
 

Aus dem  

Pathologischen Institut  

Institut der Ludwig-Maximilians-Universität München 

Direktor: Prof. Dr. Frederick Klauschen 

 

 

 

 

 

Phenomics and Transcriptomics  
of the Hematopoietic Niche  

for Understanding Malignant Transformation  
in GATA2 Deficiency 

 

 

 

 

 

 

 
Dissertation  

zum Erwerb des Doktorgrades der Naturwissenschaften  
an der Medizinischen Fakultät der 

Ludwig-Maximilians-Universität München 

 
vorgelegt von 

Franziska Elisabeth Schreiber-Teichert 

aus  
München 

 

Jahr 
2024 

 



 

   

2 

 

 
Mit Genehmigung der Medizinischen Fakultät  

der Ludwig-Maximilians-Universität München 

 

 

 

 

 

 

 

 

 

 

 

 

  

Betreuer: Prof. Dr. Andreas Jung 

Zweitgutachter: Prof. Dr. Roland Kappler 

  

  

 

Dekan: Prof. Dr. med. Thomas Gudermann 

 

Tag der mündlichen Prüfung: 

 

 

02. Februar 2026 

 



 Contents  

3 

 

Contents 

 

Contents ............................................................................................................................. 3 

Zusammenfassung ......................................................................................................... 6 

Abstract .............................................................................................................................. 7 

List of Figures .................................................................................................................. 8 

List of Tables .................................................................................................................. 10 

List of Abbreviations ................................................................................................... 11 

1. Introduction ....................................................................................................... 15 

1.1 Myelodysplastic Syndromes: Contrasting Characteristics in the Adult 
and Pediatric Disease Landscape .......................................................................... 15 

1.2 The Role of Genetic Predisposition Syndromes for Pediatric MDS .......... 17 

1.3 The Significance of the Multifaceted Transcription Factor GATA2 in 
Hematopoiesis and Disease ..................................................................................... 18 

1.4 Aim of the Study ........................................................................................................... 19 

2. Material and Methods ..................................................................................... 21 

2.1 Material ............................................................................................................................ 21 
2.1.1 Reagents and Ancillaries ........................................................................................... 21 
2.1.2 Kits ..................................................................................................................................... 23 
2.1.3 Buffers and Solutions ................................................................................................. 25 
2.1.4 Human Cell Lines ......................................................................................................... 32 
2.1.5 Antibodies ....................................................................................................................... 32 

2.2 Methods ........................................................................................................................... 35 
2.2.1 Multiplex Immunofluorescence ............................................................................. 35 
2.2.2 Immunohistochemistry ............................................................................................. 39 
2.2.3 Gene Expression Profiling ........................................................................................ 41 
2.2.4 RNA-in situ Hybridization......................................................................................... 44 
2.2.5 Cell Culture ..................................................................................................................... 47 
2.2.6 Western Blot Analysis ................................................................................................ 49 
2.2.7 Statistical Analysis ....................................................................................................... 52 

3. Results .................................................................................................................. 53 



 Contents  

4 

 

3.1 Characteristics of Pediatric Patients in the Cohort ......................................... 53 

3.2 Disturbed Hematopoiesis in the Microenvironment of Patients with 
GATA2 Deficiency ........................................................................................................ 54 

3.3 Transcriptome Analysis Reveals BCL2 and CCL18 as Novel Targets of 
Interest with High Expression in GATA2-EB Patients ................................... 60 

3.4 Dysregulation of GATA2 Target Genes and GATA2 mRNA in the 
Hematopoietic Niche of GATA2mut Patients ....................................................... 64 

3.5 Increased Levels of Histone H3 Trimethylation at Lysine 27 in GATA2-
EB Patients Correlate with Elevated EZH2-Positive Hematopoietic 
Progenitors ..................................................................................................................... 67 

3.6 Differential Expression of BCL2 in Distinct Cell Populations within the 
Bone Marrow ................................................................................................................. 71 

3.7 Deciphering Dysregulated BCL2 Family Protein Expression Patterns in 
GATA2-EB Patients through a Unified Metric ................................................... 74 

3.8 Investigation of the Pyroptosis Pathway Exhibits Upregulated NLRP3 
and Cleaved CASP1, but Inactive GSDMD in Advanced GATA2 Deficiency
 ............................................................................................................................................. 76 

3.9 Examination of T Cell Phenotypes Reveals Altered Antiapoptotic 
Properties in TIM-3-Expressing Cells in GATA2 Deficiency ....................... 80 

3.10 Cell Type Profiling Reveals High MPO Levels in TIM-3-Expressing Cells
 ............................................................................................................................................. 82 

3.11 CCL18 is Strongly Expressed in MPO-positive Cells in Pediatric MDS 
Bone Marrow Samples ............................................................................................... 84 

3.12 Implications of CCL18 Expression in Hematologic Cell Lines upon PMA 
Stimulation ..................................................................................................................... 86 

4. Discussion ........................................................................................................... 87 

4.1 A Contextual Overview of the Rarity of MDS in the Pediatric Population
 ............................................................................................................................................. 87 

4.2 The Mast Cell Population as Focal Point of Interest in Pediatric MDS .... 88 

4.3 Dysregulated GATA2 Transcriptional Network in GATA2 Deficiency and 
Restoration of GATA2 mRNA with Disease Progression............................... 90 

4.4 Upregulation of EZH2 Expression Associated with Increased Histone 
Trimethylation H3K27me3 in Advanced GATA2 Deficiency ...................... 91 

4.5 Acquired Resistance to Apoptosis in Pediatric GATA2 Deficiency ........... 92 

4.6 The MAC Score as Prognostic Tool in Pediatric GATA2 Deficiency: 
Implications for Venetoclax and Azacitidine Therapy .................................. 92 

4.7 Chronic Inflammation Beyond Pyroptosis: The Significance of NLRP3 
and CASP1 in Pediatric GATA2 Deficiency ......................................................... 94 

4.8 Induction of TIM-3 in Advanced GATA2 Deficiency and its Implications 
for Targeted Therapy ................................................................................................. 96 



 Contents  

5 

 

4.9 Potential Implications of CCL18 for Inflammation and Dysregulated 
Immune Response in GATA2 Deficiency ............................................................ 99 

4.10 Conclusion ................................................................................................................... 100 

References ................................................................................................................... 102 

Appendix A ................................................................................................................... 111 

Appendix B ................................................................................................................... 130 

Appendix C ................................................................................................................... 132 

Appendix D .................................................................................................................. 136 

Appendix E ................................................................................................................... 140 

Acknowledgements .................................................................................................. 141 

Affidavit ........................................................................................................................ 142 

Confirmation of Congruency ................................................................................. 143 

List of Publications ................................................................................................... 144 
 

 

 

  

 



 Zusammenfassung  

6 

 

Zusammenfassung 

Die GATA2 Defizienz bei Kindern ist eine komplexe Multisystemerkrankung 

mit einem erhöhten Risiko für die Entstehung eines myelodysplastischen Syndroms 

(MDS) und Progression zur akuten myeloischen Leukämie. Bei der Behandlung von 

Patienten mit GATA2 Defizienz stellt das begrenzte Verständnis von Mechanismen 

der malignen Transformation eine große Herausforderung dar und erschwert fun-

dierte therapeutische Entscheidungen. Die Notwendigkeit, zwischen raschem Fort-

schreiten und stabiler Krankheit zu unterscheiden, unterstreicht den Bedarf für wei-

tere Forschung zur Ermittlung von Einflussfaktoren auf den Krankheitsverlauf. 

Diese Arbeit untersucht systematisch potenzielle Mechanismen der Transformation 

bei pädiatrischem MDS in Verbindung mit GATA2 Defizienz. Wir charakterisieren 

Knochenmarksbiopsien von 57 Kindern mit refraktärer Zytopenie des Kindesalters 

oder MDS mit Blastenüberschuss, mit und ohne GATA2 Mutationen, anhand quanti-

tativer und qualitativer Analyse von Multiplex Immunfluoreszenz, traditioneller Im-

munhistochemie, Genexpressionsanalyse und RNA-in situ Hybridisierung.  

Durch umfassende Analyse der Hämatopoese, der hämatopoetischen Nische, ihrer 

Mikroumgebung und ihres Transkriptoms trägt unsere Studie zu einem ganzheitli-

cheren Verständnis der Krankheit bei. Wir identifizieren erhöhte Histon Trimethyl-

ierung und deregulierte Apoptose als potenzielle Triebkräfte der malignen Trans-

formation und bieten damit eine Grundlage für den Einsatz von Venetoclax und Aza-

citidin zur Behandlung von Patienten mit fortgeschrittener GATA2 Defizienz. Dar-

über hinaus bilden unsere Ergebnisse einen Rahmen für die weitere Erforschung 

des Zusammenspiels zwischen Immunantwort und Inflammation, indem sie die In-

duktion von NLRP3 und TIM-3 bei fortgeschrittener GATA2 Defizienz aufzeigen. 

Zusammenfassend lässt sich sagen, dass diese Studie unser Verständnis der pädiat-

rischen GATA2 Defizienz erheblich erweitert und wertvolle Erkenntnisse zur Opti-

mierung von Diagnose- und Therapiestrategien liefert. Diese Beobachtungen er-

möglichen die Anpassung von Therapien und können einen Beitrag zur Verbesse-

rung der Patientenversorgung liefern.  
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Abstract 

Pediatric GATA2 deficiency is a complex, multisystem disorder with an ele-

vated risk of developing myelodysplastic syndrome (MDS) and progression to acute 

myeloid leukemia. The limited understanding of mechanisms driving malignant 

transformation poses a significant challenge in managing patients with GATA2 defi-

ciency, hindering informed therapeutic decisions. The imperative to distinguish be-

tween rapid progression and stable disease emphasizes the need for further re-

search to elucidate factors influencing disease trajectory. 

This thesis systematically investigates potential mechanisms driving transfor-

mation in pediatric MDS linked to GATA2 deficiency. Employing quantitative and 

qualitative analyses of data from multiplex immunofluorescence, traditional im-

munohistochemistry, gene expression profiling, and RNA-in situ hybridization, we 

characterize bone marrow biopsies from 57 children with refractory cytopenia of 

childhood or MDS with excess blasts, with and without GATA2 mutations.  

By comprehensively integrating data from the hematopoiesis, the hematopoietic 

niche, its microenvironment, and transcriptome, our study contributes to a more 

holistic understanding of the disease. We identify increased histone trimethylation 

and deregulated apoptosis as potential drivers of malignant transformation, offering 

a foundation for utilizing venetoclax and azacitidine in the treatment of patients 

with advanced GATA2 deficiency. Additionally, our findings establish a framework 

for advancing research on the interplay between immune response and inflamma-

tion, by revealing the induction of NLRP3 and TIM-3 in advanced GATA2 deficiency. 

In summary, this research significantly advances our understanding of pediatric 

GATA2 deficiency, offering valuable insights for refining diagnostic and therapeutic 

strategies. These observations facilitate the customization of therapies, with the po-

tential to contribute to improved patient care.
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® Registered trademark 

™ Trademark 
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AZA Azacitidine 
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Bcl-XL BCL2 like 1 

BSA Bovine serum albumin 
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CCL18 C-C motif chemokine ligand 18 

CD117 
KIT proto-oncogene, receptor tyrosine  

kinase 

CD123 Interleukin 3 receptor subunit alpha 

CD14 CD14 molecule 

CD163 CD163 molecule 

CD20 Membrane spanning 4-domains A1 

CD3 
CD3 epsilon subunit of T cell receptor  

complex 

CD34 CD34 molecule 
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GATA2-EB MDS-EB with GATA2mut 
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GSDMD Gasdermin D 
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H3K27me3 Trimethylation of histone H3 at lysine 27  
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IκBα NFKB inhibitor alpha 

ICC International Consensus Classification 
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Ki-67 Marker of proliferation Ki-67 

L Liter(s) 
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LAG-3 Lymphocyte activation gene 3 protein 
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M Molar 
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MCL1 
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MCT 
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(alias mast cell tryptase) 

MDS Myelodysplastic syndrome(s) 

MDS-EB 
Myelodysplastic syndrome with excess 
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mIF Multiplex immunofluorescence 
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MSI Multispectral image 
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PMSF Phenylmethylsulfonyl fluoride 

ProTaqs I ProTaqs Antigen Enhancer I, pH 6.0 

PVDF Polyvinylidene difluoride 

RCC Refractory cytopenia of childhood 

Rpm Rounds per minute 

RT Room temperature 

RUNX1 RUNX family transcription factor 1 

S100A8 S100 calcium binding protein A8 

S100A9 S100 calcium binding protein A9 
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SCF KIT ligand (alias stem cell factor) 
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SDS Sodium dodecyl sulfate 

TIM-3 
Hepatitis A virus cellular receptor-2 
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1. Introduction 

1.1 Myelodysplastic Syndromes: Contrasting Characteristics in the 

Adult and Pediatric Disease Landscape 

Myelodysplastic syndromes (MDS) represent a diverse spectrum of clonal 

hematopoietic stem cell disorders characterized by ineffective dysplastic hemato-

poiesis leading to peripheral cytopenia. The clinical presentation of MDS is highly 

heterogeneous, encompassing a wide range of severity in cytopenia, blast cell count, 

and overall prognosis. Irrespective of these variations, patients affected with MDS 

share a common need for rigorous clinical surveillance, as the potential for malig-

nant progression into secondary acute myeloid leukemia (AML) is a persistent con-

cern.  

Contrasting to the adult population, MDS is a relatively rare disease entity in chil-

dren, constituting approximately 4% of all pediatric hematologic malignancies 

(Hasle et al., 1999; Hasle et al., 1995). The estimated incidence of pediatric MDS hov-

ers between 1.8 and 4 cases per million children (Hofmann, 2015). Importantly, the 

pediatric manifestation of MDS exhibits distinctive characteristics with respect to 

its morphological, cytogenetic, and mutational profiles when juxtaposed against the 

disease in adults (Bejar et al., 2011; Malcovati et al., 2014). For instance, somatic 

mutations within the spliceosomal machinery, which are frequently encountered in 

adult MDS patients (e.g. a gene commonly affected is SF3B1), are rarely observed in 

the pediatric MDS context and do not constitute a pivotal etiological factor 

(Hirabayashi et al., 2012). 

Refractory cytopenia of childhood (RCC) emerges as the most prevalent subtype of 

pediatric MDS, accounting for approximately 50% of all cases (Niemeyer & 

Baumann, 2008; Passmore et al., 2003). Children frequently present with neutro-

penia and/or thrombocytopenia at the time of diagnosis, while in adult MDS, anemia 

is often the predominant clinical feature (Kardos et al., 2003). At the cytogenetic 

level, typical aberrations found in adults, such as complex karyotypes or isolated 

deletion del5(5q), are infrequent in the pediatric cohort (Göhring et al., 2010; Hasle 
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et al., 1999; Passmore et al., 2003). Conversely, monosomy 7 surfaces as the most 

common chromosomal alteration in pediatric patients (Kardos et al., 2003). Histo-

morphological, pediatric MDS also diverges greatly from its adult counterpart, char-

acterized predominantly by hypocellular bone marrow, unilinear or multilinear dys-

plasia, micromegakaryocytes and frequently patchy distribution of the erythropoi-

esis (Baumann et al., 2012; Hofmann, 2015).  

In response to the pronounced disparities between pediatric and adult MDS, there 

has been a concerted effort within the scientific community to establish a distinct 

classification framework tailored to the pediatric population. Following the first for-

mal classification introduced in 1976 by the French-American-British-Cooperative 

Group, which laid the foundation for the World Health Organisation (WHO) classifi-

cation introduced in 2000, it wasn’t until 2003 when Hasle and colleagues pioneered 

pediatric-specific guidelines, culminating in the establishment of the first diagnostic 

criteria for pediatric MDS (Hasle et al., 2003). Subsequently, building upon this pe-

diatric-centred approach, the 2008 WHO classification officially recognized a sepa-

rate pediatric MDS classification for the first time.  

Recent years have witnessed significant advances in the field, with the International 

Consensus Classification (ICC) delineating further refinements in the classification 

of pediatric MDS in 2023, expanding the definitions of RCC and myelodysplastic syn-

drome with excess blasts (MDS-EB) in the pediatric population (Rudelius et al., 

2023).  

In accordance to the ICC guidelines (Rudelius et al., 2023), RCC is defined by the 

presence of persistent cytopenia and dysplastic changes in at least two hematopoi-

etic lineages or in ≥ 10% of cells within a single lineage (Table 2). The threshold for 

blast cells is set at < 5% in the bone marrow and < 2 % in peripheral blood, and 

approximately 80% of RCC cases are associated with a hypocellular bone marrow. 

MDS-EB, on the other hand, is characterized by the presence of 5 – 19% blasts in the 

bone marrow or 2 – 19% in peripheral blood (Table 2). However, rather than relying 

solely on predefined blast percentage thresholds, it is recommended that clinical at-

tention be directed toward genetic lesions and the overall clinical course when de-

fining MDS and AML in pediatric patient populations (Rudelius et al., 2023).  
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Table 2: Diagnostic criteria for the classification of pediatric MDS, excerpt and modified from the ICC 

guidelines (Rudelius et al., 2023).  

 Cytopenia Dysplastic lineages Blast count 

RCC ≥ 1 
≥ 1 (at least two lineages 

or in ≥ 10% of cells in 
one lineage) 

< 5% bone marrow 
< 2% peripheral blood 

MDS-EB 0 – 3 0 – 3 
5 – 19% bone marrow 

2 – 19% peripheral blood 

RCC: refractory cytopenia of childhood, MDS-EB: myelodysplastic syndrome with excess blasts 

1.2 The Role of Genetic Predisposition Syndromes for Pediatric MDS 

In recent years, a growing body of evidence has illuminated the role of un-

derlying genetic predisposition syndromes in the development of MDS among chil-

dren. This emerging understanding has delineated three prominent categories of 

these predisposing syndromes, comprising MDS arising from inherited bone mar-

row failure conditions like Fanconi anemia or dyskeratosis congenita (Alter et al., 

2010), the sterile alpha motif domain containing 9 (SAMD9) and sterile alpha motif 

domain containing 9 like (SAMD9L) syndromes (Asou et al., 2009; Pastor et al., 

2018), and GATA binding protein 2 (GATA2) deficiency (Hahn et al., 2011; Pasquet 

et al., 2013; Wlodarski et al., 2016). 

Within the framework of inherited bone marrow failure syndromes, it is noteworthy 

that MDS or MDS-associated AML typically manifests as a secondary complication 

(Peffault de Latour & Soulier, 2016; Shimamura & Alter, 2010). Conversely, children 

harboring germline mutations in SAMD9, SAMD9L, and GATA2 often present with 

RCC a priori (Sahoo et al., 2020). 

With regard to primary MDS of childhood, a significant proportion of cases can be 

attributed to the presence of germline SAMD9 and SAMD9L mutations. These muta-

tions have been observed to manifest with varying prevalence, reported at 8% 

within a large multi-institutional cohort (Sahoo et al., 2018) and as high as 17% in a 

single institution report (Schwartz et al., 2017).  

In addition to the SAMD9 and SAMD9L syndromes, GATA2 deficiency emerges as 

the most prevalent predisposing condition in children affected with primary MDS. A 
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comprehensive study, encompassing more than 500 patient samples, has under-

scored the prominence of germline mutations in the GATA2 gene as the foremost 

genetic anomaly predisposing children to MDS, accounting for 15% of advanced and 

7% of all primary pediatric MDS cases (Wlodarski et al., 2016). This finding high-

lights the central role of GATA2 mutations in the etiology of pediatric MDS, empha-

sizing the need for further investigations into their molecular mechanisms and clin-

ical implications.  

1.3 The Significance of the Multifaceted Transcription Factor GATA2 in 

Hematopoiesis and Disease 

GATA2 serves as a principal transcription factor crucial for early hematopoi-

esis, playing a pivotal role in driving the generation and maintenance of hematopoi-

etic stem cells (HSCs). In contrast to other hematopoietic transcription factors like 

RUNX family transcription factor 1 (RUNX1), which primarily functions in HSC gen-

eration, GATA2 also assumes a critical role in HSC survival (M. J. Chen et al., 2009; 

de Pater et al., 2013). This underscores the unique and ongoing necessity of GATA2 

function in HSCs across all developmental stages (de Pater et al., 2013; Ling et al., 

2004).  

With its two zinc fingers (ZF), GATA2 shows the capacity to engage GATA DNA mo-

tifs within a multitude of genes (Doré et al., 2012; Linnemann et al., 2011). Its sub-

stantial contribution for the control of HSCs involves collaboration with a complex 

network of hematopoietic transcription factors, where GATA2 effectively modulates 

the activity of other regulatory proteins in a dose-dependent manner (Bresnick et 

al., 2012; Ling et al., 2004; Rodrigues et al., 2005; Wilson et al., 2010).  

The landscape of GATA2 germline mutations encompasses missense mutations 

within the second ZF (ZF2) or noncoding variants within a regulatory region of the 

GATA2 gene, both resulting in haploinsufficiency (Hahn et al., 2011; Ostergaard et 

al., 2011). Additionally, truncating mutations, which presumably lead to the loss of 

ZF2, have been reported (Dickinson et al., 2011). As of 2020, over 300 variants in 

the GATA2 gene have been identified (Bresnick et al., 2020). Despite this substantial 

number, the specific association of these mutations with clinical or histomorpholog-

ical phenotypes remains enigmatic.  
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Consequently, individuals with germline mutations in GATA2 present with a wide 

spectrum of clinical manifestations, comprising immunodeficiency, MDS/AML, pul-

monary disease, and vascular or lymphatic dysfunction (Kazenwadel et al., 2012; 

Spinner et al., 2014). The phenotypes of GATA2 deficiency encompass complex dis-

eases with overlapping characteristics, including Emberger syndrome with 

lymphedema (Mansour et al., 2010; Ostergaard et al., 2011), familial or pediatric 

MDS/AML (Donadieu et al., 2018; Hahn et al., 2011; Sahoo et al., 2020; Wlodarski et 

al., 2016), monocytopenia and mycobacterial infections syndrome (Hsu et al., 2011; 

Pasquet et al., 2013; Vinh et al., 2010), and immune deficiency characterized by 

monocytopenia, reduced dendritic cells, natural killer cells, and B lymphocytes 

(Bigley et al., 2011; Dickinson et al., 2011; Mace et al., 2013). 

What unites individuals with GATA2 deficiency is their propensity to manifest he-

matologic complications early in life, coupled with a substantially elevated risk of 

developing MDS, which can progress to secondary AML through a precarious malig-

nant transformation (Hahn et al., 2011; Hirabayashi et al., 2017; Pasquet et al., 

2013). In addition to predisposing to hematologic malignancies, GATA2 deficiency 

leads to a disruption in the regulation of the hematopoietic niche and the composi-

tion of the immune microenvironment (Calvo et al., 2011; Nováková et al., 2016). 

However, the precise mechanisms governing malignant transformation and the con-

tribution of hematopoietic niche perturbation to the development of MDS/AML, re-

main largely elusive.  

1.4 Aim of the Study 

Given the limited understanding of the mechanisms underlying malignant 

transformation, navigating informed therapeutic decisions in the management of 

pediatric GATA2 deficiency presents a significant challenge. The difficulty to distin-

guish patients with a high risk of rapid progression from those with a more stable 

disease course underscores a critical knowledge gap, emphasizing the complexity of 

this condition. Consequently, further research is imperative to elucidate the factors 

influencing disease trajectory and guide the development of targeted therapeutic 

interventions.  
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This doctoral thesis is dedicated to the systematic exploration of potential mecha-

nisms underlying malignant transformation, particularly within the context of pedi-

atric MDS associated with GATA2 deficiency. The study aims to investigate the com-

plex relationships between genetic abnormalities, potentially pivotal signaling path-

ways, and the trajectory of the disease. The central research focus driving this in-

quiry is to enhance our understanding of mechanisms or drivers of malignant trans-

formation and to identify predictive markers for assessing individual risk of disease 

progression. Once identified, these markers hold the potential to guide therapeutic 

decisions and facilitate personalized patient management.   

Conducting a comprehensive morphological and phenotypic characterization of 

hematopoiesis, the research aims to contribute to a more holistic understanding of 

the disease. Employing a multifaceted approach, a phenomics analysis will be con-

ducted to unravel the nuances of hematopoiesis in primary patient samples, corre-

lating the results with cytogenetic data. Additionally, exploring the hematopoietic 

niche to investigate its impact on disease progression is integral.  

To facilitate a systematic characterization of bone marrow biopsies from 57 children 

diagnosed with RCC or MDS-EB, with or without additional GATA2 germline muta-

tion, a range of complementary methods will be employed. These include multiplex 

immunofluorescence for simultaneous analysis of up to six different immunofluo-

rescence markers on one tissue section with spatial resolution, traditional immuno-

histochemistry, gene expression profiling for differential gene expression of 770 

genes, RNA-in situ hybridization for detection of mRNA with spatial resolution, and 

computational pathology software for artificial intelligence-assisted quantitative 

and qualitative image analysis.  

In conclusion, this investigation aims to enhance our understanding of pediatric 

GATA2 deficiency, offering valuable insights that may help to refine diagnostic and 

therapeutic strategies for affected patients, thus contributing to enhanced patient 

care. 
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2. Material and Methods 

2.1 Material 

2.1.1 Reagents and Ancillaries 

Table 3: List of reagents and ancillaries. 

Reagent or ancillary Manufacturer 

Acetic Acid ROTIPURAN® 100%, p.a. Carl Roth GmbH + Co. KG 

Albumin, from bovine serum (BSA) Sigma-Aldrich 

6-aminocaproic acid Sigma-Aldrich 

Ammonium peroxydisulphate (APS) Carl Roth GmbH + Co. KG 

1x Antibody Diluent/Block Akoya Biosciences 

10x AR6 Buffer Akoya Biosciences 

10x AR9 Buffer Akoya Biosciences 

Bovine serum albumin (BSA), 2 mg/mL Bio-Rad Laboratories Inc. 

Bromophenol blue Thermo Fisher Scientific 

CC1 Antigen Retrieval Buffer,  
ready to use 

Ventana Medical Systems 

CCL18, recombinant human protein Abcam 

10x Cell Lysis Buffer Cell Signaling Technology 

Dako REAL™ Antibody Diluent Agilent Dako 

Dako Target Retrieval Solution, pH6, 
10x (TRS6) 

Agilent Dako 

4,6-Diamidino-2-phenylindole (DAPI), 
dilactate 

Biotium 

Dithiothreitol (DTT) Thermo Fisher Scientific 

Ethanol, absolute Chemsolute® a Brand of Th. Geyer 

Dimethyl sulfoxide (DMSO), for cell 
culture, 99.5% 

PanReac AppliChem 
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Fetal bovine serum  Biowest 

Gibco™ Dulbecco’s Phosphate Buffered 
Saline, 1x (PBS) 

Thermo Fisher Scientific 

Gibco™ Iscove’s Modified Dulbecco’s 
Medium  

Thermo Fisher Scientific 

Gibco™ Penicillin Streptomycin Thermo Fisher Scientific 

Gibco™ RPMI Medium 1640 Thermo Fisher Scientific 

Glycine PUFFERAN® > 99%, p.a. Carl Roth GmbH + Co. KG 

Glycerol ROTIPURAN® > 99.5%, p.a. Carl Roth GmbH + Co. KG 

HISTOPRIME® Hematoxylin (Mayer) Linaris Biologische Produkte GmbH 

HISTOPRIME® HistoPerm Linaris Biologische Produkte GmbH 

Hydrogen Peroxide, 35% Carl Roth GmbH + Co. KG 

Immobilon®-P polyvinylidene  
difluoride (PVDF) membrane,  

0.45 µm pore size 
Merck KGaA 

Isopropanol Carl Roth GmbH + Co. KG 

Methanol, p.a. Chemsolute® a Brand of Th. Geyer 

Neutral buffered formalin Sigma-Aldrich 

Non-fat skimmed milk powder Biomol GmbH 

1x Opal™ Anti-Ms + Rb horseradish  
peroxidase (HRP) 

Akoya Biosciences 

Phenylmethylsulfonyl fluoride (PMSF) Carl Roth GmbH + Co. KG 

Phorbol 12-myristate 13-acetate 
(PMA) 

Sigma-Aldrich 

1x Plus Manual Amplification Diluent Akoya Biosciences 

Precision Plus Protein Dual Color 
Standards, 500 µL 

Bio-Rad Laboratories Inc. 

ProTaqs Antigen Enhancer I, pH 6.0, 
50x (ProTaqs I) 

BIOCYC GmbH & Co. KG 

100x Protease Inhibitor Cocktail Cell Signaling Technology 

Protein Assay Dye Reagent  
Concentrate (Bradford reagent) 

Bio-Rad Laboratories Inc. 

RNAscope® Probe Hs-CD34-C3 ACD a Bio-Techne Brand 
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RNAscope® Probe Hs-EZH2 ACD a Bio-Techne Brand 

RNAscope® Probe Hs-GATA2 ACD a Bio-Techne Brand 

RNAscope® Probe Hs-IKZF1 ACD a Bio-Techne Brand 

RNAscope® Probe Hs-LYL1 ACD a Bio-Techne Brand 

RNAscope® Probe Hs-RUNX1 ACD a Bio-Techne Brand 

Rotiphorese® gel 30 (37.5:1) Carl Roth GmbH + Co. KG 

Sodium chloride, > 99.8% Carl Roth GmbH + Co. KG 

Sodium dodecyl sulfate (SDS)  
ultra-pure, > 99% 

Carl Roth GmbH + Co. KG 

N,N,N‘,N‘-tetramethylethylenediamine 
(TEMED), > 99% p.a. 

Carl Roth GmbH + Co. KG 

Tris PUFFERAN® > 99.9%, p.a. Carl Roth GmbH + Co. KG 

Triton X-100  Carl Roth GmbH + Co. KG 

Trypan Blue Dye 0.40% Bio-Rad Laboratories Inc. 

TUF Target Unmasking Fluid (TUF) 
(3x concentrated) 

PANPATH B.V. 

Tween® 20 Carl Roth GmbH + Co. KG 

VECTASHIELD® Antifade Mounting 
Medium 

Biozol Diagnostica Vetrieb GmbH 

WesternSure® Pen LI-COR Biosciences 

Whatman™ 3 MM Chr GE HealthCare Technologies 

Xylene Chemsolute® a Brand of Th. Geyer 

2.1.2 Kits 

The table below presents an overview of commercially available kits utilized in this 

study, organized according to the method of consumption. 

Table 4: List of kits. 

Kit Manufacturer 

Multiplex immunofluorescence 

Opal™ 520 Reagent Pack Akoya Biosciences 

Opal™ 540 Reagent Pack Akoya Biosciences 
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Opal™ 570 Reagent Pack Akoya Biosciences 

Opal™ 620 Reagent Pack Akoya Biosciences 

Opal™ 650 Reagent Pack Akoya Biosciences 

Opal™ 690 Reagent Pack Akoya Biosciences 

Opal™ 780 Reagent Pack Akoya Biosciences 

Immunohistochemistry 

ImmPRESS® HRP Horse Anti-Mouse 
IgG Polymer Detection Kit, Peroxidase 

Vector Laboratories 

ImmPRESS® HRP Horse Anti-Rabbit 
IgG Polymer Detection Kit, Peroxidase 

Vector Laboratories 

HISTOPRIME® Peroxidase-Substrate-
Kit DAB 

Linaris Biologische Produkte GmbH 

Gene expression profiling – RNA isolation and purification 

RNeasy® DSP FFPE Kit Qiagen 

Gene expression profiling – NanoString’s nCounter® assay for gene  
expression analysis 

nCounter® Human PanCancer Immune 
Profiling Panel 

NanoString Technologies 

nCounter® Standard Cartridges NanoString Technologies 

nCounter® Standard Prep Pack NanoString Technologies 

nCounter® Standard Prep Plates NanoString Technologies 

RNA-in situ hybridization 

RNAscope® H2O2 & Protease Plus  
Reagents 

ACD a Bio-Techne Brand 

RNAscope® Multiplex Fluorescent  
Detection Kit v2 

ACD a Bio-Techne Brand 

RNAscope® Target Retrieval Reagents ACD a Bio-Techne Brand 

RNAscope® Wash Buffer Reagents ACD a Bio-Techne Brand 

Western blot analysis - Immunodetection 

SuperSignal™ West Pico PLUS  
Chemiluminescent Substrate 

Thermo Fisher Scientific 
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2.1.3 Buffers and Solutions 

The various buffers and solutions used in this work are listed below. Unless other-

wise stated, all buffers and solutions were stored at 4°C protected from light.  

Table 5: List of buffers and solutions. 

Buffer or solution Composition 

Multiplex immunofluorescence 

1x AR6 buffer 
25 mL 10x AR6 buffer  

(Akoya Biosciences) 
225 mL ddH2O 

1x AR9 buffer 
25 mL 10x AR9 buffer  

(Akoya Biosciences) 
225 mL ddH2O 

DAPI solution (1 mg/mL) 

21.9 µM DAPI, dilactate (Biotium) 
PBS (Thermo Fisher Scientific) 

ad 1000 mL  
(10 mg/L DAPI solution); 

1 mL 10 mg/L DAPI solution 
999 mL PBS (Thermo Fisher Scientific) 

aliquoted in 100 µL 

DAPI working solution 
2 µL DAPI solution (1 mg/mL) 
998 µL 1x TBST buffer, pH 7.5 

Opal™ 520 (540/570/620/650/690)  
solution 

Opal™ Polaris 520 
(540/570/620/650/690) reagent  

reconstituted in 75 µL DMSO  
(included in the Opal™ Reagent Packs, 

Akoya Biosciences) 

Opal™ 520 (540/570/620/650/690)  
working solution 

1 µL Opal™ 520 
(540/570/620/650/690) solution 
99 µL 1x Plus Manual Amplification  

Diluent (Akoya Biosciences) 

Opal™ 780 solution 

Opal™ Polaris 780 reagent  
reconstituted in 300 µL ddH2O 

(included in the Opal™ 780 Reagent 
Pack, Akoya Biosciences) 

Opal™ 780 working solution 
1 µL Opal™ 780 solution 

24 µL 1x Antibody Diluent/Block  
solution (Akoya Biosciences) 
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Opal™ TSA-DIG solution 

Opal™ TSA-DIG reagent  
reconstituted in 75 µL DMSO  

(included in the Opal™ 780 Reagent 
Pack, Akoya Biosciences) 

Opal™ TSA-DIG working solution 
1 µL Opal™ TSA-DIG solution 

99 µL 1x Plus Manual Amplification  
Diluent (Akoya Biosciences) 

1x ProTaqs I buffer 
20 mL 50x ProTaqs I buffer  

(BIOCYC GmbH & Co. KG) 
980 mL ddH2O 

10x TBS buffer, pH 7.5 

250 mM Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

1.5 M sodium chloride  
(Carl Roth GmbH + Co. KG) 

pH 7.5 adjusted with acetic acid ROTI-
PURAN® (Carl Roth GmbH + Co. KG) 

ddH2O ad 1000 mL 

1x TBST buffer, pH 7.5 

100 mL 10x TBS, pH 7.5 
0.5 mL Tween® 20  

(Carl Roth GmbH + Co. KG) 
900 mL ddH20 

1x TRS6 buffer 
10 mL 10x TRS6 buffer  

(Agilent Dako) 
90 mL ddH2O 

1x TUF buffer 
30 mL 3x TUF buffer  

(PANPATH B.V.) 
60 mL ddH2O 

Immunohistochemistry 

1x AR6 buffer 
See multiplex  

immunofluorescence 

1x AR9 buffer 
See multiplex  

immunofluorescence 

DAB working solution 

4 drops DAB chromogen solution 
5 mL DAB substrate buffer 

(included in the HISTOPRIME® Peroxi-
dase-Substrate-Kit DAB, Linaris Biolo-

gische Produkte GmbH) 
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Hydrogen peroxide, 3.5% 

10 mL hydrogen peroxide, 35%  
(Carl Roth GmbH + Co. KG) 

90 mL ddH2O 
stored at RT protected from light 

10x TBS buffer, pH 7.6 

200 mM Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

1.37 M sodium chloride  
(Carl Roth GmbH + Co. KG) 

pH 7.6 adjusted with acetic acid ROTI-
PURAN® (Carl Roth GmbH + Co. KG) 

ddH2O ad 1000 mL 

1x TBS buffer, pH 7.6 
100 mL 10x TBS, pH 7.6 

900 mL ddH2O 

1x TRS6 buffer 
See multiplex  

immunofluorescence 

1x TUF buffer 
See multiplex  

immunofluorescence 

RNA-in situ hybridization 

1x antigen retrieval buffer 

10 mL 10x antigen retrieval buffer 
90 mL ddH2O 

(antigen retrieval buffer included in the 
RNAscope® Target Retrieval Reagents, 

ACD a Bio-Techne Brand) 

Co-detection probe  
solution 

1 µL RNAscope® Probe Hs-CD34-C3 
39 µL RNAscope® Probe Hs-EZH2  

(or Hs-RUNX1) 

Opal™ 570 single probe working  
solution 

1 µL Opal™ 570 solution  
749 µL 1x Plus Manual Amplification 

Diluent (Akoya Biosciences) 

Opal™ 570 (or 690) co-detection  
working solution 

1 µL Opal™ 570 (or 690) solution 
499 µL 1x Plus Manual Amplification 

Diluent (Akoya Biosciences) 

1x wash buffer 

20 mL 50x wash buffer 
980 mL ddH2O 

(wash buffer included in the RNAscope® 
Wash Buffer Reagents, ACD a Bio-

Techne Brand) 
stored at RT 
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 Cell culture - Subculturing 

K-562 medium 

500 mL RPMI Medium 1640  
(Thermo Fisher Scientific) 
50 mL fetal bovine serum  

(Biowest) 
5 mL Penicillin Streptomycin  

(Thermo Fisher Scientific) 

KG-1 medium 

500 mL Iscove’s Modified Dulbecco’s 
Medium (Thermo Fisher Scientific) 

100 mL fetal bovine serum  
(Biowest) 

Cell culture – PMA stimulation 

PMA stock solution 
100 µM PMA (Sigma-Aldrich) 

16.2 mL DMSO (PanReac AppliChem) 
aliquoted in 1 mL and stored at -20°C 

PMA working solutions 

10 µM 
PMA: 

500 µL 
PMA stock  

4500 µL 
cells 

1 µM  
PMA: 

50 µL  
PMA stock  

4950 µL 
cells 

100 nM 
PMA: 

500 µL 
PMA 1 µM 

4500 µL 
cells 

10 nM 
PMA: 

50 µL  
PMA 1 µM 

4950 µL 
cells 

1 nM 
PMA: 

5 µL  
PMA 1 µM 

4995 µL 
cells 

Cell culture - Protein isolation 

PMSF solution 

100 mM PMSF  
(Carl Roth GmbH + Co. KG) 

Isopropanol (Carl Roth GmbH + Co. KG) 
ad 20 mL 

stored at -20°C protected from light 

1x cell lysis buffer 

9 mL ddH2O 
1 mL 10x Cell Lysis Buffer  
(Cell Signaling Technology) 

100 µL 100x Protease Inhibitor  
Cocktail (Cell Signaling Technology) 

100 µL PMSF solution 
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Western blot analysis - Bradford assay 

Triton X-100 solution (0.01%) 

0.5 mL Triton X-100  
(Carl Roth GmbH + Co. KG) 

45.5 mL 1x PBS  
(Thermo Fisher Scientific)  

stored at RT protected from light 

BSA solution (0.2 mg/mL) 
100 µL BSA, 2 mg/mL  

(Bio-Rad Technologies Inc.) 
900 µL Triton X-100 solution 

BSA standards 

0 µg 
BSA: 

0 µL BSA 
solution 

400 µL Triton 
X-100 solution 

2 µg 
BSA: 

10 µL BSA 
solution 

390 µL Triton 
X-100 solution 

4 µg 
BSA: 

20 µL BSA 
solution 

380 µL Triton 
X-100 solution 

6 µg 
BSA: 

30 µL BSA 
solution 

370 µL Triton 
X-100 solution 

8 µg 
BSA: 

40 µL BSA 
solution 

360 µL Triton 
X-100 solution 

Protein sample dilution 
5 µL isolated protein 

45 µL 1x PBS (Thermo Fisher Scientific) 

Protein sample 

20 µL protein sample dilution 
180 µL 1x PBS  

(Thermo Fisher Scientific) 
200 µL Triton X-100 solution 

Western blot analysis - SDS gel electrophoresis 

10% APS 
438 mM APS (Carl Roth GmbH + Co. KG) 

ddH2O ad 5 mL 

20% SDS 
693.9 mM SDS ultra-pure  
(Carl Roth GmbH + Co. KG) 

ddH2O ad 250 mL 

Tris pH 6.8 

1 M Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

pH 6.8 adjusted with acetic acid ROTI-
PURAN® (Carl Roth GmbH + Co. KG) 

ddH2O ad 250 mL 
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Tris pH 8.8 

1 M Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

pH 8.8 adjusted with acetic acid ROTI-
PURAN® (Carl Roth GmbH + Co. KG) 

ddH2O ad 250 mL 

5x SDS sample buffer 

3.125 mL Tris pH 6.8 
250 mM DTT  

(Thermo Fisher Scientific) 
347 mM SDS  

(Carl Roth GmbH + Co. KG) 
0.5 mL bromophenol blue  
(Thermo Fisher Scientific) 

5 mL Glycerole ROTIPURAN®  
(Carl Roth GmbH + Co. KG) 

ddH2O ad 10 mL 
aliquoted in 500 µL and stored at -20°C 

Running gel (for 4 gels) 

10% 

8.3 mL ddH2O 
6.65 mL Rotiphorese® gel 30 

(Carl Roth GmbH + Co. KG) 
5 mL Tris pH 8.8 
125 µL 20% SDS 
125 µL 10% APS 

50 µL TEMED  
(Carl Roth GmbH + Co. KG) 

12.5% 

5 mL ddH2O 
10.5 mL Rotiphorese® gel 30 

(Carl Roth GmbH + Co. KG) 
9.35 mL Tris pH 8.8 

125 µL 20% SDS 
125 µL 10% APS 

50 µL TEMED  
(Carl Roth GmbH + Co. KG) 

20% 

8.86 mL ddH2O 
13.2 mL Rotiphorese® gel 30 

(Carl Roth GmbH + Co. KG) 
7.5 mL Tris pH 8.8 
150 µL 20% SDS 
150 µL 10% APS 

15 µL TEMED 
(Carl Roth GmbH + Co. KG) 
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Stacking gel (for 4 gels) 

7 mL ddH2O 
1.672 mL Rotiphorese® gel 30 

(Carl Roth GmbH + Co. KG) 
1.252 mL Tris pH 6.8 

50 µL 20% SDS 
100 µL 10% APS 

25 µL TEMED 
(Carl Roth GmbH + Co. KG) 

10x SDS running buffer 

250 mM Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

1.96 M Glycine PUFFERAN® 

(Carl Roth GmbH + Co. KG) 
50 mL 20% SDS 

ddH2O ad 1000 mL 
stored at RT protected from light 

1x SDS running buffer 
100 mL 10x SDS running buffer 

900 mL ddH2O 
stored at RT protected from light 

Western blot analysis - Semi-dry blotting 

Anode buffer I 

300 mM Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

100 mL methanol p.a. (Chemsolute® a 
Brand of Th. Geyer) 
ddH2O ad 500 mL 

stored at RT protected from light 

Anode buffer II 

25 mM Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

100 mL methanol p.a. (Chemsolute® a 
Brand of Th. Geyer) 
ddH2O ad 500 mL 

stored at RT protected from light 

Cathode buffer  

25 mM Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 

100 mL methanol p.a. (Chemsolute® a 
Brand of Th. Geyer) 

40 mM 6-aminocaproic acid  
(Sigma-Aldrich) 

ddH2O ad 500 mL 
stored at RT protected from light 
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Western blot analysis - Immunodetection 

5% BSA solution 
759 µM BSA (Sigma-Aldrich) 

100 mL 1x TBST buffer 
aliquoted in 15 mL and stored at -20°C 

5% skimmed milk powder solution 
12.5 g non-fat skimmed milk powder  

(Biomol GmbH) 
250 mL 1x TBST buffer 

10x TBS buffer 

20 mM Tris PUFFERAN®  
(Carl Roth GmbH + Co. KG) 
137 mM sodium chloride  
(Carl Roth GmbH + Co. KG) 

ddH2O ad 1000 mL 

1x TBST buffer 

100 mL 10x TBS buffer 
10 mL Tween® 20  

(Carl Roth GmbH + Co. KG) 
ddH2O ad 1000 mL 

2.1.4 Human Cell Lines 

Table 6: List of human cell lines. 

Cell line Origin Source 

K-562 
Lymphoblast cells, bone marrow 53-year 

old female, chronic myelogenous leukemia 
Laboratory of  

Prof. O. T. Keppler 

KG-1 
Macrophages, bone marrow 59-year old 

male, acute myelogenous leukemia 
Laboratory of  

Prof. O. T. Keppler 

2.1.5 Antibodies 

Table 7: List of antibodies.  

Antibody Clone 
Host 

species 
Application 
(dilution) 

Demask-
ing/block-

ing solution 

Manufac-
turer 

Anti-mouse 
IgG, HRP-

linked 
- horse 

Western blot 
(1:5000) 

skimmed 
milk 

Cell  
Signaling 

Technology 

Anti-rabbit 
IgG, HRP-

linked 
- goat 

Western blot 
(1:5000) 

skimmed 
milk 

Cell  
Signaling 

Technology 
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BCL2 124 mouse mIF (1:25) CC1 
Agilent 
Dako 

Bcl-XL 
BX006
+2H12 

mouse mIF (1:75) AR9 Abcam 

Caspase 1 p20 
(Cleaved 
Asp296) 

poly-
clonal 

rabbit 
mIF (1:50) 
IHC (1:200) 

ProTaqs I 
Thermo 
Fisher  

Scientific 

CCL18 
poly-
clonal 

rabbit 
Western blot 

(1:1000) 
skimmed 

milk 
Abcam 

CCL18 
poly-
clonal 

rabbit 
mIF (1:75) 
IHC (1:125) 

TRS6 Abnova 

CD117 
poly-
clonal 

rabbit mIF(1:100) AR6 
Agilent 
Dako 

CD123/ 
IL3RA 

IL3RA/ 
2947R 

rabbit mIF (1:50) AR9 Abcam 

CD14 
EPR 

3653 
rabbit mIF (1:100) AR6 

Cell 
Marque 

Corpora-
tion 

CD163 10D6 mouse mIF (1:150) AR9 
Leica Bio-
systems 

CD20 L26 mouse mIF (1:400) CC1 
Dako  

Agilent 

CD3 SP7 rabbit mIF (1:150) AR9 
Zytomed  
Systems 

CD34 
QEBnd

-10 
mouse 

mIF (1:100) 
IHC (1:50) 

AR6 (mIF) 
CC1 (IHC) 

Cell 
Marque 

CD42b SP219 rabbit mIF (1:100) AR9 Abcam 

CD71 
MRQ-

48 
mouse mIF (1:400) CC1 

Cell 
Marque 

CD8 
C8/ 

144B 
mouse mIF (1:150) AR9 

Cell 
Marque 

Cleaved 
Caspase-3 
(Asp175) 

poly-
clonal 

rabbit mIF (1:50) AR9 
Cell  

Signaling 
Technology 
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E- 
Cadherin 

EP6 rabbit IHC (1:50) TRS6 Bio SB, Inc. 

EPX 
poly-
clonal 

rabbit 
mIF (1:180) 
IHC (1:180) 

TRS6 
Atlas  

Antibodies 

EZH2 D2C9 rabbit IHC (1:50) AR9 
Cell  

Signaling 
Technology 

FOXP3 
236A/

E7 
mouse mIF (1:50) AR9 Abcam 

Gasdermin D E7H9G rabbit IHC (1:200) AR9 
Cell  

Signaling 
Technology 

IκBα L35A5 mouse 
Western Blot 

(1:1000) 
BSA 

Cell  
Signaling 

Technology 

Ki-67 MIIB-1 mouse IHC (1:100) CC1 
Dako  

Agilent 

Mast Cell 
Tryptase 

AA1 mouse mIF (1:200) AR6 
Diagnostic  

BioSystems 

MCL1 
OTI10F

6 
mouse mIF (1:75) AR6 

Thermo 
Fisher  

Scientific 

Myeloperoxi-
dase 

poly-
clonal 

rabbit mIF (1:100) 
None or 

TRS6 
Agilent 
Dako 

NALP3/ 
NLRP3 

poly-
clonal 

rabbit mIF (1:200) TRS6 
Lifespan  

Biosciences 

Perilipin-1 D1D8 rabbit mIF (1:150) AR6 
Cell  

Signaling 
Technology 

PD-1 
NAT10

5 
mouse mIF (1:80) TRS6 

Cell 
Marque 

RUNX1 DW71 mouse IHC (1:75) TUF 
Santa Cruz  
Biotechnol-

ogy 
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S100A9 D5O6O rabbit mIF (1:300) AR6 
Cell  

Signaling 
Technology 

SCF C19H6 rabbit mIF (1:50) AR6 
Cell  

Signaling 
Technology 

Terminal  
Deoxynucleo-
tidyl Transfer-

ase (TdT) 

SEN28 mouse mIF (1:50) AR9 
Diagnostic  
Biosystems 

TIM-3 D5D5r rabbit mIF (1:200) AR9 
Cell  

Signaling 
Technology 

Tri-Methyl-
Histone H3 

(Lys27) 

C36B1
1 

rabbit 
mIF (1:100) 
IHC (1:4000) 

AR9 
Cell  

Signaling 
Technology 

mIF: Multiplex immunofluorescence, IHC: Immunohistochemistry 

2.2 Methods 

2.2.1 Multiplex Immunofluorescence  

 Akoya’s Opal™ system offers a highly specific solution for multiplex immuno-

fluorescence (mIF) stainings with reagent based signal amplification utilizing tyra-

mide signal amplification (TSA) reagents alias Opal™ dyes. Following the binding of 

primary and secondary antibodies, the TSA reagent, which contains free tyramide 

radicals bound to a reporter fluorophore, covalently labels the targeted epitope.  

After labeling is complete, the primary and secondary antibodies will be stripped 

without disrupting the Opal™ fluorescence signal. This allows the user to proceed to 

the second staining cycle, which will detect the next target with a TSA reagent la-

beled with a different fluorophore. In this way, a custom multiplexed panel can be 

created for simultaneous analysis of up to six immunofluorescence markers within 

one tissue section.  

Microscope glass slides with 2-5 µm thick tissue sections of formalin-fixed, paraffin-

embedded (FFPE) trephine biopsies of the bone marrow were used for analysis. To 
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prepare the tissue for the staining procedure, all slides were gently baked overnight 

at 55°C in the drying cabinet (Binder World Standard Series, TEquipment).  

Deparaffinization was completed in accordance to the following protocol. The tre-

phine biopsy sections were dewaxed with xylene (2x 15 min), and then rehydrated 

through a graded series of aqueous ethanol solutions (absolute ethanol 1x 5 min, 

96% 1x 5 min and 70% 1x 5 min). Following rehydration, the tissue was briefly 

rinsed with ddH2O and fixed in 4% neutral buffered formalin for 20 min at RT.  

Beginning the first staining cycle, the slides were washed 3x 2 min in ddH20 with 

agitation. To unmask the antigen, the biopsy specimens were transferred to a boiling 

water bath where they were incubated for 15 min in a Hellendahl staining jar filled 

with antigen retrieval buffer. The choice of the optimal retrieval buffer is dependent 

on the characteristics of the tissue and the antibody to be stained, and was subject 

to prior testing and optimization for each individual target of interest.  

The slides were cooled down to RT for 15 min, and washed in 1x TBST buffer, pH 7.5 

with agitation (3x 2 min). After excess buffer was removed, the tissue sections were 

covered with 1x Antibody Diluent/Block solution (Akoya Biosciences) for 10 min at 

RT. All incubation steps were performed in a humidified chamber (Staining Cham-

ber StainTray™ Black lid, Carl Roth GmbH + Co. KG) with the biopsy specimens pro-

tected from light throughout the workflow. 

1x Antibody Diluent/Block solution (Akoya Biosciences) was used to prepare the pri-

mary antibody solution. Excess blocking solution was drained off, and the slides 

were incubated in the diluted primary antibody for 1 h at RT.  Before the antibodies 

were combined for use in multiplexed detection, the incubation time and optimal 

concentration were optimized in a fluorescence monoplex immunohistochemistry 

staining for each target individually with respect to the chosen antigen retrieval con-

ditions.  

The trephine biopsy sections were washed 3x 2 min in 1x TBST buffer, pH 7.5 with 

agitation. Excess washing buffer was removed, and the slides were incubated in the 

HRP conjugate solution (1x Opal™ Anti-Ms + Rb HRP, Akoya Biosciences) for 10 min 

at RT.  



 Material and Methods 

37 

 

The washing procedure was repeated (3x 2 min, 1x TBST, pH 7.5). After removing 

excess buffer, the tissue was covered with Opal™ 520, 540, 570, 620, 650, or 690 

working solution for 10 min at RT. All Opal™ working solutions were prepared 

shortly prior to their use. Due to the light sensitivity of the Opal™ working solutions, 

the slides were protected from light whenever possible throughout the following 

workflow.  

To complete the first staining cycle, the biopsy sections were washed 3x 2 min in 1x 

TBST buffer, pH 7.5 with agitation. The slides were placed in a boiling water bath for 

15 min to strip away the primary and secondary antibodies, while preserving the 

covalently bound TSA reagents to ensure that the signal is localized to the target. 

This time, to retrieve the epitope for the upcoming cycle, the tissue was incubated 

in the appropriate antigen retrieval buffer for the target to be detected next.  

The specimens were cooled down to RT for 15 min, and washed in 1x TBST buffer, 

pH 7.5 with agitation (3x 2 min). The slides were either stored until the next day at 

4°C in a Hellendahl staining jar filled with 1x TBST buffer, pH 7.5 or processed to the 

next staining cycle, beginning with the 10 min incubation in 1x Antibody Dilu-

ent/Block solution (Akoya Biosciences). All subsequent cycles followed the same 

protocol as the first. The procedure was repeated for up to six targets of interest, 

each with a different Opal™ fluorophore.  

Following the water bath treatment concluding the final cycle, the slides were 

cooled down to RT for 15 min, and washed 3x 2 min in 1x TBST buffer, pH 7.5 with 

agitation. In the humidified chamber, the specimens were counterstained for 5 min 

with DAPI working solution at RT. After the tissue sections were rinsed in ddH2O, 

they were covered with mounting medium (VECTASHIELD® Antifade Mounting Me-

dium, Biozol Diagnostica Vetrieb GmbH), and sealed with a glass coverslip.  

If Opal™ 780 was to be used, it was incorporated in the multiplex staining at the last 

cycle. Blocking, primary antibody incubation and introduction of secondary HRP 

were conducted as described above.  

Following the incubation in 1x Opal™ Anti-Ms + Rb HRP solution (Akoya Biosciences), 

the slides were washed in 1x TBST buffer, pH 7.5 with agitation (3x 2 min). Excess 
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washing buffer was removed, and the tissue was covered with freshly prepared 

Opal™ TSA-DIG working solution for 10 min at RT.  

The washing procedure was repeated (3x 2 min, 1x TBST, pH 7.5), followed by the 

water bath treatment for 15 min in antigen retrieval buffer. The biopsy specimens 

were cooled down to RT for 15 min, and washed 3x 2 min in 1x TBST buffer, pH 7.5 

with agitation.  

Excess buffer was removed. The tissue was incubated in Opal™ 780 working solu-

tion for 1 h at RT. Opal™ 780 working solution was prepared shortly before its use.  

The trephine biopsy sections were washed in 1x TBST buffer, pH 7.5 with agitation 

(3x 2 min), and counterstained with DAPI working solution for 5 min at RT. After 

rinsing in ddH2O, the tissue was sealed with a coverslip and mounting medium. All 

stained slides were stored in a slide box at 4°C.  

The PhenoImager™ HT Automated Quantitative Pathology Imaging System (Akoya 

Biosciences) was used to obtain an overview scan of the entire tissue. Regions of in-

terest on the stained sections were annotated with the Phenochart™ Whole Slide 

Viewer (Akoya Biosciences), and a second scan was performed to generate multi-

spectral images (MSI) of the annotated regions of interest.  

Unmixing of the MSI and correction for tissue autofluorescence was conducted using 

the inForm® Automated Image Analysis Software Package (Akoya Biosciences). The 

images were exported for downstream analysis in the computational pathology soft-

ware HALO® 3.3, including HALO AI™ 3.3 (Indica Labs). 

Akoya’s liquid crystal tunable filter (LCTF) technology was utilized for multiplexed 

panels consisting of DAPI and the Opals 520, 570, 620, 690, and/or 780 (not com-

patible with Opals 540 and 650). Whole slide multispectral images were generated 

with the LCTF that already included quantitative unmixing and tissue autofluores-

cence detection, eliminating the need to re-scan in order to create a MSI.  

The multispectral image of the whole tissue was disassembled into multiple tiles for 

batch export with the inForm® Automated Image Analysis Software Package (Akoya 

Biosciences), and recomposed for further analysis and quantitative evaluation in 

HALO® 3.3, including HALO AI™ 3.3 (Indica Labs).  
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For mIF stainings, the HALO® module HighPlex FL v4.1.2 (Indica Labs) was used. A 

custom algorithm was configured and trained in accordance with the recommenda-

tions provided in the user guide.  

In brief, the tissue was visually inspected for quality control, and distinct analysis 

regions were annotated if necessary. A HALO® AI Nuclear Phenotyper for fluores-

cence images was created and optimized for nuclei detection and nuclear segmen-

tation on the specimen to analyse. The number of dyes was specified and dye posi-

tivity thresholds were adjusted for each fluorophore individually in relation to its 

cellular compartment (nuclear, cytoplasm or membrane dyes). Different pheno-

types were created as needed for analysis.  

The results were exported in tabular form and the data was processed for graphical 

presentation and statistical analysis in GraphPad Prism, version 9.5.0 (GraphPad 

Software Inc.).  

2.2.2 Immunohistochemistry 

 For immunohistochemistry (IHC) staining, microscope glass slides with 2-5 

µm thick tissue sections of FFPE trephine biopsies of the bone marrow were used. 

After overnight incubation at 55°C in the drying cabinet (Binder World Standard Se-

ries, TEquipment), the slides were deparaffinized and rehydrated as described for 

mIF (please refer to section 2.2.1).  

Following rehydration, the biopsy specimens were washed for 5 min in ddH2O. To 

unmask the antigen, the tissue sections were placed in a Hellendahl staining jar filled 

with antigen retrieval buffer and microwaved 2x 15 min at 80% power. Prior testing 

and optimization determined which antigen retrieval buffer led to the best results 

for each target of interest.  

The slides were cooled down to RT for 15 min. To quench endogenous peroxidase 

activity in the tissue sections, they were incubated in the dark for 20 min at RT in 

hydrogen peroxide, 3.5% solution.  

The specimens were washed 2x 2 min in 1x TBS buffer, pH 7.6 with agitation. Excess 

buffer was removed, and the tissue was incubated for 20 min in normal goat serum 
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(included in ImmPRESS® HRP Horse Anti-Mouse or Anti-Rabbit IgG Polymer Detec-

tion Kit, Peroxidase, Vector Laboratories). Throughout the complete staining proce-

dure, all incubation steps were performed at RT in the humidified chamber in the 

dark (Staining Chamber StainTray™ Black lid, Carl Roth GmbH + Co. KG). 

The dilution for the primary antibody was prepared using Dako REAL™ Antibody 

Diluent (Agilent Dako). Following removal of excess blocking solution, the tissue was 

incubated in the diluted primary antibody for 1 h at RT. Complementary to the 

choice of the retrieval buffer, the best concentration and incubation time were addi-

tionally optimized for each antibody individually.  

After washing the slides in 1x TBS buffer, pH 7.6 with agitation (2x 2 min), they were 

covered for 30 min at RT with ImmPRESS® (Peroxidase) Polymer Anti-Mouse or 

Anti-Rabbit IgG Reagent (included in ImmPRESS® HRP Horse Anti-Mouse or Anti-

Rabbit IgG Polymer Detection Kit, Peroxidase, Vector Laboratories). The Im-

mPRESS® staining system enables a one-step detection as the polymerized reporter 

enzyme is already attached to the secondary antibody.  

The washing procedure was repeated (2x 2 min, 1x TBS, pH 7.6), and the trephine 

biopsy sections were incubated for 10 min in DAB working solution. The slides were 

washed in tap water for 2 min to disrupt the DAB colour development. In the humid-

ified chamber, the specimens were counterstained for 2 min at RT with HISTO-

PRIME® Hematoxylin (Linaris Biologische Produkte GmbH).  

The tissue sections were rinsed for 2 min under running tap water, and then dehy-

drated through a graded series of aqueous ethanol solutions (70% 1x 1 min, 96% 1x 

1 min and 1x 1 min absolute ethanol). After rinsing in xylene, the tissue was sealed 

with a coverslip and mounting medium (HISTOPRIME® HistoPerm, Linaris Biolo-

gische Produkte GmbH). The stained slides were stored in a slide box at 4°C. 

The PhenoImager™ HT Automated Quantitative Pathology Imaging System (Akoya 

Biosciences) was used to obtain overview scans of the entire tissue as well as exclu-

sive scans of regions of interest that had been selected and annotated using the 

Phenochart™ Whole Slide Viewer (Akoya Biosciences). Using the inForm® Auto-
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mated Image Analysis Software Package (Akoya Biosciences), the images were pre-

pared for further analysis and quantitative evaluation with HALO® 3.3 and HALO 

AI™ 3.3 (Indica Labs). 

A Random Forest tissue classifier was trained on the IHC images to optimize the cel-

lular detection on the tissue, while excluding any background (e.g. glass from the 

slide). The HALO® module Multiplex IHC v3.1.3 (Indica Labs) was used to create a 

custom algorithm for analysis. Following visual quality control of the MSI, the colour 

for deconvolution was set for each dye individually. Nuclei detection and nuclear 

segmentation were adjusted with a HALO® AI Nuclear Phenotyper for brightfield 

images. Cell membrane and cytoplasm compartments were segmented, and positiv-

ity thresholds were set for each stain of interest.  

Data from analysed images was transferred to GraphPad Prism, version 9.5.0 

(GraphPad Software Inc.) for graphical presentation and statistical analysis. 

Alternatively, employing a semiquantitative analysis approach (Remmele & Stegner, 

1987), the slides were visually inspected to assess both staining intensity and the 

proportion of positively stained cells. Immunoreactive scores were then obtained 

by multiplying these two parameters and graded according to the predefined crite-

ria outlined in the following table (Table 8).  

Table 8: Grading criteria to obtain immunoreactive scores.  

Staining intensity Positive cells Immunoreactive score 

0 No staining 0 No positive cells 0 – 2 Negative 

1 Weak staining 1 Less than 10% 3 – 4 Weakly positive 

2 Moderate staining 2 10 – 50% 6 – 8 Moderately positive 

3 Strong staining 3 51 – 80% 9 - 12 Strongly positive 

  4 More than 80%   

2.2.3 Gene Expression Profiling 

 To prepare the tissue specimens for use in downstream biological assays, nu-

cleic acids were extracted from FFPE trephine biopsies of the bone marrow.  
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2.2.3.1 RNA Isolation and Purification  

 Following the instructions outlined in the RNeasy® DSP FFPE Kit manual (Qi-

agen), total RNA was purified from freshly cut 5-10 µm thick FFPE tissue sections. 

Depending on the tissue size, up to four sections were combined in one preparation.   

In brief, the principle of the procedure can be described as follows. 

Deparaffinization Solution (included in the RNeasy® DSP FFPE Kit, Qiagen) was used 

to deparaffinize the specimens. The samples were then incubated in a lysis buffer 

containing proteinase K (included in the RNeasy® DSP FFPE Kit, Qiagen) to release 

nucleic acids from the trephine biopsy sections. A short heat treatment partially re-

versed the formalin crosslinking of free RNA, increasing the quality and yield of the 

extraction.  

DNase I treatment (included in the RNeasy® DSP FFPE Kit, Qiagen) was used to re-

move genomic DNA. To facilitate RNA binding to the  membrane of the RNeasy MinE-

lute spin columns (included in the RNeasy® DSP FFPE Kit, Qiagen), a buffer solution 

containing ethanol was added to the lysed samples. Via spin column-based purifica-

tion, remaining contaminants and binding salts were washed away. After a final dry-

ing step to evaporate the alcohol, purified nucleic acids were eluted in RNase-free 

water (included in the RNeasy® DSP FFPE Kit, Qiagen).  

RNA quality and quantity were assessed with spectrophotometric readings (Thermo 

Scientific™ NanoDrop™ One Spectrophotometer, Thermo Fisher Scientific). The ex-

tracted nucleic acids were stored at -80°C.  

2.2.3.2 NanoString’s nCounter® Assay for Gene Expression Analysis 

 NanoString’s nCounter® platform offers a molecular barcode system based 

on CodeSet chemistry including a Reporter CodeSet and a Capture ProbeSet. Excess 

probes are removed as the reporter and capture probes hybridize to the target of 

interest, forming a target-probe complex that is then immobilized and aligned to a 

cartridge. A maximum of 770 genes can be detected simultaneously for up to 12 

samples in one experiment using one of NanoString’s ready-to-use gene expression 

multiplex panels.  
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The panel hybridization, immobilization, imaging and counting of the barcodes was 

performed in the laboratory of Prof. O. Weigert (Experimental leukemia and lym-

phoma research, Max-Lebsche Platz 30, 81377 Munich, Germany).  

According to the manufacturer’s user manual, the workflow can be briefly described 

as follows. 

A hybridization master mix consisting of hybridization buffer (included in the 

nCounter® Standard Prep Pack, NanoString Technologies) and the Reporter CodeSet 

(included in the nCounter® Human PanCancer Immune Profiling Panel, NanoString 

Technologies; list of genes included in the gene expression profiling panel Appendix 

A) was aliquoted into each tube of a 12-tube strip (included in the nCounter® Stand-

ard Prep Pack, NanoString Technologies). Purified RNA samples were added to each 

tube. The sample input of nucleic acid did not exceed 100 ng or a total volume of 7 

µL RNA per tube.  

After the Capture ProbeSet (included in the nCounter® Human PanCancer Immune 

Profiling Panel, NanoString Technologies) was added to each tube, the samples were 

hybridized at 65°C for 16-24 h, and loaded onto the nCounter® Prep Station (nCoun-

ter® Pro Analysis System, NanoString Technologies).  

On the Prep Station deck, the hybridized samples were purified via magnetic bead 

separation and immobilized to the surface of a sample cartridge (all consumables 

that are mandatory to run the Prep Station are included in the nCounter® Standard 

Cartridges, nCounter® Standard Prep Pack, and nCounter® Standard Prep Plates, 

NanoString Technologies) .  

For imaging of the immobilized fluorescent reporter probes and data collection, the 

cartridge was transferred to the nCounter® Digital Analyser (nCounter® Pro Analy-

sis System, NanoString Technologies). A Reporter Code Count file was created for 

each of the 12 samples in the cartridge, which served as output for data analysis 

using the nSolver™ 4.0 Analysis Software (NanoString Technologies).  

Basic analysis of the nCounter instrument data was performed in accordance to the 

nSolver™ Analysis user manual. The workflow includes importing the Reporter Code 

Count files, selecting quality control parameters, normalizing the data, and creating 

ratios or fold changes.  
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Raw data was selected for advanced analysis (nSolver™ Advanced Analysis software 

plugin version 2.0, NanoString Technologies). A quick analysis was run with default 

parameters, resulting in analyses of overview, normalization, and differential ex-

pression (including gene set analysis and PathView). These results were inspected 

for bias or outliers in the data. Samples that passed the quality control were chosen 

for custom analysis to explore the additional modules pathway scoring, cell type 

profiling, and probe descriptive. 

2.2.4 RNA-in situ Hybridization 

 ACD’s RNAscope® design provides an assay for highly sensitive and specific 

molecular detection of RNA with simultaneous spatial resolution. The RNAscope® 

probes are designed as double-Z oligo probe pairs that target and hybridize to a spe-

cific RNA of interest. Hybridization of a single Z probe to a non-specific RNA target 

will result in unstable binding and be removed during the washing steps. Only hy-

bridization of both Z probes in tandem will ensure an intact binding site for the up-

coming serial signal amplification.  

As each target probe is further tagged with a specific colour detection channel (re-

ferred to as C1, C2, and C3), an Opal™ dye fluorophore (Akoya Biosciences, see 2.2.1) 

can be assigned to the channel and the amplified signal visualized under the micro-

scope. In this manner, up to three different RNA targets can be analysed simultane-

ously with the RNAscope® Multiplex Fluorescent v2 assay.  

2 µm thick tissue sections of FFPE bone marrow trephine biopsies were mounted on 

microscope glass slides and incubated overnight at 55°C in the drying cabinet 

(Binder World Standard Series, TEquipment). 

On the next day, the biopsy specimen were dewaxed with xylene (2x 5 min) and 

rehydrated with absolute ethanol (2x 1 min). Following a 5 min drying step at RT, 

the tissue was incubated with hydrogen peroxidase (included in the RNAscope® 

H2O2 & Protease Plus Reagents, ACD a Bio-Techne Brand) for 10 min at RT in order 

to block endogenous peroxidase activity. 

The slides were washed in ddH2O for 2 min. Two Hellendahl staining jars, one filled 

with ddH2O and the other one with 1x antigen retrieval buffer (included in the 
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RNAscope® Target Retrieval Reagents, ACD a Bio-Techne Brand),  were placed into 

a boiling water bath. The trephine biopsy sections were pre-warmed in ddH2O for 

10 sec and then incubated in 1x antigen retrieval buffer for 30 min to unmask the 

antigen. To conclude the antigen retrieval procedure, the slides were transferred 

back to ddH2O for 10 sec to cool before being incubated in absolute ethanol for 3 

min.  

The bone marrow specimen were dried for 5 min at RT. To create a barrier and use 

less reagents during the following workflow, a diamond engraving pen (ROTH SE-

LECTION, Carl Roth GmbH + Co. KG) was used to draw a permanent mark into the 

glass around the tissue. The slides were stored at RT until the next day. 

On the following day, the sections were incubated with protease reagent (included 

in the RNAscope® H2O2 Protease Plus Reagents, ACD a Bio-Techne Brand) for 15 min 

at 40°C in an hybridization oven (Mini-hybridization oven, Biometra). The protease 

treatment optimizes permeabilization and enables the RNAscope® probes to better 

access the target RNA. All incubation steps were performed in a humidified chamber 

(Staining Chamber StainTray™ Black lid, Carl Roth GmbH + Co. KG) with the biopsy 

specimens shielded from light throughout the workflow. The slides were washed 2x 

2 min in ddH2O with agitation. 

The tissue was covered in the RNAscope® probe of interest (RNAscope® Probe Hs-

EZH2, RNAscope® Probe Hs-GATA2, RNAscope® Hs-IKZF2, RNAscope® Hs-LYL1, or 

RNAscope® Hs-RUNX1, ACD a Bio-Techne Brand) for 2 h at 40°C in the hybridization 

oven. If two RNAscope® probes were to be detected simultaneously, the slides were 

incubated in freshly prepared co-detection probe solution for 2 h at 40°C in the hy-

bridization oven.  

Unless otherwise specified, the following steps are identical for detecting a single 

probe or co-detection of two probes.  

After the trephine biopsy sections were washed in 1x wash buffer with agitation (2x 

2 min), they were incubated in Amp1 reagent (included in the RNAscope® Multiplex 

Fluorescent Detection Kit v2, ACD a Bio-Techne Brand) for 30 min at 40°C in the hy-

bridization oven.  
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The slides were washed 2x 2 min in 1x wash buffer with agitation, and covered with 

Amp2 reagent (included in the RNAscope® Multiplex Fluorescent Detection Kit v2, 

ACD a Bio-Techne Brand) for 30 min at 40°C in the hybridization oven.  

The washing procedure was repeated, and the biopsy specimen were incubated in 

Amp3 reagent (included in the RNAscope® Multiplex Fluorescent Detection Kit v2, 

ACD a Bio-Techne Brand) for 15 min at 40°C in the hybridization oven.  

After washing the tissue sections in 1x wash buffer with agitation (2x 2 min), they 

were covered with HRP-C1 reagent (included in the RNAscope® Multiplex Fluores-

cent Detection Kit v2, ACD a Bio-Techne Brand) for 15 min at 40°C in the hybridiza-

tion oven.  

The bone marrow specimen were washed 2x 2 min in 1x wash buffer with agitation, 

and incubated in Opal™ 570 single probe working solution for 30 min at 40°C in the 

hybridization oven. For co-detection of two probes, the slides were incubated in 

Opal™ 570 co-detection working solution instead. All Opal™ solutions were pre-

pared shortly before their use.  

The washing steps were repeated. For detection of a single probe, the trephine bi-

opsy sections were counterstained with DAPI working solution for 5 min at RT. After 

rinsing in ddH2O, the tissue was sealed with a coverslip and mounting medium. All 

stained slides were stored in a slide box at 4°C.  

The workflow for the co-detection protocol continues as follows.  

The biopsy specimen were covered with HRP Block reagent (included in the 

RNAscope® Multiplex Fluorescent Detection Kit v2, ACD a Bio-Techne Brand) for 15 

min at 40°C in the drying cabinet.  

The slides were washed 2x 2 min in 1x wash buffer with agitation, and incubated in 

HRP-C3 reagent (included in the RNAscope® Multiplex Fluorescent Detection Kit v2, 

ACD a Bio-Techne Brand) for 15 min at 40°C in the hybridization oven.  

After washing the bone marrow specimen in 1x wash buffer with agitation, they 

were incubated in Opal™ 690 co-detection working solution for 30 min at 40°C in 

the drying cabinet.  
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The washing steps were repeated. The tissue was counterstained with DAPI work-

ing solution for 5 min at RT, briefly rinsed in ddH2O, sealed with a coverslip and 

mounting medium, and stored in a slide box at 4°C.  

Multispectral slide scans were captured with the PhenoImager™ HT Automated 

Quantitative Pathology Imaging System (Akoya Biosciences). Using the Phenochart™ 

Whole Slide Viewer (Akoya Biosciences), regions of interest were annotated.  

Following acquisition of the MSI scans, unmixing and autofluorescence correction of 

the images was conducted with the inForm® Automated Image Analysis Software 

Package (Akoya Biosciences). The digital pathology image analysis software HALO® 

3.3, including HALO AI™ 3.3 (Indica Labs) was used for quantitative analysis.   

Following the recommendations in the user guide, the HALO® module FISH-IF v2.1.2 

(Indica Labs) was used to create a custom algorithm as briefly described below.  

The working magnification was increased to 40x to ensure optimal algorithm per-

formance when analysing small structures such as the RNA probes used for RNA-in 

situ hybridization.  

Following visual quality control of the MSI, the dyes for quantification were defined, 

and each corresponding fluorophore was assigned to the nuclear counterstain and 

the RNAscope® probe(s) of interest.  

A HALO® AI Nuclear Phenotyper for fluorescence images was created and optimized 

for nuclei detection and nuclear segmentation. Cell membrane and cytoplasm com-

partments were segmented, and positivity thresholds were set for each stain or 

probe individually. Different phenotypes were created as needed for analysis.  

The results were exported in tabular form and the data was processed for graphical 

presentation and statistical analysis in GraphPad Prism, version 9.5.0 (GraphPad 

Software Inc.).  

2.2.5 Cell Culture 

2.2.5.1 Subculturing 

All cell lines were incubated in a controlled environment at 37°C, with a 5% 

CO2-enriched air atmosphere (HERAcell® 150, Kendro Laboratory Products GmbH). 
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Under sterile conditions (Safe 2020 Microbiological Safety Cabinet, Thermo Fisher 

Scientific), K-562 cells were cultured in RPMI Medium 1640 (Thermo Fisher Scien-

tific), supplemented with 10% fetal bovine serum and 1% penicillin streptomycin 

solution. KG-1 cells were cultured in Iscove’s Modified Dulbecco’s Medium (Thermo 

Fisher Scientific), supplemented with 20% fetal bovine serum.  

The suspension cultures were maintained through the periodic introduction of fresh 

medium or complete replacement, occurring approximately twice per week. Cell 

density was maintained below 1 x 106 viable cells/mL.  

2.2.5.2 PMA Stimulation 

The incubated cells were collected and resuspended in fresh medium. For cell 

counting, a mixture of cells and trypan blue dye (Trypan Blue Dye 0.40%, Bio-Rad 

Laboratories Inc.) in a 1:1 ratio was prepared. The TC20 automated cell counter (Bio-

Rad Laboratories Inc.) was used to determine the total cell count and cell viability. 

The PMA stock solution was diluted with cells in medium to create the final PMA 

working solutions (10 µM, 1 µM, 100 nM, 10 nM, and 1 nM). PMA stimulation was 

conducted in a 6-well plate format with a cell concentration of 500 000 cells/mL and 

a total volume of 5 mL/well. 

Stimulated cells were incubated for 48 h or 72 h at 37°C in a 5% CO2-enriched air 

atmosphere (HERAcell® 150, Kendro Laboratory Products GmbH) until harvesting 

for subsequent protein isolation.    

2.2.5.3 Protein Isolation 

Shortly before the cellular isolation, 1x cell lysis buffer was prepared, and 1x 

PBS was cooled on ice to optimize working conditions. 

The suspension cells underwent centrifugation at 1800 rounds per minute (rpm) for 

3 min (Centrifuge 5417, Eppendorf), the supernatant was aspirated, and the remain-

ing cell pellet was washed with ice-cold 1x PBS. The centrifugation and aspiration 

process was repeated, followed by the addition of 1x cell lysis buffer to the pellet. 

The cells were then incubated on ice for 15 min and subsequently centrifuged at 4°C 

for 15 min at 10000 rpm (Centrifuge 5810, Eppendorf).  
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The resulting supernatant was stored at -20°C for short-term preservation, and 

transferred to -80°C for long-term storage.  

2.2.6 Western Blot Analysis 

The western blot analysis involves distinct steps aimed at precise and se-

quential protein handling. The following subsections delineate each step of this pro-

cedure, elucidating the execution of the Bradford assay, SDS gel electrophoresis, 

semi-dry blotting, and immunodetection.   

2.2.6.1 Bradford Assay 

The Bradford assay was employed to quantify the total protein content fol-

lowing isolation from cell culture material, ensuring accurate loading for subse-

quent electrophoretic separation. The inclusion of Coomassie Blue dye in the Brad-

ford reagent facilitates specific binding to proteins, resulting in a colour change di-

rectly proportional to the protein concentration in the sample.  

A series of BSA standards, spanning known concentrations, served as a reference to 

establish a standard curve correlating absorbance (reflecting colour change) with 

actual protein concentrations. To adhere to the linear range of the standard curve, 

protein samples were appropriately diluted (1:10 in 1x PBS). Dilution helps prevent 

potential saturation that could lead to inaccurate absorbance readings. Further-

more, 0.01% Triton X-100 and 1x PBS were introduced to the diluted samples.  

The Bradford reagent, diluted at a ratio of 1:4 in 1x PBS, was subsequently added to 

both protein samples and BSA standards. Following a 5 min incubation at RT, the 

samples and standards were transferred to a 96-well plate. Spectrophotometric 

measurement of absorbance at a wavelength of 595 nm (iMark™ microplate absorb-

ance reader, Bio-Rad Laboratories Inc.) was then conducted to quantify the colour 

change in each well. This information was used to obtain the protein concentrations 

[µg/µL] for the respective samples. 

2.2.6.2 SDS Gel Electrophoresis 

SDS gel electrophoresis was employed to enable the separation of proteins 

based on their molecular weights. 
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In the initial step, 5x sample buffer was added to 15 µg of protein, quantified using 

the Bradford assay. The mixture was incubated at 98°C for 5 min, ensuring effective 

protein solubilization and disruption of endogenous enzymatic activity. 

Tailored to the molecular weight of the proteins of interest, a 10 – 20% acrylamide 

running gel solution was prepared and cast between two clean glass plates (utilizing 

the Mini-PROTEAN® Tetra Cell Casting Stand with Clamps, Bio-Rad Laboratories 

Inc.). The solution was overlayed with isopropanol and polymerized for 15 min. 

The polymerized running gel was then overlayed with a 5% stacking gel. A comb 

was inserted into the assembled gel and polymerized for 15 min to create wells for 

the sample loading. 

The electrophoresis cell (Mini-PROTEAN® Tetra Vertical Electrophoresis Cell for 

Mini Precast Gels, Bio-Rad Laboratories Inc.) was assembled with the handcast gels 

and filled with 1x SDS running buffer. The comb was removed, and each well was 

rinsed with 1x SDS running buffer. The appropriate volumes of protein sample and 

protein ladder (Precision Plus Protein Dual Color Standards, Bio-Rad Laboratories 

Inc.) were loaded on the gel, with unused wells filled with 5x sample buffer. Electro-

phoresis was performed at 95 V for 2.30 – 3 h (PowerPac™ HC High-Current Power 

Supply, Bio-Rad Laboratories Inc.), allowing the proteins to migrate through the gel 

matrix based on their  molecular weights.  

2.2.6.3 Semi-Dry Blotting 

The transfer of separated proteins from the gel to a PVDF membrane was 

achieved through the utilization of a semi-dry blotting system (Trans-Blot® SD Semi-

Dry Transfer Cell, Bio-Rad Laboratories Inc.). Post-electrophoresis, the glass plates 

were opened, and the stacking gel was removed, leaving solely the running gel for 

the subsequent blotting process. 

The preparation of the hydrophobic PVDF transfer membrane (Immobilon®-P PVDF 

membrane, Merck KGaA) involved a sequence of activation steps: an initial 5 min 

incubation in methanol, followed by additional 5 min in anode buffer II. To assemble 

the semi-dry blotting system, 6 trimmed pieces of Whatman paper (Whatman™ 3 

MM Chr, GE HealthCare Technologies) were soaked in anode buffer I, 3 pieces in an-

ode buffer II, and 9 pieces in cathode buffer. 
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The arrangement within the blotting chamber followed a specific order from bottom 

to top: Whatman paper saturated in anode buffer I, followed by Whatman paper sat-

urated in anode buffer II, the PVDF membrane, the gel obtained from electrophore-

sis, and lasty, Whatman paper saturated in cathode buffer. This configuration en-

sured the optimal transfer of proteins. 

The subsequent blotting process was conducted for 80 min, maintaining a constant 

current of 250 mA (PowerPac™ HC High-Current Power Supply, Bio-Rad Laborato-

ries Inc.). 

2.2.6.4 Immunodetection 

In the final step of the analysis, specific antibodies were employed to target 

and visualize the protein of interest.  

After the completion of the blotting process, the membrane underwent a brief rinse 

in 1x TBST buffer before being transferred into a primary antibody solution. The 

primary antibody was diluted in either a 5% skimmed milk powder or a 5% BSA 

solution not only to facilitate optimal antibody interaction but also to serve as block-

ing procedure, minimizing non-specific binding.  

The membrane was incubated overnight at 4°C with continuous shaking in the pri-

mary antibody solution. On the following day, the membrane was washed 3x 7 min 

in 1x TBST buffer. Subsequently, the membrane was transferred into a solution con-

taining the secondary antibody, coupled to HRP, and diluted in 5% skimmed milk 

powder solution.  The choice of rabbit or mouse secondary antibody (anti-rabbit IgG, 

HRP-linked or anti-mouse IgG, HRP-linked antibodies, Cell Signaling Technology) 

was made based on the species of the primary antibody, ensuring compatibility. Af-

ter incubation for 1 h at 4°C with continuous shaking, the membrane was washed 

again 3x 7 min in 1x TBST buffer. 

To visualize the protein bands via the detection of HRP, the membrane was incu-

bated for 2 min in an enhanced chemiluminescence solution (components included 

in the SuperSignal™ West Pico PLUS Chemiluminescent Substrate kit, Thermo Fisher 

Scientific). The protein ladder was demarcated using the WesternSure® Pen (LI-COR 

Biosciences), and blot images were developed using the C-DiGit® blot scanner (LI-
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COR Biosciences) equipped with the Image Studio™ software, version 5.2 (LI-COR Bi-

osciences).  

2.2.7 Statistical Analysis  

 GraphPad Prism, version 9.5.0 (GraphPad Software Inc.) was used for statis-

tical analysis. The Student’s t-test was conducted to compare the mean differences 

between specific patient subgroups of interest.  

All reported  p-values were calculated two-tailed. P-values less than .05 were con-

sidered as statistically significant and will be reported with asterisks (p < .05 with *, 

p < .01 with **, p < .001 with ***, and p < .0001 with ****). 
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3. Results 

3.1 Characteristics of Pediatric Patients in the Cohort 

We studied 57 children diagnosed with hematologic malignancies (Table 9). 

The diagnosis of RCC and MDS-EB was established in accordance to the ICC of he-

matologic neoplasms with germline predisposition and pediatric MDS (Arber et al., 

2022; Rudelius et al., 2023). 

In this cohort, 53% (30/57) carried a GATA2 mutation (GATA2mut), and 47% 

(27/57) were categorized as wild-type (GATA2WT). Among GATA2mut patients, 80% 

(24/30) presented with RCC and 20% (6/30) with MDS-EB. In the GATA2WT group, 

MDS-EB represented a share of 37% (10/27). 

There was no difference in age at diagnosis or sex between GATA2mut and GATA2WT 

subgroups (Table 9).  

Table 9: Baseline characteristics of 57 children diagnosed with hematologic malignancies. 

  
GATA2mut 

n=30 
GATA2WT 

n=27 

Age at onset Years, median (range) 14 (4 – 20) 9 (2 – 19) 

Sex 
Males, n (%) 16 (53) 16 (59) 

Females, n (%) 14 (47) 11 (41) 

Diagnosis 
RCC, n (%) 24 (80) 17 (63) 

MDS-EB, n (%) 6 (20) 10 (37) 

Karyotype* 

Normal, n (%) 9 (33) 15 (56) 

Monosomy 7, n (%)** 11 (41) 8 (30) 

Trisomy 8, n (%) 7 (26) 3 (11) 

Other, n (%) 0 (0) 1 (3) 
* no information available for n=3 children in the GATA2mut group 
** includes monosomy 7 with additional aberrations 
GATA2mut: GATA2 mutation, GATA2WT: GATA2 wild-type 
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Monosomy 7 was the predominant cytogenetic lesion in GATA2mut patients (41%, 

11/27), compared to the GATA2WT cohort (30%, 8/27; Table 10). Assessing the 

prevalence of monosomy 7 in both subgroups, we found an almost equal distribu-

tion between RCC and MDS-EB in GATA2mut patients (45%, 5/11 versus 55%, 6/11), 

whereas this karyotype was more present in RCC in patients with GATA2WT (63%, 

5/8). In GATA2mut patients with the diagnosis MDS-EB, monosomy 7 was the pre-

vailing cytogenetic abnormality (100%, 6/6). 

A normal karyotype was more frequent in the GATA2WT group, compared to 

GATA2mut patients (56%, 15/27 in GATA2WT versus 43%, 9/21 in GATA2mut; Table 

10). In the GATA2mut cohort, this karyotype was exclusively present in RCC. Among 

GATA2WT patients in contrast, a normal karyotype appeared in RCC and MDS-EB, 

and presented as the predominant karyotype in both diagnoses (65%, 11/17 in RCC 

versus 40%, 4/10 in MDS-EB). Please refer to Appendix B for a detailed overview of 

mutational data of pediatric patients with GATA2 deficiency in the cohort.     

Table 10: Cytogenetic abnormalities in pediatric patients with hematologic malignancies. 

 
Karyotype 

Patients,  
n (%) 

RCC, n MDS-EB, n 

GATA2mut* 

Normal 9 (33) 9 0 

Monosomy 7 11 (41) 5 6 

Trisomy 8 7 (26) 7 0 

GATA2WT 

Normal 15 (56) 11 4 

Monosomy 7 8 (30) 5 3 

Trisomy 8 3 (11) 1 2 

Random aberration 1 (3) 0 1 
* no information available for n=3 children 

3.2 Disturbed Hematopoiesis in the Microenvironment of Patients with 

GATA2 Deficiency 

The clinical presentation, as well as the histomorphology of the bone marrow in pa-

tients with GATA2 deficiency exhibit significant variations in terms of cellularity, 

dysplasia of the hematopoiesis, and cell differentiation. Therefore, we conducted a 
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systematic hematopathological assessment of the trilinear hematopoiesis, incorpo-

rating cytogenetic characteristics, with a particular emphasis on the quantitative 

and qualitative composition of individual cell types. To achieve a comprehensive 

phenotyping of cells with simultaneous spatial resolution, we used mIF in conjunc-

tion with multispectral image analysis. This technique enabled us to visualize up to 

six different antigens plus DAPI on a single slide of FFPE bone marrow sections. 

Please refer to Appendix C, Table C 1 for a detailed list of all mIF panels and their 

composition. 

 

Figure 1: Characterization of myeloid cells, mast cells, and hematogonic cells in the bone mar-
row. Multiplex immunofluorescence (mIF) image (A) for myeloid cells (MPO, magenta), 
mast cells (MCT, cyan), hematopoietic progenitors (CD34, red), and hematogonic cells (TdT, 
green). The scale bar corresponds to 100 µm, DAPI staining in blue. Quantification of MPO-
positive cells (B) showed reduced expression in patients at early disease stages, specifically 
refractory cytopenia of childhood (RCC) and those with additional GATA2 mutation 
(GATA2-RCC). With disease progression to myelodysplastic syndrome with excess blasts 
(MDS-EB) or advanced GATA2 deficiency (GATA2-EB), MPO expression was increased 
(MDS-EB **** p < .0001). Patients with GATA2 mutations (GATA2mut) exhibited increased 
levels of MCT-positive cells (C) compared to GATA2 wild-type (GATA2WT). TdT-positive 
cells (D) were slightly upregulated in MDS-EB (* p < .05) but represent an overall negligible 
cell population in our cohort. 
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In panel A (Figure 1), we investigated the myeloid cell population (myeloperoxidase, 

MPO), mast cells (tryptase alpha/beta 1, MCT), hematopoietic progenitors (CD34 

molecule, CD34), and hematogonic cells (DNA nucleotidylexotransferase, TdT). The 

expression levels of each cell type were quantified and compared among the pa-

tients in our cohort. Quantification of myeloid cells revealed a significant increase in 

patients with MDS-EB compared to individuals with RCC (mean ± standard devia-

tion (SD) 0.1837 ± 0.09063 in MDS-EB versus 0.05659 ± 0.03975 in RCC; p < .0001). 

In GATA2mut patients, the expression levels of myeloid cells increased slightly with 

disease progression, although with considerable variations observed in GATA2-EB 

patients (mean ± SD in GATA2-EB 0.2308 ± 0.1956 versus 0.09494 ± 0.06104 in 

GATA2-RCC). 

Regarding mast cells, patients without GATA2 deficiency showed lower expression 

compared to GATA2mut patients (Figure 1). Additionally, the proportion of positive 

cells was comparable between RCC and MDS-EB (mean ± SD in RCC 0.03435 ± 

0.02363; in MDS-EB 0.03775 ± 0.03255). Notably, GATA2-RCC patients exhibited a 

slightly higher proportion of mast cells compared to GATA2-EB patients, albeit not 

reaching statistical significance (mean ± SD in GATA2-RCC 0.1403 ± 0.04037 versus 

0.1020 ± 0.06608 in GATA2-EB). The mean expression levels of hematogonic cells 

remained below 0.6% across all four patient groups, regardless of the  GATA2 muta-

tional status, with a slight upregulation in the MDS-EB group (mean ± SD in MDS-EB 

0.005396 ± 0.01123 versus 0.003950 ± 0.001850 in RCC; p < .05).  

The presence of megakaryocytes (glycoprotein Ib platelet subunit alpha, CD42b), 

dendritic cells (interleukin 3 receptor subunit alpha, CD123), T lymphocytes (CD3 

epsilon subunit of T cell receptor complex, CD3), and monocytes (CD14 molecule, 

CD14) was assessed in panel B (Figure 2). The proportion of megakaryocytes re-

mained relatively low in all four patient groups, with a significant upregulation ob-

served in MDS-EB (mean ± SD in MDS-EB 0.005336 ± 0.003796 versus 0.001502 ± 

0.001217 in RCC; p < .05). Also in GATA2mut patients, the expression of megakaryo-

cytes showed a slight increase with disease progression, although we observed 

some variation within the GATA2-EB group (mean ± SD in GATA2-EB 0.01235 ± 

0.02288 versus 0.001673 ± 0.0006584 in GATA2-RCC).  
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Figure 2: Quantification of megakaryocytes, dendritic cells, T lymphocytes, and monocytes in 
the bone marrow. mIF image (A) for megakaryocytes (CD42b, cyan), dendritic cells (CD123, 
magenta), T lymphocytes (CD3, green), and monocytes (CD14, red). The scale bar corre-
sponds to 100 µm, DAPI staining in blue. Quantification of CD42b-positive cells (B) showed 
relatively low expression levels, with a slight upregulation in MDS-EB (* p < .05). GATA2mut 
patients exhibited reduced expression of CD123-positive cells (C) compared to GATA2WT 
patients. The expression of CD3 (D) remained comparable across all four patient groups. 
Quantification of CD14-positive cells (E) demonstrated an upregulation with disease pro-
gression, specifically significant in GATA2WT patients (MDS-EB * p < .05). 
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Quantification of dendritic cells revealed mean expression levels below 0.3% in all 

patient groups, with the highest expression in MDS-EB (mean ± SD in MDS-EB 

0.002766 ± 0.003088) and very low expression in GATA2mut patients (mean ± SD in 

GATA2-RCC 0.0007338 ± 0.0006391; in GATA2-EB 0.0007406 ± 0.0009465; Figure 

2). The proportion of T lymphocytes remained comparable between patients with 

GATA2 deficiency and those without. The expression of monocytes was significantly 

increased with disease progression in patients with GATA2WT (mean ± SD in MDS-

EB 0.08010 ± 0.07733 versus 0.02829 ± 0.03166 in RCC; p < .05), while GATA2mut 

patients exhibited only a slight increase (mean ± SD in GATA2-EB 0.05265 ± 0.04186 

versus 0.01276 ± 0.007720 in GATA2-RCC).  

IHC stainings for B lymphocytes (membrane spanning 4-domains A1, CD20), eosin-

ophilic granulocytes (eosinophil peroxidase, EPX), and proliferating cells (marker of 

proliferation Ki-67, Ki-67), completed the comprehensive phenotyping of cells in the 

bone marrow (Figure 3). Please refer to Appendix C, Table C 2 for a detailed list of 

all IHC markers used in this study. In line with previous findings demonstrating a 

loss of B cells in GATA2 deficiency (Dickinson et al., 2011; Nováková et al., 2016), 

GATA2mut patients in our cohort exhibited a very low expression of B lymphocytes 

(mean ± SD in GATA2-RCC 0.03029 ± 0.06640; in GATA2-EB 0.02543 ± 0.02965) 

compared to patients with GATA2WT (mean ± SD in RCC 0.1030 ± 0.1203; in MDS-EB 

0.04272 ± 0.05396).  

The expression levels of eosinophilic granulocytes did not show substantial varia-

tion between GATA2-RCC and GATA2-EB, while MDS-EB patients displayed slightly 

higher expression levels compared to children with RCC (mean ± SD in MDS-EB 

0.08111 ± 0.09496 versus 0.02507 ± 0.01687 in RCC; Figure 3). Ki-67 staining iden-

tified approximately 40 - 55% of evaluated cells as proliferating in all four patient 

groups (mean ± SD in RCC 0.5456 ± 0.2310; in MDS-EB 0.5093 ± 0.2309; in GATA2-

RCC 0.4021 ± 0.2792; in GATA2-EB 0.4474 ± 0.2462). Notably, there was consider-

able variation in the proportion of proliferating cells of individual patients within 

each group.  
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Figure 3: Distribution of B lymphocytes, eosinophilic granulocytes, and proliferating cells. 
Overview of immunohistochemistry (A) for B lymphocytes (CD20, brown, upper panel), eo-
sinophilic granulocytes (EPX, brown, middle panel), and proliferating cells (Ki-67, brown, 
lower panel), hematoxylin counterstaining in blue. Magnified inlets are shown on the right, 
scale bar 50 µm. Patients with GATA2 deficiency demonstrated a diminished expression of 
CD20-positive cells (B) compared to GATA2WT patients. The expression levels of eosino-
philic granulocytes (C) and proliferating cells (D) remained relatively uniform in the cohort. 

Patients affected by GATA2 deficiency demonstrate a higher incidence of monosomy 

7 compared to those with GATA2WT (Wlodarski et al., 2016). Furthermore, the prev-

alence of monosomy 7 aligns with its recognition as one of the most common chro-

mosomal aberrations in the pediatric population, a pattern that resonates in our 

study where monosomy 7 is detected in 41% of GATA2mut cases (Table 9).  

This occurrence led us to undertake a focused analysis, investigating potential vari-

ations in the expression of distinct cell populations based on patient karyotypes. 
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Specifically, we conducted a comparative examination of expression profiles be-

tween individuals presenting with monosomy 7 in one disease group and those 

characterized by alternative karyotypic alterations, encompassing trisomy 8, nor-

mal karyotype, or other random aberrations.  

When comparing patients with monosomy 7 to those with other karyotypes, we ob-

served no substantial differences in the expression levels of major cell types in the 

bone marrow (refer to Appendix D, Figure D 1 - Figure D 3). However, within the 

subset of MDS-EB patients, those affected by monosomy 7 exhibited considerable 

variation in the expression levels of cells positive for TdT, CD123, CD3, CD14, and 

EPX. Remarkably, in patients with RCC, regardless of the GATA2 mutational status, 

the impact of the karyotype on expression patterns appeared less pronounced as 

individuals with monosomy 7 displayed comparable levels to those with diverse 

karyotypes.  

3.3 Transcriptome Analysis Reveals BCL2 and CCL18 as Novel Targets of 

Interest with High Expression in GATA2-EB Patients 

 GATA2 deficiency not only increases the susceptibility to myeloid neoplasia, 

but also leads to dysregulation of the bone marrow niche and alters the composition 

of the immune microenvironment (Calvo et al., 2011; Nováková et al., 2016). The 

magnitude of disruption within the hematopoietic niche and the specific contribu-

tion of external factors to the development of MDS remain elusive. To further ad-

dress this, we employed gene expression profiling on a small subset of patients in 

the cohort using NanoString’s nCounter® platform. By leveraging this technology, 

we sought to acquire preliminary insights into the transcriptional network and the 

multifaceted interplay between hematopoiesis and the hematopoietic niche.  

16 patients of the cohort, comprising 8 patients with MDS-EB, 5 patients with 

GATA2-EB, and 3 patients with GATA2-RCC, were subjected to RNA isolation, fol-

lowed by gene profiling using the nCounter® Human PanCancer Immune Profiling 

Panel (NanoString Technologies), which encompasses a comprehensive set of 770 

genes (please refer to Appendix A for a complete list of the included genes).  
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Figure 4: Insights into gene expression profiling on a subset of patients in the cohort. 8 pa-
tients with MDS-EB, 5 patients with GATA2-EB, and 3 patients with GATA2-RCC, were sub-
jected to gene expression profiling following RNA isolation. The cell type profiling module 
provides an overview of cellular populations (A) in the bone marrow with cell type scores 
corresponding to abundance estimates of the raw cell type measurements. A higher abun-
dance of B cells was observed in MDS-EB compared to GATA2-RCC and GATA2-EB. Addi-
tionally, the abundance of mast cells showed an increasing trend from MDS-EB to GATA2-
EB, reaching its peak in GATA2-RCC. Visualization of the volcano plot (B) for identification 
of differential expression in GATA2-RCC compared to the baseline of GATA2-EB. Genes with 
differential expression fall to either side of the graph. Genes with statistically significant dif-
ferential expression would be positioned above horizontal lines. 
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To assess the abundance of different cell populations among the patient groups, we 

utilized the cell type profiling module (Figure 4). This advanced analysis module ap-

plies the method described by Danaher et al. (Danaher et al., 2017), which quantifies 

cell populations based on marker genes known to be explicitly and stably expressed 

in particular cell types. The raw cell type measurement generates abundance esti-

mates, represented as cell type scores, calculated as the mean log2 normalized 

counts of the cell type-specific markers.  

Consistent with previous findings indicating a decrease of B cells in GATA2 defi-

ciency (Dickinson et al., 2011; Nováková et al., 2016), we observed a higher abun-

dance of B cells in  MDS-EB compared to both the GATA2-EB and GATA2-RCC groups 

(Figure 4). Interestingly, the most prominent change across the patient groups was 

found in the mast cell population, which exhibited an escalated expression level 

from MDS-EB to GATA2-EB and reached its peak in GATA2-RCC patients. A relatively 

smaller increase in expression, from GATA2-EB to GATA2-RCC, was observed for 

neutrophils and CD45-positive cells. Conversely, other measured cell types dis-

played a relatively comparable abundance across all three patient groups.  

Furthermore, we employed the differential expression module to identify genes ex-

hibiting altered expression patterns between GATA2-RCC and GATA2-EB patients. 

Visual representation was achieved through the use of a volcano plot, wherein the   

-log10 (corresponding to the p-value) is plotted against the log2 fold change for each 

gene in GATA2-RCC compared to the baseline of GATA2-EB (Figure 4). Genes 

demonstrating substantial differential expression are positioned at either side of the 

graph, while genes exhibiting high statistical significance are positioned above hor-

izontal lines, representing p-value thresholds adjusted using the Benjamini-

Yekutieli method to account for multiple comparisons. It is worth noting that the 

plot lacks explicit thresholds, rendering the data points devoid of significant p-val-

ues. 

Nevertheless, our analysis revealed that CD34, positioned prominently to the left of 

the graph, ranked as the third most differentially expressed gene with decreased 

expression in GATA2-RCC compared to GATA2-EB (Table 11). This observation 

aligns with biological reasoning, as patients in advanced disease stages typically ex-

hibit an elevation in CD34-positive blasts. Thus, this information provides valuable 
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validation of the method, albeit acknowledging that the results should be inter-

preted with caution.  

Therefore, we compiled a list of the top 15 differentially expressed genes in GATA2-

RCC versus GATA2-EB, intending to identify novel targets of interest for further val-

idation at the protein level using mIF in the comprehensive cohort of 57 patients 

(Table 11). Among these differentially expressed genes, C-C motif chemokine ligand 

18 (CCL18) and BCL2 apoptosis regulator (BCL2) sparked our interest. 

Table 11: List of the 15 most differentially expressed genes in GATA2-RCC versus GATA2-EB patients. 

Top 15 differentially expressed genes in GATA2-RCC versus GATA2-EB 

1 CCL18* 6 LGALS3** 11 REPS1* 

2 CXCR1** 7 OSM** 12 CCRL2** 

3 CD34* 8 IFNL1** 13 MEF2C* 

4 IL18RAP** 9 BMI1* 14 BCL2* 

5 LCN2** 10 TXK* 15 TRFC** 
* decreased expression in GATA2-RCC 
** increased expression in GATA2-RCC 

 

Subsequent mIF stainings revealed an upregulation of CCL18 with disease progres-

sion in GATA2mut patients (mean ± SD 0.3420 ± 0.07909 in GATA2-EB versus 0.1157 

± 0.04637 in GATA2-RCC; p < .0001; Figure 5). Notably, elevated levels of CCL18 

were also observed in MDS-EB, albeit to a lesser extent (mean ± SD 0.1514 ± 0.04917 

in MDS-EB versus 0.1004 ± 0.02994 in RCC; p < .05).  

BCL2 expression exhibited a substantial upregulation in GATA2-EB compared to 

GATA2-RCC (mean ± SD 0.2980 ± 0.09923 in GATA2-EB versus 0.05252 ± 0.03191 

in GATA2-RCC; p < .001; Figure 5). Moreover, when compared to all other patient 

groups, BCL2 expression manifested most prominently in GATA2-EB (mean ± SD in 

MDS-EB 0.08308 ± 0.04836; in RCC 0.03574 ± 0.02431; p < .05).  

Further examination of karyotypic influences on CCL18 and BCL2 expression is de-

tailed in Appendix D, Figure D 4. Notably, patients with monosomy 7 displayed no 

significant variance in the expression of these two proteins when contrasted with 

individuals possessing alternate karyotypes.  
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Figure 5: Validation of the differentially expressed genes CCL18 and BCL2 as novel targets of 
interest at protein level. Quantification of CCL18-positive cells (A) demonstrated a strong 
upregulation with disease progression in GATA2 deficiency (**** p < .0001) and a slight up-
regulation in GATA2WT patients (* p < .05). Expression of BCL2 (B) was significantly in-
creased in GATA2-EB (*** p < .001) compared to MDS-EB (* p < .05). GATA2-EB patients 
showed the most prominent BCL2 levels compared to all other disease groups. 

3.4 Dysregulation of GATA2 Target Genes and GATA2 mRNA in the 

Hematopoietic Niche of GATA2mut Patients 

 To complement the transcriptome analysis and achieve a more comprehen-

sive understanding of the hematopoietic niche in the context of GATA2 deficiency, 

we next sought to investigate the influence of GATA2 on the hematopoietic niche 

and its target genes. To accomplish this, we conducted RNA-in situ hybridization on 

our cohort of pediatric patients. This chapter is a modified version of the study au-

thored by Schreiber and colleagues (Schreiber et al., 2023), published in Cancers and 

has been reproduced here with the permission of the copyright holder. 

Exploring the transcriptional network governed by GATA2, we investigated the ex-

pression patterns of four target genes known to be regulated by GATA2 (Katsumura 

et al., 2017). We found no significant variation in the expression of RUNX1, Enhancer 

of zeste 2 polycomb repressive complex 2 subunit (EZH2), Ikaros family zinc finger 

1 (IKZF1), and LYL1 basic helix-loop-helix family member (LYL1) between RCC and 

MDS-EB patients (Figure 6). In contrast, the expression levels of all four GATA2 tar-

get genes were significantly elevated with disease progression among GATA2mut pa-

tients (GATA2-EB mean ± SD of RUNX1-positive cells 0.29991 ± 0.1084; of EZH2-

positive cells 0.2852 ± 0.09676; of IKZF1-positive cells 0.3578 ± 0.1710; and of LYL1-

positive cells 04935 ± 0.09868; p < .05).  
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Figure 6: Elevated mRNA expression of RUNX1, EZH2, IKZF1, and LYL1 with disease progression 
in GATA2 deficiency. RNA-in situ hybridization (A) targeting the GATA2-associated genes 
RUNX1, EZH2, IKZF1, and LYL1 (yellow), with representative images depicting low (on the 
left) and high (on the right) mRNA expression, DAPI staining in blue. The scale bars corre-
spond to 25 µm. Quantification of mRNA expression for RUNX1 (B), EZH2 (C), IKZF1 (D), 
and LYL1 (E) exhibited uniform expression of positive cells in GATA2WT patients. However, 
in GATA2mut patients, the expression of all four GATA2 targets significantly increased with 
disease progression (* p < .05). This image was originally featured in the study authored by 
Schreiber and colleagues (Schreiber et al. 2023), published in Cancers and has been included 
here with the permission of the copyright holder.  
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Figure 7: GATA2 mRNA expression in the cohort and localization of GATA2 mutations on the 
GATA2 gene. Schematic overview (A) of  transcript variant 2 (NM_032638.5) of the GATA2 
gene, with colored boxes representing exons 1-6. The asterisk denotes the binding site of 
the GATA2 probe used for RNA-in situ hybridization. A magnified view (B) of exons 2-6 high-
lights the distribution of mutations present in our cohort within the gene. The GATA2 
probe’s binding site does not interfere with the localization of the mutations. Mutations 
were identified in exon 2 (one mutation, blue), exon 3 (8 mutations, purple), exon 4 (one 
mutation, green), exon 5 (8 mutations, orange), and exon 6 (3 mutations, yellow). The N-
zinc finger (N-ZF) and C-zinc finger (C-ZF) represent structural motifs on the gene. Two in-
tronic mutations were also identified. RNA-in situ hybridization of GATA2 (yellow) and DAPI 
staining in blue (C), with a representative image depicting high (on the right) and low (on 
the left) mRNA expression, scale bar 25 µm. Quantification of GATA2 mRNA expression (D) 
revealed comparable expression of GATA2-positive cells in patients with RCC and MDS-EB. 
In patients with GATA2 deficiency, GATA2 expression significantly increased with disease 
progression (**** p < .0001). This image was originally featured in the study authored by 
Schreiber and colleagues (Schreiber et al. 2023), published in Cancers and has been included 
here with the permission of the copyright holder. 

To establish a correlation between the expression of the four target genes and their 

regulator, we proceeded to assess the mRNA expression of GATA2 (Figure 7). For 

this goal, a specific GATA2 RNAscope® probe was employed, carefully designed to 
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circumvent any interference with distinct mutations identified within our cohort of 

GATA2mut patients, as well as with any previously reported mutations (Sahoo et al., 

2020; Wlodarski et al., 2016).  

Patients without GATA2 deficiency exhibited consistent and stable levels of GATA2 

mRNA throughout both early and advanced disease stages (mean ± SD in RCC 0.1055 

± 0.04004; in MDS-EB 0.09223 ± 0.04805; Figure 7). Conversely, GATA2-RCC pa-

tients displayed a pronounced reduction in GATA2 mRNA expression (mean ± SD 

0.07559 ± 0.03603), which concurs with prior investigations documenting haploin-

sufficiency and dysregulation of gene expression resulting from germline mutations 

in the GATA2 gene (Hahn et al., 2011; Ostergaard et al., 2011; Wlodarski et al., 2016). 

Intriguingly, a remarkable reinforcement of GATA2 mRNA levels was observed in 

association with disease progression in GATA2-EB (mean ± SD 0.1808 ± 0.03071; p 

< .0001). 

Investigating potential differences in the expression patterns of GATA2 and its target 

genes among patients with monosomy 7 compared to those with different karyo-

types, our analysis revealed no significant fluctuations in the proportion of cells pos-

itive for RUNX1, EZH2, IKZF1, LYL1, and GATA2 (see Appendix D, Figure D 5).  

3.5 Increased Levels of Histone H3 Trimethylation at Lysine 27 in GATA2-

EB Patients Correlate with Elevated EZH2-Positive Hematopoietic 

Progenitors 

 To investigate the potential implications of the dysregulation in the GATA2 

transcriptional network for the hematopoietic stem cell pool, we conducted a com-

prehensive analysis using combinatorial RNA-in situ hybridization. Therefore, we 

examined simultaneous CD34 expression in conjunction with RUNX1 or EZH2. This 

chapter is a modified version of the study authored by Schreiber and colleagues 

(Schreiber et al., 2023), published in Cancers and has been reproduced here with the 

permission of the copyright holder. 
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Figure 8: Uniform expression of RUNX1-positive hematopoietic progenitors across all patient 
groups. Combinatorial in situ hybridization (A) of RUNX1 (yellow) and CD34 (red) with DAPI 
staining in blue. Quantification of RUNX1-positive hematopoietic progenitors (B) revealed 
comparable expression levels for GATA2WT and GATA2mut patients. This image was origi-
nally featured in the Supplementary Data to the study authored by Schreiber and colleagues 
(Schreiber et al 2023), published in Cancers and has been included here with the permission 
of the copyright holder. 

It is important to note that, despite the increase of blasts at the advanced disease 

stages MDS-EB and GATA2-EB, the expression levels of RUNX1-positive hematopoi-

etic progenitors remained relatively constant across all four patient groups (Figure 

8).  

Interestingly, a notable elevation of EZH2 expression in hematopoietic progenitors 

was found among GATA2-EB patients in contrast to their GATA2-RCC counterparts, 

while patients without GATA2 deficiency did not manifest this distinctive effect 

(mean ± SD in GATA2-EB 0.07596 ± 0.05328 versus 0.01293 ± 0.01708 in GATA2-

RCC; p < .01; Figure 9). As such, the observed upregulation of EZH2 expression 

within blasts of GATA2-EB patients cannot be simply attributed to the increased 

presence of hematopoietic progenitors in advanced disease.  
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Figure 9: Enhanced EZH2 expression in hematopoietic progenitors, correlated with elevated 
histone H3 trimethylation at lysine 27 (H3K27me3) with disease progression in GATA2 defi-
ciency. Combinatorial in situ hybridization (A) of EZH2 (yellow) and CD34 (red) with DAPI 
staining in blue, scale bars 100 µm (overview) and 50 µm (magnified inlet). Quantification 
of EZH2-positive hematopoietic progenitors (B) demonstrated an increased expression 
level in GATA2-EB patients (** p < .01). Overview of immunohistochemistry (C) for 
H3K27me3 (brown) with representative images for strong (on the right) and weak (on the 
left) histone trimethylation, hematoxylin counterstaining in blue. The scale bars correspond 
to 100 µm for the overview and 50 µm for the magnified inlet. Visualization of the semi-
quantitative immunoreactive scoring system for H3K27me3 (D), with strongly positive im-
munoreactive scores in GATA2-EB patients and predominantly negative/weakly 
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H3K27me3 positivity in other patient groups. mIF image (E) for CD34 (red) and H3K27me3 
(green) with overview (scale bar 100 µm) and magnified inlet (scale bar 50 µm). Quantifi-
cation of H3K27me3-positive hematopoietic progenitors (F) showed a significant increase 
of H3K27me3 expression in hematopoietic progenitors in patients with advanced GATA2 
deficiency (** p < .01) compared to GATA2WT patients (* p < .05). This image was originally 
featured in the study authored by Schreiber and colleagues (Schreiber et al 2023), published 
in Cancers and has been included here with the permission of the copyright holder. 

The role of EZH2 in epigenetic gene transcription repression and catalysis of histone 

H3 trimethylation at lysine 27 (H3K27me3) led us to investigate the presence of this 

gene silencing mark in our cohort, focusing on differences between GATA2mut and 

GATA2WT patients (Figure 9). Utilizing a semiquantitative scoring system for IHC 

stainings of H3K27me3 (see Appendix C, Table C 2), we observed predominantly 

negative to weakly positive immunoreactive scores in GATA2-RCC and MDS-EB pa-

tients (50% of GATA2-RCC negative to weakly positive, 44.45% of MDS-EB), while 

RCC patients demonstrated moderately positive scores (43.75% of RCC moderately 

positive). Contrasting to these results, the majority of GATA2-EB patients displayed 

strong H3K27me3 positivity (66.66% of GATA2-EB strongly positive).  

To correlate the increased presence of EZH2-positive progenitors in GATA2-EB pa-

tients with the epigenetic function of EZH2, we conducted mIF, targeting CD34 and 

H3K27me3 (panel C, for details refer to Appendix C, Table C 1). Aligning with the 

previous findings, GATA2-EB patients exhibited a higher proportion of hematopoi-

etic progenitors expressing H3K27me3 contrasting to their GATA2-RCC counter-

parts (mean ± SD in GATA2-EB 0.1512 ± 0.05944 versus 0.05063 ± 0.01921 in 

GATA2-RCC; p < .01; Figure 9). MDS-EB patients also showed an increase in 

H3K27me3-postive hematopoietic progenitors compared to RCC patients; however, 

the effect was less significant than in GATA2mut patients (mean ± SD in MDS-EB 

0.07221 ± 0.04964 versus 0.03315 ± 0.02572 in RCC; p < .05). 

For a detailed karyotypic examination of RUNX1- and EZH2-positive hematopoietic 

progenitors, along with the expression of H3K27me3 in CD34-positive cells, please 

refer to Appendix D, Figure D 6. In congruence with earlier findings on the implica-

tions of monosomy 7, our observations in this context similarly revealed no note-

worthy variations in expression levels associated with karyotypic differences. None-

theless, among GATA2-RCC patients with monosomy 7, subtle disparities were 
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found in progenitors expressing RUNX1 and EZH2 compared to those with alternate 

karyotypes. Additionally, in RUNX1-positive progenitors, MDS-EB patients exhibited 

slightly increased expression when affected by karyotypes other than monosomy 7. 

3.6 Differential Expression of BCL2 in Distinct Cell Populations within 

the Bone Marrow 

 In light of the finding that BCL2 emerged as a target of interest in the tran-

scriptome analysis, exhibiting upregulation with disease progression in GATA2 de-

ficiency (as depicted in Figure 4 and Figure 5), we undertook a comprehensive char-

acterization of this antiapoptotic protein. For this purpose, we employed mIF to pro-

file critical cell types within the bone marrow and assess the extent to which they 

express BCL2.  

In panel D, we assessed BCL2 expression in cytotoxic T lymphocytes (CD8 subunit 

alpha, CD8). Panel E encompassed eosinophilic granulocytes (EPX), erythrocytes 

(transferrin receptor, CD71), and monocytes (CD14), while panel F was utilized for 

mIF profiling of myeloid cells (MPO), hematopoietic progenitors (CD34), T lympho-

cytes (CD3), and mast cells (MCT) alongside BCL2. Further details regarding panel 

D – F can be found in Appendix C, Table C 1.  

Table 12: Mean proportion of BCL2-positive cells within cells expressing CD8, CD71, MPO, CD3, EPX, CD34, 
CD14, or MCT. 

  RCC MDS-EB GATA2-RCC GATA2-EB 

Mean  
proportion of 
BCL2-positive 

cells within 
cells expressing 

CD8 0.8009 0.4569 0.7013 0.5629 

CD71 0.2039 0.2633 0.2536 0.1461 

MPO 0.1096 0.1525 0.1696 0.2105 

CD3 0.0460 0.0617 0.1579 0.0372 

EPX 0.0175 0.0655 0.0285 0.0358 

CD34 0.0212 0.0504 0.0396 0.1186 

CD14 0.0219 0.0360 0.0367 0.0238 

MCT 0.0082 0.0052 0.0130 0.0017 
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The most prominent expression of BCL2 was observed in cytotoxic T lymphocytes 

(Table 12). Interestingly, the proportion of BCL2-expressing CD8-positive T cells de-

clined with disease progression in GATA2mut and GATA2WT patients (mean ± SD in 

RCC 0.8009 ± 0.1925 versus 0.4569 ± 0.3532 in MDS-EB; p < .05; 0.7013 ± 0.2391 in 

GATA2-RCC versus 0.5629 ± 0.08060 in GATA2-EB; Figure 10). Notably, the total 

levels of CD8-positive cells within the bone marrow remained constant across all 

four patient groups, suggesting that the changes in BCL2 expression are not solely 

attributable to varying expression levels of cytotoxic T lymphocytes. 

 

Figure 10: Elevated expression of BCL2 in CD8-positive T cells. mIF image (A) for cytotoxic T 
cells (CD8, green) and antiapoptotic protein BCL2 (red), DAPI staining in blue. The scale 
bars correspond to 100 µm for the overview and 50 µm for the magnified inlet. Quantifica-
tion of BCL2 expression in CD8-positive cells (B) exhibited increased expression in early 
disease stages of GATA2mut and GATA2WT patients, and a decline with disease progression 
to GATA2-EB and MDS-EB (* p < .05). The expression levels of CD8-positive cells (C) did not 
vary, regardless of GATA2 mutational status or disease progression. 

Erythrocytes ranked second, with up to a quarter of CD71-positive cells expressing 

BCL2 (Table 12; Figure 11). The myeloid cell population emerged in third place, dis-

playing upregulated BCL2 expression in patients with MDS-EB and GATA2-EB. This 
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correlated with an increased proportion of MPO-positive cells co-expressing BCL2 

(Schreiber et al., 2023), indicating a survival advantage for the myeloid cell popula-

tion during disease progression (mean ± SD in RCC 0.002466 ± 0.006717 versus 

0.009667 ± 0.01899 in MDS-EB; p < .05; in GATA2-RCC 0.004448 ± 0.006316 versus 

0.02623 ± 0.03047 in GATA2-EB; p < .01). 

 

Figure 11: Profiling of BCL2 expression in different cell types in the bone marrow. mIF image 
(A) for eosinophilic granulocytes (EPX, red), erythrocytes (CD71, green), and monocytes 
(CD14, magenta) together with BCL2 (yellow). DAPI staining in blue, scale bars 100 µm 
(overview) and 50 µm (magnified inlet). Quantification of BCL2-expressing CD71-positive 
cells (B) demonstrated comparable expression levels in all four patient groups. mIF image 
(C) for myeloid cells (MPO, orange), hematopoietic progenitors (CD34, red), T cells (CD3, 
green), and mast cells (MZT, magenta), together with BCL2 (yellow). The scale bar corre-
sponds to 100 µm. The expression of MPO-positive cells co-expressing BCL2 (D) was upreg-
ulated in GATA2-EB patients (** p < .01), and to a slighter extent with disease progression 
in GATA2WT patients (* p < .05). Images (C) and (D) were originally featured in the study 
authored by Schreiber and colleagues (Schreiber et al. 2023), published in Cancers and have 
been included here with the permission of the copyright holder. 
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The proportion of BCL2-expressing CD3-positive cells showed minimal variation be-

tween RCC and MDS-EB, while patients with GATA2 deficiency exhibited a marked 

decrease in BCL2-positive T lymphocytes with disease progression (Table 12). No-

tably, the expression of BCL2 in all other cell types was found to be negligible.  

3.7 Deciphering Dysregulated BCL2 Family Protein Expression Patterns 

in GATA2-EB Patients through a Unified Metric 

 In addition to exploring the role of BCL2 in disease progression in GATA2 de-

ficiency, we proceeded to investigate the expression of additional BCL2 family mem-

bers, MCL1 apoptosis regulator, BCL2 family member (MCL1) and BCL2 like 1 (Bcl-

XL), to gain insights into their potential implications in the survival dynamics of 

GATA2mut patients (see Appendix C, Table C 1 for panel details). This chapter is a 

modified version of the study authored by Schreiber and colleagues (Schreiber et al., 

2023), published in Cancers and has been reproduced here with the permission of 

the copyright holder. 

In congruence with existing literature highlighting the importance of MCL1 and Bcl-

XL in addition to BCL2 in orchestrating cellular survival (Adams & Cory, 2018; 

Huang et al., 2019; Letai et al., 2002), our analysis revealed contrasting trends in 

their expression levels in GATA2-EB patients (Figure 12). Specifically, both MCL1 

and Bcl-XL exhibited reduced levels in GATA2-EB patients, while the RCC and MDS-

EB groups displayed relatively comparable expression levels of these BCL2 family 

members.  

To integrate a unifying metric for protein expression of BCL2, MCL1, and Bcl-XL, we 

introduced the “Mediators of Apoptosis Combinatorial Score” (Waclawiczek et al., 

2023), alias MAC score, using two distinct calculation approaches and adapted the 

flow cytometry-based methodology to suit our mIF data. 

In the first calculation approach, we considered the overall count of positively 

stained cells for each of the three proteins to present a simple and practical analysis 

plan (Figure 12). The resulting MAC score, reflecting the ratio of BCL2-positive cells 

to the sum of MCL1-positive and Bcl-XL-positive cells, was significantly higher in 

GATA2-EB patients compared to the GATA2-RCC group (mean ± SD GATA2-EB 1.487 
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± 1.184 versus 0.4425 ± 0.3659 in GATA2-RCC; p < .01). For patients without GATA2 

deficiency, the MAC score did not exhibit substantial variation between RCC and 

MDS-EB (mean ± SD RCC 0.7621 ± 0.4522; MDS-EB 0.8686 ± 0.6336).  

 

Figure 12: Elevated Mediators of Apoptosis Combinatorial score (MAC score) in GATA2-EB pa-
tients. mIF image (A) for the BCL2 family members BCL2 (yellow), Bcl-XL (green), and MCL1 
(red) with scale bars corresponding to 100 µm for the overview and 50 µm for the magnified 
inlet. Quantification of MCL1 (B) and Bcl-XL (C) demonstrated reduced expression in 
GATA2-EB patients and relatively uniform expression in RCC and MDS-EB patients. Signifi-
cantly upregulated MAC scores (D) were found in GATA2-EB patients (** p < .01) compared 
to GATA2-RCC and GATA2WT patients. 

The MAC score obtained from the second calculation approach exclusively focused  

on single positive cell phenotypes to resemble distinct subpopulations. Specifically, 

it represented the ratio of BCL2-positive, MCL1-negative, and Bcl-XL-negative cells 

to the sum of MCL1-positive, BCL2-negative, and Bcl-XL-negative cells and Bcl-XL-
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positive, BCL2-negative, and MCL1-negative cells. Once more, GATA2-EB patients 

showed a significantly elevated MAC score compared to the other three patient 

groups (mean ± SD GATA2-EB 14.42 ± 29.42; GATA2-RCC 0.3568 ± 0.68586; p < .01; 

MDS-EB 3.071 ± 4.601; RCC 1.114 ± 1.106; data not shown). 

3.8 Investigation of the Pyroptosis Pathway Exhibits Upregulated NLRP3 

and Cleaved CASP1, but Inactive GSDMD in Advanced GATA2 

Deficiency 

In view of our observations delineating an elevated expression of BCL2, in-

dicative of an heightened antiapoptotic response in advanced GATA2 deficiency, our 

attention was extended towards the investigation of pyroptosis, the inflammatory 

form of cell death, and its potential involvement in disease progression among pe-

diatric MDS patients.  

To explore this hypothesis, we employed mIF to quantify the expression of key play-

ers in the pyroptosis pathway, including cleaved caspase 1 (CASP1), NLR family 

pyrin domain containing 3 (NLRP3), and S100 calcium binding protein A9 (S100A9). 

However, due to technical limitations in detecting cleaved CASP1 with mIF, we 

opted to utilize IHC for this particular analysis (refer to Appendix C, Table C 1 for 

details about panel H and to Table C 2 for details about IHC marker).  

The additional attempt to measure the area of fat vacuoles in bone marrow tissue 

using perilipin 1 (PLIN1) in panel H did not yield substantial variations between 

GATA2mut and GATA2WT, as the fat vacuole area remained relatively consistent 

among all patients in the cohort (Figure 13). 

Regarding inflammatory cell death, our investigation revealed slightly upregulated 

expression of S100A9, a critical alarmin initiating the pyroptosis signaling cascade, 

in GATA2-EB patients compared to GATA2-RCC (mean ± SD 0.3415 ± 0.2537 in 

GATA2-EB versus 0.1884 ± 0.1175 in GATA2-RCC; Figure 14). Patients with 

GATA2WT exhibited comparable S100A9 levels.  
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Figure 13: Visualization of the fat vacuole area in bone marrow samples. PLIN1 staining was 
used to measure the fat vacuole area [µm2] in the cohort. However, no substantial variations 
in the fat vacuole area were observed between patients, regardless of GATA2 mutational 
status or disease progression. 

In our investigation of downstream targets in pyroptosis, our focus turned to the 

formation of the inflammasome within the cell, which is represented by the NLRP3 

protein (Figure 14). Notably, we observed a significant upregulation of NLRP3 with 

disease progression in GATA2mut patients, while those with RCC and MDS-EB dis-

played a more stable and weaker NLRP3 expression (mean ± SD GATA2-EB 0.6710 

± 0.2442 versus 0.1373 ± 0.09815 in GATA2-RCC; p < .0001; RCC 0.2386 ± 0.1187; 

MDS-EB 0.2771 ± 0.1794).  

Following inflammasome formation, CASP1 cleavage is initiated. Consistent with the 

upregulated NLRP3, we also found increased levels of cleaved CASP1 in GATA2-EB 

patients, whereas the expression of cleaved CASP1 remained below 25% in all other 

patient groups (mean ± SD GATA2-EB 0.5909 ± 0.09780 versus 0.2088 ± 0.1529 in 

GATA2-RCC; p < .0001; RCC 0.2440 ± 0.1463; MDS-EB 0.1769 ± 0.06360; Figure 14).  

Upon analysis of S100A9, NLRP3, and CASP1 expression patterns in relation to pa-

tient karyotypes, no significant distinctions became evident concerning these piv-

otal components of pyroptosis (see Appendix D, Figure D 7). 
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Figure 14: Enhanced expression of NLRP3 and CASP1 with disease progression in GATA2 defi-
ciency. mIF image (A) for CASP1 (magenta), NLRP3 (orange), CASP3 (red), PLIN1 (yellow), 
and S100A9 (cyan), DAPI staining in blue. The scale bar corresponds to 100 µm. S100A9 
expression (B) was slightly increased in GATA2-EB patients, whereas GATA2WT patients 
demonstrated uniform expression levels. Quantification of NLRP3 (C) and CASP1 (D) re-
vealed substantial upregulation with disease progression in GATA2mut patients (**** p < 
.0001). GATA2-EB patients showed the most prominent NLRP3 and CASP1 expression lev-
els compared to all other disease groups. 

It is worth mentioning that although CASP1 may be the executioner caspase in py-

roptosis, not every cleavage of CASP1 necessarily leads to cell death (Sallman et al., 

2016). Hence, we extended our investigation to examine the expression of gasder-
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min D (GSDMD). This protein undergoes cleavage and translocation to the cell mem-

brane following CASP1 cleavage, culminating in pore formation in the cell mem-

brane and, consequently, inducing cell lysis concurrent with cell death (Sborgi et al., 

2016; Shi et al., 2015). Intriguingly, utilizing the semiquantitative immunoreactive 

scoring system for IHC stainings of cleaved GSDMD, our cohort almost exclusively 

exhibited negative immunoreactive scores for cleaved GSDMD, irrespective of the 

GATA2 mutational status and disease progression (Figure 15). Moreover, visual his-

tomorphological evaluation revealed that cells appeared viable, and no cell lysis was 

apparent.  

 

Figure 15: No discernible GSDMD positivity in GATA2mut and GATA2WT patients in the cohort. 
Visualization of the semiquantitative immunoreactive scoring system (A) for immunohisto-
chemical stainings of GSDMD. GATA2-RCC and RCC patients demonstrated a small portion 
of weakly positive immunoreactive scores, whereas GATA2-EB and MDS-EB patients pre-
sented exclusively negative for GSDMD. Overview of immunohistochemistry (B) for GSDMD 
(brown) with representative images of a negative immunoreactive score (on the left) and 
weak positivity (on the right), hematoxylin counterstaining in blue. The scale bars corre-
spond to 100 µm for the overview and 50 µm for the magnified inlet. 
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In addition to the execution of pyroptosis, CASP1 cleavage can lead to the activation 

of interleukin 1 beta (IL1B) and interleukin 18 (IL18), both known as pro-inflamma-

tory cytokines that play pivotal roles in promoting inflammation and immune re-

sponses in humans (Dinarello, 2009; Sallman et al., 2016). Analysing the list of 770 

genes included in the gene expression profiling analysis, we observed differential 

expression of both IL1B and IL18 in our cohort. Comparing GATA2-RCC to GATA2-

EB, we found a decrease in log2 fold change of 1.59 for IL1B and 0.308 for IL18 in 

GATA2-RCC. On the other hand, comparing GATA2-EB to MDS-EB, both cytokines 

exhibited increased expression in GATA2-EB, with log2 fold changes of 2.09 for IL1B 

and 0.274 for IL18, respectively (data not shown). These observations suggest a po-

tential upregulation of both cytokines with disease progression in GATA2 deficiency. 

3.9 Examination of T Cell Phenotypes Reveals Altered Antiapoptotic 

Properties in TIM-3-Expressing Cells in GATA2 Deficiency 

 As we observed the most prominent expression of BCL2 in cytotoxic T lym-

phocytes and noted a marked decline accompanying disease progression in both 

GATA2mut and GATA2WT patients (see Figure 10), we proceeded to delve deeper into 

characterizing distinct T cell phenotypes. To achieve this, we compiled a mIF panel, 

encompassing discerning markers for exhausted T cells (programmed cell death 1, 

PD-1), regulatory T cells (forkhead box P3, FOXP3), and an additional robust indica-

tor for T cell exhaustion (hepatitis A virus cellular receptor-2, TIM-3), together with 

BCL2, to gain insights into T cell dysregulation (refer to Appendix C, Table C 1 for a 

detailed description of panel I).   

Quantifying the total amounts of the three markers, the expression levels of TIM-3, 

PD-1, and FOXP3 were found to persist below 10% for all four patient groups (Fig-

ure 16). However, the expression of TIM-3 showed a significant increase with dis-

ease progression in GATA2 deficiency, while PD-1 and FOXP3 levels remained rela-

tively unchanged (mean ± SD of TIM-3-positive cells 0.08219 ± 0.04109 in GATA2-

EB; 0.008797 ± 0.006674 in GATA2-RCC; p < .05).  

The proportion of BCL2-expressing TIM-3-positive cells was found to be roughly 

20% in GATA2-RCC, but significantly upregulated to 93% with disease progression 
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in GATA2-EB patients (mean ± SD in GATA2-EB 0.9265 ± 0.03262 versus 0.2013 ± 

0.1766 in GATA2-RCC; p < .001; Figure 17). Similarly, patients without GATA2 defi-

ciency showed increased levels of TIM-3-positive cells with antiapoptotic properties 

with disease progression, albeit to a lesser extent compared to GATA2-EB patients 

(mean ± SD in MDS-EB 0.2747 ± 0.3155 versus 0.1080 ± 0.1580 in RCC). 

  

Figure 16: Elevated TIM-3 expression in GATA2-EB patients. mIF image (A) for PD-1 (green), 
CD8 (red), FOXP3 (orange), and TIM-3 (cyan) together with BCL2 (yellow). DAPI staining in 
blue, scale 100 µm. TIM-3 expression (B) was enhanced with disease progression in GATA2 
deficiency (* p < .05), whereas PD-1 (C) and FOXP3 (D) expression levels did not change 
significantly across disease groups.   
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Analysing BCL2 expression in PD-1- and FOXP3-positive cells, we also observed sta-

tistically significant upregulation correlating with disease progression in GATA2 de-

ficiency (mean ± SD of BCL2-positive cells within cells expressing PD-1 0.5932 ± 

0.1539 in GATA2-EB versus 0.3060 ± 0.2376 in GATA2-RCC; p < .05; of BCL2-posi-

tive cells within cells expressing FOXP3 0.8618 ± 0.06191 in GATA2-EB versus 

0.5934 ± 0.2315 in GATA2-RCC; p < .01; Figure 17). Notably, the increase in BCL2-

expressing TIM-3-positive cells was found to be most pronounced. Antiapoptotic 

properties in PD-1-positive cells did not exhibit substantial changes in RCC and 

MDS-EB patients, while for FOXP3-positive cells, BCL2 expression decreased slightly 

with disease progression in GATA2WT patients.  

 

Figure 17: Enhanced BCL2 expression in TIM-3-, PD-1-, and FOXP3-positive cells with disease 
progression in GATA2 deficiency. The proportion of BCL2 expression in TIM-3-positive cells 
(A) was substantially elevated in GATA2-EB patients (**** p < .0001). Additionally, the lev-
els of BCL2-expressing PD-1-positive (B) and FOXP3-positive (C) cells increased signifi-
cantly with disease progression in GATA2mut patients, albeit to a lesser extent compared to 
TIM-3 (* p < .05; ** p < .01). The BCL2 expression of the distinct cells did not change sub-
stantially in patients with GATA2WT.  

3.10 Cell Type Profiling Reveals High MPO Levels in TIM-3-Expressing 

Cells 

As we observed notable alterations in the expression of TIM-3-positive and 

BCL2-expressing TIM-3-positive cells correlating with disease progression in 

GATA2 deficiency, our attention shifted towards a deeper exploration of this pro-

tein. Consequently, our subsequent investigations were aimed at identifying the spe-

cific cell types within the bone marrow exhibiting heightened TIM-3 expression. 
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Table 13: Mean proportion of TIM-3-positive cells within cells expressing MPO, CD14, CD3, CD163 or MCT. 

  RCC MDS-EB GATA2-RCC GATA2-EB 

Mean  
proportion of 

TIM-3-positive 
cells within 

cells expressing 

MPO 0.3924 0.3539 0.5692 0.3255 

CD14 0.3226 0.3625 0.4825 0.2669 

CD3 0.0143 0.0279 0.0359 0.0191 

CD163 0.0069 0.0188 0.0157 0.0162 

MCT 0.0060 0.0241 0.0165 0.0066 

 

To achieve this, we assembled two mIF panels (refer to Appendix C, Table C 1 for 

details about panel J and K). The first panel elucidated the presence of TIM-3 in T 

lymphocytes (CD3), macrophages (CD163 molecule, CD163), and mast cells (MCT). 

The second panel, on the other hand, focused on myeloid cells (MPO) and monocytes 

(CD14). 

We found a prevalence of TIM-3 expression within myeloid cells, reaching a zenith 

of nearly 57% among patients with GATA2-RCC (Table 13). Notably, CD14-positive 

cells also exhibited a noteworthy expression of TIM-3, whereas all other profiled cell 

types displayed markedly diminished levels of TIM-3 expression. 

In view of the relatively limited population of TIM-3-positive cells within the bone 

marrow (refer to Figure 16), we turned our attention to the co-expression patterns 

of TIM-3 positive cells (Figure 18). Here, MPO emerged as the most prominent 

player, with 90-98% of TIM-3 positive cells co-expressing MPO across all four pa-

tients groups  (mean ± SD of MPO-positive cells within TIM-3-positive cells 0.9422 

± 0.05183 in RCC; 0.9539 ± 0.03297 in MDS-EB; 0.8986 ± 0.08891 in GATA2-RCC; 

0.9791 ± 0.02054 in GATA2-EB; p < 0.5).  

In contrast, the expression of CD14 in TIM-3 positive cells was notably less pro-

nounced, with the highest levels observed in MDS-EB patients (mean ± SD of CD14-

positive cells within TIM-3-positive cells 0.2238 ± 0.2530 in MDS-EB; 0.1799 ± 

0.1540 in RCC; 0.1310 ± 0.1133 in GATA2-EB; 0.1997 ± 0.1671 in GATA2-RCC; Fig-

ure 18).  
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Figure 18: Profiling of co-expression patterns of TIM-3-positive cells in the bone marrow. mIF 
image (A) for mast cells (MCT, magenta), macrophages (CD163, yellow), and T lymphocytes 
(CD3, red), as well as (B) for monocytes (CD14, cyan), and myeloid cells (MPO, red), to-
gether with TIM-3 (green). DAPI staining in blue, scale bars corresponding to 100 µm (over-
view) and 50 µm (magnified inlet). Quantification of MPO-positive cells within TIM-3-posi-
tive cells (C) demonstrated that TIM-3-positive cells showed a strong co-expression of MPO 
with slight upregulation in GATA2-EB patients (* p < .05). CD14 expression in TIM-3-posi-
tive cells (D) did not change significantly across all patient groups.  

3.11 CCL18 is Strongly Expressed in MPO-positive Cells in Pediatric MDS 

Bone Marrow Samples 

In the transcriptome analysis, the identification of CCL18, alongside BCL2, 

emerged as a notable point of interest. CCL18, a chemokine recognized for its role in 

immune system regulation and inflammatory processes within the human body, has 

been associated with aberrant levels in various inflammatory conditions, including 

rheumatoid arthritis and pulmonary fibrosis (Cardoso et al., 2021; Schutyser et al., 

2005).  
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Figure 19: Profiling of co-expression patterns of CCL18-positive cells in the bone marrow. mIF 
image (A) for MPO (green), SCF (red), and CD117 (yellow) together with CCL18 (magenta). 
DAPI staining in blue, scale bar 100 µm. Quantification of CCL18-positive cells revealed 
strong MPO expression in CCL18-positive cells (B) and slightly less expression of CD117 in 
CCL18-positive cells (C). The expression levels did not change significantly across patient 
groups, regardless of GATA2 mutational status or disease progression. 

With an interest in a detailed exploration of CCL18 expression patterns in the bone 

marrow, we employed a mIF panel to assess its co-expression with MPO, stem cell 

factor (SCF), and KIT proto-oncogene, receptor tyrosine kinase (CD117), and a sec-

ond panel to additionally evaluate co-expression with CD34 (refer to Appendix C, 

Table C 1 for a detailed description of panel L and panel M). 

Notably, CCL18-positive cells demonstrated robust co-expression of MPO, showing 

a slight increase in GATA2mut patients (mean ± SD of MPO-positive cells within 

CCL18-positive cells 0.7443 ± 0.1674 in GATA2-RCC; 0.7097 ± 0.1102 in GATA2-EB), 

compared to GATA2WT (mean ± SD of MPO-positive cells within CCL18-positive cells 

0.6439 ± 0.2252 in RCC; 0.6788 ± 0.1234 in MDS-EB; Figure 19). Furthermore, 

CD117 exhibited pronounced expression in CCL18-positive cells, with increasing 

numbers correlating with disease progression in both GATA2mut and GATA2WT co-

horts (mean ± SD of CD117-positive cells within CCL18-positive cells 0.5736 ± 
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01658 in RCC; 0.6977 ± 0.1944 in MDS-EB; 0.5934 ± 0.1096 in GATA2-RCC; 0.7170 

± 0.1336 in GATA2-EB).  

A lower degree of co-expression was observed between CCL18 and CD34, with val-

ues approximating 50% of CD34-positive cells within CCL18-positive cells or lower 

(mean ± SD of CD34-positive cells within CCL18-positive cells 0.4971 ± 0.1298 in 

RCC; 0.3368 ± 0.1753 in MDS-EB; 0.5020 ± 0.1791 in GATA2-RCC; 0.5283 ± 0.1586 

in GATA2-EB; data not shown). 

3.12 Implications of CCL18 Expression in Hematologic Cell Lines upon 

PMA Stimulation  

In order to find an appropriate model for investigating the inflammatory 

roles of CCL18 within the context of GATA2 deficiency, we directed our focus to two 

hematologic cell lines, namely KG-1 and K-562, both known to express GATA2. KG-

1 was further identified in the literature as constitutively expressing CCL18 (St Louis 

et al., 1999), while K-562 is reported to exhibit CCL18 expression upon PMA stimu-

lation (Hieshima et al., 1997). 

Subsequent to subjecting both cell lines to PMA stimulation for durations of 48 h and 

72 h, encompassing concentrations ranging from 1 nM to 10 µM, we proceeded with 

protein isolation and subsequent Western blot analysis, conducted on 20% acryla-

mide gels. Notably, it was observed that a PMA concentration of 10 µM manifested 

as cytotoxic, with an absence of protein yield in both KG-1 and K-562 cell lines (data 

not shown).  

For validation purposes, recombinant human CCL18 protein at a concentration of 1 

µg was incorporated as positive control, and NFKB inhibitor alpha (IκBα) was em-

ployed to visually confirm the efficacy of PMA stimulation (Brown et al., 1995; 

Guerrini et al., 1996). Nevertheless, we could not observe a discernible CCL18 band 

of the expected size of 8 kDa under any PMA concentration or duration of stimula-

tion tested (refer to Appendix E, Figure E). Additionally, the intensity of the IκBα 

control band did not exhibit a decrease in K-562 cells, implying the ineffectiveness 

of the PMA stimulation in our experimental conditions.  
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4. Discussion  

The intricate mechanisms and underlying drivers responsible for malignant 

transformation in pediatric GATA2 deficiency remain inadequately understood. 

This underscores the imperative to deepen our comprehension of this heterogene-

ous, multisystem disorder (Schreiber et al., 2023).  

Addressing these gaps in knowledge, our study delves into the complexities of pedi-

atric GATA2 deficiency. Through systematic investigation, this research aims to 

identify predictive markers for assessing individual risk of disease progression. The 

findings presented herein can play a pivotal role in refining diagnostic and thera-

peutic strategies for pediatric patients affected by GATA2 deficiency, ultimately con-

tributing to the advancement of patient care. 

4.1 A Contextual Overview of the Rarity of MDS in the Pediatric 

Population  

In contrast to the adult population, pediatric MDS is a rare condition, with an 

estimated incidence of approximately 1.8 to 4 cases per million children (Hofmann, 

2015). Our study primarily focused on children residing in Germany, where the pop-

ulation under the age of 18 is 14.25 million (as of December 31, 2022; https://de.sta-

tista.com), encompassing only 7.1 million individuals aged between 6 and 14 years. 

The instances of GATA2 mutations in this population are significantly lower, point-

ing to an exceptionally small number of affected children.  

While our sample includes 57 children, which might seem modest initially, it gains 

significance when compared to the estimated 25 to at most 57 pediatric MDS cases 

exclusive to Germany. This sample presents a substantial portion, offering valuable 

insights into the characteristics of pediatric MDS within the context of GATA2 defi-

ciency. 

Nevertheless, the sample size, particularly the six patients included in the GATA2-

EB group, may impact statistical power. To mitigate this, we included 10 MDS-EB 

patients without GATA2 deficiency as a valuable comparison group for analysis. The 

https://de.statista.com/
https://de.statista.com/
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observed differences between the GATA2-EB group and MDS-EB patients across ex-

periments emphasize the clear contrast between individuals with and without 

GATA2 deficiency. However, it is essential to acknowledge that the limited sample 

size could slightly influence the accurate estimation of the effect size, underscoring 

the necessity for further investigations with larger sample sizes (Schreiber et al., 

2023). 

4.2 The Mast Cell Population as Focal Point of Interest in Pediatric 

MDS   

The clinical and histomorphological characteristics of GATA2 deficiency 

manifest considerable variations, encompassing cellularity, hematopoietic dyspla-

sia, and cell differentiation. To conduct a comprehensive hematopathological as-

sessment of the trilinear hematopoiesis, we employed mIF coupled with multispec-

tral image analysis. 

In line with prior research indicating reduced B cell counts in GATA2 deficiency 

(Dickinson et al., 2011; Nováková et al., 2016), GATA2mut patients in our cohort ex-

hibited markedly low expression of B lymphocytes. This not only replicates earlier 

findings but also affirms the precision of our mIF stainings, serving as internal vali-

dation. 

Examining major cell types in the bone marrow, including myeloid cells, megakar-

yocytes, T lymphocytes, monocytes, dendritic cells, hematogonic cells, and eosino-

philic granulocytes, we observed no discernible changes that could distinguish pa-

tients with GATA2 deficiency from GATA2WT. Neither did differences in proliferating 

cell rates emerge between these groups. 

Diving deeper into patients sharing the same diagnosis, we focused on potential var-

iations based on karyotypes, specifically comparing monosomy 7, the most preva-

lent aberration observed in both our GATA2mut cohort and previous studies 

(Wlodarski et al., 2016), against other karyotypes within the group. Interestingly, 

patients with monosomy 7 did not exhibit substantial differences in the expression 

levels of investigated cell types when juxtaposed against those with different chro-

mosomal aberrations. Consequently, in our cohort, the karyotype, and specifically 
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the influence of monosomy 7, did not emerge as a decisive factor in assessing malig-

nant transformation or disease progression. However, it is important to note that in 

GATA2-EB, monosomy 7 was the sole karyotype present, rendering comparisons 

challenging. 

Shifting our focus from mIF and expression at protein level to gene expression pro-

filing for investigating differential gene expression through mRNA detection, we un-

covered an intriguing and novel aspect – higher abundance of mast cells in patients 

with GATA2 deficiency. This finding was reinforced at the protein level, with in-

creased expression of MCT in patients with GATA2 deficiency compared to 

GATA2WT. 

Identifying mast cells as a cellular population with differential expression in patients 

with and without GATA2 mutations, we delved into further examination. A 2021 

study provided initial evidence linking GATA2 to mast cells, describing GATA2 as 

lineage-determining factor and demonstrating its role in promoting chromatin ac-

cessibility to enhance robust gene transcription, thereby maintaining mast cell iden-

tity (Y. Li et al., 2021). 

Beyond the commonly assessed marker MCT, mast cells have the potential to ex-

press chymase, a neutral protease implicated in inducing apoptosis in human coro-

nary smooth muscle cells in culture (Leskinen et al., 2001). However, the debate sur-

rounding the existence of mast cells expressing only chymase in neoplastic or phys-

iological states remains controversial (Horny et al., 2003; L. Li & Krilis, 1997). Con-

sequently, we proceeded to assess the expression of chymase and/or MCT together 

to gain a better understanding of the characteristics of bone marrow mast cells in 

pediatric MDS, aiming to determine whether these cells exhibit differences in ex-

pression patterns. Our attempt, utilizing IHC and mIF stainings, proved challenging 

(data not shown), prompting further investigations to enhance our understanding 

of this intriguing cell population in the context of pediatric MDS and GATA2 defi-

ciency. 
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4.3 Dysregulated GATA2 Transcriptional Network in GATA2 Deficiency 

and Restoration of GATA2 mRNA with Disease Progression  

To pursue a comprehensive exploration of the hematopoietic niche within 

the context of GATA2 deficiency, we employed RNA-in situ hybridization to examine 

the influence of GATA2 on its microenvironment and a subset of its target genes.  

Previous research has demonstrated that germline mutations in the GATA2 gene can 

lead to disrupted gene expression and haploinsufficiency (Hahn et al., 2011; 

Ostergaard et al., 2011; Wlodarski et al., 2016). Consistent with this understanding, 

we observed significantly reduced expression levels of GATA2 mRNA in individuals 

diagnosed with GATA2-RCC. GATA2 plays a critical role in regulating the expression 

of its target genes RUNX1, EZH2, IKZF1, and LYL1 (Katsumura et al., 2017). As antic-

ipated, the decreased expression of GATA2 in GATA2-RCC patients correlated with a 

parallel reduction in the levels of these four GATA2 target genes. This concordance 

underscores the perturbation of the GATA2 transcriptional network in GATA2 defi-

ciency (Schreiber et al., 2023).  

Moreover, our investigation into disease progression revealed a novel and intri-

guing aspect. Contrary to the expected continued downregulation following 

germline mutations in GATA2, we observed a restoration in the expression levels of 

GATA2, accompanied by a simultaneous upregulation of the associated target genes. 

This resurgence was exclusively observed in patients with GATA2-EB, highlighting 

the differences between patients with and without GATA2 mutations. This previ-

ously undocumented observation was initially reported in our 2023 publication in 

Cancers (Schreiber et al., 2023).  

The restoration of GATA2-associated expression dynamics introduces a nuanced 

layer to our understanding of the disease trajectory. Our observations prompt a 

deeper exploration into the molecular mechanisms governing this unexpected re-

versal, potentially offering insights into compensatory mechanisms or alternative 

regulatory pathways activated during advanced disease stages in GATA2 deficiency.  
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4.4 Upregulation of EZH2 Expression Associated with Increased 

Histone Trimethylation H3K27me3 in Advanced GATA2 Deficiency 

To explore the potential consequences of the dysregulated GATA2 transcrip-

tional network for the hematopoietic stem cell pool, we employed combinatorial in 

situ hybridization to simultaneously assess the expression of CD34 and EZH2 in each 

cell. 

In the context of adult MDS, the role of EZH2 in promoting disease progression is 

well acknowledged (Zheng et al., 2021), yet this understanding is lacking in the pe-

diatric population. Within our cohort of pediatric patients, we observed a significant 

upregulation of EZH2 expression in hematopoietic progenitors with disease pro-

gression in GATA2 deficiency. In contrast, in GATA2WT patients, the levels of EZH2-

expressing hematopoietic progenitors remained unchanged, once again highlighting 

GATA2 deficiency as distinct disease entity. 

Functioning as a histone methyltransferase, EZH2 targets histone H3 at lysine 27 

and catalyses its trimethylation H3K27me3, executing a fundamental role in orches-

trating epigenetic silencing (Cao et al., 2002; Viré et al., 2006). The analysis of this 

gene silencing mark in our cohort revealed that patients with advanced GATA2 de-

ficiency exhibited strong positivity for H3K27me3, distinguishing this group from 

GATA2-RCC or GATA2WT patients, predominantly negative for this marker. Further-

more, an increase of H3K27me3 expression in hematopoietic progenitors was ob-

served in GATA2-EB, linking elevated levels of EZH2 to increased histone trimethyl-

ation H3K27me3 in advanced GATA2 deficiency (Schreiber et al., 2023). 

Our findings regarding the crucial role of EZH2 in histone trimethylation align with 

prior studies in adult AML/MDS and underscore the potential of EZH2 as promising 

candidate for a prognostically relevant marker (Göllner et al., 2017; McGraw et al., 

2019; Stomper et al., 2021). While extensive research has explored the influence of 

EZH2 and epigenetics in general in adult MDS (Figueroa et al., 2009; Issa, 2013; 

Karoopongse et al., 2014; Stomper et al., 2021; Xu et al., 2011), evidence in children 

is limited (de Souza Fernandez et al., 2019). Consequently, our study contributes to 

the sparse literature, offering insights that can enhance our comprehension of the 

impact of epigenetic factors in the context of pediatric MDS (Schreiber et al., 2023).   
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4.5 Acquired Resistance to Apoptosis in Pediatric GATA2 Deficiency  

BCL2 has emerged as a notable target in the transcriptome analysis, demon-

strating a substantial upregulation with disease progression in GATA2 deficiency 

and significantly lower expression in GATA2WT patients. To delve deeper into this 

intriguing finding, we extended our analysis to different cell types in the bone mar-

row, aiming to evaluate the extent of their expression of this antiapoptotic protein. 

In the context of transformation from MDS to AML, one focus of our examination has 

been the myeloid cell population. Within this critical subset, we noted a significant 

increase in the expression of the antiapoptotic BCL2. Remarkably, this enhancement 

specifically occurred in the myeloid cells of pediatric patients with advanced GATA2 

deficiency. This observation underscores the heightened significance of myeloid 

cells in the context of disease progression and highlights the emergence of acquired 

resistance to apoptotic cell death, offering insights into potential mechanisms on the 

path towards disease progression in pediatric GATA2 deficiency (Schreiber et al., 

2023). 

While the concept of acquired resistance to apoptosis following dysregulated apop-

totic signaling is well established in adult high-risk MDS (Boudard et al., 2002; Jilg 

et al., 2016; Parker et al., 2000; Raza et al., 1995), there is limited understanding in 

pediatric MDS. Our findings contribute to this sparse literature by providing cues 

that the upregulation of antiapoptotic signaling via an increase in BCL2 might play 

a crucial role in disease progression in pediatric GATA2 deficiency. In addition to 

enhancing our comprehension of the pathogenic mechanisms in disease progres-

sion, this finding provides an essential connection between adult and pediatric pa-

tients (Schreiber et al., 2023). It urges further investigations into the context of 

apoptotic resistance in the pediatric population, unraveling more facets of the com-

plex etiology of the disorder.  

4.6 The MAC Score as Prognostic Tool in Pediatric GATA2 Deficiency: 

Implications for Venetoclax and Azacitidine Therapy  

In addition to examining the involvement of BCL2 in the progression of 

GATA2 deficiency, we extended our investigation to include the expression of other 
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BCL2 family members, namely the antiapoptotic proteins MCL1 and Bcl-XL, recog-

nized for their roles in promoting cell survival (Adams & Cory, 2018; Huang et al., 

2019; Letai et al., 2002). 

To consolidate the expression patterns of the three BCL2 family members, we em-

ployed the MAC score, initially introduced by Waclawiczek et al. (Waclawiczek et al., 

2023). This flow cytometry-based metric combines the expression of BCL2, MCL1, 

and Bcl-XL and was originally designed to predict the response to venetoclax (VEN) 

and azacitidine (AZA) combination therapy in adult AML patients. The MAC score 

proved to be a valuable predictive marker in their cohort, prompting our interest in 

its utilization for pediatric MDS patients. 

Application of the MAC score through mIF in our pediatric cohort revealed signifi-

cantly increased scores with disease progression in GATA2 deficiency. Conversely, 

GATA2WT patients exhibited unchanged MAC scores with disease progression, em-

phasizing the distinctions between patients with and without GATA2 mutations. Fol-

lowing the rationale established by Waclawiczek et al. (Waclawiczek et al., 2023), 

the elevated MAC scores in GATA2-EB patients suggest a potential favorable re-

sponse to combined treatment with VEN/AZA, a prospect less likely for patients 

without GATA2 deficiency (Schreiber et al., 2023). 

Our study employed a comprehensive approach, integrating data from the examina-

tion of the hematopoietic niche, its microenvironment, and transcriptome analysis. 

Through this, we observed an elevation of both BCL2 and EZH2 with disease pro-

gression in GATA2 deficiency. This is noteworthy, because, firstly, VEN directly in-

hibits BCL2, and secondly, the upregulation of EZH2, along with H3K27me3, under-

scores the significance of epigenetic regulation – a domain where AZA operates, tar-

geting epigenetic alterations. Consequently, we provide a foundation for under-

standing the potential therapeutic benefits of VEN and AZA individually, as well as 

in combination. These findings strongly suggest that patients with advanced GATA2 

deficiency might benefit from treatment with VEN and AZA alone or in combination 

(Schreiber et al., 2023).  

While the efficacy of VEN and AZA in adult AML/MDS is broadly supported by liter-

ature (DiNardo et al., 2020; Fenaux et al., 2009; Jabbour et al., 2017; Zeidan, Garcia, 

et al., 2021), limited knowledge exists about their use in the pediatric population. 
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Only recently, two retrospective studies were published, offering initial insights into 

the safety and beneficial outcomes of regimens involving VEN and VEN/AZA in pe-

diatric MDS (Masetti et al., 2023; Winters et al., 2020). Our findings significantly con-

tribute to this growing evidence by providing additional support for the use of 

VEN/AZA for pediatric patients with advanced GATA2 deficiency (Schreiber et al., 

2023). Additionally, we lay the groundwork for an easily implementable prognostic 

tool for pediatric MDS, warranting further validation in larger cohorts of children to 

assess its potential integration into routine diagnostics.  

4.7 Chronic Inflammation Beyond Pyroptosis: The Significance of 

NLRP3 and CASP1 in Pediatric GATA2 Deficiency 

In light of our observations delineating an acquired resistance to apoptotic 

cell death with disease progression in GATA2 deficiency, our attention shifted to-

wards investigating pyroptosis, an alternative form of regulated cell death known 

for its lytic and pro-inflammatory nature, in contrast to apoptosis (Boise & Collins, 

2001; Fink & Cookson, 2005). 

Within the pyroptosis signaling cascade, the activation of NLRP3 by extracellular 

alarmins S100 calcium binding protein A8 (S100A8) and S100A9 serves as pivotal 

event (Simard et al., 2013). Subsequently, the formation of the NLRP3 inflam-

masome complex is facilitated by NLRP3 recruiting apoptosis-associated speck-like 

protein (ASC), which contains a caspase-recruitment domain and binds pro-CASP1 

(Bergsbaken et al., 2009). 

Upon activation, the inflammasome orchestrates the cleavage and activation of pro-

CASP1 into its mature, catalytically active form via ASC. CASP1 cleavage initiates di-

verse cellular processes, including the cleavage of GSDMD, which then translocates 

to the plasma membrane, initiating pore formation (Sborgi et al., 2016; Shi et al., 

2015). These pores allow the influx of small molecules and ions into the cell, induc-

ing local osmotic changes, cell swelling, and ultimately lysis (Zhang et al., 2018). This 

process releases intracellular inflammatory mediators into the extracellular milieu, 

propagating local inflammation (Bergsbaken et al., 2009; Hersh et al., 1999). Addi-

tionally, cleaved CASP1 converts precursor forms of the inflammatory cytokines 
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IL1B and IL18 into their active forms, further contributing to the inflammatory mi-

lieu (Sallman et al., 2016). 

In our effort to delineate key players in the pyroptosis pathway, we investigated the 

expression of S100A9, NLRP3, cleaved CASP1, and cleaved GSDMD. While S100A9 

showed a tendency towards increased levels in advanced GATA2 deficiency, NLRP3, 

and cleaved CASP1 exhibited substantial and significant upregulation with disease 

progression, reaching levels approximately three times higher in GATA2-EB com-

pared to GATA2WT patients. 

Remarkably, our observations represent pioneering work in the pediatric disease 

landscape, as there is currently no study published investigating the role of pyrop-

tosis in the context of pediatric MDS or GATA2 deficiency. However, in adult MDS, a 

2016 study by Basiorka et al. proposes NLRP3 inflammasome activation, in both 

low- and high-risk patients, as a key feature of the MDS phenotype, leading to ele-

vated CASP1 levels and inducing pyroptotic cell death (Basiorka et al., 2016).   

To ensure the specificity of our analysis, we focused on events characteristic to py-

roptosis downstream of CASP1 activation, namely GSDMD cleavage and the obser-

vation of GSDMD-immunopositive cellular debris that can be found upon cell mem-

brane rupture and lysis (X. Chen et al., 2016). Our visual inspection of IHC stainings 

for cleaved GSDMD yielded no indication of larger mean cell areas attributed to cell 

swelling or GSDMD-positive cellular debris, suggesting cellular viability. Addition-

ally, the immunoreactive scores for cleaved GSDMD in our cohort were predomi-

nantly negative. This signifies that GSDMD is not activated, and, consequently, not 

primed to initiate pore formation.  

In conclusion, our findings indicate activation of initial steps in the pyroptosis path-

way, specifically through increased NLRP3 and cleaved CASP1 expression in ad-

vanced GATA2 deficiency. However, downstream events leading to pore formation 

and full pyroptosis execution may not occur or may be incomplete. This nuanced 

understanding is crucial for enhancing our comprehension of the cellular response 

and provides valuable insights into specific stages of the pyroptotic pathway that 

may be impacted in pediatric GATA2 deficiency. To reinforce the conclusion that full 

pyroptosis is not executed, measurement of a suitable molecular marker for end-

stage lytic cell death could be beneficial. Notably, large molecules are impermeable 
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through the pores created by cleaved GSDMD and can only be released upon mem-

brane rupture and cell lysis (McKenzie et al., 2020).  

Consequently, we propose a refined focus for GATA2 deficiency, emphasizing the 

contribution of pyroptosis to a chronic feed-forward inflammatory process over cell 

death. In this scenario, NLRP3 and CASP1 play crucial roles in initiating and regulat-

ing the inflammatory response in the human body. NLRP3 is essential for inflam-

masome formation, activating CASP1, which, in turn, leads to the activation of pro-

inflammatory cytokines like IL1B and IL18. Initial indications of the importance of 

these cytokines in GATA2 deficiency were found through their upregulation in 

GATA2-EB at mRNA level in our transcriptome analysis. These cytokines can exit the 

cell via various non-lytic pathways, such as direct transporters or exocytosis in se-

cretory lysosomes, and do not rely on pyroptosis (Andrei et al., 2004; Qu et al., 

2007). They contribute to the inflammatory response by recruiting immune cells 

and promoting inflammation at the site of infection or tissue damage (Dinarello, 

2009).  

4.8 Induction of TIM-3 in Advanced GATA2 Deficiency and its 

Implications for Targeted Therapy 

Inflammation plays a crucial role in the immune response, orchestrating 

rapid and localized reactions to infections or injuries. However, when inflammation 

becomes persistent or chronic, it leads to prolonged activation of the immune sys-

tem. Therefore, in addition to our examination of pyroptosis and its involvement in 

inflammation, it is essential to investigate the immune response within the context 

of GATA2 deficiency. The complex nature of MDS has prompted extensive research 

on the contribution of genetic and epigenetic factors to its pathophysiology (Gañán-

Gómez et al., 2015). Recent evidence, however, indicates a link between immune 

dysregulation and the progression to secondary AML (Ivy & Brent Ferrell, 2018; 

Takeuchi & Akira, 2010). While the impairment of Toll-like receptor signaling path-

ways has been a central focus in understanding the influence of the innate immune 

response (Takeuchi & Akira, 2010; Wang et al., 2018), information regarding the 

impact of the adaptive immune system, especially T cell surveillance, in MDS re-

mains limited. 
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In the bone marrow microenvironment of healthy donors, Bauer et al. observed a 

distinct absence of CD3-CD8-positive T cells, highlighting the unique immune land-

scape in a healthy hematopoietic niche (Bauer et al., 2021). In contrast, their explo-

ration of MDS and secondary AML patients revealed the presence of this CD8-posi-

tive T cell subset, shedding light on altered immune composition within the micro-

environment in MDS and potential implications for its pathogenesis. This aligns with 

existing evidence emphasizing the crucial role of the bone marrow microenviron-

ment in regulating the neoplastic stem cell pool (Bauer et al., 2021; Ding et al., 2012). 

Exploring the dynamics of CD8-positive T cells in the context of our study, we ob-

served intriguing patterns. During acute viral infections, naïve CD8-positive T cells 

undergo expansion, differentiating into effector T cells (Kurtulus et al., 2011). Sub-

sequent to the elimination of the threat, the majority of these effector T cells experi-

ence programmed cell death, whereas a small portion transitions into the memory 

T cell state. The BCL2 family has been identified as a key player in this process, with 

BCL2 protecting CD8-positive T cells from cell death (Joshi et al., 2007; Kurtulus et 

al., 2010).  

Intriguingly, our investigation revealed an increased expression of BCL2 in CD8-pos-

itive cells during early stages of disease, particularly in RCC and GATA2-RCC. This 

suggests a potential role of BCL2 in safeguarding this specific T cell subset within 

the evolving immune microenvironment of pediatric MDS. However, as the disease 

progressed, the expression of BCL2 in CD8-positive cells decreased. This nuanced 

shift indicates that the initially established survival advantage via BCL2 may not be 

sustained over an extended period, potentially creating a dynamic environment 

where other immune perturbations may arise.  

In the context of MDS, characterized by persistent or chronic antigen stimulation 

rather than acute viral infection, T cells may undergo a gradual reduction in cellular 

functions due to immune-inhibitory molecules such as TIM-3 or PD-1, leading to a 

state termed “exhaustion” (Yi et al., 2010). During acute infections, these inhibitory 

checkpoint receptors limit the severity of the immune response and are downregu-

lated as the pathogen is cleared. However, with chronic antigen stimulation, the ex-

hausted state is established due to a sustained elevated expression of the inhibitory 
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checkpoint receptors, which negatively regulate the functional and proliferative po-

tential of affected T cells (Blackburn et al., 2009; Wherry et al., 2007). Notably, TIM-

3 has been shown to influence the exhausted state of T cells significantly, and in the 

context of Human Immunodeficiency Virus Type 1 or Hepatitis C Virus infections, 

the level of TIM-3 expression has been reported to parallel the exhausted state of 

the cells (Golden-Mason et al., 2009; Jones et al., 2008).  

Our results substantiate this concept by revealing increased BCL2 expression in 

TIM-3-positive cells, a phenomenon exclusive to disease progression in GATA2 de-

ficiency. This suggests that, within this context, the initially increased survival of 

CD8-positive cells may have shifted to a sustained survival of TIM-3-positive cells. 

Previous studies in adult MDS have highlighted an association of TIM-3 with T cell 

defects, with a higher percentage of TIM-3 linked to an increased risk of transfor-

mation from MDS to AML (J. Tao et al., 2016; J. L. Tao et al., 2014). Extending these 

insights to the pediatric disease landscape, the overall elevated levels of TIM-3-pos-

itive cells we observed in GATA2-EB serve as a focal point for further investigation. 

Given the inconclusive nature of our results regarding PD-1, it would be beneficial 

to evaluate the expression of additional markers crucial for T cell exhaustion, such 

as lymphocyte activation gene 3 protein (LAG-3), cytotoxic T lymphocyte antigen 4 

(CTLA-4), and indoleamine 2,3 dioxygenase (IDO) (Munn & Mellor, 2013; 

Rowshanravan et al., 2018; Yi et al., 2010).  

In the context of adult MDS, there is a growing body of evidence advocating for the 

use of immune checkpoint inhibition to restore immune surveillance (Fu et al., 2019; 

Ozkazanc et al., 2016; Rezaei et al., 2021; J. Tao et al., 2016). TIM-3 inhibitors, such 

as sabatolimab, are currently under investigation in ongoing clinical trials for immu-

notherapy in MDS and AML, with preliminary data showing promising response 

rates and safety (Borate et al., 2019; Brunner et al., 2024; Zeidan, Al-Kali, et al., 

2021). Our results, indicating increased TIM-3 expression with disease progression 

in pediatric GATA2 deficiency, can lend support to considering TIM-3 as a candidate 

for targeted therapy within this context. However, as some clinical trials have only 

explored TIM-3 blockade in combination with other checkpoint inhibitors or hypo-

methylating agents, further research is needed to better understand the mecha-

nisms of TIM-3 inhibition and optimize its use for immunotherapy.  
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4.9 Potential Implications of CCL18 for Inflammation and Dysregulated 

Immune Response in GATA2 Deficiency 

In our transcriptome analysis, coupled with subsequent mIF stainings, in-

creased expression of CCL18 was observed primarily in patients with advanced 

GATA2 deficiency. Additionally, our findings reveal TIM-3 induction and heightened 

inflammation via NLRP3 activation. This suggests that CCL18 may act as a pivotal 

link between inflammation and dysregulated immune response, potentially contrib-

uting to both processes. 

Regarding inflammation, the chemotactic activity of CCL18 towards immune cells, 

including monocytes (Schraufstatter et al., 2004), dendritic cells (Vulcano et al., 

2003), and T cells (Adema et al., 1997; Chenivesse et al., 2012), is noteworthy. By 

recruiting immune cells to sites of inflammation, CCL18 may contribute to inflam-

matory processes mediated by activated NLRP3. Furthermore, CCL18 has been 

shown to modulate macrophage activity. In the context of chronic inflammation, 

these macrophages may produce pro-inflammatory cytokines such as IL1B and IL18 

(Arango Duque & Descoteaux, 2014; Y. Chen et al., 2019), whose significance has 

been indicated in our transcriptome analysis. This could further amplify the inflam-

matory response in this setting. 

Concerning the immune response, accumulating evidence suggests that CCL18 may 

counteract an effective anti-tumor response by inducing an immunosuppressive 

state in macrophages and dendritic cells, thereby compromising immune surveil-

lance (Azzaoui et al., 2011; Cardoso et al., 2021; Schraufstatter et al., 2004). Moreo-

ver, CCL18 has been reported to suppress effector T cell proliferation (Azzaoui et al., 

2011; Chang et al., 2010), which may further contribute to T cell exhaustion.  

Given that the upregulated expression of CCL18 was exclusively found in patients 

with advanced GATA2 deficiency, and not in GATA2WT, we hypothesized a potential 

regulatory role of GATA2 on CCL18. However, our attempts to investigate this hy-

pothesis using two hematologic cell lines expressing GATA2 and CCL18, either con-

stitutively or upon PMA stimulation, were inconclusive. This may be attributed to 

discrepancies between the reported expression profiles of KG-1 and K-562 cells, 

published in the late 1990s (Hieshima et al., 1997; St Louis et al., 1999), and our 
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experimental conditions. Notably, these expression profiles have not been con-

firmed in more recent publications, which could explain why we did not observe a 

discernible CCL18 band in our Western blot analyses as expected in both cell lines. 

Consequently, alternative cell lines expressing both GATA2 and CCL18, such as A549 

cells (Luo et al., 2023), warrant further investigation. Establishing a cell line model 

would enable robust testing of whether GATA2 regulates CCL18, potentially through 

chromatin immunoprecipitation assays.  

To further elucidate the connection between CCL18, T cell exhaustion, and inflam-

mation, migration assays could be conducted to assess CCL18’s chemotactic activity. 

Ideally, patient and healthy donor samples could be utilized to isolate different T cell 

subsets such as CD8-positive T cells, monocytes, and/or macrophages. Following 

migration assays, flow cytometry-based analysis could be employed to assess 

changes in immune phenotypes of the migrated cells, particularly signs of T cell ex-

haustion or alterations in phenotype after exposure to CCL18. 

Overall, these proposed experiments aim to deepen our understanding of the role of 

CCL18 in the context of GATA2 deficiency, inflammation, and immune response, po-

tentially uncovering therapeutic targets for this condition.  

4.10 Conclusion 

Through systematic investigation, integrating comprehensive data from the 

examination of hematopoiesis, the hematopoietic niche, its microenvironment, and 

transcriptome analysis, this study significantly advances our understanding of 

mechanisms of transformation and potential predictive markers in pediatric GATA2 

deficiency.  

The identification of increased histone trimethylation and deregulated apoptosis as 

potential drivers of malignant transformation provides crucial insights into disease 

progression in GATA2 deficiency. These findings not only shed light on the patho-

physiology of the disease but also hold the potential to customize therapeutic ap-

proaches for affected patients. Notably, there is significant promise in treatment reg-

imens involving VEN and AZA, either separately or in combination, for GATA2-EB 

patients (Schreiber et al., 2023). 
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Furthermore, our research establishes a foundation for further investigation into 

the intricate interplay between immune response and inflammation in pediatric 

GATA2 deficiency. The observed activation of NLRP3 could initiate a chronic inflam-

matory process, involving pro-inflammatory cytokines IL1B and IL18. This pro-

longed exposure to inflammatory signals may ultimately result in a dysregulated im-

mune response, as indicated by the induced expression of the immune-inhibitory 

molecule TIM-3 in advanced GATA2 deficiency.  

In conclusion, this doctoral research not only provides predictive markers for dis-

ease progression in GATA2 deficiency but also contributes to a deeper comprehen-

sion of the disease landscape. These insights hold the potential to refine diagnostic 

and therapeutic strategies, ultimately advancing patient care and improving out-

comes for pediatric patients affected by GATA2 deficiency. 
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Appendix A 

Genes Included in the NanoString nCounter® Human PanCancer Immune  

Profiling Panel 

Gene name Type ProbeID 
A2M Probe NM_000014.4 

ABCB1 Probe NM_000927.3 
ABL1 Probe NM_005157.3 
ADA Probe NM_000022.2 

ADORA2A Probe NM_000675.3 
AICDA Probe NM_020661.1 
AIRE Probe NM_000383.2 
AKT3 Probe NM_181690.1 

ALCAM Probe NM_001627.3 
AMBP Probe NM_001633.3 

AMICA1 Probe NM_153206.2 
ANP32B Probe NM_006401.2 
ANXA1 Probe NM_000700.1 
APOE Probe NM_000041.2 
APP Probe NM_000484.3 

ARG1 Probe NM_000045.2 
ARG2 Probe NM_001172.3 
ATF1 Probe NM_005171.2 
ATF2 Probe NM_001256090.1 

ATG10 Probe NM_001131028.1 
ATG12 Probe NM_004707.2 

ATG16L1 Probe NM_198890.2 
ATG5 Probe NM_004849.2 
ATG7 Probe NM_001136031.2 
ATM Probe NM_000051.3 
AXL Probe NM_021913.2 

BAGE Probe NM_001187.1 
BATF Probe NM_006399.3 
BAX Probe NM_138761.3 

BCL10 Probe NM_003921.2 
BCL2 Probe NM_000657.2 

BCL2L1 Probe NM_001191.2 
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BCL6 Probe NM_001706.2 
BID Probe NM_001196.2 

BIRC5 Probe NM_001168.2 
BLK Probe NM_001715.2 

BLNK Probe NM_013314.2 
BMI1 Probe NM_005180.5 
BST1 Probe NM_004334.2 
BST2 Probe NM_004335.2 
BTK Probe NM_000061.1 

BTLA Probe NM_181780.2 
C1QA Probe NM_015991.2 
C1QB Probe NM_000491.3 

C1QBP Probe NM_001212.3 
C1R Probe NM_001733.4 
C1S Probe NM_001734.2 
C2 Probe NM_000063.3 
C3 Probe NM_000064.2 

C3AR1 Probe NM_004054.2 
C4B Probe NM_001002029.3 

C4BPA Probe NM_000715.3 
C5 Probe NM_001735.2 
C6 Probe NM_000065.2 
C7 Probe NM_000587.2 

C8A Probe NM_000562.2 
C8B Probe NM_000066.2 
C8G Probe NM_000606.2 
C9 Probe NM_001737.3 

CAMP Probe NM_004345.3 
CARD11 Probe NM_032415.2 
CARD9 Probe NM_052813.4 
CASP1 Probe NM_001223.3 

CASP10 Probe NM_032977.3 
CASP3 Probe NM_032991.2 
CASP8 Probe NM_001228.4 
CCL1 Probe NM_002981.1 

CCL11 Probe NM_002986.2 
CCL13 Probe NM_005408.2 
CCL14 Probe NM_032963.3 
CCL15 Probe NM_032965.3 
CCL16 Probe NM_004590.2 
CCL17 Probe NM_002987.2 
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CCL18 Probe NM_002988.2 
CCL19 Probe NM_006274.2 
CCL2 Probe NM_002982.3 

CCL20 Probe NM_004591.1 
CCL21 Probe NM_002989.2 
CCL22 Probe NM_002990.3 
CCL23 Probe NM_145898.1 
CCL24 Probe NM_002991.2 
CCL25 Probe NM_005624.2 
CCL26 Probe NM_006072.4 
CCL27 Probe NM_006664.2 
CCL28 Probe NM_148672.2 
CCL3 Probe NM_002983.2 

CCL3L1 Probe NM_021006.4 
CCL4 Probe NM_002984.2 
CCL5 Probe NM_002985.2 
CCL7 Probe NM_006273.2 
CCL8 Probe NM_005623.2 

CCND3 Probe NM_001760.2 
CCR1 Probe NM_001295.2 
CCR2 Probe NM_001123041.2 
CCR3 Probe NM_001837.2 
CCR4 Probe NM_005508.4 
CCR5 Probe NM_000579.1 
CCR6 Probe NM_031409.2 
CCR7 Probe NM_001838.2 
CCR9 Probe NM_031200.1 

CCRL2 Probe NM_003965.4 
CD14 Probe NM_000591.2 

CD160 Probe NM_007053.2 
CD163 Probe NM_004244.4 
CD164 Probe NM_006016.4 
CD180 Probe NM_005582.2 
CD19 Probe NM_001770.4 
CD1A Probe NM_001763.2 
CD1B Probe NM_001764.2 
CD1C Probe NM_001765.2 
CD1D Probe NM_001766.3 
CD1E Probe NM_001042583.1 
CD2 Probe NM_001767.3 

CD200 Probe NM_005944.5 
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CD207 Probe NM_015717.2 
CD209 Probe NM_021155.2 
CD22 Probe NM_001771.2 
CD24 Probe NM_013230.2 

CD244 Probe NM_016382.2 
CD247 Probe NM_198053.1 
CD27 Probe NM_001242.4 

CD274 Probe NM_014143.3 
CD276 Probe NM_001024736.1 
CD28 Probe NM_001243078.1 
CD33 Probe NM_001177608.1 
CD34 Probe NM_001025109.1 
CD36 Probe NM_001001548.2 
CD37 Probe NM_001774.2 
CD38 Probe NM_001775.2 
CD3D Probe NM_000732.4 
CD3E Probe NM_000733.2 

CD3EAP Probe NM_012099.1 
CD3G Probe NM_000073.2 
CD4 Probe NM_000616.4 

CD40 Probe NM_001250.4 
CD40LG Probe NM_000074.2 

CD44 Probe NM_001001392.1 
CD46 Probe NM_172350.1 
CD47 Probe NM_001777.3 
CD48 Probe NM_001778.2 
CD5 Probe NM_014207.2 

CD53 Probe NM_001040033.1 
CD55 Probe NM_000574.3 
CD58 Probe NM_001779.2 
CD59 Probe NM_000611.4 
CD6 Probe NM_006725.3 

CD63 Probe NM_001780.4 
CD68 Probe NM_001251.2 
CD7 Probe NM_006137.6 

CD70 Probe NM_001252.2 
CD74 Probe NM_001025159.1 

CD79A Probe NM_001783.3 
CD79B Probe NM_021602.2 
CD80 Probe NM_005191.3 
CD81 Probe NM_004356.3 
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CD83 Probe NM_004233.3 
CD84 Probe NM_001184879.1 
CD86 Probe NM_175862.3 
CD8A Probe NM_001768.5 
CD8B Probe NM_004931.3 
CD9 Probe NM_001769.2 

CD96 Probe NM_005816.4 
CD97 Probe NM_078481.2 
CD99 Probe NM_002414.3 
CDH1 Probe NM_004360.2 
CDH5 Probe NM_001795.3 
CDK1 Probe NM_001786.4 

CDKN1A Probe NM_000389.2 
CEACAM1 Probe NM_001712.3 
CEACAM6 Probe NM_002483.4 
CEACAM8 Probe NM_001816.3 

CEBPB Probe NM_005194.2 
CFB Probe NM_001710.5 
CFD Probe NM_001928.2 
CFI Probe NM_000204.3 
CFP Probe NM_002621.2 

CHIT1 Probe NM_003465.2 
CHUK Probe NM_001278.3 
CKLF Probe NM_181640.2 

CLEC4A Probe NM_194448.2 
CLEC4C Probe NM_203503.1 
CLEC5A Probe NM_013252.2 
CLEC6A Probe NM_001007033.1 
CLEC7A Probe NM_197954.2 

CLU Probe NM_001831.2 
CMA1 Probe NM_001836.2 

CMKLR1 Probe NM_004072.1 
COL3A1 Probe NM_000090.3 

COLEC12 Probe NM_130386.2 
CR1 Probe NM_000651.4 
CR2 Probe NM_001006658.1 

CREB1 Probe NM_004379.3 
CREB5 Probe NM_182898.2 

CREBBP Probe NM_004380.2 
CRP Probe NM_000567.2 
CSF1 Probe NM_000757.4 
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CSF1R Probe NM_005211.2 
CSF2 Probe NM_000758.2 

CSF2RB Probe NM_000395.2 
CSF3 Probe NM_000759.3 

CSF3R Probe NM_156038.2 
CT45A1 Probe NM_001017417.1 
CTAG1B Probe NM_001327.2 
CTAGE1 Probe NM_172241.2 
CTCFL Probe NM_001269042.1 
CTLA4 Probe NM_005214.3 
CTSG Probe NM_001911.2 
CTSH Probe NM_004390.3 
CTSL Probe NM_001912.4 
CTSS Probe NM_004079.3 
CTSW Probe NM_001335.3 

CX3CL1 Probe NM_002996.3 
CX3CR1 Probe NM_001337.3 
CXCL1 Probe NM_001511.1 

CXCL10 Probe NM_001565.1 
CXCL11 Probe NM_005409.4 
CXCL12 Probe NM_000609.5 
CXCL13 Probe NM_006419.2 
CXCL14 Probe NM_004887.4 
CXCL16 Probe NM_001100812.1 
CXCL2 Probe NM_002089.3 
CXCL3 Probe NM_002090.2 
CXCL5 Probe NM_002994.3 
CXCL6 Probe NM_002993.3 
CXCL9 Probe NM_002416.1 
CXCR1 Probe NM_000634.2 
CXCR2 Probe NM_001557.2 
CXCR3 Probe NM_001504.1 
CXCR4 Probe NM_003467.2 
CXCR5 Probe NM_001716.3 
CXCR6 Probe NM_006564.1 
CYBB Probe NM_000397.3 

CYFIP2 Probe NM_001037332.2 
CYLD Probe NM_015247.1 

DDX43 Probe NM_018665.2 
DDX58 Probe NM_014314.3 
DEFB1 Probe NM_005218.3 
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DMBT1 Probe NM_007329.2 
DOCK9 Probe NM_001130048.1 
DPP4 Probe NM_001935.3 

DUSP4 Probe NM_057158.2 
DUSP6 Probe NM_001946.2 
EBI3 Probe NM_005755.2 

ECSIT Probe NM_001142464.2 
EGR1 Probe NM_001964.2 
EGR2 Probe NM_000399.3 

ELANE Probe NM_001972.2 
ELK1 Probe NM_005229.3 
ENG Probe NM_001114753.1 

ENTPD1 Probe NM_001098175.1 
EOMES Probe NM_005442.2 
EP300 Probe NM_001429.2 
EPCAM Probe NM_002354.1 

ETS1 Probe NM_005238.3 
EWSR1 Probe NM_013986.3 

F12 Probe NM_000505.3 
F13A1 Probe NM_000129.3 
F2RL1 Probe NM_005242.3 
FADD Probe NM_003824.2 
FAS Probe NM_000043.3 

FCER1A Probe NM_002001.2 
FCER1G Probe NM_004106.1 
FCER2 Probe NM_002002.4 

FCGR1A Probe NM_000566.3 
FCGR2A Probe NM_021642.3 
FCGR2B Probe NM_001002273.1 
FCGR3A Probe NM_000569.6 

FEZ1 Probe NM_005103.4 
FLT3 Probe NM_004119.1 

FLT3LG Probe NM_001459.3 
FN1 Probe NM_212482.1 
FOS Probe NM_005252.2 

FOXJ1 Probe NM_001454.3 
FOXP3 Probe NM_014009.3 
FPR2 Probe NM_001462.3 
FUT5 Probe NM_002034.2 
FUT7 Probe NM_004479.3 
FYN Probe NM_002037.3 
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GAGE1 Probe NM_001040663.2 
GATA3 Probe NM_001002295.1 
GNLY Probe NM_006433.2 

GPI Probe NM_000175.2 
GTF3C1 Probe NM_001520.3 
GZMA Probe NM_006144.2 
GZMB Probe NM_004131.3 
GZMH Probe NM_033423.3 
GZMK Probe NM_002104.2 
GZMM Probe NM_005317.2 
HAMP Probe NM_021175.2 

HAVCR2 Probe NM_032782.3 
HCK Probe NM_002110.2 

HLA-A Probe NM_002116.5 
HLA-B Probe NM_005514.6 
HLA-C Probe NM_002117.4 

HLA-DMA Probe NM_006120.3 
HLA-DMB Probe NM_002118.3 
HLA-DOB Probe NM_002120.3 

HLA-DPA1 Probe NM_033554.2 
HLA-DPB1 Probe NM_002121.4 
HLA-DQA1 Probe NM_002122.3 
HLA-DQB1 Probe NM_002123.3 
HLA-DRA Probe NM_019111.3 

HLA-DRB3 Probe NM_022555.3 
HLA-DRB4 Probe NM_021983.4 

HLA-E Probe NM_005516.4 
HLA-G Probe NM_002127.4 

HMGB1 Probe NM_002128.4 
HRAS Probe NM_005343.2 

HSD11B1 Probe NM_181755.1 
ICAM1 Probe NM_000201.2 
ICAM2 Probe NM_000873.3 
ICAM3 Probe NM_002162.3 
ICAM4 Probe NM_001039132.1 
ICOS Probe NM_012092.2 

ICOSLG Probe NM_015259.4 
IDO1 Probe NM_002164.3 
IFI16 Probe NM_005531.1 
IFI27 Probe NM_005532.3 
IFI35 Probe NM_005533.3 
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IFIH1 Probe NM_022168.2 
IFIT1 Probe NM_001548.3 
IFIT2 Probe NM_001547.4 

IFITM1 Probe NM_003641.3 
IFITM2 Probe NM_006435.2 
IFNA1 Probe NM_024013.1 

IFNA17 Probe NM_021268.2 
IFNA2 Probe NM_000605.3 
IFNA7 Probe NM_021057.2 
IFNA8 Probe NM_002170.3 

IFNAR1 Probe NM_000629.2 
IFNAR2 Probe NM_000874.3 
IFNB1 Probe NM_002176.2 
IFNG Probe NM_000619.2 

IFNGR1 Probe NM_000416.1 
IFNL1 Probe NM_172140.1 
IFNL2 Probe NM_172138.1 
IGF1R Probe NM_000875.2 
IGF2R Probe NM_000876.1 
IGLL1 Probe NM_020070.2 
IKBKB Probe NM_001556.1 
IKBKE Probe NM_014002.2 
IKBKG Probe NM_003639.2 
IL10 Probe NM_000572.2 

IL10RA Probe NM_001558.2 
IL11 Probe NM_000641.2 

IL11RA Probe NM_147162.1 
IL12A Probe NM_000882.2 
IL12B Probe NM_002187.2 

IL12RB1 Probe NM_005535.1 
IL12RB2 Probe NM_001559.2 

IL13 Probe NM_002188.2 
IL13RA1 Probe NM_001560.2 
IL13RA2 Probe NM_000640.2 

IL15 Probe NM_172174.1 
IL15RA Probe NM_002189.2 

IL16 Probe NM_004513.4 
IL17A Probe NM_002190.2 
IL17B Probe NM_014443.2 
IL17F Probe NM_052872.3 

IL17RA Probe NM_014339.6 
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IL17RB Probe NM_018725.3 
IL18 Probe NM_001562.2 

IL18R1 Probe NM_003855.2 
IL18RAP Probe NM_003853.2 

IL19 Probe NM_013371.3 
IL1A Probe NM_000575.3 
IL1B Probe NM_000576.2 

IL1R1 Probe NM_000877.2 
IL1R2 Probe NM_173343.1 

IL1RAP Probe NM_002182.2 
IL1RAPL2 Probe NM_017416.1 

IL1RL1 Probe NM_016232.4 
IL1RL2 Probe NM_003854.2 
IL1RN Probe NM_000577.3 

IL2 Probe NM_000586.2 
IL21 Probe NM_021803.2 

IL21R Probe NM_021798.2 
IL22 Probe NM_020525.4 

IL22RA1 Probe NM_021258.2 
IL22RA2 Probe NM_181310.1 

IL23A Probe NM_016584.2 
IL23R Probe NM_144701.2 
IL24 Probe NM_181339.1 
IL25 Probe NM_022789.2 
IL26 Probe NM_018402.1 
IL27 Probe NM_145659.3 

IL2RA Probe NM_000417.1 
IL2RB Probe NM_000878.2 
IL2RG Probe NM_000206.1 

IL3 Probe NM_000588.3 
IL32 Probe NM_004221.4 
IL34 Probe NM_152456.1 

IL3RA Probe NM_002183.2 
IL4 Probe NM_000589.2 

IL4R Probe NM_000418.2 
IL5 Probe NM_000879.2 

IL5RA Probe NM_000564.3 
IL6 Probe NM_000600.1 

IL6R Probe NM_000565.2 
IL6ST Probe NM_002184.2 

IL7 Probe NM_000880.2 
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IL7R Probe NM_002185.2 
IL8 Probe NM_000584.2 
IL9 Probe NM_000590.1 

ILF3 Probe NM_001137673.1 
INPP5D Probe NM_005541.3 
IRAK1 Probe NM_001569.3 
IRAK2 Probe NM_001570.3 
IRAK4 Probe NM_016123.1 
IRF1 Probe NM_002198.1 
IRF2 Probe NM_002199.3 
IRF3 Probe NM_001571.5 
IRF4 Probe NM_002460.1 
IRF5 Probe NM_002200.3 
IRF7 Probe NM_001572.3 
IRF8 Probe NM_002163.2 
IRGM Probe NM_001145805.1 
ISG15 Probe NM_005101.3 
ISG20 Probe NM_002201.4 
ITCH Probe NM_001257138.1 

ITGA1 Probe NM_181501.1 
ITGA2 Probe NM_002203.2 

ITGA2B Probe NM_000419.3 
ITGA4 Probe NM_000885.4 
ITGA5 Probe NM_002205.2 
ITGA6 Probe NM_000210.1 
ITGAE Probe NM_002208.4 
ITGAL Probe NM_002209.2 
ITGAM Probe NM_000632.3 
ITGAX Probe NM_000887.3 
ITGB1 Probe NM_033666.2 
ITGB2 Probe NM_000211.2 
ITGB3 Probe NM_000212.2 
ITGB4 Probe NM_001005731.1 

ITK Probe NM_005546.3 
JAK1 Probe NM_002227.1 
JAK2 Probe NM_004972.2 
JAK3 Probe NM_000215.2 
JAM3 Probe NM_032801.3 

KIR_Activating_Subgroup_1 Probe NM_001083539.1 
KIR_Activating_Subgroup_2 Probe NM_014512.1 
KIR_Inhibiting_Subgroup_1 Probe NM_014218.2 
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KIR_Inhibiting_Subgroup_2 Probe NM_014511.3 
KIR3DL1 Probe NM_013289.2 
KIR3DL2 Probe NM_006737.2 
KIR3DL3 Probe NM_153443.3 

KIT Probe NM_000222.2 
KLRB1 Probe NM_002258.2 
KLRC1 Probe NM_002259.3 
KLRC2 Probe NM_002260.3 
KLRD1 Probe NM_002262.3 
KLRF1 Probe NM_016523.1 
KLRG1 Probe NM_005810.3 
KLRK1 Probe NM_007360.3 
LAG3 Probe NM_002286.5 
LAIR2 Probe NM_002288.3 
LAMP1 Probe NM_005561.3 
LAMP2 Probe NM_001122606.1 
LAMP3 Probe NM_014398.3 

LBP Probe NM_004139.2 
LCK Probe NM_005356.2 

LCN2 Probe NM_005564.3 
LCP1 Probe NM_002298.4 

LGALS3 Probe NM_001177388.1 
LIF Probe NM_002309.3 

LILRA1 Probe NM_006863.1 
LILRA4 Probe NM_012276.3 
LILRA5 Probe NM_181879.2 
LILRB1 Probe NM_001081637.1 
LILRB2 Probe NM_005874.1 
LILRB3 Probe NM_006864.2 

LRP1 Probe NM_002332.2 
LRRN3 Probe NM_001099660.1 

LTA Probe NM_000595.2 
LTB Probe NM_002341.1 

LTBR Probe NM_002342.1 
LTF Probe NM_002343.2 
LTK Probe NM_001135685.1 

LY86 Probe NM_004271.3 
LY9 Probe NM_001033667.1 

LY96 Probe NM_015364.2 
LYN Probe NM_002350.1 
MAF Probe NM_005360.4 
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MAGEA1 Probe NM_004988.4 
MAGEA12 Probe NM_001166386.1 
MAGEA3 Probe NM_005362.3 
MAGEA4 Probe NM_001011548.1 
MAGEB2 Probe NM_002364.4 
MAGEC1 Probe NM_005462.4 
MAGEC2 Probe NM_016249.3 
MAP2K1 Probe NM_002755.2 
MAP2K2 Probe NM_030662.2 
MAP2K4 Probe NM_003010.2 
MAP3K1 Probe NM_005921.1 
MAP3K5 Probe NM_005923.3 
MAP3K7 Probe NM_145333.1 
MAP4K2 Probe NM_004579.2 
MAPK1 Probe NM_138957.2 

MAPK11 Probe NM_002751.5 
MAPK14 Probe NM_001315.1 
MAPK3 Probe NM_001040056.1 
MAPK8 Probe NM_002750.2 

MAPKAPK2 Probe NM_004759.3 
MARCO Probe NM_006770.3 
MASP1 Probe NM_139125.3 
MASP2 Probe NM_139208.1 
MAVS Probe NM_020746.3 
MBL2 Probe NM_000242.2 
MCAM Probe NM_006500.2 
MEF2C Probe NM_002397.3 
MEFV Probe NM_000243.2 

MERTK Probe NM_006343.2 
MFGE8 Probe NM_001114614.1 
MICA Probe NM_000247.1 
MICB Probe NM_005931.3 
MIF Probe NM_002415.1 

MME Probe NM_000902.2 
MNX1 Probe NM_005515.3 

MPPED1 Probe NM_001044370.1 
MR1 Probe NM_001531.2 

MRC1 Probe NM_002438.2 
MS4A1 Probe NM_152866.2 
MS4A2 Probe NM_000139.3 
MSR1 Probe NM_002445.3 
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MST1R Probe NM_002447.1 
MUC1 Probe NM_001018017.1 
MX1 Probe NM_002462.2 

MYD88 Probe NM_002468.3 
NCAM1 Probe NM_000615.5 

NCF4 Probe NM_000631.4 
NCR1 Probe NM_004829.5 
NEFL Probe NM_006158.3 

NFATC1 Probe NM_172389.1 
NFATC2 Probe NM_012340.3 
NFATC3 Probe NM_004555.2 
NFATC4 Probe NM_001136022.2 
NFKB1 Probe NM_003998.2 
NFKB2 Probe NM_002502.2 
NFKBIA Probe NM_020529.1 
NLRC5 Probe NM_032206.4 
NLRP3 Probe NM_001079821.2 
NOD1 Probe NM_006092.1 
NOD2 Probe NM_022162.1 

NOS2A Probe NM_153292.1 
NOTCH1 Probe NM_017617.3 

NRP1 Probe NM_003873.5 
NT5E Probe NM_002526.2 

NUP107 Probe NM_020401.2 
OAS3 Probe NM_006187.2 
OSM Probe NM_020530.4 

PASD1 Probe NM_173493.2 
PAX5 Probe NM_016734.1 
PBK Probe NM_018492.2 

PDCD1 Probe NM_005018.1 
PDCD1LG2 Probe NM_025239.3 

PDGFC Probe NM_016205.2 
PDGFRB Probe NM_002609.3 
PECAM1 Probe NM_000442.3 
PIK3CD Probe NM_005026.3 
PIK3CG Probe NM_002649.2 

PIN1 Probe NM_006221.2 
PLA2G1B Probe NM_000928.2 
PLA2G6 Probe NM_001004426.1 

PLAU Probe NM_002658.2 
PLAUR Probe NM_001005376.1 
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PMCH Probe NM_002674.2 
PNMA1 Probe NM_006029.4 

POU2AF1 Probe NM_006235.2 
POU2F2 Probe NM_002698.2 
PPARG Probe NM_015869.3 
PPBP Probe NM_002704.2 

PRAME Probe NM_006115.3 
PRF1 Probe NM_005041.3 
PRG2 Probe NM_002728.4 

PRKCD Probe NM_006254.3 
PRKCE Probe NM_005400.2 
PRM1 Probe NM_002761.2 
PSEN1 Probe NM_000021.2 
PSEN2 Probe NM_000447.2 

PSMB10 Probe NM_002801.2 
PSMB7 Probe NM_002799.2 
PSMB8 Probe NM_004159.4 
PSMB9 Probe NM_002800.4 
PSMD7 Probe NM_002811.3 

PTGDR2 Probe NM_004778.1 
PTGS2 Probe NM_000963.1 
PTPRC Probe NM_080921.3 

PVR Probe NM_006505.3 
PYCARD Probe NM_013258.3 

RAG1 Probe NM_000448.2 
REL Probe NM_002908.2 

RELA Probe NM_021975.2 
RELB Probe NM_006509.2 

REPS1 Probe NM_001128617.2 
RIPK2 Probe NM_003821.5 
ROPN1 Probe NM_017578.2 
RORA Probe NM_134261.2 
RORC Probe NM_001001523.1 
RPS6 Probe NM_001010.2 
RRAD Probe NM_004165.1 

RUNX1 Probe NM_001754.4 
RUNX3 Probe NM_004350.1 

S100A12 Probe NM_005621.1 
S100A7 Probe NM_002963.2 
S100A8 Probe NM_002964.3 
S100B Probe NM_006272.1 
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SAA1 Probe NM_199161.1 
SBNO2 Probe NM_014963.2 
SELE Probe NM_000450.2 
SELL Probe NR_029467.1 

SELPLG Probe NM_001206609.1 
SEMG1 Probe NM_003007.2 

SERPINB2 Probe NM_002575.1 
SERPING1 Probe NM_000062.2 

SH2B2 Probe NM_020979.3 
SH2D1A Probe NM_001114937.2 
SH2D1B Probe NM_053282.4 
SIGIRR Probe NM_021805.2 

SIGLEC1 Probe NM_023068.3 
SLAMF1 Probe NM_003037.2 
SLAMF6 Probe NM_001184714.1 
SLAMF7 Probe NM_021181.3 
SLC11A1 Probe NM_000578.2 
SMAD2 Probe NM_005901.5 
SMAD3 Probe NM_005902.3 
SMPD3 Probe NM_018667.3 
SOCS1 Probe NM_003745.1 
SPA17 Probe NM_017425.3 

SPACA3 Probe NM_173847.3 
SPANXB1 Probe NM_032461.2 
SPINK5 Probe NM_006846.3 

SPN Probe NM_003123.3 
SPO11 Probe NM_198265.1 
SPP1 Probe NM_000582.2 
SSX1 Probe NM_005635.2 
SSX4 Probe NM_005636.3 

ST6GAL1 Probe NM_003032.2 
STAT1 Probe NM_007315.2 
STAT2 Probe NM_005419.2 
STAT3 Probe NM_139276.2 
STAT4 Probe NM_003151.2 

STAT5B Probe NM_012448.3 
STAT6 Probe NM_003153.3 
SYCP1 Probe NM_003176.2 

SYK Probe NM_003177.3 
SYT17 Probe NM_016524.2 
TAB1 Probe NM_153497.2 
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TAL1 Probe NM_003189.2 
TANK Probe NM_004180.2 
TAP1 Probe NM_000593.5 
TAP2 Probe NM_000544.3 

TAPBP Probe NM_003190.4 
TARP Probe NM_001003799.1 
TBK1 Probe NM_013254.2 

TBX21 Probe NM_013351.1 
TCF7 Probe NM_003202.2 
TFE3 Probe NM_006521.3 
TFEB Probe NM_007162.2 
TFRC Probe NM_003234.1 

TGFB1 Probe NM_000660.3 
TGFB2 Probe NM_003238.2 
THBD Probe NM_000361.2 
THBS1 Probe NM_003246.2 
THY1 Probe NM_006288.2 

TICAM1 Probe NM_014261.1 
TICAM2 Probe NM_021649.4 

TIGIT Probe NM_173799.2 
TIRAP Probe NM_148910.2 
TLR1 Probe NM_003263.3 

TLR10 Probe NM_030956.2 
TLR2 Probe NM_003264.3 
TLR3 Probe NM_003265.2 
TLR4 Probe NM_138554.2 
TLR5 Probe NM_003268.3 
TLR6 Probe NM_006068.2 
TLR7 Probe NM_016562.3 
TLR8 Probe NM_016610.2 
TLR9 Probe NM_017442.2 

TMEFF2 Probe NM_016192.2 
TNF Probe NM_000594.2 

TNFAIP3 Probe NM_006290.2 
TNFRSF10B Probe NM_003842.3 
TNFRSF10C Probe NM_003841.3 
TNFRSF11A Probe NM_003839.2 
TNFRSF11B Probe NM_002546.2 
TNFRSF12A Probe NM_016639.1 
TNFRSF13B Probe NM_012452.2 
TNFRSF13C Probe NM_052945.3 
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TNFRSF14 Probe NM_003820.2 
TNFRSF17 Probe NM_001192.2 
TNFRSF18 Probe NM_004195.2 
TNFRSF1A Probe NM_001065.2 
TNFRSF1B Probe NM_001066.2 
TNFRSF4 Probe NM_003327.2 
TNFRSF8 Probe NM_152942.2 
TNFRSF9 Probe NM_001561.4 
TNFSF10 Probe NM_003810.2 
TNFSF11 Probe NM_003701.2 
TNFSF12 Probe NM_003809.2 
TNFSF13 Probe NM_003808.3 

TNFSF13B Probe NM_006573.4 
TNFSF14 Probe NM_003807.3 
TNFSF15 Probe NM_001204344.1 
TNFSF18 Probe NM_005092.2 
TNFSF4 Probe NM_003326.2 
TNFSF8 Probe NM_001244.3 
TOLLIP Probe NM_019009.2 

TP53 Probe NM_000546.2 
TPSAB1 Probe NM_003294.3 

TPTE Probe NM_199259.2 
TRAF2 Probe NM_021138.3 
TRAF3 Probe NM_145725.1 
TRAF6 Probe NM_145803.1 
TREM1 Probe NM_018643.3 
TREM2 Probe NM_018965.3 

TTK Probe NM_003318.3 
TXK Probe NM_003328.1 

TXNIP Probe NM_006472.1 
TYK2 Probe NM_003331.3 
UBC Probe NM_021009.3 

ULBP2 Probe NM_025217.2 
USP9Y Probe NM_004654.3 
VCAM1 Probe NM_001078.3 
VEGFA Probe NM_001025366.1 
VEGFC Probe NM_005429.2 
XCL2 Probe NM_003175.3 
XCR1 Probe NM_005283.2 

YTHDF2 Probe NM_001172828.1 
ZAP70 Probe NM_001079.3 
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ZNF205 Probe NM_001031686.1 
ABCF1 Internal Reference NM_001090.2 

AGK Internal Reference NM_018238.3 
ALAS1 Internal Reference NM_000688.4 

AMMECR1L Internal Reference NM_001199140.1 
CC2D1B Internal Reference NM_032449.2 
CNOT10 Internal Reference NM_001256741.1 
CNOT4 Internal Reference NM_001190848.1 
COG7 Internal Reference NM_153603.3 

DDX50 Internal Reference NM_024045.1 
DHX16 Internal Reference NM_001164239.1 

DNAJC14 Internal Reference NM_032364.5 
EDC3 Internal Reference NM_001142443.1 

EIF2B4 Internal Reference NM_172195.3 
ERCC3 Internal Reference NM_000122.1 
FCF1 Internal Reference NM_015962.4 
G6PD Internal Reference NM_000402.2 

GPATCH3 Internal Reference NM_022078.2 
GUSB Internal Reference NM_000181.1 

HDAC3 Internal Reference NM_003883.2 
HPRT1 Internal Reference NM_000194.1 
MRPS5 Internal Reference NM_031902.3 

MTMR14 Internal Reference NM_022485.3 
NOL7 Internal Reference NM_016167.3 

NUBP1 Internal Reference NM_001278506.1 
POLR2A Internal Reference NM_000937.2 

PPIA Internal Reference NM_021130.2 
PRPF38A Internal Reference NM_032864.3 
SAP130 Internal Reference NM_024545.3 
SDHA Internal Reference NM_004168.1 
SF3A3 Internal Reference NM_006802.2 

TBP Internal Reference NM_001172085.1 
TLK2 Internal Reference NM_006852.2 

TMUB2 Internal Reference NM_024107.2 
TRIM39 Internal Reference NM_021253.3 

TUBB Internal Reference NM_178014.2 
USP39 Internal Reference NM_001256725.1 

ZC3H14 Internal Reference NM_001160103.1 
ZKSCAN5 Internal Reference NM_014569.3 
ZNF143 Internal Reference NM_003442.5 
ZNF346 Internal Reference NM_012279.2 
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Appendix B 

Detailed Mutational Data of Pediatric Patients with GATA2 Deficiency 

Patient 
ID 

Sex 
Age at 
onset 

(years) 

MDS  
subtype, 

GATA2mut 
Genotype 

Karyo-
type 

D722 M 12 RCC c.981G>A p.G327G normal 

D801 M 18 RCC c.1187G>A p.R396Q +8 

D807 M 15 RCC 
c.1018-

10_1037del30 
 normal 

D1010 M 13 RCC c.1128C>G p.Y376X normal 

D1072 F 17 RCC c.1143+1G>A  -7 

D1119 F 16 RCC c.1084C>T p.R362* +8 

D1140 M 13 RCC c.1045T>A p.C349S +8 

D1141 M 17 RCC c.1045T>A p.C349S normal 

D1144 F 12 RCC 
c.1037_1046 

del 
p.G346Vfs*38 +8 

D1239 F 13 RCC c.351C>G p.T117T -7 

D1372 F 10 RCC c. 1061C>T p.T354M normal 

D1428 M 17 RCC c.1109G>T p.C370F +8 

D1443 M 10 RCC c.341delA p.N114Tfs*5 -7 

D1504 M 4 RCC c.1084C>T p.R362* -7 

I305 M 18 RCC c.161C>A p.S54X -7 

I306 M 13 RCC c.1186C>T p.R396W normal 

I312 M 10 RCC 
c.414_417del

CTCT 
p.S139CfsX78 normal 

I359 F 16 RCC c.1084C>T p.R362fsx* normal 

I377 F 20 RCC unknown  +8 

 F 19 RCC unknown  +8 

I391 M 8 RCC c.1215G>T p.K405N normal 
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D770 F 11 MDS-EB C599delG p.G200VfsX18 -7 

D1064 F 7 MDS-EB c.1113C>A p.N371K -7 

D1302 M 15 MDS-EB c.599dupG p.S201* -7 

D1319 F 16 MDS-EB c.303delC p.A103Qfs*16 -7 

D1521 M 12 MDS-EB 
c.416_417del

CT 
p.S139Cfs-

Ter45 -7 

D1542 F 10 MDS-EB c.448G>T p.G150* -7 
-7: Monosomy 7; +8: Trisomy 8; F: female; M: male  
Detailed mutational data lacking for n=3 patients in the GATA2-RCC group 
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Appendix C 

Detailed Overview of mIF Panels and IHC Markers 

Table C 1: Overview of mIF panels and their composition. 

Target 
Characteristic 

for 
Opal Filter Dilution 

Antigen  
retrieval 

Panel A 

MPO Myeloid cells 620 Texas Red 1:100 None 

MCT Mast cells 690 Cy5 1:200 AR6 

CD34 
Hematopoietic 
progenitor cells 

650 Cy5 1:100 AR6 

TdT Hematogonic cells 540 Cy3 1:50 AR9 

Panel B 

CD42b Megakaryocytes 690 Cy5 1:100 AR9 

CD123 Dendritic cells 620 Texas Red 1:50 AR9 

CD3 T lymphocytes 570 Cy3 1:150 AR9 

CD14 Monocytes 650 Cy5 1:100 AR6 

Panel C 

CD34 
Hematopoietic 
progenitor cells 

570 
DAPI/ 

570/690 
1:100 AR6 

H3K27me3 
Trimethylation of 
Lysine 27, Histone 

H3 
520 520 1:100 AR9 

Panel D 

CD8 
Cytotoxic T  

lymphocytes 
520 520 1:150 AR9 

BCL2 
Regulation of 

apoptosis 
570 

DAPI/ 
570/690 

1:25 AR9 

Panel E 

EPX 
Eosinophilic  
granulocytes 

690 
DAPI/ 

570/690 
1:180 TRS6 
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BCL2 
Regulation of 

apoptosis 
570 

DAPI/ 
570/690 

1:25 CC1 

CD71 Erythrocytes 520 520 1:400 CC1 

CD14 Monocytes 780 
480/620/

780 
1:100 AR6 

Panel F 

MPO Myeloid cells 620 
480/620/

780 
1:100 None 

CD34 
Hematopoietic 
progenitor cells 

690 
DAPI/ 

570/690 
1:100 AR6 

CD3 T lymphocytes 520 520 1:150 AR9 

BCL2 
Regulation of 

apoptosis 
570 

DAPI/ 
570/690 

1:25 CC1 

MCT Mast cells 780 
480/620/

780 
1:200 AR6 

Panel G 

Bcl-XL 
Regulation of 

Apoptosis 
520 520 1:75 AR9 

BCL2 
Regulation of 

Apoptosis 
570 

DAPI/ 
570/690 

1:25 CC1 

MCL1 
Regulation of 

Apoptosis 
690 

DAPI/ 
570/690 

1:75 AR6 

Panel H 

CASP1 Pyroptosis 620 Texas Red 1:50 ProTaqs I 

NLRP3 Pyroptosis 570 Cy3 1:200 TRS6 

CASP3 Apoptosis 650 Cy5 1:50 AR9 

PLIN1 Adipose tissue 540 Cy3 1:150 AR6 

S100A9 Pyroptosis 690 Cy5 1:300 AR6 

Panel I 

PD-1 
Exhausted T  
lymphocytes 

520 520 1:80 TRS6 

CD8 
Cytotoxic T  

lymphocytes 
690 

DAPI/ 
570/690 

1:150 AR9 
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FOXP3 
Regulatory T  
lymphocytes 

620 
480/620/

780 
1:50 TRS6 

BCL2 
Regulation of 

Apoptosis 
570 

DAPI/ 
570/690 

1:25 CC1 

TIM-3 
Exhausted T  
lymphocytes 

780 
480/620/

780 
1:200 AR9 

Panel J 

CD3 T lymphocytes 690 
DAPI/ 

570/690 
1:150 AR9 

TIM-3 
Exhausted T  
lymphocytes 

620 
480/620/

780 
1:200 AR9 

CD163 Macrophages 570 
DAPI/ 

570/690 
1:150 AR9 

MCT Mast cells 780 
480/620/

780 
1:200 AR6 

Panel K 

MPO Myeloid cells 690 
DAPI/ 

570/690 
1:400 None 

CD14 Monocytes 570 
DAPI/ 

570/690 
1:100 AR6 

TIM-3 
Exhausted T  
lymphocytes 

780 
480/620/

780 
1:200 AR9 

Panel L 

MPO Myeloid cells 520 520 1:100 TRS6 

SCF 
Growth factor in 
hematopoiesis 

690 
DAPI/ 

570/690 
1:50 AR6 

CD117 
Myeloid  

progenitors 
570 

DAPI/ 
570/690 

1:100 AR6 

CCL18 
C-C motif  

chemokine  
ligand 18 

780 
480/620/

780 
1:75 TRS6 

Panel M 

MPO Myeloid cells 520 520 1:100 TRS6 



 Appendix C  

135 

 

SCF 
Growth factor in 
hematopoiesis 

690 
DAPI/ 

570/690 
1:50 AR6 

CD34 
Hematopoietic 
progenitor cells 

570 
DAPI/ 

570/690 
1:100 AR6 

CCL18 
C-C motif  

chemokine  
ligand 18 

780 
480/620/

780 
1:75 TRS6 

 

Table C 2: Overview of IHC marker. 

Target 
Characteristic 

for 
Chromogen Dilution 

Antigen  
retrieval 

Cleaved 
CASP1 

Pyroptosis DAB 1:200 ProTaqs I 

CCL18 
C-C motif 

chemokine  
ligand 18 

DAB 1:125 TRS6 

CD20 B lymphocytes DAB 1:400 CC1 

EPX 
Eosinophilic 
granulocytes 

DAB 1:180 TRS6 

Cleaved 
GSDMD 

Pyroptosis DAB 1:200 AR9 

H3K27me3 
Trimethylation 

of Lysine 27, 
Histone H3 

DAB 1:4000 AR9 

Ki-67 
Proliferating 

cells 
DAB 1:100 CC1 
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Appendix D 

Analysis of the Influence of Monosomy 7 on Expression Profiles of Distinct Cell  

Populations within the Bone Marrow 

 

Figure D 1: Distribution of myeloid cells, mast cells, and hematogonic cells within the 
bone marrow. Cell quantification is presented for myeloid cells (MPO) (A), mast cells 
(MCT) (B), and hematogonic cells (TdT) (C) in patients with refractory cytopenia of 
childhood (RCC) and myelodysplastic syndrome with excess blasts (MDS-EB), and 
patients with additional GATA2 mutation (GATA2-RCC; GATA2-EB). Monosomy 7 is 
compared to other karyotypes present in the cohort, including trisomy 8, normal 
karyotype, and random aberrations. 
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Figure D 2: Distribution of megakaryocytes, dendritic cells, T lymphocytes, and mono-
cytes with respect to karyotypic differences. Proportion of megakaryocytes (CD42b) 
(A), dendritic cells (CD123) (B), T lymphocytes (CD3) (C), and monocytes (CD14) 
(D) in patients with monosomy 7 compared to those with other karyotypes. 

 

Figure D 3: Distribution of B lymphocytes, eosinophilic granulocytes, and proliferating 
cells. Quantification of B lymphocytes (CD20) (A), eosinophilic granulocytes (EPX) 
(B), and proliferating cells (Ki-67) (C), specifically comparing monosomy 7 to alter-
nate karyotypes.  
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Figure D 4: Protein expression profiles for CCL18 and BCL2, illustrating karyotypic dif-
ferences. Proportion of cells positive for CCL18 (A), and BCL2 (B), specifically com-
paring the impact of monosomy 7 versus different karyotypes. 

 

Figure D 5: mRNA expression patterns of GATA2 and its target genes within the bone 
marrow. Cell quantification is shown for GATA2 targets RUNX1 (A), EZH2 (B), IKZF1  
(C), LYL1 (D) and GATA2 itself (E) in relation to patient karyotypes.  
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Figure D 6: Expression of GATA2 target genes RUNX1 and EZH2, alongside the EZH2-
dependent gene silencing mark H3K27me3 in hematopoietic progenitors. The figure 
presents the proportion of positive hematopoietic progenitors for mRNA expression 
of RUNX1 (A), and EZH2 (B), as well as protein expression of H3K27me3 (C) in 
CD34-positive cells. 

 

Figure D 7: Expression profiles of pivotal players in pyroptosis, illustrating karyotypic 
differences. Quantification of cells positive for S100A9 (A), NLRP3 (B), and CASP1 
(C) in patients with monosomy 7 in comparison to other karyotypes.
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Appendix E 

Western Blot Analysis of KG-1 and K-562 Cells after PMA Stimulation  

 

Figure E 1: Western blot analysis of KG-1 and K-562 cells subsequent to PMA stimula-
tion for 48 h and 72 h. Unstimulated cells are denoted as - , while human recombinant 
CCL18 protein serves as positive control on 20% acrylamide gels. For cells stimu-
lated with 1 nM or 10 nM PMA over 48 h (A), no discernible CCL18 band of the an-
ticipated size of 8 kDa is observed in either KG-1 or K-562 cells. Additionally, after 1 
µM PMA stimulation for 48 h and 72 h (B), no CCL18 is visualized when compared 
to the CCL18 protein control. The IκBα band is included as control for PMA stimula-
tion. 
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