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1. Introduction  

1.1 Hematopoietic stem cell transplantation  

 Definition  1.1.1

Hematopoietic stem cell transplantation (HSCT) is an established treatment 

procedure for severe malignant or non-malignant blood disorders, where 

hematopoietic stem cells are transferred into a recipient with the intention of 

replacing the hematopoietic system that was previously abrogated by high dose 

chemotherapy or irradiation. 

The hematopoietic stem cells (HSC) can be derived from the patients themselves 

(autologous HSCT or auto-HSCT) or from a healthy donor (allogeneic HSCT or allo-

HSCT). The source of HSC is either the bone marrow (BM; hence the often 

synonymously used term bone marrow transplantation [BMT] which refers to HSCT 

from BM), the peripheral blood (PB) or umbilical cord blood (UCB).  

 

 History 1.1.2

Allo-HSCT was pioneered with the use of BM as stem cell source, since BM located 

in the large flat bones is the blood compartment where HSC are naturally most highly 

enriched in the human body. The first experience with allogeneic BM transplantation 

(allo-BMT) in humans was described in 1957 by Donnall Thomas 1 (Figure 1.1). 

Thomas and Ferrebee treated six patients with irradiation coupled with chemotherapy 

(anti-cancer drugs) and infused BM from a healthy donor. Since little was known 

about histocompatibility at that time, no attempt was made to match patient and 

donor. Consequently, none of the patients survived beyond 100 days 2. In 1963 

Donnall Thomas showed that dogs transplanted with grafts from littermates survived 

long-term. This observation reflected histocompatibility matching between related 

donors, and paralleled the discovery of the human major histocompatibility complex 

(MHC) described in detail in section 1.3. In 1972, Donnall Thomas reported his first 

successful allo-BMT for aplastic anemia (known as BM failure), followed by 

successful application of this treatment to patients with end-stage acute leukemia in 

1975 3,4.  
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At the end of the 1970’s, it was recognized for the first time that the treatment 

success of allo-BMT for malignant blood disorder was due to a graft versus leukemia 

(GvL) effect mediated by the graft against residual tumor cells 5,6. The 1980s saw the 

application of this treatment to patients with congenital blood disorders such as sickle 

cell anemia 7,8. In 1990, Donnall Thomas and Joseph Murray (who performed the first 

kidney transplantation between twins) shared the Nobel Prize for their “discoveries 

concerning organ and cell transplantation in the treatment of human disease”. This 

was also a visionary price, since the real clinical success story of HSCT was yet to 

come. In the 1990s granulocyte colony stimulating factor (G-CSF) found its way into 

clinical application for the expansion of HSC in the PB and the use of these PB stem 

cells (PBSC) for engraftment into patients 9-11. This revolutionized the field of stem 

cell donation, because it not only facilitated the donation process itself, which for BM 

requires general anesthesia, but also greatly increased the number of obtainable 

stem cells, since repeated sessions of PBSC donation are possible without added 

clinical risk to the donor. This enabled the intention of so-called “mega-doses” of 

HSC necessary to partly overcome histocompatibility barriers and to allow the 

successful HSCT from haploidentical family donors in the late 1990s 12, an 

increasingly used HSCT modality as discussed below. Additional reasons for the 

significant rise in the clinical application of HSCT in the 1990s were the introduction 

of so-called “reduced intensity conditioning” (RIC) protocols for pre-transplant 

chemotherapy, which opened the door to treatment of elderly or less well performing 

patients, as well as increased accuracy of tissue typing by the advent of molecular 

typing methods. All this led to a constant increase in the clinical application of both 

auto-HSCT and allo-HSCT which continues to this day (Figure 1.1 and section 1.4). 

Today, allo-HSCT is the most widely used and clinically explored form of cancer 

immunotherapy, appointed as the Science breakthrough of the year 2013 

(http://www.sciencemag.org/news/2013/12/sciences-top-10-breakthroughs-2013). 

http://www.sciencemag.org/news/2013/12/sciences-top-10-breakthroughs-2013
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Figure 1.1: Milestones in HSCT.  

Timeline showing numbers of HSCT and advances in the field from 1957 to 2006 (from 

Appelbaum et al. 2).  

 

 Indications and HSCT performance today  1.1.3

HSCT is a successful treatment option for selected patients with life-threatening 

hematologic malignancies and non-malignant disorders. Transplant numbers are 

increasing unabated across the world. The European Society for Blood and Marrow 

Transplantation (EBMT) reported more than 42.000 transplants performed in 655 

centers from 48 European countries in 2015 alone. Of these, 25.000 (59%) were 

autologous and 17.000 (41%) were allogeneic transplantations 
13.  

While the majority of allo-HSCT is performed for acute myeloid leukemia (AML), 

acute lymphatic leukemia (ALL), and myelodysplastic syndrome (MDS) (Figure 1.2a), 

as well as primary immunodeficiencies and non-malignant red cell disorders, most of 

the autologous transplants are performed for malignant diseases not homing to the 

BM, in particular so-called plasma cell disorders (PCD), i.e. multiple myeloma, as 

well as Hodgkin Disease (HD) and Non Hodgkin lymphoma (NHL) (Figure 1.2 b). 

According to the German Registry for Stem Cell Transplantation (DRST), 3127 allo-

HSCT were performed in Germany in 2016. Of these 1248 (40%) were for the cure of 

AML (DRST-Annual Report 2016).  
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Figure 1.2: Relative proportions of main indications for HSCT in Europe in 2015.  

The figure illustrates the proportions of main disease indications for (a) allogeneic and (b) 

autologous HSCT in Europe in 2015. AML=acute myeloid leukemia; CML=chronic myeloid 

leukemia; MDS/MPN=myelodysplastic syndrome/myeloproliferative neoplasms; ALL=acute 

lymphoid leukemia; CLL=chronic lymphoid leukemia; HD=Hodgkin Disease, NHL=Non 

Hodgkin lymphoma; PCD=plasma cell disorders; BMF=bone marrow failure; PID= primary 

immunodeficiency; IDM= inherited disorders of metabolism; AID= autoimmune disease 

(from Passweg et al. 13). 

 

The clinical success of allo-HSCT is based on the advances made over the last 

decades in the prevention and treatment of life-threatening infectious complications, 

as well as in the control of donor immune cell reactions against healthy patient 

tissues (graft versus host disease; GvHD), both of which determine the incidence of 

death not due to disease relapse (non-relapse mortality, NRM). With advances in 

technology and supportive patient care, HSCT has become safer, and patient 

survival continues to improve over time 14. In a retrospective study, Gooley and 

colleagues reported a significant improvement in overall survival (OS) not preceded 

by relapse (disease recurrence) after allogeneic HSCT between the years 1993-1997 

compared to 2003-2007 (Figure 1.3) 15. Interestingly however, no significant 

advances were made in the incidence of relapse, with similar incidences of 27% and 

26% in the two decades. Consistent with this, relapse is the most important cause of 

death after the first 100 days after allo-HSCT (Figure 1.4) 16,17. The understanding of 

the biological mechanisms underlying relapse, and the development of new 

technologies for its early diagnosis are therefore of paramount importance and the 

subject of the present thesis. 
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Figure 1.3: Probability of death by day 200 not preceded by relapse and of overall 

survival. 

Panel A shows the probability of death not preceded by relapse (disease recurrence), and 

panel B shows the probability of overall survival during two time periods (1993-1997 

[N=1418] and 2003-2007 [N=1148]). The probability of OS was estimated with the use of the 

Kaplan−Meier method (from Gooley et al. 15).  

 

 

 

Figure 1.4: Causes of death after allo-HSCT (2014-2015).  

Disease recurrence is the single leading cause for death after (A) matched sibling and (B) 

unrelated donor transplantation. Source: www.cibmtr.org  

 

 

http://www.cibmtr.org/


Introduction 

6 

 HSCT procedure  1.1.4

The HSCT procedure can be divided into three basic steps: patient conditioning pre-

transplant, infusion of stem cells, and immune reconstitution post-transplant. Patient 

conditioning refers to the preparatory regimen needed to eliminate the patient’s 

hematopoietic system sufficiently to make space for its replacement by the donor’s 

healthy stem cells. This is achieved by high-dose chemotherapy with or without total 

body irradiation (TBI). Conditioning regimens can be either myeloablative (MA), RIC 

or non-myeloablative (NMA). MA regimen will ablate the patient’s own hematopoiesis 

to an extent that autologous hematologic recovery is impossible, thereby rendering 

the infusion of hematopoietic stem cells from a donor (or from the patient if stored as 

back-up pre-transplant) mandatory for hematologic reconstitution. MA regimens are 

generally based on a combination of cyclophosphamide (Cy) and TBI or busulfan 

(BU). RIC is a special form of conditioning which has lower toxicity, often due to the 

replacement of Cy by fludarabine (FLU). NMA conditioning is less intense and 

therefore allows autologous hematologic recovery, if no allogeneic donor stem cells 

are infused. The introduction of RIC and NMA regimens in the 1990’s has greatly 

widened the clinical applicability of allogeneic HSCT also to patients of older age 

and/or with co-morbidities. The upper patient age limit of this procedure has thereby 

increased from approximately 60 to over 75 years in the last decade 18-20.  

The infusion of stem cells is performed most commonly by intravenous 

administration, after which they will home to the patient’s BM, a process termed 

engraftment. While historically BM was the only HSC source (see paragraph 1.1.2), 

G-CSF mobilized PBSC are nowadays more frequently used than BM, due to the 

ease of isolation and the large number of stem cells obtainable 21. Also UCB can be 

used, but the number of HSC is even more limited than with BM, requiring sometimes 

the simultaneous use of several UCB donors (double or triple cord blood 

transplantation) 22. The choice of the graft source is dependent on different factors, in 

particular the patient’s body weight, which is directly proportional to the number of 

stem cells required for engraftment. Therefore, graft sources with limited numbers of 

HSC such as BM and UCB are predominantly used in pediatric patients. The graft 

can be manipulated in vitro prior to infusion to reduce the number of T cells in order 

to avoid GvHD. However, this has the down-side of delayed immune reconstitution 

and higher risk of graft rejection as discussed below.  
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In case of blood group incompatibility between patient and donor, the graft can be 

purged of red cells prior to infusion. After engraftment, the donor stem cells 

repopulate all three blood cell lineages (i.e. platelets, white and red blood cells), a 

process termed immune reconstitution (IR). Efficient and rapid IR is critical not only 

to restore a functional immune system to fight infections, but also to prevent the risk 

of severe bleeding due to platelet deficiency. The different lineages of white blood 

cells recover at a different pace, with neutrophils, monocytes and natural killer (NK) 

cells preceding the T and B cells of the adaptive immune system by days up to 

several weeks (Figure 1.5) 23. Typically, CD8+ T cells recover more quickly than 

CD4+, leading to a so-called CD4+/CD8+ ratio inversion in the first months after 

transplantation, which converts to the normal status of CD4+ T cells outnumbering 

CD8+ only after several months (Figure 1.5).   

 

 

Figure 1.5: Immune reconstitution after HSCT. 

Approximate immune cell counts (expressed as percentages of normal counts) peri- and 

post-myeloablative hematopoietic cell transplantation (from Storek 23).  

 

1.1.5 HSCT clinical risks 

The clinical risks of HSCT can be divided into early risks (typically up to day 100 after 

transplantation) and late risks (100 days post-transplant). The early risks are mainly 

related to the severe status of immune deficiency induced by the conditioning 

regimen (see paragraph 1.1.4) and to acute GvHD (aGvHD) mediated by donor T 

cells recognizing major or minor histocompatibility differences between patient and 

donor (see section 1.3).  
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Immune deficiency precedes IR and exposes the patient to the risk of severe 

infections (viral, bacterial or fungal). Among the common post-transplant infectious 

complications is reactivation of cytomegalovirus (CMV), a latent herpes virus residing  

mainly in blood tissues of the host 24. Depending on different factors, including T cell 

depletion and the pre-existing anti-CMV immunity in patient or donor, CMV 

reactivation occurs in up to 60% of patients after allo-HSCT and, if not controlled by 

antiviral therapy, can cause overt CMV disease with severe clinical symptoms and 

elevated NRM 25-27. On the other hand, CMV reactivation has also been associated 

with reduced risk of post-transplant recurrence of AML 28-33. This association, 

however, is debated and could be modulated by the use of T cell depletion 
27,34-36.  

The risk of infections is faced in the first month post-transplantation by total 

decontamination of any agent coming into contact with the patient, who is placed into 

a specific sterile room with inverted laminar air flow. Also the food has to be sterilized 

in the first weeks. The advantage of purging the gut bacterial flora by antibiotics 

treatment, advocated by the early work of Professor van Bekkum 37,38, has been 

challenged over the last years since a protective effect against aGvHD of the gut 

flora has been recognized 39.  

aGvHD is graded into four different stages, with grades I-II generally not needing 

systemic treatment 40,41. In contrast, grade III-IV aGvHD is a major and potentially 

lethal complication that affects mainly the patient’s skin, liver and gut, and requires 

treatment by “heavy” immune suppression (IS) through steroids. However, some 

patients develop steroid refractory aGvHD, which has a poor prognosis. Available 

treatments of this condition include extracorporeal photopheresis (ECP) 42, as well as 

new drugs interfering with signaling pathways of activatory receptors on T cells, such 

as the JAK1/2 inhibitor Ruxolitinib 
43. In order to prevent aGvHD, immune 

suppressive drugs are frequently administered to the patient pre-emptively post-

transplantation for several months up to years. These drugs include calcineurin 

inhibitors such as cyclosporine A (CSA) or tacrolimus, which interfere with the NFAT 

danger signaling pathway, drugs interfering with cell proliferation such as 

methotrexate or mofetil, and mTOR inhibitors interfering with signaling through the IL-

2 receptor such as rapamycin/sirolimus. In particular in the presence of major 

histocompatibility mismatches with increased risk of aGvHD, the patient is often 

administered anti-thymocyte globulin (ATG) post-transplant. This decreases the risk 

of aGvHD, but interferes also with T cell IR, leading to higher risks of infection.  
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Moreover, graft rejection is generally not a major problem in non-T cell depleted 

grafts, but is more frequent in the presence of T cell depletion. Together, infectious 

complications and aGvHD are the major causes of transplant-related mortality 

(TRM), the most frequent cause of death in the first 100 days post-transplant 16.  

Late risks of HSCT are represented mainly by malignant disease relapse, the major 

cause of death in patients after 100d post-transplant (Figure 1.4) 16,44, and chronic 

GvHD (cGvHD), an often invalidating complication with diffuse sclerosis of the skin 

and the joints 
45. Like in aGvHD, also cGvHD is graded according to its clinical 

extension into limited and severe, the latter being one of the most frequent causes of 

decreased quality of life despite cure from malignant disease through HSCT. 

 

 HSCT clinical benefits 1.1.5

HSCT is the oldest and most established form of cancer immunotherapy, with 

immune cells from the donor eliminating residual malignant cells from the host 

surviving after conditioning (GvL). This GvL effect can be mediated by different types 

of donor immune cells. Among the most important ones are alloreactive CD8+ and 

CD4+ T cells recognizing major or minor histocompatibility differences between 

patient and donor (see section 1.3). Since these same alloreactive T cells are often 

also the mediators of GvHD (see paragraph 1.1.4), the GvL effect is a double-edged 

sword. Considerable work has been carried out to identify strategies for separating 

GvL from GvHD 46. These include the infusion of defined cellular subsets with 

regulatory function such as regulatory T cells (Treg) or mesenchymal stromal cells 

(MSC), pharmacological depletion of activated T cells early post-transplantation 

through the administration of post-transplant cyclophosphamide (PT-Cy), and the 

search for genetic mismatches leading to mild, controlled T cell alloreactivity (so-

called permissive mismatches), sufficient for GvL without severe GvHD. In recent 

years, particular attention has been paid to new cellular mediators of selective GvL, 

including NK cells and  Tcells 
47. In case of imminent or overt relapse, the GvL 

effect can be boosted by donor lymphocyte infusions (DLI), which however also 

increase the risk of aGvHD. The use of selected cell types being pioneered for 

increasing the safety of DLI 48. 
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1.2 Hemaptopoietic chimerism post transplantation 

 Definition 1.2.1

The term chimerism was coined from the Greek mythology of a creature hybrid 

between a lion, a goat and a dragon. It refers to the co-existence, in the blood of the 

transplanted patient, of cells from donor and from patient origin. Ideally, after MA or 

RIC conditioning (see paragraph 1.1.4), a so-called full donor hematopoietic 

chimerism (HC) should be achieved, i.e. the complete absence of cells from patient 

origin. However, in the NMA setting, a certain proportion of patient cells can persist 

post-transplantation, in a status of mixed chimerism (MC). In the MA and RIC setting, 

the most frequent reason for MC is disease relapse. However, MC can also be 

triggered by specific events such as CMV reactivation, in particular if a CMV 

seropositive patient is transplanted from a CMV seronegative donor 49, with cellular 

immunity against CMV specifically reconstituted by pre-transplant patient T cells 

surviving the conditioning regimen. This form of MC is also termed split chimerism, as 

it regards to a specific cell population with defined function. Another cause of MC can 

be a generalized autologous reconstitution of patient blood cells, leading to graft 

rejection. This form of delayed graft rejection is often preceded by a status of 

persistent MC (PMC), in which patient and donor cells co-exist for months to several 

years. PMC can lead to rejection, but can also be stable in case of established 

immunological tolerance, a phenomenon occurring in particular in patients 

transplanted for non-malignant congenital blood disorders 50. 

 

 Post-transplant HC monitoring  1.2.2

Longitudinal HC monitoring is essential in the first months after transplantation to 

assess the quality of engraftment and later on to integrate the analysis of minimal 

residual disease (MRD) by flow cytometry and, if available, the molecular tracking of 

tumor specific molecular markers 51,52. While engraftment monitoring does not require 

high sensitivity assays, sensitivity is crucial for the application of chimerism 

monitoring to detect MRD. 

HC monitoring is performed by the molecular detection of informative genomic 

polymorphisms in DNA extracted from mononuclear cells circulating in the patient’s 

PB or BM post-transplantation.  
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Informative polymorphisms are those present in the patient but absent in the donor, if 

the purpose is to detect patient-specific cells, such as residual leukemia cells. For 

engraftment monitoring, also donor-specific polymorphisms (present in the donor but 

absent in the patient) can be used. However to achieve the double purpose of 

engraftment and MRD monitoring, patient-specific polymorphisms are generally 

preferred. The polymorphisms to be targeted can be of any kind including (but not 

limited to male-specific genes in case of sex-mismatched HSCT) variable nucleotide 

tandem repeats (VNTR), short tandem repeats (STR), single nucleotide 

polymporphisms (SNP) and insertion/deletion polymorphisms (indel). Also specific 

genes known to be mismatched between patient and donor, such as minor 

histocompatibility antigens (mHAg) or mismatched HLA antigens, as well as genes 

coding for blood groups or other polymorphic gene systems can be used.  

The clinical gold standard has been the monitoring of STR, due to its technical ease 

and rapidity of execution. STR monitoring is based on multiplex polymerase chain 

reaction (PCR) amplification of different STR loci that vary by one to several base 

pairs in length between different individuals 53-55. PCR products of different sizes are 

resolved by capillary gel electrophoresis, and the relative amount of patient and 

donor cells in the original sample is determined by semi-quantitative analysis of the 

area under the peak of patient- or donor-specific amplicons. This method was 

originally developed for forensic purposes and has several advantages, including a 

high level of standardization, robustness, and time and cost efficiency. The method 

has an intrinsically limited sensitivity of 1% to 5% 56-58, because of the need to keep 

the amount of target DNA to a minimum of “few nanograms” to avoid PCR 

competition and plateau biases. Limited sensitivity is not a problem for engraftment 

monitoring, but limits the efficacy of STR in monitoring MRD post-transplantation.  

This problem has recently been overcome by quantitative real-time PCR (qPCR), a 

directly quantitative method evaluating the cycle threshold, which is inversely 

proportional to the original amount of target DNA 59. For HC analysis, the cycle 

threshold (Ct) of the gene of interest is compared in reference with an internal 

housekeeping gene to the patient DNA pre-transplant (delta-delta Ct method). The 

amount of input DNA is flexible and directly proportional to the sensitivity of qPCR, 

which at 100 ng is more than 2-log higher than that of STR.  
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The first methods for qPCR-based HC determination on SNPs or indels were 

described over a decade ago 60-62, and several commercial kits are currently 

available for this purpose. The feasibility and enhanced sensitivity of this system 

compared with STR has been documented in different studies 
56,63-66. Most reports 

addressing the clinical utility of qPCR HC have focused on the endpoint disease 

relapse, which was shown to be detected significantly earlier by qPCR than by STR 

67-69. Consensus is still missing on the best cut-off value for positivity in qPCR as well 

as the preferable use of BM or PB, the latter having obvious logistical advantages for 

sample acquisition at sufficiently high abundance, but with potentially lower 

informative value compared with BM, the natural environment for relapse onset. 

Moreover, only a single report has addressed the question of engraftment monitoring 

by qPCR, in the particular setting of umbilical cord blood HSCT 70.  

However, qPCR is limited by the high influence of relatively small differences in 

amplification efficiency on its results. Therefore, the efficiency of each SNP or indel 

target needs to be validated, which makes the development of qPCR assays for 

chimerism analysis a challenge. With the highly accurate digital droplet PCR 

(ddPCR), samples are partitioned into nanoliter droplets so that each droplet 

becomes a separate reaction chamber with 0, 1 or more copies of the target DNA 

molecule 71-73. ddPCR HC quantification is performed on the mean number of positive 

target sequences per partition that far exceeds what is possible with the analog 

qPCR down to 0.01% on SNPs or indels. Since ddPCR uses end-point detection of a 

product, efficiency of amplification and calibration curves are not required 71. The 

disadvantage of the ddPCR approach is that it is more labor-intensive and less 

suitable for the diagnostic routine in the clinics. Finally, next generation sequencing 

(NGS) has also been applied to HC monitoring 
74. This method is particularly valuable 

for targeting SNPs, since it obviates the above mentioned need for the design of 

multiple qPCR reactions under homogenous conditions. Moreover, the high 

throughput and accuracy of quantification by direct read-counting makes NGS a very 

attractive tool for HC monitoring. But its application is not recommended for targeting 

STRs or indels due to the bioinformatics difficulties in dissecting read shifts arising 

from PCR product length differences. 
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1.3 HLA and Histocompatibility  

 History 1.3.1

While the existence of red blood cell agglutinins had been known since their 

discovery by Karl Landsteiner in 1900 75, the presence of an analogous antigen 

system on white blood cells was discovered only in the late 1950s. Jean Dausset 

(France), Jon van Rood (The Netherlands) and Rose Payne (USA) independently 

observed agglutination of white blood cells from some but not all donors by the 

serum of multiparous women 76-78. This led to the description by Jean Dausset of the 

first human leukocyte antigen (HLA) called MAC (the initials of the three blood donors 

that were used to perform the experiments), later to become HLA-A2 76. In 1980 

Dausset was awarded the Nobel Prize, together with George Snell and Baruj 

Benacerraf for the “discovery of the major histocompatibility complex (MHC) genes 

which encode cell surface protein molecules important for the immune system's 

distinction between self and non-self” 79,80. Following up on these findings, Dausset, 

van Rood and Payne used a sophisticated computer system to dissect the specificity 

of 60 sera from multiparous women, thereby discovering the bi-allelic nature of the 

HLA genes. They soon realized that the complexity of the antigen system they were 

unraveling could only be comprehensively characterized through sera exchange 

within international collaborations. To this end, the first International 

Histocompatibility Workshop (IHWS) was organized in 1964, a tradition that holds to 

this day, with the 17th IHWS held in San Francisco in September 2017. The focus of 

the IHWS changed from sera exchange in the 1960s and 1970s to the collaborative 

design of molecular tissue typing techniques in the 1990s, and the exchange of 

bioinformatics data on HLA diversity obtained by NGS technology to date.  

 

 The Major Histocompatibility Complex  1.3.2

The HLA genes are encoded within the human MHC located on the short arm of 

chromosome 6 (6p21.3), a gene region that spans 4.000 kilobases (kb). The MHC is 

polygenic with more than 220 genes that fall into three classes: MHC class I and II 

encompassing amongst others the HLA-A, B, C and HLA-DRB, DQ and DP genes, 

respectively, and  MHC class III consisting of genes involved in the complement 

cascade (Figure 1.6) 81.  
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Interestingly, the majority of genes in the MHC are closely involved in immunological 

processes, including antigen processing and immune response (see chapter 1.3.4). It 

is the most gene-dense and most polymorphic region in the human genome.  The 

MHC class I region contains not only the classical HLA-A, B, C loci but also non-

classical genes HLA-E, F and G, whose function in the innate and adaptive immunity 

is being discovered 82-85. Within the classical HLA-DR, DQ and DP loci, the MHC 

class II region contains also a number of non-expressed pseudogenes (DRB2/6/78/9, 

DQA2, DPA2) as well as genes involved in antigen processing to HLA class I (TAP 

and related proteins) and HLA class II (DM, DO). A hallmark of the MHC is its 

enormous genetic variability, with 17,881 different genes described in the current 

Release 3.31.0 (2018-01) of the IMGT/HLA database 
86. Gene duplications have 

played an important role in the generation of MHC polymorphism which is 

characterized by a high degree of linkage disequilibrium (LD), i.e. the non-random 

association of alleles at different HLA loci 87.  

The HLA alleles inherited together on the same chromosome are referred to as 

haplotypes. Inheritance follows Mendelian rules, with co-dominant expression of both 

HLA alleles from the maternal and paternal haplotype. When the two alleles at a 

given HLA locus are different, the HLA locus is heterozygous, when they are 

identical, the HLA locus is homozygous. 

 

 

Figure 1.6: Simplified genetic map of the human MHC.  

More than 200 genes are encoded within the major histocompatibility complex (MHC) class I, 

II and III. Main genes are indicated in red (from Stiehm 81). 
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 HLA structure  1.3.3

HLA molecules are cell surface heterodimers of the immunoglobulin (Ig) superfamily 

and as such contain several Ig domains. HLA class I molecules consist of a 45 kDa 

molecular weight (MW) glycoprotein (heavy chain) associated with β2-microglobulin 

(2m), another Ig member of 12kDa MW (light chain). 2m is not encoded in the 

MHC but on human chromosome 15q and has limited polymorphism. The HLA class 

I coding region is 1098 bp in length and clustered into 8 different exons (Figure 1.7). 

Most of the nucleotide polymorphisms of the total 12,716 different HLA-A, B, C genes 

described to date 86 are clustered in so-called hypervariable regions (HvR) in exons 2 

and 3 encoding the 1 and 2 Ig domains which form the peptide (antigen) binding 

groove. HLA class II molecules are heterodimers of an α and a β chain of similar size 

(34kDa and 30kDa MW, respectively).  

The HLA class II  chain genes have a limited polymorphism with 7, 94 and 64 

alleles described for DRA, DQA1 and DPA1, respectively. This is in strong contrast to 

the highly polymorphic HLA class II  chain genes for which a total of 4,569 different 

variants have been described to date for DRB, DQB1 and DPB1 86. The coding 

region of HLA class II  and  chains is 777bp in length and clustered into 5 different 

exons, with most polymorphisms clustered in HvR in exon 2 of the  chain. 

 

Figure 1.7: Genomic organization of HLA class I and II genes. 

The image was downloaded from www.gendx.com. Shown are the 8 exons of the HLA class 

I heavy chain (left panel) or the 5 exons of the HLA class II  or  chain (right panel), along 

with the parts of the HLA molecule they encode. LP: leader peptide; TM: transmembrane; 

CYT: cytoplasmic; 3’UTR: 3’untranslated region. 
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Despite their different genomic structure and organization, the final conformation of 

HLA class I and II molecules is remarkably similar. They comprise overall 4 Ig 

domains, two of which compose the antigen binding groove, that accommodates 

processed peptides (see paragraph 1.3.4). The crystal structure of both HLA class I 

and HLA class II molecules has been resolved 
88,89 and shows strikingly similar 

features, with peptide residues in intimate contact to polymorphic amino acids in the 

groove (Figure 1.8). 

 

Figure 1.8: Crystal structure of HLA-A2 and HLA-DR3. 

Shown is a top view of the antigen binding groove of HLA-A2 with peptide (left panel; from 

Bjorkman 88) and HLA-DR3 with CLIP peptide (right panel; from Ghosh 89). 

 

 HLA function 1.3.4

HLA class I molecules are expressed on the surface of all nucleated cells and 

present peptides derived mainly from intracellular proteins to the T cell receptor 

(TCR) of cytotoxic CD8+ T cells. Moreover, certain HLA class I molecules especially 

for the B and C types are additionally sensed by activating and inhibitory killer cell 

immunoglobulin-like receptors (KIR) on NK cells and subsets of CD8+ T cells. The 

generation and loading of antigenic peptides onto HLA class I molecules is a 

complex process 90. Briefly, intracytoplasmic proteins are generated by proteasomal 

cleavage and next translocated into the endoplasmatic reticulum (ER) by an energy-

dependent process involving the transporter associated with antigen processing 

(TAP), an MHC encoded adenosine-triphosphate (ATP)-binding cassette protein. 

HLA class I molecules can exit the ER only in the trimeric form composed of heavy 

chain, light chain and peptide.  
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Nascent HLA class I molecules undergo glycolytic modifications in the Golgi 

apparatus before they reach the cell surface. MHC turnover half-lives are variable, 

ranging from undetectable to a few hours, and seem to be dependent on the cell type 

and the HLA locus, but not the allelic variation within that locus 91. Due to the closed 

shape of the antigen binding groove, peptides bound to HLA class I molecules have 

a restricted length of 9-10 amino acids, and are characterized by well-defined so-

called anchor residues in close contact with peptide binding pockets in the groove. 

HLA class II expression is in contrast restricted to certain, mainly hematologic, cell 

types with defined immune functions, in particular B cells, monocytes, macrophages 

and dendritic cells (DC), as well as activated but not resting T cells 92. Recently, HLA 

class II expression has also been described on a subpopulation of neutrophils 

homing to the gut 93. A number of hematologic malignancies deriving from these cell 

types, such as B cell leukemias and lymphomas, but also a certain fraction of 

myeloid leukemias do express HLA class II (see section 1.4). Restricted HLA class II 

expression is the result of transcriptional regulation by the class II MHC trans 

activator (CIITA), which co-regulates not only the classical HLA-DR, DQ and DP 

genes but also the non-classical HLA-DM and DOA (but not DOB) genes involved in 

peptide processing 94,95. Briefly, peptides loaded onto HLA class II molecules are 

derived mainly from extracellular proteins that are taken up by endocytosis or 

phagocytosis, cleaved by cathepsins in the lysosomal compartment and then 

translocated into the endosomal compartment dedicated to class II loading (MIIC). 

Nascent HLA class II molecules leave the ER as a nonameric complex with the 

Invariant Chain, which is cleaved in the MIIC to leave the minimal class II invariant 

chain peptide (CLIP) bound to the groove. CLIP is removed with the help of the 

chaperone HLA-DM, which favors binding of high affinity exogenous peptides. In 

certain cell types such as B cells and DC, the action of HLA-DM is antagonized by 

HLA-DO, broadening the repertoire of class II presented peptides 
96. Due to the 

relaxed conformation of the HLA class II antigen binding groove, peptides are 

generally longer than for HLA class I, varying between 12 and 20 amino acids, and 

have less well defined anchor residues. HLA class II molecules are recognized by the 

TCR of CD4+ T cells, thereby triggering helper, regulatory and also in some cases 

cytotoxic functions. Unlike for HLA class I, receptors for HLA class II have not been 

described on NK cells to date. 
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The main function of HLA class I and II molecules is the orchestration of the adaptive 

T cell response to pathogens and tumor antigens. During thymic development, only T 

cells able to recognize peptide presented by self-HLA molecules are allowed to 

survive (positive selection). This process results in the phenomenon of self-HLA 

restriction, discovered by Zinkernagel and Doherty in 1974 
97, a fundamental finding 

in immunology for which they were awarded the Noble Price for Physiology and 

Medicine in 1996. The TCR repertoire is further shaped in the thymus by negative 

selection, a process during which T cells bearing TCR with very high affinity to 

peptides are eliminated. Together, positive and negative selection ensure the 

presence of efficient adaptive immunity to exogenous, reducing low the chances of 

autoimmunity.  

However, HLA molecules also mediate alloreactivity, a process by which non-self 

HLA is recognized by the cellular and/or humoral immune system (Figure 1.9). T cell 

alloreactivity is based on molecular mimicry with self-HLA restricted T cells cross-

recognizing mostly self peptides bound to foreign HLA antigens (direct alloreactivity). 

Moreover, polymorphic peptides derived from the foreign HLA antigens can also be 

processed, presented in the groove of self-HLA molecules and recognized by self-

HLA restricted alloreactive T cells (indirect alloreactivity). Finally, alloreactivity can 

also be mediated by T cells recognizing peptides derived from non-HLA polymorphic 

proteins encoded anywhere in the genome and presented in the groove of self-HLA 

molecules. These so-called minor histocompatibility antigens (miHA) are the only 

sources of alloantigens in completely HLA-matched transplantation 98. Humoral 

alloreactivity is mediated by antibodies recognizing polymorphic epitopes on non-self 

HLA molecules. These alloantibodies play a major role in solid organ transplantation 

and in partially HLA matched HSCT (see paragraph 1.3.6). 



Introduction 

19 

 

Figure 1.9: T cell alloreactivity to minor and major histocompatibility antigens. 

miHA are recognized by self-HLA restricted TCR specific for a polymorphic non-self peptide 

encoded anywhere in the genome. When the non-self peptide is derived from mismatched 

HLA, this is called predicted indirectly recognized HLA epitopes (PIRCHE) (adapted from 

Geneugelijik 99 and Nathan 100). 

 

 HLA nomenclature and tissue typing  1.3.5

Extensive molecular analysis of the HLA system has revealed that the extraordinary 

complexity at the genetic level of those closely linked genes is reflecting a very long 

and involved evolutionary history 82. Advantageous variants are under strong positive 

selection and rise to high frequencies rapidly. A common uniform nomenclature was 

established by the HLA Nomenclature Committee in 1968 and is being constantly 

adapted as new HLA variants are being discovered 79. The nomenclature for 

serological HLA antigens and for molecular HLA genes is different. Serological 

nomenclature describes HLA antigens and their so-called splits, i.e. subtypes 

recognized by a single broad serological antibody but different split antibodies, as 

defined by serological antibody testing (Serologic HLA typing). Serologic typing was 

the main technique for tissue typing until the 1990s, when molecular biology and 

PCR made their way into the diagnostic laboratories. Molecular HLA typing unraveled 

an unexpected degree of polymorphism, with up to over thousand different alleles 

able to code for the same serological antigen. Based on this, a molecular 

nomenclature was established, characterized by an asterix after the HLA locus 

designation and several fields behind it, indicating different levels of typing resolution 

(Figure 1.10).  
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Figure 1.10: HLA Nomenclature. 

HLA allele names have a unique number corresponding to up to four sets of digits separated 

by colons. The digits before the first colon describe the type, which often corresponds 

to the serological antigen followed by a set of digits used to list the subtypes 

(http://hla.alleles.org/nomenclature/naming.html) 101. 

 

Molecular HLA typing in the 1990s was based on PCR amplification of the exons 

encoding the most polymorphic HvR, i.e. exons 2 and 3 of HLA class I and exon 2 of 

HLA class II. Polymorphisms were subsequently revealed by sequence specific 

priming (SSP), sequence specific oligonucleotide probing (SSOP) and/or Sanger 

sequence based typing (SBT). A major problem with these methods is ambiguous 

typings resulting from the co-amplification of two different alleles (one from the 

maternal and the other from the paternal haplotypes) in a single PCR reaction. This 

problem has been largely overcome in the last decade by the adaptation of NGS 

protocols to HLA typing, in which millions of sequencing reads (20 Mio. by MiSeq 

Illumina) are produced in a single experiment through clonal amplification 102,103.   

NGS based HLA typing, introduced by now into the clinical routine of many 

laboratories, has revolutionized the field not only due to its ability to resolve 

ambiguities, but also to its high-throughput character. NGS typing has greatly 

increased our knowledge on the extent of HLA polymorphism, and the number of 

HLA alleles reported to the IMGT/HLA databases continues to increase (Figure 1.11). 

Most recently, NGS typing is being applied to full-length sequencing of the entire 

coding and  non-coding region of HLA genes, unraveling further polymorphism and 

opening the stage to the targeted analysis of HLA mutations as cause of diseases, 

for instance in the field of tumor immunology.  

http://hla.alleles.org/nomenclature/naming.html
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwif-YLProzYAhWRbFAKHePcBoUQjRwIBw&url=https://www.hemacare.com/resources/donor-criteria-screening-testing/hla-typing/&psig=AOvVaw0aUjA6xpg041m2NVjVIMms&ust=1513439226881097
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Since more than two decades, harmonization of tissue typing protocols and quality 

assurance are safe-guarded by the European Federation for Immunogenetics (EFI; 

www.efi-web.org) and the American Society for Histocompatibility and 

Immunogenetics (ASHI; www.ashi-hla.org) through dedicated programs of laboratory 

accreditation.  

 

Figure 1.11: HLA allele numbers in the IPD-IMGT/HLA Database in relation to the 
development of tissue typing methodologies over time. 

The figure shows the increasing number of alleles for HLA class I (green bars) and class II 

(black bars), with the HLA typing methodologies in use in the different time eras (from 

https://www.ebi.ac.uk/ipd/imgt/hla/ 86).  

 

 HSCT donors by histocompatibility 1.3.6

The first description of the involvement of MHC genes in the rejection of allogeneic 

tumors was made by the British immunologist Peter Gorer in 1937 104. Some years 

later, the British scientist Peter Medawar showed that the rejection of allogeneic skin 

grafts was mediated by a specific immune response 
105, an observation honored by 

the Nobel Prize in Physiology and Medicine in 1960. A few years later, Peter Gorer 

and the American geneticist George Snell described for the first time 

histocompatibility antigens (H-2) in mice responsible for allograft rejection 106.  

http://www.efi-web.org/
http://www.ashi-hla.org/
https://www.ebi.ac.uk/ipd/imgt/hla/
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Later Snell received the Nobel Prize in Physiology and Medicine for the discovery of 

histocompatibility antigens together with Jean Deausset and Baruj Benacerraf (see 

chapter 1.3.1). The work of Donnall Thomas in the early 1960s established that 

successful engraftment of allogeneic BM in dogs was possible in littermates but not 

in completely unrelated animals. This reflected genotypic identity for MHC antigens 

discovered a few years earlier. Consistently, the first patients to receive allogeneic 

BM were transplanted from genotypically HLA identical siblings, i.e. siblings who had 

inherited the same copies of chromosome 6 carrying the MHC from each parent. By 

Mendelian rules, the probability for two siblings to be genotypically HLA identical is 

25%. In HLA-identical siblings, the only source of alloantigens are mHAgs encoded 

by polymorphic genes anywhere in the human genome (see paragraph 1.3.4). These 

alloantigens are the targets of alloreactive donor T cells causing GvHD after HSCT; 

however the same T cells mediate also GvL, reducing the risk of malignant disease 

relapse. In contrast, allogeneic targets and GvHD are absent in monozygotic twins 

matched for all mHAgs as well as for HLA antigens, however, the risk of disease 

relapse is also higher after twin transplantation (Figure 1.12) 107. 

 

 

Figure 1.12: Kaplan Meier probability of leukemia relapse according to genetic 
disparity, T cell depletion and the development of GvHD.  

The probability of leukemia relapse after allogeneic HSCT is higher for geno-identical twins 

compared to HLA-identical sibling donors. For the latter, the risk of relapse is increased by 

the use of T cell depletion, and by the absence of GvHD (from Horowitz 107). 
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Therefore HLA-identical siblings remained the predominant graft source until the 

1990s. However, only 25% of patients in need of HSCT have this type of donor 

available. When in 1979, the first successful BMT from an HLA-matched unrelated 

individual was performed at the Fred Hutchinson Cancer Center in Seattle 
108 the first 

registries of volunteer donors were created during the 1980s both in the USA and in 

Europe, and to date count on over 30 million donors world-wide (www.bmdw.org). To 

date, HSCT from matched unrelated donors (MUD) have outnumbered those from 

HLA-identical sibling donors. Also in MUD, mHAg are generally present as targets of 

T cell alloreactivity leading to GvHD and GvL. However, far more frequent are 

mismatches at the HLA class II DP locus which is in low LD with DR and DQ (which 

instead are in strong LD between each other), and is also tolerated, since it gives rise 

to less vigorous T cell alloresponses than mismatches at HLA-DR. Also HLA-DQ 

mismatches are generally well tolerated. In contrast, it has been shown that the 

probability of survival after unrelated HSCT decreases by about 10% with every HLA 

mismatch at HLA-A,B,C or DR 
109 (Figure 1.13).  

 

Figure 1.13: Impact of HLA matching on overall survival after unrelated HSCT. 

Shown is the Kaplan Meier probability of survival for patients stratified according to the 

degree of HLA matching (8/8, 7/8, and 6/8) for HLA-A, -B, -C, and -DRB1(from Lee 109). 

 

According to the ethnic group of origin, the probability for a patient to find a MUD 

compatible for both alleles at the 4 loci HLA-A,B,C,DR (8/8 matched MUD), or at the 

5 loci HLA-A,B,C,DR,DQ (10/10 matched MUD) varies greatly between 30 and 90% 

110. Therefore, MUD mismatched for 1 or more HLA alleles often have to be accepted 

(so-called mismatched MUD; MMUD). Over recent times, the use of MMUD has 

decreased in favor of family donors mismatched for an entire HLA haplotype 

(haploidentical donors). As discussed in paragraph 1.1.2, haploidentical HSCT 

became possible in the 1990s with the advent of G-CSF for the mobilization of 

http://www.bmdw.org)/
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PBSC, which enabled the administration of mega-doses of HSC to overcome the 

histocompatibility barrier 12. Initially however, these transplants were associated with 

high risks of infection and NRM, since they had to be performed in the presence of 

profound T cell depletion, leaving the patient immune system incompetent for a 

prolonged period of time. In 2006, a new type of GvHD prophylaxis based on the 

administration of cyclophosphamide in the early phases post-transplantation, 

pioneered at the John Hopkins University in Baltimore, paved the way for successful 

HSCT from haploidentical donors in the presence of T cells (T cell replete HSCT) 111. 

Clinical results of this transplant modality appear similar to those obtained by 

matched MUD HSCT 112, and prospective randomized trials are under way to more 

definitely establish their relative efficacy. Haploidentical HSCT is an attractive option 

especially for low income countries due to the donor availability for nearly every 

patient and its relatively lower cost. Based on this, the clinical use of haploidentical 

HSCT continues to increase, and has outnumbered transplantation from UCB 
13 

(Figure 1.14).  

 

Figure 1.14: HSCT activity in Europe and adjacent countries (1990-2015). 

Shown are the absolute number of sibling, haplo-identical, cord blood and unrelated first 

donor transplantations reported to the European Group of Blood and Marrow Transplantation 

(EBMT) over the years (from Passweg 13). 

 

The decrease in UCB HSCT reflects the limitations associated with HSC numbers, 

which often require the use of multiple UCB units for a given patient, and costs. 

Outcomes of UCB are however encouraging, with low rates not only of GvHD but 

also of relapse, suggesting that the superior content of naïve T cells in UCB grafts 

might mediate selective GvL, although the mechanism is still poorly understood.  
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This obvious advantage is however dampened by relatively high NRM rates reflecting 

delayed engraftment kinetics due to the generally low numbers of infused HSC. An 

overview of the different HSCT donor types, probabilities to identify them and 

frequent histocompatibility antigen mismatches is shown in Table 1.1.  

 

Table 1.1: HSCT donor types, probability of identification and histocompatibility. 

Donor Type Probability % Histocompatibility mismatches 

Genetically identical Twin NA None 

HLA-identical sibling 25 mHAg 

MUD 30-90$ mHAg, HLA-DP§ 

MMUD 40-95$ mHAg, HLA-DP§, 1-3 HLA alleles# 

Haploidentical family >95 mHAg, 1 HLA haplotype 

UCB 30-70$ mHAg, HLA-DP§, up to 4 HLA alleles# 

$
according to ethnic group of the patient; 

§
in >80% of pairs; 

#
HLA-A, B, C, DRB1, DQB1 alleles 

 

1.4 Leukemia and other hematologic malignancies 

 Classification and characteristics 1.4.1

Hematologic malignancies arise through uncontrolled proliferation of cells from either 

the myeloid or the lymphoid blood lineage and affect patients of all ages, including 

young adults and children. Historically, hematologic malignancies located mainly in 

the blood or in the lymphatic system were referred to as leukemias and lymphomas, 

respectively. Based on the WHO Classification of 2001, the modern division is more 

related to the cell lineage derivation of the tumor 113. Malignancies of the myeloid 

lineage include AML, MDS, and myeloproliferative disorders including chronic 

myeloid leukemia (CML), myelofibrosis and others. Neoplasms of the lymphoid 

lineage include ALL (which can be of B cell, T cell or NK cell lineage), Hodgkin and 

Non-Hodgkin lymphomas, CLL, plasma cell disorders (in particular multiple myeloma) 

and others. In children, ALL of B cell lineage is the most frequent type of blood 

cancer and has a relatively good prognosis by conventional treatment compared to 

adults (see paragraph 1.4.2). However, children can also be affected by other types 

of hematologic malignancies including AML which has a severe prognosis 114. 

Generally, the incidence of blood cancers increases with age, whereby CLL 

represents the most frequent malignancy in the elderly, outnumbering any other type 

of solid tumors.  
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Due to their easy accessibility, hematologic malignancies are among the best 

studied. Nonetheless their biology is still only partly understood. They are frequently 

characterized by chromosomal translocations, which in part are pathognomonic for 

the disease, and which may or may not be causative drivers of tumorigenicity. 

Chromosomal rearrangements also provide an excellent tool for the targeted follow-

up of treatment response by molecular tracing of the disease-specific marker (MRD). 

Monitoring of MRD can be based on different technological platforms including 

cytogenetics, fluorescence in situ hybridization (FISH), endpoint or nested PCR, 

qPCR, ddPCR, and NGS. In certain cases, specific drugs counteracting the function 

of molecules expressed in association with the chromosomal rearrangement have 

been instrumental for the design of new and very efficient targeted therapies (see 

paragraph 1.4.2.3). 

 

 Treatment 1.4.2

The prognosis of hematological malignancies varies greatly with disease type and 

patient characteristics. For instance, non-aggressive CLL arising from a mature B cell 

clone characterized by the presence of immunoglobulin hypermutation has an 

excellent prognosis without any type of interventional treatment (“wait and watch”) 

and often does not limit the life expectancy of the generally old patients it affects. In 

contrast, other hematologic malignancies such as certain types of acute leukemias 

have a dismal prognosis and can be cured only by immune intervention through allo-

HSCT or targeted therapies.  

1.4.2.1 Conventional treatment  

Conventional treatment consists in high dose chemotherapy and, in the case of 

certain lymphomas, radiotherapy of affected sites. Chemotherapy can be combined 

with monoclonal antibodies (mAb) against molecules expressed by the tumor, for 

instance the CD20-specific mAb Rituximab for the treatment of B cell lymphomas. 

Chemotherapy is divided into induction and consolidation treatment. The aim is to 

achieve complete remission (CR1) after induction therapy. If relapse occurs and a 

second remission is induced (CR2), generally the prognosis worsens. It has also 

been shown that the biological and molecular features of the disease may change 

through chemotherapy, with relapse often resistant to the initial drugs used (see 

paragraph 1.4.2) 115. 
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1.4.2.2 HSCT 

A definitive cure by conventional treatment can be achieved only for a fraction of 

hematologic malignancies. The risk of relapse after conventional treatment is 

dependent both on biological features of the disease, with certain cytogenetic and 

molecular rearrangements defining high-risk disease profiles, and clinical 

characteristics such as the disease status at diagnosis. A potentially curative option 

can be offered to these patients by HSCT. Auto-HSCT is mainly an option for 

diseases not homing to the BM, since BM-derived HSC from the patient are re-

infused in this procedure. Auto-HSCT is therefore applied to diseases such as 

lymphoma or multiple myeloma, in order to enable the administration of MA high-

dose chemotherapy. For hematologic malignancies homing to the BM, and with a 

severe prognosis as defined above, allo-HSCT often represents the only possibility of 

definitive cure. This is not only due to the possibility of increasing the intensity of 

chemotherapy regimens as described for auto-HSCT, but foremost and importantly to 

the effect of immunotherapy mediated by the healthy donor immune cells versus 

residual tumor. For instance, in the case of high-risk AML in CR1, a significant 

advantage in long-term survival has been demonstrated in a matched-pair analysis 

(Figure 1.15) 116.  

 

Figure 1.15: Survival and relapse after conventional treatment or allo-HSCT for AML in 
CR1. 

Matched pair analysis of 200 patients in each group treated by conventional post-remission therapy 

(PRT) or allo-HSCT (alloSCT) for relapse-free survival (blue curves) or relapse incidence (red curves) 

(from Stelljes 
116

). 
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However, as discussed in paragraph 1.3.6, the target molecules of GvL are often 

also expressed on healthy tissues of the patient, and GvHD accompanies GvL in 

many cases. GvHD and infectious events related to post-transplant immune 

suppression determine the toxicity of allo-HSCT which is directly associated with 

NRM. Moreover, despite allo-HSCT, disease relapse occurs in approximately one 

third of the patients and represents the major cause of death after day 100 post-

transplantation 16,117 (Figure 1.4). Although survival is better when relapse occurs late 

after HSCT, the prognosis is overall dismal, especially in the first two years after 

transplantation (Figure 1.16). 

 

Figure 1.16:Survival by time from allo-HSCT to AML relapse. 

Evaluated survival of AML patients relapsing after alloHCT of 1788 pediatric and adult AML 

CR1 & CR2 patients relapsing post-transplant (1990-2010) after a median follow up of 39 

month (range, <1-193).  229 patients (13%) survived 5-years, 3% (95% CI 2-5%) for patients 

relapsing within 6month, 11% (95% CI 8-14%; p<0.0001 comparing to <6 month) for 6month-

2years, 21% (95% CI 14-28%; p<0.0001 comparing to <6 month) for 2-3years and 31% 

(95% CI 23-39%; p<0.0001 comparing to <6 mo) for ≥3years (from Bejanyan 118). 

 

Treatment of relapse should commence as early as possible, i.e. ideally when it is 

still at a molecular or cytogenetic state. For this reason, the availability of sensitive 

methods to detect imminent relapse is of paramount importance. These include 

tracing of MRD markers as well as, in particular if no disease specific markers are 

available, patient-specific chimerism markers as discussed in paragraph 1.4.2. The 

first treatment modality of molecular or cytogenetic consists in down tapering of 

immune suppression, accompanied by DLI if possible, to increase GvL. However, 

this exposes the patient also to increased risks of GvHD. To reduce this risk, DLI 

genetically modified to express suicide genes, which can be pharmacologically 

activated after infusion in case of need, have been pioneered since 1990 117,119,120.  
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In 2016, T cells engineered with the thymidine kinase (TK) suicide gene were the first 

to receive approval by the European authorities as a pharmacological immunogene 

therapy under the name Zalmoxis®. Other suicide platforms including the use of 

inducible Caspase 9 35 are also entering the clinics. In case of overt hematological 

relapse characterized by the presence of more than 5% blasts in the BM and/or PB, 

treatment consists in re-induction chemotherapy and possibly a second HSCT, if the 

patient is fit for this option. In 2015, re-transplantation amounted to 1272 (7.4%) of 

the total 17,302 allo-HSCT reported to the EBMT 13. Targeted drugs including mAb 

against tumor-specific antigens and tyrosine kinase inhibitors (TKI) if applicable are 

also an option, as well as hypomethylating agents such as azacytidine (Aza) which 

might act by changing the transcriptional landscape through epigenetic modifications 

121,122. Although certain features such as diagnosis and disease status at transplant 

are associated with the risk of relapse after allo-HSCT, many of the biological causes 

for its occurrence remain obscure, and studies aimed at shedding light onto this 

question are urgently warranted to design new strategies for its prevention and cure. 

 

1.4.2.3 Novel treatment modalities 

Despite the superior efficacy of allo-HSCT compared to conventional treatment to 

cure high-risk hematologic malignancies, toxicity and mortality associated with 

infection and GvHD remains high, fueling interest in the search for alternative 

treatment modalities. TKI were among the first targeted therapies to make their way 

into the clinical practice. In particular, TKI imatinib (Gleevec) was successfully 

introduced in the beginning of the 2000s to treat CML and other Philadelphia 

chromosome-positive malignancies with constitutive activation of the Abelson murine 

leukemia viral oncogene homolog 1 (abl) tyrosine kinase through fusion with the 

break point cluster region bcr 123. This revolutionized indications for allo-HSCT, which 

had been dominated by CML in the 1990s, whereas today CML is transplanted 

mainly in case of the onset of TKI resistance after treatment with the drug (i.e. 

imatinib) and represents only 2% of the overall indications for allo-HSCT 124 (Figure 

1.2). Similarly, a reduction in the transplant rates for CLL was reported in 2015, 

possibly reflecting new kinase inhibitors and bcl2 inhibitors developed to treat CLL 13. 

In the last few years new modalities of specific targeted immunotherapy have been 

developed by the use of chimeric antigen receptor (CAR) T cells and bi-specific 

antibodies.  
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These have the potential of providing selective tumor surveillance without the toxic 

side effects of allo-HSCT. Both rely on the use of the antigen recognition site of a 

mAb recognizing a tumor cell surface molecule with CD19 for B cell malignancies 

being one of the best explored target molecules. For CAR, the antigen recognition 

site is linked to a co-stimulatory molecule and the signaling domain of the T cell 

receptor, leading to potent activation of T cells transduced with the CAR upon 

encounter of the antigen on tumor cells. Bispecific antibodies promote T cell 

activation through crosslinking of CD3 on T cells via their second antigen binding 

domain. Both CAR and bi-specific antibody therapy have entered the clinics for the 

treatment of Hodgkin lymphoma and other CD19+ B cell malignancies with very 

promising results 125. The initial enthusiasm was however dampened by the relatively 

short duration of clinical response rates, which are often limited to months. The 

complex reasons for this include problems related to the persistence of transduced 

CAR T cells, as well as tumor immune escape variants through down-regulation of 

the CD19 target molecule. Moreover, also CAR T cell therapy is not without toxicity, 

as it can be associated with a severe and even potentially life-threatening condition 

called cytokine release syndrome (CRS). CRS occurs within days after treatment and 

is caused by overactivation of the infused cellular product. Another problem is the 

time and costs related to the personalized production of an autologous CAR product 

for every patient. Endeavors to generate universal CAR T cells from third party 

donors are under way. However, efficient means will have to be found to prevent 

their elimination by the patient immune system. CAR T cell and bispecific antibody 

therapy holds promise both, as bridge to transplantation and as potential treatment of 

imminent or overt post-transplant relapse. 

An additional new treatment modality of great promise is the use of so-called 

checkpoint inhibitors (CPI), i.e. mAb directed against inhibitory molecules on T cells 

or their respective receptors on tumor cells, including ipilimumab (anti-CTLA-4), 

nivolumab (anti-PD1) and atezolizumab (anti-PDL1). These antibodies unleash the 

patient’s T cell response and have the advantage of not targeting a defined antigen 

on the tumor. But they activate polyclonal responses by reducing the risk of immune 

escape. While CPI are being successfully applied for the treatment of different solid 

tumors including melanoma and lung cancer, their use in hematologic malignancies 

is only at the beginning. They are also being considered for treatment of relapse after 

allo-HSCT, which however is associated with an increased risk of concomitant 

GvHD.  
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 Clonal evolution and immune escape 1.4.3

Leukemia has been shown to have a hierarchical architecture, with the most 

immature leukemic stem cells (LSC) at the apex fueling proliferation of the progeny in 

the tumor mass 126. Durable cure thus depends on the capacity of a given treatment 

to eliminate all LSC, which may be composed of different subclones. LSC evade the 

host protection process by acquisition of somatic mutations and maintain the key 

stem cell properties of self-renewal, extensive proliferative and differentiative 

potential 127-129. AML is not amongst the tumors with the highest mutation rates 130, but 

comparison analysis of samples at diagnosis and at relapse showed complex 

changes in karyotypes, gene aberrations, downregulation of co-stimulatory or HLA 

molecules 
127 131. Genomic instability and selection of pre-existing subclones is likely 

one aspect of the evolution of therapy resistance. However, the understanding of the 

biological processes generating these mutations is limited. 

The hypothesis that accumulation of >2 mutations is needed for cancer formation 

was first proposed by Knudson in 1971 
132.  Genes involved in the pathogenesis of 

cancer act by two general mechanisms: the structural alteration of a normal gene 

(proto-oncogene) to generate a novel gene (oncogene) and the loss or inactivation of 

onco-suppressor genes involved in the regulation of cell cycle or apoptosis 133. The 

first mechanism of leukemia transformation relates to protein products which are 

usually involved in cellular proliferation, differentiation, or survival and the second to 

evade growth control and tumor suppression. This explains certain genetic and 

chromosomal abnormalities involving oncogenes such as p53 N-ras DEK/CAN bcl-2 

and PML 133 ,which have been correlated with specific types of leukemia.  

Clonal evolution of leukemia relates to the concept of Darwinian Theory of evolution; 

natural selection and survival of the fittest, means that leukemic cells with heritable 

traits better suited to the environment of the transplanted immune system will survive 

in an immunosuppressive environment. Shankaran and Dunn 134,135 showed by the 

use of in vivo models that the immune system is not only protective against tumor 

formation but also selects specific tumor variants with reduced immunogenicity. 

These findings led to the idea of three essential phases of cancer immune editing: 

Elimination, Equilibrium and Escape 
134. 
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Elimination: This is the first step needed for eradication of developing tumor cells, 

which includes the innate (by inflammatory cytokines, activated effector cells and 

amplification by more pro-inflammatory cytokines) and the adaptive immune 

response (NK cells that promote maturation of DCs which in turn are driving clonal 

expansion of CTLs). Equilibrium: Cells that survive elimination enter a phase of 

equilibrium. In this phase the interaction with the adaptive immune system sculpts the 

immunogenicity of the tumor cell. Escape: Cells acquire the ability to evade immune 

recognition by many different mechanisms such as HLA class I alterations and 

establishment of an immunosuppressive microenvironment.  

Since there is constant immune pressure that forces residual leukemia cells to 

undergo clonal progression, AML relapse and resistance after chemo and/or HSCT 

are caused by genetic and epigenetic events that are frequently derived from 

subclones not present at diagnosis (Figure 1.17) 136. Li Ding and colleagues 

compared AML at diagnosis and at relapse after chemotherapy and found that while 

diagnosis was composed of several subclones characterized by different somatic 

mutations recurrent in AML and relevant for pathogenesis, a single subclone 

emerged after chemotherapy, which had acquired additional somatic mutations which 

probably provided a selective advantage 136.  

 

Figure 1.17: Clonal evolution in relapsed AML. 

Graphical representation of clonal evolution from the primary tumor to relapse in a 

representative patient and patterns of tumor evolution observed in the primary tumor and at 

relapse (from Li Ding 136). 
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Immune escape is a special form of clonal evolution, whereby the tumor cell acquires 

specific alterations that interfere with immune surveillance, and play a special role in 

relapses after tumor immunotherapy, which puts the neoplastic cells under specific 

immunological pressure. However, immune escape mechanisms have also been 

described in patients not treated by immunotherapy, protecting the tumor from 

elimination by the patient’s autologous immune system. It is well established that 

many tumors establish a tolerogenic environment, for instance by the secretion of 

certain immune suppressive cytokines or by up-regulation of specific ligands 

interacting with inhibitory receptors on immune cells (the latter is at the basis of the 

success of CPI in treating certain types of tumors, see paragraph 1.4.2.3). A central 

molecule for antigen presentation and recognition is HLA, and not surprisingly have 

genomic or phenotypic alterations of the MHC and antigen-presenting machinery 

been frequently observed in solid tumors 
137-140. These alterations include loss of 

single HLA alleles as well as haplotype loss (loss of heterozygosity; LOH). LOH 

frequently oncurs by deletion of one haplotype and subsequent duplication of the 

other, a process called uniparental disomy (UPD) 141,142. Total HLA loss by tumor 

cells has also been described, however this event is rare since HLA class I negative 

cells are generally eliminated by NK cells due to lack of inhibition by inhibitory 

receptors specific for HLA class I ligands on these cells 143. Recently, somatic 

neomutations in HLA class I genes have been described as an additional mechanism 

for loss of function alterations in solid tumors 140. 

In the context of allo-HSCT, the first description of selective loss of mismatched HLA 

by relapsing leukemia was reported by Grosse-Wilde and colleagues, who showed 

as early as in 1987 that a patient relapsed with specific loss of mismatched HLA six 

years after BMT 144. This finding was more recently confirmed by Vago and 

colleagues who demonstrated selective genomic loss of the mismatched HLA 

haplotype (“HLA loss”) by AML relapsing after haploidentical HSCT 142. The 

underlying mechanism was UPD encompassing the entire short arm of chromosome 

6, including the MHC leading to the evasion from donor T cell immune control and 

clinical relapse (Figure 1.18) 142,145.  
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Figure 1.18: Selective loss of mismatched HLA by AML relapsing after haploidentical 
HSCT. 

(a) Comparative SNP array analysis of leukemia at diagnosis and relapse showed UPD 

encompassing the entire short arm of chromosome 6 including the MHC (in yellow), in the 

presence of normal copy number variation (CNV). (b) Selective HLA loss abrogates 

recognition by alloreactive donor T cells, which continue to recognize leukemia at diagnosis. 

Leukemia at relapse is recognized by third party T cells alloreactive against the residual HLA 

haplotype, thereby demonstrating specificity of the evasion (from Vago 
142). 

 

Since then HLA loss relapses were described after haploidentical transplantation by 

different groups 
146-149, and in different clinical platforms used for haploidentical HSCT 

including GvHD prophylaxis by PT-Cy 147. The emerging picture is that this type of 

immune escape is at the basis of one third of leukemia relapses after haploidentical 

HSCT 150,151. Interestingly, risk factors for HLA loss relapse were related to immune 

pressure by transplantation, namely the presence of GvHD prior to relapse and the 

number of T cells infused. Moreover, the median time to relapse was significantly 

longer for HLA loss compared to “classical” relapses (94 vs 300 days post-transplant, 

respectively), probably reflecting the time required for clonal evolution and outgrowth 

of the HLA loss variant.  

The incidence of HLA loss relapse after HSCT from HLA mismatched donors other 

than haploidentical family members is less well understood. Sporadic reports of its 

occurrence in the 9/10 MMUD setting as well as after HLA-identical sibling 

transplantation have been published 
150,151, but its overall incidence and risk factors 

in these settings, as well as after 10/10 matched MUD and UCB transplantation, is 

unknown.  
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Similar to “classical” relapses, the outcome of HLA loss relapses is poor. Importantly, 

the efficacy of the standard relapse treatments, i.e. down-tapering of immune 

suppression and DLI, is severely hampered by the very presence of HLA loss, since 

the mismatched HLA targets of T cell alloreactivity are eliminated (Figure 1.18). This 

strongly shifts the risk-benefit ratio of DLI versus toxic GvHD, since the HLA 

mismatches are preserved on healthy tissues. Knowledge about the presence of HLA 

loss relapse is therefore not purely academic, but has direct and important 

implications for clinical decision making. If possible, the patient should be offered a 

second transplant from an alternative haploidentical donor mismatched for the 

haplotype that is preserved by the HLA loss leukemia (Figure 1.19). Interestingly, it 

was shown that patients, who were treated by a second transplant for leukemia 

relapse after haploidentical HSCT had a significant survival advantage when the 

donor of the second transplant was mismatched for the other haplotype with respect 

to the first (Figure 1.19) 152. In addition to a second transplant from an alternative 

haploidentical donor, treatment options for these patients should be explored 

amongst the new therapies, such as the infusion of non-HLA restricted donor 

immune cells such as NK cells or  Tcells, or the application of CAR T cells or bi-

specific antibodies (see paragraph 1.4.2.3). 

 

Figure 1.19: Treatment of HLA loss relapse by second HSCT from an alternative 
haploidentical donor. 

(a) Rationale for the efficacy of HLA loss relapse treatment by a second HSCT from a donor 

haploidentical to the patient’s other haplotype (in red; second haploidentical donor), 

compared to a donor haploidentical to the same haplotype as before (in blue; first 

haploidentical donor) (from Vago 153). (b) Probability of overall survival after treatment of 

post-transplant relapse with a second HSCT from a donor haploidentical for the other (“New 

haplotype”) or the same (“No new haplotype”) haplotype (from Imus 152).  
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Based on these considerations, routine evaluation of the presence or absence of 

HLA loss relapse, and possibly its early detection in a status of molecular rather than 

overt hematological relapse, is clinically desirable. However, it is difficult to 

implement such methodologies for most centers because of methodological and 

interpretative hurdles. Detection of this condition has to be based on comparative 

quantification of patient-specific genomic polymorphisms outside and inside the HLA 

system. This is currently done by separate techniques with different sensitivities, 

such as STR for polymorphisms outside HLA (conventional chimerism analysis, see 

paragraph 1.4.2), and SSOP or genome-wide SNP arrays for polymorphisms inside 

the HLA (HLA typing methods, see paragraph 1.4.3). The sensitivity of these 

methods is limited to 1-5%, and reliable information on the presence or absence of 

HLA loss can only be obtained from purified leukemic blasts, which in turn can be 

sorted only in the presence of overt hematologic relapse. Moreover, these 

cumbersome techniques are not amenable to routine diagnostics, reserving the 

detection of HLA loss to retrospective analysis in highly specialized research 

laboratories. The development of sensitive and reliable methods for the detection of 

HLA loss in a single, user-friendly assay suitable for application in the clinical routine 

represents therefore an unmet medical need. Moreover, high-throughput analysis of 

HLA loss by NGS-based methods is an equally relevant pre-requisite to the 

establishment of international collaborative efforts aimed at elucidating the incidence 

and risk factors of this condition in transplant settings other than haploidentical 

HSCT, including MUD, MMUD and UCB. 
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2. Aim 

Leukemia relapse is the most frequent cause of treatment failure of allo-HSCT. After 

HSCT from haploidentical donors, it is frequently caused by immune escape through 

selective genomic loss of the patient-specific mismatched HLA (HLA loss relapse). 

The timely diagnosis of this condition is relevant for adopting appropriate treatment 

strategies. However, accurate, sensitive and user-friendly assays amenable to the 

clinical routine are yet not available for this purpose. Moreover, high-throughput 

methods for its characterization in different and widely used transplant settings, 

including unrelated donor and cord blood transplants, are lacking so far. 

The aim of the present Ph.D. project was to close these gaps by:  

1) Investigating the utility of qPCR as an innovative tool for chimerism monitoring 

after HSCT (Ahci et al. Biol Blood Marrow Transplant 2017); 

 

2) Within that tool developing HLA allele-specific qPCR assays for the diagnosis 

of HLA loss relapse (Ahci et al., Blood 2017);  

 

3) Establishing new next generation sequencing based protocols for the high-

throughput detection of HLA loss relapses. 
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3. Materials and Methods 

3.1 Investigation of qPCR as a tool for chimerism monitoring 

 Patients and transplants 3.1.1

Thirty adult patients who received a first allo-HSCT mainly from unrelated donors for 

AML, ALL, or other malignancies between 2006 and 2013 at the University Hospital 

Essen were included in the analysis of qPCR for chimerism monitoring. Enrollment 

criteria included diagnosis, donor type, and the availability of several follow-up 

samples and their STR chimerism results. Patient, donor and transplant 

characteristics are shown in Table 4.1 (see page 49). All but 2 patients received MA 

conditioning, followed by infusion of unmanipulated donor PB stem cells and GvHD 

prophylaxis based on short course methotrexate and cyclosporine A for at least 210 

days. Immune prophylaxis included ATG (Fresenius; Neovii Biotech, Gräfeling, 

Germany) at a total dose of 60 mg/kg pre-HSCT in 19 patients. Transplants were 

performed after written informed consent, under clinical protocols approved by the 

Ethical Review Board of the University Hospital Essen, in accordance with the 

Declaration of Helsinki. 

 

 Clinical outcome endpoints 3.1.2

An overview of the clinical outcome of the thirty patients enrolled in this study is given 

in Table 4.2 (see page 50). The two primary clinical outcome endpoints were 

engraftment and disease relapse. Follow-up was recorded until January 29, 2015, 

with a median time of follow-up of 1504 days (range, 317 to 2981). Time to 

engraftment was defined as days post-HSCT needed for achievement of at least 500 

white blood cells per µL. Patients were considered informative for engraftment when 

follow-up samples were present from different time points in the first 210 days post-

HSCT and did not present with disease relapse during that time. Engraftment kinetics 

were classified as normal (i.e., sustained <0.1% patient chimerism on consecutive 

PB samples), delayed (i.e., sustained 0.1% to 1% patient chimerism on consecutive 

PB samples that eventually dropped below 0.1%), or persistent mixed chimerism 

(PMC) (i.e., sustained >1% chimerism on consecutive PB samples).  
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Hematologic and cytogenetic disease relapse was defined as at least 5% 

morphologic blast counts and the reappearance of previously detected clonal 

cytogenetic abnormalities, respectively. Patient samples were considered informative 

for relapse when at least 1 sample was present at most 180 days before relapse 

onset in patients who had achieved full donor engraftment before that time. 

 

 Post-transplant follow-up samples 3.1.3

All patient PB and BM aspirate samples were harvested in concomitance to routine 

diagnostic procedures and upon written informed consent approved by the University 

Hospital Essen Ethics Committee and stored at -20°C for further analyses. At least 5 

longitudinal PB or BM follow-up samples, drawn at different time points between day 

21 and day 2302 post-HSCT, were available for all patients, for a total of 459 

samples (364 PB and 95 BM). The number of samples and time spans of sample 

collection post-HSCT are shown for each patient in Table 4.2. Genomic DNA was 

extracted automatically from PB or BM using MagNa Pure LC 2.0 (Roche 

Diagnostics, Indianapolis, IN) according to the manufacture’s protocol. Concentration 

and purity was quantified by the NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE). 

 

 Chimerism testing by STR  3.1.4

All follow-up samples were routinely analyzed at the time of collection for 

hematopoietic chimerism (HC) by STR at the Department of Bone Marrow 

Transplantation of the University Hospital Essen, Germany. STR HC was performed 

by the MentypeChimera PCR Amplification Kit (Biotype Diagnostic GmbH, Dresden, 

Germany), which is based on 12 polymorphic autosomal STR loci, according to the 

manufacturer’s instructions. Results were analyzed for using the ABI PRISM 310 

Genetic Analyzer (Applied Biosystems, Foster City, CA). The input DNA was 1 ng, 

resulting in a positivity threshold of 1% as described 58 56 60 57 59. 
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 Chimerism testing by qPCR 3.1.5

All follow-up samples were retrospectively analyzed for HC by qPCR at the Institute 

for Experimental Cellular Therapy of the University Hospital Essen, Germany. qPCR 

HC was performed using the AlleleSEQR chimerism kit (Abbott Molecular, 

Wiesbaden, Germany) according to the manufacturer’s  recommendations. The kit 

covers 34 bi-allelic insertion-deletions markers spread over 20 different 

chromosomes.  

After screening, two patient-specific markers (positive in the patient but negative in 

the donor) were selected and analyzed in parallel, each in duplicate with <0.5 

standard deviation. HC percentages were determined using the delta-delta cycle 

threshold method comparing cycle threshold values of the insertion deletion in 

reference to those of an internal housekeeping gene, between the sample under 

analysis and the patient pre-transplant, as described 154. The final HC value was 

determined as mean values between the 2 separate assays (preferentially located on 

2 different chromosomes). The input DNA for each reaction was 100 ng, resulting in 

a positivity threshold of 0.1% as described 57
 
63.  

 

 Detection of CMV reactivation  3.1.6

Post-transplant CMV reactivation in the first 100 days post-HSCT was monitored by 

in-house immunofluorescence staining for the pp65 antigen as described 
155 in 22 

patients by a commercial qPCR kit for the CMV genome (Abbott Realtime CMV; 

Abbott Molecular) and for the remaining 8 patients, according to the manufacturer’s 

instructions. Thresholds for CMV reactivation were ≥25 positive cells per million PB 

cells for pp65 and ≥1000 copies for qPCR, as previously published 
28 63. 
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3.2 Development of HLA allele specific qPCR assays for the diagnosis 

of HLA loss relapses  

 Primer design  3.2.1

In this study, qPCR reactions were developed for frequent alleles of the loci HLA-A,  

-C and -DPB1 as listed in Table 4.5 (see page 62) and Table 4.6 (see page 63). 

Nucleotide sequences of the alleles reported for each of these loci were  

downloaded from the IMGT database (Release 3.27.0, 2017-01-20; 

http://www.ebi.ac.uk/ipd/imgt/hla/). Allele groups were defined and primer design was 

carried out using BioEdit biological sequence alignment editor version 7.2.5 

(http://bioedit.software.informer.com). Primers discriminating specific SNPs in the 

exon or intron of the selected HLA allele group at their 3’ end were evaluated using 

the NCBI-Nucleotide Blast (https://blast.ncbi.nlm.nih.gov/Blast) and Oligo Analyzer 

version 3.1 (https://eu.idtdna.com/calc/analyzer) softwares.  

 

 Genomic DNA Extraction 3.2.2

Genomic DNA was extracted from 2-5x106 cells (PBMC or BLCL) using the QIAamp 

DNA Blood Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s 

protocol. Concentration and purity was quantified by NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Purified DNA 

should have an A260/A280 and A260/A230 absorbance ratio between 1.7 and 1.9. 

 

 Technical validation of qPCR assays for HLA markers  3.2.3

Primers were first tested by conventional end-point PCR on positive and negative 

reference DNA and the amplicon sequence was verified by Sanger Sequencing. 

Primers were then tested in qPCR with SYBR green (Applied Biosystems, Life 

Technologies, California, USA) and finally with Taqman chemistry conditions using 

minor groove binding (MGB) probes, which are designed with 2 fluorophores: FAM 

and Quasar-670 (similar to Cy5). All qPCR reactions were carried out in technical 

duplicates on a 7500 Real-Time PCR System using the same qPCR conditions 

(reference gene, buffer, enzyme, thermal cycler settings) as for the commercial 

KMRtrack assays (GenDx, Utrecht, Netherlands). Data analysis was performed using 

the 7500 Software v2.3 (Applied Biosystems, Life Technologies, California, USA).  

http://www.ebi.ac.uk/ipd/imgt/hla/
http://bioedit.software.informer.com/
https://blast.ncbi.nlm.nih.gov/Blast
https://eu.idtdna.com/calc/analyzer
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Specificity testing was performed for each assay using 300ng input DNA from the 

panel of positive and negative reference DNA. Assays with multiple specificities were 

tested independently for each of the relevant HLA alleles or allele groups.  

Efficiency and sensitivity testing was performed for each assay using serial 5-fold 

dilutions in water or in negative reference DNA, respectively, starting from 100ng of 

input positive reference DNA per qPCR reaction with an end volume of 20 µL 

(according to commercial KMRtrack conditions). Amplification efficiency (E) of the 

qPCR reactions is the optimal value (here E=90-105%; meaning that an uninhibited 

PCR reaches a doubling of template DNA per cycle) calculated from the slope of a 

serial dilution via the formula: 

E(%) = 10 (-1/slope) , in which the slope characterizes the linearity of the standard 

curve.  

Maximal reproducible sensitivity was defined according to MIQE guidelines as the 

last dilution with a ΔCT of ≥3 between target positive and negative DNA 
156. “Artificial 

chimerism” was determined by assessing the percentage of chimerism on an artificial 

curve, positive reference DNA serially diluted into negative reference DNA, relative to 

undiluted positive reference DNA, according to the ΔΔCT formula:  

2-ΔΔCT x 100%, in which ΔΔCT equals to: 

(CT (marker chimeric) - CT (reference chimeric)) - (CT (marker undiluted positive) - CT (reference undiluted positive)).  

 

 qPCR assays for non-HLA markers 3.2.4

Non-HLA marker screening and chimerism analysis were performed using the 

commercial KMRtype and KMRtrack assays (GenDx, Utrecht, Netherlands), 

according to the manufacturer’s recommendations. The kit covers 39 bi-allelic 

markers spread over 20 different chromosomes. Briefly, patient-specific markers 

(positive in the patient but negative in the donor) were selected by KMRtype, using 

10ng of input DNA of patient or donor in 10 multiplexed assays. Chimerism 

quantification was performed in triplicate using 100ng of input DNA of the test sample 

post-transplant. The percentage of chimerism was calculated using the patient pre-

transplant DNA as reference, according to the ΔΔCT formula, as described above. 
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 HLA-typed reference DNA 3.2.5

A panel of 45 different HLA-typed reference DNAs was obtained from B 

lymphoblastoid cell lines (BLCL) or peripheral blood mononuclear cells (PBMC) of 

healthy blood donors. BLCL were purchased from the European Collection of 

Authenticated Cell Culture, or established from PBMC samples of healthy donors by 

standard procedures 157. PBMC were obtained from buffy coats of healthy blood 

donors referring to the University Hospital Essen, under informed consent and 

specific approval by the local ethical committee. HLA typing was performed by SSO 

and SSP at the Institute for Transfusion Medicine of the University Hospital Essen or 

Ospedale San Raffaele (OSR) in Milan, Italy according to EFI quality standards. The 

panel covered the most frequent relevant HLA types in worldwide populations, as 

listed in Supplementary Table 9.1 (see page 108). 

 

 Patient samples 3.2.6

The PB and BM aspirate samples used for the validation of the developed qPCR 

assays for HLA markers were obtained from patients who experienced HLA loss or 

classical relapse after haploidentical HSCT performed at the center of our 

collaborators at the San Raffaele Scientific Institute in Milan, Italy. All patient samples 

were harvested in concomitance to routine diagnostic procedures and upon written 

informed consent approved by the San Raffaele Ethics Committee. Genomic DNA 

was extracted using the Qiamp Blood Minikit (QIAGEN, Hilden, Germany), checked 

for purity using a NanoDrop spectrophotometer (Thermo Scientific, Franklin, MA, 

USA) and stored at -20°C for further analyses. All relapses under analysis had been 

previously characterized and shown by SNP arrays (Illumina Human CNV370-Quad 

BeadArray or Human660W-Quad BeadChip, Illumina) or sequence-specific 

oligonucleotide hybridization HLA typing (INNO-LiPA, Fujirebio Inc.) to be classical or 

HLA loss 142
 
158 151. 
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3.3 NGS for high throughput detection of HLA loss relapse  

 NGS workflow for HLA loss detection   3.3.1

NGS based detection of HLA loss relapse follows a standard NGS workflow with 

PCR reactions targeted to the different HLA loci, as described in Lange et al. BMC 

2013 159. The four main steps 1) DNA isolation and quantification, 2) Library 

preparation and quantification, 3) paired end sequencing on a MiSeq Illumina 

platform, 4) Bioinformatical data analysis are outlined in Figure 3.1 and described in 

the following.  

 

3.3.1.1 DNA isolation and quantification 

Genomic DNA extraction and quantification was performed as described in 

paragraph 3.2.2. 

 

3.3.1.2 Library preparation and quantification 

Library preparation followed the concept of two-step-nested dual indexing PCR as 

described in Lange et al. and outlined also in Supplementary Table 9.2159.  Briefly, a 

first locus-specific PCR amplification of  HLA-A,B,C,DRB1,DQB1,DPB1 exons 2-3 

was performed separately for each locus, using 20 ng of input genomic DNA each, 

using primers provided by the DKMS Life Science lab (Dresden, Germany). The six 

individual PCR products of a given sample were pooled to reach equimolar 

concentrations for each locus. Subsequently, a second index-PCR amplification was 

performed on the pooled amplicon template of each sample, using primers containing 

both the barcodes (sample identifiers) and the sequencing adapter for the Illumina 

flow cell. Both PCRs were performed using Roche High Fidelity Fast Start Kit 

(Roche, Basel, Switzerland). Finally, library preparation was completed by pooling 

the entire index PCR products of all samples. Library purification was performed 

using magnetic beads AMPure XP (Beckman Coulter, Brea, USA) with a ratio of 

0.7:1 beads to DNA, and quantified by Qubit fluorometric quantitation (Invitrogen, 

Thermo Scientific, Franklin, MA, USA). All pipetting was done manually, without the 

help of a pipetting robot. 
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Figure 3.1: NGS workflow for HLA loss detection. 

The workflow follows the 4 essential steps 1) DNA isolation and quantification, 2) Library 

preparation and quantification, 3) paired end sequencing on a MiSeq Illumina platform, 4) 

Bioinformatical data analysis, as described in Lange et al, BMC 2013.  

 

3.3.1.3 Illumina paired end sequencing 

Library amplicon pools were diluted 1:4000 in water and quantified by qPCR for flow-

cell adapter sequences using the AriaMx Real-Time PCR System (Agilent, Santa 

Clara, CA, USA). Sequencing reagents were added as recommended by Illumina 

(MiSeq Reagent Kit V2 – Reagent Preparation Guide), in addition to spike-in of 20% 

phiX (single-stranded bacteriophage DNA) to increase sequence variability. 

Sequencing reactions were loaded at 7.5 pM on a MiSeq flowcell for paired end 

sequencing reaction at 251 cycles 
159.  

 

3.3.1.4 Bioinformatical data analysis 

Raw data (FASTQ files) provided by the Illumina MiSeq system were analyzed by the 

DKMS proprietary NeXtype HLA typing Software, which is specifically adapted to 

paired-end amplicon sequencing. Briefly, NeXtype assigns HLA types on the basis of 

consecutive steps consisting in primer recognition, allele matching, result 

classification, exon combination, result rating, and user interaction.  
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HLA reference sequences were derived from the IMGT/HLA database 159. For HLA 

chimerism analyses, any filter excluding allele calls with low read numbers were 

removed. Chimerism was assessed by direct counting of the read numbers for 

patient-specific alleles relative to donor-specific alleles, after subtraction of the non-

specific read numbers in 100% donor and 100% patient DNA, respectively. 

 

 HLA typing validation by NGS 3.3.2

Technical validation of high resolution HLA typing was carried out on 2nd field HLA-A, 

B, DRB1, and DPB1 typing by the above-described NGS typing system according to 

Lange et al., BMC 2013. The average read-depth for HLA typing was 780 reads per 

base. HLA typing results were compared with those obtained on the same samples 

by standard intermediate or high resolution SSO and SSP performed at the Institute 

for Transfusion Medicine of the University Hospital Essen according to EFI 

accreditation standards. 22 HLA-typed control BLCL and 334 DNA samples from 

patients and their unrelated, 9-10/10 HLA-matched stem cell donors were included 

for validation. BLCL used in this study were purchased from ECACC, or established 

from PBMC samples of healthy donors using standard procedure 
157.  

 

 HLA chimerism assessment by NGS 3.3.3

Sensitivity testing and HLA chimerism assessment was performed for each HLA 

locus by subjecting chimeric DNA to HLA typing according to the protocol described 

in paragraph 3.3.2. The average read depth for HLA chimerism assessment was 

however several-fold higher, i.e.  at least 5000 reads per base.  

For the validation, serial dilutions of genomic reference DNA extracted from PBMC of 

unrelated healthy individuals with different HLA typings (artificial chimeric DNA) were 

generated at 100%, 60%, 30%, 10%, 5%, 1%, and 0.1% (Table 4.8). For the analysis 

of HLA loss relapses, DNA from relapse samples post-transplantation were analyzed 

in an analogous way.  
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 Patients and donor samples 3.3.4

Thirty-four adult patients who experienced hematologic relapse (<5% morphologic 

blast counts) after receiving a first allogeneic HSCT mainly from unrelated donors for 

AML, ALL, or other malignancies between 2006 and 2016 at the University Hospital 

Essen, Germany, were included in the analysis. Enrollment was based on the 

presence of a positive (>5%) result in chimerism analysis by qPCR as described in 

paragraph 3.2.4, performed under EFI accreditation standards at the Institute for 

Transfusion Medicine of the University Hospital Essen, in at least one of the samples 

obtained at or less than 6 months prior to relapse and the availability of genomic 

DNA from that sample for 21 patients. The remaining 13 patients had a chimerism 

>5% evidenced by STR as described in paragraph 3.1.4 prior to relapse, with DNA 

available from the relevant sample. Moreover, all patients had at least one HLA 

mismatch in the graft versus host (GvH) direction (i.e. an HLA allele present in the 

patient but absent in the donor). Patient and donor characteristics, including 

diagnosis, HLA matching status, time to relapse and percent chimerism outside HLA 

and inside HLA by NGS are shown in Table 4.8 and 4.9 (see pages 74 and 76). All 

samples were harvested in concomitance with routine diagnostic procedures and 

upon written informed consent under clinical protocols approved by the Ethical 

Review Board of the University Hospital Essen, in accordance with the Declaration of 

Helsinki.  
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4. Results  

4.1 Clinical utility of qPCR chimerism and engraftment monitoring 

Although qPCR has been explored for hematopoietic chimerism (HC) monitoring 

after allo-HSCT, evidence regarding its clinical utility compared with standard STR is 

still limited. Here we comparatively studied commercial STR and qPCR chimerism for 

the follow-up of allo-HSCT, and the association with clinical outcome endpoints. 

 HSCT characteristics and outcome 4.1.1

The study included 30 adult patients who received a first allo-HSCT for the cure of 

mostly AML and ALL at the University Hospital Essen between 2006 and 2013, and 

had a total of 459 retrospective longitudinal follow-up samples available. Patient, 

donor and transplant characteristics are shown in Table 4.1. Enrolment criteria were 

the availability of genomic DNA from at least 5 follow-up samples post-

transplantation with the respective STR chimerism result, and the first transplantation 

from an HLA matched (mostly MUD) donor for a hematologic malignancy. Monitoring 

of tumor-specific molecular MRD markers could not be systematically included in the 

analysis, because it was performed only on sporadical samples, but was used to help 

in the outcome analyses for the clinical endpoint relapse where possible (see below). 

Transplant characteristics were homogenous for conditioning regimen and GvHD 

prophylaxis except for the use of ATG, which was administered in 19 of 30 patients.  

The HSCT outcome characteristics as well as information on the longitudinal follow-

up samples analyzed are presented in Table 4.2. The median time of follow-up was 

1504 (317-2981) days. At last follow-up, 20 patients were alive and in complete 

remission, whereas the remaining 10 patients had died of non-relapse mortality or 

relapse.  
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Table 4.1: Patient, donor and transplant characteristics. 

UPN # Disease Diagnosis, 
Stage 

Don Type, HLA 
Matching 

Pt-Don 
Sex 

Pt-Don CMV 
Serostatus 

Conditioning 
Regimen 

Date HSCT 

2475 AML M2, CR1,  MUD 9/10 M - M neg - pos MA
a,c

 09.10.2007 
2696 ALL (pre-T), CR1 MUD 10/10 M - M pos – neg MA

b,c
 20.01.2009 

2765 ALL (pre-T), CR1 MUD 10/10 F - F pos - neg MA
b,d

 09.06.2009 
2819 AML M0–MDS, persistent MUD 10/10 M - M neg - neg MA

b,c
 03.10.2009 

2920 AML M2, CR2 MUD 10/10 F - F neg – neg MA
b,c

 04.05.2010 
2951 AML M2, CR1 MUD 10/10 M -M pos – neg MA

b,c
 02.07.2010 

2984 MDS, persistent MUD 9/10 M - M neg – neg MA
b,c

 13.09.2010 
2988 AML M2, CR1 MUD 10/10 F - F neg – neg MA

b,c
 16.09.2010 

3031 AML M2, CR1 MUD 9/10 M - M neg – neg MA
a,d

 25.11.2010 
3052 AML M4, CR2 MUD 9/10 F - F neg – pos MA

b,c
 04.01.2011 

3072 ALL, CR>2 MUD 10/10 M - M pos –neg MA
b,d

 17.02.2011 
3119 AML, CR1 MUD 10/10 F - F neg – pos MA

b,c
 26.05.2011 

3149 AML M4, Relapse MUD 10/10 M - M pos – neg MA
b,d

 25.07.2011 
3351 AML M2, CR1 MUD 10/10 M - M neg – pos MA

a,c
 21.08.2012 

2435 AML M5b, PR2 MUD 10/10 M - M neg – neg MA
a,d

 11.07.2007 
2909 AML M2, CR2 MUD 10/10 F - F pos – neg RIC 13.04.2010 
2942 AML, CR1 MUD 10/10 M - M pos – neg MA

a,d
 22.06.2010 

3222 AML M6, CR1 MUD 10/10 M - M pos – pos MA
a,d

 28.11.2011 
2738 AML M6, CR1 MUD 9/10 M - M neg – pos MA

a,c
 15.04.2009 

2848 AML M1, CR1 MUD 10/10 M - M neg – neg RIC 31.11.2009 
3457 AML M4, CR1 MUD 10/10 F - F pos – neg MA

b,c
 25.03.2013 

2265 AML M0, CR1 MUD 10/10 M - M neg – neg MA
b,c

 28.06.2006 
2304 ALL, CR1 MUD 10/10 M -M pos – neg MA

a,c
 19.06.2006 

 2314 AML M0, CR1 MUD 9/10 M - M neg – neg MA
b,d

 06.10.2006 
2322 AML, CR1 HLA-id. sib F -F neg – pos MA

a,d
 26.10.2006 

2338 AML M2, PR1 MUD 10/10 F - F pos – neg MA
b,d

 27.112006 
2857 ALL, persistent MUD 10/10 F - F pos – neg MA

a,d
 22.12.2009 

3392 AML M5b, CR2 MUD 9/10 M - M neg - pos MA
a,c

 06.11.2012 
3422 CMML, persistent MUD 10/10 F - F neg - pos MA

b,c
 17.01.2013 

3462 AML M3, CR2 MUD 9/10 M - M neg - pos MA
a,c

 03.04.2013 

 

All patients received unmanipulated PBSC. RIC was based on Fludarabin, Busulfan and ATG pre-HSCT. MA conditioning was based on different agents 
a
with 

or 
b
without TBI, and 

c
with or 

d
without ATG as part of GvHD prophylaxis, which was based on cyclosporine A and methotrexate for all unrelated HSCT, and 

none for HLA-identical sibling HSCT.  
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Table 4.2: HSCT outcome characteristics and longitudinal follow-up samples. 

UPN # Engraftment
a
 Relapse

b
 DLI

c
 CMV reactivation

d
 aGvHD

e
 Survival 

status
f
 

Follow-up d Samples d (N) 

2475 d19, normal No No d56 No alive CR 2578 30 – 1458 (17) 
2696 d21, normal No No No No alive CR 2135 97 – 1204 (17) 
2765 d11, normal No No No No alive CR 2072 22 – 1408 (18) 
2819 d20, normal No No No No alive CR 1879 26 – 828 (18) 
2920 d18, normal d324 d380 - 436

 g
 No No d795, NRM 795 30 – 723 (21) 

2951 d18, normal d829 d714 – 784
h
 No No d888, Relapse 888 32 – 829 (25) 

2984 d13, normal No No No No alive CR 1579 28 – 868 (18) 
2988 d17, normal No No No No alive CR 1526 31 – 718 (18) 
3031 d13, normal No No No II-III, d33 alive CR 1534 21 – 1149 (13) 
3052 d13, normal No No d56 II-III, <d31 alive CR 1491 28 – 839 (16) 
3072 d8, normal No No d34 II, <d27  d731 NRM 731 21 – 697 (14) 
3119 d13, normal d510 d536 – 550

g
 No No d696, Relapse 696 46 – 628 (18) 

3149 d11, normal d633
i
 No No No alive CR 1290 23 – 633 (8) 

3351 d15, normal No d443 – 528
j
 d36 No alive CR 891 36 – 597 (16) 

2435 d16, delayed No No No II-III, d30-60 alive CR 2743 75 – 596 (15) 
2909 d14, delayed d1592

i
 d1646 – 1771

g
 d50 No alive CR 1771 92 – 1128 (14) 

2942 d14, delayed No No No No alive CR 1668 23 – 717 (18) 
3222 d11, delayed No No d50 No alive CR 1156 22 – 785 (16) 
2738 d28, PMC No d426 – 440

g
 d58 No alive CR 2064 37 – 714 (26) 

2848 d14, PMC No d354 – 430
g
 No No alive CR 1886 28 – 647 (35) 

3457 d24, PMC No >d287
g
 No No alive CR 681 31 – 273 (8) 

2265 d16, n.i.
l
 d1504

i
 d1589 – 1646

g
 No No alive CR 2981 1504 – 2302 (18) 

2304 d23, n.i.
l
 No No d42 II, d29 d1313, NRM 1313 483 – 1270 (10) 

 2314 d13, n.i.
l
 No No d53 No d1308, NRM 1308 467 – 1243 (7) 

2322 d20, n.i.
l
 d1846, 2176 d1903 No II, d21 d2297, NRM 2297 1475 – 2071 (11) 

2338 d13, n.i.
l
 No No d49 No alive CR 2891 309 – 1985 (10) 

2857 d11, n.i.
l
 d464 d359 – 443

j
 No No d806, NRM 806 246 – 504 (13) 

3392 d21, n.i.
m
 d104 None No No d433, Relapse 433 30 – 219 (5) 

3422 d17, n.i.
m
 d274 d355 – 549

g
 No No alive CR 741 27 – 441 (10) 

3462 d15, n.i.
m
 d105

i
 No No No d317, NRM 317 107 – 315 (6) 

a
Engraftment defined as day (d) post-HSCT in which WBC>500/l were reached, followed by classification as normal, delayed, PMC or not 

informative (n.i.) as in Methods (paragraph 3.1.2). 
b
day of hematological or cytogenetic (UPN#3422) relapse, if applicable. 

c
day of DLI, if 

applicable. 
d
day of reactivation in the first 100d post-SCT if applicable. 

e
Grade II-IV, followed by d post-HSCT if applicable. 

f
day of death post-

HSCT if applicable, followed by cause of death. 
g
DLI for treatment of relapse. 

h
DLI for decreasing CD34+ HC in STR. 

i
no HC samples before 

relapse. 
j
DLI for MRD positivity. 

k
DLI for PMC in STR. 

l
no samples <210d. 

m
Relapse <210d 
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 Comparative evaluation of HC results obtained by STR and qPCR 4.1.2

459 samples (364 PB and 95 BM) were available for comparative HC analysis by 

STR (performed as part of the follow-up routine diagnostics) qPCR (performed ad 

hoc on frozen DNA samples), as described in Methods (paragraph 3.1.4 and 3.1.5). 

These samples had been obtained between days 21 and 2302 post-HSCT, with at 

least 5 follow-up samples available for each patient (Table 4.2).  

For each patient, we determined at least two chimerism qPCR markers informative 

for engraftment and relapse, i.e. markers positive in the patient but negative in the 

donor. The median number of informative qPCR markers in the entire cohort was 7 

(minimum 3 – maximum 11) (Figure 4.1A). The final HC value was determined as 

mean values between the 2 selected assays, preferentially located on 2 different 

chromosomes. According to their documented sensitivity 57-59,63, the thresholds of 

>1% for STR and <0.1% for qPCR were used as respective cut-offs for positivity or 

negativity of HC analysis by the two methods. Based on this, the 2 methods had an 

overall concordance of R2 = 0.94 (Figure 4.1B), in line with previous reports 
57,64,65. In 

particular, 64 samples (13.9%) were concordantly positive and 301 samples (65.6%) 

concordantly negative in STR and qPCR, for an overall concordance of 365 of 459 

samples (79.5%) between the methods (Figure 4.1B and Table 4.3).  

To address the question whether the sample source had an influence on the results, 

44 samples drawn in parallel from BM and PB from the same patient were analyzed 

by qPCR chimerism. The results showed a high overall concordance of R2 = 0.98 

between the two sources (Figure 4.1C). However, the concordance rate between 

STR and qPCR was higher in PB (84%) than in BM (62%) samples (Table 4.3).  

In the total of 459 samples analyzed, 94 (20.5%) showed discordant results between 

STR and qPCR; these included 58 of 364 PB (16%) and 36 of 95 BM samples (38%). 

In all cases discordance was due to a negative result in STR and a positive result in 

qPCR (Table 4.3). A closer analysis of the 94 discordant samples revealed that 41 of 

them (12 BM and 29 PB) were from patients with engraftment abnormalities, as 

described below, and another 42 of them (14 BM and 28 PB) were from patients 

before or after post-transplant relapse (Table 4.4). Only 11 discordant samples (10 

BM and 1 PB) were found in patients with normal engraftment kinetics and without 

relapse, in particular in the early post-transplant period (Table 4.4). 
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Figure 4.1: Number of informative qPCR markers and concordance ratesness of the 
samples according to the chimerism method or the sample source. 

(A) Number of informative markers (i.e. positive in the patient and negative in the donor) identified in 
each of the 30 patient-donor pairs analyzed. The mean number of informative markers was 7 (3-11). 
(B) High overall concordance between absolute percentage of chimerism obtained by qPCR and STR 
in the459 samples studied. (C) High concordance between absolute percentage of chimerism 
obtained by qPCR in 44 samples drawn in parallel from BM and PB. 

Table 4.3: Concordant and discordant HC results by STR and qPCR. 

Method Result PB N (%)
a
 BM N (%)

a
 Total N (%)

b
 

STR pos / qPCR pos 48 (13) 16 (17) 64 (13.9) 

STR neg / qPCR neg 258 (71) 43 (45) 301 (65.6) 

Total Concordant 306 (84) 59 (62) 365 (79.5) 

        

STR pos / qPCR neg 0 (0) 0 (0) 0 (0) 

STR neg / qPCR pos 58 (16) 36 (38) 94 (20.5) 

Total Discordant 58 (16) 36 (38) 94 (20.5) 

        

Total Overall 364 (100) 95 (100) 459 (100) 
 

a
Percentages refer to the total overall number of PB or BM samples, respectively (last line in the 

column). 
b
Percentages refer to the total overall number of samples (PB and BM combined) in the 

study (last line in the column). 
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Table 4.4: Characteristics of 94 discordant results between qPCR and STR. 

Category BM  PB Total 

        

Engraftment
a
       

 Normal ≤210d post-HSCT 9 0 9 

 Normal >210d post-HSCT 1 1 2 

        

Delayed ≤210d post-HSCT 5 12 17 

Delayed >210d post-HSCT 0 0 0 

        

PMC ≤210d post-HSCT 4 7 11 

PMC >210d post-HSCT 3 10 13 

Total Engraftment 22 30 52 

        

Relapse
b
       

≤180d before relapse 6 21 27 

>180d before relapse 4 1 5 

after relapse 4 6 10 

Total Relapse 14 28 42 
 

a
Engraftment: Normal, delayed or PMC as in Methods. 

b
Relapse: hematologic or cytogenetic 

 

 Monitoring engraftment kinetics  4.1.3

All patients had engrafted with >500 WBCs/µL reached at a median time of 16 days 

(range, 8 to 28) post-SCT (Table 4.2). Nine patients were not informative for 

engraftment kinetics, either because no samples were available in the first 7 months 

after transplantation (6 patients) or because association of HC kinetics with 

engraftment was confounded by malignant disease relapse during that period (3 

patients) (Table 4.2). In the remaining 21 informative patients, qPCR showed normal 

(sustained <0.1% patient chimerism) or delayed (sustained 0.1% to 1% patient 

chimerism) engraftment kinetics in 14 and 4 patients, respectively, whereas 3 

patients presented with PMC (sustained >1% chimerism) by STR and qPCR. In 

patients with normal engraftment, in the first 7 months post-transplant, of 88 

informative samples, 1 (1.1%) was positive in STR and 11 (12.5%) was positive in 

qPCR.  

 

 



Results 

54 

The single positive sample in STR was concordantly positive also in qPCR and 

occurred in a BM from patient 2920 at day 177 post-HSCT, with relapse presenting 

147 days later at day 324 (ie, beyond the first 7 months post-transplant) (Table 4.2). 

The same patient had a positive PB sample in qPCR at day 220 post-HSCT (ie, 104 

days before relapse). The remaining 9 positive qPCR samples from this period in the 

normal engraftment patients were exclusively from BM (Figure 4.2A for 2 example 

patients). In  patients with delayed engraftment, sustained low-level (0.1% to 1%) 

patient chimerism reached a peak in the first 4 months post-HSCT and 

spontaneously decreased thereafter, until conversion to full donor chimerism before 

the first 7 months post-transplant in all cases (Figure 4.2B for 2 example patients). 

Finally, PMC above 1% patient chimerism was evident in 3 patients by both STR and 

qPCR also beyond the first 7 months post-HSCT (Table 4.2). However, its onset and 

resolution by DLI was more accurately documented by qPCR than by STR (Figure 

4.2C for 2 example patients). No correlations of engraftment abnormalities (ie, 

delayed engraftment or PMC with clinical outcome including acute GvHD, relapse or 

survival) were observed in our cohort (Table 4.2). However, this parameter appeared 

to be influenced by both donor–recipient CMV serostatus and CMV reactivation post-

transplant. 

 

 Imprinting of CMV reactivation on engraftment and relapse 4.1.4

Ten of 30 patients in this study experienced CMV reactivation in the first 100 days 

post-HSCT (Table 4.2). This event was less frequent in 9 transplants of CMV-

negative patients from a CMV-negative donor (1/10; 10%), compared with 21 

transplants in which recipient and/or donor were CMV-positive (9/21; 42.8%), in 

accordance with previous observations 
25. We also confirmed previous results from 

us and others 56 29 33 30 31 32 showing a protective effect of early CMV reactivation on 

the post-transplant relapse incidence of AML. Of the 23 AML patients of this cohort, 8 

experienced early CMV reactivation and 15 did not. Post-transplant relapse occurred 

in 1 of 8 AML patients (12.5%) with early CMV reactivation compared with 8 of 15 

AML patients (53.3%) without (Table 4.2). In the 21 informative patients informative 

for engraftment kinetics, imprinting of recipient–donor CMV serostatus and CMV 

reactivation on this parameter was monitored.  
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Delayed engraftment or PMC was observed in 3 of 8 informative seropositive 

patients (37.5%) transplanted from a seronegative donor, compared with 1 of 5 

informative seronegative patients (20%) transplanted from a seropositive donor 

(Table 4.2). Likewise, delayed engraftment in qPCR or PMC occurred in 3 of 7 

informative patients (42.8%) with early CMV reactivation post-transplant, compared 

with 4 of 14 (28.5%) without. In 1 patient (patient 2738) CMV reactivation at day 58 

post-transplant closely preceded the onset of PMC documented by qPCR at day 110 

(Table 4.2 and Figure 4.2C). 
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Figure 4.2: Kinetics of engraftment monitored by STR and qPCR. 

Shown are HC results obtained by STR (top) or qPCR (bottom) on longitudinal follow-up 

samples of example patients (Table 4.2). BM and PB samples are indicated as red and black 

dots, respectively. The HC positivity threshold of 1% and 0.1% for STR and qPCR,  

respectively, is indicated as dotted red line in the relevant plots in A and B. (A) Normal 

engraftment kinetics in two example patients. Note that isolated positive results in qPCR 

were obtained only on BM samples in the early post-HSCT period. (B) Delayed engraftment 

kinetics in two example patients. Note that in both patients, decreasing mixed chimerism was 

observed as of day 100 post-HSCT. (C) PMC in two example patients. Both patients 

received DLI (shaded area), with reversion to full donor HC within 196 and 296 days, 

respectively, as documented by qPCR. In one patient (patient 2738, left panels), PMC onset 

was closely preceded by CMV reactivation (arrow). 

 

 Association between qPCR chimerism monitoring and relapse 4.1.5

Twelve relapses of malignant hematologic disease had occurred post-transplant in 

11 patients under study, with 1 patient suffering 2 consecutive relapses (Table 4.2). 

For 4 of these 12 relapses, no follow-up samples were available within the 6 months 

before onset. For the remaining 8 informative relapses, 1 to 9 samples were available 

in the 6 months before onset, for a total of 33 pre-relapse samples (6 BM and 27 PB). 

Of these, 6 of 6 BM samples (100%) and 23 of 27 PB samples (85.2%) were positive 

by qPCR until day 180 pre-relapse, compared with 3 of 6 BM samples (50%) and 1 of 

27 PB samples (3.7%) by STR. For comparison, 1 of 26 PB samples and 5 of 12 BM 

samples were positive by qPCR in the same patients at time points earlier than day 

180 pre-relapse and 0 of 26 PB samples and 1 of 12 BM samples in STR (Figure 

4.3A). In total, 8 of 8 relapses (100%) were predicted by at least 1 positive qPCR 

result in either PB or BM in the 6 months before onset, compared with 3 of 8 relapses 

(37.5%) by STR on BM and 1 of 8 (12.5%) on PB. Of note, in all patients with several 

consecutive samples available for analysis in the 6 months before relapse, repeated 

positivity was seen by qPCR both on BM and PB, whereas the positive STR cases 

were isolated and mainly restricted to BM (Figure 4.3B and 4.3C left, for 4 example 

patients). 
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Figure 4.3: HC kinetics of STR and qPCR in relapse patients. 

BM samples are indicated as red and black dots, respectively. The HC positivity threshold of 

1% and 0.1% for STR and qPCR, respectively, is indicated as dotted red line in the relevant 

plots. (A) STR (left) and qPCR (right) HC results on a total of 71 (53 PB, 18 BM) samples 

from 8 informative relapses. Thirty-three of these samples were drawn in the 6 months pre-

relapse (11 PB and 2 BM ≤ day 90, 16 PB and 4 BM between days 90 and 180), and the 

remaining 38 samples (26 PB and 12 BM) more than 180 days before relapse onset. Note 

the striking increase in positive qPCR on PB in samples ≤ 180 days (23/27) compared with 

>180 days (1/26) before relapse. (B) Longitudinal HC follow-up of relapse treatment by 

chemotherapy and DLI in two example patients (Table 4.2) by STR (top) or qPCR (bottom). 

In patient 2920, samples were available also pre-relapse and showed sustained positivity of 

qPCR but not STR in the 6 months before relapse. In this patient, consolidation of remission 

by DLI after post-relapse chemotherapy was demonstrated by full donor HC also in qPCR. 

For patient 2265, samples were available only after induction of remission by chemotherapy 

and showed low levels of mixed HC in qPCR but not STR, which converted to full donor HC 

126 days after DLI. (C) Longitudinal HC follow-up in the 6 months before relapse in two 

example patients (Table 4.2) by STR (top) or qPCR (bottom). Note that relapse was 

predicted by sustained positivity in qPCR both on BM and PB, whereas positivity in STR pre-

relapse was sporadic and mainly in BM. Both patients received DLIs to prevent relapse 

based on positivity in MRD or STR on sorted CD34+ cells (not shown). The inefficacy of DLI 

to prevent relapse was shown by lack of reversion to full donor chimerism pre-relapse by 

qPCR but not by STR in both patients. 

 

 qPCR chimerism monitoring and donor lymphocyte infusions 4.1.6

A total of 12 patients received donor lymphocyte infusions (DLI) post-transplantation 

for prevention or treatment of PMC or relapse (Table 4.2). In two PMC patients 

(patients 2738 and 2848), conversion from mixed to full donor chimerism after DLI 

could be monitored and was shown by qPCR to proceed gradually over a period of 

196 and 296 days, respectively, whereas the kinetics of HC decline was less evident 

in STR analysis (Figure 4.3B). In 2 patients receiving DLIs due to sporadic positivity 

in MRD or STR on sorted CD34+ cells (data not shown), DLI was inefficient in 

preventing relapse, and this was correlated with sustained low-level positivity in 

qPCR but not STR until relapse (Figure 4.3C). Finally, in 2 patients with informative 

samples after post-relapse DLI, qPCR demonstrated efficient consolidation of 

chemotherapy-induced remission in 1 patient (Figure 4.3B, left), whereas conversion 

to full donor  chimerism took 126 days from the start of DLI in the other patient 

(Figure 4.3B, right). 
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4.2 HLA loss diagnosis by a new qPCR approach 

 Rationale of HLA chimerism 4.2.1

Since qPCR is a highly sensitive methodology for chimerism and in particular relapse 

monitoring after HSCT (see section 4.1 and paragraph 4.1.5), we set out to use this 

method to overcome the difficulties related to the detection of HLA loss relapses. As 

outlined in the introduction (paragraph 1.4.3), these particular immune escape 

variants after partially HLA-mismatched HSCT are identified through the combined 

application of totally different methodologies to assess chimerism for polymorphic 

markers located outside the HLA system by STR or qPCR on the one hand, and the 

percentage of patient-specific HLA by standard HLA typing methodologies or SNP 

arrays on the other 142,145,151,158. This is a severe limitation since the applied methods 

have different and generally not elevated sensitivities of around 5%, precluding the 

diagnosis of HLA loss prior to overt hematologic relapse. Moreover, the combined 

interpretation of these methods is not trivial and is not amenable to the clinical 

routine, but is confined to highly specialized research laboratories. 

We reasoned that these difficulties could be circumvented by the concomitant 

targeting of qPCR chimerism to polymorphisms outside and inside the HLA system. 

For outside HLA polymorphisms, we used a commercial qPCR kit targeting insertion-

deletion polymorphism as described in the Methods section (paragraph 3.2.4). qPCR 

reactions for Inside HLA polymorphisms were designed ad hoc for the most frequent 

HLA allele groups (HLA markers), as described below. Because the large majority of 

post-transplant relapses are of patient origin, they will consequently be positive for 

the patient-specific non-HLA marker. In contrast, while “classical” (ie, non-HLA loss) 

relapses will be concordantly positive also for HLA markers, HLA loss relapses will 

be positive for non-HLA markers and negative for patient-specific HLA markers, 

because of their selective genomic loss. The comparative evaluation of HC with HLA 

and non-HLA markers therefore represents an easy tool to discriminate classical 

from HLA loss relapses (Figure 4.4). 
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Figure 4.4: Schematic representation of the rationale underlying HLA qPCR markers.  

Shown is the simultaneous presence of leukemic blasts (in red) and normal donor 

hematopoietic cells (in blue) in a typical sample of a patient with relapse after HSCT. In each 

cell, 4 representative chromosomes are depicted, with a patient-specific HLA marker (in red) 

and 3 hypothetical non-HLA markers (in black). Leukemic blasts in the classical relapse will 

be positive for both the HLA and the non-HLA markers (left). Leukemic blasts in the HLA loss 

relapse will be positive for the non-HLA markers but negative for the HLA markers because 

of a selective genomic loss of mismatched HLA as an immune escape mechanism of 

leukemia relapse (right). 

 

 Design and development of HLA allele specific qPCR assays 4.2.2

Due to the extremely high degree of polymporhism displayed by HLA genes, the 

design of qPCR reactions comprehensively covering all or even most alleles and loci 

is a near to impossible task. We therefore focused on 27 HLA-A, HLA-C, and HLA-

DPB1 allele groups, selected based on their frequency in different ethnic populations 

(Table 4.5) 160. These 3 loci were chosen because they are often mismatched both in 

haploidentical and in MUD HSCT, but also in MUD HSCT, the two most frequent 

donor sources to date (Figure 1.14, paragraph 1.3.6). For the design of qPCR 

reactions targeting these allele groups, the genomic nucleotide sequences of HLA-A, 

-C and -DPB1 alleles were aligned and primer design was carried out as described in 

section 3.2.1. Each primer was selected to discriminate specific SNPs in the exon or 

intron of the selected HLA allele group at their 3’ end. The HLA allele groups targeted 

by each assay are listed in Table 4.5. Using this qPCR panel, at least one informative 

reaction (ie, targeting at least one HLA-A, HLA-C, or HLA-DPB1 allele present in the 

patient and absent in the donor) was found with a frequency of 70.3% and 66.4%, 

respectively, in a series of 454 haplo- HSCT and 113 UD-HSCT with a mismatch in 

the GvH direction at either of the three loci (Table 4.6).   
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Table 4.5: HLA-A, C and DPB1 frequencies in worldwide populations. 

   Allele Frequencies (%)
1
 in defined ethnic groups 

HLA 
Locus 

Reaction  
Name 

Target 
Alleles 

European 
Caucasian

2 
USA 

Caucasian
3 

Black- 
African 

American
4 
Hispanic

5 Japanese
6 Chinese

7 

A* 

KMR501-A 
01 15.15 16.48 5.1 7.41 0.4 2.4 
 36 0 0.01 2.5 0.48 - 0 

KMR502-A 02 28.26 28.87 18 27.08 24.73 22.6 
KMR504-A 11 5.66 6.09 1.4 4.56 9.36 22.6 

KMR505-A 
23 2.32 1.97 11 3.69 - 0.2 
24 9.84 8.66 2.6 13.87 37.31 17.3 

KMR506-A 

25 2.39 2.1 0.3 1.01 - 0.01 
26 3.71 3.19 1.5 3.04 11.54 2.6 
34 0.06 0.09 3.4 0.48 0.01 0.05 
66 0 0.41 2.5 0.74 0.01 0.04 
68 4.29 4.04 10 9.24 0.01 0.5 
69 0.09 0.15 - 0.28 - 0.7 

C* 
KMR511-C 03 12.97 13.05 8.8 11.73 26.04 25.14 
KMR512-C 04 12.54 10.61 20.5 17.6 4.42 5.47 

DPB1* 

KMR520-DPB1 

04:01 41.7 na - na 4.95 na 
23:01 0.3 na - na - na 
31:01 - na - na - na 
34:01 0.1 na - na - na 

KMR521-DPB1 

02:01 13.8 na - na 23.83 na 
04:02 10 na - na 9.83 na 
08:01 0 na - na 0.03 na 
105:01 - na - na 0.03 na 
16:01 0.7 na - na - na 

KMR522-DPB1 

01:01 5.6 na - na 0.03 na 
11:01 2.1 na - na - na 
13:01 2.4 na - na 1.79 na 
15:01 1.1 na - na - na 

 

1
Shown are the frequencies for 1st field HLA-A and C alleles, and 2nd field HLA-DPB1 alleles. Shown 

is the total number of allele copies in the population sample (Alleles/2n) in decimal format. 

Frequencies were obtained from the alllelefrequencies.net database, selecting populations with at 

least 2000 reported alleles. 
2
For HLA-A and C, a German population (N=39689) was used. For HLA-

DPB1, an England Northwest population (N=2690) was used. 
3
For HLA-A and C, a USA NMDP 

European Caucasia population (N=1242890) was used. No available data for HLA-DPB1. 
4
For HLA-A 

and C, a USA NMDP African American population (N=416581) was used. For HLA-DPB1, an USA 

NMDP Black South or Central American population (N=4889) was used, in which none of the DPB1 

targeted alleles were found (-). 
5
For HLA-A and C, a USA NMDP Hispanic South or Central American 

population (N=146714) was used. No available data for HLADPB1. 
6
For HLA-A and C, a Japanese 

population (N=18604) was used. For HLA-DPB1, a Japanese population (N=3078) was used. 
7
For 

HLA-A, a Shanghai population (N=26266) was used. For HLA-C, a USA NMDP China population 

(N=99672) was used. No available data for HLA-DPB1. (na) no data available. (-) allele not reported in 

this population.  
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Table 4.6: HLA-specific qPCR assays developed in this study 

HLA 
Target 

Assay Name 
Target HLA Allele 

Groups1 
Efficiency in 
H2O (%)1,2,3 

Efficiency in chimeric 
conditions (%)1,2,3 

Sensitivity 
(%)1,3 

Informative HSCT (%)4 

Haploidentical Unrelated 

(n=454) (n=113) 

A* 

KMR501-A 01, 36 87.7 86.1 0.03 10.4 0 

KMR502-A 02 87.6 90.6 0.03 12.1 0 

KMR504-A 11 94.4 90.7 0.16 3.5 0.8 

KMR505-A 23, 24 98.0 97.1 0.03 9.9 0.8 

KMR506-A 25, 26, 34, 66, 68, 69 94.3 91.0 0.16 11.2 4.4 

C* 
KMR511-C 03 90.8 90.8 0.03 3.1 0 

KMR512-C 04 84.5 86.1 0.16 10.6 0 

DPB1* 

KMR520-DPB1 04:01, 23:01, 31:01, 34:01 98.3 93.2 0.03 14.1 23.8 

KMR521-DPB1 
02:01, 04:02, 08:01, 

105:01, 16:01 
100.8 92.1 0.03 17.2 31.8 

KMR522-DPB1 01:01, 11:01, 13:01, 15:01 96.8 94.7 0.03 3.1 16.8 
 

1
Efficiency and Sensitivity were tested on HLA-typed BLCLs obtained from the European Collection of Animal Cell Cultures or from healthy HLA-typed individuals. 

For assays targeting multiple HLA allele groups, the most frequent HLA allele group in worldwide populations
14

 (Table 4.5) was used as target-positive reference 

DNA. Efficiency and Sensitivity were determined by serial dilutions of target-positive reference DNA in water or target negative DNA. 
2
Reported percentages are the 

mean of at least 3 independent experiments performed at either of the 2 testing sites (OSR and UKE). Standard error of mean (SEM) was <4 in all cases. 
3
Maximal 

reproducible sensitivity determined in at least 3 independent experiments performed at either of the 2 testing sites (OSR and UKE).  
4
Percentage of informative 

HSCT based on HLA typing of patient and donors for 454 haplo-HSCT performed between the year 2000 and the year 2016 at OSR, and for 113 UD-HSCT 

performed in the year 2015 at UKE with at least one HLA-A, -C or -DPB1 mismatch in the graft-versus-host-direction. Some transplants had more than one 

informative reaction while others had none; the total percentage of transplants with at least one informative reaction was 71.6% and 66.4% for haplo-HSCT and UD-

HSCT, respectively. 
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 Technical validation of HLA qPCR assays  4.2.3

To validate their technical robustness and reproducibility, the HLA-specific reactions 

were extensively tested on different combinations of HLA-typed reference DNA, as 

described in the results (section 3.2). 

On-target amplification efficiency averaged 92.8% (Table 4.6), with superimposable 

performance in water and in target-negative DNA (overall concordance by Pearson 

correlation R2 = 0.99, P <0.0001 (Figure 4.5). 

Specificity and possible cross-reactivity testing was performed for each assay both in 

silico based on nucleotide sequences reported in the IMGT/HLA database, and in a 

panel of 45 positive and negative HLA-typed reference DNA (see paragraph 3.2.5 

and Supplementary Table 9.1). Assays with multiple specificities were tested 

independently on positive reference DNA carrying each of the relevant HLA alleles or 

allele groups. The results of the specificity testings in Figure 4.6 show high specificity 

for the target HLA allele groups, although some weak but reproducible cross-

reactivity (yellow squares in Figure 4.6) with other HLA alleles could be documented 

for some of the assays. Importantly, accuracy and precision in chimerism 

determination resulted very high for all reactions, with almost perfect concordance 

between the expected and experimentally determined quantification in serial dilutions 

of HLA target-positive into target-negative DNA (overall concordance by Pearson 

correlation R2 = 0.99, P < 0.0001) (Figure 4.7). Maximal reproducible sensitivity 

defined according to minimum information for publication of quantitative real-time 

PCR experiments guidelines 
156 was at least 0.16% for all reactions (Table 4.6). 
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Figure 4.5: Correlation between results obtained from serial dilutions of target-positive DNA in water or in target-negative reference DNA. 

Shown are the CT values measured by serially diluting a target-positive genomic DNA into water (X-axis) or into target-negative DNA (Y-axis) for all 10 newly 

developed HLA marker-specific qPCR assays. Shown are results obtained from 3 independent experiments performed at the two sites (OSR and UKE), and under 

each plot is reported the Pearson correlation coefficient.  
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Figure 4.6: Specificity testing of the newly developed HLA marker-specific qPCR assays. 

Tests were performed on 300ng of genomic DNA from the indicated reference panel. Shown is a heat-

map displaying the ΔCT values (CT HLA marker - CT reference) obtained upon testing each reaction 

against the panel of cell lines. Dark green and red indicate specific presence or absence of 

amplification, respectively, in the expected HLA allele groups. Cross-reactivity with HLA alleles outside 

the expected groups are indicated in orange-yellow.  

  



Results 

67 

 

Figure 4.7: Correlation between the expected and the observed artificial chimerism results. 

Shown is the correlation between the expected (X-axis) and experimentally measured (Y-axis) chimerism measured according to the ΔΔCT method on positive 

reference DNA serially diluted into negative reference DNA. Results from 3 independent experiments are displayed as mean (red dashes) ±SEM (black whiskers), 

and under each plot is reported the Pearson correlation coefficient.  
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 Clinical utility of the HLA markers     4.2.4

Clinical utility of the newly developed assays was validated on serial BM samples 

collected during the post-transplantation follow-up of 20 cases of leukemia relapse 

after haploidentical or MUD HSCT, as described in the Methods section (paragraph 

3.2.6). These relapses had been previously shown by SNP arrays or SSOP HLA 

typing 
142 151,158 to be classical (N = 10) or HLA loss (N = 10). We reanalyzed these 

relapses by combining our newly developed HLA-specific assays with commercial 

qPCR chimerism assays for outside HLA insertion-deletion polymorphisms as 

described in the Methods (paragraph 3.2.4). 

 

Data obtained for two representative patients who received haplo-identical HSCT and 

experienced a classical or an HLA loss relapse, respectively are shown in Figure 

4.8A. Both cases showed concordant low (<3%) positivity for HLA and non-HLA 

markers in samples obtained prior to relapse, suggesting the detection of residual 

HLA-heterozygous host chimerism, in line with our previous data on qPCR chimerism 

monitoring (Results 4.1). At the time of classical relapse, positivity for both HLA and 

non-HLA markers rose to similar levels, both consistent with the blast percentage 

detected at BM examination (data not shown). In contrast, the HLA loss relapse 

sample showed positivity for the non-HLA marker that was again in line with the 

morphological blast percentage (data not shown), but as expected the inside HLA 

reaction marker remained negative (<1%).  

 

In addition, HLA and non-HLA markers were quantified in parallel in 20 cases of 

leukemia relapse after haplo-HSCT or UD-HSCT which had been previously 

characterized to be classical (n=10, 9 after haplo-identical HSCT, 1 after UD-HSCT) 

or HLA loss (n=10, 9 after haplo-identical HSCT, 1 after UD-HSCT) (Figure 4.8B). 

Similar data were obtained for all 10 classical and 10 HLA loss relapse cases 

analyzed (Figure 4.8B). Because of the relatively low precision of qPCR in measuring 

high chimerism percentages, quantification of HLA and non-HLA markers in a given 

sample can have a result slightly different in classical relapses. HLA loss relapses 

can be unequivocally diagnosed only when HLA markers are negative (<3%, dashed 

line) and non-HLA markers are positive (>3%). 
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Of note, to cover the 20 cases, each of the 10 newly developed HLA-specific qPCR 

assays was employed at least once, documenting the relevance of developing 

multiple HLA markers and the valid coverage of our panel. 

 

Figure 4.8: Clinical utility of HLA-KMR. 

(A) Longitudinal post-transplant monitoring by HLA-KMR of a patient who experienced a 

classical relapse (time of relapse boxed in pink), alongside a patient-specific HLA marker 

(KMR521-DPB1 reaction, in red) and a patient-specific non-HLA marker (KMRtrack assay 

KMR033, in black). Note the concordance between the two assays at time of relapse, which 

identifies a classical relapse. Longitudinal post-transplant monitoring by HLA-KMR of a 

patient who experienced an HLA loss relapse (time of relapse boxed in pink), alongside a 

patient-specific HLA marker (KMR522-DPB1 reaction, in red) and a patient-specific non-HLA 

marker (KMRtrack assay KMR017, in black). Note the discordance between the two assays 

at time of relapse, which identifies a HLA loss relapse. (B) Summary of results obtained by 

chimerism quantification with HLA-KMR on 20 post-HSCT relapses (18 haploidentical, 2 

unrelated). As expected, HLA markers (full panel of the newly developed HLA-specific 

reactions, red dots) and non-HLA markers (KMRtrack assays, black dots) yield concordant 

results in all classical relapses (left), and discordant results in all HLA loss relapses (right).  

 

4.3 NGS based characterization of HLA immune escape 

We set out to establish NGS based detection of HLA chimerism, taking advantage of 

a collaboration with the DKMS Life Science lab in Dresden, where HLA typing by 

NGS was pioneered several years ago (Lange et al. BMC 2013) and whose expertise 

in this specific field provided an important scientific and technological advantage. We 

first validated the NGS based HLA typing approach developed by DKMS in our 

laboratory, and then applied it to HLA chimerism detection using serial dilutions of 

DNA mixtures. Finally, we used the newly developed method to look for HLA loss 

relapses in a test cohort of patients from the University Hospital Essen who 

experienced relapse after MUD HSCT. 
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 Validation of an NGS platform for HLA typing  4.3.1

Validation of NGS as platform for HLA typing was performed for the loci HLA-A, B, 

DRB1 on genomic DNA from 22 BLCL and 334 PBMC with known 2nd field HLA 

types (Table 9.3; samples described in section 3.3.3). Briefly, the polymorphic exons 

2 and 3 of each gene were sequenced by NGS on an Illumina platform with an 

average read-depth of 780 reads per base, according to the protocols published by 

Lange et al. 159 and as described in the Methods section 3.3.2. HLA typing 

assignments were performed using the DKMS proprietary NeXtype software. The 

frequency of partial or complete drop-outs (no sequence reads available for analysis) 

was 2%. In the remaining 98% of pairs, concordance with the reported typing results 

was 100%. Univocal G-group or 2nd field resolution, almost never possible by 

conventional SSOP or SSP typing, was achieved in 94.7% of the HLA-A, B and 

DRB1 alleles by NGS. HLA-DPB1 typing was validated only on the 22 reference 

BLCL, since no typing information was available on the PBMC, and showed 100% 

concordance. Preferential amplification of one over the other allele present in 

heterozygous samples, resulting in a read distribution of the two alleles in a given 

sample other than the expected 1:1 ratio, was observed with variable frequency for 

HLA-A,B and DRB1. In contrast, for DPB1 the reads for the two alleles were 

generally close to a 1:1 ratio, with the only exception of samples involving 

DPB1*04:02 which showed lower read counts compared to the second allele in some 

but not all heterozygous combinations. These observations are in line with previous 

findings from the DKMS Life Science lab on HLA-DPB1 typing by NGS (unpublished 

data), and has implications for our subsequent chimerism analyses (see below 

paragraph 4.3.2). 

 

 NGS based HLA chimerism on serial dilutions of DNA samples 4.3.2

Ideally, in a heterozygous sample, 50% of the reads should be for one HLA allele of a 

given locus and 50% for the other. In case of mixed chimerism with 50% patient and 

50% donor cells, the distribution should be 25% each for the four different HLA 

alleles of patient and donor. In case of HLA loss, one of the two haplotypes in the 

patient sample is lost while the other one is duplicated, leading to 25% reads for each 

of the 2 alleles in the donor and 50% reads for the remaining duplicated allele in the 

patient.  
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These distributions are different in case of haploidentical pairs, where by definition 

one of the two HLA alleles of all loci is shared between patient and donor, and 

unrelated pairs, where potentially both alleles of a given HLA locus can be 

mismatched. This holds true in particular for HLA-DPB1 for which matching is not a 

pre-requisite of donor selection (Table 4.7). 

We simulated chimeric samples by performing serial dilutions of genomic DNA 

extracted from unrelated PBMC with mismatches at all HLA loci. NGS based HLA 

typing was performed on these samples using the same approach as described 

under 4.3.1. However, we used an about 10 times higher read-depth (5,000-10,000 

reads per sample) to increase sensitivity. It should be noted that the Nextype settings 

for HLA type assignment were such that very low read counts (i.e. corresponding to 

less than 5% of the total reads) were excluded from the analysis and not indicated in 

the bioinformatics output. As this severely limited the potential sensitivity of the 

chimerism analyses, these filters were removed for the chimerism experiments. In 

order to determine the non-specific background of each reaction in this “unfiltered” 

context, we specifically looked for reads of the “patient”-specific alleles (which should 

be absent in the donor; Table 4.7) in 100% pure “donor” DNA. The non-specific 

background reads ranged from 0 to up to 200, but never exceeded 1% of the total 

reads. Thus, the sensitivity of our analysis varied for the different samples and within 

them for the different HLA alleles under analysis, but never dropped below 1%. 

Table 4.7: Expected percentage of NGS read counts for HLA alleles in mismatched 
patient and donor pairs. 

 
DPB1* 

100% 50% 10% 

Patient Donor Classical HLA Loss Classical HLA Loss 

H
a

p
lo

/ 
M

U
D

 

01:01 50 50 50 75 50 55 

02:01 50 0 25 0 5 0 

03:01 0 50 25 25 45 45 

  

M
U

D
 

01:01 50 0 25 50 5 10 

02:01 50 0 25 0 5 0 

03:01 0 50 25 25 45 45 

04:01 0 50 25 25 45 45 

Shown is as an example HLA-DPB1 with one allele mismatched and the other shared (all 

haploidentical and possibly unrelated pairs) or both alleles mismatched (only unrelated pairs), in 100% 

patient or donor sample or in mixed chimerism with 50% or 10% patient cells relative to donor cells.  

Shared, patient-specific and donor-specific alleles are indicated in grey, pink and green boxes, 

respectively. 
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Another important issue was the preferential amplification of one allele over the other 

in heterozygous samples, which is not a major problem for HLA type assignment as 

long as the reads exceed a certain threshold, but could be confounding factors for 

the presence of HLA loss variants in DNA obtained from a mixture of cells which 

could potentially comprise some cells with HLA loss and others without. In order to 

assess if preferential amplification interfered with our results on artificial chimerism 

curves, we compared the results obtained for the different loci, with those 

theoretically expected for a defined dilution. The results of this analysis are shown in 

Figure 4.9. In line with the data obtained for NGS based HLA typing, the observed 

allele counts for both alleles almost always were close to the expected results for 

HLA-DPB1, which has been shown not be subject of significant preferential 

amplification (Figure 4.9, left panel; see also paragraph 4.3.1). In contrast, the results 

were more variable for the loci HLA-A, B, C, DRB1, DQB1. However, it should be 

noted that the average chimerism obtained by combining the data of these 5 loci was 

always close to the expected one Figure 4.9, right panel). These data suggest that 

HLA-DPB1 chimerism can be assessed at the single locus level, while for the other 5 

loci, combined analysis is safer because preferential amplification is an issue for 

some alleles. Fortunately, the only HLA locus where single mismatches in patient-

donor pairs are frequent is DPB1 in MUD-HSCT, because as stated unrelated donors 

are very frequently (>80%) mismatched for DPB1 but are generally (>90%) matched 

for the remaining 5 loci. In contrast, haploidentical donors are mismatched several or 

all HLA loci on the unshared haplotype, and the combined data from all 6 loci will 

give reliable HLA chimerism results in this setting. 
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Figure 4.9: NGS-based HLA chimerism on artificial DNA mixes of two haploidentical individuals. 

Shown is the percentage of reads for the shared (grey) or the unshared alleles from the host (i.e. the patient; red) and the donor (blue) at the different 

HLA loci. The filled bars represent the expected percentage of reads (see also Table 4.7) and the dotted bars the observed average percentage of 

reads. Results are shown as mean with standard error of three independent experiments. Left panel: HLA chimerism results obtained for each of the 

6 individual loci at 50% chimerism. Note the low variability of results for HLA-DPB1 which are close to the expected percentages. Right panel: HLA 

chimerism results obtained as average of the data from the 6 individual HLA loci at different chimerism percentages. Note that the expected (and 

observed) percentage for the shared haplotype remains constant at 50%, while the relative percentages of the two unshared haplotypes changes with 

chimerism percentage. The observed overall results are in line with the expected, with a sensitivity of 0.5% (see zoomed box). 
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 NGS-based detection of HLA loss relapse in a test cohort of MUD-HSCT 4.3.3

We applied the NGS platform for HLA chimerism to investigate HLA loss in a test 

cohort of 34 patients who relapsed with acute leukemia or other myeloid 

malignancies after MUD HSCT at the University Hospital Essen. A summary of the 

patient characteristics is given in Table 4.8. 

 

Table 4.8: Summary of patients analyzed for HLA loss relapse after MUD HSCT. 

 HLA Matching Status  

Method Result 10/10 (DPmm) 9/10 8/10 Total 

Patients 23 10 1 34 

Diagnosis     

AML 
19 7 1 27 

ALL 2 0 0 2 

MDS/CMML/OMF 
2 3 0 5 

Time to Relapse 298 (28-1514) 414 (70-1638) 153 319 (28-1638) 

HLA Loss 0 1 1 2 

 

Since a pre-requisite for performing this analysis was the presence of DNA from a 

blast-containing sample at relapse, we searched for such samples in the diagnostic 

chimerism laboratory at the Institute for Transfusion Medicine of the University 

Hospital Essen. We reasoned that most (99%) of post-transplantation relapses are of 

patient-origin 
161 and are therefore associated with a mixed chimerism. DNA samples 

from patients who presented a mixed chimerism (at least 5% or more) by qPCR or 

STR for outside HLA markers in the routine diagnostic follow-up post-transplantation, 

and were confirmed by our colleagues at the Clinics for Bone Marrow Transplantation 

to have developed a hematological relapse at that time or thereafter, were selected 

for the study. Moreover, we restricted the diagnoses to acute leukemia or myeloid 

malignancies where HLA loss relapses have been described 142,145,151,158.  In order to 

be evaluable for HLA loss, patient and donor had to present at least one informative 

HLA-A, B, C, DRB1, DQB1 or DPB1 locus in the GvH direction (i.e. at least one allele 

present in the patient but absent in the donor).  

 

 



Results 

75 

We identified 34 samples corresponding to these criteria, all from patients who 

relapsed after MUD HSCT (Table 4.8). For 23 patients, the informative mismatched 

allele was present solely at HLA-DPB1, since they were matched with their donor for 

the other 5 loci (10/10; Table 4.8). In contrast, 10 and 1 patients had one and two 

mismatches at HLA-A, B, C, DRB1 or DQB1 and were therefore 9/10 and 8/10 

matched with their donor, respectively (Table 4.9).  

NGS based HLA typing was selectively performed for the informative loci, i.e. for 

those loci that encompassed the patient-donor HLA mismatch(es). The average 

read-depth for all samples was at least 5000. DNA samples from the patient pre-

transplant and from the donor were analyzed in parallel to confirm typing data and, 

importantly, to assess the level of non-specific background reads for patient-specific 

alleles in 100% donor DNA (see paragraph 4.3.2). HLA chimerism was determined 

as the percentage of patient-specific relative to donor-specific read numbers in the 

relapse sample (Table 4.9). The results of HLA chimerism were then compared with 

those previously reported for qPCR or STR chimerism. In case of a classical relapse, 

HLA and qPCR/STR chimerism were expected to be congruent; in case of an HLA 

loss relapse, HLA chimerism is expected to be negative or at least several fold lower 

than qPCR /STR chimerism.  

As shown in Table 4.9, in case of classical relapses, the results obtained by NGS 

HLA and outside HLA qPCR/STR chimerism were relatively congruent, with less than 

2-fold divergence in all cases. This was different for two relapses classified as HLA 

loss, in which a greater than 10-fold difference between NGS HLA and outside HLA 

qPCR/STR chimerism was observed (UPN# 4039 and 3706, Table 4.9). 
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Table 4.9: NGS HLA and STR/PCR results of 34 relapses after MUD HSCT. 

UPN# 
HLA 

matching
a
 

Informative 
HLA

b
 

Chimerism (%) 
 NGS HLA

c
   

DPB1
d
 Other HLA

d
 qPCR/STR

e
 Relapse

f
 

2265 10/10 1 DPB1 7.2 NA 6.0 Classical 
2713 10/10 1 DPB1 84.3 NA 75.4 Classical 

3023 10/10 2 DPB1 47.0 NA 60.3 Classical 
3038 10/10 1 DPB1 9.5 NA 15.3 Classical 

3132 10/10 1 DPB1 11.1 NA 5.9 Classical 

3135 10/10 2 DPB1 51.5 NA 39.6 Classical 
3161 10/10 2 DPB1 36.5 NA 31.6 Classical 
3373 10/10 1 DPB1 16.9 NA 24.3 Classical 

3374 10/10 2 DPB1 18.7 NA 21.7 Classical 
3582 10/10 2 DPB1 47.3 NA 74.5 Classical 

3687 10/10 1 DPB1 9.7 NA 9.2 Classical 
3704 10/10 1 DPB1 55.5 NA 54.5 Classical 

3803 10/10 2 DPB1 25.7 NA 19.0 Classical 
3838 10/10 2 DPB1 6.8 NA 13.0 Classical 

3871 10/10 2 DPB1 13.0 NA 15.5 Classical 
3876 10/10 1 DPB1 45.8 NA 24.5 Classical 

3898 10/10 1 DPB1 65.0 NA 59.5 Classical 
3970 10/10 1 DPB1 37.0 NA 17.0 Classical 

3997 10/10 1 DPB1 8.5 NA 7.0 Classical 
4038 10/10 2 DPB1 80.0 NA 71.0 Classical 

4049 10/10 1 DPB1 8.7 NA 5.9 Classical 
4087 10/10 2 DPB1 8.7 NA 12.5 Classical 

4096 10/10 1 DPB1 65.5 NA 87.0 Classical 

2368 9/10 2 DPB1, 1 DQB1 57.8 74.5 87.0 Classical 

3032 9/10 1 DPB1, 1 B 11.1 NA
g
 7.5 Classical 

3599 9/10 1 DPB1, 1 A 48.8 NA
g
 41.0 Classical 

3605 9/10 2 DPB1, 1 DRB1 50.1 27.9 20.0 Classical 

3667 9/10 2 DPB1, 1 A 47.1 46.4 73.9 Classical 

3745 9/10 2 DPB1, 1 B 12.2 8.3 12.0 Classical 

3806 9/10 1 DPB1, 1 C 43.4 60.0 25.5 Classical 

3860 9/10 2 DPB1, 1 B 36.9 69.8 47.0 Classical 

4039 9/10 1 DQB1
h
 NA 0.54 7.8 HLA Loss 

4129 9/10 1 DPB1, 1 B 24.1 18.5 21.5 Classical 

3706 8/10 1 DRB1, 1 A
h
 NA 3.5

i
 42.8 HLA Loss 

 

a
All donors were MUD matched for 10/10, 9/10 or 8/10 of HLA-A,B,C,DRB1,DQB1 alleles. 

b
HLA locus 

designation of the informative allele(s) present in the patient but not in the donor, preceded by the 

number of patient-specific allele(s). 
c
Percentage of read counts for the patient-specific allele(s) relative 

to the donor-specific alleles. 
d
Percentage of read counts for the informative HLA-DPB1 (left column) or 

for another informative HLA locus (right column), if applicable. In case of 2 HLA-DPB1 mismatches, 

the average percentage of relative read counts for both alleles is indicated.NA; not applicable. 
e
Outside HLA chimerism performed within the routine patient follow-up by qPCR or, when indicated by 

the suffix s, by STR. 
f
Relapse was classified as classical when NGS HLA and qPCR/STR chimerism 

were congruent, and as HLA loss when NGS HLA was at least 10-fold lower compared to qPCR/STR 

chimerism. 
g
NA due to incongruent typing result in the relapse sample at the informative HLA class I 

locus. 
h
No informative HLA-DPB1 mismatch present. 

i
Indicated is the percentage of read counts for 

the informative HLA-A allele. The percentage of read counts for the informative HLA-DRB1 allele was 

40.35%. 
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In the 23 patients who had received a 10/10 matched MUD, all relapses were 

classical.  In contrast, we found one definitive and another potential HLA loss relapse 

in 10 patients who had received MMUD. The first, UPN #3706 was a 37-year old 

male who had received a MMUD HSCT for AML in active disease. The MMUD was 

8/10 mismatched for HLA-A and DRB1 but matched for HLA-DPB1 (Table 4.9). 

Despite the onset of severe aGvHD on day 30, the patient relapsed on day 153 post-

transplant and succumbed 35 days later. Interestingly, divergence between outside 

HLA qPCR chimerism of 42.8% and NGS HLA chimerism was observed for HLA-A 

(3.5%) but not for HLA-DRB1 (40.3%) (Table 4.9).   

This is compatible with the presence of the two mismatched alleles on two different 

haplotypes in this unrelated donor, with subsequent loss of the haplotype carrying the 

mismatched HLA-A (Table 4.10). The NGS HLA result for the mismatched HLA-

A*11:01 was subsequently confirmed by qPCR chimerism using assay KMR504-A 

(see paragraph 4.2.2, Table 4.2), which confirmed an inside HLA chimerism of 5.7% 

in this sample. Unfortunately, no qPCR assay was available for DRB1, precluding 

confirmation of the NGS HLA chimerism result for this locus.   

 

Table 4.10: HLA haplotype phasing in UPN #3706 and his unrelated donor. 

HLA haplotype A* B* C* DRB1* DQB1* DPB1* 

P
a
ti
e
n
t A 11:01 18:01 12:03 03:01 02:01 04:01 

B 31:01 35:03 04:01 16:02 05:02 01:01 

D
o
n
o
r A‘ 02:01 18:01 12:03 03:01 02:01 04:01 

B‘ 31:01 35:03 04:01 16:01 05:02 01:01 

Haplotype A was lost in the post-transplant relapse while haplotype B was preserved, leading to 

selective loss of mismatched HLA-A*11:01 but not of mismatched DRB1*16:02  
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The second patient, UPN #4039, was a 35-year old male transplanted from a 9/10 

MMUD with an isolated HLA-DQB1 mismatch (but fully matched for both HLA-DPB1 

alleles) for AML M6 subtype in complete remission. The patient did not experience 

GvHD but relapsed 134 days after transplantation, and could be rescued by an 

azacytidine based salvage chemotherapy and DLI. At the date of last follow-up 417 

days post-transplant (283 days post-relapse), the patient is alive and well in 

sustained remission. The DNA sample analyzed had an outside HLA qPCR 

chimerism of 7.8% compared to 0.54% by NGS (Table 4.9). Since preferential 

amplification was an issue for HLA-DQB1 (Figure 4.9), the possibility that this result 

represents an artifact cannot be ruled out. Unfortunately, no qPCR assay specific for 

the mismatched patient HLA-DQB1*03:01 was available to verify this point. 
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5. Discussion  

Relapse is a major impediment to the clinical success of allo-HSCT in the cure of 

high risk hematologic malignancies, and the major cause of death in patients 

surviving 100 days after transplantation 16,44. New advances for its prevention and 

treatment are therefore urgently warranted.  Two major gaps to be filled to this regard 

are on the one hand the development of innovative tools for early detection of 

imminent relapse to allow timely intervention, and on the other hand the gain of new 

insights into the immune escape mechanisms underlying relapse after 

immunotherapy. 

The present thesis has made a contribution to both of these issues. We showed the 

clinical utility of a new sensitive qPCR based chimerism approach for monitoring 

different relevant endpoints including relapse (Aim 1), and importantly took this 

method further to the detection of a specific form of “HLA loss” relapse after allo-

HSCT, characterized by the genomic loss of the mismatched HLA (Aim 2). The 

results from these two aims of the thesis have in the meantime been published 162,163.  

Both new tools have by now entered the clinical routine follow-up of transplanted 

patients not only at UK-Essen but also in different national and international 

transplant centers.  We were also able to develop a cutting-edge high throughput 

NGS platform for the detection of HLA loss relapses in any context of HLA 

mismatching. Even in a so far limited test cohort of 34 patients after MUD HSCT, this 

method produced very interesting results, showing that HLA loss relapse is a clinical 

reality associated with the degree of immune pressure from HLA mismatches 

between patient and donor (Aim 3). Taken together, the results from this thesis thus 

have relevant translational implications, and set the stage for further investigations on 

the biology and clinical risk factors of immune escape relapse. In the following 

sections, I will present a critical discussion of each of the 3 parts of my thesis and a 

final outlook on possible future developments.  
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5.1 Clinical utility of qPCR for chimerism and engraftment monitoring 

after allo-HSCT for hematologic malignancies 

When this thesis started in 2014, STR was the gold standard assay for host 

chimerism (HC) follow-up of transplanted patients applied by most centers including 

UK-Essen. This method is robust and reliable for monitoring engraftment kinetics 

which is the clinical endpoint chimerism analysis was initially designed for (hence the 

term “chimerism and engraftment monitoring”) 164. However, STR has an intrinsically 

limited level of 1-5% sensitivity, due to the very low maximum amount of input DNA 

compatible with efficient and robust multiplex PCR which is the basis of the STR 

methodology. We hypothesized that added sensitivity as provided by qPCR methods 

targeting a single informative marker at a time would be of clinical utility first and 

foremost for the early detection of imminent relapse, but possibly also for a greater 

fine-specificity in monitoring subtle changes of HC associated with clinical events 

such as viral infection or donor lymphocyte infusions (DLI). 

To test this hypothesis, we took advantage of a commercial assay relatively new on 

the market at the beginning of this thesis, based on qPCR targeting of insertion-

deletion polymorphisms between patient and donor (then provided by the company 

Abott Molecular). We undertook a retrospective study to comparatively evaluate this 

qPCR method with the gold standard STR performed as part of the clinical routine 

follow-up, in 30 patients who had been transplanted from an unrelated donor for a 

hematologic malignancy at UK-Essen (Tables 4.1 and 4.2). First, we showed that 

several informative markers (i.e. present in the patient but absent in the donor) could 

be identified for all 30 patient-donor pairs, demonstrating the wide applicability of the 

method. Second, we found a high concordance rate of 79.6% and an overall r2 of 

0.9383 between STR and qPCR results defined as positive and negative according 

to two different thresholds, 1% and 0.1%, respectively. The 1-log difference in 

threshold was selected based on the reported sensitivity for the two assays 57,67,68, 

and on our own results using serial dilutions of DNA from two unrelated individuals 

(“artificial chimerism curves”; data not shown). Interestingly, virtually all 94 

discordances were due to a negative result in STR versus a positive result in qPCR. 

Only 10 of these could be classified as “false positives” occurring in patients without 

subsequent relapse or engraftment abnormalities (Table 4.4). Interestingly, of these 

10 false positive results, only one was from PB while the other nine were from BM, 

suggesting a very high specificity of qPCR chimerism on PB.  
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A possible reason for the lower specificity on BM could be the detection, by the highly 

sensitive qPCR, of patient-derived stromal cells present in BM but not in PB samples 

as previously reported 165.  

The added sensitivity of qPCR over STR resulted in evident clinical utility for the 

detection of relapse. 8/8 informative relapses (i.e. with samples available in the 6 

months before) had at least one positive result in qPCR prior to onset, compared with 

only 3/8 relapses in STR (Figure 4.3). Importantly, the positivity in qPCR of patients 

who later experienced relapse was generally sustained over several consecutive 

samples (Figure 4.3), while it was mostly seen on isolated BM samples by STR. It 

should be noted that a major limitation of this study was the lack of homogenously 

continuous DNA samples due to its retrospective nature. Thus, 4 additional relapses 

could not be evaluated because no samples were available in the months preceding 

relapse. A prospective study with pre-defined monitoring at regular intervals is clearly 

warranted to confirm our findings. This will be facilitated by the possibility to use PB 

which is obviously more easily accessible than BM, facilitating short-interval 

monitoring especially in case of suspect results. A prospective study would also be 

useful for dissecting the relative importance of qPCR chimerism versus the detection 

of tumor-specific minimal residual disease (MRD) markers for relapse prediction. The 

latter was precluded in this analysis by the scarceness of MRD data for the patient 

samples analyzed. MRD markers are generally available only for a fraction of 

transplanted patients 51,52, and alternative approaches to the early detection of 

relapse such as qPCR chimerism are welcome for these patients. 

qPCR showed clinical utility also for endpoints other than relapse, in particular the 

fine kinetics of early engraftment. DNA samples collected in the first 7 months after 

transplantation were available for 21 patients who were thus informative for this 

endpoint. Engraftment abnormalities defined as delayed engraftment (mixed 

chimerism between 0.1% and 1% with subsequent drop to full donor HC) or PMC 

(sustained mixed chimerism above 1% without graft rejection) appeared to be 

influenced by the conditioning regimen, occurring in 2/2 RIC compared to 5/19 MA 

transplants (Tables 4.1 and 4.2), with an overall incidence of 7/21 patients (33.3%). 

No correlation was observed here between engraftment abnormalities and clinical 

outcome including aGvHD, relapse and survival. This is in contrast with a previous 

study of UCB HSCT in pediatric patients, where delayed low level (0.1-1%) 

engraftment appeared to be predictive of aGvHD 70.  
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This difference might be related to HLA matching status and patient age, which were 

both shown to be associated with the incidence of delayed engraftment in the 

pediatric UCB cohort and are clearly different in our adult MUD study. Interestingly, 

engraftment abnormalities appeared to be more frequent in patients who experienced 

reactivation of CMV antigenemia in the first 100 days post-transplant compared with 

patients who did not (3/7 42.8% vs 4/14 28.5%, respectively), although the 

number of observations is too low to be more than observational. Of notice, in one of 

the patients, CMV reactivation shortly preceded the onset of PMC, with the actual 

time correlation between the two events demonstrated by qPCR but not by STR, 

which became positive only several months later (Figure 4.2). This is in line with 

previous reports showing an important imprinting of CMV viremia on immune 

reconstitution after allo-HSCT 166 167 168. An additional interesting observation regards 

the association between early CMV reactivation and protection from AML relapse, 

which has been previously demonstrated by studies from UK-Essen 28,32 and also 

confirmed by others 29 169. However, recent reports have suggested that this 

association might be blurred by the use of ATG as GVHD prophylaxis 34 35 36. This 

notion was not confirmed in the present cohort where the incidence of AML relapse 

was reduced by early CMV reactivation both in 8 transplants with ATG (0/3 relapses 

with CMV reactivation versus 2/5 relapses without) and in 15 transplants without (1/5 

relapses with CMV reactivation versus 6/10 relapses without), although larger 

numbers are clearly needed to adequately address this point.  

qPCR chimerism was also useful to monitor the efficacy and response kinetics of DLI 

for treatment of PMC or relapse. In particular, qPCR but not STR was able to provide 

fine-specific monitoring of the conversion from mixed to full donor chimerism after 

DLI for PMC or relapse, showing that this is a gradual process that proceeds over 

several months (Figures 4.2). This information could prove useful for clinical decision 

making regarding the dosage and duration of DLI, which could aid in limiting the 

potential toxicity of this treatment in terms of GvHD.  

The data from this first part of the thesis have been published in Ahci et al. BBMT 

2017 162. The results have prompted a diagnostic shift from STR to qPCR as method 

for HC of patients transplanted at UK-Essen, a concept that is being followed by 

many different centers both in Germany and abroad. 
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5.2 A new tool for rapid and reliable diagnosis of HLA loss relapses 

after HSCT 

Building on the positive results obtained under aim 1 (discussed in section 5.1) for 

qPCR chimerism using patient-specific insertion-deletion markers outside the HLA, 

we set out to develop a qPCR system also for markers targeting HLA mismatches 

between patient and donor. This second aim of the thesis was prompted by the need 

to develop a sensitive and user-friendly method for the diagnosis of HLA loss 

relapses after allo-HSCT, which are characterized by the selective genomic deletion 

of the HLA haplotype carrying the mismatch(es), followed by duplication of the 

remaining shared HLA haplotype (uniparental disomy). HLA loss was previously 

shown to be present in about one third of AML relapses after HSCT from 

haploidentical donors. Its timely diagnosis is relevant for clinical decision making, 

since down-tapering of immune suppression and DLI are expected to have limited 

efficacy against these variants that have selectively deleted the major targets of 

direct T cell alloreactivity. In these cases, alternative treatment strategies including 

the infusion of CD3+ T cell-depleted DLI enriched for innate immune cells with GvL 

activity such as NK cells or  T cells, or innovative strategies such as CAR T cells or 

bi-specific antibodies, are preferable. Moreover, in patients fit for a second HSCT a 

donor mismatched for the remaining HLA haplotype should be selected in these 

cases, an approach which has been shown to result in a clear survival advantage 152. 

The diagnosis of HLA loss was previously reserved to highly specialized research 

laboratories, since it was based on separate analysis and interpretation of methods 

with different sensitivities, i.e. chimerism assessment for outside HLA polymorphisms 

by STR or qPCR, and HLA typing for inside HLA polymorphisms by molecular 

methods such as SSOP, SSP or by SNP array analysis  145. These methods are not 

only cumbersome, but require also the presence of overt relapse because of limited 

sensitivity, and frequently even necessitate the FACS sorting of leukemic blasts due 

to interference of signals from residual healthy donor hematopoiesis in the same 

sample. This precluded an early diagnosis of HLA loss relapse on a routine basis, 

although this would be of considerable clinical interest based on the above 

considerations.  
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We reasoned that these problems could be overcome through the design of qPCR 

assays targeted to mismatched HLA alleles, which in combination with qPCR assays 

for outside HLA chimerism markers could inform on the presence or absence of HLA 

loss in a single assay, according to the rationale outlined in Figure 4.4. 

qPCR markers for HLA alleles were not commercially available, reflecting the 

technical challenges associated with the development of a system comprehensively 

targeting the highly polymorphic HLA. First, the use of insertion-deletion 

polymorphisms targets of outside HLA qPCR markers is not amenable to HLA, where 

allelic differences are almost exclusively due to SNP variability. Second, the extreme 

polymorphism of HLA with thousands of different reported alleles which increase in 

numbers at a galloping rate (Figure 1.11) makes it very difficult to develop a 

comprehensive system covering all possible allele combinations. Finally, for a 

diagnostic assay to be useful in the clinical routine, all assays have to be set at 

homogenous conditions. For these reasons, we focused our attention on a set of 

frequent alleles in worldwide populations (Table 4.5), and on HLA loci known to be 

frequently mismatched in HSCT not only from haploidentical but also from MUD 

donors, i.e. HLA-A, C and DPB1. These 3 loci have the added advantage of being 

slightly less polymorphic compared with HLA-B, DR and DQ, rendering the goal of 

designing qPCR assays more attainable. The design was performed in close 

collaboration with Dr. Luca Vago and Dr. Cristina Toffalori at the San Raffaele 

Hospital in Milan, one of the worldwide leading centers for haploidentical HSCT 

where HLA loss relapses were initially discovered 142. Labor was divided into qPCR 

for HLA class I (A, C) and HLA class II (DPB1) to be designed at San Raffaele and 

UK-Essen, respectively, followed by extensive validation at both sites. The resulting 

publication 163 saw equal contribution co-authorship for the two first and the two last 

authors from both sites.  

We were able to design and validate a total of 10 qPCR reactions specific for 27 

HLA-A, HLA-C, and HLA-DPB1 allele groups (Table 4.5 and 4.6). All reactions 

worked at the same conditions (buffers, thermal cyclers) as those for outside HLA, 

which in the meantime had been taken over by the Dutch company GenDX who 

sponsored our study. They had a high efficiency of at least 90% (Table 4.6 and 

Figure 4.6), were highly on-target specific with few exceptions documented in our 

extensive validations (Figure 4.5 and 4.7), and showed a sensitivity similar to the 

outside markers below 0.2% (Table 4.6).  



Discussion 

85 

Our inside HLA assays were combined with the commercial outside HLA markers to 

a new kit designated HLA-KMR, suitable for the diagnosis of HLA loss relapse based 

on positivity for the KMR and negativity for the HLA assays (Figure 4.4). HLA-KMR 

was able to very reliably discriminate between classical and HLA loss relapse in a 

total of 20 cases of overt relapse analyzed (Figure 4.8), concordant with the results 

obtained previously on these samples using separate qPCR chimerism and HLA 

typing. Whether or not HLA-KMR is able to also predict HLA loss relapse prior to its 

hematological onset could not be reliably assessed since few longitudinal pre-relapse 

samples were available for analysis in this retrospective study. In a single informative 

patient, both outside and inside HLA markers were concordantly negative up to 3 

months before hematological relapse univocally diagnosed as HLA loss both by HLA-

KMR and by the previous separate methods (Figure 4.8). 

HLA-KMR provided informative assays (i.e. positive in the patient and negative in the 

donor) for 70% of haploidentical HSCT and a slightly lower percentage 66% of MUD 

HSCT in the San Raffaele and UK-Essen series, consistent with the predicted 

estimates based on the frequencies of HLA alleles targeted in the kit within European 

populations (Table 4.6). This still leaves about one third of patients without an inside 

HLA marker and hence without the possibility to diagnose an HLA loss relapse by 

this method. The design of additional assays to cover more alleles especially at the 

frequently mismatched HLA-DPB1 locus could raise this frequency by 10-15% (data 

not shown). However, due to the technical challenges and the resulting labor-

intensity of this endeavor, its cost-benefit does not appear justified especially since 

near to complete coverage can be obtained with the subsequently designed NGS 

approach for the diagnosis of HLA loss relapses (see section 5.3). 

An additional potential limitation of HLA-KMR is the dependency on an internal 

house-keeping gene (RNAse P) for relative chimerism assessment by the CT 

method (see paragraph 3.2.3). This can be circumvented not only by NGS but also 

by transferring the qPCR reactions onto a digital droplet PCR (ddPCR) platform, in 

which qPCR is performed on the single molecule level in individual droplets and 

chimerism can be subsequently assessed by direct counting of positive droplets72. 

The transfer of our HLA-specific reactions onto a ddPCR platform is under way and is 

likely to further increase the clinical utility of the system.  
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HLA-KMR was developed within an international, EU-funded consortium of HSCT 

centers from Italy, Germany, France and Israel, with the core centers of Milan and 

Essen responsible for the experimental set-up and validation of the assay system, 

and the other centers receiving technology transfer and providing relapse samples of 

transplanted patients for the diagnosis of HLA loss. HLA-KMR has in the meantime 

been commercialized by GenDx, as part of a formal industrial cooperation with UK-

Essen and San Raffaele Milan. A 2-day training course was held at UK-Essen in 

October 2016, coordinated by my thesis supervisor and myself, for the consortium 

partners from the HSCT Center UK-Dresden. HLA-KMR has entered the clinical 

routine in the diagnostic laboratories at UK-Essen, UK-Dresden and different other 

sites in Germany and abroad. Our laboratory serves as consultant for difficult cases 

arising within these analyses. 

Taken together, the results from the second aim of my thesis have again had direct 

translational implications, reflected also by the industrial commercialization of our 

assays. The qPCR platform was deliberately chosen over more sophisticated 

approaches because it is amenable to most diagnostic laboratories including those 

from emerging countries, where allo-HSCT in particular from haploidentical donors is 

increasingly being implemented based on the excellent results and relatively cost-

effective nature of this treatment modality 13 (Figure 1.14). These considerations are 

reflected by the statement from the editorial accompanying our publication of these 

data in Blood 163 that “…this straightforward, easily adoptable and economical tool 

will allow quantification of the frequency of leukemic HLA loss at the time of the main 

problem of haplo-HSCT for acute leukemia, which is relapse” 170. 

 

5.3 NGS-based characterization of HLA immune escape by leukemia 

after immunotherapy 

When this thesis started in 2014, HLA typing by NGS was being developed by 

specialized laboratories with very high throughput requirements, such as reference 

labs for unrelated HSCT donor enrolment. However, the technology was not 

sufficiently advanced yet to be easily implementable by laboratories without specific 

experience in this field. This situation changed during the first 2 years of my thesis, 

prompting us in the last year to embark into the set-up of an NGS platform for HLA 

loss diagnosis.  
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This decision was also promoted by the specific technical problems we had 

encountered in the set-up of the HLA-specific qPCR assays discussed in section 5.2, 

in particular the challenges associated with the design of uniform yet efficient 

reactions targeting extensive SNP variation in the MHC, and the possibility to provide 

informative assays for only roughly two thirds of patient-donor pairs. The task was 

facilitated by a new collaboration between our group and the DKMS Life Science lab 

in Dresden, one of the high-throughput HSCT donor enrolment laboratories where 

NGS-based HLA typing has been pioneered several years ago 159 and where 

extensive experience on this high-throughput typing method is being collected on 

thousands of donors each year.  

We hypothesized that an NGS platform for HLA typing could prove useful for the 

diagnosis of HLA loss relapse, for the following reasons: 1) By using “generic” HLA 

locus specific amplification primers, any allele present in a given sample can be 

amplified, thereby obviating the need arising in qPCR of designing tailored specific 

reactions to individual HLA allele groups. 2) Chimerism assessment based on direct 

counting of individual reads for an informative HLA allele allows an absolute 

quantification and does not require comparison with an internal reference gene as in 

the qPCR method. 3) The high throughput nature of NGS makes this technique 

particularly suitable for the analysis of large sample numbers, such as required for 

comprehensively investigating the incidence and risk factors of HLA loss relapse in 

different transplant cohorts. 

We first established NGS-based HLA typing by using the protocols established and 

published by DKMS, including the NexType software for interpretation of the results 

and typing alignments with the alleles reported to the HLA/IMGT database (Lange et 

al. BMC 2013). Owing to the high throughput nature of the technology, in particular 

for HLA typing which requires a read-depth of not more than approximately 700 to 

obtain reliable results, we were able to validate the technique on as many as 334 

patient-donor pairs previously typed at the 2nd field level at the EFI-accredited 

diagnostics laboratory at the Institute for Transfusion Medicine of UK-Essen, plus 22 

HLA typed reference cell lines. We found complete concordance of the NGS typings 

with the reported results, which had the power to almost completely resolve typing 

ambiguities associated with the majority of 2nd field typings obtained by conventional 

molecular methods.  
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Application of the NGS HLA typing technology to HLA chimerism required several 

important adjustments. First, the read-depth had to be increased by one log in order 

to be able to detect low levels of chimerism with a desired sensitivity of below 1%. 

Second and perhaps even more importantly, bioinformatical filters set for excluding 

low numbers of reads from the analysis in conventional HLA typings had to be 

removed, because the low read numbers are precisely those we are looking for in the 

sensitive detection of chimerism. Removal of bioinformatical filters could potentially 

increase the number of non-specific false positive results. However, this potential 

problem was solved by the concomitant analysis of 100% pure donor and patient 

DNA, which not only provided confirmation of HLA typing and sample identity, but 

also and importantly informed on the threshold number of specifically false positive 

reads, i.e. reads of patient-specific alleles in 100% donor DNA and vice versa. These 

specifically false positive read numbers were set as the individual threshold of 

sensitivity for each patient-donor pair, and were always below 1%. In line with this 

observation, the sensitivity of NGS based HLA chimerism was found in artificial 

chimerism curves to be below 1% (Figure 4.9). Importantly, preferential amplification 

of one allele over the other in heterozygous samples was not an apparent problem in 

the NGS analysis of HLA-DPB1, which is frequently the only informative locus in 

MUD HSCT 171.  For HLA-A, B, C, DRB1, DQB1 the results were more variable 

(Figure 4.9), however these loci are frequently informative not in an isolated manner 

but in conjunction with all 6 loci on an unshared HLA haplotype in haploidentical 

HSCT, allowing the assessment of NGS HLA chimerism on the average of the results 

from all 6 loci in this setting.  

We were able to apply NGS HLA chimerism to a test cohort of 34 relapses after MUD 

HSCT at UK-Essen. One of the major problems we faced when selecting these 

patients was the availability of DNA samples at relapse after transplantation. The 

best source were DNA samples stored in the diagnostics laboratory at the Institute 

for Transfusion Medicine in the context of routine chimerism follow-up, where the 

presence of mixed chimerism was subsequently confirmed by the Clinic for Bone 

Marrow Transplantation to have or have not been followed by hematological relapse. 

Using this approach, we were able to identify a total of 104 DNA samples presenting 

mixed chimerism prior to relapse, which were all included for NGS HLA chimerism 

testing.  
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Unfortunately, more than two thirds of these samples yielded uninterpretable results, 

mainly due to the presence of an unexpectedly low read depth of less than 1000, 

precluding a meaningful analysis of chimerism (data not shown). The reasons for this 

are currently under investigation, but likely include problems regarding DNA 

quantification during the multiple steps of library preparation (see section 3.3). It 

should be noted that the entire procedure was performed manually, inevitably 

resulting not only in high experimental labor-intensity, but also in a certain error-

proneness which might have at least partly accounted for the inconsistent read-

depth. A robotic system for automated PCR set-up (EpMotion, Eppendorf, Germany) 

has in the meantime been acquired in the laboratory and is available for future 

analyses. Another problem we encountered was the specific drop-out of reads for 

DPB1*04:02 in some but not all samples carrying this allele (i.e. reads in the 100% 

positive sample not above background reads; approximate drop-out frequency of 

20%, data not shown). Since DPB1*04:02 has a high allele frequency in worldwide 

populations (Table 4.5), it will be important to solve this problem, possibly by the 

design of new or additional amplification primers. In the meantime, it will be 

particularly important to confirm any potential HLA loss based on the missing NGS 

detection of patient-specific DPB1*04:02 by alternative methods such as qPCR. This 

will be possible in most samples due to the availability of the KMR521-DPB1 assay 

targeting this allele (Table 4.6). Fourteen of the 34 patient-donor pairs analyzed here 

carried at least one DPB1*04:02 allele, but this allele was not involved in the two 

relapses classified as HLA loss in this cohort. 

In the 34 samples that yielded informative results, we observed at least one definitive 

HLA loss relapse (confirmed by allele specific qPCR) and another potential one, after 

8/10 and 9/10 MMUD, respectively. In this limited cohort, the incidence of HLA loss 

relapse was thus 0/23 (0%) in 10/10 MUD and 1-2/10 (10-20%) in 8-9/10 MMUD. 

Although the number of patients analyzed is too small to draw any statistical 

conclusions, these findings are consistent with the notion that the risk of HLA loss 

relapse increases with the immunological pressure mediated by T cell alloreactivity to 

major HLA mismatches in unrelated HSCT. This concept has been previously 

supported by observations on HLA loss relapse after haploidentical HSCT, which 

were shown to be associated with the T cell content in the graft and the occurrence 

of aGvHD prior to relapse 151. In 10/10 MUD HSCT, the major HLA mismatch is 

represented by HLA-DPB1, which has been shown to be target of GvL 
172,173. 

Therefore, the possibility that HLA-DPB1 loss might occur after 10/10 MUD HSCT 
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has a biological and clinical rationale. Our preliminary data suggest that this event is 

likely to be relatively rare. It has previously been shown that certain HLA-DPB1 

mismatch combinations give rise to stronger T cell alloreactivity and are hence 

clinically less well tolerated than others, leading to the classification of HLA-DPB1 

mismatches into so-called “non-permissive” and “permissive”, respectively 174. This 

raises the interesting possibility that the stronger immunological pressure from non-

permissive compared to permissive HLA-DPB1 mismatches might translate into a 

higher frequency of HLA loss mismatches in the former than in the latter. Thirty-two 

patient-donor pairs in our cohort had HLA-DPB1 mismatches in GvH direction and 7 

(21.8%) of these were non-permissive, which is in line with the HLA-DPB1 allele 

frequencies reported in the European population. Larger studies are clearly 

warranted to establish the incidence of HLA loss relapse in 10/10 MUD HSCT, and 

the potential role of non-permissive mismatches in this context.  

The finding of certainly one and potentially two HLA loss relapses even in the small 

cohort of only 10 MMUD transplants analyzed demonstrates that this type of relapse 

is a clinical reality also in settings other than haploidentical transplantation, making a 

case for routine diagnostics of HLA loss in all MMUD relapses. The HLA-KMR 

approach developed by us will prove useful for this purpose. Of note, we observed 

the selective loss of the mismatched HLA class I A allele but not of the second 

mismatched HLA class II DRB1 allele in the patient with HLA loss relapse after 8/10 

MMUD (Table 4.9), with HLA-A loss subsequently confirmed by one of our specific 

HLA-KMR qPCR assays. This suggests LOH for the haplotype carrying the retained 

mismatched HLA-DRB1 after deletion of the haplotype carrying the mismatched 

HLA-A. It should be noted that we did not find evidence for uniparental disomy, i.e. 

for duplication of the haplotype carrying the HLA-DRB1 mismatch, since the NGS 

chimerism on DRB1 was not different from the qPCR chimerism outside HLA (both 

approximately 40%; Table 4.9). This suggests that either this was a case of simple 

LOH without uniparental disomy, or alternatively that the accuracy of NGS-based 

copy number assessment for HLA-DRB1 might be too limited to detect this condition, 

for instance due to problems associated with preferential amplification at this locus. 

The finding that in the presence of a combined mismatch for HLA class I and II, 

greater immunological pressure was evidently mediated by HLA class I than by HLA 

class II is of potential interest and in line with reports from solid tumors where HLA 

class I LOH and somatic mutations were shown to occur in relapses after 

chemotherapy 
129,175. 
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The second potential case of HLA loss involved an isolated HLA-DQB1 mismatch. It 

should be noted that this sample had a relatively low level of chimerism of only 7.8%, 

and preferential amplification was an issue for HLA-DQB1 (Table 4.9). Therefore, the 

possibility that this HLA loss represents an artifact cannot be completely ruled out, 

and confirmation of HLA loss by the design of a qPCR assay for the mismatched 

HLA-DQB1*03:01 is needed to clarify this point. Clinically, this patient could be 

successfully treated by chemotherapy and DLI. The apparent efficacy of DLI in 

treating an HLA loss relapse would be somewhat surprising, since the major target of 

T cell alloreactivity would be lost by the relapse undergoing this specific immune 

escape. However, minor histocompatibility antigens might have been residual targets 

of GvL in this case. 

Taken together, the validation and first test application of an innovative NGS platform 

for HLA chimerism and HLA loss relapse detection yielded interesting results. 

However it still requires optimization by robotics, and the issue of specific allele drop-

outs and preferential amplification at individual loci has to be dealt with. Once these 

issues are solved, we plan to proceed with the analysis of the entire set of 108 

relapse samples from UK-Essen, as well as over 100 additional relapses sent to us 

from national collaborators at UK-Dresden, UK-Hamburg and UK-Düsseldorf. 

 

5.4 Outlook on future developments 

Apart from providing a qPCR based platform for sensitive detection of post-transplant 

relapse in general and HLA loss relapse in particular, the results from this thesis 

allowed us to obtain a first glimpse into the incidence and risk factors of the latter 

form of relapse after allo-HSCT from unrelated donors. This sets the stage for future 

investigations. First, the NGS platform for HLA chimerism we developed will allow us 

to perform a large scale analysis of HLA loss relapse in different transplant contexts, 

including haploidentical, MUD, MMUD and UCB HSCT. In a national and 

international effort involving over 30 centers from all over the world, we were able to 

collect more than 600 relapse samples to be analyzed in the two collaborating 

centers UK-Essen (2-300 samples from national collaborators in Germany) and San 

Raffaele Milan (the remaining samples from international collaborators). This 

represents the largest post-transplantation relapse cohort ever to be analyzed for this 

specific form of HLA immune escape.  
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Second and importantly, the NGS HLA chimerism approach not only provides 

information on relative HLA allele copy numbers for the detection of genomic HLA 

loss, but also on the nucleotide sequence of individual alleles. This potentially 

enables the detection of somatic neo-mutations targeted to HLA as a new, additional 

form of immune escape. Non-silent HLA mutations were recently reported to be 

present in 266/7930 (3.4%) of mainly solid tumors not subjected to pressure by 

allogeneic immune therapy 
129. It is possible and even likely that this frequency might 

be even higher in relapses of hematologic malignancies after allo-HSCT, i.e. tumor 

cells managing to evade the immune attack from allogeneic donor cells. The pipeline 

used for the identification of somatic HLA neo-mutations in the previous study 

regarded only HLA class I, and was based on a whole exome sequencing approach 

from which HLA data were extrapolated 129.  

Our strategy of targeted sequencing allows for the analysis of both HLA class I and 

HLA class II, which are both potentially relevant targets of immune escape for 

hematological malignancies which, in contrast to solid tumors, frequently express 

both HLA classes. For these analyses, it will be important to include not only exons 2 

and 3, which are sufficient for the detection of genomic HLA loss, but also exons 

beyond that region, i.e. exons 1-7 for HLA class I and exons 1-5 for HLA class II 

(Figure 1.7), since frequent HLA neo-mutations were shown to affect exon 4, outside 

of the classical exon 2-3 region encoding the most of the HLA variability 129. The set-

up of the relevant PCR system is likely to pose an inferior challenge to this regard 

than the bioinformatical platform required for a meaningful analysis, which will be set 

in collaboration with the biostatistics team of the University Duisburg Essen. The 

possibility to investigate somatic neo-mutations in HLA will be of interest for relapses 

not only of hematologic malignancies after allo-HSCT, but also for hematologic and 

non-hematologic tumors after immunotherapy with new therapeutic agents such as 

CAR T cells, bi-specific antibodies and checkpoint inhibitors. The future 

developments of this project are therefore expected to reach out to different areas of 

immunotherapy beyond allo-HSCT, thereby opening potential new opportunities of 

national and international networking.  
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6. Summary  

Relapse of malignant disease is the most frequent cause of treatment failure in 

allogeneic hematopoietic stem cell transplantation (allo-HSCT), often due to selective 

genomic loss of the mismatched human leukocyte antigens (“HLA loss”). The 

diagnosis of this condition is relevant for adopting appropriate treatment strategies 

and assessing its relevance in different transplant settings, but is precluded by 

technical challenges associated with the extreme polymorphism in HLA. The aim of 

the present thesis was to close this gap by 1) investigating the clinical utility of 

quantitative PCR (qPCR) for chimerism monitoring after HSCT; 2) developing HLA-

specific qPCR assays to detect HLA loss relapse; and 3) establishing new next 

generation sequencing (NGS) protocols for the high throughput detection of HLA loss 

relapse.  

In the first aim, published in Ahci et al., Biol Blood Marrow Transplant 2017, we 

retrospectively tested chimerism after 30 allo-HSCT at UK-Essen, in parallel by 

standard short tandem repeat (STR) and a new commercial qPCR method targeting 

insertion-deletion polymorphisms outside HLA. We demonstrated a 1-log higher 

sensitivity of qPCR, resulting in clinical utility for early relapse detection and other 

clinical endpoints including engraftment. These results led to a diagnostic shift from 

STR to qPCR for the follow-up of allo-HSCT at UK-Essen. In the second aim, 

published in Ahci & Toffalori et al., Blood 2017, we developed qPCR chimerism for 

single nucleotide polymorphisms within the HLA system, providing a user-friendly, 

robust and sensitive method for the detection of HLA loss relapse which combines 

chimerism outside and inside HLA in a single “HLA-KMR” system under industrial 

sponsorship and commercialization. In the third aim, we developed NGS-based HLA 

typing in collaboration with the DKMS Life Science Lab leader in the field, adapted 

this approach to the detection of HLA chimerism and applied it to 34 relapses after 

unrelated donor HSCT at UK-Essen. This allowed us to identify at least one HLA loss 

relapse occurring after partially HLA mismatched HSCT, further substantiating the 

clinical relevance of HLA loss as mechanism underlying relapse. Taken together, the 

data from my thesis set the stage for further analyses regarding the incidence and 

risk factors of HLA loss relapse in different transplant contexts through national and 

international collaborations, and the investigation of somatic neo-mutations in HLA as 

a new mechanism of immune escape after cancer immunotherapy. 



Zusammenfassung 

94 

7. Zusammenfassung  

Die häufigste Ursache des Therapieversagens der allogenen hämatopoetischen 

Stammzelltransplantation (allo-HSZT) zur Behandlung bösartiger Bluterkrankungen 

sind Krankheitsrückfälle, welch häufig durch den genomischen Verlust der patienten-

spezifischen HLA Gewebeantigene gekennzeichnet sind („HLA Verlust“). Die 

Diagnose dieses gezielten Immunevasionsmechanismus ist aufgrund der großen 

Variabilität des HLA Systems mit erheblichen technischen Schwierigkeiten 

verbunden, obwohl sie von großer klinischer und wissenschaftlicher Bedeutung wäre. 

Das Ziel der vorliegenden Doktorarbeit war es, diese Lücke zu schließen und durch 

1) Untersuchung des klinischen Vorteils der Chimärismusbestimmung nach HSZT 

mittels quantitativer PCR (qPCR); 2) Entwicklung von HLA-spezifischen qPCR 

Reaktionen zur Erkennung des HLA Verlust Rückfalls; 3) Aufbau von next generation 

sequencing (NGS) zur Hochdurchsatzbestimmung von HLA Verlust Rezidiven. 

Für das erste Ziel, veröffentlicht in Ahci et al., Biol Blood Marrow Transplant 2017, 

wurden 30 allo-HSZT vom UK-Essen vergleichend mit der Standardmethode short 

tandem repeat (STR) und einem neuen kommerziellen qPCR Ansatz auf 

Chimärismus getestet. Die höhere Sensitivität der qPCR war klinisch für die 

Beurteilung von Rezidiven und anderen klinischen Endpunkten von Vorteil und wird 

seither routinemäßig am UK-Essen eingesetzt. Für das zweite Ziel, veröffentlicht in 

Ahci & Toffalori et al., Blood 2017, wurden qPCR Reaktionen für eine Anzahl von 

HLA Allelen entwickelt um eine nutzerfreundliche, robuste und sensitive Methode zur 

Erkennung von HLA Verlust Rezidiven zu erstellen, welche als „HLA-KMR“ 

industrielle Verwertung gefunden hat. Für das dritte Ziel wurde eine NGS Plattform 

zur HLA Typisierung in Kooperation mit dem DKMS Life Science Lab entwickelt, auf 

den HLA Chimärismus adaptiert und anhand von 34 Rückfallproben von am UK-

Essen transplantierten Patienten getestet. Selbst in dieser limitierten Kohorte wurde 

mindestens ein HLA Verlust Rezidiv nach partiell HLA differenter HSZT entdeckt, 

was die klinische Relevanz dieses Immunevasionsmechanismus unterstreicht. Die in 

dieser Doktorarbeit erzielten Resultate werden nun die Untersuchung der Inzidenz 

und Risikofaktoren von HLA Verlustrezidiven nach allo-HSZT in großen nationalen 

und internationalen Studien ermöglichen. Zudem wird die NGS Plattform zur Analyse 

von somatischen HLA Neomutationen als potentiellem neuen Immunevasions-

mechanismus nach Tumorimmuntherapie genutzt werden.  
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9. Supplementary  

Table 9.1: HLA-A, C, DPB1 typing of positive and negative reference DNA. 

  A* C* DPB1* 

  Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 

ECACC1             

BM21 01:01   17:01   10:01   

VAVY 01:01   07:01   01:01   

AMA 02:01 26:07 02:02 03:04 n.d.  n.d. 

SLE005 02:01   03:04   03:01   

CB 02:01 03:01 07:01   19:01   

KY 02:06 24:02 01:01   04:02 05:01 

EHM 03:01   04:01   04:01 04:02 

H0301 03:01   08:02   05:01   

AKIBA 24:02   12:02   09:01 09:01 

KAS116 24:02   12:03   13:01 13:01 

MGAR 26:01   07:01   04:01   

MOU 29:02   16:01   02:01   

DUCAF 30:02   05:01   02:02   

TEM 66:01   12:03   04:01   

CML 01:01 03:01 n.d. n.d. 04:01 14:01 

OSR2,3             

OSR#01 01:01 02:01 06:02 16:01 04:01 13:01 

OSR#02 01:01 02:01 06:02   02:01 04:01 

OSR#03 01:01 03:01 02:02 06:02 03:01 04:01 

OSR#04 01:01 11:01 04:01 06:02 03:01 04:02 

OSR#05 02:01 24:02 02:02 15:02 04:01   

OSR#06 02:01 30:02 04:01 14:02 04:01 09:01 

OSR#07 02:01 68:01 07:02 04:01 04:01 10:01 

OSR#08 02:01 68:01 01:02 02:02 04:01 04:02 

OSR#09 02:01 68:01 04:01 07:01 02:01 04:02 

OSR#10 03:01 25:01 07:02 08:02 02:01 04:01 

OSR#11 03:01 26:01 12:03 04:01 02:01 10:01 

OSR#12 03:01 32:01 03:03 05:01 04:01 13:01 

OSR#13 03:01 68:01 07:02 12:03 04:01 04:02 

OSR#14 03:01 68:01 07:02 12:03 04:01 04:02 

OSR#15 03:01 68:01 04:01 07:01 04:01 05:01 

OSR#16 11:01 24:02 15:02   02:01 04:01 

OSR#17 11:01 25:01 06:01 12:01 02:01   

OSR#18 23:01 24:01 07:01   04:01 14:01 

OSR#19 23:01 30:01 04:01 06:01 02:01   

OSR#20 24:02   07:01   04:02 10:01 

OSR#21 24:02   04:04 07:02 04:02 02:01 

OSR#22 25:01 26:01 04:01 12:01 02:01 04:02 

OSR#23 33:01 66:01 08:08 17:03 04:01 17:01 

OSR#24 68:02 69:01 01:02 08:02 04:02 04:02 
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Table 9.1 (cont.). 

 A* C* DPB1* 

 Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 

UKE2,3           

UKE#01 01:01 02:01 03:04 07:01 04:01 04:02 

UKE#02 01:01 02:06 n.d. n.d. 01:01 03:01 

UKE#03 01:01 03:01 n.d. n.d. 01:01 13:01 

UKE#04 01:01 26:01:00 06:02 12:03 n.d. n.d. 

UKE#05 02:01   n.d. n.d. 03:01 04:02 

UKE#06 02:01   03:04 07:01 n.d. n.d. 

UKE#07 02:01   04:01 14:01 04:01 15:01 

UKE#08 02:01 03:01 06:01 07:01 02:01 11:01 

UKE#09 02:01 03:01 04:06   n.d. n.d. 

UKE#10 02:01 30:01 03:01 05:01 n.d. n.d. 

UKE#11 02:01 03:01 01:01 03:01 n.d. n.d. 

UKE#12 03:01 03:01 03:04 07:01 04:01 05:01 

UKE#13 03:01 24:01 03:01 07:01 04:01 11:01 

UKE#14 03:01 29:02 03:03 16:01 04:01 19:01 

UKE#15 11:01 25:01 05:01 12:03 n.d. n.d. 

UKE#16 24:02:00 30:01 n.d. n.d. 04:01   

UKE#17 25:01:00 26:01 03:02 04:01 02:01 04:01 

UKE#18 n.d. n.d. n.d. n.d. 01:01 03:01 

UKE#19 n.d. n.d. n.d. n.d. 01:01 11:01 

UKE#20 n.d. n.d. n.d. n.d. 02:01 03:01 

UKE#21 n.d. n.d. n.d. n.d. 02:01 04:02 

UKE#22 n.d. n.d. n.d. n.d. 02:01 04:02 

UKE#23 n.d. n.d. n.d. n.d. 02:01 11:01 

UKE#24 n.d. n.d. n.d. n.d. 04:01 14:01 

UKE#25 n.d. n.d. n.d. n.d. 04:01 14:01 

UKE#26 n.d. n.d. n.d. n.d. 04:02 13:01 
1
HLA typed B lymphoblastoid cell lines (BLCLs) from the European Collection of Animal Cell Cultures 

(ECACC). 
2
BLCLs or peripheral blood mononuclear cells (PBMC) from healthy HLA typed individual 

from OSR or UKE. (nd) no data available. 
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Table 9.2: Concept of the dual indexing PCR 

 
Forward (P5, Index2) 

Outer Primer AATGATACGGCGACCACCGAGATCTACAC<INDEX2>ACACTCTTTCCCTACACGA 

Inner Primer ACACTCTTTCCCTACACGACGCTCTTCCGATCT<Target Specific Sequence> 

    

  Reverse (P7, Index1) 

Outer Primer CAAGCAGAAGACGGCATACGAGAT<INDEX1>GTGACTGGAGTTCAGACGTG 

Inner Primer GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT<Target Specific Sequence> 

Amplicon sequences include inner and outer primers, index sequences for index 1 and index 2 as well 

as the genomic target sequence. 

 

Table 9.3: HLA-A, B, DRB1 typing of reference DNA. 

  A* B* DRB1* 

 
Allele 1 Allele 2 Allele 1 Allele 2 Allele 1 Allele 2 

DNA       

UKE#011 01:01:01:01 02:01:01:01 08:01:01 40:01:01 03:01:01:01 15:01:01:01 

UKE#021 01:01:01:01 02:06:01 08:01:01   03:01:01:01   

UKE#031 01:01:01:01 03:01:01:01 07:02:01 08:01:01 03:01:01:01 15:01:01:01 

UKE#071 02:01:01:01   44:02:01:01 49:01:01 01:01:01 11:01:01 

UKE#101 02:01:01:01 03:01:01:01 07:02:01 13:02:01 07:01:01:01   

UKE#121 03:01:01:01   18:01:01:01 40:01:01 09:01:02 13:02:01 

UKE#161 24:02:01:01 30:01:01 08:01:01 55:01:01 03:01:01:01 14:01:01 

UKE#171 25:01:01 26:01:01 35:01:01:01 58:01:01 03:01:01:01 13:02:01 

UKE#282 24:02:01:01   51:01:01:01 52:01:01:01 15:01:01:01 15:02:01 

UKE#292 11:01:01:01 24:02:01:01 15:02:01 55:01:01 14:05:01 15:01:01:01 

UKE#302 02:01:01:01 11:01:01:01 35:01:01:01 37:01:01 11:01:01 15:01:01:01 

UKE#312 01:01:01:01 24:02:01:01 08:01:01 44:02:01:01 03:01:01:01 13:01:01 

UKE#322 01:01:01:01 02:01:01:01 13:02:01 35:01:01:01 12:01:01 13:02:01 

UKE#332 01:01:01:01   40:01:01   11:01:01   

UKE#342 01:01:01:01 31:01:03 08:01:01 40:01:01 03:01:01:01 07:01:01:01 

UKE#352 01:01:01:01 03:01:01:01 08:01:01 27:05:02 03:01:01:01 04:01:01 

UKE#362 01:02 66:08 58:01:01   13:01:01 13:02:01 

UKE#372 24:02:01:01 32:01:01 13:02:01 51:01:01:01 07:01:01:01 11:01:01 

UKE#382 24:02:01:01   51:01:01:01   01:01:01   

UKE#392 26:01:01   08:01:01   15:01:01:01   

UKE#402 02:01:01:01   40:01:01   13:02:01   

UKE#412 01:01:01:01   08:01:01   03:01:01:01   
1
HLA typed B lymphoblastoid cell lines (BLCLs) from the European Collection of Animal Cell Cultures 

(ECACC) see Supplementary Table 9.1. 
2
BLCLs or peripheral blood mononuclear cells (PBMC) from 

healthy HLA typed individual from UKE.  
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