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1. Introductory summary  

1.1 Acute myeloid leukemia 
Acute Myeloid Leukemia (AML) is a clonal malignancy of myeloid origin characterized by 
uncontrolled proliferation and differentiation of myeloid precursor cells in bone marrow and blood. 
This leads to the suppression of healthy hematopoiesis and causes neutropenia with the 
increased risk of fatal infections, thrombocytopenia with the risk of bleeding complications, 
anemia resulting into fatigue and possibly cardiovascular complications. Untreated AML is usually 
fatal within three months upon initial diagnosis1. The annual incidence of AML in the USA from 
2014-2018 was 4.3 cases per 100 000 inhabitants, with a median age at diagnosis of 68 years, 
whereby 4.4% were younger than 20 years2. Initial diagnosis of AML relies on a cytomorphological 
analysis of blood and bone marrow, followed by cytochemistry and multi parameter flow cytometry 
for lineage determination3,4. Treatment decisions are based on further characterization of genetic 
aberrations, including chromosomal translocations, inversions or other rearrangements and 
molecular mutations (e.g. NPM1, CEBPA, FLT3, TP53) and gene rearrangements (e.g. RUNX1-
RUNX1T1, BCR-ABL1)3. Several classification systems have been established for AML due to 
the heterogenous character of the disease and the diverse treatment outcome. The historic 
French-American-British (FAB)-classification system divides AML into subtypes M0-M7 based on 
morphological and cytochemical properties5,6. However, this system is not accounting for 
cytogenetic diversity and molecular abnormalities that were identified as important clinical 
markers with ongoing research, leading to the development of the classification system by the 
World Health Organization (WHO) in 2001 with updates in 2008, 2016 and 20224,7–9. The latest 
update groups the disease into AML with defining genetic abnormalities and AML defined by 
differentiation4. An additional classification system established by the European LeukemiaNet 
(ELN) is dividing AML based on genetical characteristics into the three groups: favorable, 
intermediate and adverse. This has been shown to be prognostically relevant and is the basis for 
post-remission treatment decisions3,10,11. 

Since the 1970s, standard of care consisted of an intensive induction chemotherapy with 
cytarabine and anthracyclines (Daunorubicin, Idarubicin or Mitoxantron) commonly known as 
“7+3” treatment regimen, irrespective of the AML subtype. However, the treatment landscape has 
become more diverse with advances especially in the field of targeted therapeutic agents12,13. 
Therefore, the 7+3 chemotherapy is now frequently combined with other therapeutic agents, such 
as the antibody drug conjugate gemtuzumab ozogamicin and the tyrosine kinase inhibitor 
midostaurin, depending on molecular stratifiers. Complete responses are achieved in 40-60% of 
patients older than 60 years and up to 85% of patients under 61 years14. 

Patients unfit for intensive chemotherapy received so far hypomethylating agents (HMA), low 
dose cytarabine or only palliative care, aiming for prolongation of life while maintaining a high 
quality of life. However, the combination of Azacytidine and Venetoclax has recently been 
demonstrated to improve median overall survival, to achieve a significant higher complete 
remission rate compared to the control group receiving only Azacytidine (36.7% vs. 17.9%, 
p<0.001) and to be well tolerated15. It has therefore become the standard of care in this subgroup 
of patients13,16.  

Despite high response rates to induction therapies, disease relapse is frequent due to chemo-
refractory leukemic cells. Post-remission therapy therefore consists of additional chemotherapy 
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with cytarabine in patients with favorable ELN risk profile achieving cure rates of 60-70% in 
patients under 61 years14. In contrast, allogenic stem cell transplantation (allo-SCT) remains the 
dominant treatment option in patients with intermediate or adverse risk profile providing the best 
anti-leukemic activity. The curative effect consists especially of the graft-versus-leukemia (GvL) 
effect mediated by alloreactive lymphocytes eliminating residual tumor cells and possibly by 
tumor-specific immune responses in additon17. Nevertheless, alloreactivity against healthy tissue 
can result in graft-versus-host-disease (GvHD) and severe complications post transplantation17. 
Accordingly, only a minority of patients are eligible for allogeneic SCT concepts due to age, 
comorbidities and less common, missing donor. 

Overall, cure rates of AML patients strongly depend on the individual risk profile. The five-year 
relative survival rate was below 10% in the 1970s and has increased to about 30% today2, 
whereby a cure rate of 35-40% has been reached in patients younger than 61 years but remains 
low (5-15%) in patients older than 60 years14. Therefore, novel therapeutic approaches are 
urgently needed. 

 

1.2 Immunotherapeutic targets in AML 
Immunotherapies represent promising novel treatment options in many tumor entities including 
AML. However, developing immunotherapies for AML is challenged by the heterogeneity of the 
disease, the identification of a suitable tumor antigen and a low mutational burden resulting in low 
immunogenicity18. Numerous tumor targets are currently preclinically and clinically evaluated that 
can be grouped into different categories (Figure 1): (1) lineage-restricted antigens, (2) tumor-
associated antigens (TAAs), and (3) tumor-specific antigens (TSAs)19,20.  

Lineage antigens are non-mutated proteins ubiquitously expressed by leukemic cells, with 
expression being largely unaffected during disease progression and independent of genetic 
characteristics21,22. Targeting of lineage antigens has been proven especially successful in B-cell 
malignancies by targeting of CD19 or CD20 with monoclonal antibody constructs (e.g. 
Tafasitamab, Blinatumomab) and Chimeric Antigen Receptor (CAR)-T cells (e.g. 
Tisagenlecleucel, Axicabtagen ciloleucel). Accordingly, CD33, CD123, CLL-1, FLT-3 and others 
are intensively studied in AML aiming for translation of the success seen in B-cell malignancies. 
However, targeting of lineage antigens is associated with strong on-target off-tumor cytotoxicity 
leading to the eradication of the whole cell lineage including healthy cells. Whereas this is a 
controllable problem in B-cell malignancies, targeting of lineage antigens in AML, such as CD33 
and CD123, can lead to prolonged cytopenias23,24. In addition, lineage antigens may not be 
expressed on leukemic stem and progenitor cells, thereby impairing clinical efficacy.  

TAAs are non-lineage restricted antigens overexpressed by the tumor compared to healthy cells. 
They have the advantage of a better safety profile when their expression is low or absent on 
healthy tissue. In addition, TAAs containing oncogenic function are more likely to be expressed 
also on leukemic stem and progenitor cells improving efficacy. Multiple TAAs are currently 
evaluated, whereof WT1 has attracted major research interest in AML and is further discussed in 
section 1.4. Another intensively studied target in AML is PRAME, which is overexpressed in a 
majority of AML patients. Targeting of this intracellular protein is currently investigated by 
Dendritic Cell (DC) vaccination and T-cell receptor (TCR)-transgenic T cells25–27. However, a 
major challenge of all target antigens and therapy platforms is downregulation of the target 
antigen in response to immunotherapy. This might be overcome by dual targeting approaches in 
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which T-cell bispecific antibodies (TCBs) or CAR-T cells with different target specificity are 
combined. In addition, conditional targeting of two antigens might increase specificity and lower 
the risk of on-target off tumor toxicity. Several possible target antigen combinations have already 
been identified including CD33/TIM3 and CLL-1/TIM3, based on the expression profile on AML 
compared to healthy cells21. 

Alternatively, targeting neoepitopes from chromosomal rearrangements and gene mutations can 
increase leukemia-specificity even further. Suitable tumor-restricted epitopes have already been 
reported from fusion proteins DEK-CAN and PML-RARa, as well as mutations in FLT3 and 
NPM120. As these oncogenes are expressed intracellularly, the presentation is restricted to 
defined HLA molecules and is often limited in the amount of molecules presented on the cell 
surface. Identification of suitable neoepitope targets is therefore challenging28. However, several 
neoantigens derived from the mutations A and D of NPM1 have been confirmed to be presented 
on HLA-A*02:01. TCR-transgenic T cells targeting CLAVEEVSL presented on NPM1-mutated 
OCI-AML3 cells were reported to be functional in vivo29.  

Despite all progress, HLA-restriction and dependency on recurrent mutations limit the 
development and broad application of immunotherapeutic approaches targeting neoantigens. 
Novel immunotherapeutic targets in AML are therefore urgently awaited. Using an optimized 
multiomic approach, we aimed for an unbiased identification of novel immunotherapeutic targets 
expressed on AML cells, further described in section 1.5.2. 

 

 
Figure 1: Examples for tumor antigens in AML. Target antigens can be grouped into lineage-restricted antigens, tumor-
associated antigens overexpressed by tumor cells compared to healthy tissue and tumor-specific antigens, also known 
as neoepitopes generated by gene mutations and chromosomal rearrangements. Figure created according to Daver et 
al20.  
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1.3 The toolbox of T-cell target immunotherapy in AML 
Numerous immunotherapy concepts, including monoclonal antibodies mediating antibody-
dependent cellular cytotoxicity (ADCC) and antibody drug conjugates (ADCs) have been 
developed for treatment of cancers. In addition, T cells have gained major research interest in the 
development of cancer therapies, as they are considered to have a major role in anti-tumor 
immune responses. This has been especially demonstrated by the observation that lymphocytes 
and IFN-g dependent-effector functions collaborate in the formation of tumor-specific immune 
surveillance30–32. T-cell targeted immunotherapy platforms include (1) DC vaccination, which aims 
to induce tumor-specific T-cell responses, (2) immune checkpoint inhibitors, which reinvigorates 
pre-existing T-cell responses, and also (3) T-cell bispecific antibodies and (4) adoptive T-cell 
therapies mediating tumor-specific cell lysis by T cells (Figure 2)20.  

 
Figure 2: Overview of T-cell targeted immunotherapy in AML. DC vaccination aims for induction of novel tumor-specific 
immune responses against intracellular target antigens like WT1, PRAME and NPM133. Checkpoint inhibitors targeting 
PD1/PD-L1, LAG3/HLA-DR or other inhibitory immune signaling pathways can enhance pre-existing immune responses. 
T-cell bispecific antibodies activate and recruit T cells to tumor cells by simultaneous binding to the T-cell receptor and 
extracellular (e.g. CD33, CD123) or intracellular (WT1 presented on HLA-A*02) targeting antigens on AML cells, which 
leads to target cell lysis. Adoptive T cell transfer consists of in vitro manipulated and expanded T cells modified with two 
main techniques. TCR-transgenic T cells express a TCR targeting intracellular antigens presented on HLA molecules. 
CAR-T cells recognize extracellular target antigens by a fusion of an antibody-derived single-chain variable fragment and 
an intracellular T-cell signaling domain20,26. Figure modified from Subklewe34. 
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1.3.1 DC vaccination 

DCs are professional antigen-presenting cells that orchestrate adaptive and innate immunity by 
presenting antigens on major histocompatibility complex class I and II, thereby activating different 
types of immune effector cells. Antigen cross-presentation on MHC class I leads to the induction 
of cytotoxic CD8+ T lymphocytes (CTLs), whereas antigens presented in the context of MHC 
class II lead to the induction of CD4+ T helper (Th) cell responses, which is furthermore shaped 
by adjunct cytokines released by the DCs. In addition, DCs are activating NK cells by secreting 
cytokines hence resulting in a multifaceted immune response with involvement of various immune 
effector cell types35. Because of this central role in the immune response, DCs have become into 
focus for the development of cancer immunotherapies. Furthermore, DCs have the potential to 
elicit immune responses against tumor-specific neoantigens resulting in improved specificity of 
immunotherapy approaches36. 

DC vaccinations aim for the induction of novel immune responses and amplification of pre-existing 
immune responses that might have been dampened by the tumor and the tumor 
microenvironment. Two major strategies of DC vaccinations are existing: (1) in situ targeting of 
DCs with off-the shelf therapies and (2) canonical vaccination with DCs prepared and modified 
ex vivo33. Various in situ vaccination strategies have been evaluated, aiming among others for 
stimulation of DCs by stand-alone administration of Toll-like receptor (TLR) ligands or agonistic 
antibodies targeting CD40 or Dec20537,38. Moreover, vaccinations with tumor-associated or 
tumor-specific peptides have been evaluated, however with only limited clinical efficacy due to 
their low immunogenicity and the requirement of adjuvant coadministration39. Another approach 
are antibody-antigen fusion constructs combining DC stimulation and peptide vaccination in a 
single molecule. A construct of an agonistic aCD40 antibody fused to the TLR5 agonist flagellin 
and an antigen domain activated DCs and antigen-specific T cells in vitro40. Similarly, a cDC1-
targeting vaccine, consisting of an aCD103 antibody domain fused to a cholera toxin adjuvant 
and an ovalbumin peptide mediated anti-tumor immunity in a mouse model41. In addition, RNA 
encapsulated into lipoplexes (RNA-LPX) has been shown to efficiently target DCs in situ leading 
to IFN-a secretion by plasmacytoid DCs and induction of strong antigen-specific T cell responses 
in vivo42. 

In contrast, canonical vaccination approaches involve DCs activated and modified ex vivo, aiming 
for the induction of a tumor-antigen specific T-cell response in the lymph node and subsequent 
anti-tumor activity43 (Figure 3A). Most clinical trials in AML have evaluated autologous monocyte-
derived DCs (moDCs), differing in the duration of their differentiation and cytokines used, as well 
as the route of antigen loading, DC administration, and tumor target antigens44. Administration of 
DCs has been demonstrated to be overall safe and to induce antigen-specific immune responses 
in numerous clinical trials44. A clinical trial with mRNA-electroporated moDCs, generated in three 
days by the addition of GM-CSF, IL-4 and activation with the TLR-7/8 ligand R848, induced 
antigen-specific immune responses in AML patients and was associated with a favorable safety 
profile27. Whereas peptide-pulsing or mRNA electroporation for antigen loading results in pre-
defined antigen-specific immune responses, other approaches are better suited to account for the 
heterogeneity of tumor cells resulting in potentially higher antitumor immunogenicity45. A clinical 
trial investigating hybridomas of autologous moDCs and AML cells observed a persistent rise in 
leukemia-specific T cells46. Another approach is the use of leukemia-derived DCs (DCleu) 
differentiated from leukemic blast cells45. Nevertheless, moDCs have been shown to be superior 
in activating antigen-specific T cells compared to DCleu. A reason might be a reduced expression 
of co-stimulatory molecules on DCleu and a higher tolerogenic potential due to expression of 
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IDO-1 on leukemic blast cells45,47. However, moDCs and DCleu require extensive ex vivo 
manufacturing processes potentially negatively affecting effector functions and objective clinical 
responses have just been observed in a minority of patients48. 

Thus, other DC sources have gained research interest. Primary blood DCs (BDCs) are considered 
ideal because they differentiate in vivo and require only a short manipulation ex vivo for activation 
and antigen loading. They are therefore considered to better retain their functional capacities and 
to survive longer in vivo49. BDCs can be subdivided into conventional DCs (cDCs) and 
plasmacytoid DCs (pDCs)50. The latter are involved in anti-viral immune responses through 
secretion of type I interferons after activation of TLR7 or TLR951. cDCs can be further divided into 
subpopulations: cDC1s are a rare population among BDCs that express CLEC9A, which is 
promoting antigen-cross presentation to CTLs52–54. In contrast, cDC2s are expressing TLRs 
involved in sensing, among others, bacteria and fungi and can induce different T-helper cell 
responses55. Due to their versatile capabilites, BDCs are believed to elicit a wider range of 
immune responses when applied in vaccination approaches compared to moDCs (Figure 3B). 
First clinical trials have evaluated cDCs and pDCs in solid tumors and observed induction of 
antigen-specific immune responses. In melanoma patients, Tick-borne encephalitis-activated 
pDCs secreted high levels of type I IFNs, thereby triggering a tumor-specific immune response56. 
Furthermore, GM-CSF activated cDC2s induced antigen-specific T cell responses in some 
patients with metastatic melanoma, albeit the immune response might be optimized by an 
improved activation protocol57. However, the combination of all three BDC subsets could 
potentially further improve induction of anti-tumor immune responses by taking advantage of the 
individual effector functions conveyed by each BDC subset49. Clinical trials combining pDCs and 
cDC2s are currently evaluated in melanoma and prostate cancer patients, however no results 
have been published yet58. Furthermore, these clinical trials do not account for cDC1s that are 
considered to be important due to their antigen cross-presentation capacities59. We have 
therefore aimed to develop a tailored protocol for simultaneous activation of all BDCs subsets to 
trigger strong and robust antigen-specific immune responses further described in section 1.5.1. 
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Figure 3: (A) Canonical vaccination with ex vivo modified DCs. Re-administration of DCs aims for T-cell priming in the 
lymph node, leading to the generation of a tumor-antigen specific T-cell response and subsequent anti-tumor activity43. 
(B) Comparison of DC subsets evaluated for DC vaccination approaches. Ex vivo generated moDCs have been studied 
in the majority of clinical trials. In contrast, BDCs are fully differentiated and are divided into pDCs, cDC1s and cDC2s, 
whereby each subset confers different effector functions58. Figures adopted from Alard et al. and Bol et al.43,58. 

A

B
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1.3.2 T-cell bispecific antibodies 

T-cell bispecific antibodies (TCBs) exploit the property of T cells to mediate specific cell lysis by 
simultaneously binding the T-cell receptor (CD3) of the T cell and a tumor antigen. Thereby, 
T cells are brought close to the tumor cell and activated, leading to subsequent cell lysis by 
granule-mediated pathways (i.e. perforin/granzyme) and death-receptor pathways, regardless of 
T-cell specificity (Figure 4A)60–63. Moreover, TCBs have been demonstrated to mediate killing of 
bystander cells lacking target antigen expression, reducing tumor escape by TAA-negative cancer 
cells63. Several different formats of TCBs have been developed (Figure 4B). The most prominent 
representatives of this antibody class are bispecific T-cell engagers (BiTEs), which comprise two 
single-chain variable fragments (scFv) connected by a short flexible linker64. Blinatumomab, a 
CD19xCD3 BiTE was the first approved T-cell bispecific antibody in hematologic malignancies, 
used for treatment of acute lymphoblastic leukemia (ALL)65. In order to translate the success of 
Blinatumomab, several different TCB formats targeting especially lineage antigens are currently 
evaluated for the treatment of AML20. 

CD33 is among the most prominent antibody targets in AML due to its ubiquitous expression on 
AML cells and increased expression on leukemic stem cells66, leading to the development of the 
antibody drug conjugate gemtuzumab ozogamicin (GO) that became part of the standard therapy 
in AML23. Accordingly, a CD33-targeting BiTE (AMG 330) has been developed showing promising 
results ex vivo and was investigated in a phase I clinical trial (NCT02520427)66–68. Moreover, 
tandem diabodies specific for CD33 are evaluated22. Another common lineage marker is CD123, 
which is expressed in about 60-80% of AML patients with increased prevalence in patients that 
were resistant to primary induction therapy or that experienced an early relapse69,70. 
Flotetuzumab, a dual affinity retargeting antibody (DART), is investigated at the moment in a 
phase I/II clinical trial showing first promising results70,71. Further prominent target antigens for 
TCBs currently under investigation in AML are among others CLL-1, FLT-3 and TIM-372–74. 

A major innovation in improving tumor specificity is the development of TCBs targeting peptides 
derived from tumor-associated antigens in the context of MHC, comparable to a native TCR-
peptide-MHC interaction. These TCR-like antibodies cannot only target intracellular proteins 
greatly extending the pool of possible tumor targets but can also target mutation-associated 
neoantigens. Recently, antibodies targeting mutated p53 and RAS neoantigens have been 
described by using classical phage display75–77. In contrast, immune-mobilizing monoclonal TCRs 
against cancer (ImmTACs) represent an alternative platform to target peptide-MHC complexes. 
ImmTACs consist of an affinity-enhanced T-cell receptor recognizing the tumor target, fused to 
an anti-CD3 domain78. Tebentafusp is the first representative of its class approved recently for 
uveal melanoma, targeting gp100 in the context of HLA-A*02:0179. Another prominent target for 
TCR-like TCBs is Wilms’ Tumor 1 (WT1) further described in section 1.4.  
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Figure 4: (A) Mode of action of a TCB with bivalent target antigen binding mediating AML cell lysis by Granzyme B and 
Perforin secreted by T cells and death receptor pathways. Figure created according to Baeuerle et al62 and Ross et al63. 
(B) Overview of common TCB formats. BiTEs consist only of two scFvs and have gained major interest by the approval 
of Blinatumomab. Addition of an Fc-part results in half-life extended BiTEs with lower serum clearance rates in humans. 
Tebentafusp is an ImmTAC molecule consisting of an affinity-matured TCR fused to an anti-CD3 domain. Advanced 
antibody engineering also allows the generation of multivalent antibodies with multiple tumor-target binding sites80. Figure 
adopted from Voynov et al.80. 
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1.4 The tumor oncogene Wilms’ Tumor 1 
Wilms’ Tumor 1 (WT1) is a transcriptional and post-transcriptional regulator that has been initially 
described to be involved in the formation of Wilms’ tumor, a pediatric kidney cancer type. WT1 is 
only expressed in few healthy tissues but in a variety of solid tumors and about 90% of acute 
leukemias. WT1 expression is correlating with the abundance of AML blasts with high expression 
at initial diagnosis and in relapse or refractory AML in contrast to complete remission81. Therefore, 
WT1 has been investigated as a marker for minimal residual disease (MRD) monitoring from bone 
marrow but also peripheral blood82,83. 

The WT1 gene encodes ten exons and is translated into numerous isoforms caused by alternative 
splicing, transcription start sites and the use of an alternative start codon upstream of the actual 
ATG start codon (Figure 5A). WT1 encodes for an activation and a repression domain, as well as 
four Kruppel-like zing finger domains located at the C-terminus, involved in DNA and RNA 
binding84. Four major isoforms (A–D) have been identified that differ in a 17 amino acid insertion 
in exon 5 and a three amino acid insertion termed KTS in exon 985,86. The +KTS isoforms have 
been found to increase cell growth, whereas the +17aa isoforms are considered to have 
antiapoptotic function87,88. The exact functional relevance of the isoforms remains however 
unclear. 

WT1 has been initially described as a tumor suppressor due to its role in Wilms’ Tumor, where a 
germline mutation and inactivation of WT1 promotes the disease84. In contrast, WT1 has been 
shown to provide oncogenic function as observed by abnormal expression in tumor tissues. This 
is furthermore underlined by the observation that silencing of WT1 in response to siRNAs leads 
to cell cycle arrest, increased apoptosis and reduced cell growth87,89.  

The role of WT1 in tumorigenesis in combination with its disease restricted expression profile, 
including overexpression in leukemic stem cells, has led to the investigation of WT1 as a target 
in different immunotherapeutic approaches90. Numerous clinical trials have evaluated WT1 as 
tumor target in peptide- and DC-vaccinations observing objective clinical and immunological 
responses against various epitopes in a majority of patients with hematologic malignancies 
underlining furthermore the immunogenicity of WT191. Accordingly, WT1 has been ranked highest 
in a prioritization of cancer vaccine antigens based among others on therapeutic function, 
immunogenicity, oncogenicity, specificity and expression levels92. WT1 is also studied as a target 
for T-cell based immunotherapies, most commonly targeting the WT1 derived peptide 
RMFPNAPYL (RMF peptide) presented on HLA-A*02. Adoptive transfer of ex vivo generated 
CD8+ T cell clones after SCT showed antileukemic activity in some leukemia patients, especially 
when T cell clones were generated in the presence of IL-2193. Since avidity of T cell clones for 
WT1 was varying, this approach was later refined by the use of TCR-transgenic T cells expressing 
a well characterized high affinity TCR. A prophylactic treatment of AML patients post SCT with 
these TCR-transgenic T cells showed after a median follow-up of 44 months a remarkable 
relapse-free survival rate of 100%, while a control group exhibited a significant higher relapse-
rate94. 

At the same time, efforts have been made to generate an antibody targeting WT1, which is 
challenged by the fact that only WT1-derived peptides presented on MHC molecules are available 
for antibody targeting, due to the intracellular localization of WT1. Nevertheless, an antibody 
termed ESK1 targeting the RMF peptide was generated by phage display and showed high avidity 
and in vivo activity against tumor cells95. This antibody has been subsequently converted into a 
BiTE-like antibody showing efficacy against leukemias and solid tumors. Analysis of the crystal 
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structure of ESK1 binding HLA-A*02 and alanine scanning revealed however that this antibody is 
almost exclusively recognizing peptide residue 1 of the RMF peptide and binds twisted to the 
peptide-MHC complex compared to a TCR, resulting in low specificity96,97. These problems were 
solved by the WT1-TCB, where I was involved in the preclinical characterization together with my 
colleague Christian Augsberger81. The WT1-TCB is a 2+1 TCB engineered using Crossmab 
technology with bivalent targeting of the WT1RMF/HLA-A*02 complex and monovalent affinity for 
the T cell (Figure 5B). WT1-TCB mediates efficient killing of primary AML cells by allogenic 
healthy donor T cells and autologous T cells, as well as inhibition of tumor growth in AML patient-
derived xenograft mouse models81. Analysis of the crystal structure showed in contrast to ESK1, 
a TCR-like binding to the peptide-MHC complex with high contribution of the peptide to antibody 
binding. Accordingly, peptide-specificity screenings and experiments for on-target off-tumor 
cytotoxicity of CD34+ stem cells confirmed the antibody specificity81. Furthermore, RMF peptide 
presentation was confirmed for the first time on a primary AML sample by mass spectrometry 
after peptide enrichment using the WT1-TCB81. These promising results therefore led to the 
initiation of the first clinical trial investigating a TCR-like antibody (NCT04580121). 

 

 

Figure 5: (A) Schematic representation of the WT1 protein indicating the most important functional domains 
and the location of the RMF peptide at amino acid position 126-134. Different isoforms arise by the use of 
an alternative translation start site and the insertion of the KTS motif. Figure created according to Yang et 
al86. (B) Mode of action of the WT1-TCB targeting the RMF peptide presented on HLA-A*02. WT1-TCB 
bivalently recognizes the tumor antigen and has monovalent affinity for CD3ε. Adopted from Augsberger, 
Hänel et al81. 



1 Introductory summary 19 

1.5 Summary of publications 

1.5.1 Publication I: Blood DCs activated with R848 and poly(I:C) induce 
antigen-specific immune responses against viral and tumor-
associated antigens 

In the first publication we evaluated Blood DCs (BDCs) as an alternative to moDCs for vaccination 
approaches. To this end, we first screened different combinations of synthetic TLR agonists and 
activation protocols for optimal activation of all BDC subsets simultaneously. We found that a 
combination of TLR ligands is required to induce maximal cytokine secretion. While 
CpG+poly(I:C) induced highest IFN-a secretion, R848+poly(I:C) was optimal for high IL-12p70 
secretion. Since we aimed especially for induction of Th1 immune responses mediated by 
IL-12p70, we focused in our subsequent analysis on R848+poly(I:C); an activation cocktail that 
also led to intermediate IFN-a secretion. We furthermore analyzed, how the duration of BDC 
activation affects cytokine secretion of BDCs and the T-cell stimulatory capacity. We observed 
that BDCs secrete IFN-a already 3 h after activation with R848+poly(I:C), whereas IL-12p70 
secretion was found to occur at later time points. 

In addition, we evaluated activation of BDC subsets separately with tailored TLR agonists in 
comparison to simultaneous activation of all BDCs. We found that BDCs secreted higher amounts 
of IL-12p70 and induced stronger T-cell responses than cDCs, pDCs or a combination of cDCs 
and pDCs suggesting a cross-talk of BDC subsets during activation. In a final step, we observed 
that activation of BDCs with R848+poly(I:C) significantly improves BDC migration and activation 
of NK cells. Moreover, activation of BDCs improved the expansion of T cells specific for viral 
antigens, as well as the tumor oncogene WT1. 

I contributed to this paper by conducting and analyzing all experiments and generating the entire 
data published in the manuscript. Furthermore, I wrote the first draft of the manuscript and 
conveyed the review process until final publication. 

 

1.5.2 Publication II: Integrated multiomic approach for identification of 
novel immunotherapeutic targets in AML 

Since AML is a highly heterogenous disease identifying suitable target antigens for 
immunotherapy is challenging. By using a novel multiomic approach based on mass spectrometry 
we aimed for an unbiased approach to identify novel target antigens in AML. The Cell Surface 
Capture (CSC) technology relies on biotinylation of lysine residues (Lys-CSC) or glycosylation 
sites (Glyco-CSC) of proteins on the cell surface and subsequent cell lysis. The labeled proteins 
are then enriched by Streptavidin and analyzed by liquid chromatography-mass spectrometry 
(LC-MS)98,99. However, the application of this technology with primary AML samples is hampered 
by high number of viable cells needed for the analysis. Therefore, this method has until now only 
been successfully performed using cell lines or xeno-amplified ALL patient samples.  

In an attempt to use the CSC technology with primary AML cells, we optimized the protocol using 
OCI-AML3 cells for protein recovery by improving cell homogenization and protein digestion. 
Furthermore, we observed in a direct comparison that most proteins were detected by Glyco-
CSC, while only few additional proteins were identified by using Lys-CSC or a combination of 
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both methods (Cys-Glyco-CSC; labeling of cysteine residues and glycosylation sites). In a next 
step, we applied the improved Glyco-CSC protocol on patient-derived AML xenograft samples 
(AML-PDX samples), as well as primary AML samples pre-cultivated ex vivo for three days on 
irradiated MS-5 feeder cells. We detected 621 surface proteins with some proteins being 
exclusively expressed on either OCI-AML3 cells or primary AML cells. Moreover, the number of 
detected proteins was similar between primary AML samples and AML-PDX samples although 
analyzing higher cell numbers for the latter. Next, the detected proteins were filtered for putative 
immunotherapeutic targets by excluding proteins highly expressed on hematopoietic stem and 
progenitor cells, monocytes and non-hematopoietic tissues, as wells as proteins that were only 
identified in less than half of the samples. The resulting list of 76 proteins was then further 
analyzed based on a large patient cohort for their rate of nonsynonymous mutations to identify 
target proteins likely functionally relevant for leukemogenesis. Expression of five novel putative 
targets was subsequently validated using unrelated primary AML samples by flow cytometry, 
observing three of five targets to be consistently expressed. Thereof, CD148 and ITGA4 were 
found to be additionally expressed on granulocytes and monocytes or hematopoietic stem- and 
progenitor cells, respectively. In contrast, Integrin beta-7 was not or only lowly expressed on 
healthy hematopoietic cells but uniformly expressed on AML cells, therefore representing a 
promising new target antigen.  

I prepared and expanded primary AML samples on MS-5 feeder cells which was necessary to 
obtain the sufficient cell numbers for subsequent analysis. I performed and analyzed the flow 
cytometry data and participated in concept and writing of the full-text publication. 
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