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Abstract 

A large part of acute myeloid leukemia (AML) patients is either refractory to induction therapy or 

relapses after treatment stop leading to poor prognosis especially in patients that are ineligible 

for hematopoietic stem cell transplantation. While fast-proliferating blasts are eradicated by 

chemotherapy, quiescent and drug resistant leukemic stem cells (LSCs) persist and fuel disease 

re-occurrence. Fms-like receptor tyrosine kinase 3 (FLT3) is overexpressed on LSCs and antibody-

drug conjugates (ADCs) provide one elegant way to target this receptor and specifically deliver a 

toxin that is capable to eliminate those cells.   

In this project, two FLT3-targeting ADCs were developed either incorporating a microtubule-toxin 

or a DNA-damaging drug. Primary goal was to investigate if those ADCs can eradicate LSCs and 

which payload to choose for this purpose. To this end, the previously generated chimeric FLT3 

monoclonal antibody (mAb) 20D9 was humanized and out of several candidates 20D9h3-mAb 

was selected due to high and specific binding to wildtype and mutant FLT3, fast internalization 

and good producibility. I show here that while microtubule-toxins have a largely reduced toxicity 

on cell lines in proliferation arrest, the activity of the DNA-damaging drug DUBA is sustained in 

this setting which may indicate its better suitability for LSC targeting. Drugs from both classes 

were conjugated to 20D9h3-mAb resulting in 20D9h3-DUBA and 20D9h3-MMAF. Both ADCs 

effectively eliminated FLT3-positive cell lines via inhibition of proliferation and apoptosis 

induction. While 20D9h3-MMAF arrests cells in G2/M, 20D9h3-DUBA halts the cell cycle in G1/S 

and triggers DNA damage repair via ATR-CHK1 pathway.  

The efficacy of either ADC towards leukemic stem and progenitor cells was analyzed in-depth in 

vitro/ex vivo using AML patient-derived xenograft (PDX) and primary cells. 20D9h3-DUBA was 

highly effective in preventing colony growth in colony-forming unit (CFU) and long-term culture 

initiating cell (LTC-IC) assays as well as leukemic outgrowth in NSG mice even at concentrations 

as low as 0.025 µg/ml. It could be shown that its anti-LSC activity is mediated via both FLT3 and 

FcγRI, which is targeted by the IgG1 antibodies’ constant part. Despite the common notion that 

microtubule-toxins are not suitable to eliminate LSCs, also 20D9h3-MMAF treatment of AML-393 

or -388 PDX cells prevented engraftment in 4/5 and 5/5 mice, respectively. However, in colony 

assays 20D9h3-MMAF had a reduced activity compared to 20D9h3-DUBA. Either ADC only 

marginally affected healthy CD34-positive bone marrow cells at the relevant doses which 

highlights the suitability of FLT3 as an LSC target.  

In contrast to the stable P5-conjugated 20D9h3-MMAF, 20D9h3-DUBA employs a maleimide-

linker and a hydrophobic linker payload which comes with several limitations. Those include ADC 

aggregate formation and instability in vivo due to thiol-exchange reaction and rodent-specific 

carboxylesterase 1c (CES1c) cleavage. Despite those short-comings, 2x3 mg/kg intravenous 

dosage of either ADC led to strong and durable leukemia reductions in AML-388 PDX mouse 
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models. Lastly, combinations of 20D9h3-DUBA with inhibitors of ATR and BCL-2 were tested, 

which both synergistically enhanced the ADC’s activity and could be especially promising for 

certain patient subsets e.g., p53 mutated patients. 

Overall, it was shown that FLT3-ADCs can be used for the targeted elimination of LSCs and that 

both DUBA and MMAF are possible payloads for this purpose. Further improvements of the linker 

of the DUBA-ADC and the drug loading of the MMAF-ADC will eventually allow the selection of a 

candidate to enter pre-clinical evaluations.  
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1 Introduction 

Globally, leukemia is currently the 13th most common type of cancer with 487 294 new cases 

worldwide in 2022. Despite being not among the most prevalent malignancies, leukemia has been 

responsible for 305 405 deaths worldwide in 2022 and with this is ranked 10th leading cause of 

cancer-related death. (1)  

1.1 Acute myeloid leukemia 

1.1.1 Epidemiology, survival, risk factors and diagnosis 

Leukemia is classified into acute or chronic and myeloid or lymphoid forms depending on the 

disease course and the blood lineage it originated from (2). Of the different leukemia types, acute 

myeloid leukemia (AML) makes up 33.1% of all cases in the USA (3) and 24.5% in Germany (4). It 

is thus the most common acute leukemia type in the USA and the second most common after 

chronic lymphocytic leukemia (CLL) in Germany (3, 4). The onset of AML is typically in the second 

half of life with a median age of 69 at the time of diagnosis and only 9.5% of patients being < 35 

years (SEER 22 2017-2021). Despite major improvements in therapy in the last decade, the 

overall 5-year survival rate of AML is only 31.9% in the USA (SEER 2014-2020) and 23% in 

Germany. (4, 5) Outcomes are particularly poor for patients ≥ 60 with 5-year survival rates of 

around 17% (MD Anderson data 1970-2017) and only slight improvements from the 1970s until 

today (6). Several risk factors have been mentioned predisposing to AML; most notably advanced 

age, genetic predisposition, previous cytotoxic chemotherapy e.g. with alkylating agents, and age-

related clonal hematopoiesis of indeterminate potential (CHIP). The latter describes mutations 

particularly of genes encoding epigenetic modifiers that occur in approximately 10% of 

individuals > 65 years before the onset of AML. Further aspects include environmental factors 

(e.g. smoking, exposure to benzenes and pesticides), preceding hematological disorders, genetic 

syndromes (e.g. Down syndrome), and also increasingly appreciated, familial germ line 

predisposition (e.g. CEBPA or GATA2 mutations). (7, 8) In all types of leukemia, the uncontrolled 

proliferation of blasts – immature precursors of the myeloid (AML) or lymphoid (ALL) lineage – 

interferes with normal hematopoiesis leading to clinical symptoms. The interference of blast cells 

with healthy hematopoiesis results in symptoms related to leukocytosis, immuno- and 

myelosuppression such as anemia, fatigue, fever, bleeding or impaired wound healing (2, 7). 

Further, a fraction of patients has extramedullary manifestations including in the central nervous 

system (9). AML is diagnosed if the patient either has defining genetic abnormalities (e.g. 

RUNX1:RUNX1T1 fusion) or if blast in morphological evaluations of bone marrow or peripheral 

blood are ≥ 20% of all blood cells in all other cases (10). Alongside morphological assessments, 

diagnostics usually includes immunophenotyping with flow cytometry to aid with AML subtype 

classification, molecular testing for gene mutations and cytogenetic analyses (8).  
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1.1.2 AML gene mutations, classification and risk stratification 

AML patients can have a variety of cytogenetic abnormalities e.g. chromosomal translocations or 

inversions leading to fusion genes such as RUNX1::RUNX1T1, CBFB::MYH11 or various different 

lysine methyltransferase 2A (KMT2A) fusions (11, 12). Yet there is still a proportion of almost 

50% of AML cases that do not have any chromosomal abnormalities at diagnosis (13). Although 

genome mutations in AML are relatively infrequent compared to many solid tumors – with on 

average ∼5 recurrent mutations / genome (14) – 96% of patients harbor at least one and 86% 

two or more mutations at the time of diagnosis (15). Frequently mutated genes are involved in 

receptor signaling, DNA-methylation, chromatin-modification, splicing, transcription, tumor 

suppression and cohesin-complex formation (Figure 1) (11, 16). The top 5 mutated genes are 

FLT3 (39%), NPM1 (33%), DNMT3A (31%), NRAS (22%) and RUNX1 (15%) (16). Tumor protein 

p53 (TP53) gene mutations are relatively infrequent in AML (9% of patients) compared to other 

malignancies but have a high prognostic relevance as they are associated with worse outcomes 

(12, 16). 

 

Figure 1: Frequently mutated genes in AML. Genes in bold: Frequency of mutation in patients > 10%. Data was 

obtained from Metzeler et al. (16). Figure was created with Biorender.com. 

 

The classification of AML was originally based mainly on cytomorphological features e.g. in the 

French-American-British (FAB) system which is step-wise replaced by newer classifications, e.g. 
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the International Consensus Classification (ICC) (17) and the system of the World Health 

Organization (WHO) (10), that both also integrate molecular and genetic features. The ICC 

classification also served as a basis for the European LeukemiaNet recommendations (ELN) which 

are used for risk stratification into favorable, intermediate and adverse (12, 18). The ELN risk 

stratification is summarized in Table 1. 

Table 1: AML risk stratification according to ELN 2022. Table was adapted from Döhner et al. (12) and Short et 

al. (7). 

 Cytogenetic features Molecular features 
Favorable • t(8;21)(q22;q22.1)/RUNX1::RUNX1T1 

• inv(16)(p13.1q22) or 
t(16;16)(p13.1;q22)/CBFB::MYH11 

• mutated NPM1, without FLT3-ITD 
• bZIP in-frame mutated CEBPA 

Intermediate • t(9;11)(p21.3;q23.3)/MLLT3::KMT2A 
• cytogenetic and/or molecular 

abnormalities not classified as 
favorable or adverse 

• mutated NPM1 with FLT3-ITD 
• wild-type NPM1 with FLT3-ITD 

(no adverse-risk genetic lesions) 

Adverse • t(6;9)(p23.3;q34.1)/DEK::NUP214 
• t(v;11q23.3)/KMT2A-rearranged 
• t(9;22)(q34.1;q11.2)/BCR::ABL1 
• t(8;16)(p11.2;p13.3)/KAT6A::CREBBP 
• inv(3)(q21.3q26.2) or 

t(3;3)(q21.3;q26.2)/GATA2, 
MECOM(EVI1) 

• t(3q26.2;v)/MECOM(EVI1)-rearranged 
• -5 or del(5q); -7; -17/abn(17p) 
• complex karyotype, monosomal 

karyotype 

• mutated ASXL1, BCOR, EZH2, 
RUNX1, SF3B1, SRSF2, STAG2, 
U2AF1, and/or ZRSR2 

• mutated TP53 

 

1.1.3 AML therapy: Current standard-of-care  

In the last decade the Food and Drug Administration (FDA) has approved various agents for AML 

therapy rapidly shaping the current treatment paradigm. Despite those advances, the 7+3 

intensive chemotherapy regimen developed in 1973 and consisting of a combination of 7 days 

cytarabine and 3 days of anthracyclines still forms the backbone of AML induction therapy for the 

majority of patients. In a subset of patients, chemotherapy is complemented by Fms-like tyrosine 

kinase 3 (FLT3) inhibitors (midostaurin, gilteritinib or quizartinib), CD33-directed antibody-drug 

conjugate (ADC) gemtuzumab ozogamicin (GO)/Mylotarg, BCL-2 or IDH1/2 inhibitors (BCL-2: 

venetoclax, IDH1: ivosidenib, IDH2: enasidenib) depending on their molecular features. (12) CPX-

351, a 5:1 formulation of cytarabine and daunorubicin encapsulated in liposomes, has been 

approved as therapeutic option for patients with secondary AML (19). Until recently, patients that 

do not tolerate intensive chemotherapy, e.g. because of age or co-morbidities, had only limited 

therapeutic options. They usually received either a low-dose cytarabine (LDAC) regimen or a 

hypomethylating agent (HMA) such as azacytidine both with dismal outcomes of only 5-10 

months median survival (20, 21). With the FDA approval of venetoclax in 2018, a new standard-
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of-care has evolved for those patients consisting of LDAC or HMA in combination with venetoclax 

(12). The latter leading to a considerable improvement of overall survival (OS) from 9.6 to 

14.7 months (22). For chemotherapy ineligible patients with FLT3 or IDH1/2 mutation, HMA in 

combination with FLT3 or IDH inhibitors offers another option (12). After induction therapy, the 

further treatment scheme depends on the risk stratification. Patients classified in the favorable 

risk group typically receive high-dose cytarabine while patients within the adverse risk group 

usually proceed to hematopoietic stem cell transplantation (HSCT) due to their high risk of relapse 

(11). For patients within the intermediate risk group, the decision for or against HSCT is made on 

a case-by-case basis dependent on the risk of relapse and the persistence of measurable residual 

disease (MRD) as assessed by flow cytometry, next-generation sequencing (NGS) or quantitative 

polymerase chain reaction (qPCR) (8). When complete remission (CR) is reached after induction 

and consolidation – meaning that the patient has a hematological recovery and < 5% of blasts in 

the bone marrow (7) – there is the possibility to continue with a repetitive low-dose maintenance 

therapy e.g. with midostaurin or oral azacytidine (12). The ultimate goal of this is to increase the 

duration of remission and to reduce the chances of relapse, however the overall benefit of 

maintenance therapy for patients of the different risk groups is not yet clearly established (23). 

Despite these advances, refractory disease and relapse still present a major challenge in AML 

therapy.  
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1.2 Challenges to AML therapy: Refractory disease and relapse 

1.2.1 AML relapse and leukemic stem cells 

Around 50-70% of older and 30-40% of younger AML patients fail to reach CR after two courses 

of induction chemotherapy commonly defined as refractory disease (24). Additionally, most 

patients who achieve CR will eventually relapse, the majority (∼70%) already in the first year 

after CR with the chances of relapse declining after 4-5 years to < 10%. The relapse probability is 

amongst other factors influenced by cytogenetic and molecular risk classification and age. (25) 

MRD positivity has further been found to be associated with relapse risk (55.4% versus 31.9% for 

patients with no MRD) and OS (41.9% versus 66.1% for patients with no MRD) (26). Relapsed 

leukemia patients usually present with multiple new mutations and subclones which increases 

molecular complexity and complicates further therapy (27-29). The best chance for relapsed 

patients is continuing treatment with a different regimen to eventually reach remission followed 

by HSCT; in patients that are ineligible for HSCT further therapy is mostly palliative (7). Altogether 

the prognosis for relapsed patients is poor with a median survival after first relapse of only around 

6 months with 90% of patients not surviving > 5 years (30, 31). Leukemic stem cells (LSCs) that 

reside within MRD have been identified as the source of disease re-occurrence (32) and LSC gene 

expression signatures such as the LSC-17 score have been shown to correlate with treatment 

outcomes (33, 34). As illustrated in Figure 2, LSCs are thought to mainly originate from healthy 

 

Figure 2: AML development and relapse. Quiescent hematopoietic stem cells (HSCs) are at the apex of normal 

hematopoiesis. They differentiate to multipotent progenitors (MPP), which in turn give rise to common myeloid (CMP) 

and common lymphoid (CLP) progenitors. CMPs then differentiate to megakaryocyte erythroid progenitors (MEP) and 

granulocyte-macrophage progenitors (GMP). CLP, MEP and GMP produce then more differentiated cells that form the 

lymphoid, erythroid and myeloid lineages, respectively. Acute myeloid leukemia (AML) stem cells (LSCs) are thought to 

originate from HSCs or more committed progenitors that reacquire stem-cell features through mutational hits. Those 

LSCs than again give rise to more differentiated leukemic blasts. AML therapy is able to remove those fast-proliferating 

blasts, but not their source of origin the LSCs, which eventually drives relapse. Figure was created with Biorender.com 

and adapted from van Gils et al (35) and Stelmach et al (36). 
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progenitor cells like granulocyte-macrophage progenitors (GMP) or lymphoid-primed 

multipotent progenitors (LMPPs) that reacquire stem cell features rather than from actual 

hematopoietic stem cells (HSCs) (35, 37, 38). Nevertheless, LSCs resemble HSCs concerning their 

quiescence, their capability to self-renew and their position at the apex of a hierarchy with AML 

blasts rather than healthy blood cells as their progeny (39, 40). The quiescent state of LSCs as well 

as their localization in the bone marrow niche also contributes to their resistance to drugs (41, 

42). LSCs have further been described to have increased DNA damage repair (43), elevated levels 

of drug-efflux transporters such as ATP-binding cassette sub-family B member 1 (ABCB1) (44) 

and resistance to apoptosis induction e.g. due to TP53 inactivation (45). Due to these 

characteristics, LSCs are capable to survive AML chemotherapy and eventually fuel AML relapse. 

Despite the similarities of LSCs to HSCs, differences between both subsets have been identified 

and are exploited for therapeutic targeting as detailed in the following paragraph. 

1.2.2 LSC-specific therapy 

Several pathways and targets have been identified that present unique vulnerabilities of LSCs and 

that could potentially be exploited to eradicate them and to prevent AML relapse (summarized in 

Figure 3): 1) Pathways that govern LSC quiescence 2) Metabolic pathways 3) Epigenetic 

regulators 4) Pathways of stress response 5) Signaling pathways 6) Bone marrow 

microenvironment and finally 7) LSC-specific surface markers.  

 

Figure 3: LSC-specific vulnerabilities and options for therapeutic targeting. Leukemic stem cells (LSCs) have many 

similarities with healthy stem and progenitor cells; however, a variety of unique features have been described that can 

be exploited for their targeted elimination. Those include factors/proteins related to: I) Quiescence and self-renewal 

II) Hypoxia and metabolism III) Epigenetics IV) Stress response V) Signaling VI) Bone marrow microenvironment and 

VII) LSC surface markers. Figure was created with Biorender.com. Information was used from van Gils 2021 (35). 
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The idea of LSC elimination via surface targets that are unique to those cells is particularly 

intriguing and has fueled the development of several therapies directed against those markers 

including monoclonal antibodies (mAbs), ADCs, chimeric antigen receptor T cells (CAR-T) and 

bispecific T cell engagers (BiTEs) (46). Frequently mentioned LSC markers include CD25, CD123, 

CD47, CD33, TIM-3, CLL1 and CD44 (36, 46, 47). Most agents targeting LSC surface antigens or 

intrinsic pathways are in early phases of clinical trials, however some are already approved or 

advanced in later phases. The FDA-approved BCL-2 inhibitor venetoclax for example has been 

demonstrated to inhibit oxidative phosphorylation (OXPHOS) in LSCs (48). In contrast to HSCs 

and other cancer cells, LSCs are uniquely dependent on OXPHOS, which could explain the 

superiority of venetoclax-based regimens concerning the duration of remission compared to 

conventional treatment in older patients (49).  

Of the AML surface markers, CD33 is best characterized as a therapeutic target with one already 

FDA-approved ADC – GO / Mylotarg – and another one –SGN-CD33A – that reached late-stage 

clinical trials, but was discontinued (46). For patients of the favorable and intermediate risk 

groups, it has been described that a combination of chemotherapy and GO reduces the chances of 

relapse and increases OS in clinical trials (50). Pre-clinically it has been demonstrated that GO 

effectively eradicates leukemia-initiating cells (LICs) in patient-derived xenograft (PDX) models 

(51). The success of GO therapy is however limited by on-target, off-leukemia effects caused by 

the expression pattern of CD33 which is also present in substantial amounts on healthy stem and 

progenitor cells and on differentiated myeloid cells (47, 52). Similar problems could occur with 

CD123, which is also expressed on normal blood cells such as monocytes and additionally in 

several other healthy tissues (47, 53). CLL1 on the contrary has a better therapeutic window, but 

is only present on a subset of LSCs with interindividual variability (47). This highlights the need 

for more specific LSC markers. A particularly promising option is the receptor tyrosine kinase 

(RTK) FLT3. 
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1.3 FLT3 as AML LSC target 

1.3.1 Structure and function of FLT3 and its role in AML development 

The FLT3 gene is located on chromosome 13q12 and encodes for a type III RTK, a family that also 

includes c-KIT, colony stimulating factor 1 receptor (CSF1R) and platelet-derived growth factor 

receptor (PDGFR). The protein was discovered independently by two groups in the early 90s in 

murine fetal liver cells and later also described in human cells. (54-56) The FLT3 receptor is built 

of five extracellular immunoglobulin-like domains, a transmembrane domain, a juxtamembrane 

domain (JMD) and two tyrosine kinase domains (TKD) interrupted by a kinase insert domain (57). 

While FLT3 ligand (FLT3L) is broadly expressed in various tissues (58), FLT3 receptor expression 

in normal hematopoiesis is limited to a subset of hematopoietic progenitors including common 

myeloid and lymphoid progenitors (CMPs, CLPs) and GMPs but excluding megakaryocyte-

erythroid progenitors (MEPs) (59-63). The expression on HSCs is low to absent (63). Low 

expression was reported on dendritic cells, but FLT3 is not present on granulocytes, macrophages, 

mast cells, megakaryocytes and thrombocytes, erythrocytes, B and T cells (59, 60, 64, 65). In non-

hematopoietic tissues FLT3 appears extracellularly solely on rare cells in the tonsil and otherwise 

occurs only intracellularly, e.g. in pancreas and cerebellum (63). In AML, FLT3 is expressed on the 

majority of patient blasts and more importantly, it was reported, that it is also present on 79% of 

patient LSCs independent of disease stage, risk class, or FLT3 mutational status (63). FLT3 is thus 

increasingly appreciated as LSC target, which might offer a wider therapeutic window compared 

to other LSC surface markers as its expression on HSCs and healthy progenitors is low and limited 

to a subset of cells (46, 63, 66).  

Two differentially glycosylated structures of FLT3 have been described, a 150 kDa form that is 

anchored in the plasma membrane and a 130 kDa weaker glycosylated form that is primarily 

present in FLT3-mutated cells and that is retained in the endoplasmic reticulum (ER) (67). 

Concerning the role of FLT3, it has been reported that its knockout (KO) in mouse models is not 

lethal, it does however affect healthy hematopoiesis, in particular the development of B cells and 

T cells, and myeloid differentiation (68). Besides cell differentiation, FLT3 is important for cell 

proliferation and apoptosis (69). Wildtype (wt) FLT3 receptor signaling is triggered by the 

binding of FLT3L, which works via paracrine and possibly also autocrine mechanisms (69, 70). 

Binding of FLT3L leads to receptor dimerization and transphosphorylation of intracellular 

tyrosine residues. This triggers a rapid internalization of the receptor and activates diverse 

signaling pathways, most notably RAS-MAPK and PI3K-AKT. (69, 71) Due to its key-role in 

hematopoiesis, it is not surprising that mutations in FLT3 are pathogenic. In AML, FLT3 mutations 

are found in 39% of patients thus representing the number 1 gene mutation in AML (16), and they 

are probably associated with higher age and normal cytogenetics (72). There are two types of 

FLT3 mutations: internal tandem duplications (ITD) and TKD point mutations found in 15-35% 
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and 5-10% of adult patients, respectively (73-75). ITDs, which were first identified in 1996, occur 

in the JMD and can be 3 to > 400 bp long (76). Several groups showed that their occurrence is 

negatively correlated with survival in AML patients (77). The impact of FLT3-TKD mutations on 

long-term prognosis is controversial, however a 2005 meta-analysis also suggested its negative 

impact (77). Currently only FLT3-ITD but not FLT3-TKD status is included in the ELN risk 

stratification (12). The role of FLT3-ITD for AML development was investigated in mouse models. 

Here, it has been shown that mice that receive HSCs expressing FLT3-ITD develop 

myeloproliferative disorder (78), but in order to develop AML, additional mutations affecting 

differentiation and/or proliferation (e.g. in DNMT3A) are required (79). Mechanistically, both 

FLT3-ITD and -TKD mutations lead to constitutive receptor phosphorylation and autonomous 

ligand-independent cell proliferation, which was shown in cytokine-dependent cell lines such as 

Ba/F3 and 32D cells (80, 81). FLT3-ITD further activates STAT5 in addition to the already 

mentioned downstream signaling pathways (81, 82), which might be a result of the 

mislocalization of the underglycosylated FLT3-ITD in the ER (83). 

 

1.3.2 FLT3-directed therapies 

Due to its important role in AML pathogenesis and prognosis and the frequent occurrence of 

genetic mutations, FLT3 has a longstanding history as a drug target. Tyrosine kinase inhibitors 

(TKIs) are the best characterized and most advanced therapeutics targeting FLT3. The first 

generation of TKIs faced many problems such as dismal pharmacokinetics (PK) and side-effects 

due to limited FLT3 specificity which led to disappointing results as single-agents. (72) In 

combination with chemotherapy, however, the TKI midostaurin led to significant improvements 

in OS in the phase III RATIFY study leading to its approval in 2017 (84). Subsequently, more FLT3-

specific second-generation TKIs were developed including gilteritinib, quizartinib and crenolanib 

(72). After a phase 3 trial in FLT3-mutated patients with relapsed/refractory AML (ADMIRAL 

study), which showed a significant benefit in OS for patients treated with gilteritinib (OS: 9.3 

months) in comparison to conventional chemotherapy (OS: 5.6 months), gilteritinib was approved 

in 2018 as first FLT3 inhibitor to be used as a single agent (85, 86). Based on the results of the 

QuANTUM-First study, where quizartinib in combination with chemotherapy (OS: 32 months) 

significantly improved survival over chemotherapy only (OS: 15 months) in newly diagnosed 

FLT3-ITD-mutated AML patients, quizartinib plus chemotherapy was similarly approved by the 

FDA in 2023 (87). Currently, most FLT3-targetd therapies that are or have been in clinical 

development comprise kinase inhibitors (Figure 4, clinicaltrials.gov). 
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Figure 4: FLT3-targeting therapeutics in clinical trials. Clincaltrials.gov was searched (on 29.05.2024) for all clinical 

trials (phase I-IV) that investigate FLT3-directed therapies and that are either not yet recruiting, recruiting, active or 

completed, excluding terminated trials. Figure was created with Biorender.com. 

 

However, TKI therapy still faces some issues especially concerning resistance development, e.g. 

due to acquired additional mutations in the FLT3 gene (88), mutations in either RAS/MAPK 

pathway (89), transcription factors or epigenetic regulators (90), activation of parallel pathways 

(91) or inactivation of TKIs by CYP3A4 (92). Therefore, there is need to investigate alternative, 

non-kinase inhibiting FLT3-targeting strategies. Options include T- and NK- cell therapy, agents 

that target FLT3 expression or degradation, and native or crystallizable fragment (Fc)-optimized 

mAbs, bispecifics, and ADCs (93). CAR-T and CAR-NK cell therapy has been very promising for 

other targets and disease entities e.g. in ALL, B cell malignancies and multiple myeloma (94). 

Phase I clinical trials are currently on the way for CAR-T and CAR-NK cell therapy in FLT3-positive 

AML and results are being eagerly awaited (95) (NCT05432401, NCT06325748, and 

NCT05023707). Further, there are also approaches that target FLT3 expression or degradation 

e.g. maternal embryonic leucine zipper kinase (MELK) inhibitor OTS167, which blocks FLT3 

translation by inhibiting phosphorylation of eukaryotic translation initiation factor 4B (eIF4B) 

(96). A phase I/II study of this molecule has, however, been terminated due to slow patient accrual 

(NCT02795520). The most promising agent of this class of therapeutics is pevonedistat, an 

inhibitor of NEDD8-dependent ubiquitin ligase, which is currently in numerous clinical trials for 

AML – the most advanced ones in phase III (NCT04090736, NCT03268954). This agent acts by 

downregulation of miR-155, which has been shown to cooperate with FLT3-ITD to enhance 

expansion of myeloid cells (97). Lastly, an advancing class of agents targeting FLT3 are antibody-

based therapeutics. At first, mostly native mAbs have been developed and tested pre-clinically 

(98, 99) and in early clinical trials (NCT00887926), albeit with limited success. Engineering of the 

antibodies constant Fc part presents a strategy to enhance the activity of native mAbs by 

increasing antibody effector functions such as antibody-dependent cellular cytotoxicity (ADCC), 

antibody-dependent cellular phagocytosis (ADCP) or complement-dependent cytotoxicity (CDC) 
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(100). FLYSYN/4G8-SDIEM is such an Fc-optimized antibody that is currently in phase I/II clinical 

trials with promising first results (64, 101) (NCT02789254). Lastly, a lot of progress has recently 

been made with ADCs, especially in breast cancer; the only FLT3-targeting ADC that has advanced 

to clinical trials, however, was discontinued due to lack of efficacy (102) (NCT02864290). As 

described, FLT3 as a target is well-established, leading to the assumption that targeting it with an 

ADC is feasible provided that the molecule has been carefully designed and adjusted to the low 

expression of FLT3. Considerations for the design of a FLT3-targeting anti-LSC ADC are detailed 

in the next section. 
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1.4 ADCs as LSC targeting therapeutics 

1.4.1 Function of ADCs  

More than 100 years ago, Paul Ehrlich had the appealing idea to design a drug that – similar to a 

“Trojan horse” – carries its toxic content to a desired target as an approach to fight cancer (103). 

ADCs are therapeutics that consist of a target-specific antibody linked to a highly potent toxin or 

drug (payload) thus combining specificity and effectivity making Paul Ehrlich’s vision come true 

(Figure 5).  

 

Figure 5: Antibody-drug-conjugates - structure and mechanism of action. Left image: Structure of antibody-drug-

conjugates (ADCs). Boxes detail important considerations for each part of the ADC. Right image: Summary of the 

different mechanisms of action of an ADC. Figure was created with Biorender.com and adapted from Fu et al (104). 

 

Upon binding of the target – most commonly receptor molecules – ADCs are taken up by 

endocytosis, the payload is freed from the linker and kills the cell. (I). (105) Dependent on their 

design ADCs can also have additional functions that may contribute substantially to their efficacy. 

For example, if a receptor is selected as target, the binding of the antibody part can – dependent 

on its binding site – inhibit the receptor and block downstream signaling (II). Further, lipophilic 

payloads that are able to cross the cell membrane of the targeted cell can induce bystander toxicity 

in neighboring cells (III). And finally, the antibody can bind to macrophages, natural killer cells or 

complement proteins via an interaction of its crystallizable fragment (Fc) region with Fcγ 

receptors (FcγRs). This interaction mediates antibody-dependent cellular phagocytosis (ADCP, 

IV), antibody-dependent cellular cytotoxicity (ADCC, V) or complement-dependent cytotoxicity 
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(CDC, VI), respectively. (106) At present, there are 15 ADCs approved worldwide and over 150 

candidates are in clinical development, 12% thereof in late-stage trials (phase III/IV). 44% of the 

ADCs in clinical trials target hematological disease, 55% solid tumors and only 1% diseases other 

than cancer.  

 

1.4.2 Design of ADCs and special considerations for the targeting of LSCs 

1.4.2.1 ADC target 

ADC targets should ideally be highly and uniformly expressed on the malignant cell with limited 

to no expression on healthy cells to avoid side-effects. A fast internalization of the target is also 

crucial. Most ADCs are directed towards oncogenic targets e.g. receptors that are involved in cell 

growth or survival. (105, 107) The advantages of that are exemplified by human epidermal growth 

factor receptor 2 (HER2)-directed trastuzumab-conjugates where the antibody alone already 

exerts an anti-proliferative effect (108). Concerning the target expression levels, quantitative 

studies with an HER2-directed ADC suggested that the target antigen density should be at least 

10 000 copies/cell (109). However, many factors determine the effectivity of ADC therapy such as 

antibody affinity, efficiency of internalization, potency of the payload, payload molecules per 

antibody (drug-to-antibody ratio = DAR), therapeutic window and other factors. For instance, it 

was recently shown that trastuzumab-deruxtecan/Enhertu is also highly effective in HER2low 

patients (110) illustrating that careful ADC design makes it possible to address lowly expressed 

targets. As FLT3 expression is rather low, this also has to be considered for an FLT3-targeting 

ADC. Therefore, an FLT3-ADC will probably require a highly potent payload and ideally a high 

DAR. The selection of an appropriate target for the extinction of AML LSCs has been described in 

chapter 1.2.2. 

1.4.2.2 The antibody molecule 

The antibody part of an ADC is crucial to direct the cytotoxic cargo to the right cell. Antibodies 

should have a high target affinity, low cross-reactivity with receptor paralogues/no off-target 

binding, long serum half-life and low immunogenicity. (105) Most ADCs use immunoglobulin G1 

(IgG1) antibodies due to their ability to trigger immune effector functions and their long half-life 

(104). IgG1 antibodies have a size of approximately 150 kDa and consist of two heterodimers of a 

heavy and a light chain, respectively, which are in turn connected through disulphide bonds (111, 

112). The fragment antigen binding (Fab) region consist of light chain, heavy chain variable region 

and a part of the heavy chain constant region (the CH1 domain). This is followed by the hinge 

region and CH2 + CH3 domains of the heavy chain which together form the Fc region. The Fc region 

is important for the mediation of effector functions such as ADCC, ADCP and CDC. (113) This is 

achieved by interaction with Fc gamma receptors (FcγRs) on target cells which bind to the Fc 
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region of antibodies, whereof 5 act activating (FcγRI, FcγRIIa, FcγRIIc, FcγRIIIa, and FcγRIIIb) and 

one inhibitory (FcγRIIb) on the binding cell (114). Most ADCs use humanized antibodies to avoid 

immunogenicity. Recent advances in antibody design are revolutionizing the ADC field. Examples 

are biparatropic antibodies (targeting two different epitopes on the same antigen which can 

improve internalization), bispecific antibodies (targeting two different antigens), Fc-engineered 

antibodies (increasing or ablating effector functions, improving serum half-life), use of antibody 

fragments (advantages in production, conjugation and solubility), and finally antibodies with a 

masked binding domain (selective activation in the tumor microenvironment). (105) 

1.4.2.3 Linking antibody and payload 

ADC payload and antibody are connected by linkers, which are another key-component 

determining the success of ADC therapy and which have to fulfil certain requirements. Firstly, the 

two connection points on antibody and drug should be selected in a way so that neither the 

antibody nor the drug functionality or stability is altered. Also, the linker should be stable in blood 

circulation and have no tendency to aggregate as both would impair the ADC’s effectivity. For 

production it is further relevant that the conjugation technique is simple, rapid and with high 

yield; the sites of conjugation should also be predictable and selective to avoid heterogeneous 

product mixtures. All currently approved ADCs use lysine or cysteine residues on the native 

antibody as attachment points for the linker. There are approximately 40 lysine residues in IgG1 

antibodies that can be conjugated to a drug. It is possible to control the number of attached drug 

molecules when conjugating to lysine residues, however, the position of the drug molecules on 

the antibody is difficult to control resulting in a mixture of different ADC species, which is a 

disadvantage of lysine conjugation. Cysteine conjugation mostly uses the 4 interchain S-S bonds 

that hold the antibody together. (105, 115) Maleimides are frequently used for their 

functionalization, however, maleimide conjugation is prone to thiol-exchange reaction leading to 

the loss of linker-payload to blood proteins (116) being a drawback of this method. It is also 

possible to modify the native antibody and create a handle for linker connection. Several methods 

have been suggested. For instance, one possibility is the incorporation of additional free cysteines 

(e.g. THIOMAB technology) (117) as naturally occurring cysteines in IgG are normally in S-S bonds 

and cannot be used directly for conjugation. Other possibilities to create attachment points are 

the incorporation of amino acids that are not naturally occurring in antibodies (non-canonical 

amino acids) (118) or enzymatic methods using transglutaminases (119), sortases (120) or 

glycotransferases (121). 

Linker molecules on all currently approved ADCs can be divided into cleavable or non-cleavable. 

ADCs with non-cleavable linkers are degraded by proteolysis in lysosomes after internalization 

(e.g. T-DM1/Kadcyla) freeing the payload. Cleavable linkers are either acid-sensitive (e.g. 

GO/Mylotarg), cleaved by reduction or by enzymes overexpressed in tumor cells, such as 
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cathepsin B (e.g. Brentuximab vedotin/Adcetris), which cleaves between the amino acids valine 

and citrulline. The latter group of linkers is currently more popular in ADC development, as non-

cleavable linkers have the disadvantage that the drug is still connected to a peptide-fragment 

which decreases membrane permeability and prevents bystander effects on neighboring cells, 

which is commonly regarded as favorable for ADC effectivity. (105) 

1.4.2.4 Choice of payload  

The ADC’s main function is mediated by the cytotoxic payload. As most payloads are lipophilic, 

only few molecules can be conjugated per antibody without increasing the chances of aggregation. 

Therefore, the chosen drug must be highly toxic – usually 100 to 1000-fold more potent than 

conventional chemotherapeutics. This is especially relevant for lowly expressed targets like FLT3. 

Further, the drug should be stable when stored or administered, and ideally no substrate of ABC 

transporters, which are a key-factor for ADC resistance development well-known from 

GO/Mylotarg in AML treatment. (105, 122) Of the 15 currently approved ADCs, more than half 

incorporate microtubule inhibitors (8 ADCs), three use DNA-damaging agents, two 

topoisomerase I inhibitors and the remaining two are conjugated to the peptide toxin 

pseudomonas exotoxin A (moxetumomab pasudotox/Lumoxiti), and the photosensitizer 

IRDye700DX (cetuximab saratalocan/Akalux), respectively. (104, 105) Microtubule-targeting 

agents include auristatins like the structural homologues monomethyl auristatin E and F (MMAE, 

MMAF), and maytansinoids. DNA-damaging agents comprise pyrrolobenzodiazepines (PBDs), 

indolino-benziodiazepine dimers (IGNs), calicheamicin γ, and duocarmycins (DCMs) including 

seco-DUBA and CC-1065. PBD and IGN crosslink DNA through binding to the N2-position in 

guanine. Calicheamicin γ binds DNA and after Bergmann cyclization forms diradicals which lead 

to DNA double strand breaks. DCMs alkylate the N3-position of adenine residues in the DNA minor 

groove ultimately also resulting in DNA strand breaks. A third class of ADC payloads are 

topoisomerase I inhibitors like camptothecin and its derivatives irinotecan, topotecan, SN-38, 

exatecan, and deruxtecan. Apart from that, inhibitors of the spliceosome, RNA polymerase 

inhibitors, protein toxins, immunomodulating agents or antibiotics are conjugated to ADCs, 

however so far not as frequently as the other payload classes. (105, 123)  

To target LSCs, the ADC payload should have a mechanism of action that is independent of cell 

proliferation and division as LSCs are quiescent. Therefore, microtubule-targeting agents are 

commonly not regarded as ideal choice for stem-cell eradication and other payloads such as DNA-

damaging or topoisomerase I-targeting ones are preferred (123-125). Of the DNA-damaging 

agents DUBA is a promising payload candidate as it is highly potent with picomolar to nanomolar 

half-maximal inhibitory concentration (IC50) values (123). So far DUBA-ADCs have been studied 

mostly pre-clinically except for the HER2-directed DUBA-ADC SYD985 (by Byondis), which 
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advanced to phase III clinical trials (126). The FDA however recently issued a complete response 

letter suspending the decision on the ADC’s approvability (127).  

Lastly, after the payload has been chosen, the number of drug molecules conjugated per antibody 

molecule, the DAR, has to be refined. Depending on the linker system used, this might not always 

be possible but is an important factor for successful ADC design. Currently approved ADCs have 

DARs of 1.8-8, most frequently around 4. Depending on the properties of the payload such as 

hydrophobicity a very high DAR might result in aggregation, might increase toxicity, and increase 

clearance in the blood, which reduces efficacy. A very low DAR in turn might be a disadvantage if 

the target expression is low and the payload not so potent. (105) Finally, it should be noted that 

especially the linkage of the payload and the antibody is chemically quite challenging and not 

every linker system can be applied to every payload. Therefore, although knowledge about ideal 

ADC design is rapidly increasing, the realization of ideal ADCs can be difficult. 
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1.5 Aims of this work 

Despite recent advances, relapse and refractory disease pose major challenges to AML therapy 

and LSCs have been identified as a major driving factor in this. The RTK FLT3 is a well-known 

therapeutic target in AML and has been described as an LSC-specific surface marker. ADCs 

represent an elegant option to selectively target those LSC surface markers like FLT3 as they 

combine the specificity of antibodies with highly potent toxins. In a previous project, our group 

developed the FLT3-targeting ADC 20D9-MMAF, but its potency towards LSCs has not yet been 

evaluated. Aim of this project was to further develop this ADC and to optimize it for LSC targeting. 

This also included the question if LSC-targeting via FLT3 with an ADC is generally possible, which 

payload to choose for this purpose and if DNA-damaging agents are superior to microtubule-

toxins, which is a common notion in the ADC community. 

To this end, 20D9 antibody was humanized and the binding, cross-reactivity and internalization 

were extensively evaluated for these humanized clones, resulting in the selection of 20D9h3-mAb 

as lead candidate for further development. Different payloads were then tested on cell lines 

regarding their potency and their ability to eliminate proliferation-inhibited cells. DUBA and 

MMAF were chosen as representatives of DNA-damaging and microtubule-targeting agents, 

respectively, and conjugated to humanized 20D9h3-mAb. The resulting FLT3-ADCs were 

evaluated for their efficacy using cytotoxicity assays in AML cell lines and in FLT3-expressing 

transgenic Ba/F3 cells, and mechanistically assessed in cell cycle and apoptosis assays. The linker 

stability of both ADCs was evaluated in pharmacokinetic studies and the ADCs were tested in vivo 

in NSG mice. The following and main part of this work focused on the activity analysis of both 

ADCs towards leukemic stem and progenitor cells in vitro/ex vivo using gold-standard assays: 

colony-forming unit (CFU) assay, long-term culture initiating cell (LTC-IC) assay, and leukemia-

initiating cell (LIC) assay. Similar assays were carried out with hematopoietic stem and progenitor 

cells from healthy donors to evaluate toxicities. Finally, for the DUBA-ADC, combinations with 

either ATR or BCL-2 inhibitors were tested which both could be promising approaches to 

potentiate the ADC’s efficacy regarding LSC-elimination.  
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2 Material and Methods 

2.1 Material 

2.1.1 Chemical reagents 

Table 2: List of chemical reagents. 

reagent supplier 

2-propanol AppliChem (Darmstadt, Germany) 
20D9h3-ADCs  Own production 
20D9h3-LALA-ADC Own production 
Agarose Carl Roth (Karlsruhe, Germany) 
Ampicillin sodium salt Sigma-Aldrich (St. Louis, MO, USA) 
Annexin V Binding Buffer, 10X concentrate BD Biosciences (Franklin Lakes, USA) 
APC Annexin V BD Biosciences (Franklin Lakes, USA) 
Aphidicolin Sigma-Aldrich (St. Louis, MO, USA) 
AttoPhos AP fluorescent substrate system Promega (Madison, WI, USA) 
Beta-Mercaptoethanol Sigma-Aldrich (St. Louis, MO, USA) 
Biocoll solution Sigma-Aldrich (St. Louis, MO, USA) 
Bovine serum albumin (BSA), fraction V, 
IgG-free, NZ-origin 

Carl Roth (Karlsruhe, Germany) 

Bradford Protein Assay Dye Biorad (Hercules, CA, USA) 
Calcium chloride 2-hydrate (CaCl2 · 2H2O) AppliChem (Darmstadt, Germany) 
Ceralasertib (AZD6738) Sellekchem (Houston, TX, USA) 
Carboxylesterase 1c protein, mouse MedChemExpress (Monmouth Junction, NJ, 

USA) 
Collagen Solution STEMCELL Technologies (Vancouver, Canada) 
Coulter Clenz Cleaning Agent Beckman Coulter (Krefeld, Germany) 
Coulter Isoton II Diluent Beckman Coulter (Krefeld, Germany) 
DAPI (4′,6-Diamidin-2-phenylindol) Sigma-Aldrich (St. Louis, MO,USA) 
DEPC-treated water Thermo Fisher Scientific (Waltham, MA, USA) 
DH5α competent bacteria Thermo Fisher Scientific (Waltham, MA, USA) 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich (St. Louis, MO,USA) 
Disodium hydrogen phosphate (Na2HPO4) Carl Roth (Karlsruhe, Germany) 
Duocarmycin MedChemExpress (Monmouth Junction, NJ, 

USA) 
EcoRI New England Biolabs (Frankfurt, Germany) 
Ethanol Merck Millipore (Darmstadt, Germany) 
Ethanol, absolute Sigma-Aldrich (St. Louis, MO, USA) 
Ethylene glycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA) 

Carl Roth (Karlsruhe, Germany) 

Exatecan MedChemExpress (Monmouth Junction, NJ, 
USA) 

Glycerol AppliChem (Darmstadt, Germany) 
Glycine Sigma-Aldrich (St. Louis, MO,USA) 
HBS 2x Sigma-Aldrich (St. Louis, MO,USA) 
Human serum PAN-Biotech (Aidenbach, Germany) 
Hydrochloric acid (HCl) Carl Roth (Karlsruhe, Germany) 
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) 

AppliChem (Darmstadt, Germany) 

Laemmli sample buffer 2x Biorad (Hercules, CA, USA) 
LB-agar (Lennox) Carl Roth (Karlsruhe, Germany) 
LB-medium Carl Roth (Karlsruhe, Germany) 
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Magnesium chloride 6-hydrate AppliChem (Darmstadt, Germany) 
Methanol Carl Roth (Karlsruhe, Germany) 
Milk powder (for blotting) Carl Roth (Karlsruhe, Germany) 
Monomethyl auristatin E MedChemExpress (Monmouth Junction, NJ, 

USA) 
Monomethyl auristatin F MedChemExpress (Monmouth Junction, NJ, 

USA) 
Novex Wedgewell 4-20%, Tris-Glycin,1,0 
mm, Mini-Protein-Gel,10 or 12 Wells 

Thermo Fisher Scientific (Waltham, MA, USA) 

O’GeneRuler 1 kb Plus DNA ladder Thermo Fisher Scientific (Waltham, MA, USA) 
Orange DNA loading dye (6x) Thermo Fisher Scientific (Waltham, MA, USA) 
PBS Dulbecco w/o Mg2+, Ca2+ PAN-Biotech (Aidenbach, Germany) 
Pierce ECL Plus Western Blotting Substrate Thermo Fisher Scientific (Waltham, MA, USA) 
PNGase F solution Promega (Madison, WI, USA) 
Polybrene Sigma-Aldrich (St. Louis, MO, USA) 
Potassium chloride (KCL) AppliChem (Darmstadt, Germany) 
Pre-diluted BGG Protein Assay Standard Thermo Fisher Scientific (Waltham, MA, USA) 
Propidium iodide solution Sigma-Aldrich (St. Louis, MO, USA) 
Protease inhibitor cocktail (100x) Cell Signaling Technology (Danvers, MA, USA) 
Resazurin sodium salt Sigma-Aldrich (St. Louis, MO, USA) 
Restore™ PLUS Western Blot Stripping 
buffer 

Thermo Fisher Scientific (Waltham, MA, USA) 

RNase A Thermo Fisher Scientific (Waltham, MA, USA) 
RNase AWAY Thermo Fisher Scientific (Waltham, MA, USA) 
S.O.C. Medium Thermo Fisher Scientific (Waltham, MA, USA) 
Sodium azide (NaN3) Carl Roth (Karlsruhe, Germany) 
Sodium chloride (NaCl) Carl Roth (Karlsruhe, Germany) 
Sodium citrate (C6H5Na3O7) Sigma-Aldrich (St. Louis, MO, USA) 
Sodium dihydrogen phosphate (NaH2PO4) Carl Roth (Karlsruhe, Germany) 
Sodium dodecyl sulfate (SDS) Sigma-Aldrich (St. Louis, MO, USA) 
Sodium fluoride (NaF) Sigma-Aldrich (St. Louis, MO, USA) 
Sodium orthovanadate (Na3VO4) Sigma-Aldrich (St. Louis, MO, USA) 
Sodium pyrophosphate decahydrate 
(Na4P2O7x10H2O) 

Sigma-Aldrich (St. Louis, MO, USA) 

Spectra™ Multicolor Broad Range Protein 
Ladder 

Thermo Fisher Scientific (Waltham, MA, USA) 

StellarTM competent cells Takara (Kyoto, Japan) 
Sulphuric acid (H2SO4) Sigma-Aldrich (St. Louis, MO, USA) 
SYBR Safe DNA gel stain Thermo Fisher Scientific (Waltham, MA, USA) 
TAE Buffer 10x Apotheke LMU Klinikum (Munich, Germany) 
TBS Buffer 10x Apotheke LMU Klinikum (Munich, Germany) 
Tris(2-Carboxyethyl)phosphine (TCEP) Merck Millipore (Darmstadt, Germany) 
Tris-(hydroxymethyl)-aminomethan (TRIS) Carl Roth (Karlsruhe, Germany) 
Triton X-100 Sigma-Aldrich (St. Louis, MO, USA) 
Trypan Blue Sigma-Aldrich (St. Louis, MO, USA) 
Tween 20 Sigma-Aldrich (St. Louis, MO, USA) 
Ultra TMB-ELISA substrate solution Thermo Fisher Scientific (Waltham, MA, USA) 
Vc-seco-DUBA MedChemExpress (Monmouth Junction, NJ, 

USA) 
Venetoclax (ABT-199) MedChemExpress (Monmouth Junction, NJ, 

USA) 
XhoI New England Biolabs (Frankfurt, Germany) 
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2.1.2 Media and cytokines 

Table 3: List of used media, supplements and antibiotics for cell culture. 

name supplier catalogue 

number 

Advanced RPMI 1640 Thermo Fisher Scientific (Waltham, MA, USA) 12633020 

Alpha MEM with 

Nucleosides 

STEMCELL Technologies (Vancouver, Canada) 36450 

BIT 9500 Serum Substitute STEMCELL Technologies (Vancouver, Canada) 09500 

BM cyclin Merck (Darmstadt, Germany) 10799050001 

DMEM, high glucose Thermo Fisher Scientific (Waltham, MA, USA) 11965092 

DNAse I Merck (Darmstadt, Germany) 04536282001 

DPBS, w/o: Ca and Mg PAN-Biotech (Aidenbach, Germany) P04-36500 

Fetal bovine serum (FBS) PAN-Biotech (Aidenbach, Germany) P30-3306 

Geneticin™ Thermo Fisher Scientific (Waltham, MA, USA) 10131035 

GlutaMAX™ Supplement Thermo Fisher Scientific (Waltham, MA, USA) 35050061 

HBSS, Modified (Without 

Ca++ and Mg++) 

STEMCELL Technologies (Vancouver, Canada) 37250 

Hydrocortisone STEMCELL Technologies (Vancouver, Canada) 74142 

Iscove's MDM with 2% FBS STEMCELL Technologies (Vancouver, Canada) 07700 

Iscove's Modified Dulbecco's 

Medium 

STEMCELL Technologies (Vancouver, Canada) 36150 

L-Glutamine STEMCELL Technologies (Vancouver, Canada)  

MethoCult™ H4034 

Optimum 

STEMCELL Technologies (Vancouver, Canada) 04034 

MethoCult™ H4330 STEMCELL Technologies (Vancouver, Canada) 04330 

MyeloCult™ H5100 STEMCELL Technologies (Vancouver, Canada) 05150 

Penicillin-Streptomycin 

(10.000 U/ml Penicillin, 10 mg/ml 

Streptomycin) 

PAN-Biotech (Aidenbach, Germany) P06-07050 

RPMI 1640, GlutaMAXTM 

supplement 

Thermo Fisher Scientific (Waltham, MA, USA) 61870044 

StemMACS™ HSC-CFU Media 

complete with EPO, human 

Miltenyi Biotec (Bergisch Gladbach, Germany) 130-091-280 

StemProTM-34 SFM Thermo Fisher Scientific (Waltham, MA, USA) 10639011 

Sterile water, for cell culture PAN-Biotech (Aidenbach, Germany) P04-991000 

Trypsin-EDTA (0.25%) Thermo Fisher Scientific (Waltham, MA, USA) 25200056 
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Table 4: Used cytokines and recombinant proteins. 

name species application supplier catalogue number 

     

EPO human Colony assays, healthy BM 

cell cultivation 

ImmunoTools 11344795 

FLT3 human ELISA Sino biologics 10445-H08H 

FLT3L human PDX cell cultivation R&D Systems 308-FKN-100 

G-CSF human Colony assays, healthy BM 

cell cultivation 

ImmunoTools 11343123 

GM-CSF human  Colony assays, healthy BM 

cell cultivation 

ImmunoTools 11343133 

IL-3 human Colony assays, PDX and 

healthy BM cell cultivation 

ImmunoTools 11340033 

IL-3 mouse Ba/F3 cell culture ImmunoTools 12340035 

IL-6 human Colony assays, healthy BM 

cell cultivation 

ImmunoTools 11340064 

SCF human Colony assays, PDX and 

healthy BM cell cultivation 

ImmunoTools 11343325 

TPO human PDX cell cultivation Peprotech 300-18-100 

 

2.1.3 Kits and buffers 

Table 5: List of used kits. 

kit application supplier 
   

Bovine Gamma Globulin 
Standard Pre-Diluted Set 

Determination of protein/ADC 
concentration 

Thermo Fisher Scientific 
(Waltham, MA, USA) 

CD34 MicroBead kit, human Enrichment of CD34-positive 
HSPCs from bone marrow 

Miltenyi Biotec (Bergisch 
Gladbach, Germany) 

CellTiter-Glo 3D Cell Viability 
Assay 

Cytotoxicity assays Promega (Madison, WI, 
USA) 

CloneAmpTM HiFi PCR Premix High-fidelity fast PCR, used 
with In-fusion cloning 

Takara (Kyoto, Japan) 

Dead cell removal kit Remove dead PDX cells after 
thawing  

Miltenyi Biotec (Bergisch 
Gladbach, Germany) 

Endofree Plasmid Maxi Kit Purification of plasmid-DNA 
(up to 10 mg) 

Qiagen (Hilden, Germany) 

ExpiCHO™ Expression System 
Kit 

mAb production Thermo Fisher Scientific 
(Waltham, MA, USA) 

In-Fusion Snap Assembly 
Master Mix with Competent 
Cells 

Cloning of PCR fragments into 
linearized vectors 

Takara (Kyoto, Japan) 
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LIVE/DEAD™ Fixable Aqua 
Dead Cell Stain Kit, 405 nm 

Live-dead stain for flow 
cytometry 

Thermo Fisher Scientific 
(Waltham, MA, USA) 

Mouse Cell Depletion Kit Removal of mouse cells from 
PDX samples after isolation 
from spleen/BM of NSG mice 

Miltenyi Biotec (Bergisch 
Gladbach, Germany) 

pHrodo Deep Red antibody 
labelling kit 

Labelling of anti-human IgG1 
with pHrodo dye 

Thermo Fisher Scientific 
(Waltham, MA, USA) 

QIAamp DNA Blood Mini Kit gDNA isolation from cell lines 
for cell line authentication 

Qiagen (Hilden, Germany) 

QIAprep Spin Miniprep Kit Purification of plasmid-DNA 
(up to 20 µg) 

Qiagen (Hilden, Germany) 

QIAquick Gel Extraction Kit Agarose gel extraction (up to 
10 µg DNA) 

Qiagen (Hilden, Germany) 

QIAquick PCR Purification Kit Purification of PCR products 
(up to 10 µg)  

 

QuikChange II XL Site-Directed 
Mutagenesis Kit 

Introduction of site-specific 
mutations into double-
stranded plasmid DNA 

Agilent (Santa Clara, CA, 
USA) 

Rapid Gold BCA Protein Assay Determination of protein/ADC 
concentration 

Thermo Fisher Scientific 
(Waltham, MA, USA) 

 

Table 6: List of used buffers and their composition. 

buffer components 
  

Agarose gels (0.8 % - 1.5 %) 0.8-1.5 % agarose in 1x TAE buffer with SYBR Safe 
(1:10,000) 

Annexin binding buffer 1x 10x Annexin binding buffer 1:10 diluted in d2H2O 
A-SEC phosphate buffer, pH 7 (A-SEC, 
Dr. Marc-André Kasper, Tubulis) 

20 mM Na2HPO4/NaH2PO4, 300 mM NaCl, 5% v/v 
isopropyl alcohol 

Blocking buffer (ELISA) PBS-T, 0.5% BSA IgG-free 
Blocking solution (Western Blot)  TBS-T, 5% milk powder or 

TBS-T, 5% BSA IgG-free (for phospho-proteins) 
Calciumchlorid 2 M CaCl2, sterile filtered 
Electrophoresis buffer 10x (Western 
Blot) 

151.4 g Tris, 720.7 g glycin, 50 g sodium dodecyl 
sulfate → Add up to 5 l with d2H20 

FACS buffer PBS, 2% FBS 
Freezing buffer FBS, 10% DMSO 
KCM 5x 500 mM KCL, 150 mM CaCl2 250 mM MgCl2 

LB agar plates 35 g LB-agar, add up to 1 l d2H20, autoclave → 
20 ml were added per 10 cm Petri dish → after 
solidification: mix 40 µl 100 µg/ml ampicillin and 
60 µl SOC medium and distribute on each plate 

LB medium 20 g LB-medium, add up to 1 l d2H20, autoclave 
Lysis buffer (Western Blot) 25 ml 1 M HEPES (pH 7.5), 15 ml 5 M NaCl,  

2.5 ml 200 mM EGTA, 100 ml 50% glycerol, 5 ml 
Triton X-100, 2.1 g NaF, 2.2 g Na4P2O7x10H2O → 
Add up to 0.5 l with d2H20 

mAb binding buffer pH 7.5 (antibody 
purification, Jonathan Schwach, LMU) 

20 mM NaH2PO4, 50 mM NaCl, 1 mM EDTA, sterile 
filtered 

mAb elution buffer pH 3.0 (antibody 
purification, Jonathan Schwach, LMU) 

100 mM sodium citrate, sterile filtered 
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mAb neutralization buffer pH 9.0 
(antibody purification, Jonathan 
Schwach, LMU) 

1 M Tris-HCl, sterile filtered 

mAb storage buffer pH 7.3 100 mM L-arginine in PBS, sterile filtered 
P5-conjugation buffer pH 8.3 (MMAF-
conjugation, Dr. Marc-André Kasper, 
Tubulis GmbH) 

50 mM Tris, 1 mM EDTA, 100 mM NaCl 

PBS-T (Washing buffer for ELISA) PBS, 0.05% Tween 20 
Phosphate buffer pH 7.0 (analytical SEC, 
Dr. Marc-André Kasper, Tubulis GmbH)  

20 mM Na2HPO4/NaH2PO4, 300 mM NaCl, 5% v/v 
isopropyl alcohol as a mobile phase 

Propidium iodide buffer pH 8.0 (cell 
cycle analysis) 

10 ml PI solution (1 mg/ml), 500 mg sodium 
citrate, 500 µl Triton X-100, 500 ml d2H2O 

TAE, 10x 242.3 g Tris, 18.61 g Na2H2EDTA, 59.85 g HCl → 
add up to 5 l with d2H2O 

TBS 10x, pH 8.0 60.57 g Tris, 483.3 g sodium chloride → add up to 
5 l with d2H2O 

TBS-T (Western Blot) 100 ml TBS (10x), 900 ml d2H2O, 1% Tween 20 
Transfer buffer (Western Blot) 15 g Tris, 71 g glycine, 790 g methanol → add up 

to 5 l with d2H2O 
 

2.1.4 Consumables, laboratory equipment and software 

Table 7: List of consumables. 

name supplier 
  

µ-slide 8 Well high Glass Bottom Ibidi (Gräfelfing, Germany) 
3cc syringes STEMCELL Technologies (Vancouver, 

Canada) 
Acquity UPLC Protein BEH C4 Column, 300 Å, 
1.7 µm, 2.1 mm x 50 mm 

Waters Corporation (Milford, MA, USA) 

Amicon® Ultra 0.5/2 ml Centrifugal Filters Merck (Darmstadt, Germany) 
Blunt-end needles, 16 gauge STEMCELL Technologies (Vancouver, 

Canada) 
Cell scraper, 25 cm Greiner Bio One (Frickenhausen, Germany) 

Combitips advanced (1 ml, 5 ml, 10 ml) Eppendorf (Hamburg, Germany) 

Cryo Tube Vial Sarstedt (Numbrecht, Germany) 

Cuvettes, macro and halfmicro, PMMA  Brand (Wertheim, Germany) 
Deepwell Plate 96/1000 µl Eppendorf (Hamburg, Germany) 
Diamond Tower Pack (D10, D200, D1000) Gilson (Middleton, WI, USA) 
Disposable bags Brand (Wertheim, Germany) 
EASYstrainer 40 µm, 70 µm Carl Roth (Karlsruhe, Germany) 
epT.I.P.S Reloads 2-200 µl, 50-1000 µl Eppendorf (Hamburg, Germany) 
Gel-loading pipet tips Thermo Fisher Scientific (Waltham, MA, USA) 
HiTrap MabSelect SuRe Cytiva (Marlborough, MA, USA) 
MabPac HIC Butyl 4.6 x 100 mm column Thermo Fisher Scientific (Waltham, MA, USA) 
MAbPac SEC-1 300 Å, 4 x 300 mm column Thermo Fisher Scientific (Waltham, MA, USA) 
Microplate 96-well, F-bottom black, MaxiSorp Thermo Fisher Scientific (Waltham, MA, USA) 
Mr. FrostyTM Freezing Container Thermo Fisher Scientific (Waltham, MA, USA) 
Neubauer Counting Chamber Paul Marienfeld GmbH & Co. KG (Lauda 

Königshofen, Germany) 
Novex Empty Gel Cassette, 1.0 mm Thermo Fisher Scientific (Waltham, MA,USA) 
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NuncTM multidish 48wp Thermo Fisher Scientific (Waltham, MA,USA) 
OPS™ essential drapes Medline (Northfield, IL, USA) 
Parafilm Sigma-Aldrich (St. Louis, MO, USA) 
Purple Nitril Gloves Halyard Health (Alpharetta, GA, USA) 
Reagent reservoirs, 50 ml Heathrow Scientific  (Vernon Hills, IL, USA) 
Safe-Lock Tubes (1.5 ml, 1.5 ml brown, 2 ml)  Eppendorf (Hamburg, Germany) 
Serological pipettes (2 ml, 5 ml, 10 ml , 25 ml) Sarstedt (Numbrecht, Germany) 
SmartDishTM 6-well plates STEMCELL Technologies (Vancouver, 

Canada) 
Square 245 mm Bio-Assay trays Corning (Corning, NY, USA) 
STEMgridTM-6 counting grid STEMCELL Technologies (Vancouver, 

Canada) 
Superdex™ 200 Increase 10/300GL  Cytiva (Marlborough, MA, USA) 
TC Flask T25, T75, T175, suspension Sarstedt (Numbrecht, Germany) 
TC Plate 6-well - 96-well, suspension Sarstedt (Numbrecht, Germany) 
TC-treated culture dish 35 mm Corning (Corning, NY, USA) 
Transfer membrane PVDF 0.45, 375×30 cm Carl Roth (Karlsruhe, Germany) 
Tube 5 ml, 75x12 mm (for FACS) Sarstedt (Numbrecht, Germany) 
Tube 15 ml, 120x17 mm Sarstedt (Numbrecht, Germany) 
Tube 50 ml, 114x28 mm Sarstedt (Numbrecht, Germany) 
U-bottom plate, 96-well Sarstedt (Numbrecht, Germany) 
Ultrafree-MC, GV 0,22 µm, steril, centrifugal 
filters 

Merck (Darmstadt, Germany) 

Vanquish™ Flex UHPLC-System Thermo Fisher Scientific (Waltham, MA,USA) 
Vasco Nitrile Blue Gloves B. Braun (Melsungen, Germany) 
V-bottom plate, 96-well Sarstedt (Numbrecht, Germany) 
Zeba Spin Desalting Columns Thermo Fisher Scientific (Waltham, MA,USA) 

 

Table 8: List of laboratory equipment. 

device supplier 
  

Acquity UPLC H-Class PLUS System Waters Corporation (Milford, MA, USA) 
Äkta pure FPLC system GE Healthcare (Chicago, IL, USA) 
Äkta pureTM chromatography system Cytiva (Marlborough, MA, USA) 
Analytical balance ABJ 220-4NM Kern & Sohn (Balingen-Frommern, Germany) 
BioPhotometer Eppendorf ( Hamburg, Germany) 
Biorad Mini Protean Tetra system Biorad (Hercules, CA, USA) 
Centrifuge 5424R, 5430 Eppendorf (Hamburg, Germany) 
CO2 incubator CB210 BINDER (Tuttlingen, Germany) 
DeNovix DS-11+ spectrophotometer DeNovix (Wilmington, DE, USA) 
E-BOX VX2 Vilber Lourmat (Eberhardzell, Germany) 
Flow Cytometer Canto II BD Biosciences (Franklin Lakes, USA) 
Fluorescent microscope DMi8 Leica Microsystems (Wetzlar, Germany) 
Freezer -20 °C Liebherr (Bulle FR, Switzerland) 
Freezer -80 °C, TLE Thermo Fisher Scientific (Waltham, MA, USA) 
Fusion SL4 imaging system Vilber Lourmat (Eberhardzell, Germany) 
Heating block Thermomixer compact Eppendorf (Hamburg, Germany) 
Heraeus Megafuge 40R, X10R Thermo Fisher Scientific (Waltham, MA, USA) 
High precision scale PCB 2500-2 Kern & Sohn (Balingen-Frommern, Germany) 
Ice machine FM-170AKE Hoshizaki (Amsterdam, NL) 
Inverted microscope AE2000 Motic (Hong Kong, China) 
Liquid nitrogen tank Cryoson (Schollkrippen, Germany) 
Magnetic stirrer MR3001 Heidolph (Schwabach, Germany) 
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Microplate reader GloMax® Discover Promega (Madison, WI, USA) 
Microscope Keyence BZ-X810 Keyence (Osaka, Japan) 
Microscope ZEISS Primovert Carl Zeiss (Oberkochen, Germany) 
Multichannel pipettes Research Pro Eppendorf ( Hamburg, Germany) 
Multipette E3X Eppendorf ( Hamburg, Germany) 
Multitron incubation shaker Infors HAT (Basel, Switzerland) 
NanoDrop spectrophotometer 1000 Thermo Fisher Scientific (Waltham, MA, USA) 
PCR cycler PeqSTAR 2x Gradient Peqlab (Wilmington, DE, USA) 
Pipetus accu-jet pro Brand (Wertheim, Germany) 
PowerPac 300 electrophoresis power supply Biorad (Hercules, CA, USA) 
Research Plus Pipettes (0.1-2.5 μl, 2-20 μl, 20-
200 μl, 100-1000 μl) 

Eppendorf ( Hamburg, Germany) 

Roll mixer Start SRT6 Merck (Darmstadt, Germany) 
Tecan Infinite 200 PRO microplate reader Tecan Group (Männedorf, Switzerland) 
Thermomixer compact Eppendorf ( Hamburg, Germany) 
Ultrapure water system Milli-Q System Merck Millipore (Darmstadt, Germany) 
Vertical Autoclave VX-150, VX-95 Systec (Linden, Germany) 
Vi-CELLTM XR Cell Viability Analyzer  Beckman Coulter (Krefeld, Germany) 
Vortexer Genie II Scientific Industries (Bohemia, NY, USA) 
Water Bath Type 1003 GFL (Burgwedel, Germany) 
Water Bath Hydro H16 Lauda (Lauda-Königshofen, Germany) 
Waters XEVO G2-XS QTof Waters Corporation (Milford, MA, USA) 
Xcell SureLock Mini Cell for SDS gel 
electrophoresis 

Invitrogen (Darmstadt, Germany) 

 

Table 9: List of used software applications. 

software application supplier 
   

Benchling Sequence alignment Benchling (San Francisco, CA, 
USA) 

Biorender Design of biological schemes 
and illustrations 

Biorender AG (Munchwilen 
TG, CH) 

BZ-X810 Analyzer software Analysis and processing of 
microscopy images 

Keyence (Osaka, Japan) 

CLASTR 1.4.4 online tool Cell line authentication Swiss Institute of 
Bioinformatics (Lausanne, 
Switzerland) 

E-Capt 15.06 Agarose gel imaging Vilber Lourmat (Eberhardzell, 
Germany) 

Ensembl Release 109 Genome browser EMBL-EBI (Cambridge, UK) 
FlowJoTM v10.8.1 Analysis of flow cytometry 

data 
BD Biosciences (Franklin Lakes, 
USA) 

FusionCapt Advance 16.11 Western Blot imaging Vilber Lourmat (Eberhardzell, 
Germany) 

GraphPad Prism 10.1.2 Data analysis, statistics and 
blotting 

GraphPad Software (La Jolla, 
CA, USA) 

MaxEnt 1 Analysis of MS data Waters Corporation (Milford, 
MA, USA) 

Microsoft Office 2016 Data analysis, figure design, 
writing  

Microsoft (Redmond, WA, 
USA) 

SnapGene 6.0.6 Primer design, vector maps GSL Biotech LLC (Boston, MA, 
USA) 
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SynergyFinder web 
application (version 3.0) 

Interactive analysis of drug 
combination data, 
calculation of synergy scores 

Institute for Molecular Medicine 
Finland (FIMM), HiLIFE, 
University of Helsinki, Finland 

Vast+ NCBI online tool Identification of similar 
protein 3D structures 

NCBI (Bethesda, MD, USA) 

 

2.1.5 Antibodies 

Table 10: List of used commercial antibodies: Western Blot 

target species 

of origin 

clonality and 

isotype 

protein 

size  

supplier catalogue 

number 

 

Primary antibodies 

β-Actin mouse monoclonal IgG1 42 kDa Merck A5441 

ATR (C-1) mouse monoclonal IgG1 κ 250 kDa Santa Cruz 

Biotechnology 

sc-515173 

Chk1 (2G1D5) mouse monoclonal IgG1 56 kDa Cell Signaling 2360S 

FLT3  rabbit polyclonal IgG 160/130 

kDa. 

Santa Cruz 

Biotechnology 

sc-340 

p53 mouse monoclonal IgG2b 53 kDa Cell Signaling 48818 

Phospho-

ATR(Thr1989) 

rabbit polyclonal IgG 250 kDa Genetex GTX128145-

25 

Phospho-

Chk1(Ser345) 

rabbit monoclonal IgG 56 kDa Cell Signaling 2348T 

 

Secondary antibodies 

Mouse anti-

rabbit IgG-HRP 

mouse monoclonal IgG1 - Santa Cruz 

Biotechnology 

sc-2357 

m-IgGκ BP-

HRP 

- - - Santa Cruz 

Biotechnology 

sc-516102 

 

Table 11: List of used commercial antibodies: Flow cytometry and ELISA  

antibody name fluorophore / 

Conjugate 

supplier catalogue number 

(clone) 

    

Anti-duocarmycin (human IgG1 

backbone) 

Unconjugated In-house 

production 

patent WO2016046 

173A1 (B6-2-10) 

Goat F(ab’)2 anti-human IgG Alexa Fluor 647 Southern Biotech 2042-31 
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Mouse anti-human CD64 

(FcγRI) 

PE BD Biosciences 558592 (10.1) 

Mouse anti-human CD117 (c-

kit) 

Alexa Fluor 647 Biolegend 313235 (104D2) 

Mouse anti-human CD135 

(FLT3) 

Alexa Fluor 647 BD Biosciences 563494 (4G8) 

Mouse anti-human CD140a 

(PDGFRα) 

Alexa Fluor 647 BD Biosciences 562798 (αR1) 

Mouse anti-human CD309 

(VEGFR-2) 

Alexa Fluor 647 BD Biosciences 560871 (89106) 

Mouse anti-human IgG Fc 

specific antibody 

Unconjugated Sigma-Aldrich I6260 (GG-7) 

Mouse IgG1 κ isotype control Alexa Fluor 647 BD Biosciences 565571 (MOPC-21) 

Mouse IgG1 κ isotype control PE BD Biosciences 555749 (MOPC-21) 

Mouse IgG2a κ isotype control Alexa Fluor 647 BD Biosciences 557715 (G155-178) 

Rabbit Anti-MMAF pAb Unconjugated Levena LEV-PAF1-100 

Rat anti-human CD115 

(CSF1-R) 

Alexa Fluor 647 BD Biosciences 564945 (9-4D2-14) 

Rat IgG1 κ isotype control Alexa Fluor 647 BD Biosciences 557731 (R3-34) 

Secondary anti-human IgG Alexa Fluor 647 Southern Biotech 2015-31 

Secondary goat anti-human 

kappa light chain  

HRP Thermo Fisher 

Scientific 

A18853 

Secondary goat anti-human IgG In-house 

conjugation  

Jackson 

ImmunoResearch 

109-005-008 

Secondary Alkaline 

phosphatase 

Jackson 

ImmunoResearch 

309-055-008 

 

Table 12: List of used experimental antibodies. 

name type of antibody supplier 

   

20D9 Chimerized IgG1 anti-human FLT3 In-house production 

20D9h1 Humanized IgG1 anti-human FLT3 In-house production 

20D9h2 Humanized IgG1 anti-human FLT3 In-house production 

20D9h3 Humanized IgG1 anti-human FLT3 In-house production 

20D9h3-LALA Humanized IgG1 anti-human FLT3 with 

engineered Fc (Leu234Ala, Leu235Ala) 

In-house production 
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20D9h4 Humanized IgG1 anti-human FLT3 In-house production 

20D9h5 Humanized IgG1 anti-human FLT3 In-house production 

20D9h6 Humanized IgG1 anti-human FLT3 In-house production 

20D9h7 Humanized IgG1 anti-human FLT3 In-house production 

20D9h8 Humanized IgG1 anti-human FLT3 In-house production 

20D9h9 Humanized IgG1 anti-human FLT3 In-house production 

20D9h10 Humanized IgG1 anti-human FLT3 In-house production 

20D9h11 Humanized IgG1 anti-human FLT3 In-house production 

20D9h12 Humanized IgG1 anti-human FLT3 In-house production 

20D9h13 Humanized IgG1 anti-human FLT3 In-house production 

20D9h14 Humanized IgG1 anti-human FLT3 In-house production 

20D9h15 Humanized IgG1 anti-human FLT3 In-house production 

20D9h16 Humanized IgG1 anti-human FLT3 In-house production 

IgG1 Synagis, Palivizumab IgG1 anti-RSV AbbVie (404770) 

IgG1-LALA Synagis, Palivizumab IgG1 anti-RSV In-house production 

 

2.1.6 Plasmids and primers 

Table 13: List of used plasmids. 

plasmid name application supplier 
   

pCDH-EF1a-eFFly-mCherry Lentiviral expression 
vector 

Addgene (104833, Watertown, 
MA, USA) 

pMIY-FLT3 NPOS F691I Retroviral expression 
vector 

This work 

pMIY-FLT3 NPOS F691L Retroviral expression 
vector 

This work 

pMIY-rat FLT3 Retroviral expression 
vector 

This work 

pRP[Exp]-CAG>rFlt3 Cloning of rat FLT3 VectorBuilder (Chicago, IL, USA) 
 

Table 14: List of used primers. All primers were ordered at metabion (Planegg, Germany). 

primer name 5’ → 3’ sequence application  
   

hFLT3-F691I for CAC CAT AGC AAC AGT ATT CAA TAA TCA AGT AAA TTG 
GTC CTG AC 

Mutagenesis 

hFLT3-F691I rev GTC AGG ACC AAT TTA CTT GAT TAT TGA ATA CTG TTG 
CTA TGG TG 

Mutagenesis 

hFLT3-F691L for CCA TAG CAA CAG TAT TCT AAA ATC AAG TAA ATT GGT 
CCT GAC AGT GT 

Mutagenesis 

hFLT3-F691L rev ACA CTG TCA GGA CCA ATT TAC TTG ATT TTA GAA TAC 
TGT TGC TAT GG 

Mutagenesis 

pMIY-hFLT3 For1 CATCAGTGGGGAAGTCATC Sequencing 
pMIY-hFLT3 Rev1 TGTCATTTTCAAAATGACCATGGAAACAACT Sequencing 
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pMIY-hFLT3 For2 GAGAGCGTTCCAGAGCCGATC Sequencing 
pMIY-hFLT3 For3 GCCTACCCACAAATCAGATG Sequencing 
pMIY-hFLT3 For4 CTCATTCTATGCAACAATTGG Sequencing 
pMIY-hFLT3 For5 CCTGGTTCAAGAGAAGTTCAG Sequencing 
pMIY-hFLT3 For6 GGATTGGCTCGAGATATCATG Sequencing 
pMIY-hFLT3 For7 GCAATCCTGCTGGGCTTTTGAC Sequencing 
pMIY-rFLT3 For1 CTA ACA TCG TGA CCT GGG AAG Sequencing 
pMIY-rFLT3 For2 CAG CTG TAC GTG CTA AGA AGA CC Sequencing 
pMIY-rFLT3 For3 CGT ACC CAC AAA TCC GAT G Sequencing 
pMIY-rFLT3 For4 CCC TGG ATA ACG AGT ACT TCT AC Sequencing 
pMIY-rFLT3 For5 TTC CTG GAG TTC AAG TCG TG Sequencing 
rFLT3 for CTA GGC GCC GGA ATT CAT GCG GGC GTT GGC GCG Cloning 
rFLT3 rev TCG AGT TTT TCT CGA GCT AAC TTC TTT CTC TGT GAG 

TCT TCT CCT 
Cloning 

 

2.1.7 Biological material 

Table 15: List of used cell lines. ExpiCHO-S cells were purchased from Thermo Fisher Scientific (Waltham, MA, USA), 

M2-10B4 cells, MV4-11 cells and Phoenix-Eco cells from ATCC (Manassas, VA, USA) and SLSL-J-IL3-neo from Terry Fox 

laboratory (Vancouver, Canada). All other cell lines were purchased from DSMZ (Braunschweig, Germany). AML = acute 

myeloid leukemia; CML = chronic myeloid leukemia; FBS = fetal bovine serum; f = female; m = male; P/S = Penicillin-

Streptomycin 

name  cell type gender human FLT3 

expression 

culture medium 

     

Ba/F3 Murine pro B cells - no RPMI, 1% P/S, 10% FBS, 

10 ng/ml IL-3 

ExpiCHO-S Protein expression 

system 

- - ExpiCHO expression 

medium (Thermo Fisher 

Scientific, A29133) 

HL-60 Human AML f no  RPMI, 1% P/S, 10% FBS 

K-562 Human CML in 

blast crisis 

f no RPMI, 1% P/S, 10% FBS 

M2-10B4 Murine fibroblast 

cell line 

- - RPMI, 10% FBS, 

0.4 mg/ml Geneticin 

MM-6 Human acute 

monocytic 

leukemia 

m yes Advanced RPMI, 1% P/S, 

5% FBS, 2 mM GlutaMAX 

MOLM-13 Human AML m yes RPMI, 1% P/S, 20% FBS 

MV4-11 Human acute 

monocytic 

leukemia 

m yes RPMI, 1% P/S, 10% FBS 



Material and Methods 

30 
 

OCI-AML3 Human AML m yes RPMI, 1% P/S, 10% FBS 

Phoenix-Eco Embryonic kidney f - DMEM, 1% P/S, 10% FBS 

SLSL-J-IL3-neo Murine fibroblast 

cell line 

- - DMEM, 15% FBS, 

0.8 mg/ml Geneticin 

 

Table 16: Characteristics of bone marrow cell donors for CFU and LTC-IC assays. Bone marrow cells for CFU assays 

were isolated by Dr. Marit Leilich (MRI). Bone marrow cells for LTC-IC assays were purchased from Stem cell 

technologies.  f = female; m = male 

 age (years) sex ethnicity weight (kg) donor number* 

      

CFU assay 

donor 1 63 f    

donor 2 61 f    

donor 3 76 m    

donor 4 63 m    

donor 5 81 m    

LTC-IC assay 

donor 1 25 f african american 90 CE0009389 

donor 2 55 m asian 66 CE0006429 

donor 3 23 f african american 66 CE0009455 

*StemCell Technologies catalogue number: 70002.1 

 

Table 17: Characteristics of KMT2A-rearranged AML PDX samples used for stem cell assays. ID = initial diagnosis; 

R1 = first relapse; R2 = second relapse; f = female; m = male. 

sample disease 

stage 

age 

(years) 

sex cytogenetics mutations panel 

seq(128) 

references 

AML-388 ID 57 m KMT2A::AFDN KRASQ61H (129-131) 

AML-393 R1 47 f ins(10;11)(p12;q23q23) 

KMT2A::MLLT10 

KRASG12A, BCOR1012del (129-135) 

AML-579 R 51 m normal DNMT3AR882C, 

DNMT3AF868L, NPM1L287fs, 

FLT3-ITD, IDH1R132H 

(130, 134-

137) 

AML-669 R2 49 f KMT2A::MLLT3 KRASG13D (129) 
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2.2 Methods 

2.2.1 Cell biological methods 

2.2.1.1 Cell collection and cultivation 

Suspension cells 

MV4-11 cells were purchased from ATCC (Manassas, VA, USA), all other suspension cell lines were 

purchased from DSMZ (Braunschweig, Germany). All human leukemia cell lines were cultivated 

in RPMI + 10% FBS + 1% P/S except MOLM-13 (RPMI + 20% FBS + 1% P/S). IL-3 dependent Ba/F3 

cells were cultivated in RPMI + 10% FBS + 1% P/S + 10 ng/ml IL-3, except those that express 

FLT3-ITD constructs as these mutations allow the cells to grow independent of IL-3. Cells were 

cultivated in T25 flasks unless larger amounts were needed, then cells were cultivated in T75 

flasks. Cells were continually kept at 37 °C, 5% CO2 in a cell culture incubator. Viability and cell 

density was assessed every 2-3 days using Vi-CELL XR Cell Viability Analyzer and cells were then 

subcultured according to the DSMZ recommendations.  

Adherent cells 

ExpiCHO-S cells were purchased from Thermo Fisher Scientific (Waltham, MA, USA), M2-10B4 

cells and Phoenix-ECO cells from ATCC (Manassas, VA, USA) and SLSL-J-IL3-neo from Terry Fox 

laboratory (Vancouver, Canada). ExpiCHO-S cells were cultivated according to the manufacturer’s 

instructions using the ExpiCHO expression system kit. SLSL-J-IL3-neo and M2-10B4 murine 

fibroblasts were cultivated in DMEM + 15% FBS + 0.8 mg/ml geneticin and RPMI-1640 + 10% 

FBS, respectively. Phoenix-ECO cells were cultivated in DMEM + 10% FBS + 1% P/S.  For sub-

culturing, cells were washed with PBS, and incubated with trypsin-EDTA for 2-3 min at 37 °C to 

detach the cells. Trypsin reaction was stopped by adding culture medium. Generally, all cells were 

kept at 37 °C, 5% CO2 (except CHO cells: 37 °C, 8% CO2). Cell viability and density was assessed 

every 2-4 days by trypan blue exclusion count using a Neubauer chamber and cells were 

subcultured as recommended by the manufacturer when they reached a confluency of about 80-

90%.  

AML PDX and primary cells 

Primary AML cells were collected from patient BM aspirates or peripheral blood at the time of 

initial diagnosis or follow-up after obtaining written informed consent by the Department of 

Internal Medicine III of the LMU hospital Munich, Germany. All studies were carried out in 

compliance with the Helsinki Declaration of 1975, revised in 2013, and written approval was 

obtained by the responsible committee on human experimentation (Ethikkommission des 

Klinikums der LMU München, ethikkommission@med.uni-muenchen.de, number 068-08 and 

222-10). AML PDX cells were serially transplanted and amplified in 10-26 week-old female or 

male NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG, The Jackson Laboratory, Bar Harbour, Maine, USA) 
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mice and reisolated from spleen or BM, as previously described (132). Animal trials were carried 

out in accordance with the current ethical standards of the official committee on animal 

experimentation (written approval by Regierung von Oberbayern, tierversuche@reg-

ob.bayern.de, ROB-55.2Vet-2532.Vet 03-21-9). AML PDX and primary cells were cultivated in 

StemPro-34 medium with nutrient supplement, additionally including 2% FBS, 1% P/S, 1% L-

glutamine, 10 ng/ml recombinant human FLT3L, SCF, TPO and IL-3 (DD medium). Nutrient 

supplement was thawed on ice. Medium was used for a maximum of one month. Cells were kept 

in T25 flasks or 6-well plates at a density of 1-2x106 cells per ml until experiment start and 

cultured at 37 °C, 5% CO2. For PDX cells isolated freshly from BM or spleen of donor mice, 

experiments were started on the same day or the day after isolation. Thawed cells were recovered 

for 2-7 days until they had a viability of > 70% before the experiments were started.   

Healthy CD34-positive bone marrow cells 

CD34-positive cells for LTC-IC assays were purchased from STEMCELL Technologies (see Table 

16). CD34-positive cells for CFU assays were isolated from femoral heads by Dr. Marit Leilich 

(TUM): After written informed consent, femoral heads were collected from patients without 

hematologic disease that underwent hip replacement surgery. This was performed as described 

previously (138, 139), in accordance with ethical standards for human experimentation of the 

responsible ethics committee (Ethikkomission an der Technischen Universität München, 

ethikkommission@mri.tum.de, number 339/21S) and the Helsinki Declaration of 1975, revised 

in 2013. Briefly, the collected femoral heads were minced and the fragments transferred to PBS-

containing tubes. The mixture was shaken and filtered with a 70 µm cell strainer. Biocoll solution 

was used to isolate mononuclear cells from the mixture and those cells were frozen as described 

below until use. Before the start of experiments cells were enriched for CD34-expression by 

magnetic bead separation using the CD34 MicroBead kit according to the manufacturer’s 

instructions. The cultivation of healthy CD34-positive BM cells was performed in IMDM with 

GlutaMAX including 10% BIT9500, 3 U/ml EPO, 20 ng/ml G-CSF, GM-CSF, IL-3 and IL-6 and also 

100 ng/ml SCF and FLT3L at 37 °C, 5% CO2. 

 

2.2.1.2 Cell freezing and thawing  

Cell lines 

Cell lines were only frozen at a viability of > 95%. Cells were collected in falcon tubes and washed 

once with PBS (300xg, 5 min, RT). Subsequently, cells were resuspended at a concentration of 5-

10x106 cells/ml in FBS + 10% DMSO and transferred to cryovials (1 ml per tube). The vials were 

frozen using Mr. Frosty filled with 100% isopropanol to ensure a freezing speed of -1 °C/min. On 

the next day, the vials were transferred to the liquid nitrogen tank. 
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For thawing cells, the frozen cryovial was transferred to a 37 °C water bath for 1-2 min until only 

a small amount of ice was left over. Cells were immediately transferred into a falcon tube filled 

with 2 ml pre-warmed cell culture medium and centrifuged for 5 min at 300xg, at RT. The 

supernatant was carefully removed to avoid contamination and the cell pellet was resuspended 

in warm cell culture medium and transferred to a T25 flask. The flask was incubated in an upright 

position overnight at 37 °C, 5% CO2 before adding another 5 ml of culture medium.  

AML PDX and primary cells 

Thawing of AML PDX and primary cells was performed according to a protocol by Dominique 

Bonnet (140). Briefly, cells were rapidly thawed in the water bath at 37 °C. 100 µl DNAse 

(1 mg/ml) were added dropwise into the cryovial, gently mixed with the cells and incubated for 

1 min at RT. Subsequently the cells were transferred to a 50 ml tube, 1 ml pure FBS was carefully 

added, gently mixed with the cells and incubated for 1 min at RT. Then, 10 ml PBS + 2% FBS was 

added and the mixture was incubated again for 1 min at RT before slowly adding up to 30 ml with 

PBS + 2% FBS. Cells were then centrifuged for 5 min at 200xg, at RT, the supernatant was 

removed, the cells were resuspended in PBS + 2% FBS and filtered through a 30 µm cell strainer 

to remove cell clumps. Viable cells were counted with the Neubauer chamber using trypan blue 

exclusion count. Cells were then centrifuged again for 5 min at 200xg, RT, resuspended in culture 

medium and cultivated until experiment start as described.  

For AML PDX cell freezing, the required volume of cell suspension was centrifuged at 300xg for 

5 min at RT. The supernatant was removed and the cells resuspended in 0.5 ml cold FBS. 0.5 ml of 

AML PDX freezing medium (80% FBS + 20% DMSO) was added dropwise over a period of 2 min 

and the cells were transferred in labelled cryotubes. The cryotubes were placed in the Mr. Frosty 

filled with 100% isopropanol to ensure a freezing speed of -1 °C/min. On the next day, the vials 

were transferred to the liquid nitrogen tank. 

Healthy CD34-positive BM cells 

Cells were thawed in the water bath at 37 °C and immediately transferred to 50 ml falcon tubes. 

9 ml BM cell thawing medium (IMDM + 10% FBS + DNAse) were slowly added to the vial. Cells 

were left alone for 5 min at RT. Subsequently, cells were centrifuged at 350xg for 5 min and 

resuspended in culture medium. This procedure was carried out by Dr. Marit Leilich (TUM, for 

CFU assay) or Dr. Xiang Gao (Ulm University, for LTC-IC assay). 

 

2.2.1.3 Quality control in cell culture 

Cell line authentication 

Cell line authentication was routinely performed for all AML cell lines using the following 

procedure: 4x106 cells were collected in 15 ml tubes and washed once with PBS (300xg, 5 min, 
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RT). gDNA was isolated following the instructions of the QIAamp DNA Blood Mini Kit. In the last 

step, gDNA was eluted in 2 ml tubes using 150 µl of elution buffer (provided in the kit). gDNA 

concentration was measured with DeNovix DS-11+ spectrophotometer. If the quality was 

appropriate (260/280 ratio of ∼1.8; 260/230 ratio of 2.0-2.2) and the desired concentration was 

reached (> 10 ng/µl), gDNA was sent to Eurofins Genomics (Ebersberg, Germany) for external 

analysis by short tandem repeat (STR) profiling. STR profiles were then examined using the online 

similarity search tool CLASTR 1.4.4 (141) and cell lines were only used further if they were correct 

(similarity > 95%). 

Mycoplasma testing 

Before mycoplasma testing, suspension cell cultures were kept in the same medium for 3 d. On 

the day of sample analysis, culture flasks were incubated vertically for 30 min allowing the cells 

to accumulate on the flask bottom. 500 µl of supernatant were carefully collected from the cell 

culture flaks and transferred to a 1.5 ml tube. The supernatant was boiled for 10 min at 95 °C. 

Subsequently, the tubes were centrifuged for 5 s at ∼13,000 rpm to pellet debris and 100-200 µl 

were transferred in a new 1.5 ml tube. Tubes were labelled and sent to Eurofins Genomics 

(Ebersberg, Germany) for external analysis by qPCR. Samples were tested for all common 

mycoplasma species (M. arginini, M. fermentans, M. gallisepticum, M. genitalium, M. hyorhinis, M. 

hominis, M. orale, M. pirum, M. pneumoniae, M. salivarium, M. synoviae, M. yeatsii, Acholeplasma 

laidlawii and Spiroplasma citri). 

 

2.2.1.4 Overexpression of surface receptors in Ba/F3 cells 

Transient transfection of Phoenix-ECO cells 

Transient transfection of the adherent retrovirus producer cell line Phoenix-ECO was performed 

to control for successful protein expression and to produce virus-containing medium for stable 

Ba/F3 cell transduction. To this end, 7x106 cells were seeded in 10 cm dishes in DMEM + 10% FBS 

+ 1% P/S and incubated overnight at 37 °C, 5% CO2. On the next day, cells typically reached a 

confluency of 80-90%. First, medium was carefully changed (now medium without P/S) and cells 

were put back in the incubator for 1 h for recovery. Meanwhile, 10 µg plasmid DNA was diluted in 

450 µl sterile dH2O and 50 µl sterile 2 M CaCl2 solution was added drop-by-drop and mixed. HBS 

buffer was slowly added to the CaCl2-DNA solution, carefully mixed and incubated at RT for 3-

4 min to form Ca3(PO4)2-DNA precipitates. The mixture was subsequently slowly added onto the 

cell layer and the cells were incubated overnight at 37 °C. Then medium was changed to remove 

calcium crystals and the cells were further incubated for 24-48 h to allow sufficient endocytosis 

of the DNA. Transfection efficiency was controlled by fluorescence microscopy. Finally, either 
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protein lysates were generated to analyze protein expression or virus-conditioned medium was 

collected for stable Ba/F3 cell transduction, which is described in the following.  

Stable retroviral transduction of Ba/F3 cells 

1.5x106 native Ba/F3 cells were resuspended in 3.5 ml of sterile filtered virus-conditioned 

medium that had been produced after transient transfection of the retrovirus producer cell line 

Phoenix-ECO; polybrene solution was added at a final concentration of 8 µg/ml and mixed with 

the cells. After careful mixing, cells were seeded in two wells of a 6-well plate and the plate was 

centrifuged at 2500 rpm for 90 min at 32 °C to have greater virus stability. The used retroviral 

expression vector pMSCV-IRES-EYFP (pMIY) contains the internal ribosome entry site (IRES) 

sequence connecting the “gene of interest” to the reporter gene yellow fluorescent protein (YFP) 

so that both genes will be expressed simultaneously in the cell and “gene of interest” expressing 

cells can be sorted based on YFP fluorescence. Therefore, cells were expanded in T25 flasks for 

24-72 h and then sorted for YFP positivity using a sorter (FACS). After sorting, cells were once 

more expanded for approximately one week before sorting again for YFP positivity (this was 

repeated a third time to get high expressing cells e.g., Ba/F3 pMIY hFLT3high). The following 

Ba/F3 cell lines with receptor surface expression were generated as part of this work: Ba/F3-

pMIY hFLT3/NPOS F691I, Ba/F3-pMIY hFLT3/NPOS F691L, Ba/F3-pMIY rFLT3 (rat FLT3). All 

other used Ba/F3 cell lines were generated by Dr. Harald Polzer or Dr. Maike Roas (both LMU, AG 

Spiekermann) as part of their doctoral thesis (142, 143). 

 

2.2.1.5 P53 knockdown AML cell lines 

MOLM-13, MV4-11 and OCI-AML3 cell lines with P53 knockdown (KD) were generated by the 

group of Dr. Andreeff (MD Anderson Cancer Center) as described using lentiviral shRNA (144) 

and kindly made available for experiments. Successful knockdown was confirmed again in this 

work by Western Blot. 

 

2.2.2 Cytotoxicity assays 

2.2.2.1 Vi-CELL trypan blue exclusion assay: Ba/F3 cells 

A 2-fold dilution row of ADCs was prepared freshly in 1.5-5 ml tubes in Ba/F3 cell culture medium. 

The last tube of the dilution row contained just medium without ADC (untreated control).  ADCs 

were visually inspected for the presence of aggregates before use and only clear solutions were 

used. All ADC tubes were vortexed before pipetting to make sure that the solution is homogenous. 

100 µl/well of each ADC dilution was pipetted in 48-well plates. Afterwards, Ba/F3 cells were 

prepared in culture medium at a concentration of 1.66x104 cells per ml. 900 µl of the cell 
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suspension were added per well of the 48-well plate to have a final concentration of 1.5x104 Ba/F3 

cells/well (1:10 dilution). Cells were incubated with ADCs for 72 h at 37 °C, 5% CO2. After 72 h, 

viable cells were counted by trypan blue exclusion using the Vi-CELL XR Cell Viability Analyzer. 

Viable cells/ml for each concentration were normalized to untreated control and plotted in 

GraphPad Prism 10.1.2 using non-linear fit variable slope analysis, which was also used to 

calculate 50% inhibitory concentrations (IC50) values.   

 

2.2.2.2 CellTiter-Blue and -Glo cell viability assays: AML cell lines and PDX cells 

Assays with ADCs and ADC payloads 

A 2- or 3-fold dilution row of ADCs (20D9h3-DUBA, 20D9h3-MMAF, IgG1-DUBA, IgG1-MMAF) or 

ADC payloads (duocarmycin, MMAE, MMAF, exatecan) was freshly prepared in RPMI + 10% FBS 

+ 1% P/S (AML cell lines) or DD medium (AML PDX cells) in 96-well (normal or deep-well) plates. 

The last well contained medium only (ADCs) or medium with DMSO (payloads). ADCs were only 

used if no aggregates were present in the tube and the tubes were vortexed before pipetting. 

10 µl/well of each ADC/payload dilution was transferred in 96-well suspension plates (AML cell 

lines: standard transparent plates; Ba/F3 cells: white plates; AML PDX cells: transparent U-bottom 

plates) using a multichannel pipette. Outer wells of the plate were not used for the experiment, 

but filled with sterile PBS to prevent evaporation. Further a background control (only medium, 

not for flow cytometry readout) was included on each plate. After drug preparation, AML cell 

lines and Ba/F3 cells or AML PDX cells were suspended in their respective culture medium at 

concentrations of 1.11x105 cells/ml (final concentration in the well: 1x104 cells/well) or 5.55x105 

cells/ml (final concentration in the well: 5x104 cells/well), respectively. 90 µl of cell suspension 

were transferred to each well of the 96-well plates that already contained ADC using a 

multichannel pipette. Plates were briefly centrifuged (100xg, 5-10 s) to make sure that all liquid 

is in the bottom. The plates were then incubated for 24 h (payloads) or 96 h (ADCs) at 37 °C, 5% 

CO2. After 24-96 h, AML cell lines were analyzed by resazurin readout, Ba/F3 cells by CellTiter Glo 

assay and AML PDX cells by flow cytometry. The resazurin method determines the ability of cells 

to convert resazurin to fluorescent resorufin, which is an indicator for their metabolic activity and 

thus viability. For this assay, 10 µl of resazurin solution (final concentration: 50 µM) were added 

in each well of the 96-well plate using a multichannel pipette. The plate was briefly centrifuged 

(100xg, 5-10 s) and placed in the incubator for 4 h before measuring the plate at the GloMax® 

Discover microplate reader using the 520 nm excitation filter and the 580-640 nm emission filter 

(Promega CellTiter-Blue protocol). CellTiter-Glo Assay determines the amount of ATP present in 

cells as an indicator for their viability. This assay was carried out for Ba/F3-pMIY cells as they 

express YFP, which might interfere with resazurin readout, but not with CellTiter-Glo Assay as the 

latter is based on luminescence and not fluorescence. The assay was carried out as described by 
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the manufacturer. Briefly, CellTiter-Glo substrate was added 1:1 to the cells and the mixture was 

shaken for 2 min on an orbital shaker to lyse the cells. The plate was then incubated at RT for 

10 min to stabilize the luminescent signal and subsequently recorded with the GloMax® Discover 

microplate reader using 0.3 s integration time (Promega CellTiter-Glo protocol). Viable AML PDX 

cells were analyzed by flow cytometry. To this end, 96-well U-bottom plates were centrifuged at 

300xg for 3 min, RT. The supernatant was removed and cells were washed once with 200 µl FACS 

buffer. Cells were resuspended in 200 µl FACS buffer. Shortly before analysis 2 µl of 10 ng/µl DAPI 

solution were added per well (final concentration: 0.1 ng/µl) and the plate was measured at the 

FACS Canto II connected to a high-throughput sampler.  

All cytotoxicity assays were evaluated in the following way: For all values a background control 

(medium only) was subtracted (except for flow cytometry readout). Then, all values were 

normalized to untreated control and plotted in GraphPad Prism 10.1.2 using non-linear fit 

variable slope analysis, which was also used to calculate 50% inhibitory concentrations (IC50) 

values.   

Aphidicolin experiment 

A dilution row of aphidicolin was prepared in 1.5 ml tubes. Further a vehicle-control was 

prepared, which contained DMSO at the highest concentration used in the aphidicolin dilution 

row. 10 µl/well of the dilution row were added in 96-well suspension plates. Subsequently, AML 

cells were prepared at a concentration of 3.33x105 cells/ml in culture medium. 90 µl of cell 

suspension was added per well (final concentration: 3x104 cells/well). The plates were then 

incubated for 24 h with aphidicolin at 37 °C, 5% CO2. On the next day, dilution rows of different 

ADC payloads (duocarmycin, MMAE and exatecan) were prepared again including a vehicle-

control with DMSO. 10 µl/well of the toxin dilution row were subsequently added on the 

aphidicolin pre-incubated cells without changing the medium or removing the aphidicolin. All 

concentrations of aphidicolin-toxin combinations were tested in duplicates. The plate was 

incubated for another 24 h at 37 °C, 5% CO2 before measuring viable cells with resazurin readout 

as described in detail above.  

CES1c experiment 

100 µl human serum was mixed with ADCs (final ADC concentration: 100 µg/ml) and 

recombinant murine carboxylesterase 1 c (CES1c; final CES1c concentration: 80 µg/ml). The 

mixtures were incubated for 1 d, 4 d or 7 d at 37 °C and immediately frozen at the end of the 

incubation period. Furthermore, two controls were used one containing only ADC but no CES1c 

or human serum and one containing ADC and human serum but no CES1c. A 3-fold dilution row 

was then prepared of the ADCs from all conditions and incubated with FLT3-negative HL-60 cells. 

The readout was by resazurin assay on day 4, as described before.  
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Combination assays and synergy calculation 

For drug combination experiments, 3-fold dilution rows of each of the drugs (20D9h3-DUBA, 

venetoclax, ceralasertib) were prepared in 96-well plates or tubes using the culture medium of 

the respective cell line. Further a vehicle-control was prepared containing the highest DMSO 

concentration used in the drug dilution row. 10 µl of each drug dose or vehicle-control were added 

per well of a 96-well plate, respectively, using a multichannel pipette. Experiments were designed 

in a way that all possible drug combinations were tested. All conditions were set up in triplicates. 

Next, a cell solution was prepared in culture medium with a concentration of 1.25x105 cells/ml. 

80 µl of cell solution were added to the 20 µl drugs/vehicle-controls in each well to have a final 

concentration of 1x104 cells/well. Plates were briefly centrifuged (100xg, 5-10 s) to make sure 

that all liquid is in the bottom and incubated for 96 h. On the day of analysis plates were measured 

by resazurin readout as explained in detail above. The results were collected in a combination 

dose-response matrix table and uploaded to the SynergyFinder Online Tool (145) choosing 

“viability” as readout and using four-parameter logistic regression (LL4) curve fitting. Synergy 

scores were calculated with the zero interaction potency (ZIP) method (146) without baseline 

correction. Generally, the different synergy reference models all compare observed versus 

expected drug combination responses. According to the tool’s user guide, a drug-combination is 

likely synergistic if the calculated synergy score δ is above +10, antagonistic if below -10 and 

additive if in between.  

 

2.2.3 Flow cytometry methods 

2.2.3.1 Expression and binding analyses 

Expression analyses 

For the analysis of surface receptor expression, 0.5x106 cells per antibody staining were collected 

in Falcon tubes, washed once with 1 ml PBS and centrifuged for 3 min at 300xg. Cells were 

resuspended in FACS buffer at a concentration of 5x106 cells/ml in 100 µl. Cells were stained with 

fluorophore-labelled primary antibodies directed against the target of interest and the respective 

isotype controls using the suggested antibody concentrations of the manufacturer. Staining was 

carried out for 30 min on ice in the dark either in 96-well plates or in FACS tubes. Afterwards, the 

cells were washed 3x with 200 µl (plate) or 500 µl (FACS tube) FACS buffer (3 min, 300xg). After 

the last wash the cells were resuspended in 400 µl FACS buffer, respectively, transferred from the 

plate to FACS tubes and immediately measured at BD FACSCantoTM II (BD Biosciences). 

Binding analyses 

For the binding analyses of the in-house produced mAbs, 0.5x106 cells per antibody were washed 

and resuspended in 100 µl of FACS buffer as described for the expression analyses. Cells were 
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stained in 96-well plates with 10 µg/ml (1 µg in 100 µl) of the in-house produced mAbs 20D9h1-

12, 20D9h3-LALA, IgG1 (Palivizumab), IgG1-LALA (Palivizumab-LALA) or no-antibody (only 

secondary antibody control) for 30 min on ice under light protection. Afterwards, the plate was 

washed 3x with 200 µl FACS buffer (3 min, 300xg). After the third wash, cells were resuspended 

in FACS buffer containing anti-human IgG1 secondary fluorophore-coupled antibodies at the 

concentration recommended by the manufacturer to detect the binding of the in-house antibodies. 

Cells were incubated for another 30 min on ice in the dark and the plate was again washed 3x with 

200 µl FACS buffer. Finally, cells were resuspended in 400 µl FACS buffer, transferred to FACS 

tubes and immediately measured at BD FACSCantoTM II. Data was evaluated with FlowJo software 

version 10.8.1. 

 

2.2.3.2 Apoptosis assay 

MOLM-13 or MV4-11 cells were seeded in T25 flasks at a concentration of 0.35x106 cells/ml in 

12 ml. They were treated with 100 ng/ml of 20D9h3-DUBA, 20D9h3-MMAF or PBS. After 24 h, 

48h, 72h and 96h, 0.3x106 cells were taken from each flask, respectively, and transferred to FACS 

tubes. 0.5 ml ice-cold PBS were added and the cells were centrifuged at 300xg, 5 min. Cells were 

subsequently washed once with 1 ml PBS and once with 1 ml 1x Annexin binding buffer. After the 

two washes, each sample was resuspended in 100 µl Annexin binding buffer containing APC 

Annexin V in a 1:25 dilution (4 µl per 100 µl) and stained for 10 min at RT in the dark. Then, 300 µl 

of Annexin binding buffer were added to each tube. Right before measurement at the BD 

FACSCantoTM II, 0.05 ng/µl (final concentration) DAPI were added. Data was evaluated with 

FlowJo software version 10.8.1. 

 

2.2.3.3 Cell cycle analysis 

MV4-11 cells were cultivated in T25 flasks at a concentration of 0.35x106 cells/ml in the presence 

of 100 ng/ml 20D9h3-DUBA, 20D9h3-MMAF or PBS. After 48 h, 0.5x106 cells were transferred to 

FACS tubes and centrifuged at 2000 rpm for 5 min at 4 °C. Cells were then washed once with 1 ml 

of ice-cold PBS and centrifuged again as before. Subsequently, each sample was resuspended in 

1 ml of ice-cold 70% (v/v) ethanol and incubated on ice for 30 min. Afterwards, samples were 

frozen at -20 °C overnight or it was directly proceeded to the next step. The ethanol-fixed cells 

were centrifuged at 2000 rpm for 10 min at RT. The supernatant was carefully removed and cells 

were washed once with 1 ml PBS (2000 rpm, 5 min, RT). Once again, the supernatant was 

removed and 50 µl of RNAse (100 µg/ml) were added, followed by 200 µl of propidium iodide 

buffer. Samples were then measured directly at the BD FACSCantoTM using a low flow-rate for 
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better accuracy. FlowJo software version 10.8.1 was used to evaluate cell cycle phases with 

Watson pragmatic algorithm. 

 

2.2.3.4 Internalization assay  

Conjugation of secondary antibody with pHrodo Deep Red 

pHrodo Deep Red antibody labelling was performed by Dr. Saskia Schmitt (Tubulis GmbH) 

following the manufacturer’s instructions. First, 1 ml of d2H2O were added to the provided vial of 

sodium bicarbonate to obtain a 1 M solution. 10 µl sodium bicarbonate solution was subsequently 

added to a vial containing 90 µl of unlabeled goat anti-human IgG1 secondary antibody at a 

concentration of 1.1 mg/ml in PBS. The 100 µl antibody solution was then transferred into the vial 

containing pHrodo Deep Red tetrafluorophenyl ester reactive dye and thoroughly mixed to 

dissolve the dye. The solution was incubated for 2 h, RT. For antibody purification a spin column 

was prepared 10 min before the end of the incubation time. To this end, the spin column was 

placed in a wash vial and the assembly centrifuged at 1000xg for 2 min to remove the storage 

buffer. The flow-through was discarded and the column placed back in the wash vial. 400 µl 

supplied PBS exchange buffer was loaded on the column for equilibration and the column was 

centrifuged again as before. The flow-through and wash vial were discarded and the column 

placed in a collection vial. The whole reaction-mixture was slowly added onto the column and the 

assembly again centrifuged as before. Afterwards the column was discarded. The antibody 

pHrodo deep red conjugate was transferred from the collection tube into a common 1.5 ml tube.  

Flow cytometry analysis of antibody internalization  

Ba/F3-pMIY ev / hFLT3high / hFLT3low cells were seeded in 96-well plates at a density of 

6.25x105 cells/ml in 80 µl (final concentration: 5x104 cells/well). 3 µg/ml 20D9h3-mAb and 

pHrodo-labelled anti-human secondary antibody, respectively, were mixed in a total volume of 

20 µl/sample in cell culture medium (RPMI + 20% FBS + 1% P/S) and incubated for 15 min to get 

a complex of primary and secondary antibody. 20 µl/well of the mix were added to the cells to 

have a final volume of 100 µl/well and cells were incubated with the antibody complex for 1 h, 5 h 

or 24 h at 37 °C. The unstained control only received 20 µl cell culture medium without antibodies. 

After the respective time span, the 100 µl of cells/well were transferred into FACS tubes, 

respectively, washed 2x with FACS buffer and resuspended in 150 µl FACS buffer. Subsequently, 

samples were measured at BD FACSCantoTM II. Data was evaluated with FlowJo software version 

10.8.1. 

 



Material and Methods 

41 
 

2.2.4 In vivo therapy 

The establishment of AML PDX models and animal handling have been described in detail by Vick 

et al. (132) and Zeller et al. (147). For in vivo therapy, luciferase-expressing PDX cells were 

transplanted into the bone marrow of NSG mice and engraftment was monitored with 

bioluminescence imaging (BLI). After successful engraftment (BLI values > 1x108 photons/s), ADC 

treatment was started. Mice were therefore injected intravenously (i.v.) once per week 2x (AML-

388, 5 mice per group) or 3x (AML-579, 5 mice per group for 20D9h3-DUBA, 3 mice per group for 

20D9h3-MMAF and PBS control) with 3 mg/kg of either 20D9h3-DUBA, or 20D9h3-MMAF or PBS. 

Treatment response was monitored by regular BLI measurements for around 115 d or until the 

mice showed advanced leukemic disease (indicated by BLI signal and clinical signs such as rough 

fur, reduced motility, paralysis, weight loss and hunchback). Then mice were sacrificed by cervical 

dislocation. Those experiments were planned and analyzed in collaboration with Dr. Binje Vick 

and carried out by Annette Frank and Sandro Aidone (all AG Jeremias, Helmholtz Zentrum 

München). Animal trials were carried out in accordance with the current ethical standards of the 

official committee on animal experimentation (written approval by Regierung von Oberbayern, 

tierversuche@reg-ob.bayern.de, ROB-55.2Vet-2532.Vet 03-21-9). 

 

2.2.5 Stem cell assays 

2.2.5.1 Drug pre-incubation for stem cell assays 

5x104 and 1.7x104 CD34-positive healthy BM cells and 3x105 and 5x106 AML PDX cells were 

treated per condition for CFU and LTC-IC assays, respectively. For LIC assays, 1x105 AML-388 PDX 

cells or 5x104 AML-393 AML PDX cells were plated per mouse and condition corresponding to 

100x of their LIC frequency (130). Cell concentrations in the pre-incubation were adjusted to 

1x106 cells/ml. Cells were treated with 0.3-1 µg/ml of the isotype control ADCs IgG1-DUBA/IgG1-

MMAF or 0.005-1 µg/ml of the FLT3-ADCs 20D9h3-DUBA/20D9h3-LALA-DUBA/20D9h3-MMAF 

(as individually stated) for a period of 48 h (LTC-IC assays) or 96 h (CFU assays) in the respective 

culture medium (see 2.2.1.1).  

 

2.2.5.2 Colony-forming unit (CFU) assay 

AML samples 

After 96 h of treatment as described above, cells were collected in 1.5 ml tubes and washed 3x 

with PBS to remove remaining ADC and toxin (400xg, 5 min, RT). After the third wash, cells were 

resuspended in 300 µl DD medium (1x106 cells/ml) and added to one of the 3 ml methylcellulose 

H4034 Optimum aliquots, respectively, that had been prepared before in 15 ml falcon tubes. The 

tube containing methylcellulose and cells was vortexed for 5 s and left standing for 5 min to allow 
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air bubbles to raise to the top. Syringes with blunt-end needles were prepared and the needle was 

rinsed once with methylcellulose to remove air. Subsequently, 2.6 ml of the solution was drawn 

up and 2x 1.1 ml of the solution were transferred in two wells of a SmartDish 6-well plate 

(technical duplicates) to have a final concentration of 1x105 cells/well. The remaining 0.4 ml of 

the solution was discarded together with the syringe and the needle. Sterile H2O was added to the 

middle part of the SmartDish plate and the plate was put in a 245 mm x 245 mm square culture 

dish with several open 35 mm dishes that were also filled with sterile H2O to prevent drying of the 

methylcellulose. The dish was placed in an incubator and incubated for 12-14 d at 37 °C, 5% CO2. 

It was made sure that the water pan in the incubator is filled and the door of the incubator was 

not opened for the whole period to ensure optimal conditions for colony growth. On the day of 

evaluation, colonies were counted using ZEISS Primovert microscope with Primo Plan-

ACHROMAT 4x/0.10 Ph0 objective. SmartGrid was used to facilitate the counting procedure. 

Clusters (20-50 cells) and colonies (> 50 cells) were counted. For the primary sample reddish 

colonies were observed, which were probably remaining healthy CFU-E. They were not counted 

and excluded from further analyses. 

Healthy samples 

After pre-treatment, all remaining healthy CD34-positive BM cells were plated in Methylcellulose 

(StemMACSTM HSC-CFU complete with EPO, human) in 35 mm petri dishes for 14 d at 37 °C, 5% 

CO2. These assays were carried out by Dr. Marit Leilich (TUM), as described in detail before (138, 

139). 

 

2.2.5.3 Long-term culture initiating cell (LTC-IC) assay 

Preparation of collagen-coated dishes with feeder cells 

A few days before the start of the LTC-IC assays, 6-well tissue culture plates were coated with 

collagen solution in the following way: The bottom of every well was uniformly covered with 

collagen solution (approximately 0.5-1 ml per well). Excess solution was removed and the dishes 

were dried with open lids at RT for at least 1 h within a biosafety cabinet. The dried dishes were 

used immediately or stored tightly wrapped at 4 °C for a maximum of two weeks. Prior to use the 

wells were carefully rinsed once with MyelocultTM H5100 to neutralize acidity. M2-10B4 (for 

CD34-positive BM cells) or SLSL-J-IL3-neo (for AML PDX cells) feeder cells were detached from 

T175 flasks using Trypsin-EDTA incubation for around 2 min. Trypsin reaction was stopped by 

adding the respective feeder cells culture medium without geneticin (see 2.2.1.1). Feeder cells 

were collected in a 50 ml tube and centrifuged at 1400 rpm for 5 min, RT. Cells were resuspended 

in 5 ml MyelocultTM H5100 and counted by trypan blue exclusion. Feeder cells were then plated 

on the collagen-coated dishes at the density recommended by STEMCELL Technologies (3x105 

cells/well) in 1 ml MyelocultTM H5100. On the following day, it was visually inspected whether the 
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feeder cells are attached, alive and form an around 80% confluent layer. Then, the feeder cells 

were irradiated at 8000 cGy and medium was exchanged to 2 ml fresh, warm MyelocultTM H5100 

including 1 µM hydrocortisone.  

Feeder cell co-incubation  

After 48 h drug treatment as described above, all remaining AML PDX / CD34-positive BM cells 

were harvested in 15 ml tubes and centrifuged for 10 min at 200xg, RT. They were then re-

suspended in 500 µl of MyeloCultTM H5100 including 1 µM hydrocortisone and transferred on the 

prepared feeder cell layer (total volume 2.5 ml per well). For the AML PDX cells, SCF was 

additionally added into the medium at a final concentration of 50 ng/ml. During the 5-week co-

incubation of the cells on the feeder layer, the medium was changed half-weekly: Therefore, the 

plate was carefully shaken horizontally to homogenize the cell suspension, as the cells tend to 

accumulate in the middle part of the well. The plate was tilted and all medium carefully sucked up 

with a serological pipette. Half of the medium was slowly put back in each well, respectively, the 

other half of the medium was discarded. 1.25 ml of new medium was added drop-wise containing 

50 ng/ml of fresh SCF (only for AML PDX) and 1 µM of fresh hydrocortisone. Additionally, 

50 ng/ml of fresh SCF (only for AML PDX) were added a second time each week, as SCF gets rapidly 

degraded.  

Harvest from feeder cell layer and plating in methylcellulose cultures 

After 5 weeks of co-incubation AML PDX / CD34-positive BM cells were harvested from the feeder 

layers. To this end, all medium – containing non-adherent cells – was collected in a 15 ml tube for 

each well, respectively. The adherent layer in each well was subsequently washed 2x with 1 ml 

HBSS, also collecting the solution in the 15 ml tube after each wash step. Afterwards Trypsin-

EDTA (0.25%) was added and the plate incubated for 10 min at 37 °C, 5% CO2 to detach the 

adherent layer. 0.2 ml FBS was added to stop the reaction and the wells were rinsed 2x with IMDM 

+ 2% FBS, adding all solution after each step to the 15 ml tube. The 15 ml tube was filled up to 

10 ml with IMDM + 2% FBS and centrifuged at 300xg for 10 min at RT. The supernatant was 

discarded and the cell pellet was resuspended in 300 µl IMDM + 2% FBS. The whole volume was 

added to 3 ml Methocult H4230 containing 3 U/ml EPO, 50 ng/ml SCF and 20 ng/ml IL-3, IL-6, 

GM-CSF and G-CSF for healthy CD34-positive BM cells or to Methocult H4034 Optimum for AML 

PDX cells. Methylcellulose cultures were then prepared and evaluated after 14 d as described for 

CFU assay. LTC-IC assays were performed by me together with Dr. Xiang Gao under the 

supervision of Prof. Michaela Feuring (both from university hospital Ulm). Further details are also 

described in publications by Feuring-Buske et al. (148) and Ailles et al. (149)  
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2.2.5.4 Leukemia-initiating cell (LIC) assay  

After 96 h drug treatment, all remaining AML PDX cells were collected from the plate, centrifuged 

at 400xg for 5 min at RT and resuspended in PBS. They were then retransplanted into five NSG 

mice per treatment group using tail vein injection. Subsequently AML PDX engraftment was 

monitored in regular intervals by BLI. A positive and negative engraftment were pre-specified as 

total flux > 1x108 photons/s in at least two BLI images and total flux < 4x106 photons/s for at least 

100 d since transplantation, respectively. After the pre-specified time or at advanced leukemic 

disease (indicated by BLI signals above 1x1010 photons/s and/or clinical signs such as rough fur, 

reduced motility, paralysis, weight loss and hunchback), mice were sacrificed using cervical 

dislocation. One AML-388 transplanted mouse of the 1 µg/ml 20D9h3-DUBA group had to be 

sacrificed on day 34 due to clinical signs of illness that were most likely unrelated to leukemia 

development, as the BLI imaging signal two days before was negative. This mouse was therefore 

excluded from the analyses. Further details on animal handling, randomization and blinding have 

been described in a recent publication by Zeller et al (147). The LIC assays were planned and 

analyzed in collaboration with Dr. Binje Vick and performed by Dr. Binje Vick together with 

Annette Frank and Sandro Aidone (all AG Jeremias, Helmholtz Zentrum München). Animal trials 

were carried out in accordance with the current ethical standards of the official committee on 

animal experimentation (written approval by Regierung von Oberbayern, tierversuche@reg-

ob.bayern.de, ROB-55.2Vet-2532.Vet 03-21-9). 

 

2.2.6 Microscopy 

2.2.6.1 Internalization assay 

400 µl Ba/F3-pMIY ev or hFLT3high cells were seeded in 48-well plates at a density of 

1x106 cells/ml in their culture medium. 1 µg 20D9h3-mAb and pHrodo-labelled anti-human 

secondary antibody, respectively, were mixed in a 1.5 ml tube and incubated for 30 min, at RT. 

The mixture was then added to the cells (final antibody concentration: 2.5 µg/ml). As a control, 

Ba/F3-pMIY hFLT3 high cells were incubated with pHrodo-labelled secondary antibody only. 

After 5 h and 24 h, cell samples were taken from each well and pipetted on an 8-well glass bottom 

slide. Microscopic images were acquired with a Nikon TiE microscope using Yokogawa CSU-W1 

spinning disk confocal unit with 50 µm pinhole size, Andor Borealis illumination unit, Andor 

ALC600 laser beam combiner, Andor IXON 888 Ultra EMCCD camera using Nikon CFI Apochromat 

TIRF 60x NA 1.49 objective with oil immersion (pixel size: 217 nm) and Nikon Software NIS 

Elements version 5.02.00. YFP and pHrodo deep red signals were captured with 525/50 nm and 

700/75 nm emission filters, respectively. 
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2.2.6.2 Colony imaging 

AML PDX CFU assay plates were imaged on the final day of the experiment using Keyence BZ-X810 

microscope with a PlanApo 2x 0.10/8.50 mm objective and no digital zoom. 60-80 images were 

acquired per well of the 6-well plate and were stitched together using Keyence BZ-810 Analyzer 

Software. Furthermore, single colonies were imaged using ZEISS Primovert microscope with 

Axiocam 208 color microscope camera and Primo Plan-ACHROMAT 4x/0.10 Ph0 objective.   

 

2.2.7 Generation of antibodies and antibody-drug-conjugates (ADCs) 

2.2.7.1 Antibody expression and purification 

Antibody expression 

For the expression of chimeric 20D9, humanized 20D9h1-h16 and Fc-mutated 20D9h3-LALA, 

ExpiCHO expression system was used according to the manufacturer’s instructions (standard 

protocol). Briefly, a day before transfection ExpiCHO-S cells were subcultured at a density of 

3x106 cells/ml and incubated at 37 °C, 8% CO2. A day after, transfection was carried out only if the 

cell viability was > 95%. For transfection, cells were collected and diluted in 25 ml fresh pre-

warmed ExpiCHOTM expression medium at a density of 6x106 cells/ml. 10 µg of light and heavy 

chain plasmid (1:1 ratio), respectively, were pipetted into cold 1 ml OptiPROTM SFM (tube 1); 80 µl 

cold ExpiCHO transfection reagent (ExpiFectamineTM CHO reagent) and 920 µl cold OptiPROTM 

SFM were pipetted into tube 2. The content of both tubes was then mixed, left standing for a period 

of 3 min at RT and subsequently added to the cells. Cells were incubated over night at 37 °C, 8% 

CO2 on an orbital shaker before adding 6 ml of ExpiCHOTM feed medium including 150 µl enhancer 

reagent. The total duration of expression before harvest was typically between 7 and 10 d.  

Antibody purification 

ExpiCHO-S cells were harvested by centrifugation at 1000xg for 10 min at RT. Supernatant was 

collected, centrifuged at 4000-5000xg for 30 min at 4 °C and subsequently filtered with a 0.22 µm 

filter for clarification. mAbs were purified from the supernatant with Äkta pureTM FPLC 

chromatography system using MabSelect SuRe Protein A column. 5 CV mAb binding buffer were 

used for system and column equilibration prior to loading of the cleared supernatant onto the 

column (used flow rate: 0.5 ml/min). This was followed by a washing step where the column was 

loaded with 10 CV mAb binding buffer at a flow rate of 1 ml/min. For antibody elution 10 CV mAb 

elution buffer were loaded on the column and the antibodies were eluted into prepared tubes with 

mAb neutralization buffer (final pH 7-7.5). Fractions were pooled and loaded on Amicon® ultra 

0.5 ml centrifugal filters for concentration followed by buffer exchange to mAb storage buffer 

using Zeba spin desalting columns. Both antibody expression and purification were carried out by 

Jonathan Schwach (AG Leonhardt, LMU).  
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2.2.7.2 mAb stability test 

Humanized mAbs were tested for their long-term stability at different temperatures. Aliquots of 

each mAb were split into three tubes at concentration of 1 mg/ml, respectively, in storage buffer 

including 0.1% sodium azide to prevent bacterial contamination. The three tubes were incubated 

at 4 °C, 25 °C and 37 °C, respectively. After one, two and four weeks, aliquots of each tube were 

centrifuged for 10 min at 10 000xg and subsequently analyzed for their stability using HPLC-

hydrophobicity interaction chromatography (HIC), HPLC-size-exclusion chromatography and 

Nanodrop measurements. This experiment was done by Jonathan Schwach (AG Leonhardt, LMU). 

 

2.2.7.3 ADC generation 

Generation of 20D9h3-DUBA 

2.67 µl of a 10 mM TCEP solution (in PBS) were added to 200 µl of 20D9h3-mAb at a concentration 

of 5 mg/ml in PBS, mixed and incubated at RT. After 1 h, 3.33 µl of vc-seco-DUBA linker-payload 

(10 mM in DMSO) were added and the mixture was incubated for another hour at RT. Afterwards, 

the mixture underwent purification by preparative SEC at a flow rate of 0.8 ml/min using a 25 ml 

SuperdexTM 200 Increase 10/300GL column and ÄKTA Pure FPLC system with F9-C-fraction 

collector. Elution was done with PBS. The fractions with antibodies were pooled and loaded on 

Amicon Ultra-2 ml centrifugal filters for protein concentration. A schematic illustration of 

20D9h3-DUBA is depicted in supplemental Figure 2A.  

Generation of 20D9h3-MMAF 

3.33 µl of a 10 mM TCEP solution (in P5-conjugation buffer) were added to 50 µl of 20D9h3-mAb 

at a concentration of 10 mg/ml in P5-conjugation buffer and mixed. Immediately after, 1.67 µl of 

P5(OEt)-VC-PAB-MMAF (40 mM in DMSO) – which was generated as described recently (150) – 

were added and the mixture was incubated for 16 h at 25 °C on a shaker (350 rpm). Afterwards, 

the mixture underwent purification by preparative SEC followed by concentration with spin-

filtration as described for 20D9h3-DUBA.  A schematic illustration of 20D9h3-MMAF is depicted 

in supplemental Figure 3A.  

Both conjugations were carried out by Dr. Marc-André Kasper and Dr. Philipp Ochtrop (both 

Tubulis GmbH). 

 

2.2.7.4 Quality control of antibodies and ADCs 

Determination of ADC/antibody concentration 

The concentration of all mAbs was determined using NanoDrop spectrophotometer 

measurement. For ADCs, the concentration was determined using Bradford reagent and PierceTM 

rapid gold BCA protein assay kit according to the manufacturer’s instructions. The standard 
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curves were generated using pre-diluted bovine gamma globulin standards. BCA and Bradford 

assay were measured at 480 nm and 595 nm, respectively, using Tecan Infinite 200 PRO 

microplate reader. For analysis, respective blank controls were subtracted and the mean of both 

readouts was calculated.  

Sample preparation for mass spectrometry 

50 µl of ADC/mAb at a concentration of 0.2 mg/ml in PBS were mixed with 0.5 µl of the N-

glycosidase PNGase F and 5 µl of DTT (100 mM in H2O). the mixture was incubated at 37 °C for a 

minimum duration of 2 h before subjecting the samples to liquid chromatography / mass 

spectrometry (LC/MS). 

Analytical size-exclusion chromatography 

For analytical SEC, 8 µg mAbs/ADCs were loaded on MAbPac SEC-1 300 Å, 4 x 300 mm columns 

and analyzed at a flow rate of 0.15 ml/min using Vanquish Flex UHPLC System, DAD detector, split 

sampler FT (4 °C), column compartment H (25 °C) and binary pump F. A-SEC phosphate buffer at 

pH 7 was used as a mobile phase to separate ADC/mAb populations during a 30 min isocratic 

gradient. UV chromatograms were recorded at 220 and 280 nm.  

Analytical hydrophobic interaction chromatography 

For analytical HIC, 15 µg mAbs/ADCs were loaded on MabPac HIC Butyl 4.6 x 100 mm columns 

and analyzed at a flow rate of 700 µl/min using Vanquish Flex UHPLC System (2.9). mAbs/ADCs 

were separated using this gradient: A: 1 M (NH4)2SO4, 500 mM NaCl, 100 mM NaH2PO4 pH 7.4 B: 

20 mM NaH2PO4, 20% (v/v) Isopropyl alcohol, pH 7.4. 0% B: 0-1 min, 0-95% B: 1-15 min, 95% B: 

15-20 min, 95-0% B: 20-23 min, 0% B: 23-25 min. UV chromatograms were recorded at 220 and 

280 nm. 

Quality control and concentration determination of all antibodies and ADCs were carried out by 

Dr. Marc-André Kasper / Dr. Philipp Ochtrop (both Tubulis GmbH) and Jonathan Schwach (AG 

Leonhardt, LMU), respectively.  

 

2.2.8 Other protein biochemistry methods 

2.2.8.1 Lysates 

To show the expression of cellular proteins 1x107 Ba/F3- or MOLM-13, MV4-11 or OCI-AML3 cells 

(with p53 KD or ctrl.) were used to generate protein lysates. In the experiment where the DNA 

damage repair was analyzed, the treatment with 50 ng/ml ADCs was started with a total of 1x107 

MOLM-13 cells in 6-well plates (2.2x106 cells/ml) and after 24 h all remaining cells of each well 

were used to generate lysates. In all cases, cells were collected in 15 ml falcons and centrifuged at 

300xg for 3 min, RT. The supernatant was removed, the cells resuspended in 1 ml cold PBS and 
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transferred to a 1.5 ml tube. All further steps were carried out on ice. Cells were now washed twice 

with cold PBS (3550 rpm, 5 min, 4 °C). After the last wash, all supernatant was carefully removed 

and lysis buffer was added (a 1:100 dilution of a 100 mM Na3VO4 solution and a 1:100 dilution of 

100x protease inhibitor cocktail were added to the lysis buffer shortly before use; 100 µl lysis 

buffer were used per 1x107 cells). Samples were incubated for at least 30 min on a rotary mixer 

at 4 °C. Afterwards, samples were centrifuged at full speed for 10 min. The supernatant was 

carefully transferred in a new tube and mixed 1:2 with 2x Laemmli buffer (bought from Biorad, β-

mercaptoethanol was added to the buffer shortly before use according to the supplier’s 

instructions). Subsequently, the sample was incubated for 5 min at 95 °C on a heating block and 

transferred on ice immediately after. The lysates were either directly used for Western Blot or 

stored at -20 °C until usage. 

 

2.2.8.2 Determination of protein concentration  

The concentration of protein lysates for Western blotting was determined by Bradford assay. 1 µl 

of lysate was therefore added to 799 µl water in a 1.5 ml tube. After mixing, 200 µl Bradford 

protein dye reagent concentrate was added, the tube was vortexed and the whole volume was 

transferred to a cuvette. Further, BSA standards were prepared with concentrations between 

1 and 25 mg/ml. Both standards and samples were measured at 595 nm using a UV-VIS-

photometer.  

 

2.2.8.3 Western blotting 

Gel electrophoresis 

For the molecular weight-based separation of proteins ready-to use 4-20% tris-glycine precast 

gels with 10 or 12 wells were used. Combs were carefully removed from the gels and the gels were 

inserted into the electrophoresis chamber of Xcell SureLock Mini Cell. The chamber was filled with 

1x electrophoresis buffer. 50 µg of protein lysate per condition and 10 µl of Spectra Multicolor 

Broad Range Protein Ladder (10-260 kDa) were loaded into the gel pockets using gel loading tips. 

Gels were run at 50 V for around 1.5 h (stacking gel), then the voltage was increased to 100 V until 

the dye front reached the bottom of the gel. 

Protein transfer to PVDF membranes 

For the protein transfer, PVDF membranes (0.45 µm) were pre-wetted in methanol for 30 s, then 

transferred to d2H2O for 5 min and finally incubated in 1x transfer buffer for 10 min. Further, two 

sponges and two filter papers per gel were also pre-wetted with transfer buffer. Sponges, filter 

papers, gel and PVDF membrane were subsequently assembled in a cassette, air bubbles were 

removed and the closed cassette was inserted into a wet-blotting chamber that was filled with ice-
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cold 1x transfer buffer. The protein transfer was done overnight using Biorad Mini Protean Tetra 

system at 100 mA and 4 °C under continuous stirring using a magnet stirring rod. 

Antibody staining 

On the next day, the PVDF membrane was blocked for 1-2 h (RT) with 5% (w/v) milk powder or 

BSA (for phospho-proteins) in TBS-T on an orbital shaker. Then, the membrane was washed once 

with TBS-T for 5 min and subsequently stained with primary antibody (Table 10) at the dilution 

recommended by the manufacturer in 5 ml of the respective blocking buffer for 1 h at RT or 

overnight at 4 °C on a roller mixer. Afterwards, the PVDF membrane was washed 3x for 5 min with 

TBS-T on a roller mixer to remove unbound primary antibody. Subsequently, the membrane was 

stained with HRP-coupled secondary antibody diluted in blocking buffer 1:10 000 for β-actin and 

1:5 000 for all other proteins for 1-2 h on a roller mixer (RT). Afterwards, the membrane was 

washed again 3x for 5 min with TBS-T on a roller mixer to remove unbound secondary antibody. 

Pierce ECL plus solution was warmed to RT 15 min before use. 1 ml solution A and 25 µl solution B 

were mixed according to the supplier’s instructions and the mixture was distributed over the 

antibody-stained PVDF membrane. The membrane was incubated with ECL solution for 2 min in 

the dark and then immediately imaged on Fusion SL imaging system.  

Membrane stripping 

In some cases, membranes were stained a second time with different antibodies after the first 

imaging. Therefore, PVDF membranes were washed 1x with TBS-T for 5 min at RT on an orbital 

shaker to remove ECL solution. Subsequently, membranes were incubated for 10 min with 

RestoreTM PLUS Western Blot Stripping buffer at RT on an orbital shaker to remove the bound 

antibodies. Membranes were again washed 2x with TBS-T for 5 min before proceeding to 

membrane blocking and antibody staining as described above.  

 

2.2.8.4 Enzyme-linked immunosorbent assay (ELISA) 

Analysis of humanized mAbs 

Recombinant human FLT3 protein was coated on 96-well black MaxiSorp plates by incubating the 

plate overnight at 4 °C with a solution of 100 µl PBS/well containing 1 µg/ml FLT3 protein on a 

shaker. On the next day, the plate was washed 3x with 250 µl/well PBS containing 0.05% 

Tween 20 (PBS-T, washing buffer). After each wash, the solution was removed by inverting the 

plate. Subsequently, 250 µl/well of 2% BSA (w/v) in PBS-T (blocking solution) was added and the 

plate was incubated for 1 h at RT on an orbital shaker (250-300 rpm). Then, the plate was washed 

again 3x with washing buffer as before. A concentration row of the FLT3-mAbs 20D9 and 20D9h1-

20D9h12 was prepared in blocking solution starting from 10 µg/ml with 1:4 dilutions. After the 

last wash, 100 µl of each dilution was added per well, and the plate was incubated with antibodies 
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for 2 h at RT on an orbital shaker (250-300 rpm). The plate was washed again 3x with washing 

buffer as before. Subsequently, 100 µl of blocking solution containing alkaline phosphatase 

coupled anti-human secondary antibody at a dilution of 1:5000 was added to each well for 1 h at 

RT on an orbital shaker (250-300 rpm). The plate was washed again 3x with washing buffer as 

before. 100 µl of AttoPhos fluorescent alkaline phosphatase substrate solution was added per well 

for detection. After a 20 min incubation at RT on an orbital shaker (250-300 rpm), the plate was 

read on GloMax® Discover microplate reader at an excitation of 405 nm and an emission of 500-

550 nm. The half maximal effective concentration (EC50) was calculated using GraphPad Prism 

10.1.2 non-linear fit “one site – total and nonspecific binding”. 

Pharmacokinetic analysis of ADCs in mouse serum 

3 mg/kg 20D9h3-DUBA or 20D9h3-MMAF were injected i.v. into 20-weeks-old male NSG mice 

(n = 1). After 24 h, 48 h and 72 h blood samples were collected for analysis with ELISA according 

to the following protocol: 1 µg/ml mouse anti-human IgG Fc specific antibody in PBS, anti-MMAF 

antibody or anti-duocarmycin antibody were coated on 96-well black MaxiSorp plates, 

respectively, to determine total antibody and intact ADC content within the mouse serum. Plates 

were then incubated with blocking solution as described above before serum samples were 

loaded onto the plate. Furthermore, dilution rows of 20D9h93-DUBA or 20D9h3-MMAF with 

concentrations ranging from 15.6-100 000 ng/ml were loaded on the plate to generate standard 

curves. All other steps were carried out as described above using an HRP-labelled goat anti-human 

kappa light chain secondary antibody (1 h incubation) and Ultra-TMB substrate (reaction was 

stopped with 1 M sulphuric acid after 15 min) for detection. The plate was measured at 450 nm 

on Tecan Infinite 200 PRO microplate reader.  

 

2.2.9 Molecular biological work 

2.2.9.1 Site directed mutagenesis 

Generation of FLT3 mutations 

QuickChange Site-Directed Mutagenesis Kit was used according to the supplier’s 

recommendations to introduce point mutations in the FLT3 sequence (F691I, F691L mutations 

into pMIY hFLT3/NPOS*). Individual mutagenic primers were designed using Agilent QuikChange 

Primer Design Program. The following reaction mixture and PCR protocol were used: 

Reaction buffer 10x 5 µl 

dNTP mix 1 µl 

QuikSolution 3 µl 

PfuUltra HF DNA polymerase 1 µl 
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Primer, forward (10 µM) Volume corresponding to 125 ng 

Primer, reverse (10 µM) Volume corresponding to 125 ng 

dsDNA template Volume corresponding to 10 ng 

d2H2O Fill up to 50 µl 

PCR program 

95 °C 1 min 

95 °C 50 s 

60 °C 50 s 

68 °C 1 min/kb plasmid length 

68 °C 7 min 

Afterwards 1 µl Dpn I restriction enzyme was added and the mixture incubated for 1 h at 37 °C to 

digest the methylated parental DNA. XL10-Gold Ultracompetent Cells were thawed on ice. 45 µl 

cells were mixed with 2 µl β-mercaptoethanol and incubated for 10 min on ice, swirling the tube 

every 2 min. 2 µl of the mutated DNA were now added to the tube and the mixture incubated on 

ice for 30 min before heat-pulsing the tube at 42 °C for 30 s. The tube was afterwards again 

incubated on ice for 2 min. 0.5 ml prewarmed SOC medium (42 °C) were now added per tube and 

the sample incubated for 1 h at 37 °C under continuous shaking (210 rpm). 250 µL of the 

transformation reaction was then plated on an LB-ampicillin agar plate. After an overnight 

incubation at 37 °C, single colonies were picked and plasmid DNA isolated with QIAprep Spin 

Miniprep Kit according to the manufacturer’s instructions.  

*pMIY hFLT3/NPOS vector was generated by AG Spiekermann/KKG Leukämie. 

 

Generation of Leu234Ala/Leu235Ala (LALA) point mutations in 20D9h3/IgG1 

Leu234Ala/Leu235Ala (LALA) point mutations were generated by Jonathan Schwach (AG 

Leonhardt, LMU) as described in his thesis (soon to be published). 

 

 

2.2.9.2 In-Fusion cloning 

In-fusion seamless ligase-independent cloning was used according to the supplier’s instructions. 

It was applied to clone target sequences (e.g. rFLT3) into the pMIY vector. Briefly, the target vector 

was linearized using suitable restriction enzymes (e.g. EcoRI and XhoI). The insert was PCR 

amplified using special primers (designed by SnapGene software) to achieve 15 bp overhanging 

ends complementary to the vector. The following protocol was used: 

 

1
8

x 
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CloneAmp Hifi PCR Premix 2x 12.5 µl 

Primer, forward (10 µM) 0.75 µl 

Primer, reverse (10 µM) 0.75 µl 

Template (vector) Volume corresponding to 10 ng 

d2H2O Fill up to 25 µl 

PCR program 

Denaturation 98 °C 10 s 

Annealing 55 °C 15 s 

Elongation 72 °C 5 s / kb 

After the PCR, the reaction mix was loaded on an agarose gel to verify that the amplicon has been 

amplified successfully and appears at the desired size. The amplicon was then cleaned up from 

the gel using QIAQuick PCR Purification kit and ligated with the linearized target vector for 15 min 

at 50 °C using the following mixture: 

Purified PCR fragment Volume corresponding to 10-200 ng* 

Linearized vector Volume corresponding to 50-200 ng** 

5x In-Fusion HD enzyme premix 2 µl 

d2H2O Fill up to 10 µl 

*<0.5 kb: 10-50 ng, 0.5-10 kb: 50-100 ng, >10 kb: 50-200 ng 

**<10 kb: 50-100 ng, >10 kb: 50-200 ng 

Meanwhile, StellarTM Competent Cells were thawed on ice. 10 ng of the In-Fusion reaction mixture 

were added to 30 µl cells and incubated on ice for 30 min, heat-shocked 45 s at 42 °C and 

transferred back to ice for 1-2 min. 500 µl warm SOC medium were added to the cells and the 

mixture was incubated for 1 h at 37 °C under continuous shaking (210 rpm). 100 µl were spread 

on LB agar plates containing 100 µg/ml ampicillin for selection. After an overnight incubation at 

37 °C, single colonies were picked and plasmid DNA was isolated with QIAprep Spin Miniprep Kit 

according to the manufacturer’s instructions and sequenced as described. 

  

2.2.9.3 Bacterial retransformation and plasmid DNA isolation 

To expand plasmid DNA, StellarTM Competent Cells were used as described above. After the 

overnight incubation on LB agar plates, a single colony was transferred to 2 ml ampicillin-

containing LB medium (100 µg/ml) and incubated for 8 h at 37 °C, 300 rpm. 150 µl of the pre-

culture was transferred into 100 ml LB medium with 100 µg/ml ampicillin in an Erlenmeyer flask 

and again incubated overnight under the same conditions as before. Only then, plasmid DNA was 

3
3
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isolated, now using EndoFree Plasmid Maxi Kit as described by the manufacturer. Plasmid DNA 

concentration and quality was determined using DeNovix DS-11+ spectrophotometer, afterwards 

aliquots of the isolates were stored at -20 °C until further use. 

 

2.2.9.4 Restriction digest 

Restriction digest was used to linearize vectors for In-fusion cloning and to check for correct 

products afterwards. Enzymes were applied as recommended by the manufacturer mostly using 

adaptions of the following protocol: 

Restriction buffer 10x 2 µl 

Fast digest restriction enzyme(s) 1 µl of each 

Template (vector) Volume corresponding to 1 µg 

d2H2O Fill up to 20 µl 

Incubation for 5-15 min at 37 °C. 

 

2.2.9.5 Agarose gel electrophoresis of nucleic acids 

Agarose gel electrophoresis was used after PCR amplification and to assess correct cloning (after 

restriction digestion). 0.8-1.5% agarose gels were prepared by solving agarose in 1x TAE buffer 

and adding 0.1 µg/ml SYBR-Safe fluorescent dye, and subsequently carefully heating the mixture 

in the microwave until the agarose dissolved. Afterwards the soluble agarose mix was cooled 

down to 50 °C and gels were prepared in gel trays. A running chamber was set up, in which the 

solidified gel was placed in 1x TAE buffer. DNA samples were mixed with Orange DNA loading dye 

(6x) and pipetted into the gel pockets together with a molecular weight marker. Samples were 

run for around 2 h at 80-100 V before visualizing the DNA fragments under the UV light.  

 

2.2.9.6 Sanger sequencing 

Correct sequences after cloning or mutagenesis were confirmed by Sanger sequencing using the 

primers listed in Table 14. Sequencing was performed externally by Sequiserve (Vaterstetten, 

Germany).  

 

2.2.10 Statistical analyses 

All statistical analysis was done with GraphPad Prism version 10.1.2. IC50 and EC50 values for 

cytotoxicity assays and ELISA were calculated using non-linear fit variable slope analysis or one 
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site - total and nonspecific binding analysis, respectively. For statistical analyses, data was first 

tested for normal distribution and the appropriate statistical test was chosen as specified in each 

figure legend together with the p values (which were adjusted for multiple comparisons). Data is 

depicted as mean ± standard deviation (SD) from three biological replicates, unless explicitly 

described otherwise.  
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3 Results 

LSCs represent the source of AML blasts and are a main cause of treatment failure. Finding ways 

to specifically eliminate LSCs is crucial for therapeutic success. Targeted agents such as ADCs have 

become increasingly important in all cancer entities including AML and represent a promising 

anti-LSC approach. Goal of this work was thus the development of an LSC-targeting ADC. To this 

end, the previously generated chimeric FLT3-mAb 20D9 was humanized and the clone with the 

best characteristics was identified out of 16 candidates. Two payloads with different mechanisms 

of action were selected and conjugated to the antibody to yield ADCs. This was followed by 

extensive in vitro activity studies, mechanistic analyses and most importantly evaluation of the 

ADCs activity towards leukemic stem and progenitor cells in comparison to their healthy 

equivalents. Finally, for the ADC with a higher anti-LSC activity a combination with two other 

agents that could potentiate its effectivity towards LSCs was tested. 

3.1 FLT3 antibody humanization and selection of the lead candidate 20D9h3 

In a previous project, the chimeric FLT3-mAb 20D9 had been generated serving as basis for my 

work (139, 143). 20D9-mAb was raised in rat but has been chimerized by cloning the variable 

domain into human IgG1 expression vectors. Chimeric antibodies possess human constant 

domains (CH1-CH3 and CL); however, the variable domain is still from the animal of origin. To 

reduce immunogenicity, antibodies that are used in humans are usually fully humanized (151), 

which was the first aim of my project.  

3.1.1 20D9 humanization and basic characterization of the humanized mAbs 

The process of antibody humanization and identification of a lead candidate for ADC development 

is schematically illustrated in Figure 6.  

 

Figure 6: Humanization workflow for FLT3-mAb 20D9. 20D9 monoclonal antibody (mAb) has been originally 

generated in rats and was chimerized as part of a previous project (139, 143). In this project, 20D9-mAb was now 

humanized using complementarity-determining region (CDR) grafting and a 3D structure-based approach. 16 

humanized sequences were cloned in immunoglobulin G1 (IgG1) expression vectors and transfected in Chinese hamster 

ovary (CHO) cells for expression. The mAbs were harvested after 7-10 d and purified by FPLC protein A affinity 

chromatography. 12 mAbs could be successfully produced and were analyzed extensively for stability and binding 

properties to find an ideal clone for later ADC generation. Humanization and cloning of the mAb sequences in expression 

vectors was carried out externally by YUMAB GmbH. Antibody production, purification and stability analyses were done 

by Jonathan Schwach (AG Leonhardt, LMU). Schematic was generated with Biorender.com. 
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Humanization was carried out by the company YUMAB GmbH (Braunschweig, Germany). Using 

complementarity-determining region (CDR) grafting technology, rat amino acids in the VH and VL 

framework regions were stepwise replaced by their human analogues. This process yielded three 

different variable heavy (VH) and variable light (VL) chain sequences, respectively, with an 

increasing proportion of human amino acids. Additionally, a fourth sequence variant of VH and VL 

was generated by in silico 3D structure-based humanization. By combining the sequences of VH 

and VL in a 4x4 matrix, 16 different mAbs with degrees of humanization varying between 90.2% 

and 100% (versus 84.7% for the 20D9 original chimeric clone) have been generated. Humanized 

antibodies were produced by Jonathan Schwach (AG Leonhardt, LMU) via transient expression in 

ExpiCHO-S cells (high-expressing Chinese hamster ovary (CHO) cell line) followed by purification 

with protein A affinity chromatography on an FPLC system. Four antibodies (20D9h13-20D9h16) 

were excluded from further analysis as they could not be successfully expressed. The remaining 

mAbs showed variable yields between 18-166 mg/l cell culture with 20D9h7 and 20D9h3 as best 

candidates in this category (Table 18).  

 

Table 18: Characterization of the 12 humanized mAbs in different assays. Dark grey indicates above average 

performance, light grey average performance and white below average performance in the respective category; the 

selected lead candidate is marked in orange. Production efficiency was measured by Jonathan Schwach (AG Leonhardt, 

LMU). 

 

Next, 20D9h1-20D9h12 were tested in different assays to evaluate their stability and affinity. To 

test the former, all mAbs were incubated at 37 °C in storage buffer (PBS with 50 mM L-arginine 

and 0.1% sodium azide) for up to 28 d. At regular intervals, samples were taken and analyzed by 

HPLC-size exclusion chromatography (SEC) and HPLC-hydrophobic interaction chromatography 

(HIC). All mAbs appeared to be stable over the course of the study since no significant aggregation 

could be detected in any of the above-mentioned assays (further details: Thesis Jonathan 

Schwach). The binding affinity of the antibodies was subsequently evaluated in ELISA. For this 

  Humanized 20D9- 

 
20D9 h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11 h12 

production efficiency 

(mg/l cell culture) 

30 58 92 144 126 103 140 166 85 47 49 48 18 

affinity (EC50 in ng/ml) 10.9 11.4 11.4 11.3 11.0 29.3 33.5 37.1 29.3 83.4 77.8 111.6 55.3 

binding to human FLT3 

(MFI ratio to IgG1 control) 

84.7 96.0 96.0 95.3 98.2 42.4 41.3 45.7 43.7 21.3 20.2 20.5 24.8 

mean degree of 

humanization/GI (in %)* 

84.7 90.2 91.2 94.7 94.1 93.1 94.4 97.6 97.1 95.5 96.8 100 99.5 

humanized VH and VL 

chain combination 

chimeric VH1 VH2 VH3 VH4 VH1 VH2 VH3 VH4 VH1 VH2 VH3 VH4 

VL1 VL2 VL3 

*mean GI (VH+VL); EC50 = half-maximal effective concentration; GI = germinality index; MFI = mean fluorescence in-

tensity; VH = variable domain of immunoglobulin heavy chain; VL = variable domain of immunoglobulin light chain 
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purpose, recombinant human FLT3 was coated on plates and incubated with the different 

antibody clones. Binding affinities ranged from half-maximal effective concentration (EC50) values 

of 11.0 ng/ml to 111.6 ng/ml. The antibodies 20D9h1-20D9h4 performed best with similar EC50 

values compared to the original chimeric 20D9 (Table 18). To further evaluate binding in a cellular 

context, the antibodies were incubated with murine Ba/F3 cells stably expressing human wildtype 

FLT3 (hFLT3high), cynomolgus monkey FLT3 (cynoFLT3) or no surface receptor (ev). Those 

Ba/F3 cells were generated previously by Maike Roas and successful expression of surface 

receptors was demonstrated (139, 143). Binding of the humanized anti-FLT3 mAbs to those cells 

was now assessed by flow cytometry. Similar as in the ELISA, 20D9h1-20D9h4 mAbs showed the 

highest binding to hFLT3 (Table 18) of all humanized antibody clones, slightly increased 

compared to 20D9 chimeric mAb. All humanized clones also maintained the ability to bind to 

cynoFLT3 (supplemental Figure 1A). None of the clones bound to empty vector control cells 

(supplemental Figure 1B) confirming specificity of binding. Considering the results of the binding 

studies together with production efficiency, stability and degree of humanization, 20D9h3 and 

20D9h4 clones were the best candidates. Due to the higher degree of humanization of 94.7 %, we 

finally selected 20D9h3 as single lead candidate for ADC generation and went on to characterize 

it further.  

 

3.1.2 In-depth characterization of 20D9h3-mAb 

Next, 20D9h3-mAb was examined in more detail. I was particularly interested in antibody 

internalization and in the cross-reactivity towards mutants, orthologues and paralogues of FLT3 

receptor.  

3.1.2.1 Analysis of antibody internalization 

For an ADC, a fast and target-dependent internalization is crucial as it delivers the effective agent 

inside the cell (152). Two different methods were used to evaluate if the high internalization 

efficiency that had been previously observed for the chimeric 20D9-mAb (139, 143) is preserved 

in 20D9h3-mAb upon humanization. First, Ba/F3-pMIY ev cells or Ba/F3 cells expressing FLT3 at 

a high (hFLT3high) or low (hFLT3low, expression in Figure 9B) level were incubated with a 

mixture of 20D9h3-mAb complexed with pHrodo-labelled secondary antibody – kindly provided 

by Dr. Saskia Schmitt (Tubulis GmbH) – for 1 h, 5 h and 24 h. The pHrodo fluorophore is only 

fluorescent at low pH in the late endosome or lysosome. Thus, successful internalization can be 

monitored by flow cytometry or confocal microscopy (Figure 7A). The former demonstrated fast 

and FLT3-level dependent mAb internalization with intracellular 20D9h3 present after 1 h 

(Figure 7B). This finding was also supported by microscopy data (Figure 7C, microscopy was 

carried out in collaboration with Jonathan Schwach, AG Leonhardt, LMU). 
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Figure 7: Analysis of 20D9h3-mAb internalization by flow cytometry and confocal microscopy. (A) Scheme of the 

internalization assay. 20D9h3 was incubated for 15 min with goat anti-human pHrodo-labelled secondary antibody. 

The mixture was then added to Ba/F3-pMIY cells expressing hFLT3 or ev for 1-24 h at 37 °C. The cells were 

subsequently analyzed with flow cytometry or microscopy. (B) Flow cytometry analysis of cells incubated 1 h, 5 h or 

24 h with complexed 20D9h3. mean ± s.d.; n = 3 biological replicates. (C) Confocal microscopy after 5 h and 24 h 

incubation. Green = YFP expression, red = 20D9h3-mAb complexed with pHrodo-labelled secondary antibody. scale 

bar = 10 µm. pHrodo-labelled secondary antibody was conjugated by Dr. Saskia Schmitt (Tubulis GmbH). Microscopy 

was performed together with Jonathan Schwach (AG Leonhardt, LMU). Image A was generated with Biorender.com. 

 

To further confirm successful internalization and verify that 20D9h3-mAb is suitable for ADC 

generation, it was conjugated with the microtubule-targeting payload MMAF that had already 

been shown to be functional together with chimeric 20D9 in the context of previous work (139, 

143), as demonstrated in vitro and in vivo. The efficacy of 20D9h3-MMAF ADC was evaluated in 

comparison to 20D9-MMAF in Ba/F3 cells expressing hFLT3high or empty control construct and 

in the FLT3-positive and FLT3-negative cell lines MOLM-13 and K-562, respectively (Figure 8).  

 

Figure 8: Analysis of 20D9h3-MMAF internalization by cytotoxicity assay. (A) Ba/F3-pMIY ev or hFLT3 cells were 

incubated with 20D9-MMAF or 20D9h3-MMAF for 72 h. Viable cells were assessed by trypan blue exclusion count and 

are depicted normalized to untreated control. Non-linear fit analysis was done with GraphPad Prism 10.1.2. mean ± s.d.; 

n = 3 biological replicates. (B) FLT3-positive MOLM-13 cells and FLT3-negative K-562 cells were incubated with 

20D9h3-MMAF for 96 h. Viable cells were assessed by resazurin assay and are depicted normalized to untreated 

control. Non-linear fit analysis was done with GraphPad Prism 10.1.2. mean ± s.d.; n = 3 biological replicates. 
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20D9h3-MMAF ADC showed similar or even slightly superior efficacy compared to chimeric 

20D9-MMAF ADC in the Ba/F3 model (Figure 8A). Further it was cytotoxic to FLT3-positive 

MOLM-13 cells, but not to FLT3-negative K-562 cells (Figure 8B). Taken together, these results 

indicate that the 20D9h3 antibody fulfils important criteria for ADC development. 

3.1.2.2 Cross-reactivity with orthologues and paralogues of FLT3 

Next, it was tested if 20D9h3-mAb binds to orthologues of FLT3 from cynomolgus monkey, mouse 

or rat as this might be relevant for further pre-clinical tests. Chimeric 20D9-mAb was generated 

in rats which made cross-reactivity with rodent FLT3 unlikely also for the humanized version 

20D9h3. Indeed, flow cytometry with Ba/F3-pMIY cells expressing human, cynomolgus monkey 

(cynoFLT3), rat (rFLT3) or murine FLT3 (mFLT3) confirms that 20D9h3-mAb only binds to 

human and cynomolgus monkey FLT3, but not rat or murine FLT3 (Figure 9A, surface expression 

confirmed in Figure 9B-C and in Roas et al. (139) for cynoFLT3 and mFLT3).  

 

Figure 9: Cross-reactivity of FLT3 antibodies with paralogues and orthologues of FLT3. Experiments were carried 

out with murine Ba/F3 cells as model system stably expressing YFP and different human receptors or empty vector (ev) 

control. (A) Binding of 20D9h3-mAb to FLT3 orthologues from human (hFLT3high), cynomolgus monkey (cynoFLT3), 

rat (rFLT3) and mouse (mFLT3) measured by flow cytometry and depicted as mean fluorescence intensity (MFI) ratio 

to IgG1 control. (B) Cell surface expression of hFLT3 was measured in Ba/F3 cells by flow cytometry. MFI was 

normalized to isotype control. Note the break in the y-axis. mean ± s.d.; n = 3 biological replicates. (C) Expression of 

rFLT3 in stably transfected Ba/F3 cells and transiently transfected Ф-eco cells was verified by Western Blot. β-actin 

was used as loading control. MW = molecular weight. (D) Binding of 20D9h3-mAb to FLT3 paralogues depicted as MFI 

ratio normalized to IgG1 control. mean ± s.d.; n = 3 biological replicates. (E) Cell surface expression of FLT3 paralogues 

VEGFR-2, PDGFRα, CSF1R and c-KIT was measured in Ba/F3 cells by flow cytometry. MFI was normalized to isotype 

control. Note the break in the y-axis. mean ± s.d.; n = 3 biological replicates.  
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Second, it was evaluated if 20D9h3-mAb is specific for FLT3 or if it also binds to structurally 

related RTKs, which would increase side effects. Ensembl.org (Ensembl Release 109, (153)) and 

the NCBI Tool Vast+ (154) were used to screen for paralogues of FLT3 with similar sequence or 

high 3D structural similarity, respectively. To select the most relevant RTKs out of these, the 

sequences were aligned to FLT3 using Benchling software (www.benchling.com) to compare 

homologies of the epitope region of 20D9-mAb on the FLT3 receptor with the corresponding 

regions on the other receptors. Of all RTKs, vascular endothelial growth factor receptor 2 (VEGFR-

2), platelet-derived growth factor receptor alpha (PDGFRα), macrophage colony-stimulating 

factor 1 receptor (CSF1R) and stem cell growth factor receptor kit (c-KIT) show the highest degree 

of homology with FLT3. Ba/F3 cells were used that stably express those human RTKs to test 

20D9h3-mAb binding via flow cytometry. It is evident that despite the structural resemblance of 

the receptors, 20D9h3-mAb is highly specific for FLT3 and does not show binding to any of the 

other RTKs (Figure 9D, receptor surface expression in Figure 9E, Ba/F3 cells expressing FLT3 

paralogues were generated by Dr. Harald Polzer, AG Spiekermann, as part of his thesis (142)).  

3.1.2.3 Cross-reactivity with mutants of FLT3 

FLT3 mutations are quite common in AML and negatively correlate with outcome (77). Around 

one third of the patients are affected by either ITD mutations in the JMD or point mutations in the 

TKD and very rarely JMD (73-75). TKIs are the most advanced FLT3-directed therapy and are 

frequently used in FLT3-ITD mutated patients. However, they have the disadvantage that their 

effectivity is negatively influenced by TKD mutations that are either initially present or arise as 

secondary mutations in FLT3-ITD cells in response to therapy. (90, 155) For successful FLT3-

directed therapy, it is thus of high relevance, that the drug is also active in FLT3-mutated cells. As 

both ITD and TKD mutations are located in the intracellular part of FLT3, it is unlikely that they 

affect the activity of an ADC. To confirm this, I analyzed the binding of the FLT3-mAb to different 

FLT3 mutants. As these experiments were already performed as part of a previous project (139), 

they were carried out with the chimeric 20D9 antibody rather than its humanized version 

20D9h3. As repeatedly seen, both mAbs have very similar binding properties as the binding 

epitope was not changed during the humanization procedure. Therefore, the results generated 

with 20D9-mAb should be transferrable to 20D9h3-mAb. It was observed that 20D9-mAb binds 

to all mutant FLT3 versions (Figure 10A). Compared to the binding of 20D9-mab to wildtype FLT3 

(hFLT3high), the binding to FLT3-mutated cells was reduced in all cases except for hFLT3/NPOS 

N676K. It is known that the ITD-mutated FLT3 receptor is retained in intracellular compartments 

(67). Therefore, less binding is most likely due to reduced surface expression of the FLT3-mutants 

compared to wildtype FLT3 and not due to impaired antibody binding. This lower cell surface 

expression compared to wildtype FLT3 was confirmed by flow cytometry (Figure 10B).  
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Collectively, the results from the cross-reactivity studies show that 20D9h3-mAb affinity is most 

likely not affected by FLT3 mutations. 20D9h3-mAb does bind to FLT3 orthologues from 

cynomolgus monkey but not from rat or mouse. This is not unusual for therapeutic mAbs and 

ADCs but hampers toxicological investigations in those species and limits them to nonhuman 

primates (156). Lastly, 20D9h3-mAb does not bind to FLT3 paralogues which is favorable 

concerning the side effect profile of the planned ADC. 

 

Figure 10: Cross-reactivity of FLT3 antibodies with mutants of FLT3. Experiments were carried out with murine 

Ba/F3 cells as model system stably expressing YFP and different human surface receptors or empty vector (ev) control. 

(A) Binding of 20D9- and IgG1-mAbs to wildtype (wt) FLT3 (hFLT3high) or FLT3 versions with primary or secondary 

resistance mutations. Binding was measured by flow cytometry. MFI = mean fluorescence intensity. mean ± s.d.; n = 3 

biological replicates. (B) Cell surface expression of wildtype FLT3 and different FLT3 mutants. mean ± s.d.; n = 3. Figure 

was adapted from Roas et al (139) with permission from Blood. 

 

3.1.3 Generation and analysis of Leu234Ala/Leu235Ala mutated mAbs 

The constant Fc region of an antibody is not involved in antigen binding, however it interacts with 

FcγRs and can lead to effector functions carried out by macrophages (ADCP) or NK cells (ADCC) 

or complement-dependent effects (CDC) (106). For unconjugated therapeutic antibodies those 

effector functions are crucial to mediate their effect. For ADCs, however, it remains unclear 

whether the positive aspects outweigh the increased off-target toxicity caused by internalization 

of the ADC via FcγRs. Further, it is not known whether and to what extent FcγR-mediated uptake 

enhances the killing of LSCs and leukemic progenitors. To investigate these questions, the Fc part 

of 20D9h3-mAb was modified to inhibit the binding to FcγRs. As reviewed by Kevin O. Saunders 

2019, different modifications are possible in the Fc region – some enhancing and some ablating 

effector functions. One very elegant way to ablate effector functions is a combination of the two 

amino acid exchanges Leu234Ala and Leu235Ala (the so-called “LALA” mutation). This mutation 

has been reported to eliminate binding of IgG1 antibodies to FcγRI, FcγRII and FcγRIII. (100, 157) 

As a control for FcγR binding the antibody palivizumab (referred to as IgG1-mAb) was used, which 

has an identical IgG1 backbone compared to 20D9h3 but a variable domain directed towards 
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respiratory syncytial virus glycoprotein F (158), which is irrelevant in AML cells. The LALA-

mutation was introduced in the Fc part of 20D9h3-mAb and the palivizumab IgG1 control by 

Jonathan Schwach (AG Leonhardt, LMU) to generate 20D9h3-LALA and IgG1-LALA antibodies 

(Figure 11A). In flow cytometry it was evaluated if the ablation of FcγR binding has been 

successful without affecting FLT3 binding. This was carried out using Ba/F3 cells that express 

FcγRI, FcγRII, FcγRIII or hFLT3high (Figure 11B, expression was confirmed in (139)). The binding 

to FcγRIII and FcγRII was low to absent in the non-mutated mAbs and completely abolished by 

LALA mutation. 

 

Figure 11: Generation and analysis of 20D9h3 antibodies with Leu234Ala/Leu235Ala (LALA) mutated Fc part. 

(A) Scheme of antibody modification by Leu234Ala/Leu235Ala (LALA) mutation. This mutation is introduced in the 

antibody’s Fc part to ablate binding to Fc gamma receptors (FcγRs). (B) Binding of 20D9h3 and IgG1 control antibody 

with either wildtype (wt) or LALA-mutated Fc region, respectively, to Ba/F3-pMIY cells expressing ev, FcγRI, FcγRII or 

FcγRIII. Values are depicted as mean fluorescence intensity (MFI). mean ± s.d.; n = 4. LALA-mutated antibodies were 

generated by Jonathan Schwach (AG Leonhardt, LMU). Figure 11A was generated with Biorender.com. 

 

In contrast, mAbs with unmodified Fc region (20D9h3-wt, IgG1-wt) showed a high binding affinity 

to FcγRI, which was greatly reduced but not completely abolished by the introduction of the LALA 

mutation. As expected, hFLT3 binding – which is mediated by the Fab region – was unaffected by 

Fc engineering (Figure 11B).  
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3.2 Payload selection  

In the first part of this project, the FLT3 antibody 20D9h3 has been identified as suitable candidate 

for ADC development. The second important component of an ADC is the payload. In this part the 

goal was to find a suitable agent fulfilling the following criteria: 1) A FLT3-targeting ADC should 

ideally be equipped with a highly potent payload. The reason being that the expression of FLT3 – 

compared to other AML targets such as CD33 – is relatively low (47, 63). 2) Successful killing of 

LSCs requires a payload with a mechanism of action that that is efficient in quiescent cells. At the 

moment mainly two classes of toxins are very common in the ADC field: microtubule disrupting 

agents such as auristatins, e.g. MMAE or MMAF, and DNA-damaging agents of the class of 

calicheamicins, PBDs, IGNs, DCMs e.g. DUBA or exatecans (104). Of those two classes the DNA-

damaging agents are commonly regarded as the better choice to address stem cells due to their 

cell-cycle independent mechanism of action (123-125). 

 

3.2.1 Potency of different ADC payloads in leukemia cell lines and Ba/F3 cells 

To identify a potent payload for the FLT3-ADC, the cytotoxicity of toxins of different classes was 

first analyzed in four human leukemia cell lines – MOLM-13, MV4-11, K-562 and HL-60 – and in 

the murine pro-B cell line Ba/F3. Overall, the DNA-damaging payload DUBA was most effective in 

all cell lines with IC50 values of 0.58 – 21.25 nM after 24 h compared to 1.56-2834 nM for MMAE 

and 2.42 – 790.9 nM for exatecan (Figure 12). MMAF – a structural analogue of MMAE – is an 

efficient ADC payload but difficult to directly compare with other payloads as a toxin alone as it 

has a low membrane-permeability on its own (159). Therefore, the IC50 values are quite high 

(> 1000 nM for all cell lines). Remarkably, DUBA was also very effective in the K-562 cell line, 

which shows a generally higher resistance towards all other payloads (Figure 12D).  
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Figure 12: Analysis of different ADC payloads in leukemia cell lines and the Ba/F3 model. MOLM-13 (A), MV4-11 

(B), HL-60 (C), K-562 (D) and Ba/F3-pMIY ev cells (no surface receptor expression) were incubated with different 

concentrations of DUBA, MMAF, MMAE or exatecan. After 24 h, viable cells were assessed by resazurin assay (AML cell 

lines) or CellTiter-Glo luminescence assay (Ba/F3 cells). Values were normalized to vehicle-treated control (treatment 

with dimethyl sulfoxide (DMSO)). Calculation of inhibitory concentration (IC50) values was performed with GraphPad 

Prism 10.1.2 using nonlinear fit variable slope. mean ± s.d.; n = 3 biological replicates. 

 

3.2.2 Evaluation of DNA-damaging and microtubule-targeting payloads in proliferation-

inhibited cells 

I further wanted to address the question whether either payload class had the capability to kill 

cells that do not proliferate. In order to mimic such a resting state with cell lines, they were treated 

with aphidicolin. Aphidicolin is a drug that inhibits the DNA polymerases α and δ and is often used 

as a tool to synchronize cells in their cell cycle progression (160, 161). In a preliminary 

experiment, it was confirmed that aphidicolin completely arrests cell proliferation of MOLM-13 

and MV4-11 cells at doses ≥ 0.37 µM with only minor effects on viability (Figure 13A). In cell cycle 

analysis, it was evident that aphidicolin treatment accumulates cells in G1 (Figure 13B), which is 

in line with its mechanism of action.  
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Figure 13: Effect of aphidicolin treatment on proliferation, viability and cell cycle progression. (A) After 

treatment of MOLM-13 and MV4-11 cells with 0.04-3.3 µM of aphidicolin for 24 h, cell proliferation (total cells/ml) and 

viability (%) were assessed by trypan blue exclusion count. Dashed line represents seeded cell number. mean ± s.d.; 

n = 3 biological replicates. (B) MOLM-13 and MV4-11 cells were incubated with aphidicolin for 48 h. Subsequently, cell 

cycle was measured by flow cytometry and normalized to DMSO-treated control. mean ± s.d.; n = 3 biological replicates. 

**P<.01; ***P<0.001; ****P<0.0001 by Unpaired Student’s t test. 

 

Next, MOLM-13 and MV4-11 cells were pre-treated with aphidicolin for 24 h and then incubated 

for 24 h with either DUBA (Figure 14A), MMAE (Figure 14B) or exatecan (Figure 14C). MMAF was 

not included due to its low membrane-permeability. In MOLM-13 cells, the IC50 values in G1-

arrested cells (treated with 3.3 µM of aphidicolin) in comparison to non-arrested cells (treated 

with DMSO as vehicle-control) were reduced by a factor of 127.7 for MMAE, 55.4 for exatecan and 

9.8 for DUBA, respectively. Similarly, in MV4-11 cells the biggest reduction of the IC50 value in 

presence of 3.3 µM aphidicolin was observed for MMAE (4.4x), followed by exatecan (3x) and 

DUBA (2.4x). These differences are illustrated by the green arrows (see also supplemental Table 

1). Generally, the inhibitory effect of aphidicolin on the cytotoxicity of the ADC payloads was dose-

dependent and fully apparent at aphidicolin doses ≥ 0.37 µM, a dose at which a full arrest in cell 

proliferation was observed. Taken together, those results indicate that indeed DNA-damaging 

agents outperform microtubule-targeting agents in resting cells. Proliferation-inhibited cell lines 

are, however, no adequate model for AML LSCs. Instead, these experiments only gave a first hint 

at which agents could be promising and should be further evaluated in the context of ADCs. DUBA 

was selected for ADC generation because of its potency and promising activity in resting cells. 

Furthermore, MMAF was chosen, as I was interested in the question whether microtubule-

targeting agents are inferior to DNA-damaging agents in the elimination of LSCs. Additionally, 

MMAF was already well-known to function in the context of a FLT3-targeting ADC due to the 

previous projects of our group thus being a good control. Both selected payloads were conjugated 

to 20D9h3-mAb and analyzed for their efficacy in cytotoxicity assays and for their potential to 

eliminate LSCs in colony and LIC assays. 
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Figure 14: Payload toxicity in cell lines arrested with aphidicolin. After 24 h pre-treatment of MOLM-13 and MV4-

11 cells with 0.12-3.3 µM aphidicolin, cells were incubated with a dilution row of DUBA (A), MMAE (B) or exatecan (C) 

for another 24 h. Viable cells were assessed with resazurin assay. Values are depicted normalized to the respective 

aphidicolin-only control. Green arrows should illustrate the difference in the IC50 values between proliferating (treated 

with DMSO vehicle-control only) and arrested cells (pre-treated with 3.3 µM aphidicolin). mean ± s.d.; n = 4 biological 

replicates.  
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3.3 ADC generation and in vitro evaluation 

Anti-FLT3 mAb 20D9h3 was identified as lead candidate for ADC generation, DUBA and MMAF 

were selected as payloads, and 20D9h3-ADCs were generated with each drug, respectively. These 

ADCs were first evaluated in the Ba/F3 model. Here, I also investigated how FLT3-mediated and 

FcγRI-mediated effects contribute to overall ADC efficacy using 20D9h3-DUBA. Further, both 

ADCs were tested side-by-side on different leukemia cell lines and their mechanism of action was 

evaluated in more detail. 

3.3.1 ADC conjugation, analysis of DAR and quality control 

To generate 20D9h3-DUBA, the commercially available vc-seco-DUBA linker-payload and 

maleimide-cysteine conjugation (162) was used. 20D9h3-MMAF was conjugated with Tubulis’ 

proprietary P5-technology (150, 163, 164). This technology makes use of ethynyl-

phosphonamidates, which react with cysteines. It further allows the conjugation of additional 

hydrophilic compounds e.g. polyethylenglycol (PEG) chains to the linker which can be 

advantageous if the used drug is highly hydrophobic. The conjugations were carried out by 

Dr. Marc-André Kasper and Dr. Philipp Ochtrop (Tubulis GmbH). 20D9h3-DUBA and 20D9h3-

MMAF both possess a Val-Cit cleavable linker. After conjugation, the ADCs were analyzed using 

HIC, SEC and mass spectrometry (MS). Even though the DAR was determined to be higher for 

20D9h3-MMAF (DAR = 8.0) than for 20D9h3-DUBA (DAR = 4.8), 20D9h3-DUBA was prone to 

aggregation (supplemental Figure 2), while 20D9h3-MMAF conjugation resulted in a homogenous 

product (supplemental Figure 3) as evident from the HIC and SEC chromatograms. 

3.3.2 Basic evaluation of FLT3-ADCs in the Ba/F3 model 

For a first evaluation of the ADC’s functionality, I once again used the murine Ba/F3 model stably 

expressing different human surface receptors. First, it was evaluated whether the two ADCs 

mediate the desired cytotoxic effect via FLT3 and if the effect is FLT3-specific or also present in 

cells expressing the structurally similar receptors VEGFR-2, PDGFRα, CSF1R and c-KIT. (Figure 

15A-B, receptor expression in Figure 9B and E). In general, both 20D9h3-ADCs were able to 

reduce viable cells in FLT3-expressing Ba/F3 cells in a dose-dependent manner. As expected from 

the binding studies (see chapter 3.1.2.2), cytotoxicity of both 20D9h3-ADCs was restricted to 

hFLT3 expressing cells once again highlighting the antibodies’ specificity for FLT3. Next, the effect 

of FLT3 surface expression levels on efficacy was analyzed using 20D9h3-DUBA (Figure 15C). 

After 72 h of incubation with 20D9h3-DUBA, viable cells were counted by trypan blue exclusion. 

The ADC was exclusively cytotoxic to Ba/F3-pMIY cells expressing hFLT3 but not to those without 

surface receptor expression (empty vector control). Further, the cytotoxic effect correlated with 

the level of surface FLT3. The IC50 values were 105.4 ng/ml, 177.4 ng/ml and 2814 ng/ml for 

Ba/F3-pMIY cells with high, medium and low hFLT3 expression, respectively. Collectively, these 
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data demonstrate that 20D9h3-ADCs with both MMAF and DUBA as payloads are functional, 

specific for FLT3 but not FLT3 paralogues and that their cytotoxic effect is dependent on FLT3 

surface levels.  

 

Figure 15: Basic evaluation of 20D9h3-DUBA in the Ba/F3 model. Ba/F3-pMIY cells expressing FLT3 receptor 

paralogues VEGFR-2, PDGFRα, CSF1R and c-KIT (A, B) or hFLT3 at high, medium or low surface levels (C) were 

incubated with 20D9h3-DUBA (A, C) or 20D9h3-MMAF (B) for 72 h. Viable cells were subsequently assessed by trypan 

blue exclusion and are depicted normalized to untreated control.  mean ± s.d.; n = 3 biological replicates. 

 

3.3.3 Evaluation of FLT3-ADCs in the FLT3 mutant setting 

As described in 3.1.2.3, FLT3 mutations are quite frequent in AML and either occur initially 

(primary) or in response to therapy (secondary) (155). I already confirmed above that 20D9h3-

mAb also binds mutant FLT3. I now followed up on this and tested FLT3-ADC activity in Ba/F3-

pMIY cells expressing hFLT3 wildtype or hFLT3 with primary (Figure 16A) or secondary (Figure 

16B) FLT3 resistance mutations. As these experiments were carried out as part of a previous 

project (139), chimeric 20D9-MMAF was used as an ADC. Chimeric 20D9-mAb and humanized 

20D9h3-mAb show almost identical behavior in all binding studies (see chapter 3.1.1). The results 

gained in the following are therefore most probably also applicable to 20D9h3-ADCs. In general, 

all Ba/F3-pMIY cells expressing mutant human FLT3 were sensitive towards 20D9-MMAF. Ba/F3-

pMIY cells expressing hFLT3 with the secondary resistance mutations NPOS F691L, NPOS F691I 

and NPOS D835Y seemed to be less sensitive towards the ADC with IC50 values of 8762 ng/ml, 

4368 ng/ml and 1993 ng/ml, respectively, versus 209 ng/ml for Ba/F3-pMIY cells expressing 

wildtype FLT3. However, since expression levels of these FLT3 mutants are lower than wildtype 

FLT3 in the Ba/F3 model this could explain the lower sensitivity of these cells (see Figure 10B). 

This is also in line with the results from the binding studies (see chapter 3.1.2.3 and Figure 10A). 
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Figure 16: Evaluation of FLT3-ADCs in the FLT3 mutant setting. Ba/F3-pMIY cells expressing empty vector (ev), 

hFLT3 wildtype (wt) or different primary (A) or secondary (B) mutant versions of FLT3 were treated with a dilution 

row of 20D9-MMAF ADC for 72 h. Viable cells were assessed using trypan blue exclusion and normalized to untreated 

control. mean ± s.d.; n = 3 biological replicates. Figure was adapted from Roas et al (139) with permission from Blood.  

3.3.4 Evaluation of the role of FLT3 and FcγRI for the cytotoxicity of FLT3-ADCs using the 

transgenic Ba/F3 model 

As mentioned in the section about antibody binding studies (chapter 3.1.3), I was interested how 

ablation of FcγR binding by introduction of LALA mutations in the Fc region changes the activity 

of ADCs in general and also towards LSCs. The Ba/F3 model system was used to study the 

individual cytotoxic effects mediated via FLT3 and FcγRs. As the binding to FcγRII and FcγRIII was 

low to absent even for the non-mutated IgG1 antibodies (see chapter 3.1.3) and it has been shown 

by Roas et al. that they do not play a role in ADC-mediated cytotoxicity (139, 143), I focused on 

FcγRI. Using murine Ba/F3-pMIY cells that express either human FLT3, FcγRI, both receptors or 

no surface receptors, the activity of 20D9h3-DUBA, 20D9h3-LALA-DUBA and the respective 

wildtype and LALA-mutated isotype control constructs was evaluated (Figure 17, supplemental 

Table 2). Ba/F3-pMIY cells expressing no surface receptor (ev) were not affected by any of the 

ADCs (Figure 17A). The FLT3-directed ADCs 20D9h3-DUBA and 20D9h3-LALA-DUBA had a 

similar cytotoxic effect on Ba/F3-pMIY hFLT3high cells with IC50 values of 69.3 ng/ml and 

142.9 ng/ml, respectively (Figure 17B). IgG1 isotype control ADCs, however, remained ineffective 

in those cells. Ba/F3-pMIY hFcγRI cells were eliminated only by those ADCs with an intact Fc 

region, namely 20D9h3-DUBA and its non-mutated isotype control (Figure 17C). The IC50 values 

were 86.5 ng/ml and 125.3 ng/ml for 20D9h3-DUBA and IgG1-DUBA, respectively. In cells 

expressing both – FLT3 and FcγRI – 20D9h3-DUBA was most effective with an IC50 value of 

30.1 ng/ml. This was followed by 20D9h3-LALA-DUBA, IgG1-DUBA and IgG1-LALA-DUBA with 

IC50 values of 107.6 ng/ml, 552.2 ng/ml and 1433 ng/ml, respectively (Figure 17D). In summary, 

in the Ba/F3 model co-targeting FcγRI and hFLT3 was superior to targeting either of the receptors 

alone. This is in line with previous findings were deglycosylation instead of LALA mutation was 

used in 20D9-MMAF to ablate Fc effector functions (139).  
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Figure 17: Evaluation of the effect of LALA-mutation on the activity of 20D9h3-ADC in the Ba/F3 model. Ba/F3-

pMIY cells with empty vector (ev, A), hFLT3high (B), hFcγRI (C) or hFLT3+FcγRI (D) were incubated with a dilution 

row of 20D9h3-DUBA, 20D9h3-LALA-DUBA, IgG1-DUBA or IgG1-LALA-DUBA. After 72 h, viable cells were assessed by 

flow cytometry. Dead cells were excluded using LIVE/DEAD fixable far red dead cell stain. Values are shown normalized 

to untreated control. mean ± s.d.; n = 3 biological replicates. Cytotoxicity assays were carried out together with Belay 

Tizazu (AG Spiekermann, LMU Klinikum).  

 

3.3.5 In vitro cytotoxicity of FLT3-ADCs on leukemia cell lines 

In the following, the efficacy of 20D9h3-DUBA was tested in relation to 20D9h3-MMAF in vitro on 

different leukemia cell lines. As controls, IgG1 isotype control ADCs and unconjugated 20D9h3-

mAb were included. The FLT3 and FcγRI expression of different leukemia cell lines has already 

been extensively analyzed as part of the previous project (139, 143). For ADC analysis, I selected 

three cell lines with FLT3 expression – MOLM-13, MV4-11 and OCI-AML3 – and two FLT3-negative 

ones – HL-60 and K-562 – as control. FcγRI is expressed in low levels on HL-60, K-562 and MOLM-

13 cells. MV4-11 and OCI-AML3 have the highest FcγRI expression of the tested cell lines. (139, 

143) All FLT3-positive cell lines were highly sensitive towards 20D9h3-DUBA with IC50 values of 

15.9 ng/ml, 8.7 ng/ml and 8.2 ng/ml for MOLM13, MV4-11 and OCI-AML3 respectively 

(Figure 18A-C, supplemental Table 3). Remarkably, 20D9h3-DUBA was more effective than 

20D9h3-MMAF on MV4-11 cells (IC50 = 8.7 ng/ml versus 25.7 ng/ml for 20D9h3-MMAF) and OCI-

AML3 cells (IC50 = 8.2 ng/ml versus 35.5 ng/ml for 20D9h3-MMAF) despite having a lower DAR. 

The FLT3-negative cell lines HL-60 and K-562 were not affected by the FLT3-directed 20D9h3-

ADCs with both payloads (Figure 18D-E). MOLM-13, MV4-11 and OCI-AML3 were also sensitive 

to control IgG1-DUBA with IC50 values of 360.5 ng/ml, 143.6 ng/ml and 159.3 ng/ml, respectively, 

and to control IgG1-MMAF with IC50 values of 153.8 ng/ml, 247.4 ng/ml and 43.4 ng/ml, 

respectively (Figure 18A-C). K-562 and HL-60 were not sensitive towards the IgG1-ADCs (Figure 

18D-E), correlating with FcγRI surface expression levels of these cell lines (139, 143). Further, 
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incubation of all cell lines with 20D9h3-mAb did not show any effect, indicating that the efficacy 

of 20D9h3-ADC is solely attributed to the payload and not to any inhibitory effects of the antibody 

on proliferation. Collectively, these results demonstrate that the efficacy of 20D9h3-DUBA on 

leukemia cell lines in vitro is comparable or increased compared to 20D9h3-MMAF despite a lower 

DAR. 

 

Figure 18: Cytotoxicity evaluation of FLT3-ADCs in vitro in leukemia cell lines. FLT3-positive MOLM-13 (A), MV4-

11 (B) and OCI-AML3 (C) cells, and FLT3-negative HL-60 (D) and K-562 (E) cells were incubated with different 

concentrations of 20D9h3-mAb, 20D9h3-DUBA, 20D9h3-MMAF, IgG1-DUBA and IgG1-MMAF. After 96 h, viable cells 

were measured with resazurin readout. Values are depicted normalized to untreated control. mean ± s.d.; n = 3 

biological replicates. 

 

3.3.6 Mechanistic analysis of FLT3-ADCs  

As a next step, I wanted to investigate in more detail how 20D9h3-DUBA exerts its effect on 

leukemia cell lines in comparison to 20D9h3-MMAF. The payload DUBA belongs to the DNA-

damaging drugs (123). As DNA integrity is daily challenged with many threats, cells have a 

sophisticated system to prevent the carry-over of DNA damage to daughter cells during 

replication. Different cell cycle checkpoints exist, that when triggered stop cell cycle progression 

in order to enable repair. If repair is not possible, cells undergo mitotic catastrophe and are driven 

into apoptosis. (165) In this chapter, it was first evaluated if 20D9h3-DUBA triggers DNA repair 

pathways, then if this leads to a cell cycle stop and apoptosis induction. 20D9h3-MMAF was used 

for comparison as it employs a payload that does not induce DNA damage. 
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3.3.6.1 Evaluation of DNA damage response after treatment with FLT3-ADCs 

The mechanism of action of DUBA has been described as follows: During replication, the 

progression of DNA polymerase is hindered by the DNA alkylation caused by DUBA on the DNA 

strand. This leads to uncoupling of DNA polymerase and formation of single-stranded DNA 

(ssDNA). ssDNA in turn activates ataxia telangiectasia and rad3-related (ATR) pathway. ATR is a 

master regulator of DNA damage response. Among other things it is important for cell cycle 

regulation via phosphorylation of checkpoint kinase 1 (CHK1) and prevents replication fork 

collapse and eventually replication catastrophe and cell death. (165, 166) For MMAF, a different 

mechanism of action has been reported. It acts by perturbation of microtubule growth thus 

interfering with cell division (167). I wanted to verify if the ATR-CHK1 damage repair pathway is 

activated upon 20D9h3-DUBA treatment using 20D9h3-MMAF as a comparison (Figure 19). 

Indeed, I could show that both ATR and CHK1 are phosphorylated in MOLM-13 cells that have 

been treated for 24 h with 20D9h3-DUBA, but not in cells treated with 20D9h3-MMAF. This 

confirms that DUBA causes DNA damage and cells subsequently initiate a repair response. 

 

Figure 19: Analysis of ATR-CHK1 DNA-damage repair 

pathway after FLT3-ADC treatment. After treatment of 

MOLM-13 cells with 50 ng/ml of either DUBA- or MMAF-

ADC for 24 h, expression of ATR, p-ATR, CHK1 and p-CHK1 

was analyzed by Western blotting. Beta-Actin was used as 

loading control. Blots are representative of three 

biological replicates. MW = molecular weight. 

 

3.3.6.2 Evaluation of cell cycle after treatment with FLT3-ADCs 

Next, it was evaluated how 20D9h3-DUBA and -MMAF with their differential mechanisms of 

action affect cell cycle progression. Therefore, MV4-11 cells were treated with 100 ng/ml of both 

ADCs or left untreated for 48 h (Figure 20). 

 

Figure 20: Evaluation of cell cycle progression after 

FLT3-ADC treatment. MV4-11 cells were treated with 

either 20D9h3-DUBA or 20D9h3-MMAF or left untreated 

for 48 h. Cells were subsequently fixed with 80% ethanol 

(v/v), stained with propidium iodide (PI), and analyzed 

at BD FACSCanto II. Values are given as ratio to control. 

Dashed line marks untreated condition. mean ± s.d.; n = 4 

biological replicates. **P<.01; ****P<.0001; ns, not 

significant by One-way ANOVA;  

 

On the day of analysis, cells were fixed and stained with propidium iodide (PI) to evaluate the 

percentage of cells in G1, S and G2/M cell cycle phases using flow cytometry. 20D9h3-DUBA 

treatment significantly increased the percentage of cells in S phase while decreasing the 
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percentage of cells in G1. In contrast, 20D9h3-MMAF significantly increased the proportion of cells 

in G2/M. This is in line with DUBA causing DNA damage which delays replication and MMAF 

hampering cell division by microtubule-targeting. 

 

3.3.6.3 Evaluation of the apoptosis induction potential of FLT3-ADCs 

Cells that cannot repair DNA damage or that are in mitotic arrest eventually enter apoptosis (165). 

Apoptosis induction cannot be distinguished from proliferation-inhibition by cytotoxicity assays. 

Thus, to investigate the latter, 20D9h3-DUBA- and 20D9h3-MMAF-treated MOLM-13 and MV4-11 

cells were analyzed every 24 h by APC Annexin V and DAPI staining in flow cytometry (Figure 

21A-B).  

 

Figure 21: Evaluation of apoptosis induction by FLT3-ADCs in MOLM-13 and MV4-11 cells. MOLM-13 cells (A) 

and MV4-11 cells (B) were treated with 100 ng/ml of either 20D9h3-DUBA, 20D9h3-MMAF or PBS control. Every 24 h, 

cell samples were stained with APC Annexin V and DAPI for flow cytometric evaluation of live (double negative), dead 

(double positive), early (Annexin V-positive) and late (DAPI-positive) apoptotic cells. mean ± s.d.; n = 4 biological 

replicates.  

 

In this assay early apoptotic cells are Annexin V-positive and late apoptotic cells that lost 

membrane integrity are Annexin V and DAPI double-positive. Upon treatment with 20D9h3-DUBA 

ADC, apoptotic cells were present after 24 h and clearly evident after 48 h. After 96 h, 35.9% of all 
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MOLM-13 cells and 74.5% of all MV4-11 cells were in apoptosis or dead, respectively, versus 

< 10% of apoptotic and dead cells in the respective PBS controls. Upon 20D9h3-MMAF ADC 

treatment, apoptosis was more pronounced after 24 h in both cell lines, suggesting that the effect 

was faster compared to 20D9h3-DUBA. The strength of the effect over the four days was, however, 

quite comparable for both ADCs. After 96 h, 56.4% MOLM-13 cells and 52.1% MV4-11 cells were 

apoptotic or dead. These results demonstrate that both ADCs act in part via apoptosis induction.  
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3.4 Pharmacokinetic analysis of FLT3-ADCs in mouse serum 

In order for an ADC to be safe and efficacious in vivo, the linker has to be stable in the blood 

circulation. One of the most frequently used technologies to connect antibody and drug – also 

applied for 20D9h3-DUBA – is maleimide linkage. Those linkers are, however, prone to retro-

Michael addition leading to a transfer of payload to cysteine-rich blood proteins. This could 

potentially diminish ADC activity and increase toxicities. (116) Additionally, it has been recently 

reported that ADCs which employ vc-seco-DUBA are challenging to evaluate in mice as the linker-

drug is susceptible to cleavage by and covalent bond formation with murine carboxylesterase 1c 

(CES1c). This instability is rodent-specific and has not been observed in monkeys and humans. 

(168) Still, it poses challenges to adequate preclinical evaluation of such ADCs, which is typically 

done in rodents. 20D9h3-MMAF is conjugated by P5-technology which has been invented to tackle 

exactly those instability issues (150, 163, 164). Being aware of those potential challenges for in 

vivo application of 20D9h3-DUBA, the stability and PK of this ADC was analyzed in comparison to 

20D9h3-MMAF in the following section. 

3.4.1 MS analysis of FLT3-ADCs after incubation in mouse serum 

During conjugation (performed by Dr. Marc-André Kasper and Dr. Philipp Ochtrop, Tubulis 

GmbH), a strong aggregation tendency was observed for 20D9h3-DUBA ADC in contrast to 

20D9h3-MMAF ADC (supplemental Figure 2-3). To follow up on this, both FLT3-ADCs were 

incubated with fresh mouse serum for 6 d at 37 °C and subsequently analyzed by MS 

(supplemental Figure 4). In accordance with previous reports by Dr. Marc-André Kasper et al. and 

others (116, 150), loss of linker-payload via retro-Michael addition and maleimide hydrolysis 

could be confirmed for 20D9h3-DUBA. However, fragments that would indicate CES1c-cleavage 

were not observed in MS analysis. 20D9h3-MMAF, in contrast, did not show any loss of payload. 

3.4.2 In vitro cytotoxicity of FLT3-ADCs after incubation with recombinant murine CES1c  

To further analyze the reported instability of the vc-seco-DUBA linker-drug caused by murine 

CES1c, both FLT3-ADCs were pre-incubated with recombinant murine CES1c and then added to 

FLT3-negative cell lines. It was shown in chapter 3.3.5, that the FLT3-negative leukemia cell line 

HL-60 is not affected by 20D9h3-ADCs with either payload. However, HL-60 cells are sensitive to 

free DUBA toxin (see chapter 3.2.1). HL-60 cells would thus only be killed by 20D9h3-DUBA if 

CES1c cleaves the toxin from the ADC. Indeed, it was observed that 20D9h3-DUBA killed HL-60 

cells when the ADC was pre-treated with CES1c 1 d, 3 d or 7 d, while the cells were unaffected by 

20D9h3-DUBA ADC that has not been pre-incubated with CES1c (Figure 22A). Unexpectedly, there 

was an inverse correlation between duration of CES1c pre-incubation and HL-60 killing. This 

might be explained by the dual activity of CES1c which on one hand liberates unconjugated toxin 
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but on the other hand also undergoes covalent bond formation with vc-seco-DUBA withdrawing 

unconjugated toxin (168), which could have different kinetics. CES1c pre-treated 20D9h3-MMAF, 

on the contrary, did not kill HL-60 cells (Figure 22B). It has to be noted that MMAF, however, has 

a low membrane permeability (159) and is therefore not very toxic to HL-60 cells on itself (see 

chapter 3.2.1). Thus, to evaluate both ADCs in a less artificial setting, their stability was next 

analyzed after in vivo administration. 

 

Figure 22: Evaluation of CES1c pre-treated ADCs in vitro in FLT3-negative HL-60 cells. Recombinant murine 

carboxylesterase 1c (CES1c) was spiked in human serum (HS) together with 20D9h3-DUBA (A) or 20D9h3-MMAF (B), 

and the mixture was incubated for 1-7 d. As a negative control, ADCs were incubated with HS only (with HS w/o CES1c 

control) or with neither HS nor CES1c (w/o HS and CES1c control). Afterwards, FLT3 negative HL-60 cells were treated 

with those ADCs for 4 d. Viability was subsequently assessed by resazurin assay. mean ± s.d.; n = 3 technical replicates. 

CES1c pre-incubation was carried out by Dr. Saskia Schmitt (Tubulis GmbH), cytotoxicity assays were done by me. 

 

3.4.3 In vivo pharmacokinetics of FLT3-ADCs in NSG mice 

To investigate how much of the ADCs remains stable over time in the blood circulation, NOD.Cg-

Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were administered i.v. with a single dose of 3 mg/kg 20D9h3-

DUBA or 20D9h3-MMAF. These mice are the main in vivo model to evaluate AML therapies as their 

immunodeficiency – caused by a lack of T cells, B cells and NK cell as well as different cytokine 

signaling pathways – allows stable engraftment of primary human AML cells (132). Treatment 

dose was selected based on previous results (139, 143). 24 h, 48 h and 72 h after treatment, serum 

samples were taken and analyzed by ELISA (Figure 23A-B). In this assay, two antibodies were 

used. One directed against human IgG Fc to measure total antibody content and the other one 

directed against the payload – DUBA or MMAF – to measure intact ADC. As expected from the in 

vitro results, the levels of intact conjugated 20D9h3-DUBA ADC rapidly decreased in NSG blood 

circulation (Figure 23A). This was not observed for 20D9h3-MMAF ADC (Figure 23B) confirming 

the improved stability of the P5-linkage leading to this superior PK profile. Collectively, these 

results suggest that 20D9h3-DUBA using vc-seco-DUBA linker-drug is unstable in the blood 

circulation of NSG mice.  
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Figure 23: In vivo pharmacokinetic analysis of FLT3-ADCs. NSG mice were administered i.v. with a single dose of 

either 20D9h3-ADC. At 24 h, 48 h and 72 h, serum samples were taken and analyzed by ELISA. Total antibody was 

measured with mouse anti-human IgG Fc specific antibody and intact ADC with anti-DUBA or anti-MMAF antibodies. 

Concentrations were calculated using a standard curve generated with a dilution row of either 20D9h3-ADC. 

mean ± s.d.; n = 1 mouse per treatment group with 2 technical replicates. Experiments were planned with Dr. Binje Vick 

(AG Jeremias, Helmholtz Zentrum München) and Dr. Saskia Schmitt (Tubulis GmbH). Mouse work was performed by 

Annette Frank and Sandro Aidone (both AG Jeremias, Helmholtz Zentrum München) and ELISA by Isabelle Mai (Tubulis 

GmbH). 
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3.5 In vivo therapy of patient-derived xenograft (PDX) mouse models 

For in vivo experiments, patient-derived xenograft (PDX) cells were used, which closely reflect the 

patient situation as they have been generated from primary AML patient specimens. As primary 

cells are difficult to cultivate long-term in vitro, NSG mice are used to expand those PDX samples 

via serial in vivo transplantation. In order to facilitate the monitoring in vivo, the PDX cells have 

been stably transduced with vectors expressing luciferase to enable bioluminescence imaging 

(BLI) (132). Those experiments were planned in collaboration with Dr. Binje Vick and carried out 

by Annette Frank and Sandro Aidone (all AG Jeremias, Helmholtz Zentrum München). For the 

therapy experiment, NSG mice were transplanted with PDX samples from two different patients 

in the BM – AML-388 or AML-579 (see Table 17, Material and Methods for characteristics). AML-

579 PDX cells were selected due to previous results with 20D9-MMAF (139, 143), AML-388 PDX 

cells were selected due to their particularly high in vitro sensitivity to both 20D9h3-ADCs (see also 

Figure 26A). Both PDX samples express FLT3 as previously shown (139, 143). After stable 

engraftment the mice were injected two (AML-388) or three times (AML-579) once per week i.v. 

with 3 mg/kg of either 20D9h3-DUBA or 20D9h3-MMAF (Figure 24A).  

 

Figure 24: In vivo evaluation of FLT3-ADCs. 1x106 luciferase-expressing AML-388 (A) and AML-579 (B) PDX cells 

were transplanted in NSG mice. Mice were treated i.v. with 3 mg/kg of either ADC or PBS once per week for two (AML-

388) or three (AML-579) weeks, as indicated by the black triangles. Tumor burden was monitored by BLI measurements 

in regular intervals. Representative BLI pictures for AML-388 xenografts are depicted on the right side. AML-388: n = 5 

mice per group; AML-579: n = 6 mice per group (20D9h3-DUBA) and n = 3 mice per group (20D9-MMAF). Dashed black 

line = detection limit. Results for 20D9-MMAF treatment in AML-579 xenograft models (dashed orange lines) were 

obtained from Dr. Maike Roas (AG Spiekermann, LMU) with permission from Blood and Dr. Maike Roas (139, 143). 

Animal experiments were planned in collaboration with Dr. Binje Vick and carried out by Annette Frank and Sandro 

Aidone (all AG Jeremias, Helmholtz Zentrum München).  
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For AML-388, remarkably, either ADC drastically reduced tumor burden despite the poor PK of 

20D9h3-DUBA. 4 weeks after treatment stop, one of five mice from the MMAF-group relapsed 

indicating the survival of leukemia-initiating cells (LICs). 20D9h3-DUBA, on the contrary, led to a 

tumor burden below detection limit in all treated mice for up to 112 d.  The good response of the 

AML-388 PDX sample in vivo correlated with its very high sensitivity towards 20D9h3-DUBA in 

vitro. The AML-579 PDX sample showed a much lower in vitro sensitivity (IC50 of 775.2 ng/ml 

versus 4.6 ng/ml for AML-388 in 4 d cytotoxicity assay, data not shown). Also in vivo, 20D9h3-

DUBA only reduced tumor burden to a small extent and was inferior to the MMAF-ADC when 

comparing to previously published results from Dr. Maike Roas (AG Spiekermann, LMU, Figure 

24B) (139, 143). More specifically the mean BLI values after three doses were 4.28x1010, 4.39x109 

and 2.87x106 photons/s for PBS, 20D9h3-DUBA and 20D9h3-MMAF, respectively. These data 

indicate that the poor PK of 20D9h3-DUBA in the NSG mouse model system probably 

underestimates its effectivity particularly towards samples with a generally lower sensitivity e.g. 

due to genetic factors or low target expression of FLT3. This considerably impedes adequate 

preclinical evaluation of the ADC. However, as the overarching goal of the project was to evaluate 

the anti-LSC activity of the FLT3-ADCs, the focus of the next part was placed on stem cell assays 

with ex vivo/in vitro ADC treatment rather than direct in vivo therapy.  
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3.6 Analysis of FLT3-ADCs in stem cell assays with KMT2Ar AML PDX cells 

Next, both FLT3-ADCs were evaluated for their potential to eradicate leukemic stem and 

progenitor cells within AML PDX samples using three different gold standard stem cell assays. 

20D9h3-MMAF served as control for those experiments under the hypothesis that it has a limited 

anti-LSC activity due to the mechanism of action of MMAF.  

3.6.1 Selection of KMT2Ar PDX samples for stem cell assays 

KMT2A gene fusions reprogram and transform differentiated cells and are sufficient for leukemia-

initiation (169). For some forms of KMT2A-rearranged (KMT2Ar)-leukemia, e.g. KMT2A::MLLT3, a 

particularly high frequency of self-renewing cells has been reported (170). Those stem cell 

characteristics of KMT2Ar-leukemia are probably conferred by an altered HOX gene expression 

(171). This is advantageous for in vitro experiments, where those samples are better to cultivate 

compared to other PDX samples which usually do not survive for more than one week even at 

optimal culture conditions. Due to these properties, KMT2Ar-leukemia has been described as an 

excellent tool to explore self-renewing cells (169). Therefore, three KMT2Ar AML PDX samples 

were selected for stem cell assays (Table 17, Material and Methods): AML-388 with KMT2A::AFDN 

rearrangement, AML-393 with KMT2A::MLLT10 rearrangement and AML-669 with 

KMT2A::MLLT3 rearrangement. As a first step, the expression of FLT3 and FcγRI was analyzed in 

PDX cells with and without KMT2Ar (Figure 25, data was provided by Dr. Tobias Herold, LMU 

Klinikum (172)).  

 

Figure 25: FLT3 and FcγRI expression in PDX and primary patient samples with and without KMT2A-

rearrangement. FLT3 and FcγRI RNA expression in AML PDX (n = 21) and primary AML patient samples (n = 261) 

measured by SCBR sequencing (173) (normalized log2 counts per million (cpm)). (A-B) Comparison of FLT3 expression 

between AML PDX (A) and primary samples (B) with and without KMT2Ar. (C-D) Comparison of FcγRI expression 

between AML PDX (C) and primary samples (D) with and without KMT2Ar. PDX: Mann-Whitney test; Primary samples: 

Unpaired t test. **P<.01; ***P<.001; ns, not significant. Data was provided by Dr. Tobias Herold (LMU Klinikum) (172). 
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Interestingly, it was observed that while FLT3 levels were similar in PDX samples with and 

without KMT2Ar (Figure 25A and C), FcγRI levels were significantly elevated in KMT2Ar samples. 

These findings could be confirmed in primary patient samples (Figure 25B and D) 

 

3.6.2 In vitro cytotoxicity of FLT3-ADCs on KMT2Ar AML PDX samples 

To see how sensitive the three selected PDX samples are towards 20D9h3-DUBA and 20D9h3-

MMAF, they were – in analogy to the cell line experiments – treated in vitro with a dilution row of 

either ADC for 4 d. Viable cells were subsequently measured with flow cytometry using DAPI 

staining and normalized to untreated control (Figure 26).  

 

Figure 26: Cytotoxicity evaluation of FLT3-ADCs in vitro in KMT2Ar AML PDX cells. KMT2Ar AML PDX samples 

were treated with a dilution row of 20D9h3-DUBA or 20D9h3-MMAF for 96 h. Viable cells were then assessed by flow 

cytometry using DAPI as dead cell stain and normalized to untreated control. IC50 values were calculated using 

nonlinear fit – variable slope analysis in GraphPad Prism 10.1.2. mean ± s.d.; n = 3 biological replicates. PDX samples 

were provided by the group of Prof. Jeremias (Helmholtz Zentrum München). 

 

All three PDX samples were highly sensitive to 20D9h3-DUBA with IC50 values of 4.6 ng/ml, 

11.8 ng/ml and 490.1 ng/ml for AML-388, AML-393 and AML-669, respectively. The IC50 values 

were comparable to those observed in leukemia cell lines. 20D9h3-MMAF was less effective in all 

three samples with IC50 values of 40.7 ng/ml for AML-388 cells, 57.2 ng/ml for AML-393 cells and 

6844 ng/ml for AML-669 cells. Both ADCs had a particularly strong effect on AML-388 PDX cells. 

 

3.6.3 Activity of FLT3-ADCs towards short-term leukemic progenitors 

Next, the potential of the FLT3-ADCs to eradicate leukemic progenitors was evaluated in colony-

forming unit (CFU) assays. For those experiments, AML PDX or primary AML cells were cultivated 

with either ADC for 96 h and subsequently plated in methylcellulose for 14 d. On day 14, clusters 

(20-50 cells) and colonies (> 50 cells) were counted under the microscope (Figure 27).  
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Figure 27: Schematic illustration of colony-forming unit assays. AML patient-derived xenograft (PDX) or primary 

cells were incubated for 96 h with FLT3-ADCs. Cells were then washed three times and plated in methylcellulose. On 

day 14, colonies (>50 cells) and clusters (20-50 cells) were counted by microscopy and normalized to untreated control.  

 

3.6.3.1 Evaluation of FLT3-ADCs in CFU assay with AML PDX samples 

First, the efficacy of 20D9h3-DUBA and 20D9h3-MMAF to eradicate colony-forming cells (CFCs) 

was tested on the selected KMT2Ar AML PDX samples (Figure 28).  

 

Figure 28: Effect of FLT3-ADCs on colony formation of KMT2Ar AML PDX samples in CFU assay. (A-B) The KMT2Ar 

AML PDX samples AML-388, -393 and -669 were treated with 20Dh3-ADCs in the indicated doses. After 4 d, remaining 

cells were transferred to methylcellulose. On day 14, clusters (20-50 cells) and colonies (> 50 cells) were counted and 

normalized to untreated control. (A) Treatment with ADC doses of 0.3 µg/ml and 1 µg/ml. mean ± s.d.; n = 3 biological 

replicates with two technical replicates each. (B) Treatment of AML-388 with doses of 0.005 µg/ml and 0.025 µg/ml. 

mean ± s.d.; n = 3 biological replicates with two technical replicates each. (C) Microscopy images of AML-388 PDX 

colonies after treatment with doses of 0.005-0.025 µg/ml. Upper panel: whole-well image acquired with Keyence BZ-

X810 microscope by PlanApo 2x 0.10/8.50 mm objective; scale bar = 5000 µm. Lower panel: exemplary zoom-in 

pictures acquired with ZEISS Primovert and Axiocam 208 color by Primo Plan-ACHROMAT 4x/0.10 Ph0 objective; scale 

bar = 500 µm. AML PDX samples were kindly provided by the group of Prof. Jeremias (Helmholtz Zentrum München). 
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For the first experiment, ADC doses of 0.3 µg/ml and 1 µg/ml were selected, greater or equal to 

the IC50 values of both ADCs in all three PDX samples (Figure 28A, colony counts in supplemental 

Table 4, images of colonies in Supplementary Figure 5). At both concentrations, 20D9h3-DUBA 

was able to eliminate all AML-388 and AML-393 CFCs. AML-669 CFCs were reduced to 12.3% at 

the higher dose and 47.5% at the lower dose. For 20D9h3-MMAF on the contrary, the lower dose 

of 0.3 µg/ml decreased CFCs to only 72.7% and 76.9% for AML-393 and AML-669, respectively. 

The higher dose led to a reduction of AML-393 CFCs to 26.5% and AML-669 CFCs to 46.9%. 

Surprisingly, 20D9h3-MMAF quite potently reduced AML-388 CFCs (to 0.5% and 0.2% of 

untreated control at 0.3 µg/ml and 1 µg/ml, respectively). As AML-388 cells were quite sensitive 

to both ADCs, the concentrations were reduced in a follow-up experiment in order to find the 

lowest effective dose (Figure 28B-C). At doses as low as 0.005 µg/ml, 20D9h3-DUBA turned out 

to be highly efficient on AML-388 PDX cells, as it reduced CFCs to 14.1% and 52.9% of untreated 

control at doses of 0.025 µg/ml and 0.005 µg/ml, respectively. 20D9h3-MMAF, on the other hand, 

was not able to kill CFCs at these lower doses. In summary, these results demonstrate that FLT3-

ADCs with both payloads are capable of eradicating CFCs from all tested KMT2Ar AML PDX 

samples, however 20D9h3-DUBA is more efficient at lower doses.  

 

3.6.3.2 Validation of PDX CFU results in a primary patient sample 

PDX cells have been described as a model system that closely reflects the patient situation (132). 

To validate this in the context of CFU assays, original primary patient cells that had been the 

source of the AML-393 PDX sample were used and assayed in the same experimental set-up 

(Figure 29A-B, colony counts in supplemental Table 4).  

 

Figure 29: Validation of AML-393 PDX CFU results in the corresponding primary patient sample. Primary patient 

cells that had been source of the AML-393 PDX sample were treated with 0.3 µg/ml and 1 µg/ml of FLT3-ADCs for 4 d 

and subjected to CFU assay. On day 14, colonies were counted as described. Red colonies were excluded from counting 

as those are most probably CFU-E colonies from remaining healthy erythroid progenitors rather than blast colonies. (A) 

Colony counts normalized to control without treatment. mean ± s.d.; n = 2 technical replicates. (B) Microscopy images. 

Upper panel: whole-well image acquired with Keyence BZ-X810 microscope by PlanApo 2x 0.10/8.50 mm objective; 

scale bar = 5000 µm. Lower panel: exemplary zoom-in pictures of AML-393 blast colonies acquired with ZEISS 

Primovert and Axiocam 208 color using Primo Plan-ACHROMAT 4x/0.10 Ph0 objective; scale bar = 500 µm. 
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Once again, 20D9h3-DUBA greatly reduced CFCs to 9.4% and 7.9% of untreated control at doses 

of 0.3 µg/ml and 1 µg/ml, respectively, similar to the results with the AML-393 PDX sample. 

Likewise, 20D9h3-MMAF was less effective with a decrease of CFCs to 41% at 0.3 µg/ml and 

39.6% at 1 µg/ml, validating that the CFU results gained with PDX samples can indeed be applied 

to primary patient cells. 

3.6.3.3 FLT3- and FcγRI-mediated effects in CFU assay 

As described before (chapter 3.3.4), the 20D9h3-ADCs exert an FLT3-mediated and an FcγRI-

mediated effect via their variable and constant mAb parts, respectively. The goal of this 

experiment was to evaluate the individual contribution of both effects to the total efficacy of the 

ADC in CFU assay using the DUBA-conjugate. AML-393 primary patient cells were therefore 

treated with either 20D9h3-DUBA (targeting FLT3+FcγRI), 20D9h3-LALA-DUBA (targeting solely 

FLT3) or IgG1-DUBA (targeting solely FcγRI) for 4 d, transferred to methylcellulose and counted 

on day 14 (Figure 30). Single-targeting of the receptors decreased CFCs to 53.2% and 65.5% for 

FLT3 and FcγRI, respectively. However, co-targeting of FLT3 and FcγRI reduced CFCs to 9.4% 

indicating superiority of addressing both receptors in the elimination of short-term AML-393 

progenitors. 

 

Figure 30: Investigation of the role of FLT3 and 

FcγRI for the effectiveness of FLT3-ADCs in CFU 

assay. Primary patient cells that had been the source 

of the AML-393 PDX cells were treated with 

0.3 µg/ml of either 20D9h3-DUBA, 20D9h3-LALA-

DUBA or IgG1-DUBA for 4 d and subjected to CFU 

assay as described. On day 14, colonies were counted 

and are depicted normalized to control without 

treatment. mean ± s.d.; n = 2 technical replicates. 

 

3.6.4 Activity of FLT3-ADCs towards long-term leukemic progenitors 

Long-term leukemic progenitors – that are functional equivalents to the in vivo LICs known from 

experiments in NSG mice – are better reflected in vitro using long-term culture initiating cell (LTC-

IC) assay rather than CFU assay (149, 174). In this 7-week experiment, PDX cells are cultured for 

5 weeks on layers of irradiated murine fibroblast. Afterwards, they are plated in methylcellulose 

and colony-formation is evaluated after 14 d in analogy to CFU assay (Figure 31). These 

experiments were carried out in close collaboration with the group of Prof. Michaela Feuring 

(University hospital Ulm). 
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Figure 31: Schematic illustration of long-term culture initiating cell and leukemia-initiating cell assay. AML 

patient-derived xenograft (PDX) cells were incubated with FLT3-ADCs for 48 h (for long-term culture initiating cell 

(LTC-IC) assay) or 96 h (for leukemia-initiating cell (LIC) assay). Subsequently, cells were washed and subjected to the 

different assays. For LTC-IC assay, cells were cultured on feeder layers of irradiated murine fibroblasts for 5 weeks. 

They were then harvested, put in methylcellulose for 14 d and evaluated as described for CFU assay. For LIC assay, pre-

treated PDX cells were transplanted into NSG mice by tail vein injection. Engraftment of the luciferase-expressing cells 

was then monitored using bioluminescence imaging (BLI). Image was generated with Biorender.com. Images of CFU 

assay plate and feeder cell co-culture were generated with Adobe Illustrator by Sonja Künzl (adapted from StemCell 

Technologies).  

 

During the 5 weeks of co-culture, the more advanced leukemic progenitors differentiate and die. 

Only the very primitive progenitors remain and are analyzed as endpoint. These assays were 

planned in close collaboration with Prof. Feuring (University hospital Ulm) and carried out by me 

together with Dr. Xiang Gao (group of Prof. Feuring). Finally, the gold standard approach to study 

leukemic stem and progenitor cells is the LIC assay, which studies the potential of cells to engraft 

in NSG mice and to initiate leukemia (Figure 31). Both, LTC-IC and LIC assay, were carried out 

with AML PDX cells that have been pre-treated with either 20D9h3-DUBA or 20D9h3-MMAF or 

left untreated. All AML PDX samples for stem cell experiments were kindly provided by the group 

of Prof. Jeremias (Helmholtz Zentrum München) and LIC assays were carried out by Dr. Binje Vick 

together with Annette Frank and Sandro Aidone (all AG Jeremias). 

3.6.4.1 Evaluation of FLT3-ADCs in LTC-IC assay with AML PDX samples 

First, the efficacy of 20D9h3-DUBA and 20D9h3-MMAF to eradicate long-term CFCs in LTC-IC 

assay was tested on two of the three KMT2Ar AML PDX samples. For the assay, ADC concentrations 

were selected at which 20D9h3-DUBA had a higher efficacy than 20D9h3-MMAF in the CFU assay 

(Figure 32, colony counts in supplemental table 4). At a dose of 0.3 µg/ml 20D9h3-DUBA 

eliminated all AML-388 LTC-IC-CFCs while 20D9h3-MMAF reduced them to only 51.5% of 

untreated control. At a lower dose of 0.025 µg/ml, 20D9h3-DUBA still slightly decreased LTC-IC-

CFCs to 86.1% of untreated control whereas 20D9h3-MMAF was completely inefficient and even 

led a small increase in LTC-IC-CFCs (to 128.7%). Both ADCs completely eliminated AML-393 LTC-

IC-CFCs at 0.3 µg/ml. Collectively, 20D9h3-DUBA eradicated LTC-IC-CFCs of both tested PDX 

samples. While 20D9h3-DUBA had a better activity towards AML-388 PDX cells, both ADCs were 

highly efficacious towards AML-393 PDX cells.  
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Figure 32: Effect of FLT3-ADCs on colony formation 

of KMT2Ar AML PDX samples in LTC-IC assay. AML-

388 and AML-393 PDX cells were treated with 20D9h3-

DUBA or 20D9h3-MMAF for 48 h and then subjected to 

LTC-IC assay as described in Figure 31. On the day of 

evaluation after 7 weeks, colonies were counted and are 

depicted normalized to control without treatment. 

mean ± s.d.; n = 2 technical replicates. Assays were 

carried out together with Dr. Xiang Gao (AG Feuring, 

University hospital Ulm). 

 

3.6.4.2 Evaluation of FLT3-ADCs in LIC assays with AML PDX samples 

Finally, I analyzed whether ex vivo ADC pre-treatment can prevent AML PDX engraftment in NSG 

mice. These experiments were planned in close collaboration with Dr. Binje Vick and carried out 

by Annette Frank and Sandro Aidone (all AG Jeremias, Helmholtz Zentrum München). To this end, 

luciferase-expressing KMT2Ar PDX samples AML-388 and AML-393 were incubated with 20D9h3-

DUBA, 20D9h3-MMAF or PBS for 4 d and then transplanted into five NSG mice per group using 

tail vein injection. Engraftment and leukemia development were closely monitored with BLI. AML-

388 PDX cells that have been treated with PBS engrafted within two weeks after injection and 

showed a very rapid and aggressive disease course where mice had to be sacrificed after 4-5 

weeks (Figure 33A-B). Pre-treatment of AML-388 PDX cells with a high dose of 1 µg/ml of either 

ADC (20D9h3-DUBA or 20D9h3-MMAF), however, was highly potent in eradicating LICs. In both 

treatment groups all mice remained leukemia-free for more than 129 d after injection (Figure 

33A). Additionally, a lower dose of 0.025 µg/ml – at which 20D9h3-DUBA outperformed 20D9h3-

MMAF in colony assays – was tested on AML-388 PDX cells (Figure 33B). In accordance with the 

results from the CFU and LTC-IC assays where this dose of 20D9h3-MMAF had no effect on 

leukemic progenitors, AML-388 PDX cells treated with this ADC rapidly engrafted in NSG mice. 

For 20D9h3-DUBA, a dose of 0.025 µg/ml effectively prevented colony growth in CFU assay but 

had only limited efficacy in the LTC-IC assay. Also, in the LIC assay 1/5 mice receiving AML-388 

PDX cells after 20D9h3-DUBA treatment engrafted indicating that not all LICs have been 

eliminated. Further, a second AML PDX sample was tested: AML-393. A dose of 0.3 µg/ml was 

selected, where 20D9h3-DUBA had a higher efficacy than 20D9h3-MMAF in CFU assay. While the 

BLI signal of all mice from the 20D9h3-DUBA group stayed below detection limit for up to 119 d, 

one of the five mice from the 20D9h3-MMAF group had a late outgrowth indicating that a portion 

of LICs survived treatment with the MMAF-ADC (Figure 33C). Similar as for AML-388, the PBS pre-

treated AML-393 PDX sample engrafted within 14 d and mice had to be sacrificed after 50-60 d. 

To summarize, 20D9h3-DUBA pre-treatment of AML-388 and AML-393 PDX samples, was more 
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effective than 20D9h3-MMAF pre-treatment in the prevention of engraftment and onset of 

leukemia. Still 20D9h3-MMAF also effectively prevented outgrowth when used at higher doses. 

 

Figure 33: Effect of FLT3-ADCs on engraftment of KMT2Ar AML PDX samples in NSG mice. AML-388 (1x105 cells 

per condition and mouse, A-B) and AML-393 (5x104 cells per condition and mouse, C) PDX samples were treated ex vivo 

with 20D9h3-DUBA, 20D9h3-MMAF or PBS for 4 d in the indicated doses. On day 4, remaining cells were transplanted 

into five NSG mice per treatment group using tail vein injection. Engraftment of luciferase-expressing PDX cells and 

leukemic burden was monitored using bioluminescence imaging (BLI) in regular intervals for up to 168 d. On the right 

side representative BLI images are shown for each treatment group for AML-388 (top, middle) and AML-393 (bottom). 

Dashed line = detection limit. mean ± s.d.; n = 5 mice per group. Mouse experiments were planned together with 

Dr. Binje Vick and ADC pre-treatment and animal work were carried out by Annette Frank and Sandro Aidone (all AG 

Jeremias, Helmholtz Zentrum München).  
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3.7 Analysis of FLT3-ADCs in stem cell assays with healthy CD34-positive bone 

marrow samples 

There is no AML target that is exclusively expressed on leukemic but not healthy stem and 

progenitor cells (47). However, ideally toxicities are limited to concentrations higher than the 

effective doses. To test this, CD34-positive bone marrow (BM) cells from healthy donors were 

treated with 20D9h3-DUBA or 20D9h3-MMAF and similarly as described in chapter 3.6 for 

leukemic cells, CFU and LTC-IC assays were performed.  

3.7.1 Evaluation of the toxicity of FLT3-ADCs towards healthy short-term progenitors in 

CFU assay 

First, healthy short-term progenitors were investigated using CFU assays. Those assays were 

planned in close collaboration with Prof. Katharina Götze and carried out by Dr. Marit Leilich 

(both TUM). BM cells were isolated from hip bones of patients that underwent replacement 

surgery for a total of five healthy donors (Table 16, Material and Methods). The isolated BM cells 

were enriched for CD34-positivity using magnetic activated cell sorting. The targets of 20D9h3-

mAb, FLT3 and FcγRI, were expressed on 48% and 8.1% of healthy CD34-positive cells, 

respectively (Figure 34A). As described in the chapters 3.6.3-3.6.4, both ADCs were tested on 

leukemic cells at concentrations up to 1 µg/ml, but especially 20D9h3-DUBA was effective already 

far below that dose. This highest dose of 1 µg/ml was now selected to investigate toxicities of the 

ADCs towards healthy CD34-positive BM cells in CFU assay. As a control IgG1-DUBA was included. 

In comparison to the untreated control, none of the ADCs had a significant effect on total colony 

numbers (Figure 34B) or on any specific type of progenitor (Figure 34C). 

 

Figure 34: Evaluation of the hematotoxicity of FLT3-ADCs towards healthy short-term progenitors in CFU assay. 

The hematotoxicity of 20D9h3-DUBA, 20D9h3-MMAF and IgG1-DUBA control ADC were analyzed in CD34-positive 

bone marrow (BM) cells from healthy donors. mean ± s.d.; n = 5 donors (except 20D9h3-MMAF group: n = 4 donors). 

(A) Surface expression of FLT3 and FcγRI evaluated in CD34-positive BM cells by flow cytometry. (B) Total colony 

numbers were assessed by CFU assay and are depicted normalized to control without treatment. ns, not significant by 

Kruskal-Wallis test. (C) Colony counts per progenitor type. CFU: colony-forming unit; GEMM: granulocyte, erythrocyte, 

macrophage, megakaryocyte; M: macrophage; GM: granulocyte, macrophage; G: granulocyte; BFU-E: burst-forming unit 

erythrocyte; E: erythrocyte. These assays were performed by Dr. Marit Leilich (TUM, AG Götze).  
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3.7.2 Evaluation of the toxicity of FLT3-ADC towards healthy long-term progenitors in LTC-

IC assay 

In analogy to the analyses with leukemic cells, I now evaluated the more primitive healthy 

progenitors using LTC-IC assay. Healthy CD34-positive BM cells for those assays were purchased 

from StemCell technologies for a total of three donors (Table 16, Material and Methods). The 

assays were planned in close collaboration with Prof. Feuring (University hospital Ulm) and 

carried out by me together with Dr. Xiang Gao (group of Prof. Feuring). As described for leukemic 

cells (chapter 3.6.4), colonies were counted for all conditions as endpoint of the assay after 

7 weeks (Figure 35).  

 

Figure 35: Evaluation of the hematotoxicity of FLT3-ADCs towards healthy long-term progenitors in LTC-IC 

assay. Healthy CD34-positive bone marrow (BM) cells were treated with 0.2-1 µg/ml 20D9h3-DUBA, 20D9h3-MMAF, 

IgG1-DUBA or IgG1-MMAF for 48 h and then subjected to LTC-IC assay as described in Figure 31. (A) Total colonies 

were counted as end-point of the assay after 7 weeks and normalized to control without treatment. mean ± s.d.; n = 3 

donors. *P<.05 by One-way-ANOVA. (B) Total counts per colony type at the end-point of the assay after 7 weeks. 

mean ± s.d.; n = 2 donors (third donor was excluded as colony numbers were too low to reliably differentiate the colony 

types). CFU: colony-forming unit; GEMM: granulocyte, erythrocyte, macrophage, megakaryocyte; M: macrophage; GM: 

granulocyte, macrophage; G: granulocyte; BFU-E: burst-forming unit erythrocyte; E: erythrocyte. Assays were carried 

out by me together with Prof. Michaela Feuring and Dr. Xiang Gao (both University hospital Ulm). 

 

Total colony numbers were normalized to untreated control (Figure 35A). At a dose of 1 µg/ml, 

20D9h3-DUBA caused a significant reduction of healthy LTC-IC-CFCs to 16.4%. However, in 

colony assays with leukemic progenitors 20D9h3-DUBA has already been quite effective at doses 

between 0.005-0.3 µg/ml. Here, the toxic effect towards healthy LTC-IC-CFCs was limited: 

20D9h3-DUBA caused a reduction of LTC-IC-CFCs to 74.5% of untreated control at a dose of 

0.2 µg/ml. 20D9h3-MMAF has been less effective towards leukemic progenitors. Similarly, it was 

also less toxic towards healthy progenitors. It reduced LTC-IC-CFCs to 70.8% and 63.4% of 

untreated control for 0.2 µg/ml and 1 µg/ml of ADC, respectively. The isotype control ADCs IgG1-

DUBA and IgG1-MMAF led to a reduction of LTC-IC-CFCs to 80.5% and 77.2% at a dose of 1 µg/ml, 
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respectively. Regarding the different colony types, 20D9h3-DUBA mainly affected the abundance 

of CFU-GM and CFU-M (Figure 35B). Likewise, 20D9h3-MMAF had a slight negative effect on CFU-

GM numbers. Taken together, 20D9h3-DUBA toxicity towards healthy CD34-positive BM cells in 

CFU and LTC-IC assay was restricted to concentrations exceeding the dose range that was effective 

in leukemic cells. In those lower concentrations of 0.2 µg/ml and below it only had minor adverse 

effects. For 20D9h3-MMAF, toxicities were even lower, however its efficacy against leukemic cells 

has also been lower.  
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3.8 20D9h3-DUBA combination therapies 

Cancer therapy rarely uses one single agent but rather a combination of different drugs to increase 

efficacy, lower toxicities, and overcome and prevent drug resistance (175). Drug combinations 

can be antagonistic, additive or synergistic. The latter means that the effect of a combination of 

drugs is greater than would be expected when adding up the effects of the single agents. (175, 

176) There are different molecular mechanisms behind the synergy of two drugs: 1) Anti-

counteractive actions where drug 2 antagonizes the cellular response to drug 1. 2) 

Complementary actions where two drugs act on multiple targets of one pathway or on multiple 

sites of one target. 3) Facilitating actions where drug 1 increases availability or activity of drug 2. 

(177)  

As described above, out of the two ADCs 20D9h3-DUBA showed especially promising activity 

against leukemic stem and progenitor cells and I was therefore interested to evaluate 

combinations that could even potentiate the ADC’s effect. 20D9h3-DUBA acts via DNA-damage 

triggering DNA-damage response and eventually apoptosis (see chapter 3.3.6). Considering this, 

it is not surprising that combinations of DNA-alkylating drugs – such as DUBA or IGN – with DNA-

damage response inhibitors (166) or apoptosis-inducing agents (178, 179) have both been 

reported as promising. In the following, I therefore wanted to evaluate the combination of 

inhibitors of the DNA damage response protein ATR (ATRi) or the anti-apoptotic protein BCL-2 

(BCL-2i) with the 20D9h3-DUBA FLT3-ADC that has been generated in this project. 

3.8.1 Combination of 20D9h3-DUBA with ATR inhibitors 

3.8.1.1 Cytotoxicity of 20D9h3-DUBA in cells with p53 deficiency 

In his thesis, Dr. Marcel Rieker described the combination of HER2- and epidermal growth factor 

receptor (EGFR)-targeting DUBA-ADCs with the ATRi ceralasertib/AZD6738. Interestingly, he 

observed that cell lines carrying loss-of-function mutations in the TP53 gene or with defects in 

this pathway were especially sensitive to the combination therapy with those agents. (166) p53 

is downstream of ATR (165) and thus likely plays a crucial role in the response of cells to 20D9h3-

DUBA. Firstly, I therefore wanted to investigate how the loss of p53 in a cell influences the general 

sensitivity towards 20D9h3-DUBA. To test this, MOLM-13, MV4-11 and OCI-AML3 cells with p53 

knockdown (kd) were used (a kind gift from Dr. Andreef, MD Anderson Cancer Center (139, 144)). 

Successful kd of p53 in those cells was first confirmed using Western blotting (Figure 36A). 

Additionally, FLT3 and FcγRI expression was analyzed by flow cytometry to rule out that there 

are major differences between p53 wt and kd cells (Figure 36B-C). It was found that FLT3 was 

slightly (**P < .01) lower expressed in OCI-AML3 cells with p53 kd, but for the cell lines MOLM-13 

and MV4-11 there were no significant differences. FcγRI, on the contrary, was significantly 
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(**P < .01) higher expressed in MOLM-13 cells with p53 kd. In MV4-11 and OCI-AML3 cells, 

however, there was no difference in FcγRI expression between p53 wt or kd cells. 

 

Figure 36: p53, FLT3 and FcγRI expression in MV4-11, OCI-AML3 and MOLM-13 cells with p53 wt or kd. 

(A) Expression of p53 was analyzed by Western blotting in cells with p53 wildtype (wt) or knockdown (kd). Beta-Actin 

was used as loading control. MW = molecular weight. (B-C) Expression of FLT3 (B) and FcγRI (C) was analyzed by flow 

cytometry. Mean fluorescence intensity (MFI) was normalized to isotype control. mean ± s.d.;, n = 3 biological 

replicates. **P < .01; ns, not significant by Unpaired t-test. Figure was adapted from Roas et al (139) with permission.  

 

Next, p53 kd and wt cell lines were incubated with 20D9h3-DUBA ADC for 96 h and viable cells 

were assessed using a resazurin read-out (Figure 37). Not unexpectedly, it was observed that cells 

with p53 kd were significantly less sensitive towards 20D9h3-DUBA. The difference in the IC50 

values between p53 wt and kd cells were 3.9x, 2.5x and 5.1x for MV4-11, OCI-AML3 and MOLM-

13 cells, respectively.  

 

Figure 37: Evaluation of the effect of p53 kd on 20D9h3-DUBA ADC activity. (A-C) MV4-11 (A), OCI-AML3 (B) and 

MOLM-13 (C) cells with p53 wildtype (wt) or knockdown (kd) were treated with a dilution row of 20D9h3-DUBA ADC 

for 4 d. Viability was assessed by resazurin readout and is depicted normalized to untreated control. Curves were 

plotted and IC50 values calculated with GraphPad Prism 10.1.2 using non-linear fit, variable slope analysis. mean ± s.d.; 

n = 3 biological replicates. 

 

At least in two of the cell lines, the lower response of p53 kd cells towards 20D9h3-DUBA cannot 

be attributed to reduced expression of FLT3 or FcγRI: In MV4-11 cells there was no expression 

difference and in MOLM-13 cells the expression of FcγRI was even higher in kd cells. It can be 

concluded that a dysfunctional p53 pathway decreases the effectivity of 20D9h3-DUBA. 
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3.8.1.2 Evaluation of synergy in cytotoxicity assay 

In his PhD thesis, Dr. Marcel Rieker described that cells with defects in the p53 pathway are 

sensitive towards a combination of DUBA-ADCs and ATRi (166) and I therefore wanted to test if 

an inhibitor of ATR can restore the sensitivity to 20D9h3-DUBA. Further, it was investigated if 

p53 kd cells are particularly vulnerable to the combination in comparison to p53 wt cells. The 

ATRi ceralasertib/AZD6738 was used for those experiments, which is a selective inhibitor of ATR 

that is currently in phase II clinical trials for various indications (180, 181). Firstly, synergism 

between the drugs was evaluated using cytotoxicity assays in MOLM-13 (Figure 38) and MV4-11 

cells (supplemental Figure 6) with p53 wt or kd.  

 

Figure 38: Cytotoxicity assay of 20D9h3-DUBA in combination with the ATRi ceralasertib in MOLM-13 cells with 

p53 wt or kd. MOLM-13 cell with p53 wt or kd were treated with either a monotherapy of 20D9h3-DUBA (A), a 

monotherapy of the ATRi ceralasertib (B), or a combination of both drugs (C-F) for 96 h. Viable cells were assessed by 

resazurin readout-out and normalized to vehicle-control (DMSO for ceralasertib; PBS for 20D9h3-DUBA). They were 

plotted using non-linear fit, variable slope analysis, in GraphPad Prism 10.1.2. Dashed lines in (C) and (E) mark 

effectivity of ATRi monotherapy. mean ± s.d.; n = 3 biological replicates. For the analysis of synergistic effects of the 

combination, dose-response curves were uploaded to SynergyFinder 3.0 and the zero interaction potency (ZIP) model 

without baseline correction was used for synergy calculations, which compares observed and expected effects for the 

drugs (145, 146). Synergy scores δ of > +10, < -10 or between both values indicate synergism, antagonism or additive 

effects, respectively.  
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Like observed before, MOLM-13 cells with p53 kd were less sensitive towards 20D9h3-DUBA 

monotherapy (Figure 38A). Similarly, they were also slightly less sensitive towards ATRi 

monotherapy (Figure 38B). Combination therapy, however, was strikingly very effective in p53 kd 

cells (Figure 38C-D). For example, at doses of 0.33 µM ATRi and 133 µg/ml 20D9h3-DUBA the 

monotherapies reduced cells to 90.5% (indicated by dashed horizontal pink line) and 49% (solid 

black line) of vehicle-control, respectively. The combination of both agents however reduced cells 

to 0.2% of control (solid pink line). Accordingly, when the drug combinations were evaluated with 

the online-tool SynergyFinder 3.0 using the zero-interaction potency (ZIP) calculation method 

(145, 146), it indicated a synergistic interaction of the two drugs for a wide range of dose 

combinations with ZIP scores of up to +40 (according to the tool’s guidelines a δ-score > +10 for 

two drugs is likely synergistic). This effect was less pronounced for p53 wt cells where the δ-score 

was mostly around or below +10 suggesting that in those cells the drug combination is rather 

additive than synergistic (Figure 38E-F). The results in MV4-11 cells were quite similar with 

strong synergistic effects in the kd cells (supplemental Figure 6). Next, the drug combination was 

evaluated in the acute monocytic leukemia cell line MM-6 (Figure 39), which naturally has a loss-

of-function of p53 due to a R273H point mutation in the DNA-binding domain (182).  

 

Figure 39: Cytotoxicity assay of 20D9h3-DUBA in combination with the ATRi ceralasertib in MM-6 p53R273H cells. 

(A-C) MM-6 cells were treated with a dilution row of either 20D9h3-DUBA alone (A), ATRi (ceralasertib) alone (B) or a 

combination of both agents (C) for 96 h. Viable cells were assessed by resazurin read-out and are depicted normalized 

to vehicle-control (DMSO for ceralasertib; PBS for 20D9h3-DUBA). Curves were fitted using GraphPad Prism 10.1.2 non-

linear fit, variable slope analysis. Dashed line in (C) marks effectivity of ATRi monotherapy. mean ± s.d.; n = 4 biological 

replicates. (D) Dose-response curves were subjected to zero interaction potency (ZIP) calculation without baseline 

correction to analyze synergism using the online-tool SynergyFinder 3.0 (145, 146). After a comparison of observed 

with expected values, δ-scores are calculated indicating synergism (δ > +10), antagonism (δ < -10) or additive effects (-

10 < δ < +10). 
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Similarly, the combination of ATRi and 20D9h3-DUBA was highly synergistic here with the 

maximum ZIP score being > +60 for the combination of 1 µM ATRi and 1.6 ng/ml 20D9h3-DUBA. 

At those doses, the monotherapies with ATRi and ADC diminished viable cells to 85.6% and 96.5% 

of untreated control, respectively. The combination of both substances, however, reduced cells to 

26.4% of the control. Figure 40 summarizes the most synergistic area scores for all tested cell 

lines. It highlights again that the combination of ATRi and 20D9h3-DUBA is significantly more 

synergistic in p53 kd compared to p53 wt cells, where the effect is only additive to slightly 

synergistic. 

Figure 40: Most synergistic area scores for the combination of 

20D9h3-DUBA with the ATRi ceralasertib. Most synergistic area 

ZIP scores were calculated with the online tool SynergyFinder 3.0 

based on the results from Figure 38-39 and supplemental Figure 6. 

Synergy is defined as δ > +10 (indicated by the dashed line). n = 3 

biological replicates (except MM-6: n = 4). *P < .05; **P < .01 by 

Unpaired t-test.  

 

 

 

3.8.1.3 Synergy evaluation in apoptosis assay 

As a next step, it was evaluated if the synergism of ATRi and 20D9h3-DUBA is due to increased 

apoptosis induction by the combination therapy. To test this, MOLM-13 cells with p53 wt or kd 

were incubated with doses of 0.33 µM ATRi and/or 44 ng/ml 20D9h3-DUBA, a combination which 

has been highly synergistic in the cytotoxicity assay (Figure 41).  

 

Figure 41: Apoptosis assay of 20D9h3-DUBA in combination with the ATRi ceralasertib in MOLM-13 cells with 

p53 wt or kd. (A-B) MOLM-13 cells with p53 wt (A) or kd (B) were incubated with either DMSO control, 0.33 µM ATRi 

(ceralasertib), 44 ng/ml 20D9h3-DUBA or 0.33 µM ATRi + 44 ng/ml 20D9h3-DUBA. After 96 h, cells were harvested, 

washed and stained with APC-Annexin V and DAPI for analysis of apoptotic and dead cells using BD FACS Canto II. 

mean ± s.d.; n = 3 biological replicates. ****P < .0001; ns, not significant by Ordinary two-way ANOVA and Dunnett’s 

multiple comparison test.  
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For p53 wt cells, monotherapy with 0.33 µM ATRi did not significantly increase dead plus 

apoptotic cells compared to control (19.4% versus 16.9%). Treatment with 44 ng/ml 20D9h3-

DUBA alone or the combination of ATRi and 20D9h3-DUBA, however, significantly increased the 

proportion of dead plus apoptotic cells to 42.4% (****P < .0001) and 63.8% (****P < .0001), 

respectively. In p53 kd cells both monotherapies had no significant effects in comparison to 

vehicle-control (13.9% and 18.5% dead plus apoptotic cells for ATRi and 20D9h3-DUBA 

monotherapies, respectively, versus 13.9% for vehicle-control). In contrast to that, the 

combination of both drugs was highly efficient leading to 50.3% (****P < .0001) dead plus 

apoptotic cells. These experiments confirm that the synergistic effect is also evident at the level of 

apoptosis induction. Similarly, as observed for the cytotoxicity assays, the effect was more 

pronounced in p53 kd compared to p53 wt cells. This suggests that the combination of 20D9h3-

DUBA and the ATRi ceralasertib is very promising especially in the context of a dysfunctional p53 

pathway.  

 

3.8.2 Combination of 20D9h3-DUBA with BCL-2 inhibitors 

As described, 20D9h3-DUBA acts via apoptosis induction suggesting that a combination of the 

ADC with compounds lowering the apoptotic threshold might be another possibility to potentiate 

its effect. This has e.g. been reported for a combination of the FDA-approved BCL-2i venetoclax 

and the CD123-targeting ADC IMGN632 that contains the DNA-alkylating drug IGN (178, 179). 

This provided the rationale to test this combination with the 20D9h3-DUBA ADC using a 

cytotoxicity assay. To this end, the AML cell line MOLM-13 was incubated with either 20D9h3-

DUBA, the BCL-2i venetoclax or a combination of both agents for 96 h (Figure 42). The resulting 

dose-response curves were analyzed with the ZIP method using the SynergyFinder 3.0 online-tool 

to evaluate if the drug combination acts synergistically (145, 146). The highest ZIP δ-score of 

∼ +18.5 was observed for the combination of 6.2 nM venetoclax with 1.7 ng/ml 20D9h3-DUBA. At 

those doses, BCL-2i and ADC diminished viable cells to 87.9% and 95.4% of vehicle-control, 

respectively, while the combination of both agents reduced them to 63%, clearly exceeding a pure 

additive effect. The drug combination was further tested in a second cell line – the acute monocytic 

leukemia cells MV4-11 (supplemental Figure 7). 6.2 nM venetoclax, 1.7 ng/ml 20D9h3-DUBA and 

the combination of both led to reductions of viable cells to 64.9%, 66.5% and 37.2% of vehicle-

control, respectively. In these cells the combination thus had a more additive rather than 

synergistic effect. This is reflected by a maximum ZIP δ-score of +7.1. Hence it can be concluded 

that the combination of 20D9h3-DUBA with a BCL-2i is additive to synergistic dependent on the 

cell line model. 
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Figure 42: Cytotoxicity assay of 20D9h3-DUBA in combination with the BCL-2i venetoclax in MOLM-13 cells.  

(A-C) MOLM-13 cells were treated with a dilution row of either 20D9h3-DUBA alone (A), the BCL-2i venetoclax alone 

(B) or a combination of both drugs (C). Viable cells were assessed by resazurin assay and normalized to vehicle-control 

(DMSO for venetoclax; PBS for 20D9h3-DUBA) and fitted using GraphPad Prism 10.1.2 non-linear fit, variable slope 

analysis. Dashed line in (C) marks effectivity of BCL-2i monotherapy. mean ± s.d.; n = 3 biological replicates. (D) Dose-

response curves were analyzed with zero interaction potency (ZIP) method by SynergyFinder 3.0 (no baseline 

correction) (145, 146). δ-score > +10 indicates synergy; δ-score < -10 indicates antagonism; -10 < δ-score > +10 

indicates an additive effect.  
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4 Discussion 

4.1 The antibody 

4.1.1 Humanization and binding affinity 

The FLT3-mAb 20D9, which was generated as part of a previous project (139, 143), is a chimeric 

antibody which means that it possesses human constant regions but variable domains from the 

host (in this case rat). For further development, it was decided to subject the antibody to a full 

humanization using CDR grafting and a 3D structure-based approach. The degree of humanization 

is here expressed by the germinality index (GI), which quantifies the similarity of the antibodies’ 

variable region with the most similar human germline sequence (183). Compared to the original 

chimeric 20D9 with a mean GIVH+VL of 84.7%, the humanized mAbs had a mean GIVH+VL in a range 

of 90.2% – 100%. The selected lead candidate 20D9h3-mAb had a GIVH+VL of 94.7%. A partial or 

full humanization of therapeutic antibodies is currently quite common with only a small number 

of rodent mAbs in clinical use. This has changed over time. As most antibodies are produced in 

mice, historically murine antibodies were the first ones to be applied as therapeutic antibodies in 

humans. However, it was soon noticed, that the application of murine antibodies in humans comes 

with certain challenges. One is the development of human anti-mouse antibodies which can lead 

to severe symptoms similar to an allergic reaction. Additionally, it increases mAb clearance and 

decreases therapeutic efficacy. (184) A further safety concern associated with murine mAbs is 

cytokine release syndrome (CRS) which is a serious and sometimes even fatal complication (185). 

This is the reason why there has been ongoing effort to increase the human proportion in 

therapeutic mAbs by either chimerization (those mAbs possess only murine variable regions), 

humanization (those mAbs possess only murine CDRs) or to produce fully human mAbs e.g. by 

using phage display libraries or transgenic mice (184). It was indeed shown that humanization 

reduces immunogenicity and anti-antibody responses (AAR). Hwang et al. analyzed immuno-

genicity in clinical studies with 44 murine, 15 chimeric and 22 humanized mAbs (151). Marked 

AAR, which was classified as AAR in > 15% of patients, occurred for 84%, 40% and 9% of murine, 

chimeric and humanized mAbs, respectively, and clinical development was usually stopped for 

these mAbs. This illustrates the advantage of humanization, however, even for those mAbs AAR 

can still occur. There are also arguments against humanization. First of all, it takes time and might 

prolong clinical development. (185) Additionally, AAR and CRS might play a role for the efficacy 

of some therapeutic mAbs. This is illustrated by Lym-1 therapy in B cell malignancies, where 

patients with high human anti-mouse antibody titers had a survival benefit (186) and 

catumaxomab therapy where the development of CRS seems to play a vital role for efficacy (187). 

The precise mechanisms of these observations remain to be elucidated. In ADCs not only the 

antibody moiety but also the payload bears a risk for toxicities, which might make a humanization 
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even more relevant to achieve an acceptable toxicity profile. This might be also the reason why all 

of the 15 worldwide approved ADCs are either chimeric or humanized (105). Humanization can 

be done by CDR grafting, whereby rodent CDRs are transferred to a human framework (188). 

Some framework amino acids might be crucial for antigen binding and they can be identified using 

cryo-electron microscopy or in silico homology modelling to optimize the humanization 

procedure (189).  

Nevertheless, it is important to analyze if the target binding affinity is retained after the 

humanization, which was done in my project using flow cytometry and ELISA. In ELISA, EC50 

values of the 12 humanized mAbs were between 11.0 ng/ml and 111.6 ng/ml (73.3 pM – 744 pM) 

versus 10.9 ng/ml (= 72.7 pM) for the original chimeric 20D9. Interestingly, EC50 values increased 

with increasing GI of the VL domain, with the best binding observed for VL1-mAbs (20D9h1-

20D9h4) followed by VL2-mAbs (20D9h5-20D9h8) and VL3-mAbs (20D9h9-20D9h12). 

Conversely, the GI of the VH domain did not seem to play a role for the binding affinity. Flow 

cytometry analysis in Ba/F3 cells expressing human surface FLT3 confirmed those results. 

Importantly, the binding of 20D9h1-20D9h4 mAbs was comparable to that of chimeric 20D9-mAb 

in both assays. 20D9h3-mAb was selected as a lead candidate out of the VL1-mAbs due to its good 

producibility (144 mg/l cell culture) and superior GI (94.7%). As illustrated by a study with HER2-

binding mAbs/ADCs in HER2-expressing cell lines a high binding affinity is related to improved 

internalization and superior cytotoxicity especially in cells with a low target expression (190), 

which is generally seen as advantageous as it expands the therapeutic benefit to this target-low 

patient group (191). But it might also be a disadvantage toxicity-wise if the therapeutic window 

of expression between tumor and healthy tissues is small, as argued by others (190). The EC50 

value of 20D9h3-mAb was 11.3 ng/ml, which corresponds to approximately 75.3 pM. For two 

other approved ADCs, HER2-directed trastuzumab emtansine (T-DM1)/Kadcyla and CD33-

directed GO/Mylotarg, EC50 values of 0.4-0.9 µg/ml (around 2.7-6 nM) (191) and 11.6 nM (52) 

were reported, respectively. Compared to that, 20D9h3-mAb binding is superior although it has 

to be noted that those studies used different assays to assess the EC50 value, the payload 

conjugation might reduce the binding affinity, and both ADCs – T-DM1 and GO – are directed 

against highly expressed targets. Better suited might be the comparison with the FLT3-mAb IMC-

EB10 and the FLT3-ADC AGS62P1/ASP1235. For those, EC50 values of 158 pM (99) and 100-

500 pM (192) were reported, respectively. Here, 20D9h3-mAb is in a similar range. All three 

FLT3-mAbs – including 20D9h3 – have rather high binding affinities compared to T-DM1 and GO. 

Both, IMC-EB10 (NCT00887926, (193)) and AGS62P1/ASP1235 (NCT02864290, (102, 194)) 

proceeded to phase I clinical studies, but in both cases those studies were terminated due to lack 

of efficacy without giving further information.  

 



Discussion 

100 
 

4.1.2 Internalization 

Unlike therapeutic antibodies, ADCs must be internalized into the target cell to exert their main 

effect, which is mediated by their payload. Successful internalization of 20D9h3-mAb was 

confirmed by flow cytometry and microscopy in FLT3-expressing Ba/F3 cells using a secondary 

antibody coupled to a pH-sensitive dye that is only fluorescent in late endosomes or lysosomes 

where the pH is low. As soon as after 1 h, 20D9h3-mAb could be detected via flow cytometry 

indicating that it was already present in late stages of the endocytic process. The signal 

approximately doubled after 5 h with only a slight further increase after 24 h. The signal intensity 

was dependent on FLT3 surface expression levels. In microscopy, pHrodo signal did not co-

localize with YFP signal. As YFP should be only expressed in the cytoplasm but not in 

endosomes/lysosomes, this further confirms that 20D9h3-mAb internalizes in the desired 

compartment. Similar kinetics were observed by other groups that developed therapeutic 

antibodies. Zheng et al. also describe a microscopy experiment in CLL1-positive HL-60 cells where 

they show that their CLL1-mAb co-localized with LysoTracker after 2 h, indicating that it was 

present in the lysosome, and the signal became abundant after 18 h (195). For gemtuzumab – the 

antibody part of GO – a study shows that depending on the cell line 15-50% of the antibody are 

internalized after 1 h and the amount inside the cells approximately doubles after around 4 h 

(196). In summary, 20D9h3-mAb has comparable internalization kinetics to other therapeutic 

antibodies that are in development or approved.  

 

4.1.3 Specificity and cross-reactivity 

Antibody specificity and cross-reactivity were also evaluated in detail. In flow cytometry binding 

analyses, 20D9h3-mAb bound to human and cynomolgus monkey FLT3, but not rat or murine 

FLT3. This is relevant for later toxicological studies. For therapeutic mAbs it is crucial that 

toxicological studies are carried out in species that have mAb cross-reactivity to produce 

meaningful results, as most associated toxicities are target-mediated. For ADCs not only the 

antibody but also the payload moiety could cause side effects. Therefore, studies in non-cross-

reactive species can be meaningful to some extent. It is not uncommon for therapeutic mAbs and 

ADCs that toxicity studies in rodent species are not possible due to missing cross-reactivity. (156, 

197) Iwasaki et al. tested a panel of therapeutic mAbs for their cross-reactivity with different 

animal species: 0% (0 out of 30) displayed cross-reactivity in rats and only 7% (2 out of 31) in 

mice. However, 82% (32 out of 39) bound to receptor orthologues from cynomolgus monkey. The 

non-rodent cross-reactivity of 20D9h3-mAb is therefore not surprising. Cynomolgus monkey is 

also typically the animal of choice for toxicity evaluations and ADME studies with therapeutic 

mAbs and ADCs producing the most relevant results. (198)  
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Further, 20D9h3-mAb cross-reactivity to the FLT3 receptor paralogues c-KIT, VEGFR-2, PDGFRα 

and CSF1R was tested, which are structurally most similar to FLT3. 20D9h3-mAb did not bind to 

any of the receptors and accordingly no cytotoxic effect was mediated via those targets in viability 

assays with 20D9h3-DUBA or -MMAF ADCs. None of the tested FLT3 receptor paralogues is a 

frequently mentioned AML LSC marker (35, 36, 41). Binding to receptor paralogues would thus 

likely not confer additional benefits concerning efficacy of an anti-LSC ADC, but rather increase 

toxicities. For first-generation TKIs, which often lack specificity and target multiple kinases, 

various toxicities have been reported related to the targeting of FLT3 receptor paralogues. Off-

target effects on c-KIT expressing cells have been related to myelosuppression as illustrated by 

quizartinib (199, 200). VEGFR inhibition – e.g. by sorafenib, sunitinib or pazopanib – has been 

related to arterial dissections and aneurysms (201). Likewise PDGFR inhibition by sunitinib (202) 

or dasatinib (203) is associated with cardiotoxicity, as PDGFR plays a vital role in the proliferation 

of cardiomyocytes and heart regeneration (204). CSF1R inhibitors have been described to deplete 

macrophages. This also includes Kupffer cells, which could explain why CSF1R inhibition is 

associated with hepatotoxicity. (205) For ADCs, toxicities via off-target effects might be even more 

severe due to the high potency of the payload. All-in-all, the specificity of the 20D9h3-mAb for 

FLT3 is a desirable feature of the antibody preserving the favorable therapeutic window provided 

by FLT3 expression.  

Lastly, cross-reactivity towards mutant FLT3 was assessed using chimeric 20D9-mAb, which has 

identical binding properties compared to humanized 20D9h3-mAb. Binding studies with flow 

cytometry using the Ba/F3 model confirmed that 20D9-mAb binds to all mutant versions of FLT3. 

Binding to mutant FLT3 seemed to be reduced compared to wildtype FLT3, however this was 

probably an artefact caused by different expression efficiency of the constructs in Ba/F3 cells. 

Cytotoxicity assays with 20D9-MMAF ADC further confirmed that Ba/F3 cells expressing mutant 

FLT3 are sensitive towards the ADC. Here, IC50 values were increased in Ba/F3 cells expressing 

mutant FLT3 compared to those expressing wildtype FLT3 in analogy to the binding studies. It 

was expected that the tested FLT3 mutations do not affect binding and cytotoxicity of FLT3-mAb 

and FLT3-ADC, respectively, as all of them are intracellular and distant from the binding epitope 

of 20D9/20D9h3. In fact, most reported FLT3 mutations occur in the intracellular domains. Ge et 

al. analyzed FLT3 mutation type and location in a cohort of 869 FLT3-mutated patients with 

different forms of acute leukemia and myelodysplastic syndrome (206). Here, canonical 

intracellular FLT3-ITD and -TKD mutation accounted for 55.8% and 23% of detected FLT3 

mutations, respectively. The remaining mutations occurred in all FLT3 domains, but 

predominantly also intracellularly in TKD1 and 2. Of the mutations occurring in the extracellular 

Ig-like domain, most were located in domains 3-5, which would not be expected to affect 

20D9/20D9h3 binding as it has been shown previously that the antibody epitope is located in 

domain 1 (50-KSSSYPM-55, (139, 143)). Therefore, a broad group of patients with and without 
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FLT3 mutations at the start of treatment could potentially benefit from 20D9h3-ADC therapy. 

Nevertheless, the emergence of secondary mutations in the FLT3 binding epitope in response to 

treatment is conceivable and has been reported to be a factor responsible for the resistance to 

other antibody therapeutics such as the EGFR-directed antibody cetuximab (207). However, the 

relevance of this finding for FLT3 remains to be investigated. Further, a downregulation of the 

target antigen on the cell surface either initially or in response to therapy could pose challenges 

to effective treatment. For FLT3, it has been reported that certain mutations such as ITD or D835Y 

shift the preferential localization of the receptor from the cell surface to the ER (136). This could 

also explain the lower surface expression of the FLT3 mutant receptors in comparison to FLT3 

wildtype observed in the Ba/F3 model. It was shown by our group that TKIs such as midostaurin 

or quizartinib can be used to shift FLT3 receptor expression back to the cell surface (136, 139). 

This probably provides the basis for a synergistic effect between TKIs and 20D9-ADC that has 

been demonstrated previously by our group in Roas et al (139). In summary, it can be concluded 

that 20D9h3-ADCs are effective in the context of FLT3 mutations and that cell surface 

downregulation of FLT3 may be overcome with TKIs, so that eventually a broad group of patients 

can benefit from this treatment irrespective of their mutational status. 

 

4.2 Efficacy of ADC payloads and 20D9h3-ADCs in cell line models 

Besides the selection of an antibody with good binding, internalization and specificity properties, 

an ideal payload for the desired application needs to be chosen. Currently, DNA-damaging agents, 

topoisomerase I inhibitors and microtubule inhibitors are the most frequently used payloads in 

ADCs (105). Representative agents of each category were tested on a panel of four leukemia cell 

lines and Ba/F3 cells, which served as a model system. Overall, the DNA-damaging agent DUBA 

was most efficient in all cell lines with IC50 values of 0.6-21.3 nM after a 24 h incubation. This was 

followed by the topoisomerase I inhibitor exatecan (2.4-790.9 nM) and the microtubule inhibitors 

MMAE (1.6-2834 nM) and MMAF (> 1000 nM). The latter compound is difficult to compare in this 

experiment as it has a low membrane permeability and is only potent when delivered inside the 

cell in the form of an ADC. One of the cell lines – K-562 – showed a higher resistance towards all 

of the compounds. Generally, the IC50 values were in line with reported values for DNA-damaging 

agents (seco-DUBA: 0.08-0.4 nM (191); PBD: 0.15-1 nM; calicheamicin: 0.01-0.06 nM (208)), 

topoisomerase inhibitors (1.7-700 nM (208)) and microtubule-inhibitors (MMAE: 0.07-3.1 nM; 

MMAF: 100-200 nM (208)) albeit a direct comparison is very difficult as different cell types and 

mostly longer time spans were used for those assays. Due to the results of the cytotoxicity assay 

together with considerations about the anti-LSC potential of the selected agents, which is 

discussed in detail in chapter 4.4, DUBA was selected as ADC payload to be conjugated to 20D9h3-
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mAb (20D9h3-DUBA). Further MMAF was chosen as a second agent to generate 20D9h3-MMAF. 

The potency and specificity of the ADCs was evaluated in the FLT3-positive leukemia cell lines 

MOLM-13, MV4-11 and OCI-AML3 and the FLT3-negative leukemia cell lines HL-60 and K-562. 

FLT3-positive cell lines had 96 h IC50 values between 8.2-16.0 ng/ml for 20D9h3-DUBA and 25.7-

35.5 ng/ml for 20D9h3-MMAF. Both ADCs had no effect on the target-negative cell lines. The 

similar or even higher efficacy of 20D9h3-DUBA compared to 20D9h3-MMAF despite the lower 

DAR of 4.8 versus 8.0 further illustrates the high potency of the DUBA payload. These findings are 

in line with a study comparing the DUBA-ADC SYD985 (DAR 2.8) and the maytansinoid-conjugate 

T-DM1/Kadcyla (DAR 3.7) on HER2-positive cell lines. Here, SYD985 was also superior to T-DM1 

despite a lower DAR (IC50 values of 6.9 ng/ml to 67.4 ng/ml versus 15.7 ng/ml to > 1000 ng/ml), 

especially in cells with a low target expression. This translated into a better in vivo activity of 

SYD985 compared to T-DM1. (191) The IC50 values of both 20D9h3-DUBA and 20D9h3-MMAF in 

AML cell lines were in a similar range compared to the IC50 values of the HER2-conjugates. This is 

remarkable considering that for HER2-positive cell lines an expression of 7900 to over 100 000 

antigens per cell has been reported (109, 209) compared to 350-4700 antigens per cell for FLT3-

positive AML cells (64). Compared to the FLT3-directed ADC AGS62P1/ASP1235, which has a 72 h 

IC50 value of around 3 µg/ml in MV4-11 cells, both 20D9h3-ADCs are also far superior (194). It is 

encouraging that 20D9h3-ADCs would fall in the range of the more effective ADCs, although a 

direct comparison to approved ADCs is difficult as they target a variety of different antigens and 

disease entities and their reported in vitro IC50 values vary accordingly with reported 

concentrations between 0.45 ng/ml and 4350 ng/ml (208). I further analyzed the correlation of 

FLT3 surface expression and efficacy using Ba/F3 cells that express FLT3 at three different surface 

levels. In cytotoxicity assays, it was observed that IC50 values decreased with increasing FLT3 

surface expression. Due to the limited number of data points, a correlation analysis was not 

performed. However, when looking at the data it seemed that there was no clear linear correlation 

between FLT3 levels and efficacy, but rather a saturation effect. This could have to do with the 

kinetics of internalization and processing of the ADC which are both processes that have limited 

capacities or with the high potency of the drug that only requires a certain level inside the cell to 

be efficacious. In vivo other factors also come into play making target response relationship a 

complex issue and currently it is not clearly established if a higher target expression necessarily 

translates into a higher ADC efficacy in patients (210). Collectively, the in vitro efficacy of both 

20D9h3-conjugates is promising in comparison to other pre-clinical and clinical ADC candidates. 

 

4.3 The ADCs stability and pharmacokinetic properties 

Besides antibody and payload, the linkage of both components is a very important step in ADC 

development. Whether a certain linker technology can be applied is highly dependent on the 
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chemical structure of the payload. For 20D9h3-DUBA the commercial linker-payload vc-seco-

DUBA was used, which is connected to the antibody through maleimide-cysteine conjugation 

(162). 20D9h3-MMAF is conjugated by P5-technology, which uses electrophilic phosphon-

amidates to functionalize cysteines (150, 163, 164). For the linker-payload of 20D9h3-DUBA, 

several drawbacks have been described including I) tendency to aggregate (211), II) loss of 

payload to blood proteins due to maleimide-exchange reaction in vivo (116) and III) loss of linker-

payload through CES1c-mediated cleavage in the circulation of rodents but not humans (162, 168, 

212, 213). P5-technology, on the contrary, was invented to tackle exactly these drawbacks (164, 

214). Indeed, SEC-based analyses after ADC conjugation showed that 20D9h3-DUBA but not 

20D9h3-MMAF has a tendency to aggregate. Further, maleimide-exchange reaction but not CES1c 

cleavage could be confirmed by MS after ADC incubation with fresh mouse serum for 20D9h3-

DUBA, while 20D9h3-MMAF was stable in this experiment. However, cultivation of target-

negative cells with CES1c-pretreated ADCs clearly showed unspecific killing of those cells when 

the cleavage-susceptible 20D9h3-DUBA was applied indicating that free payload was liberated. 

This was not observed for the P5-conjugated 20D9h3-MMAF. The discrepancy between MS and 

the cell line experiment may be explained by the poor stability of carboxylesterases in vitro 

making CES1c cleavage difficult to assess. In order to understand the full impact of the ADC’s 

stability, NSG mice were administered once with either 20D9h3-DUBA or 20D9h3-MMAF and 

blood samples were drawn in regular intervals to assess in vivo PK. While 20D9h3-MMAF was 

highly stable in this experiment, 20D9h3-DUBA rapidly lost payload attributable to the mentioned 

drawbacks of the linker. There are several other ADCs that use the vc-seco-DUBA linker-payload 

e.g., directed against HER2 (SYD981-SYD985; SYD985 in phase III, but current status unclear) or 

B7-H3 (MGC018, phase II). As can be expected from the poor PK, all of them require relatively high 

doses for a reasonable in vivo efficacy in cell line xenografts despite a very high target expression 

of 7900 to over 100 000 antigens per cell for HER2 (109, 209) and 4750 to 93 544 antigens per 

cell for B7-H3 (215). For example, the HER2-ADCs SYD981-SYD984 required a dose of 3x5 mg/kg 

for a complete stop of tumor growth of BT-474 cell line xenografts (> 50 000 HER2 antigens per 

cell (209)) in Balb/c nu/nu mice, while the effect was only moderate at 3x1 mg/kg (162). Also, 

MGC018 – a B7-H3 DUBA-ADC – was dosed once at 6-10 mg/kg to achieve a full response in 

different breast, lung and ovarian cancer cell line xenografts in CD-1 nude mice (213). For 

20D9h3-DUBA it was observed that after in vivo treatment of xenograft mouse models with 2x 

(AML-388) or 3x (AML-579) 3 mg/kg, a response is achieved only for very sensitive AML PDX 

samples like AML-388. As the poor PK of 20D9h3-DUBA is partly caused by CES1c-cleavage – a 

rodent-specific problem – those animal models could highly underestimate the efficacy of this ADC 

especially in samples that have a generally lower sensitive (like e.g. AML-579) or a low target 

expression. In contrast, 20D9h3-MMAF was highly effective in reducing leukemic cells in both 

AML PDX models although in both cases some mice relapsed indicating the survival of LICs. The 
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main goal of the project was the evaluation of the ADC’s anti-LSC efficacy. It was thus decided to 

focus mainly on stem cell assays with in vitro/ex vivo treatment. The toxicity aspects of instable 

ADCs and future considerations are further discussed in chapter 4.5.2 and in the outlook section, 

respectively. 

 

4.4 The ADCs anti-LSC activity 

4.4.1 Role of payload choice  

The primary goal of this project was the development of an ADC with a payload that is active 

against LSCs. Due to its potency and mode of action DUBA was regarded as a very promising 

choice. First, the mode of action of 20D9h3-DUBA was validated in AML cell lines using 20D9h3-

MMAF as control. Treatment of MOLM-13 cells with 20D9h3-DUBA led to a phosphorylation of 

ATR at Thr1989 and CHK1 at Ser345 indicating an activation of the ATR-CHK1 DNA damage repair 

pathway. In contrast, this was not observed for 20D9h3-MMAF. Furthermore, both ADCs led to 

cell cycle arrests, however in different phases. While 20D9h3-DUBA halted MV4-11 cells in the 

S phase, 20D9h3-MMAF led to a G2/M-arrest. Both ADCs induced apoptosis in MV4-11 and 

MOLM-13 cells with very similar kinetics and intensity. Comparable results have been described 

in a paper analyzing two HER2-directed ADCs, one coupled to MMAF and one to the DNA-

crosslinker PNU-159682. Here, the PNU-159682-ADC led to a phosphorylation of CHK1 at Ser345 

and subsequent intra-S arrest of HER2-positive KPL-4 cells indicating DNA-damage, while the 

MMAF-ADC did not lead to CHK1 phosphorylation and caused a G2/M-arrest (216). My results 

further align with the mechanisms of action of the two payloads that have been described in the 

literature. For DUBA this has been summarized in the PhD thesis of Dr. Marcel Rieker (166): In 

brief, DUBA leads to a DNA alkylation, which provides an obstacle for the DNA polymerase during 

replication in the S phase of the cell cycle. This leads to the formation of ssDNA, which in turn 

activates the DNA damage repair master regulator ATR. ATR slows down cell cycle progression – 

via the effector proteins p53, CHK1 and WEE1 – and prevents a collapse of the replication fork. If 

the DNA damage is too severe, the replication fork collapses and double strand breaks occur – the 

so-called replication catastrophe (217) – inevitably causing apoptosis. MMAF, in contrast, belongs 

to the microtubule-targeting agents and has been described to block tubulin polymerization 

which halts cell division and ultimately also causes apoptosis (218). Due to those differences in 

their mode of action, it is a common belief that microtubule-targeting agents affect mainly dividing 

cells, while DNA-damaging agents can act on both dividing and resting cells and are thus the better 

choice to target cancer stem cells (104, 124, 125, 216). My first results supported this hypothesis: 

Different ADC payloads were tested in two cell lines that have been arrested in G1 using 

aphidicolin. While the efficacy of all tested agents was reduced in the proliferation-inhibited cells, 
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this reduction was smallest for DUBA followed by exatecan (both DNA-damaging agents) and 

lastly MMAE (microtubule-targeting) – the membrane-permeable surrogate of MMAF. Similarly, 

it was reported in the literature that prior treatment with aphidicolin did not reduce the efficacy 

of adozelesin (219) – which belongs to the class of DNA-damaging DCMs – but clearly protects 

cells from the microtubule-targeting agent paclitaxel (220). Other methods of proliferation-

inhibition also led to comparable results: Junttila et al. inhibited cell division of adherent SK-BR-3 

cells by growing them confluent. Subsequently, they tested the efficacy of different agents on those 

non-dividing versus dividing cells. They found that the IC50 values of the anthracyclines 

doxorubicin and PNU159682 were only reduced by factors of 7.8x and 5.8x in non-dividing 

compared to dividing cells, respectively, while the IC50 values of the microtubule-targeting agents 

vincristine and MMAE were diminished by factors of > 53x (vincristine) and > 450x (MMAE) 

(221). However, proliferation-inhibited cell lines are no adequate model of LSCs. Thus, in the 

following three gold-standard stem cell assays were carried out using AML PDX and primary cells 

to better reflect the real patient situation and to further investigate the question which payload is 

most suitable for an anti-LSC ADC. 

PDX and primary cells were treated with 20D9h3-DUBA or 20D9h3-MMAF in vitro and the colony 

formation potential of early (CFU assay) and very early (LTC-IC assay) progenitors and the 

engraftment capability were analyzed (LIC assay). In CFU assays, 20D9h3-DUBA had a higher 

efficacy at lower doses compared to 20D9h3-MMAF in AML-388, AML-393 and AML-669 PDX cells 

as well as the primary sample that had been used to generate AML-393. In LTC-IC assays, 20D9h3-

DUBA also had a higher efficacy compared to 20D9h3-MMAF in eliminating very early progenitors 

of the AML-388 PDX sample, but both ADCs were similarly efficient towards AML-393 PDX cells. 

Both ADCs were capable of preventing engraftment of AML-388 PDX cells at a dose of 1 µg/ml. At 

a dose of 25 ng/ml, 20D9h3-DUBA still prevented engraftment in 4 of 5 mice indicating that at 

least part of the LICs have been eliminated, while 20D9h3-MMAF had no effect at that dose. AML-

393 PDX cells pre-treated with 0.3 µg/ml of ADC engrafted in 1 of 5 mice in the 20D9h3-MMAF 

group, while all mice stayed healthy in the 20D9h3-DUBA group. In conclusion, there was a trend 

towards a better activity of 20D9h3-DUBA against leukemic stem and progenitor cells, however 

20D9h3-MMAF was surprisingly also quite efficient albeit higher doses were needed to achieve 

the same effect. When looking at the literature, studies that compare the effect of different 

payloads towards cancer stem cells are scarce. A study using 5T4-targeting ADCs with either the 

DNA-crosslinker PBD (MEDI0641) or the microtubule-toxin tubulysin as a payload reported that 

the PBD-ADC showed a superior activity towards cancer stem cells in vivo likely explaining its 

overall better and more durable antitumor activity in comparison to the tubulysin-conjugate 

(222). But there are also several studies supporting the finding that microtubule-targeting agents 

can also be active towards cancer stem cells. In a LIC assay it has been shown that a 5T4-MMAF 

ADC eliminates tumor-initiating cells in a non-small cell lung cancer PDX model (223). 
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Comparable results were reported for a PTK7-ADC that employs the auristatin payload Aur0101 

using a similar set-up (224). Furthermore, impressive and most importantly durable antitumor 

responses have been described for several MMAF-conjugates using PDX xenograft models 

including the recently published work from our group (139, 225). As a persistent treatment effect 

is only achieved if no tumor re-initiating cells remain, these studies also support the finding that 

ADCs with tubulin-inhibitor payloads also have the potential to eliminate LSCs. There are several 

possible explanations for that: It has been proposed that breast cancer stem cells cycle between a 

resting and a proliferative state (226) and Damelin et al. speculated that this might eventually 

make them vulnerable to microtubule-toxins (224). This functional plasticity of stem cells has 

been similarly described for AML LSCs in in vivo experiments (130). Furthermore, microtubules 

do not only play a role in cell division but also in the intracellular trafficking of proteins, which is 

also important in resting cells (227, 228).  And finally, the type of genetic abnormality of leukemic 

cells from individual patients influences the responsiveness towards certain agents. For example, 

it has been reported that the chromosomal rearrangement KMT2A::AFDN deranges the cell’s 

cytoskeleton (229) and those cells might be especially vulnerable towards agents that further 

interfere with those structures. This might explain why 20D9h3-MMAF is especially potent 

against the KMT2A::AFDN rearranged AML-388 PDX sample. Interestingly, a recent 

phosphoproteomic analysis found that KMT2A::AFDN cases (such as AML-388) and 

KMT2A:MLLT10 cases (such as AML-393) cluster separate from other KMT2Ar and non-KMT2Ar 

cases and show increased phosphorylation of proteins with functions in DNA damage repair, 

replication and splicing. In a subsequent drug screen, those samples further showed a particularly 

high sensitivity towards mitotic and genotoxic compounds (230).  

In conclusion, the experimental results point towards a better anti-LSC activity of the DNA 

alkylator DUBA compared to microtubule-toxins. However, microtubule-toxins can still be 

efficacious against LSCs especially in patients with certain genetic abnormalities that sensitize 

them to these agents. Eventually, in the pharmaceutical development process the choice of the 

right payload does not only depend on efficacy towards LSCs, as other factors such as 

producibility, overall antitumor efficacy, PK, and toxicity need to be considered. 

 

4.4.2 Role of target choice  

In this work, I have shown that 20D9h3-ADCs are active towards leukemic stem and progenitor 

cells in various assays. This experimentally validates that FLT3 is indeed an attractive LSC target 

as has been proposed by various groups because of its favorable expression pattern (63, 66). FLT3 

surface abundance is rather low compared to other AML targets, as discussed above (see chapter 

4.2). Nevertheless, the success of the FLT3-mAb FLYSYN/4G8-SDIEM in phase I studies 

(NCT02789254, (231)) shows that it can be efficaciously targeted with an antibody alone and the 
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coupling of a toxin to such an antibody would bring additional efficacy benefits. Furthermore, the 

therapeutic window between expression on leukemic and healthy cells is more important than 

expression level alone and here FLT3 is superior to other AML targets such as CD33, CD123 or 

CLL1 (66). In the literature it has been described that FLT3 is highly expressed in AML samples 

that are classified M5a or M5b according to FAB classification, which also includes a large part of 

KMT2Ar samples that have been used for the stem cell assays (232, 233). However, looking at 

available RNA expression data from the LMU Klinikum, there was no significant difference in FLT3 

expression between KMT2Ar and non-KMT2Ar PDX or patient samples, although the number of 

KMT2Ar patient samples in the used data set was relatively small (n=15) and a larger data set may 

be required to see significant differences.  

Antibodies or ADCs with an IgG1-backbone also bind to FcγRs and as shown in the Ba/F3 model 

especially FcγRI also contributes to 20D9h3-DUBA efficacy in vitro. FcγRI-mediated effects also 

seemed to play a role for the efficacy of 20D9h3-DUBA towards leukemic progenitors in CFU assay. 

Interestingly, it was observed that FcγRI was significantly higher expressed in KMT2Ar PDX cells 

and also in patient samples compared to non-KMT2Ar samples. This is in line with data from the 

literature, where it has been described that FcγRI is overexpressed specifically in M5-classified 

AML and AML with KMT2Ar (234, 235). Furthermore, a very recent work described that KMT2Ar 

LSCs have a specific monocytic gene expression signature enriched for pathways involved in 

OXPHOS, cell cycle, DNA repair and replication. Remarkably, those m-LSCs were also FcγRI-

positive (236). This could explain the surprisingly high efficacy of the isotype control IgG1-ADC – 

which solely targets FcγRI via the Fc part but not FLT3 – towards leukemic progenitors in CFU 

assays.  

Finally, I want to discuss the question whether the antibodies’ FcγR binding should be abrogated 

or whether it is beneficial. My results indicated that targeting both FLT3 and FcγRI is superior to 

targeting either of the receptors alone in the Ba/F3 model and in CFU assays. Also, in previous 

work from our group the efficacy of double-targeting was analyzed using deglycosylation instead 

of LALA-mutation to abrogate FcγR-binding (139, 143). Here, it seemed that the efficacy benefit 

of targeting FcγRI only existed in vitro but could not be re-produced in vivo. However, as the 

overall efficacy of 20D9-MMAF was quite high in those experiments, a small difference might have 

been missed. Considering the higher FcγRI expression on KMT2Ar versus non-KMT2Ar bulk cells 

and probably also LSCs, the efficacy benefit of double-targeting might be especially high in this 

patient subset. Additionally, ADCC, ADCP and CDC can further increase the activity of mAbs or 

ADCs and they require an intact Fc part. However, these effects cannot be studied in the 

immunocompromised NSG mouse model. To address whether an intact Fc part is beneficial or not 

one has to consider not only efficacy but also toxicity aspects. These are discussed in the following. 
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4.5 Hematopoietic and non-hematopoietic toxicities 

The concept of ADCs as a “magic bullet” (103) essentially includes the idea of a specific targeting 

of cancer but not healthy cells to expand the therapeutic window of conventional chemotherapy. 

Many molecules still face toxicity challenges leading to failures in clinical trials. Toxicities can be 

“on-target”, e.g. due to target expression on healthy cells, or “off-target”, e.g. due to FcγR-mediated 

internalization, bystander toxicity towards healthy cells, payload-loss or non-specific uptake. 

(237) In this project only toxicities towards the hematopoietic system were experimentally 

evaluated. Non-hematopoietic toxicities will only be discussed with the help of literature. They 

are not as easy to assess as they would require additional model systems such as humanized 

immunocompetent mice, cynomolgus monkeys or in vitro models of certain tissues, which were 

beyond the scope of this thesis. Each component of an ADC can contribute to toxicities and will be 

discussed separately. 

 

4.5.1 Role of target choice for toxicity  

Toxicity towards early and very early healthy hematopoietic progenitors was evaluated in analogy 

to the leukemic progenitors using CFU and LTC-IC assays. Pre-treatment of CD34-positive healthy 

BM cells with a dose of 1 µg/ml of either 20D9h3-DUBA or 20D9h3-MMAF did not affect colony 

formation in CFU assays. When looking at the very early progenitors in LTC-IC assays, 20D9h3-

DUBA reduced colonies to 74.5% and 16.4% of untreated control at 0.2 µg/ml and 1 µg/ml, 

respectively, and affected mainly CFU-GM and CFU-M colonies. 20D9h3-MMAF led to a reduction 

of LTC-IC-CFCs to 70.8% (0.2 µg/ml) and 63.4% (1 µg/ml) of untreated control. The isotype 

control ADCs diminished LTC-IC-CFCs to 80.5% (IgG1-DUBA) and 77.2% (IgG1-MMAF) of 

untreated controls, respectively. In summary, early progenitors were not harmed by both ADCs in 

CFU assays and only the high dose of 1 µg/ml 20D9h3-DUBA but not 20D9h3-MMAF substantially 

affected colony formation of very early progenitors in LTC-IC assays. As 1 µg/ml of IgG1-DUBA 

had a lower impact in LTC-IC assay compared to 20D9h3-DUBA, the toxicities of 20D9h3-DUBA 

towards CFU-GM and CFU-M at 1 µg/ml are probably more FLT3- than FcγR-mediated. This fits 

with the expression profile of FLT3, which is present on part of the GMPs but not on erythroid 

progenitors (59-63). However, the effective dose of 20D9h3-DUBA in the assays with leukemic 

progenitors was far below 1 µg/ml and in this range of 0.025-0.3 µg/ml the negative impact on 

healthy hematopoietic progenitors was only minor. In the literature, several FLT3-directed 

therapies have been described with an encouraging safety profile. The FLT3-mAb FLYSYN/4G8-

SDIEM was tested in a phase I clinical trial (NCT02789254). It caused mainly mild to moderate 

mostly hematology associated adverse events such as decreased neutrophil (in 22.6% of patients) 

or white blood cell (in 19.4% of patients) count and anemia (in 19.4% of patients). The most 
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frequent grade 3 adverse events were neutropenia (in 6.5% of patients) and back pain (in 3.2% 

of patients) (231). Further, two studies were carried out with FLT3-BiTEs, which analyzed safety 

in cynomolgus monkeys (63, 66). Both reported a transient decrease of some hematological cell 

subsets mostly dendritic cells, B cells, monocytes and FLT3-positive HSPCs, with no toxicities in 

brain, testes or pancreas. This is in line with reports that FLT3 is barely expressed in non-

hematopoietic tissues and in the tissues where it has been detected – such as brain and pancreas 

– it occurs only intracellular (63). Brauchle et al. further reported that within each HSPC 

subpopulation only a portion of the cells was FLT3-positive suggesting that the FLT3-negative 

portion might be able to re-initiate normal hematopoiesis after treatment (63). For 

AGS62P1/ASP1235, the only FLT3-ADC that reached clinical studies so far, there are currently 

unfortunately no published trial results available. A phase I study of this molecule has been 

terminated, however the reason stated on clinicaltrials.gov is “lack of efficacy” with no statement 

on tolerability or safety (NCT02864290, (102, 194)). The only approved FLT3-directed therapy 

so far are TKIs and – as discussed in 4.1.3 – most side effects that occur in TKI therapies are 

thought to be off-target toxicities on structurally related RTKs rather than FLT3-mediated effects 

(238). 

For FcγRs, and especially FcγRI where 20D9h3-mAb mostly binds to, my results with isotype 

control ADCs indicated that only minor toxicities of wildtype-Fc-ADCs (such as the 20D9h3-ADCs) 

on hematopoietic progenitor cells have to be expected via those receptors. This is in line with 

published results, where FcγRI-targeting CAR-T cells had no significant effects on any colony type 

in CFU assays with CD34-positive cord blood cells. Interestingly, this therapy was quite effective 

on AML cell lines, primary samples and in the U937 cell line xenograft model. (239) One reason 

for the low toxicity of the isotype control ADCs observed in CFU assays is probably that FcγRI – 

the Fc receptor that showed most binding to wildtype-Fc-mAbs – was only expressed on 8.1% of 

healthy CD34-positive BM cells. Generally, FcγRI expression in the hematopoietic system was 

reported on a subset of granulocyte-monocyte progenitors and common myeloid progenitors but 

not on multipotent progenitors, megakaryocyte-erythroid progenitors or HSCs. On more 

differentiated cells FcγRI occurs on monocytes, granulocytes and partially dendritic cells, but not 

on T cells, B cells, NK cells, erythrocytes or platelets. (239, 240) Further, a low expression in some 

healthy tissues was reported including neuronal and endothelial cells (241, 242). The reported 

expression on monocytes and megakaryocyte-erythroid progenitors might explain some of the 

toxicities that have been described for approved ADCs. For example, interstitial lung disease, 

which is a life-threatening adverse event associated with HER2-targeting therapies such as T-

DM1/Kadcyla, is thought to be caused by FcγR-mediated drug internalization in alveolar 

macrophages (237, 243). Also, thrombocytopenia, which frequently occurs after treatment with 

T-DM1, might be due to endocytosis of the ADC in megakaryocytes, however in this case the 

uptake has been discussed to occur via FcγRIIa or micropinocytosis rather than FcγRI (244, 245). 
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ADC toxicities via FcγRs can be reduced by ablating Fc binding e.g., with the use of LALA-

mutations. If only the toxicities towards the hematopoietic system are considered, one might 

conclude that they are outweighed by the efficacy benefits caused by FcγRI-mediated killing of 

leukemic cells especially of KMT2Ar samples as they overexpress FcγRI. However, ideally toxicity 

should be also studied in vivo e.g., in humanized immunocompetent mice or cynomolgus monkeys 

to draw a final conclusion on the advantages or disadvantages of FcγR binding.  

 

4.5.2 Role of linker and physicochemical ADC properties for toxicity 

Besides the antibody, the linkage of antibody and payload and the physicochemical properties of 

the resulting ADC are critical components that need to be optimized to reduce toxicities. The most 

obvious linker-related toxicity is a loss of payload due to insufficient ADC stability in the blood 

stream. This payload loss has been observed for 20D9h3-DUBA using maleimide-linkage but not 

for 20D9h3-MMAF using P5-technology as already discussed in detail in chapter 4.3. While linker 

instability does not change the total payload exposure, it has been speculated that the main 

problem is rather that it decreases on-target and increases off-target cytotoxicity and hereby 

reduces efficacy in relation to toxicity. Also potentially causing problems is the linkage of a high 

number of drugs per antibody – a high DAR – as this usually also comes with an increase in 

hydrophobicity of the ADC. Both a high hydrophobicity and a high positive charge of an ADC can 

enhance its non-specific uptake in healthy cells. (237) And finally a high hydrophobicity causes 

another problem: increased aggregation. Also, this was observed for 20D9h3-DUBA already after 

conjugation. It has been reported that ADC aggregates can activate FcγRs and enhance the 

internalization of those aggregates in FcγR-expressing cells potentially elevating toxicity in 

healthy tissues (246, 247). The P5-conjugation technology as employed for 20D9h3-MMAF would 

allow the easy integration of hydrophilic PEG chains to decrease hydrophobicity and to solve this 

problem (164). Another possibility to tackle these issues could be a DAR reduction, which can for 

example be achieved by mutating some of the cysteine residues that are used to attach the linker 

on the antibody. 

 

4.5.3 Role of payload for toxicity  

The target determines the site of action of an ADC and is typically carefully selected to avoid on-

target off-tumor toxicities as discussed. However, available evidence suggests that the biggest part 

of ADC-mediated toxicities in humans is payload-mediated as very often ADCs with the same 

payload have similar toxicity profiles independent of their target antigen (237).  
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To evaluate toxicities towards the hematopoietic system, CFU and LTC-IC assays were carried out 

using CD34-positive BM cells from healthy donors. No toxicities were observed in the CFU assay, 

but in the LTC-IC assay 20D9h3-DUBA was more toxic to very early progenitors at the same dose 

compared to 20D9h3-MMAF. DUBA was chosen as a payload specifically to target resting leukemia 

cells and it could be shown that it indeed had a better activity than MMAF in proliferation-arrested 

AML cell lines and leukemic stem and progenitor cells. Thus, it is not surprising that it is also more 

toxic than MMAF towards target-expressing healthy progenitors, which are also quiescent. 

Dose-limiting payload toxicities towards other tissues have not been addressed in this work and 

can only be discussed according to the available literature of ADCs that employ the same payload. 

Here, DUBA is not as established as an ADC payload as MMAF, but there is safety data available 

from several DUBA-ADCs that reached clinical trials. The currently most-advanced DUBA-ADC is 

the HER2-targeting SYD985, which advanced to phase III clinical trials (NCT03262935, (126)). 

For SYD985 the most common severe adverse events (grade 3 or higher) were neutropenia, 

conjunctivitis and fatigue. Other adverse events were keratitis, decreased appetite, dry eye, dry 

skin, skin hyperpigmentation, nausea, alopecia and stomatitis. (248). The current status of 

SYD985 development is unclear as the FDA requested further information. Byondis did however 

not reveal what kind of information is required (249). Additionally, two other DUBA-ADCs 

reached clinical trials: MGC018 (a B7-H3-targeting ADC (250)) and BMS-936561/MDX-1203 (a 

CD70-targeting ADC (251)). When looking at all three clinical trials most or all of them reported 

neutropenia, skin hyperpigmentation, fatigue, and nausea among the common adverse events. For 

all of them the safety profile was generally manageable.  

As MMAF has been a well-established ADC payload for many years, there is a lot of data available 

concerning its toxicity profile. A well-described dose-limiting toxicity for tubulin-inhibiting 

cytotoxins are ocular events. Eaton et al. reviewed 22 clinical trials that reported ocular events 

and found that despite many differences in indication and target antigen all but one study used 

ADCs with either MMAF (but not MMAE), DM1 or DM4, which all belong to the tubulin-inhibitors 

(252). The reported ocular events included blurred vision, conjunctivitis, keratitis, dry eye and 

corneal deposits or inclusions. Possible explanations for those toxic effects specifically in the eye 

are the occurrence of rapidly dividing cells in the eye, the expression of a variety of different 

surface receptors, the eye’s strong blood supply, linker instabilities of the ADCs and unspecific 

uptake via macropinocytosis (252, 253). Recent results with FDA-approved belantamab 

mafodotin / Blenrep, however, suggest that despite those toxicities patients can still significantly 

benefit from therapy with MMAF-ADCs and side-effects are controllable by dose delays and 

reductions (254, 255). Other common non-ocular adverse events that have been described for this 

ADC are thrombocytopenia, anemia, cough, nausea, pyrexia, and elevated aspartate amino-

transferase. The most frequent severe adverse events (grade 3 or higher) with this therapy were 

thrombocytopenia, anemia, infusion-related reactions and pneumonia (256, 257). 
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Another important characteristic of payloads that influences their toxicity profile is their 

membrane-permeability. Membrane-permeable payloads can diffuse out of the target cell and kill 

neighboring tumor cells, a phenomenon known as bystander effect. This was e.g., shown for 

DUBA-ADCs such as SYD985 (191). MMAF-ADCs do not show bystander effects as MMAF – in 

contrast to its structural analogue MMAE – is not able to penetrate through the cell membrane 

(258), which is also the reason why it was not very effective in cytotoxicity assays when tested as 

a payload alone (see 3.2.1). Generally, the bystander effect is regarded as an efficacy advantage as 

neighboring cancer cells can be eliminated and most approved ADCs employ membrane-

permeable payloads (237). The ability of payloads to diffuse out of certain cells could also prevent 

accumulation in and toxic effects towards certain tissues e.g., the eye as described for MMAF 

(252). It could however also increase off-target toxicities in healthy cells and it is currently unclear 

whether the advantages outweigh the disadvantages especially in hematological diseases.  

Collectively, both DUBA and MMAF lead to a unique payload-specific toxicity profile that has to be 

kept in mind during further development. Besides a stable linker system, a carefully adapted DAR 

is necessary to find the optimal balance between efficacy and toxicity. For MMAF-ADCs 

ophthalmic examinations e.g., using in vitro assays with corneal epithelial cells (253), could be 

included in preclinical studies to help with those adaptions.  

 

4.6 Combination therapy with 20D9h3-DUBA 

Usually, AML therapy does not consist of a single treatment, but rather a combination of several 

drugs. I wanted to test different agents that could potentially increase the efficacy of 20D9h3-

DUBA. 

4.6.1 Combination of 20D9h3-DUBA and an inhibitor of ATR 

The rationale behind the combination of 20D9h3-DUBA with an inhibitor of ATR was based on 

two reasons: 1) the finding of Dr. Marcel Rieker that breast, lung and ovarian carcinoma cell lines 

with a defective p53 pathway have an increased vulnerability to a combination of DUBA/DUBA-

ADCs and ATRi (166) and 2) my observation that cell lines with a knockdown of p53 were less 

sensitive to 20D9h3-DUBA. To prove Rieker’s hypothesis that p53 defect/loss makes cells more 

sensitive to the combined treatment, I tested the combination on p53 kd cell lines and 

corresponding isogenic p53 wt controls. Indeed, p53 kd cell lines were extremely sensitive to 

simultaneous treatment with both 20D9h3-DUBA and the ATRi ceralasertib/AZD6738 with very 

high synergy scores. In the isogenic p53 wt cell lines the effect was additive rather than synergistic 

confirming the importance of p53 loss for the specific vulnerability to this combination. To further 

validate this, the combination was tested in the cell line MM-6, which has a defect in the p53 

pathway due to the point mutation R273H in the p53 DNA-binding domain (182). Here, 20D9h3-
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DUBA plus ceralasertib showed an impressive efficacy compared to each single treatment with 

synergy scores of up to +60 (> +10 is synergistic).  Those results are in line with literature where 

it was described that ATR inhibitors synergize with several DNA-damaging and topoisomerase-

inhibiting drugs e.g., cisplatin, etoposide, gemcitabine or irinotecan especially in cells with 

deficiencies in either p53 or ataxia telangiectasia mutated (ATM) (259-262). It has been 

speculated that p53 loss might increase ATR dependence and limit the cell’s remaining 

possibilities of DNA damage repair (260, 262). As shown by me and others, DUBA-ADCs such as 

20D9h3-DUBA lead to an activation of ATR-CHK1 DNA damage repair pathway. Under ATR 

inhibitor treatment this activation is blocked preventing repair and leading to fork collapse, 

double strand breaks and eventually “replication catastrophe” (166, 217). My results indicate that 

especially patients with defects in p53 – and maybe other proteins involved in DNA damage repair 

– would benefit from a combination of 20D9h3-DUBA and ceralasertib. P53 mutations are not 

very frequent in AML patients (∼9% of patients, (16)), however they are associated with an 

especially poor prognosis and thus finding new treatment options for this group is highly relevant 

(12, 16). Further, mutation-independent inactivation of wildtype p53, e.g. through the inhibition 

of protein acetylation, and other p53 abnormalities are found in specific patient subsets e.g. FLT3-

ITD patients and those mechanisms could also contribute to LSC survival and relapse (263). To 

further validate this combination, synergism should be analyzed in in vivo xenograft models using 

PDX cells with p53 defects. Further, it would be very interesting to test the combined effect of both 

agents towards p53 mutated LSCs using CFU and LIC assays. 

 

4.6.2 Combination of 20D9h3-DUBA and an inhibitor of BCL-2 

The rationale behind the combination of 20D9h3-DUBA and a BCL-2 inhibitor was my finding that 

20D9h3-DUBA acts via apoptosis induction and the targeting of BCL-2 – a crucial anti-apoptotic 

protein – could thus be promising. Further, the BCL-2 inhibitor venetoclax is already an approved 

agent in AML therapy and new standard-of-care for patients that are not tolerating intensive 

chemotherapy (22).  

Indeed, it was observed that the combination of 20D9h3-DUBA with the BCL-2i venetoclax was 

synergistic in MOLM-13 cells and additive to synergistic in MV4-11 cells. Generally, the synergistic 

effect was lower than what has been observed for the ATRi combinations. In the literature, similar 

results have been described for the combination of the CD123-targeting DUBA-ADC IMGN632 

with venetoclax. These two agents also acted additive to synergistic in vitro depending on the used 

cell line models and the combined treatment was superior to each single drug in cell line and PDX 

xenograft models. (178, 179) Interestingly, it has been reported that venetoclax can selectively 

eliminate LSCs by targeting OXPHOS, which is an LSC-specific vulnerability (48). As 20D9h3-DUBA 
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alone also showed impressive efficacy against LSCs, both agents together might be a very 

promising anti-LSC combination. In order to predict venetoclax responses in AML patients, BH3 

profiling is an increasingly popular technique (264) and in further experiments this might be a 

useful tool to foresee which patient subsets benefit most from the 20D9h3-DUBA plus venetoclax 

combination.  

 

4.7 Summary and Outlook 

In this project, two IgG1-based FLT3-targeting ADCs were developed employing the DNA-

damaging agent DUBA or the microtubule-targeting drug MMAF, respectively. It was shown that 

both ADCs have the potential to eliminate leukemic while sparing healthy stem and progenitor 

cells validating FLT3 as an LSC target. In these assays 20D9h3-DUBA had a higher potency on 

leukemic cells compared to 20D9h3-MMAF (Figure 43).  

 

Figure 43: Graphical summary of the project. Rationale for the design of FLT3-targeting anti-LSC ADCs that employ 

either the DNA-damaging agent DUBA or the microtubule-targeting agent MMAF and summary of the main results of 

both ADCs in three gold-standard leukemic stem cell assays.  

 

Generally, 20D9h3-ADC was active on cells with mutant and wildtype FLT3 which would make it 

an attractive therapy for a wide range of AML patients. Especially the 20D9h3-ADC with the DUBA 

payload could complement existing therapies by its ability to eliminate LSCs which will eventually 

prevent a relapse. My results further indicated that particularly some patient subsets might 

benefit from 20D9h3-ADC mono- or combination-therapies: 1) As shown by me and others, ADCs 
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with an IgG1 backbone do not only bind to the target with their variable part, but also have the 

potential to bind to FcγRs. As especially FcγRI is highly expressed in KMT2Ar-leukemia, those 

patients might be especially vulnerable to ADCs with an intact Fc part. 2) Due to its mechanism of 

action, the 20D9h3-DUBA ADC has a lower efficacy in cell lines with p53 loss, however this may 

be overcome and even exploited by a combination of the ADC with ATR inhibitors such as 

ceralasertib, making this a promising approach for p53 mutated patients. 3) Another interesting 

combination for 20D9h3-DUBA could be with the BCL-2 inhibitor venetoclax, an agent which is 

currently especially valuable for chemotherapy ineligible patients.  

A clinical study with the Fc-optimized FLT3-mAb FLYSYN/4G8-SDIEM and pre-clinical tests with 

FLT3-BiTEs in cynomolgus monkeys have shown that the toxicities of FLT3-targeted therapies are 

generally manageable (63, 66, 231). For ADCs, the payload brings additional toxicity risks and 

here both 20D9h3-DUBA and 20D9h3-MMAF should be further optimized to maximize efficacy 

and minimize toxicity. For 20D9h3-DUBA it was shown that the used linker system is not ideal 

and leads to aggregation, thiol-exchange reaction and the rodent-specific problem of CES1c-

mediated payload loss. Still this linker technology is quite common (105). For a better in vivo 

evaluation one could consider the development of CES1c-KO mouse models, as described by Ubink 

et al. (168), with an NSG background. However, another more stable and hydrophilic linkage 

should ideally be developed for DUBA in the future to also avoid aggregation and thiol-exchange 

reaction, but this will require in depth chemical developments including linker structure-activity 

relationship studies. As 20D9h3-MMAF was surprisingly also quite efficient against LSCs with low 

hematotoxicity and superior stability, a further development of this ADC could be considered as 

well. Here, the main concern is the payload-associated ocular toxicity that is well described (252). 

As MMAF is not membrane-permeable (159), the ADC could accumulate in the eye and a lower 

DAR might thus be beneficial to decrease the drug exposure. Currently the DAR of 20D9h3-MMAF 

is 8.0, which is high compared to other approved ADCs (105). Additional toxicity evaluations in in 

vitro ocular model systems could be useful for DAR and hydrophobicity optimizations. Further, 

recent results with Belantamab mafodotin / Blenrep show that ocular toxicities are to some extent 

also controllable by dose modifications (254, 255). Eventually, for both ADCs studies in 

humanized immunocompetent mouse models or cynomolgus monkeys will be necessary to study 

the advantages and disadvantages of FcγR-mediated ADC effects and Fc effector functions as well 

as the full extent of on-target off-tumor and non-specific toxicities.  
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6 Annex 

Supplementary Tables 

Supplementary Table 1: IC50 values of ADC payloads in aphidicolin-arrested and proliferating cells. IC50 = 50% 

inhibitory concentration as calculated with GraphPad Prism Software 10.1.2, non-linear fit variable slope analysis.  

toxin IC50 in nM 

no aphidicolin 

IC50 in nM 

3.3 µM aphidicolin 

ratio  

(no aphidicolin/3.3 µM aphidicolin) 

MOLM-13 

DUBA 2.8 27.5 9.8 

MMAE 1.3 166 127.7 

Exatecan 1.8 99.8 55.4 

MV4-11 

DUBA 6.4 15.1 2.4 

MMAE 19.8 87.7 4.4 

Exatecan 21.7 64.2 3 

 

Supplementary Table 2: IC50 values of 20D9h3- and IgG1- ADCs with and without LALA mutation in cytotoxicity 

assays with Ba/F3 cells with FLT3 and/or FcγRI expression. IC50 = 50% inhibitory concentration as calculated with 

GraphPad Prism Software 10.1.2, non-linear fit variable slope analysis. ev = empty vector; FLT3 = fms-related tyrosine 

kinase 3; FcγRI = Fc gamma receptor 1; LALA = Leu234/235Ala; pMIY = MSCV-IRES-YFP vector; na = not assessed 

Ba/F3 pMIY IC50 20D9h3-DUBA  

(in ng/ml) 

IC50 20D9h3-LALA-DUBA 

(in ng/ml) 

IC50 IgG1-DUBA  

(in ng/ml) 

IC50 IgG1-LALA-DUBA 

(in ng/ml) 

ev - - - 670.4 

hFLT3low 2814 na na na 

hFLT3medium 177.4 na na na 

hFLT3high 69.3 142.9 - - 

hFcγRI 86.5 - 125.3 1344 

hFLT3+hFcγRI  30.1 107.6 552.2 1433 

 

Supplementary Table 3: IC50 values of 20D9h3- and IgG1-ADCs in cytotoxicity assays with leukemia cell lines. 

IC50 = 50% inhibitory concentration as calculated with GraphPad Prism Software 10.1.2, non-linear fit variable slope 

analysis. FLT3 = fms-related tyrosine kinase 3; mAb = monoclonal antibody 

Name IC50 20D9h3-DUBA  

(in ng/ml) 

IC50 20D9h3-MMAF 

(in ng/ml) 

IC50 IgG1-DUBA  

(in ng/ml) 

IC50 IgG1-MMAF 

(in ng/ml) 

IC50 20D9h3-mAb 

(in ng/ml) 

FLT3-positive 

MOLM-13 15.9 28.4 360.5 153.8 - 

MV4-11 8.7 25.7 143.6 247.4 - 

OCI-AML3 8.2 35.5 159.3 43.4  

FLT3-negative 

HL-60 - - > 2000 - - 

K-562 > 2000 - - - - 
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Supplementary Table 4: CFU and LTC-IC assay colony counts. CFC = colony-forming cells; CFU = colony-forming 

unit; LTC-IC = long-term culture initiating cells; s.d. = standard deviation; na = not assessed.  
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Supplementary Figures 

 

Supplementary Figure 1: Binding analysis of humanized FLT3-mAbs in Ba/F3 cells expressing empty vector or 

cynomolgus monkey FLT3. (A-B) Binding of humanized mAbs to Ba/F3 cells expressing MSCV-IRES-YFP vector 

(pMIY) and cynomolgus monkey FLT3 (cynoFLT3, A) or empty vector (ev, B). Binding was assessed with flow cytometry 

and is expressed as mean fluorescence intensity (MFI) normalized to IgG1 isotype control. Dashed line marks MFI of 

chimeric 20D9-mAb. mean ± s.d.; n = 3 biological replicates. 

 

 

Supplementary Figure 2: Quality control of 20D9h3-DUBA ADC. (A) Schematic image of 20D9h3-DUBA ADC. (B-C) 

Analytics of 20D9h3-vc-seco-DUBA (20D9h3-DUBA) using hydrophobic interaction chromatography (HIC, B top), size-

exclusion chromatography (SEC, B bottom) and mass spectrometry (MS, C). For MS, crude and deconvoluted spectrums 

are shown in the top and bottom images, respectively. A drug-to-antibody ratio (DAR) of 4.8 was calculated from the 

deconvoluted MS spectrum using heavy and light chain species intensities. ADC conjugation and analytics were carried 

by Dr. Marc-André Kasper and Dr. Philipp Ochtrop (both Tubulis GmbH). 
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Supplementary Figure 3: Quality control of 20D9h3-MMAF ADC. (A) Schematic image of 20D9h3-MMAF ADC. (B-

C) Analytics of 20D9h3-P5(OEt)-vc-PAB-MMAF (20D9h3-MMAF) using hydrophobic interaction chromatography (HIC, 

B top), size-exclusion chromatography (SEC, B bottom) and mass spectrometry (MS, C). For MS, crude and deconvoluted 

spectrums are shown in the top and bottom images, respectively. A drug-to-antibody ratio (DAR) of 4.8 was calculated 

from the deconvoluted MS spectrum using heavy and light chain species intensities. ADC conjugation and analytics were 

carried by Dr. Marc-André Kasper and Dr. Philipp Ochtrop (both Tubulis GmbH). 
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Supplementary Figure 4: MS analysis of FLT3-ADCs after incubation in mouse serum. After a 6 d incubation of 

20D9h3-DUBA or 20D9h3-MMAF in fresh mouse-serum (37 °C), both ADCs were analyzed by mass spectrometry (MS). 

Left side: Possible linker-payload fragments (with their masses) that would be present upon CES1-cleavage, drug or 

maleimide hydrolysis. Right side: Top and bottom plot show MS spectra of day 0 and of day 6 of mouse serum 

incubation, respectively. Drug-to-antibody ratio (DAR) was reduced from 3.9 to 2.7. This was partly due to retro-Michael 

addition mediated linker-payload loss (-1331 Dalton) and partly due to maleimide hydrolysis (+18 Dalton) in 

accordance with previous results (150). Fragments from CES1c-mediated cleavage were not observed. Experiment was 

performed by Dr. Marc-André Kasper (Tubulis GmbH).  
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Supplementary Figure 5: Images of AML-393 and AML-669 PDX colonies in CFU assay. AML-393 and AML-669 

PDX cells were treated for 4 d with 0.3 or 1 µg/ml of either 20D9h3-DUBA or 20D9h3-MMAF. Remaining cells were 

plated for 14 d in methylcellulose (CFU assay). On day 14, colonies were imaged. Upper panel: Images of the whole well 

acquired with Keyence BZ-X810 microscope and PlanApo 2x 0.10/8.50 mm objective; scale bar = 5000 µm. Lower 

panel: Representative images of single colonies acquired with ZEISS Primovert and Plan-ACHROMAT 4x/0.10 Ph0 

objective; scale bar = 500 µm. (A) Images of AML-393 PDX colonies. (B) Images of AML-669 PDX colonies. 
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Supplementary Figure 6: Cytotoxicity assay of 20D9h3-DUBA in combination with the ATRi ceralasertib in MV4-

11 cells with p53 wt or kd. p53 wt or kd MV4-11 cells were treated either with 20D9h3-DUBA monotherapy (A), ATRi 

(ceralasertib) monotherapy, (B) or the combination of both agents (C-F) for a total of 96 h. Then, viable cells were 

measured by resazurin assay and are depicted normalized to vehicle-control (DMSO for ceralasertib; PBS for 20D9h3-

DUBA). They were plotted in GraphPad Prism 10.1.2 using non-linear fit, variable slope. mean ± s.d.; n = 3 biological 

replicates. To analyze synergistic effects for the combination of both drugs, dose-response curves were uploaded to 

SynergyFinder 3.0 and the zero interaction potency (ZIP) model without baseline correction was used for synergy 

calculations which compares the observed an expected effects (145). Synergy scores δ of >+10 or <-10 indicate 

synergism and antagonism, respectively. 
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Supplementary Figure 7: Cytotoxicity assay of 20D9h3-DUBA in combination with the BCL-2i venetoclax in 

MV4-11 cells. (A-C) MV4-11 cells were treated with different doses of 20D9h3-DUBA (A), the BCL-2i venetoclax (B) or 

a combination of both agents (C) Curves were fitted with non-linear fit, variable slope in GraphPad Prism 10.1.2 and are 

depicted normalized to vehicle-control (DMSO for venetoclax; PBS for 20D9h3-DUBA). mean ± s.d.; n = 3 biological 

replicates. (D) Dose-response curves were uploaded to SynergyFinder 3.0 and analyzed with zero interaction potency 

(ZIP) without using baseline correction (145). δ-score > +10 indicates synergy; δ-score < -10 indicates antagonism;            

-10 < δ-score > +10 indicates an additive effect. 
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