeniable progress 

made, HSCT remains a high risk treatment even in the optimal setting of 10/10 Human 

Leukocyte Antigen (HLA) compatibility between recipient and donor. In the search of 

immunogenetic factors beyond classical HLA antigens possibly impacting HSCT outcome, a 

limited number of studies have investigated the role of HLA-E in HSCT outcome. HLA-E is a 

ubiquitously transcribed, non-classical Major Histocompatibility Complex (MHC) Ib 

molecule with a multifaceted yet not fully understood role in both innate and adaptive 

immunity. Aim of this study was to investigate for the first time on such a large scale the 

effect of HLA-E polymorphism on HSCT outcome in a 10/10 HLA matched unrelated acute 

leukemia setting analyzing data from two large independent cohorts.  

The two cohorts (German cohort n=509, CIBMTR (Center for International Blood and 

Marrow Transplant Research) cohort n=1840) analyzed within this study consisted of 

adult acute leukemia patients receiving their first 10/10 HLA matched unrelated graft 

between 2000 and 2015. Both recipients and donors were HLA-E genotyped by Sanger 

and Next Generation Sequencing (NGS) using in-house kits in our laboratory in Ulm. 

Overall survival (OS), disease free survival (DFS), relapse (RI), transplant-related mortality 

(TRM), acute GvHD (aGvHD) and chronic GvHD (cGvHD) were evaluated; p<0.05 and p< 

0.01 were considered significant in the German and CIBMTR cohort analysis, respectively. 

The effect of patient and donor HLA-E genotype as well as of patient/donor HLA-E match 

grade were assessed using univariate Kaplan-Meier (KM), multivariate Cox regression, and 

competing risks analyses in both cohorts. In the CIBMTR cohort the joint effect of 

donor/recipient (D/R) HLA-E genotype was additionally explored through a 4-level 

analysis of D/R HLA-E*01:03 homozygous vs other.  

The HLA-E allele frequencies as well as the relatively high rate of HLA-E discrepant 

transplant pairs (>32%) observed in both cohorts were in accordance with previously 

reported data. Regarding the effect of HLA-E polymorphism on HSCT outcome, the 

German cohort analysis revealed a significant correlation between HLA-E mismatch and 
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improved HSCT outcome mainly in advanced disease patients. Specifically, patients 

transplanted by HLA-E mismatched donors exhibited significantly better OS and DFS rates 

due to lower TRM. The CIBMTR cohort analysis did not confirm this favorable effect, as 

HLA-E match status between recipient and donor did not have any impact on any 

outcome endpoint. With respect to the effect of recipient and/or donor HLA-E genotype 

on HSCT outcome, both cohort analyses identified the HLA-E*01:03/01:03 as an 

unfavorable prognostic factor. The results of the CIBMTR analysis as to this finding were 

significantly more enlightening indicating that the HLA-E*01:03/01:03 negative effect is 

mainly donor driven, with the patient HLA-E genotype effect being only weakly 

synergistic. Specifically, donor HLA-E*01:03/01:03 genotype was found to associate with 

significantly lower DFS, apparently due to higher relapse incidence rate. 

This study is the largest to date investigating the effect of HLA-E polymorphism on HSCT 

outcome. The main conclusions drawn are that: HLA-E matching between patients and 

donors in the setting of unrelated HSCT for acute leukemia confers no advantage to 

outcome; HLA-E incompatibility between patients and donors may improve unrelated 

HSCT outcome in a subset of advanced disease patients receiving anti-thymocyte globulin 

and; avoidance of HLA-E*01:03/01:03 donors may improve DFS prognostics in patients in 

complete remission undergoing first matched unrelated HSCT for acute leukemia. 

Although no definitive conclusions can be drawn before molecular-based studies shed 

light on the mechanisms implicated, these observations certainly set the basis for future 

consideration of HLA-E as relevant clinical prognostic factor in a matched unrelated HSCT 

setting for acute leukemia patients. 
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