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1 Preface 

The herein presented thesis comprises a selection of three published original articles 

and one manuscript in preparation.  

  

The work presented in this thesis was performed in the time between April 2018 and 

November 2021 under the supervision of Prof. Dr. med. Dietrich W. Beelen and Dr. 

med. Dr. phil. Amin T. Turki at the Department of Bone Marrow Transplantation (as of 

May 2020: Department of Hematology and Stem Cell Transplantation), University 

Hospital Essen.  
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2 Zusammenfassung 

Die T-Zell Alloreaktivität nach allogener hämatopoetischer Stammzelltransplantation 

(HSZT) ist durch den damit verbundenen Transplantat-gegen-Leukämie (GVL) Effekt, 

vermittelt durch alloreaktive T-Zellen, ein wesentliches Element der antineoplastischen 

Wirkung bei Patienten mit malignen hämatologischen Erkrankungen. Allerdings sind 

alloreaktive T-Zellen auch für die Transplantat-gegen-Wirt-Reaktion (GVHD) 

verantwortlich, welche die häufigste und bedrohlichste Immun-vermittelte Komplikation 

nach allogener HSZT darstellt. Gegenwärtig befassen sich zahlreiche Arbeiten mit der 

Aufklärung potentieller Mechanismen und daraus resultierenden zielgerichteten 

Interventionen, welche den GVL Effekt verstärken und gleichzeitig die GVHD 

vermindern sollen. Aufgrund der großen Komplexität dieser Effekte, die unter anderem 

durch zahlreiche Transplantations-assoziierte Faktoren beeinflusst werden können, ist 

dieses Ziel aber bislang unerreicht. Vor diesem Hintergrund wurde in dieser 

Promotionsarbeit der Einfluss von Transplantations-assoziierten Faktoren - die 

Zytomegalie-Virus (CMV) Reaktivierung und die Wahl der immunpharmakologischen 

GVHD-Prophylaxe - insbesondere auf die T-zelluläre Immunrekonstitution und auf die 

alloreaktiven klinischen Manifestationen der GVHD und GVL anhand folgender 

Zielsetzungen untersucht:    

1) Entwicklung von Kinetik-Modellen der CMV Reaktivierung und Analyse des 

Einflusses der Viruskinetik auf die Alloreaktivität  

2) Aufklärung der Beziehung zwischen der CMV Reaktivierung und dem 

Rezidivrisiko in Abhängigkeit vom Krankheitsstadium und der Verwendung 

einer in vivo T-Zell-Depletion mit Anti-T-Lymphozyten-Globulin (ATG) 

3) Analysen zur Dosisabhängigkeit der in vivo T-Zell-Depletion auf die zelluläre 

Immunrekonstitution und zur potenziellen ATG-Dosisoptimierung 

4) Vergleich der zellulären Immunrekonstitution nach GVHD Prophylaxe mit 

ATG oder post-Transplant Cyclophosphamid (PTCy)  

Diese Ziele wurden mithilfe datenbasierter Modelle von klinischen Faktoren und 

Parametern der Immunrekonstitution realisiert. Die erzielten Ergebnisse bestätigen 

einen Zusammenhang zwischen der CMV Reaktivierung und der Reduktion des 

leukämischen Rezidivrisikos in Abhängigkeit von der CMV Viruslast (Leserer, 2021), 

dem leukämischen Krankheitsstadium sowie der Verwendung der in vivo T-Zell-
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Depletion mit ATG (Turki, 2021). Basierend auf Analysen zur T-Zell 

Immunrekonstitution in CMV "Peak Titer“-Subgruppen sowie zum leukämischen 

Rezidivrisikos in Patienten mit oder ohne ATG deuten beide Arbeiten darauf hin, dass 

die durch eine CMV Reaktivierung potentiell verstärkte T-Zell-Alloreaktivität, an der 

Kontrolle der Leukämierezidive beteiligt ist. Des Weiteren, unterstützt die sequentielle 

Analyse von CMV Reaktivierung und akuter GVHD die Hypothese, dass in Patienten 

ohne ATG die akute GVHD als Auslöser für die CMV Reaktivierung relevant werden 

kann während die CMV Reaktivierung in Patienten mit ATG eher auf die T-Zell-

Suppression zurückzuführen ist. Zusätzlich bestätigen die hier gezeigten Ergebnisse 

frühere Arbeiten, dass die immunpharmakologische Prophylaxe mit ATG oder PTCy 

das Risiko einer schweren akuten GVHD effektiv minimiert, aber gleichzeitig auch eine 

Verminderung des GVL Effektes bewirkt. In verschiedenen Arbeiten konnte mittels 

Analyse der Immunrekonstitution gezeigt werden, dass ATG einen dosisabhängigen 

Effekt auf die Rekonstitution von Helfer T-Zellen ausübt (Turki, 2020) und das die 

GVHD-protektiven Effekte von ATG und PTCy durch verschiedene Zell-Subtypen 

vermittelt werden (Leserer, Manuskript in Bearbeitung). Zudem unterstreichen die 

Ergebnisse dieser Forschungsarbeit die Notwendigkeit von Methoden zur gezielten 

Regulation der Alloreaktivität. Abschließend ist es mir über die Entwicklung eines 

meines Wissens nach neuen Tools gelungen, multidimensionale kontinuierliche 

Immunrekonstitutionsdaten zu analysieren und dadurch die Heterogenität der 

Rekonstitution von Patienten mit gleicher Behandlung zu charakterisieren. Die 

Ergebnisse dieser Promotionsarbeit setzen die T-Zell Immunrekonstitution mit 

Transplantations-assoziierten Faktoren wie der CMV Reaktivierung und der 

immunpharmakologischen GVHD-Prophylaxe in Bezug und geben damit Hinweise 

über den Einfluss dieser Faktoren auf die Alloreaktivität. Insbesondere die 

Erkenntnisse über einen verstärkten GVL Effekt durch CMV und die differentielle 

Beeinflussung der T-Zell Rekonstitution nach ATG oder PTCy könnten zur 

Verbesserung der Behandlung von HSZT-Patienten beitragen. 
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3 Summary 

T cell alloreactivity after allogeneic hematopoietic stem cell transplantation (HCT) is by 

its associated graft-versus-leukemia (GVL) effect, mediated by alloreactive T cells, an 

essential element of the antineoplastic outcome in patients with malignant hematologic 

diseases. However, alloreactive T cells are also responsible for the graft-versus-host 

disease (GVHD), which is the most frequent and threatening immune-mediated 

complication after allogeneic HCT. Consequently, current research focuses on the 

elucidation of potential mechanisms and as a result on target-oriented interventions, 

which should augment the GVL effect while simultaneously reduce GVHD. Based on 

the high complexity of both effects, which is amongst others affected by numerous 

transplant-related factors, this is still an unmet goal. Before this background this thesis 

investigated the impact of transplant-related factors – Cytomegalovirus (CMV) 

reactivation and the choice of immune pharmacological GVHD prophylaxis – in 

particular on T cell immune reconstitution and on the alloreactive clinical 

manifestations of GVHD and GVL by the analysis of the following aspects:  

1) Development of CMV reactivation kinetics models and the analysis of their 

impact on alloreactivity 

2) Elucidation of the relationship between CMV reactivation and relapse risk as 

a function of the disease status and the application of in vivo T cell depletion 

with anti-T-lymphocyte globulin (ATG) 

3) Analysis of dose-dependency of in vivo T cell depletion on cellular immune 

reconstitution and for a potential ATG dose optimization 

4) The comparison of cellular immune reconstitution after GVHD prophylaxis 

with ATG or post-transplant cyclophosphamide (PTCy)  

These aims were realized by data-driven models of clinical factors and parameters of 

immune reconstitution. The obtained results validate the relationship of CMV 

reactivation and a reduction of the leukemic relapse risk, which is dependent on the 

CMV viral load (Leserer, 2021), the leukemic disease stage at transplantation as well 

as the use of in vivo T cell depletion with ATG (Turki, 2021). Based on analyses of the 

T cell reconstitution in CMV peak titer subgroups as well as of the leukemic relapse 

risk in patients with or without ATG, both articles show evidence for a CMV-augmented 

T cell alloreactivity which contributes to the abatement of residual disease. In addition, 
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the sequential analysis of CMV reactivation and acute GVHD support the hypothesis 

that in patients without ATG acute GVHD might be the trigger for CMV reactivation 

while in patients with ATG CMV reactivation might be based on the profound T cell 

suppression. Furthermore, the presented results confirm previous data, that the 

immune pharmacological prophylaxis with ATG or PTCy effectively minimizes the risk 

of severe GVHD but concomitantly attenuates the GVL effect. In several approaches 

it was shown, via the analysis of immune reconstitution, that ATG has a dose-

dependent effect on the reconstitution of helper T cells (Turki, 2020) and that the 

GVHD-protective effect of ATG and PTCy is mediated by different cell subsets 

(Leserer, manuscript in preparation). Additionally, the results of this thesis 

emphasize the necessity of approaches for the selective regulation of alloreactivity. 

Finally, I developed to my knowledge a new tool, which was capable to analyze multi-

dimensional continuous cellular immune reconstitution data and to characterize the 

heterogeneity of cellular reconstitution in patients with the same treatment. The results 

of this thesis relate the reconstitution of T cells to transplant-associated factors such 

as CMV reactivation and the immune pharmacological GVHD prophylaxis and shed 

light onto the impact of these factors on alloreactivity. In particular, the findings of an 

CMV-augmented GVL effect and the differential influence of ATG and PTCy on T cell 

reconstitution could contribute to improvements in HCT patient treatment.  
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4 Introduction 

4.1 Hematopoietic Stem Cell Transplantation 

4.1.1 Background 

Hematopoietic stem cell transplantation (HCT) is a well-established approach in the 

field of cellular therapy of life-threatening hematological malignancies and non-

malignant disorders. Since its first description in humans in 19571 more than one 

million HCTs2 have been performed with an increasing frequency over the past 

decades3 (Figure 1A). It is the most frequently used cellular therapy procedure at large 

scale4. HCT requires the use of a conditioning regimen and the subsequent 

transplantation of hematopoietic stem cells (HSCs). The conditioning regimen can be 

a combination of high-dose radiation and/or chemotherapeutics and causes the 

eradication of the diseased marrow, leading to a suppression of patient’s immunity and 

the acceptance of the donor graft5. HSC infusion leads to the recovery of the damaged 

hematopoietic tissue and immunity, utilizing the ability of HSCs of self-renewal and 

differentiation into progenitor and mature cell types - the basis for HCT’s regenerative 

capacity6. The stem cell source can be either derived from bone marrow (BM), 

umbilical cord blood (CB) or peripheral blood (PB), of which the latter is nowadays the 

predominantly used one3 (Figure 1B). Peripheral blood stem cells (PBSCs) are more 

frequently used in malignant diseases, especially in advanced disease stages7, as 

there is evidence for a more pronounced graft-versus-leukemia (GVL) effect in 

transplantations with PBSCs compared with BM8. However, HCTs from PBSCs show 

an increased risk for graft-versus-host disease (GVHD)9, which associates to higher 

non-relapse mortality (NRM)10. PBSCs are also known to associate with faster 

hematopoietic recovery compared to BM-derived stem cells11.  

HCT is mainly performed in two different settings namely autologous (59%) and 

allogeneic (41%) stem cell transplantation3. While in the autologous transplantation the 

HSCs are derived from the patient him-/herself12, allogeneic transplantation with PBSC 

for example uses granulocyte-colony stimulating factor (G-CSF)-enriched CD34+ 

HSCs from volunteer donors13. This thesis focuses on allogeneic HCT. The 

identification of a suitable donor is highly relevant for allogeneic HCT14, in which the 

gold standard is the use of a human leukocyte antigen (HLA)-identical sibling donors 
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or matched unrelated donors15. This  is exemplified by the prevailing HCT number 

using these sources in Europe (Figure 1C).  

 

Figure 1: Developments in HCT from 1990-2018. Development of (A) patient numbers receiving either 

autologous or allogeneic HCT, (B) the use of different stem cell sources and (C) donor source frequency 

in allogeneic HCT from 1990-2008. (from Passweg et al.3).  

Unfortunately, the identification of an HLA-identical sibling donor, further stated as 

matched-related donor (MRD), is only successful in ~30% of cases16. The best 

alternative to HCT from MRD is the identification of matched-unrelated donors (MUD) 

in donor registries, with >39 million volunteer donors available in 202017. In HCT from 

unrelated donors (UD) histocompatibility, the HLA-concordance between recipient and 

donor, is ensured by high-resolution typing of the loci HLA-A, -B, -C, -DRB1 and -

DQB118. The first choice are 10/10-but also 9/10-matches are considered19. In cases 

of multiple 9- or 10/10-matches for one recipient further aspects beyond the HLA 

matching are evaluated for the prioritization of donors: 1) donor age, where younger 

adults should be considered over older donors20,21; 2) sex matching, where evidently 

male donors should be preferred for male recipients as the transplantation from female 

donors bear higher risks of GVHD22; 3) Cytomegalovirus (CMV) serostatus, in which 

CMV- donors should be used for CMV- recipients and CMV+ donors for CMV+ 

recipients23 and 4) AB0 matching, as incompatibilities are reported to modestly 

influence outcomes24. Recent studies also recommend the additional typing of HLA-



Introduction 
 

12 

 

DPB1, which can identify non-permissive mismatches in MUD associated with 

increased risks of NRM and severe acute GVHD25. Following improvements, such as 

high-resolution HLA-typing techniques14, HCTs from MUD exceeded the number of 

transplantations from related donors since the 2000s3 (Figure 1C). This common use 

of MUD-HCT is justified by comparable outcomes of recipients transplanted with MRD 

or MUD allografts26,27. Tertiary donor options, including mismatched-unrelated donors 

(MMUD), haploidentical family donors and cord blood transplantation14, are also 

relevant in allogeneic HCT as the likelihood to find an available MUD is about ~75% 

for white European patients and much lower for other ethnic groups28. MMUD 

transplantations display a disadvantageous risk profile as they associate with an 

increased risk of GVHD resulting in higher overall mortality, whilst HLA-

incompatibilities also bear the chance to promote the beneficial GVL effect29. 

Haploidentical transplantation, albeit associated with increased risks of infections and 

disease relapse29, have the advantage of the availability of family donor in the range 

of 90%30. Since the introduction of post-transplant cyclophosphamide as GVHD-

prophylaxis31 and further improvements concerning reduced-intensity conditioning 

(RIC), allo-HCT with haploidentical donors is considered a safe and promising 

alternative32 with increasing numbers over the last decade3 (Figure 1C). Cord blood 

HSCs are readily available from established banks and can be used for a high diversity 

of patients29. Even though it is associated with decreased GVHD its usage declined 

over the past years3 (Figure 1C) due to delayed engraftment and immune 

reconstitution33. Compared to HCT from MRD or MUD, tertiary donor options associate 

to increased NRM through different disease-risk strata34.  

4.1.2 Alloreactivity after allogeneic HCT 

Alloreactivity is the central mechanism of allogeneic HCT and originates in 

histocompatibility barriers between donor and recipient30. The term alloreactivity 

describes the recognition of non-self, allogeneic antigens on healthy but also malignant 

cells by alloreactive cells and their subsequent immune-mediated attack35. HLAs are 

the most relevant antigens30, which are encoded on a polymorphic locus called Major 

Histocompatibility complex (MHC), located at the short arm of chromosome 6 

(6p21.3)36. The MHC locus, which accounts for 30522 distinct HLA alleles37, can be 

divided into three different regions knows as MHC class I, -II, and -III38. In allogeneic 

transplantation HLAs from MHC class I & II are the most relevant, due to their 
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ubiquitous expression and their roles in antigen processing and presentation39. While 

MHC class I is expressed by all nucleated cells, MHC class II are constitutively 

expressed only on so called professional antigen-presenting cells40. Peptides 

presented by MHC class I or II molecules are mainly recognized by cytotoxic and 

helper T cells, respectively39. Furthermore, MHC class I antigens can also be noticed 

by killer-cell immunoglobulin-like receptors on NK cells36,41. The nine classical HLA 

genes studied in the HCT context originate from HLA-A, -B, and -C (MHC class I) and 

HLA-DR, -DQ, and -DP (MHC class II)38. HLA-disparities, for example in mismatched 

HCT, highly favor the occurrence of alloreactivity in manifestations such as GVHD or 

GVL29. Additional to HLA-mismatches, alloreactivity can also be induced by differences 

in minor histocompatibility antigens (mHAgs), for example in MRD transplantation42. 

mHAgs are foreign peptides, derived from polymorphic genes other than HLA and 

presented by self HLA molecules to T cell receptors only42. Here, the mediation of T 

cell alloreactivity follows an indirect pathway40. In short, alloreactivity has twofold 

effects on potential HCT outcomes: While it drives detrimental complications, such as 

graft rejection43 and GVHD44, its induction of the beneficial GVL against malignant cells 

is the central aim of HCT45.  

4.1.3 Impairment of clinical outcome after allogeneic HCT and its relation to 

alloreactivity 

After allogeneic HCT, recipients are exposed to several impairments of clinical 

outcome that can also heavily affect quality of life. Among the most relevant early 

adverse events are infectious complications, GVHD as well as the relapse from original 

disease, all increasing the hazard of death after HCT46 (Figure 2A). Further problems 

such as organ- or graft failures46 are not discussed in this chapter. A high number of 

risk factors (i.e. donor and stem cell source, HLA matching, disease status, recipient 

age, conditioning) contribute to the occurrence and intensity of such issues47-50.  

After HCT, a frequent cause of early mortality are infectious complications (14%, see 

Figure 2A)46.  Suppressed immunity, damaged anatomical barriers caused by the 

conditioning regimen and immunosuppressive agents modulating alloreactivity favor 

the incidence of infections post-transplant47. Three types of infections, bacterial-, 

fungal-, and viral infections47 can be observed throughout different phases of immune 

reconstitution post-HCT: The pre-engraftment phase (~2-4 weeks post-HCT), the early 

post-engraftment phase (~2-3 months post-HCT) and the late phase (>3 months post-
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HCT)51. While bacterial infections predominantly occur in the neutropenic and early 

post-engraftment phase, fungal infections are prevalent throughout all three phases47 

(Figure 2B). The occurrence of viral infections is also connected to patients’ immune 

reconstitution47 and associates to several risk factors, such as older age or the use of 

T cell depleting agents52. The most common contributor to viral infections is the human 

Cytomegalovirus53 (CMV, see chapter 4.2), which is predominantly present in the early 

post-engraftment phase until day +10054 and has been shown to heavily interact with 

the reconstituting immune system55. In general, viral infectious complications may 

manifest with a broad range of symptoms from mild to life-threatening diseases56, 

hence predicting its severity is essential to optimal anti-infective patient management.  

 

Figure 2: Frequent impairments of clinical outcome after HCT. (A) Contribution of different 

complications after HCT to the 3-year mortality after unrelated donor HCT between 2018-2019 (from 

Phelan et al.46). (B) Occurrence of infectious diseases and GVHD with respect to post-transplant phases 

(from Tomblyn et al.47) (C) Main causes of deaths for allo-HCT patients at different timepoints after HCT 

compared between 1980-2001 (cohort 1) and 2002-2015 (cohort 2) (from Styczyński et al.57). 

Still, the most frequent early complication after allo-HCT is GVHD, which associates to 

11% of deaths within 3 years post-HCT46. GVHD is predominantly mediated by 

alloreactive donor T cells recognizing host cells as foreign and attacking the healthy 

tissues of a recipient58. This process is provoked by HLA-incompatibilities and 

differences in the mHAgs29,42. GVHD can be differentiated into an acute and chronic 

form59, with a cumulative incidence of acute GVHD between 35-80%58 and chronic 

GVHD in 30-70% of HCT recipients60. The immune-mediated attack by alloreactive 



Introduction 
 

15 

 

donor T cells (detailed in chapter 4.3.1) can lead to critical or even lethal impairment 

in different organs of transplant recipients. While in acute GVHD the organ involvement 

is restricted to the skin, liver, and GI tract, chronic GVHD also affects others such as 

lungs, and kidneys58. Several approaches for instance the application of T cell 

depleting agents for GVHD prophylaxis or the improvement of GVHD treatment 

protocols reduced GVHD-associated mortality up to 1-year post-HCT57 (see Figure 

2C). Additionally, the increasing use of high-resolution HLA-typing participated in this 

effect by decreasing the number of HLA-mismatches, which trigger alloreactivity57.  

With the predominance of hematologic malignancies as indication for allo-HCT, 

disease relapse remains the most frequent cause of death accounting for ~50% of 3-

year mortality reported by the CIBMTR registry46. Risk factors for relapse are often 

disease-related e.g. remission status at HCT, minimal residual disease, cytogenetic 

disease risk or treatment-related e.g. RIC or T cell depletion50, but also relate to 

alloreactivity. Besides the response to the conditioning regimen the immune-mediated 

GVL effect by alloreactive donor T and NK cells is the central tool in limiting relapse. 

Relapse originates from residual malignant (leukemic) cells, which escaped from 

conditioning regimen and GVL61. While early relapse occurs following insufficient 

response to HCT therapy, late relapse happens if the immune system develops a 

tolerance or the disease undergoes immune escape62. In the absence of HLA escape, 

modulation of alloreactivity by immunosuppressive drugs or donor lymphocyte infusion 

(DLIs) may re-induce remission via alloreactive mechanisms63.  

Over the past decades, the incidence of infectious complications and GVHD has 

decreased substantially57 (Figure 2C), resulting in decreased NRM34. Yet, it still 

contributes to significant NRM. Beyond NRM, disease relapse remains the major 

challenge after HCT with constantly high frequencies over the years10. The induction 

of a sufficient GVL effect parallel to minimizing or ultimately abrogating GVHD45 

therefore remains critical.   

4.1.4 Importance of immune reconstitution 

Immune reconstitution after HCT is one of the key factors for protection against various 

pathogens and disease relapse and consequently long-term patient survival51. HCT is 

followed by a phase of pancytopenia47 as the conditioning regimen not only eliminates 

malignant cells but also diminishes the immune system of the patient64 urging the need 
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for immune recovery. Immune reconstitution is dependent on several transplant-, 

patient-, and therapy-related factors including conditioning regimen, stem cell source 

and purity, recipient age, post-transplant immunosuppression and GVHD65. Generally, 

immune reconstitution can be differentiated into the phases of innate and adaptive 

immune recovery51 (see Figure 3A+B).  

 

Figure 3: Reconstitution of innate and adaptive immunity after HCT. (A) Overview of innate and 

adaptive immunity comprising different immune cell types. (adapted from Dranoff66) (B) Approximation 

of immune cell counts (in percentages of normal counts) after HCT following myeloablative conditioning. 

(adapted from Storek67) 

Neutrophils are the first cells to recover, highly dependent on the used stem cell 

source. Neutrophil recovery to ≥0.5 x109/L68 from PBSC is known to be the fastest, 

followed by BM and CB within ~14, ~21 and ~30 days, respectively51. Functional 

recovery occurs in parallel to quantitative recovery if patients do not suffer from 

GVHD69. Neutrophil reconstitution is followed by monocytes and NK cells from the 

innate compartment, reaching normal levels in the first weeks post-transplant67. 

Lymphocyte recovery, i.e. of NK cells or T cells, is mainly driven by two different 

pathways47. The first pathway includes the reconstitution from lymphoid progenitors 

(thymopoiesis)70, typically from graft origin, while the second describes a thymic-

independent process called homeostatic peripheral expansion (HPE)71 via cytokines 

(interleukin (IL)-7 and IL-15) and allogeneic antigens51. NK cells recover exclusively 

from the ontogenic pathway47 within ~3-4 weeks after HCT both in cell counts and in 

function67. This cell subset plays a role in pathogen defense as NK cells show for 

instance a faster reconstitution in CMV-positive recipients72. Specific NK cell subsets, 

i.e CD56dimCD57+NKG2C+ cells, which expand during CMV reactivation, might also 

be relevant in relapse protection73. NK cell reconstitution is followed by regeneration 

of adaptive immune cell subsets such as B cells and T cells67. Recovery of B cells is 

primarily accomplished via thymopoesis74 and is highly prone to damage caused by 
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conditioning, GVHD and its’ treatment, causing a delay in recovery47. Although B cell 

numbers recover within 6 months after HCT in patients without GVHD, they are not 

fully functional as antibody production is also dependent on sufficient CD4+ T cell 

reconstitution47. Consequently, full B cell regeneration can last ~1-2 years post-HCT51. 

Impaired levels and diversity of immunoglobulins due to a lack of memory B cells 

(CD19+CD27+) make HCT patients prone for example to bacterial infections75. In the 

first months post-transplant, CD8+ T cells levels are decreased reaching (supra-

)normal levels around +12 months67. The recovery through the HPE pathway follows 

a rapid expansion from mature T cells of the donor graft or host cells which survived 

the conditioning76, with memory T cells to recover first47. Via HPE, CD4+ T cells can 

also expand but in much lesser extent than their CD8+ counterparts, resulting in a 

reduced CD4/CD8 ratio77. T cells expanded within the HPE pathway have a skewed T 

cell receptor (TCR) repertoire with limited diversity whereas T cells generated by 

thymic-dependent reconstitution show diverse TCRs78. The ontogenic pathway is 

highly used for naïve CD4+ T cell recovery79 but also reconstitutes naïve CD8+ T cells. 

However, this pathway is highly dependent on thymic function which is known to 

decrease with advanced age79. Together with CD8+ T cells, CD4+ T cells build the 

defense against various pathogens and play a major role in eradicating malignant cells 

(GVL effect)51. CD4+ T cells counts might provide a good predictive marker of 

recovered immunity correlating with improved transplant outcomes47. Taken together, 

insufficient reconstitution of innate and adaptive immunity contributes importantly to 

different detrimental HCT outcomes.  

4.2 Cytomegalovirus 

4.2.1 Background 

The human Cytomegalovirus (hCMV, further referred as CMV), is a double-stranded 

linear DNA virus with a genome of ~250 kilobases and the biggest member from the 

human viral family of Herpesviridae80. Its genome is enveloped by a proteinaceous 

nucleocapsid, a viral tegument composed of viral phosphoproteins, and an outer lipid 

bilayer with viral glycoproteins81. Primary infection with CMV in immunocompetent 

individuals is mostly asymptomatic82 and mainly regulated by innate immune 

responses, especially by NK cells and type I interferons83,84. Primary infection drives 

the development of CMV-specific cellular and humoral immunity, essential for the 

control of subsequent reactivation episodes (see Figure 4A)85. After CMV infection 
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which primarily occurs in lung, liver, spleen and the gastrointestinal (GI) tract86 the virus 

establishes a lifelong latency55. This is ensured through several immune evasion 

mechanisms87, for instance by the inhibition of the viral lytic gene expression88. During 

latency, where CMV is localized in CD34+ progenitor cells, CD14+ monocytes86 and 

endothelial cells89, CMV-specific T cells against various CMV peptides, especially 

pp65, pp50, IE-1 and IE-2, gB and gH are crucial for infection control80. Th1 cells 

appear ~1 week after peak infection with the ability to secrete cytokines such as 

interferon (IFN)-γ or tumor necrosis factor (TNF)-α89. CD8+ T cells arise subsequently 

which can establish an effector memory type post-infection, capable to lyse CMV 

peptide-presenting cells89. Besides Th1 cells, γδ T cell levels are increased during 

active infection90 and might be relevant in CMV control85. The role of humoral 

responses is under debate, and small compared to cellular immunity91, but seems to 

contribute i.e. to restricted dissemination92. In mice, a limiting effect of humoral 

immunity was shown in the presence of GVHD93. Major targets for B cell immunity 

against CMV are the glycoproteins gB and gH94.  

 

Figure 4: Phases of CMV infection and worldwide distribution. (A) Infection with CMV shows three 

distinct phases (primary infection, latent infection, and reactivation) controlled by host’s innate and 

adaptive immunity (from Cho et al.89). (B) Estimated seroprevalence of CMV in different geographic 

regions of the world depicted by mean and 95% confidence interval (adapted from Zuhair et al.95). 

Interestingly, host immunity is effective to lyse CMV infected cells but is not able to 

fully eliminate the virus facilitating latency82. The proportion of circulating CMV-specific 

T cells during latency might be up to 10%96 in healthy seropositive individuals showing 

higher ratios with increasing age91. CMV-specific cytotoxic CD8+ T cells might 

insufficiently control CMV while CMV-specific CD4+ T cells are absent, as those take 

part in activation of the CD8+ ones97. Furthermore, CMV-specific CD4+ T cells might 

also play a role in killing virus-infected cells mainly restricted gB and gH antigens98. 
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CMV is ubiquitously distributed showing 83% seroprevalence all over the globe95 

(Figure 4B), highly depending on different factors such as age88, socioeconomic 

status, sex or ethnicity86. Although the infection with CMV in immunocompetent 

persons is generally associated with low disease incidences, it leads to clinical 

symptoms and severe disease courses in immunocompromised individuals such as 

newborns, HIV patients, or recipients of solid organ transplants or HCT80.  

4.2.2 Relevance of CMV reactivation in allogeneic HCT 

CMV reactivation after allo-HCT is the most frequent viral infectious complications99,100, 

which associates to poor post-transplant outcomes such as increased NRM54 and 

increased risks of GVHD and secondary bacterial and fungal infections101,102. Severe 

infection can lead to the occurrence of CMV end-organ disease such as pneumonia, 

hepatitis, colitis or retinitis102, with mortality rates of up to 60%103. CMV reactivation is 

highly frequent in HCT recipients as those are immunocompromised and the 

conditioning regimen often eradicates potential CMV-specific immunity. Clinically 

significant CMV reactivation in HCT patients relates to poor immune reconstitution after 

transplantation or a lack of transferred CMV immunity when using grafts from 

seronegative donors55. While CMV reactivation is a consequence to eliminated 

immunity it may also induce immune recovery55. Exemplarily, CMV reactivation 

stimulates a rapid reconstitution of IFN-γ producing NKG2C+ NK cells necessary for 

disease control104 or the expansion of memory-like NK cells (NKG2C+CD57+)105. 

Besides, also T cell immunity is stimulated as CMV-specific CD4+ and CD8+ cells are 

indispensable for infection control and subsequent protection. HCT patients with CMV 

reactivation feature an accelerated recovery of CD8+ T cells due to clonal expansion 

of CMV-specific effector-memory αβ CD8+ T cells106. Further, CMV reactivation leads 

to changes in the T cell compartment such as reduced TCR diversity, and lower ratios 

of naïve T cells up to one year post-transplant106. As T cells are a key inducer of 

alloreactivity, CMV affects this mechanism via its impact on the T cell repertoire.  

Without medical prophylaxis, the first CMV reactivation episode occurs in the early 

post-engraftment phase before d+10054 but also later episodes can arise, which might 

be of recurrent nature or the consequence due to CMV antiviral treatment107. The 

incidence of CMV reactivation varies between 20-70% primarily dependent on the 

serostatus constellation of recipient (R) and donor (D)100. Generally, the incidence is 

highest in the R+/D-, due to a lack of CMV immunity in the donor graft, followed by 
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R+/D+, R-/D+ and R-/D-102. Based on the high seroprevalence, varying reactivation 

rates, and the association to NRM the pre-transplant serostatus is used as standard 

risk indicator in donor selection algorithms. Recipient seropositivity alone is a 

prognostic factor for decreased OS54. Further risk factors for CMV reactivation include 

the administration of corticosteroids108 and post-transplant cyclophosphamide 

(PTCy)109, T cell depleted grafts110, acute GVHD111, increasing recipient age, and the 

use of unrelated donors112. Additionally, also immunologic and virologic parameters 

such as lymphopenia, low CD4+ T cell counts (<50 cells/mm3) and CMV viral load 

kinetics were associated to CMV reactivation, especially to late CMV disease103,113. 

With the introduction of preemptive therapy, comprising an active CMV monitoring and 

treatment in case of reactivation, the incidence of CMV disease was effectively 

reduced114, but reactivation rates are still high and associate to survival detriments54. 

Albeit this strategy is established as standard of care in most centers it also presents 

disadvantages due to myelosuppressive or nephrotoxic effects of anti-CMV agents 

such as ganciclovir89. Furthermore, preemptive therapy with ganciclovir is also known 

to delay the recovery of CMV-specific T cells and to bear risks for late reactivation and 

disease103,107. Recent advances in CMV prophylaxis involve the development of the 

viral terminase inhibitor letermovir showing reduced incidences of clinically significant 

CMV reactivations115. Consequently, it is approved for the usage in adult CMV(+)-

recipients and is typically administered until d+100 after HCT115. Although letermovir 

shows a high efficacy116 and favorable toxicity115, also delayed CMV reactivation after 

discontinuation of prophylaxis and break through reactivations are observed117. 

Recently, its’ potential influence on immune recovery is controversially discussed118.  

Another matter of debate is the ambivalent picture of CMV reactivation on HCT 

outcomes. While it has been well established, that CMV reactivation associates to 

increased NRM, and consequently a significant decrease in OS54,119 across different 

hematologic malignancies, recent studies presented contradicting findings. Those 

reports either showed no association to NRM120,121 or comparable outcomes in overall 

survival to patients without reactivation120,122,123 challenging the above-mentioned 

studies. Further controversial findings associate CMV reactivation with disease 

recurrence. On the one hand, there are several studies reporting reduced relapse 

incidences in recipients with CMV reactivation across acute leukemia and further 

hematologic malignancies121,123-125. On the other hand, studies question those data 
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with comparable relapse rates in patients with and without reactivation54,126 or 

restricted the association with reduced relapse to the absence of the in vivo T cell 

depleting agent anti-thymocyte globulin127.  

4.3 Acute Graft-versus-host disease  

4.3.1 Background and pathophysiology of acute GVHD 

GVHD was first described by Barnes and Loutit in 1956 using a murine model128 and 

later taken up by Billingham who postulated three requirements for the pathogenesis 

of GVHD: 1) the transplanted graft must contain immunocompetent cells, 2) the 

transplant recipient must be incapable of eliminating or rejecting the transplanted cells 

and 3) the recipient has to express tissue antigens which are not present in the donor 

graft, thus recipient antigens are recognized as foreign by donor cells129. These three 

postulates still hold true as we nowadays know for example that those 

immunocompetent are alloreactive T cells, that the inability of rejecting the transplant 

is evoked by the conditioning regimen and that the tissue antigens which provoke the 

evolvement of GVHD are mostly HLA but also mHAgs58.  

 

Figure 5: Pathophysiology of acute GVHD (aGVHD). The development of aGVHD is a complex 

process involving cellular interactions and inflammatory cascades in three consecutive phases: 1) 

Activation of host antigen-presenting cells (APCs), 2) Donor T cell activation followed by proliferation, 

differentiation, and migration and 3) the cellular and inflammatory effector phase in which the target 

tissue destruction takes place (from Ghimire et al.130). 

This thesis focuses on acute GVHD (aGVHD) after HCT. Its pathogenesis (Figure 5) 

is initiated by damage due to the underlying hematological disease and the 
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conditioning regimen58. The latter is required for HSC engraftment5 but also damages 

e.g. epithelial cells130. Following this damage, pro-inflammatory cytokines, such as 

TNF-α or IL-1 are released and activate host antigen-presenting cells (APCs)131. 

Specifically looking at aGVHD in the GI tract, the pathogenesis includes the systemic 

translocation of microbial products, for example lipopolysaccharide (LPS), amplifying 

the activation of host APCs132. In a second step, mature donor T cells get activated 

through recognition of alloantigens on host APCs, followed by proliferation and 

differentiation into Th1 or Th17 phenotypes, which regulate the activation of CD4+ and 

CD8+ cytotoxic T lymphocytes (CTLs), later causing tissue damage130. Induction of 

aGVHD by CD4+ and CD8+ CTLs is mediated by differences in HLA class II & I, 

respectively133. The proliferation of donor T cells can be inhibited by regulatory T 

cells134, which present a good target for limiting aGVHD. The last phase in aGVHD 

pathogenesis is the phase of target cell apoptosis via cellular and inflammatory 

effectors130. At this point, CTLs and NK cells – the cellular effectors – lyse target cells 

using the Fas/FasL or perforin/granzyme pathways135. The migration to the respective 

organ sites is mediated by chemokines such as the macrophage inflammatory protein-

1alpha (MIP-1α) or CXCL2136. Additionally, tissue damage is also observed through 

the secretion of inflammatory cytokines such as TNF-α or IL-1, initiated by signals 

stemming from phase I, for instance LPS130. 

Acute GVHD can be reduced by modifications in the conditioning regimen, for example 

reduced-intensity conditioning, which is known to cause less initial tissue damage58. 

Classical pharmacological strategies in GVHD prophylaxis include, 

immunosuppressive agents, e.g. calcineurin inhibitors or corticosteroids58 and the use 

of in vivo T cell depleting agents. Agents often used for in vivo T cell depletion are anti-

T-lymphocyte globulin (ATG), the CD52 antibody Alemtuzumab, and more recently 

also post-transplant cyclophosphamide (PTCy)31,58.   

4.3.2 Classification and risk factors 

The actual definition for aGVHD from the National Institute of Health (NIH) includes 

two categories, in fact the classical manifestation until d+100 post-HCT and a 

persistent, recurrent, or late onset aGVHD59. Acute GVHD can be assessed by 

different grading systems, such as the consensus137, MAGIC138 or Minnesota139 

grading, according to the number of involved organs and the respective disease 

severity48,59. The different grading systems for aGVHD differentiate between grades 0-
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IV and vary in their definitions for GVHD grades as shown by a consensus statement 

focusing on the terminology of GVHD assessment140. Prominent risk factors for 

aGVHD comprise the grade of HLA-matching, gender mismatch (female D/male R), 

stem cell source (PBSC>BM>CB), the amount of T-lymphocytes in the graft, increasing 

donor and recipient age, the use of total body irradiation, or infections48.  

4.4 Considerations on statistical approaches in HCT studies 

Biostatistical methods are fundamental features throughout all fields of biomedical 

research, including studies in the field of HCT. They are applied in clinical trials for the 

approval of new medical devices, drugs or treatment protocols as well as in the 

assessment of patient prognosis in prospective and retrospective studies141. Generally, 

biostatistical analyses are applied to test hypotheses related to open research 

questions. Besides mere data analysis, biostatistics comprises research design, data 

collection and processing, statistical analysis, data interpretation as well as data 

presentation142. Information, e.g. about a study population, are displayed in variables 

differentiated into: 1) categorical or qualitative, describing the assignment of individuals 

to particular groups, classes or categories (e.g. sex or disease) and 2) quantitative or 

measurable, which take numerical values into account (e.g. age, height, weight)142.  

Commonly used tools in HCT research for the analysis of such variables are 

descriptive analysis, Kaplan-Meier survival analysis143, the Cox proportional hazard 

model144 and competing risk analysis by Fine and Gray145. More advanced tools 

comprise multistate models, propensity score matching or the development of risk-

scoring systems146. Descriptive analyses are utilized for data summary using tables or 

diagrams142. The examination of time-to-event data by Kaplan-Meier survival analysis, 

yields to nonparametric estimates of the survival function143. The resulting survival 

curves are necessary for the comparison of survival patterns of different patient 

subgroups depending on the research question147. Cox regression analysis also 

focuses on the investigation of time-to-event data. This model is defined by its’ non-

parametric hazard function and follows the intention to test for effects of n variables, 

called covariates, on times to a specified event147. The Cox model utilizes regression 

parameters for covariates to estimate hazard ratios (HR), describing the likelihood for 

the occurrence of an event to happen in a predefined time interval144. Those hazard 

ratios can either show beneficial (HR<1) or detrimental (HR>1) contributions of 

covariates to the event of interest, e.g. OS or NRM148.  Cox regression is adequate as 
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long as no competing event to the event of interest exists as these would be otherwise 

regarded as censored observations149. In case of competing events, for example on 

relapse and NRM in HCT studies, the competing risk analysis by Fine and Gray can 

be one method of choice149. This analysis describes the effects of covariates on the 

cumulative incidence function by subdistribution hazards145,149. Integral parts of all 

these methods are the calculation of p-values and confidence intervals. The computing 

of p-values is applied to test the null hypothesis and indicate the likelihood that 

assumed probability distributions adequately account for the observed results150. The 

commonly used level in biomedical research for statistical significance is p<0.05150. 

Also very frequently employed are confidence intervals (CIs) where it is believed that 

the true parameter value lies, for instance with 95% certainty, in the calculated 

interval150.  

The forecasting of clinical events via machine learning (ML)-based approaches is of 

increasing interest for the biomedical community151. ML differentiates between 

unsupervised- and supervised learning152. The main difference between these two 

approaches is that the training process in supervised learning involves the use of fixed 

input- and corresponding target variables (e.g. event of interest) whereas unsupervised 

learning misses the knowledge of target variables152. Unsupervised learning involves 

clustering approaches for the identification of similarity patterns and therefore 

homogeneity within heterogenous data (e.g. laboratory parameters)152. Supervised 

machine learning algorithms on the other hand are trained to extract information and 

patterns from complex and heterogeneous medical datasets that are mandatory for a 

data-driven prediction for the event of interest153. Trained ML-models should be able 

to predict outcomes of patients from training-independent datasets153. Commonly used 

supervised learning approaches are artificial neural networks, support vector machines 

or decision trees154,155. In the field of leukemia and HCT, machine learning studies 

primarily utilized decision tree algorithms for predictions156,157 and dimensionality 

reduction and clustering algorithms for single cell- and experimental data158,159.  

While biostatistical methods are useful in clinical decision-making or the identification 

of risk factors machine learning approaches have the ability of forecasting clinical 

courses or events. Thus, the combination of both approaches may respond most 

adequately to the challenge of predicting an event of interest most appropriately.  
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5 Objective of this thesis 

To date it is still an unmet goal to create HCT-transplant settings, which prevent GVHD 

while preserving GVL activity. Due to the central role of T cells in the induction of 

alloreactivity the analysis of the T cell subset reconstitution, which is strongly 

influenced by several transplant-related factors, can potentially inform about later HCT 

outcomes. Increasing availability and detailed information from cellular immune 

reconstitution may be integrated into complex data-driven models, which have the 

potential to delineate patient groups concerning the predominant alloreactive effect 

and could provide new approaches for preventing GVHD and harnessing GVL. The 

aim of this thesis is to shed light on the complexity of these alloreactive processes  the 

data-driven analysis and investigation of immune reconstitution influenced by the 

transplant-related factors of (1) CMV reactivation and (2) GVHD-prophylaxis by:  

1) In-depth characterization of CMV reactivation kinetics and the analysis of its’ 

impact on transplant outcomes and immune reconstitution 

2) Analysis of the effect of CMV reactivation on leukemia relapse in AML patients 

and the potential impact of disease stages and T cell depletion with ATG 

3) Clarification of conflicting results concerning in vivo T cell depletion using ATG 

in addition to calcineurin inhibitor and methotrexate standard prophylaxis of 

aGVHD by analyzing ATG dosage dependency in MUD recipients 

4) A comparative study on the immune reconstitution following HCT with ATG or 

PTCy as GVHD-prophylaxis agents together with the identification of clinically 

relevant patient subgroups within ATG and PTCy-exposed cohorts using time-

series clustering of immune reconstitution data 
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7 Discussion 

In this thesis, different data-driven approaches, ranging from conventional medical 

statistics to unsupervised machine learning, were employed to study the immune 

reconstitution of allogeneic HCT-recipients after transplantation and its relation to 

different transplant-related factors, in particular CMV reactivation and GVHD 

prophylaxis to better understand the complex processes in the context of alloreactivity. 

These analyses were specifically focused on the recovery of T cells as these are the 

key modulators of the alloreactive effects in GVHD and GVL58,164. First, I attempted to 

dissect the distinct influences of CMV reactivation kinetics on immune recovery, 

alloreactivity, and hence clinical outcomes of patients with different hematologic 

malignancies (Article 1). CMV reactivation was associated to increased NRM as well 

as reduced relapse, depending on the CMV peak viral load within the first 200 days 

after HCT. The observed dependency of clinically relevant events on peak viral loads 

was further reflected in distinct T cell reconstitution patterns, attributable to CMV’s 

immune modulatory capacities. In a second study I was able to confirm a beneficial 

effect of CMV reactivation on AML relapse reduction in patients without ATG (Article 

2), whereas this effect was completely abrogated or even inverted in ATG-exposed 

recipients depending on their disease stage. The ATG-induced abrogation/inversion of 

relapse protection points to an effective depletion of CMV-boosted alloreactive T cells, 

which is also reflected by a reduction of severe GVHD events in these patients. This 

finding might also explain the relapse reduction in patients with intermediate CMV peak 

titers observed in Article 1. In a retrospective ATG study (Article 3) I identified a 

decreased alloreactivity after ATG exposure as shown by a significant reduction of 

grades III-IV aGVHD and extensive cGVHD rates and detected a dose-dependent 

ATG-effect on neutrophil and lymphocyte reconstitution, particularly observed in the 

CD4+ helper T cell subsets. Further, I established an optimal blood lymphocyte count 

range at the time of ATG exposure correlating to superior survival rates, which supports 

a potential clinical benefit of individual ATG dosage adjustments. A comparative 

retrospective analysis of ATG- and PTCy-based GVHD prophylaxis (Article 4) 

revealed significantly decreased incidences of grades II-IV aGVHD in patients with 

PTCy administration compared to ATG patients. This was paralleled by distinct cellular 

immune reconstitution fractions that might be responsible for aGVHD protective effects 

in each setting, namely regulatory T cells and γδ T- as well as NKT cells in PTCy- and 
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ATG-exposed patients, respectively. I also developed to my knowledge a new time 

series clustering approach for individualized longitudinal immune reconstitution data 

analysis, which differentiated heterogenous recovery data and revealed distinct 

cohorts with respect to their clinical outcomes.   

Since amplification of the GVL effect while minimizing GVHD45 is unfortunately still an 

unmet goal to date, this thesis aimed at developing data-driven models to characterize 

the impact of different transplant-related factors on immune reconstitution, especially 

T cell recovery. By these models I sought to contribute to the clarification of T cell 

immunity after HCT and to provide new potential sources for harnessing alloreactivity 

and tilt the balance towards the curative effects of allogeneic HCT. The models 

presented in this thesis integrated the transplant-related factors of 1) CMV reactivation 

as discussed to promote GVL activity165 or at least to support relapse reduction112,121,124 

and 2) medical aGVHD prophylaxis58. Both CMV reactivation and aGVHD are shown 

to be bidirectionally related, promoting increased risks for each other166,167. Here, 

aGVHD and the use of immunosuppressive or T cell depleting regimens associate with 

delayed immune reconstitution, which favors the occurrence of various infectious 

complications64,65 and in particular CMV reactivation. Interestingly, patients during or 

after CMV replication also have an increased risk to develop aGVHD, likely as a 

consequence of increased inflammation and cytokine release, particularly in the 

intestinal tract168.  

In a first step, I addressed the effect of CMV reactivation on immune reconstitution, 

particularly on T cell reconstitution, to shed light onto the heterogeneous impact of 

cellular recovery on alloreactivity and thus onto clinical outcomes. Using two CMV 

kinetics models I was able to clarify previous data concerning increased NRM-54,119,169 

as well as reduced relapse incidences121,123-125,170 in patient with CMV reactivation 

suffering from different underlying hematological malignancies by a dependency on 

CMV peak viral loads. Patients with high peak titers (>100 000 copies/mL) suffered 

from increased NRM, which translated into reduced OS. Conversely, patients having 

reactivations with intermediate peak titers (20 000-100 000 copies/mL) had lower risks 

of relapse (Article 1, Figure 1F), thus providing a possible explanation for 

inconsistencies in previous analyses121,123-125,170, which were mostly restricted to binary 

comparisons using the differentiation between the presence and absence of CMV 

reactivation171. While the first CMV kinetics paper used narrow and low thresholds for 
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their studies172, the presented study focused on the wide range of the viral burden 

within the patient cohort which made it possible to identify clinically relevant cut-off 

levels for CMV peak titers. Focusing on patients’ immune recovery, subgroups divided 

by these CMV peak titers could be associated to several distinct T cell patterns (Article 

1, Figure 2 & Supp. Figure 6). I was able to identify an association of early impaired 

T cell levels to high CMV peak titer reactivations and therefore a high vulnerability to 

NRM. The shown data further confirmed the already described immune modulatory 

effect of CMV on patient immune recovery55,173,174 and supports a CMV viral load dose-

dependency of this effect, in which T cell reconstitution might be achieved through 

clonal expansion106,175 in high peak titers and via thymopoesis in others70. These 

presumably differential mechanisms of T cell reconstitution might result in distinct TCR 

diversity and functionality of T cell subsets106, which needs to be proven in future 

prospective studies. Comparable immune modulatory capabilities, as observed in T 

cells, were only noticed in the NK cell subset for patients with high peak titers (Article 

1, Figure 2D), which is in line with previous findings about the stimulation of NK cell 

recovery by CMV104,105 and further supports the importance of this subset as pathogen 

defense after allogeneic HCT176. However, no effect of the CMV viral load was notable 

for B cell recovery (Article 1, Supp. Figure 6D), as it seems to be generally delayed 

in patients with CMV reactivation potentially due to preceding or subsequent aGVHD 

events47. Generally, the presented data suggest a crucial role of the augmented T cell 

subset reconstitution after CMV reactivation in reducing leukemic relapse, which is also 

in line with previous studies127,177 and the well-established importance of T cells in 

alloreactive processes58,164. Reduced relapse rates in  patients with intermediate peak 

titers (Article 1, Table 1) were therefore mediated either by a sufficient GVL activity, 

as indicated by early elevated T cell levels, or might include other mechanisms, for 

example: 1) a direct anti-leukemic activity of CMV178,179, 2) the cross-recognition of 

CMV-infected and leukemic cells by γδ T cells180 or 3) heterologous immunity via cross-

reactive CMV-induced memory T cells181. In summary these findings emphasize the 

importance of the viral burden, which was also recently validated by Duke et al.113 and 

differentiates patients with manageable risks from those, which are vulnerable to 

increased risks of NRM. Moreover, this study highlights insights into the relationship 

between replicative CMV infections and relapse protection via the CMV peak titer 

model after allogeneic HCT, by indicating that a CMV-augmented T cell reconstitution 

might also contribute to the observed GVL effect.   
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Second, I analyzed the impact of the in vivo T cell depleting agent ATG54,127 and the 

influence of the AML disease stage112 on the relationship of CMV reactivation and 

leukemic relapse in a cohort of AML patients following allogeneic HCT. This analysis 

revealed a complex interaction of CMV reactivation and AML relapse, in which the 

protective effect of CMV replication against relapse was highly dependent on both 

disease stage and the use of ATG. CMV reactivation associated with a reduced relapse 

incidence in patients without ATG irrespective of disease stage (Article 2, Figure 1A, 

C, E), while this protective effect was completely abrogated by ATG administration. 

Moreover, ATG even increased the relapse risk of patients treated in CR1 (Article 2, 

Figure 1F). These observations are in good agreement with a previous hypothesis 

about the ability of ATG to mitigate the beneficial effect of CMV reactivation127. Both, 

the complete abrogation as well as the inversion of relapse protection indicate a loss 

of GVL activity, which is further supported by the observed reduced aGVHD incidence 

upon ATG exposure. These findings suggest a clinically relevant contribution of a 

CMV-specific T cell response in reducing AML relapse after allogeneic HCT, which has 

never been noted after conventional chemotherapy. Since the mechanisms of 

leukemic relapse protection as a consequence of CMV reactivation are still under 

debate, it is difficult to make any decisive conclusions about the impact of ATG on this 

effect. Of note, the bidirectional relationship of CMV replication and aGVHD is also 

covered by our data, as illustrated by the remarkable relapse protection in patients 

without ATG in the sequential analysis of early CMV reactivation and aGVHD (Article 

2, Supp. Figure 4A). This observation might also support the previous hypothesis that 

in non-ATG patients the main driver for CMV reactivation is aGVHD and the inherent 

functional impairment of humoral immunity, which is necessary to prevent viral 

reactivation93. This is mirrored by the relapse protection in the same subgroup, 

potentially through the induction of GVL by alloreactive T cells.  

Both articles highlight the distinct influence of CMV reactivation and its viral load on 

NRM and leukemic relapse after allogeneic HCT. This impact can be further modulated 

by other transplant-related factors such as GVHD prophylaxis with ATG and the 

disease stage at transplantation. On a cellular level both studies support a substantial 

contribution of CMV replication to an augmented reconstitution of alloreactive T cells, 

which mediates relapse protection. Although these data underpin a central role of T 

cell reconstitution dynamics in these interactions, they do not provide evidence for the 
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actual mechanism(s) underlying relapse protection. Beside T cell alloreactivity the 

developed CMV peak titer model is also consistent with a potential anti-leukemic 

contribution by a direct virus-versus-leukemia effect178,179 as indicated by comparable 

blood T cell levels in the low- and intermediate peak titer subgroups, of which only the 

latter associated with reduced relapse. Further, different levels of inflammation caused 

by CMV replication between the low and intermediate peak titer subgroups could 

modulate the intensity of the response and activity of T cells. These considerations 

need to be further scrutinized in future studies, providing a more detailed 

characterization of immune reconstitution after CMV reactivation by including data of 

specific T cell subsets, e.g. regulatory-, αβ-, and γδ T cells, as well as TCR repertoire 

analysis. It remains unclear at present, whether the reduced relapse risk observed with 

intermediate CMV peak titers, is influenced by either ATG or disease stage leaving 

further space for future studies. 

These studies could have potential clinical implications for ongoing strategies of donor 

selection and CMV prophylaxis. Some findings suggest benefits of D+ for R- in 

transplants without in vivo T cell depletion obtained by ATG (Article 1, Supp. Figure 

4C & Article 2, Supp. Figure 2A, C).  Furthermore, these data emphasize that not 

every single episode of CMV reactivation is a threat to patients and that CMV 

reactivation can have indeed a positive influence on the curative potential of allogeneic 

HCT, depending on additional factors. This observation might be relevant to the current 

practices of CMV prophylaxis as it questions the administration of letermovir to all 

CMV-positive recipients115 and supports the use of additional transplant-related factors 

and immunologic parameters in clinical decision-making as well as a timely monitoring 

of CMV replication early after transplantation to guide prophylaxis and treatment of 

CMV reactivation after allogeneic HCT.  

The regulation of alloreactivity through intensified GVHD prophylaxis and its influence 

on patients’ immune reconstitution and transplant outcomes was subject of another 

retrospective study in this thesis. These data validated the administration of ATG in 

addition to a standard GVHD prophylactic regimen as highly effective to reduce grades 

III-IV aGVHD as well as extensive cGVHD in both analyzed cumulative dosages of 30 

or 60 mg/kg ATG (Article 3, Table 3-4). Unlike in previous studies182,183, GVHD 

reduction translated into significantly decreased NRM rates after ATG exposure, 

confirming a general trend towards decreased NRM already observed previously57. 
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The reduced alloreactive potential was further illustrated by the expected increased 

incidence of relapse in ATG patients, which, however, did not lead to increased 

relapse-related mortality. The observations of reduced NRM and increased relapse 

were in line with previous data from this thesis (Article 2). Furthermore, I was able to 

demonstrate a differential effect of ATG on T cell reconstitution. While cytotoxic T cell 

recovery was comparable between ATG and non-ATG patients, the reconstitution of 

blood helper T cells showed a dose-dependent delay (Article 3, Supp. Table 3). 

Interestingly, the comparison of αβ T cell levels, which are known to bear the most 

alloreactive potential184, between ATG and non-ATG patients only revealed significant 

differences at month +3 post-HCT. Despite comparable αβ T cell levels recipients with 

ATG had a significant reduction of severe GVHD (Article 3, Table 2), which was 

unexpected given the previously described important role of this subset184. In addition, 

the proposed model for an optimum absolute blood lymphocyte count (ALC) range of 

0.4-1.45/nL supports previous attempts for individualized in vivo T cell depletion 

strategies using ATG185,186. Patients within the optimum ALC range at ATG exposure 

significantly correlated to increased OS and improved early CD4+ T cell  immune 

reconstitution compared to patients outside this optimum (Article 3, Supp. Table 2-3).  

I pursued the analysis of the influence of GVHD prophylaxis in relation to its 

effect on alloreactivity with a comparative study of ATG and PTCy. This study revealed 

a high efficacy of PTCy and ATG in the reduction of grades II-IV aGVHD (Article 4, 

Table 1 & Figure 1A) without differences in the incidence of leukemic relapse (Article 

4, Figure 1I). The comparable relapse incidence of the patient subgroups with PTCy 

or ATG is interesting but not conclusive, as I did not include control groups without 

ATG or PTCy, limiting the evaluation of possible effects on GVL activity. However, the 

1-year relapse incidence of the three subgroups appeared to be comparable to 

previous results obtained following myeloablative conditioning regimens182,183,187. The 

above-mentioned observations were not accompanied by a significant reduction of 

cGVHD or NRM. These results are well in line with previous comparisons of both 

prophylactic strategies, which evaluated their clinical outcomes in the MUD setting188. 

However, recent data on reduced aGVHD and NRM after RIC regimens in MUD 

compared to haploidentical transplant recipients using PTCy187 are not comparable 

with these results as I analyzed a patient cohort, which received conditioning regimens 

of varying intensity. Comparative analyses of immune reconstitution using both agents 
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are sparse. By analyzing the cellular recovery of the different study cohorts (Article 4, 

Figure 2 & Supp. Figure 3), I found evidence that likely different cellular fractions 

contribute to GVHD protection dependent on the respective agent. While in patients 

with PTCy GVHD protection could be accomplished through regulatory T cells as 

previously described in mouse models by the Baltimore group189, protection in ATG 

patients might be mediated by elevated blood levels of γδ T cells, although their role 

remains controversial at present190-194 and needs to be further evaluated. As a 

complementary mechanism, NKT cells (Article 4, Supp. Figure 3F) can produce anti-

inflammatory cytokines such as IL-4, which promote a Th2 polarization and 

consequently hinder GVHD195-197. Overall, the comparative analysis showed a less 

pronounced effect of PTCy on the helper T cell compartment (Article 4, Figure 2A-E), 

while both protocols led to a similar cytotoxic T cell reconstitution (Article 4, Supp. 

Figure 3B-D). Additionally, within the scope of this paper I successfully developed a 

novel approach for analyzing multidimensional individual longitudinal reconstitution 

data from different cellular subsets, using dynamic time warping and time series 

clustering (Article 4, Figure 3-5 & Supp. Figure 4-6). This novel approach was able 

to differentiate heterogenous reconstitution patterns and to characterize patients with 

worse transplant outcomes, especially in the preponderant MUD-ATG cohort. A 

significant advantage of this approach was the analysis of individual patients rather 

than a patient pool, thus reflecting actual cell counts and reconstitution patterns. This 

technique might further contribute to resolve the question for the best prophylaxis 

system, as it has the ability to identify patient subgroups with superior responses to the 

respective applied prophylactic regimen. Due to a limited patient number this was not 

completely attainable in the PTCy cohort. Furthermore, this new approach is applicable 

to other research questions, for example the impact of the CMV viral load on immune 

reconstitution and relapse reduction, potentially leading to a better understanding of 

the interplay between CMV reactivation, immune competence after transplantation and 

clinical outcomes as a consequence of GVL and GVHD.   

In summary, these two consecutive studies (Articles 3&4) both focused on the effects 

of different GVHD prophylactic strategies, showing an effective reduction of GVHD 

after the administration of ATG and PTCy, which is accompanied by a profound 

modulation of the T cell recovery. This can be attributed to the distinct mechanisms of 

action of ATG and PTCy. While the depletion of alloreactive T cells by ATG in blood 
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and peripheral lymphoid tissues is a well-known effect198, the use of PTCy may not 

result in the elimination of alloreactive T cells as it has been previously shown in 

several mouse models199,200. Besides prompting replication stress in dividing cells201, 

it’s mechanism of action includes the induction of functional impairment and 

constrained early expansion of alloreactive T cells. This is paired by robust suppressive 

mechanisms, for example a preferential, rapid recovery of regulatory T cells199,200,as a 

consequence of high expression levels of aldehyde dehydrogenase leading to 

cyclophosphamide resistance in these cells202. Like PTCy, ATG is described to induce 

the recovery of regulatory T cells as well as NKT cells198, which presumably contribute 

further to GVHD protection203,204. These different mechanisms might explain the more 

pronounced reduction observed in several helper T cell subsets of ATG patients. The 

induction of regulatory T cells after both agents as well as of NKT cells after ATG 

cannot be directly delineated from this thesis’ data, which for various reasons failed to 

reproduce these effects. Those reasons include the missing evaluation of the 

regulatory T- and NKT cell recovery in the study comparing the cellular reconstitution 

of patients with and without ATG (Article 3) as well as the lack of control groups without 

ATG and PTCy in the comparative study of both prophylactic regimens (Article 4). 

From the results of the comparative study, one might suspect that GVHD prophylaxis 

with additional PTCy might be the better choice in the MUD setting, due to a faster T 

cell reconstitution and mostly comparable clinical outcomes to the ATG setting. 

However, this evidence might be biased as the ATG subgroup consisted of patients 

getting different cumulative dosages, which were shown to affect helper T cell 

reconstitution in a dose-dependent manner (Article 3). In contrast to the presented 

data, some recent studies were not able to find differences in acute or chronic GVHD 

incidences between ATG and PTCy in the MUD205 and even in haploidentical 

transplant settings206. Others, however, revealed a significantly lower all-grades and 

extensive cGVHD incidence for ATG patients in the MRD setting207 while in the MMUD 

setting a significantly decreased incidence of aGVHD III-IV for PTCy patients was 

observed208. In the summary of the respective clinical evidence to date, both 

prophylactic regimens are effective to reduce detrimental acute and chronic GVHD. 

However, their immunosuppressive activity inevitably leads to mitigation of GVL activity 

and consequently to an abrogation of relapse protection127,182. Consequently, other 

strategies which simultaneously minimize GVHD and augment GVL reactions are of 

utmost importance to consistently decrease high relapse rates34,57. More recently, 
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different approaches targeting this unmet clinical need involve the adoptive infusion of 

immune cells, allograft engineering techniques, the use of new pharmacological agents 

as well as the use of specific cytokine combinations being evaluated in clinical- and 

preclinical models164,209-211. These strategies include the use of donor lymphocyte 

infusions, which is the standard allogeneic cellular therapy for disease relapse 

management post-HCT209,212, the utilization of αβ- or naïve- T cell depleted grafts164, 

or the generation of leukemia-specific T cells164,210. In this regard, the use of αβ- or 

naïve- T cell depleted grafts might be of particular interest to optimize the GVL effect 

without aggravating GVHD. Another promising strategy, based on the depletion of 

CD4+ T cells showed distinct effects in form of decreased GVHD and increased GVL213. 

These examples highlight the need for specific subset selection, which allow GVL 

optimization that appears unattainable with either ATG or PTCy. 

In general,  the CMV peak titer- (Article 1) and ALC model (Article 3), as well as the 

newly established clustering approach to compare individualized reconstitution 

patterns (Article 4) highlight the strength of sophisticated data-based- or even 

machine learning models to resolve the complexity of medical processes like the 

cellular reconstitution after allogeneic HCT as exemplified by this thesis. The joint 

integration of a variety of factors, e.g. viral peak titers, T cell cut-offs and GVHD 

protocols, into comprehensive models is required to better characterize the complex 

interplay between patient immunity, donor graft source, and external influences (e.g. 

infections) to ultimately predict HCT outcomes. In the future, this has the potential to 

become a clinically important tool of personalized medical decision-making. Based on 

the underlying complexity this might only be achieved through advanced machine 

learning approaches, for example artificial neural networks153 rather than by classical 

statistical methods. The implementation of these approaches is challenging as it 

requires large amounts of data to be trained and validated153. Since the introduction of 

TCR- or mass cytometry analysis214,215, which have the ability to produce such huge 

datasets, this appears as a realistic approach. While such models could improve 

clinical decision-making through predictions of various individual patient outcomes, 

they might lack the understanding of potential causal relationships between different 

variables and their significance leading to these outcomes154. In contrast, the data-

driven models included in this thesis, although only based on comparably small 

amounts of data, offer such an understanding.  
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Figure 6: Summary of thesis results. 1. CMV modulates T cell reconstitution post-HCT depending on 

its peak titers. 2. High CMV peak titers exhibit early impaired T cell levels associating with increased 

NRM and reduced OS. 3. Intermediate peak titers are associated with reduced relapse through a yet 

unknown mechanism. However, the demonstrated data provided evidence for two possible 

mechanisms: 3.1. Elevated peak titers of CMV reactivation trigger the reconstitution of alloreactive T 

cells which then contribute to reduced relapse via mediation of GVL. This positive effect is only observed 

in intermediate peak titers as high peak titers induce a high vulnerability to NRM. 3.2. Patients with 

intermediate peak titers could benefit from CMV reactivation by a direct virus-versus-leukemia effect. 

4.1. ATG abrogates/inverses the relapse reduction depending on the underlying disease stage at 

transplantation, potentially driven by the impairment of alloreactive T cells otherwise mediating GVL. 

4.2. ATG is associated with increased relapse incidences but 5. at the same time decreases the 

incidence of severe GVHD events. 6. In non-ATG patients, GVHD might be a trigger for CMV by impaired 

humoral immunity93 whereas 7. in turn an increased inflammation and cytokine release after CMV 

reactivation may stimulate alloreactivity and hence GVHD168. 8. Compared to ATG, PTCy appears to be 

more effective in preventing severe GVHD events, while 9. showing relapse incidences comparable to 

ATG patients. 10.1. ATG is well known to deplete alloreactive T cells while 10.2. PTCy was shown to 

lead to a functional impairment of alloreactive T cells199,200 which could also impact the GVL potential. 

11. Concerning cellular immune reconstitution, ATG induces a dose-depending depleting effect which 

is most pronounced in helper T cells. 12. GVHD prophylaxis with ATG and PTCy results in differences 

of the blood cellular recovery. While in 12.1. ATG patients, γδ T- and NKT cell levels are increased 

compared to those of PTCy patients, 12.2. PTCy patients exhibit increased regulatory T cell levels. 13.1. 

Both, γδ T- and NKT cells after ATG as well as 13.2. regulatory T cells after PTCy are likely involved in 

the reduction of severe GVHD events. 

Altogether, the herein presented results enlighten the understanding of how distinct 

transplant-related factors, as for example CMV reactivation or the choice of GVHD 
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prophylaxis, influence the reconstitution of T cells and hence the peculiarity of 

alloreactivity (Figure 6). In particular, these results contribute to the knowledge that 

the reconstitution of T cells is generally augmented through CMV reactivation but that 

this effect is very differently pronounced depending on the blood CMV virus titer and 

leads to a differential impact on patient outcomes. The results highlighted in this thesis 

are in line with the hypothesis that CMV-augmented T cell alloreactivity reduces the 

leukemic relapse risk, which is abrogated by their in vivo depletion through prophylactic 

application of ATG. However, this might not be the only contributor to the beneficial 

impact of CMV as these data also provide evidence for a direct anti-leukemic effect of 

CMV. In this context, the hypothesized mechanistic combination of T cell alloreactivity 

and direct virus-versus-leukemia effects needs to be further evaluated by combined 

TCR analysis and functional CMV assays. The presented data further support the 

hypothesis of a bidirectional relationship between CMV replication and aGVHD, which 

is probably modulated by the use of in vivo T cell depletion with ATG. Reconstitution 

of the helper T cell compartment was shown to be highly impaired after ATG , which 

presumably led to the reduction of severe GVHD events. In contrast, the reconstitution 

of cytotoxic T cells was similar between patients with or without ATG prophylaxis. 

Subsequent work, which was focused on comparative cellular reconstitution analysis 

between ATG and PTCy uncovered differences in discrete cellular fractions, which 

despite of their different immune modulatory mechanisms of action, could both be 

involved in the protection from GVHD. In particular, elevated regulatory T cell levels 

after PTCy might be responsible for a more substantial reduction of severe GVHD as 

compared to ATG, while maintaining the anti-leukemic alloreactivity. In summary, I was 

able to confirm previous studies with regard to increasing incidences of malignant 

relapse after allogeneic HCT with more vigorous prophylactic interventions against 

GVHD. This emphasizes the clinical need for innovative prophylactic strategies, which 

are highly effective against GVHD and which at the same time preserve or even 

enhance the anti-leukemic activity. The results of this thesis can provide additional 

information to the understanding of the interplay between transplant-related factors 

and the reconstituting T cell subsets and the balance between GVHD and GVL. The 

findings of the CMV-augmented GVL activity as well as the differential impact of ATG 

and PTCy on cellular recovery may contribute to improvements of individualized 

clinical decision-making.     
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9 Appendix 

9.1 Abbreviations 

______A_____ 

ABO  human blood type and blood group system 

aGVHD acute graft-versus-host disease 

ALC  absolute lymphocyte count 

AML  acute myeloid leukemia 

APC  antigen presenting cells 

ATG  anti-T-lymphocyte globulin  

______B______ 

BM  bone marrow 

______C______ 

CB  cord blood 

CD  cluster of differentiation 

cGVHD chronic graft-versus-host disease 

CI  confidence interval 

CIBMTR Center for International Blood and Marrow Transplant Research 

CMV  cytomegalovirus 

CR  complete remission 

CTL  cytotoxic T lymphocytes 

______D______ 

D  donor 

DLI  donor lymphocyte infusion 

DNA  Deoxyribonucleic acid 

______E______ 

EFS  event-free survival 

______G______ 

gB(H)  glycoprotein B(H) 

G-CSF granulocyte-colony stimulating factor 

GI  gastrointestinal 
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GVHD  graft-versus-host disease 

GVL  graft-versus leukemia 

______H______ 

hCMV  human Cytomegalovirus 

HIV  human immunodeficiency viruses 

HLA  human leukocyte antigen 

HPE  homeostatic peripheral expansion 

HR  hazard ratio 

HSC  hematopoietic stem cell 

HSCT  hematopoietic stem cell transplantation 

______I_______ 

i.e.  id est 

IE-1(2) immediate-early protein 1(2) 

IL  interleukin 

INF  interferon 

______K______ 

kg  kilogram 

KIR  killer cell immunoglobulin-like receptors 

______L______ 

LPS  lipopolysaccharide 

L  ligand 

______M______ 

mHAgs minor histocompatibility antigens 

mg  milligram 

MHC  major histocompatibility complex 

MIP-1α macrophage inflammatory protein-1alpha 

ML  machine learning 

mm  millimeter 

MMUD mismatched-unrelated donor 

MRD  matched-related donor 
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MUD  matched-unrelated donor 

______N______ 

NK  natural killer 

NKT  natural killer T 

NRM  non-relapse mortality 

______O______ 

OS  overall survival 

______P______ 

PB  peripheral blood 

PBSC  peripheral blood stem cell 

pp50(65) phosphoprotein 50(65) 

PTCy  post-transplant cyclophosphamide 

______R______ 

R  recipient 

RIC  reduced-intensity conditioning 

______T______ 

TCR  T cell receptor 

Th  T helper 

TNF  tumor necrosis factor 

______U______ 

UD  unrelated donor 

______V______ 

vs.   versus 
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June 2020, 25th Annual Congress of the European Hematology Association (EHA), 

Virtual 

• Poster title: “Improved CMV risk assessment after HCT by combining recipient 

serostatus and early CD4-T cell reconstitution” 

• Authors: Saskia Leserer, Esteban Arrieta-Bolaños, Katharina Fleischhauer, 

Dietrich W. Beelen and Amin T. Turki 

November 2019, Retreat of the Graduate School of Biomedical Science (BIOME), 

Bonn, Germany 

• Poster title: Cytomegalovirus reactivation kinetics correlate with survival and 

relapse after allogeneic hematopoietic cell transplantation for hematologic 

malignancies  

• Authors: Saskia Leserer, Evren Bayraktar, Nikolaos Tsachakis-Mück, Michael 

Koldehoff, Mirko Trilling, Katharina Fleischhauer, Dietrich W. Beelen and Amin 

T. Turki 

October 2019, Annual Meeting of the Deutsche Gesellschaft für Hämatologie und 

Medizinische Onkologie (DGHO), Berlin, Germany 

• Poster Title: Cytomegalovirus reactivation kinetics as predictors of survival and 

relapse after allogeneic cell transplantation for hematologic malignancies 

• Authors: Saskia Leserer, Evren Bayraktar, Nikolaos Tsachakis-Mück, Michael 

Koldehoff, Mirko Trilling, Katharina Fleischhauer, Dietrich W. Beelen and Amin 

T. Turki  

March 2019, 45th Annual Meeting of the European Society for Blood and Marrow 

Transplantation (EBMT) 2019, Frankfurt, Germany 

• Poster title: Cytomegalovirus reactivation kinetics and peak titers as novel 

predictors of survival and relapse after allogeneic cell transplantation for 

hematologic malignancies 

• Authors: Saskia Leserer, Evren Bayraktar, Nikolaos Tsachakis-Mück, Michael 

Koldehoff, Lara Kasperidus, Esteban Arrieta-Bolanos, Mirko Trilling, Katharina 

Fleischhauer, Dietrich W. Beelen and Amin T. Turki 
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• Presented by: Amin T. Turki 

December 2018, 17th Research Day of the University Hospital Essen, Essen, 

Germany 

• Poster title: Do the dynamics of human Cytomegalovirus reactivation influence 

the relapse incidence of patients after hematopoietic stem cell transplantation? 

• Authors: Saskia Leserer, Evren Bayraktar, Amin T. Turki, Dietrich W. Beelen 

November 2018, Retreat of the Graduate School of Biomedical Science (BIOME), 

Cologne, Germany 

• Poster title: Do the dynamics of human Cytomegalovirus reactivation influence 

the relapse incidence of patients after hematopoietic stem cell transplantation? 

• Authors: Saskia Leserer, Evren Bayraktar, Amin T. Turki, Birgit Goitowski, 

Dietrich W. Beelen 
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9.6 Stellungnahmen 

Bestätigung des Eigenanteils an Publikationen 

Hiermit bestätige ich, Prof. Dr. med. Dietrich W. Beelen, die Darstellung zu den 

Anteilen von Frau Saskia Leserer an Konzeption, Durchführung und Abfassung jeder 

Publikation (Chapter 6 – Articles) gemäß der Promotionsordnung der Fakultät für 

Biologie zur Erlangung des Doktorgrades Dr. rer. nat. 

Essen, den _______________   _____________________ 

       Prof. Dr. Dietrich W. Beelen 

 

 

Erklärung der Urheberrechte der Publikationen 

Hiermit erkläre ich, Saskia Leserer, dass ich mit der Veröffentlichung der 

Publikationen (Chapter 6 – Articles) im Rahmen dieser Dissertation keine 

Urheberrechte verletze.   

Essen, den _______________   _____________________ 

       Saskia Leserer  
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9.7 Eidesstattliche Erklärung 

Hiermit erkläre ich, gem. § 7 Abs. (2) d) + f) der Promotionsordnung der Fakultät für 

Biologie zur Erlangung des Dr. rer. nat., dass ich die vorliegende Dissertation 

selbständig verfasst und mich keiner anderen als der angegebenen Hilfsmittel bedient, 

bei der Abfassung der Dissertation nur die angegebenen Hilfsmittel benutzt und alle 

wörtlich oder inhaltlich übernommenen Stellen als solche gekennzeichnet habe.  

Essen, den _______________   _____________________ 

       Saskia Leserer 

 

Hiermit erkläre ich, gem. § 7 Abs. (2) e) + g) der Promotionsordnung der Fakultät für 

Biologie zur Erlangung des Dr. rer. nat., dass ich keine anderen Promotionen bzw. 

Promotionsversuche in der Vergangenheit durchgeführt habe und dass diese Arbeit 

von keiner anderen Fakultät/Fachbereich abgelehnt worden ist.  

Essen, den _______________   _____________________ 

       Saskia Leserer 

 

Hiermit erkläre ich, gem. § 6 Abs. (2) g) der Promotionsordnung der Fakultät für 

Biologie zur Erlangung des Dr. rer. nat., dass ich das Arbeitsgebiet, dem das Thema 

„Investigation of the impact of CMV reactivation and GVHD prophylaxis on 

alloreactivity after hematopoietic cell transplantation by data-driven analysis“ 

zuzuordnen ist, in Forschung und Lehre vertrete und dem Antrag von Saskia Leserer 

befürworte und die Betreuung auch im Falle eines Weggangs, wenn nicht wichtige 

Gründe dem Entgegenstehen, weiterführen werde.  

Essen, den _______________   _____________________ 

       Prof. Dr. med. Dietrich W. Beelen 

 

 


