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1. Literature 
 

1.1. Acute leukaemia in humans 
 

Healthy blood cells arise from a common hematopoietic stem cell in the bone marrow through 

maturation and differentiation. Acute leukaemia is a malignant disease of the hematopoietic system 

originating from stem or progenitor cells of the lymphoid or myeloid blood lineage. Leukaemia occurs 

when an immature or mature cell degenerates and blocks the physiological maturation process of the 

affected cells. These cells are called lymphoblasts in acute lymphoblastic leukaemia (ALL) and 

myeloblasts in acute myeloid leukaemia (AML). Hence, the excessive proliferation interferes with the 

healthy haematopoiesis. (WOLACH & STONE, 2015) (Kompetenznetz Leukämie) 

Clinical manifestation involves accumulation of malignant differentiated lymphoid or myeloid cells in 

the bone marrow, spleen and extra medullary sites such as central nervous system (CNS). Patients 

develop symptoms within a few weeks and suffer from bone marrow failure, which manifests in 

anaemia, thrombocytopenia and leukopenia. Further symptoms including fever, weight loss, easy 

bleeding, dyspnoea and infection have been described; CNS involvement can include facial palsy. In 

AML CNS symptoms, respiratory distress, skin changes and chloroma are less common. Differential 

diagnosis of lymphoblastic lymphoma should be considered, since it is not distinguishable from ALL 

through morphologic or genetic factors. The primary location differs from ALL and occurrence of mass 

lesions speaks in favour of lymphoblastic lymphoma. (TERWILLIGER & ABDUL-HAY, 2017; 

BROWN et al., 2020) (Kompetenznet Leukämie) 

Acute leukaemia can be diagnosed by haematological cytological examination if more than 20% blasts 

are present in the blood or bone marrow. In order to identify acute leukaemia, the haemato-pathological 

examination, which includes cytomorphology, is used and the usage of cytogenetics and molecular 

cytogenetics, e.g. fluorescence in-situ hybridization (FISH). (DOHNER et al., 2017; BROWN et al., 

2020)  

The number of globally diagnosed leukaemia increased from 354.5 thousand in 1990 to 518.5 thousand 

in 2017 (DONG et al., 2020).  6,660 new cases of ALL and 1560 deaths and 20,500 new cases of AML 

and 11,540 deaths in the United States were reported for 2022 (SIEGEL et al., 2022).  

Acute leukaemia is a rare disease and accounts approx. 0.8% of all new cancer cases and accounts 12% 

of haematological neoplasia in Germany. In Germany, 532 children (<15 years old) as well as 2307 

women and 2665 men were diagnosed with acute leukaemia in 2018. The overall five-year survival is 

approx. 47% for ALL and 25% for AML, for those over 15 years old. The median age of onset in ALL 

is 26 years in women and 22 years in men. In contrast, AML is a disease that occurs mainly in older 

people with an average age of 72 years at onset. Men are more likely to develop AML than women. 

(KIM-WANNER & KRAYWINKEL, 2022) 

Standard of care treatment is chemotherapy, both for ALL and AML. Relapse, i.e. myeloid or lymphoid 

leukaemia cells return after treatment, remains challenging. In AML, 40-50% of junior patients and 

majority of older patients eventually relapse (BOSE et al., 2017; DOHNER et al., 2017; THOL & 

GANSER, 2020). In ALL, most of the patients (~85%) respond towards chemotherapy, but a minority 

relapse (HUNGER & RAETZ, 2020). 
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1.1.1. Acute lymphoblastic leukaemia (ALL) 
 

ALL is characterised by abnormal, malignant proliferation and differentiation of lymphoid progenitor 

cells in the bone marrow and blood. In ALL, a number of lymphoid stem cells become lymphoblasts, 

also known as leukaemia cells. The leukaemia cells block the space for healthy white blood cells and 

thus suppress the bone marrow, causing the symptoms mentioned above. In advanced stages, infiltration 

into other organs can occur. (National Cancer Institute)(TERWILLIGER & ABDUL-HAY, 2017). 

The World Health Organization classified the ALL into two types: B-lymphoblastic 

leukaemia/lymphoma and T-lymphoblastic leukaemia/lymphoma (ARBER et al., 2016).  

B-ALL is the most common type, classified in B-cell lymphoblastic leukaemia, not otherwise specified 

and B-cell lymphoblastic leukaemia, with recurrent genetic abnormalities and over 20 subtypes 

(TERWILLIGER & ABDUL-HAY, 2017; INABA & MULLIGHAN, 2020).  For T-ALL, currently 

two provisional entities are listed, early T-cell precursor lymphoblastic leukaemia and natural killer 

(NK) cell lymphoblastic leukaemia (ARBER et al., 2016). 

Genetic abnormalities associated with T-ALL include mutations of NOTCH1 and FBXW7. The major 

transcriptional rearrangements in T-ALL are TLX1, TLX3, LYL1, TAL1 and KMT2A. (BROWN et 

al., 2020) 

The diversity of B-ALL can be attributed to chromosomal aneuploidy, rearrangements and point 

mutations (INABA & MULLIGHAN, 2020).Therefore genetic characterization is important to identify 

genetic and chromosomal abnormalities, which can be crucial in terms of therapy (BROWN et al., 

2020). 

Common chromosomal abnormalities in B-ALL are aneuploidy, which refers to the deviation of 

chromosomes form the original set (HASSOLD & HUNT, 2001; INABA & MULLIGHAN, 2020). 

High hyperdiploidy (>50 chromosomes) can be found in up to 30% of childhood ALL, while low 

hypodiploidy (31-39 chromosomes) occurs in only 1% of paediatric ALL and around 10% of adult 

ALL. Furthermore, near haploidy (24-30 chromosomes) is detectable in 2% of childhood ALL. (INABA 

& MULLIGHAN, 2020) 

Chromosomal rearrangements, such as translocations mainly occur in ALL. The translocation 

t(21;21)(p13;q22) is the most frequent one in childhood ALL. In infants, the rearrangement of KMT2A 

(MLL) t(4;11) (q21;q23) is the most frequent one. The t(9;22) (q34;q11.2) translocation leads to the 

formation of the Philadelphia chromosome that results in the BCR::ABL1 fusion protein. These can be 

found in 20-25% of adults harbouring ALL. (INABA & MULLIGHAN, 2020) 

Chromosomal predispositions such as Down syndrome are associated with higher risk to develop acute 

lymphoblastic leukaemia, both B-ALL and T-ALL. Familial genetic predispositions are rare and can 

include TP53 germline mutations, PAX5 mutations, ETV6 variants, low hypodiploid B-ALL and high 

hyperdiploid ALL. Causes extend into the prenatal period, such as KMT2A-rearranged and ETV6-

RUNX1 ALL. (INABA & MULLIGHAN, 2020) 

In a study, Mullighan detected EBF1, PAX5 and IKFZ1 as the most frequent mutations, which are all 

involved in the development of b-cells. 31.7% of cases revealed a mutated PAX5 gene (MULLIGHAN 

et al., 2007). PAX5 plays a role in b-lineage formation (NUTT et al., 1999) and EBF1 is needed to 

express PAX5 (LIAO, 2009). IKFZ1 mutations are present in 15-20% of paediatric ALL and linked 

with poor prognosis (BROWN et al., 2020).  

The therapeutic scheme of patients diagnosed with ALL includes induction, consolidation and 

maintenance therapy over a period of approximately 2 to 2.5 years. 
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During induction therapy, patients receive a glucocorticoid and a combination of two cytostatic drugs 

(vincristine and asparaginase) over a period of 4 weeks. The aim is to reduce tumour burden by 

removing leukemic cells from the bone marrow. This results in a complete remission, i.e. the 

disappearance of all signs of cancer, in 98% of patients. During consolidation therapy, patients receive 

the cytostatic agents’ cyclophosphamide, cytarabine and asparaginase. Here, remaining leukemic cells 

should be eliminated. Furthermore, cranial radiation, and/or intrathecal therapy is performed, since 

lymphatic blasts can also affect the brain, where chemotherapy is not effective. (BROWN et al., 2020; 

INABA & MULLIGHAN, 2020) 

To avoid relapse, maintenance therapy is crucial and includes mercaptopurine and methotrexate. 

Sometimes, vincristine and steroids are added. Allogeneic stem cell transplantation is considered in 

high risk patients (INABA & MULLIGHAN, 2020). 

Newer approaches include targeted therapies (see 1.4.2), immunotherapy and the combination of 

chemotherapy with these.  

 

1.2. Acute leukaemia in animals 
 

Acute leukaemia’s play a role in pets and livestock, too. Lymphoid cancers are the most commonly 

diagnosed malignancies in dogs. However, the overall incidence in dogs is not known, but golden 

retrievers seem to be overrepresented as patients with ALL. Similar to humans, different forms of 

lymphoid leukaemia can be distinguished, e.g. CLL, T-zone lymphomas, non-Hodgkin lymphoma and 

ALL. Canine acute lymphoblastic leukaemia is a progressive and chemo-resistant cancer with a very 

poor outcome. Cytology and immunophenotyping are used for the diagnosis. Notably, there is no 

standard scheme for the diagnosis of canine ALL. The diagnosis of canine ALL ranges from 30-20% 

blasts in bone marrow with either marked lymphoblastic leucocytosis including thrombocytopenia and 

anaemia or the presence of circulating blasts and cytopenia’s in one or more lineages. 

Immunophenotypic analysis is also used. Here, detection for CD34 is examined. Thoracic radiography 

and ultrasound examinations are also performed. The dogs present with lethargy, inappetence, 

peripheral lymphadenopathy and cranial abdominal organomegaly. Therapy follows the CHOP 

protocol, which includes cyclophosphamide, doxorubicin, vincristine and prednisolone. There are also 

other treatment schemes, e.g. MOPP – mechlorethamine, vincristine, procarbazine and prednisolone. 

However, survival rates are poor with a median of 55 days. (BENNETT et al., 2017; ATHERTON & 

MASON, 2022)  

Acute myeloid leukaemia’s also occur in dogs and are similar to canine ALL in terms of clinical sings 

and diagnostic strategies. In particular, organomegaly and lymphadenopathy are prominent in canine 

AML. (EPPERLY et al., 2018) 

There are few studies of feline ALL, but the outcome is as poor as in canine ALL. Clinical signs are 

anorexia and lethargy and therapy is similar to canine ALL (TOMIYASU et al., 2018). In cats, feline 

leukaemia is often associated with feline leukaemia virus (FeLV), but not every cat diagnosed with 

FeLV develops a leukaemia. FeLV is an infectious disease that occurs worldwide. Transmission is 

possible through close contact, catfights, or vertically from queen to kitten. FeLV first occurs in local 

lymphoid tissues and then spreads into periphery via lymphocytes and monocytes. This is called 

primary viremia. Primary viremia can affect the bone marrow. After infection of the bone marrow, 

FeLV is detectable in blood with FeLV-infected leukocytes and platelets. Infection can be divided into 

three stages; progressive infection with viremia and shorter survival time; regressive infection, where 

the immune response is present but not strong enough to completely kill the virus; and abortive 

infection, when cats tested negative but the presence of antibodies is characteristic. FeLV can be 
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diagnosed by point-of-care screening test and the presence of FeLV p27antigen in serum, plasma or 

blood. In addition, PCR tests are used, as well as saliva swab test for large groups, e.g. in animal shelters. 

Prevention can be done with vaccination, which is recommended for kittens after 8 weeks, and a second 

vaccination after another 3-4 weeks. A booster vaccination is recommended every 2 years. 

(HOFMANN-LEHMANN & HARTMANN, 2020; LITTLE et al., 2020)  

In cattle, enzootic bovine leucosis, caused by the bovine leukaemia virus, is a fatal disease associated 

with a decline in milk production and life expectancy, leading to economic losses for farms. It has been 

eradicated in over 20 countries (BARTLETT et al., 2020). Other forms of leukaemia, such as AML, 

have been diagnosed in cattle, too (MAEZAWA et al., 2021). Since 1999, Germany is declared as free 

of bovine leucosis, but the disease is notifiable according to the Cattle Health Surveillance Ordinance 

(Rindergesundheits-Überwachungs-Verordnung, BGBl. II Nr. 334/2013). 

 

1.3. The use of animals in cancer research  
 

According to the German Federal Institute for Risk Assessment, in 2020 around 1.9 million animals 

were used in animal experiments in Germany. Mice were the most represented species and approx. 

48.1% of the animals were genetically engineered. For cancer research, 98,412 animals were used for 

basic research and 105,704 animals for translational research (BfR, 2021). Animals are protected by the 

German Animal Welfare Act, the German Animal Welfare Experimental Ordinance and the EU 

directive 2010/63 EU. Each experiment is subject to an ethical consideration and must be designed in 

such way that no unjustified pain, suffering or harm is inflicted on the animal. 

In 1959, Russell and Burch published the 3R concept to conduct humane animal research, consisting of 

the principles reduction (minimising the number of animals used for a scientific objective), refinement 

(minimising pain, suffering and distress), and replacement (avoiding animal trials if a suitable other 

technique exists). (RUSSELL & BURCH, 1959) 

Animal models in cancer research are well established. Especially mouse models are used as a popular 

tool. The advantages of using mice includes small size, high reproduction rate and low costs in housing 

(CHEON & ORSULIC, 2011). Additionally, mice can be genetically engineered, which was first 

described in the 1980s and revolutionized the tumour biology studies (BRINSTER et al., 1982).  

Other animal models include e.g. dogs, which bear a close resemblance to the human genome. The 

anatomy, physiology and genetic characteristics of pigs are also similar to humans. Non-human 

primates convince due to similarity in physiology, immunity and many other characteristics. However, 

compared to small animal models, the experiments are more complex due to higher costs and ethical 

considerations. Further animal models used in cancer research include zebrafish, rats, tree shrew, fruit 

flies and many more. (LI et al., 2021) 

 

1.3.1. The patient-derived xenograft mouse model 
 

A patient-derived xenograft mouse model is generated when tissue of a human patient is transplanted 

into a mouse. (SIOLAS & HANNON, 2013)  

The first patient-derived xenograft model was described in 1969 when Rygaard and Povlsen implanted 

a piece of an adenocarcinoma of a 74 year old patient into Foxn1nu mice subcutaneously. The tumour 

grew as local nodules but did not metastasize (RYGAARD & POVLSEN, 1969). Today, this method 

is named ectopic implantation, since the implantation locus differs from the origin. In 1982, Wang and 



20 
 

Sordat were the first who described the orthotopic transplantation. They injected colon cancer cells from 

a patient into the large intestine of nude mice and tumour engraftment and metastasis were observed 

(WANG et al., 1982). Later on, the models were optimized using advanced immunodeficient mice in 

order to increase the engraftment rate. Among other mice strains, the NOD-scid IL2Rgamma null (NSG) 

strain, which lacks in B-, T-, NK-cells and several cytokine pathways, is often used for the engraftment 

of hematopoietic stem cells in mice (SHULTZ et al., 2005). In addition, humanized mouse models are 

increasingly being used. Here, models were developed including haematopoietic stem cells (HSC) and 

peripheral blood mononuclear cells (PBMC) (YONG et al., 2018).  

For some entities, it is more difficult to establish PDX models, e.g. hormone-positive breast cancers 

with an engraftment capacity of 13%;  while, for non-small cell lung cancer, a transplant capacity of 90 

% has been reported in NOD-scid mice (CHO, 2020). In ALL establishment rates vary and some studies 

report an engraftment capacity of 100% (LOCK et al., 2002), whereas other studies show engraftment 

capacities of 44% (AGLIANO et al., 2008). 

Orthotopic PDX models mimic the histopathological structure of the primary tumour (KUWATA et al., 

2019). Furthermore, the histology of PDX samples after serial transplantation is consistent to the 

primary tumour, compared to cell-line derived xenografts (CDX) (SCHUELER et al., 2018; KUWATA 

et al., 2019). 

The disadvantages of PDX models include long engraftment periods, ranging from weeks to months, 

and an engraftment capacity that varies depending on the type of tumour. Several studies have shown, 

that murine stroma replace the human tumour stroma. Furthermore, immunodeficient mouse strains are 

used, since other strains would reject the xenografts, which makes them unattractive for the study of 

immunological processes and the development of immune-based therapeutics or vaccines. (SIOLAS & 

HANNON, 2013; HIDALGO et al., 2014; SAJJAD et al., 2021) 

 

1.3.2. Patient-derived xenograft mouse models in preclinical cancer 

research 
 

The development of therapies requires intensive preclinical testing and patient-derived xenograft 

models provide an optimal platform (GAO et al., 2015; TOWNSEND et al., 2016).  

Several researchers already observed the success rate in PDX models are correlating well with the 

clinics. For example, the EGFR inhibitor cetuximab was tested in over 40 colorectal PDX models and 

showed a response rate of 10.6%, which was also seen for patients in the clinics (BERTOTTI et al., 

2011). Additionally, mTOR inhibitors were tested in PDX models of KRAS-mutant colorectal cancer, 

predicting poor efficacy in line with what was seen in the clinics. Sirolimus was tested in PDX models 

of renal cell carcinoma and response was similar observed in the clinics (HIDALGO et al., 2014). These 

are just few examples, which proved, that PDX models are a helpful and reliable tool to identify novel 

therapies for the improvement of cancer treatment. On the other hand, about 85% of preclinical 

compounds fail in clinical trials and do not receive regulatory approval. (MAK et al., 2014; GAO et al., 

2015). 

Meanwhile, several consortia with large PDX cohorts have been created and characterised to conduct 

large-scale preclinical drug testing, such as EuroPDX, Public Repository of Xenografts (ProXe), NCI 

Patient-Derived Models Repository (PDMR), Novartis Institute for Biomedical Research PDX 

Encyclopedia (NIBR PDXE) and The Jackson Laboratory PDX cohort. (CHO, 2020) 
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1.3.3. Patient-derived xenograft mouse models in acute leukaemia 
 

As for other tumour entities, also ALL was established as orthotopic, systemic xenograft models 

(KAMEL-REID et al., 1989; LOCK et al., 2002; LIEM et al., 2004; TERZIYSKA et al., 2012). The 

leukemic cells infiltrate the bone marrow, spleen and liver, and eventually other organs like CNS, as 

well as splenomegaly was observed, similar as in patients, indicating that the xenograft mouse model is 

able to recapitulate the human leukaemia in mice (LOCK et al., 2002).  

Here, patients’ primary leukemic cells gained from bone marrow aspiration or peripheral blood are 

transplanted into the tail vein or femur of severely immunocompromised mice. At first, scid mice were 

used (KAMEL-REID et al., 1989; CESANO et al., 1992), however, Shultz et al generated an even more 

immunocompromised mouse strain the NSG mouse. Here, engraftment of human leukemic cells 

evolved in a higher success rate compared to other immunocompromised strains such as NOD/LtSz-

Prkdcscid and NOD.Cg-PrkdcscidB2mtm1Unc (SHULTZ et al., 2005; AGLIANO et al., 2008).  

Successful engraftment is monitored by analysis of chimerism in peripheral blood, bone marrow and 

eventually other organs like spleen or liver (NIJMEIJER et al., 2001; SHULTZ et al., 2005; AGLIANO 

et al., 2008). Apart from initial engraftment, the cells can also be re-isolated from the murine organs 

and re-injected into next recipient mice to establish robust PDX models and to multiply rare primary 

patient material (BORGMANN et al., 2000; LIEM et al., 2004; TERZIYSKA et al., 2012; 

TOWNSEND et al., 2016). 

This model has been used to characterize leukemic stem cells (BONNET & DICK, 1997; WANG & 

DICK, 2005; LE VISEUR et al., 2008), in preclinical treatment trials to test chemotherapeutics, such 

as vincristine (LOCK et al., 2002; LIEM et al., 2004), as well as targeted therapies (GAO et al., 2015; 

TOWNSEND et al., 2016). 

In order to intensify the study of the leukemic disease in vivo, genetic engineering of PDX models was 

established in the hosting laboratory. PDX cells can be lentivirally transduced to express a plethora of 

diverse transgenes. Fluorochrome expression enables enrichment of transgenic cells by fluorescence 

activated cell sorting (TERZIYSKA et al., 2012; EBINGER et al., 2016); expression of luciferase 

facilitates to monitor the growth of the leukemic cells in vivo (CASTRO ALVES et al., 2012; 

TERZIYSKA et al., 2012; VICK et al., 2015); fluorochromes, barcodes and tags enable the distinction 

of single cell clones over time (ZELLER et al., 2022); distinct fluorochrome combinations enable 

competitive in vivo assays (LIU et al., 2020; WIRTH et al., 2022); expression of Cre and loxP sites 

enable inducible knock out screens (CARLET et al., 2021); and expression of Cas9 and sgRNA libraries 

enable CRISPR/Cas9 dropout screens to identifying novel targets (GHALANDARY et al., 2022; 

WIRTH et al., 2022).  

Taken together, the xenograft mouse model is a suitable tool to study acute leukaemia in vivo and to 

identify novel targets and treatment options. 

 

Figure 1. The genetically engineered patient-derived xenograft model  
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Primary patient material transplanted into NSG mice (P0). After re-isolating cells, PDX cells are genetically engineered by 

lentiviral transduction and injected into next recipient mice (P1). Afterwards genetically engineered leukaemia cells are serial 

transplanted (P2-PX). Engraftment success is dependent on the mouse strain and the primary patient material. 

 

1.3.4. Competitive transplantation assays to allow multiplex in vivo assays 

Competitive transplantation assays are commonly used to evaluate functionality of hematopoietic stem 

cells (HSC), e.g. the capacity to engraft in recipient mice. Here, HSCs from different origins, e.g. 

isolated from different mouse strains (HARRISON, 1980) or different human organs (ROSLER et al., 

2000), or HSC marked with e.g. genetic barcodes (BRUGMAN et al., 2015), are mixed and injected 

into recipient mice. The functionality and quantity of HSCs derived from different populations are 

compared over time. This method is used to evaluate the ability of differentiation and self-renewal of 

HSCs. Analysing differentiation of the populations is possible by detecting surface markers using flow 

cytometry (SZILVASSY et al., 1990; KWARTENG & HEINONEN, 2016). In leukaemia research, 

similar assays are used to investigate functionality of leukemic stem cells (LSC) or leukaemia initiating 

(LIC) cells (CORNILS et al., 2014; MAETZIG et al., 2017). 

1.3.4.1. Genetic labelling of cells to enable competitive in vivo assays 

To track and discriminate single cells over time, cells can be lentivirally transduced with red, blue and 

green fluorescent proteins (WEBER et al., 2011). These cells can be detected and discriminated in flow 

cytometry by their individual colour, respectively (MAETZIG et al., 2018). Red blue green marking 

was initially generated to reveal clonal tumorigenesis (WEBER et al., 2011) but can also be used for 

competitive in vivo trials in leukaemia research (CARLET et al., 2021; GHALANDARY et al., 2022; 

WIRTH et al., 2022; ZELLER et al., 2022).  Furthermore, cells can be marked with tags, for instance 

tNGFR (truncated nerve growth factor receptor). 

Another method to facilitate competitive in vivo transplantation assays is the labelling of cells with 

individual genetic barcodes. Here, cells are transduced with a library consisting of huge numbers of 

individual short genetic stretches, injected into mice and can be later quantified by high throughput 

sequencing. Studies labelling ALL and AML cells with barcodes have been successfully conducted. 

These studies investigated which cells engraft and gain an advantage or disadvantage over time, or show 

response towards therapy (ELDER et al., 2017; BRAMLETT et al., 2020; ZELLER et al., 2022). 

To my knowledge and until today, competitive transplantation assays with human leukaemia cells were 

always restricted to cells originating from the same donor. As pioneering work performed in the hosting 

laboratory, Wirth and colleagues competitively transplanted fluorochrome labelled ALL PDX cells of 

five different patients into recipient mice, which were then treated with the BCL2 inhibitor venetoclax 

(WIRTH et al., 2022).  

In the following study this competitive in vivo transplantation assay of different patient cells is termed 

“multiplex in vivo assay”. 

 

1.4. Precision medicine in oncology 

 

Precision oncology includes the molecular characterization of the patients’ tumour and addressing these 

characteristics with targeting therapies (SAWYERS, 2004; ASHLEY, 2016; LASSEN et al., 2021). 

Various definitions exist for precision medicine. In the following, I define the term “precision medicine” 

as an approach in which an individual patient receives a tailored treatment. Nowadays, there are various 

concepts to address this aim. 
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1.4.1. Characterisation of patient’s tumours for precision medicine 

1.4.1.1. Molecular analysis to predict drug response 

Independent of leukaemia, most recurrent mutations occur with a frequency of less than 20% across 

cancer types, making it difficult to assign patients the treatment they need (LAWRENCE et al., 2014). 

The integration of genomics is widespread and tailored to genetic aberration. Several groups and 

institutes have started and conducted clinical trials to learn if results from sequencing approaches can 

predict effective drugs. 

For instance, “INFORM” (Individualized Therapy For Relapsed Malignancies in Childhood) is a 

precision medicine study for children with high-risk relapsed/refractory malignancies, which aims to 

identify therapeutic targets on an individualised basis. INFORM characterizes primary tumour samples 

on a molecular basis including whole exome sequencing, whole genome sequencing, RNA sequencing 

and a genome wide assessment of DNA methylations. Furthermore, they defined a list of 372 targets 

and over 800 targeting drugs, to link genomic hits with targeted therapies. The idea is using multi-omics 

as a biomarker, and defining suitable drugs for individualised cancer therapy. (WORST et al., 2016; 

VAN TILBURG et al., 2021) 

Further precision medicine studies with similar concepts across continents are: NCI MATCH and the 

pediatric version Pediatric MATCH (Molecular Analysis for Therapy Choice) of the National Cancer 

Institute in the United States  (ALLEN et al., 2017; COYNE et al., 2017); the ZERO Childhood cancer 

program in Australia (WONG et al., 2020); The European Proof-of-Concept Therapeutic Stratification 

Trial of Molecular Anomalies in Relapse or Refractory Tumors in Children (AcSé-ESMART) which is 

guided by a European academic consortium (FORREST et al., 2018) and many more existing.  

 

1.4.1.2. Ex vivo approach to predict drug response 

A second strategy in personalised medicine is to combine molecular and descriptive data sets, such as 

whole-exome sequencing and RNA sequencing, with ex vivo treatment trials in order to assign patients 

to tailored therapies. For ex vivo studies, patient material is treated with drug libraries which often 

include conventional chemotherapeutics as well as novel compounds. Patient samples and drugs are 

plated ex vivo and after a define period of time, usually 72 hours, drug response is evaluated. Here, a 

link between the mutational status and ex vivo drug sensitivity was seen (TYNER et al., 2018; MALANI 

et al., 2022). 

 

1.4.1.3. Using mice in co-clinical trials for precision medicine 

Other approaches include mouse models to predict drug response, such as co-clinical trials, also referred 

to as avatars. Here, PDX models (see 1.3.1) are generated from primary material of patients who are 

currently in the clinics. Drugs and drug combinations are tested in mice injected with individual PDX 

cells, and suggestions for individualised therapy is made on the basis of these results. Often this 

approach has its limitations due to lack of engraftment and time required  (HIDALGO et al., 2014).  

To circumcise above listed limitations, genetically-engineered mouse models (GEMMs) are also used 

in co-clinical trials. Since establishment of a xenograft model takes time, large cohorts of mouse models 

are characterized and if the mutation profiles are similar, they are matched to the patients in the clinics. 

Preclinical trials are then carried out and suggestions for tailored treatments are made (VASCIAVEO 

et al., 2022). 

In addition, the integration of ex vivo drug testing and preclinical in vivo trials using PDX samples in 

combination with genomics and transcriptomics have been described, too (LAU et al., 2022). 
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1.4.1.4. Using CRISPR/Cas9 dropout screens to identify cancer vulnerabilities 

and predict drug response 

CRISPR (clustered regularly interspaced short palindromic repeats)/Cas (CRISPR-associated) 

describes a molecular method to cut and change the DNA, which has been evolved in bacterial and 

archaea immune defence systems. The technology enables the insertion, deletion or knocking out of 

genes (DOUDNA & CHARPENTIER, 2014).  

CRISPR/Cas9 screens have been frequently used to identify cancer vulnerabilities (SHALEM et al., 

2014; BEHAN et al., 2019); however, most of the screens have been performed in cell lines and in vitro 

(DEMPSTER et al., 2019). Finding a biomarker to identify candidate drug targets remains challenging 

and was mainly performed in cell lines (MARCOTTE et al., 2016; BEHAN et al., 2019; GONÇALVES 

et al., 2020). For leukaemia, only a few CRISPR/Cas9 screens in PDX were recently published 

(BAHRAMI et al., 2019; GHALANDARY et al., 2022; WIRTH et al., 2022). Until today, this method 

is not used for precision medicine, but a high potential of CRISPR/Cas9 screens for precision medicine 

is given, since it enables to identify individual cancer vulnerabilities as described in the studies of 

Ghalandary and Wirth. 

 

1.4.2. Targeted therapies  

Characterisation of patients enables assignment towards targeted therapies. Conventional chemotherapy 

addresses not only malignant cells, but also healthy cells. Therefore, patients suffer from severe side 

effects (BAGNYUKOVA et al., 2010). 

In addition, relapses remain a major challenge and novel therapeutic options are needed (see 1.1). 

Technical advances in sequencing are uncovering more and more molecular details to improve 

treatment. In this context, targeting therapies are being use. There are various definitions of targeted 

therapies, but “for many scientists and oncologists, targeted therapy is defined as a drug with a focused 

mechanism that specifically acts on a well-defined target or biologic pathway that, when inactivated, 

causes regression or destruction of the malignant process” (ROSS et al., 2004).  

In the present study, I define “targeted therapies” as a specific therapy which inhibits a defined targeted 

protein with high specificity.  

In 2021, 89 small molecules were approved in the USA and China to treat cancers (ZHONG et al., 

2021), whereas only a few are approved for leukaemia. Currently, only 31 targeted drugs are listed to 

be FDA approved for leukaemia’s, but only five of them are available for ALL. In the following, the 

approved targeted therapies for acute leukaemia’s are listed.  

 

1.4.2.1. Kinase Inhibitors 

Especially kinase inhibitors are overrepresented and 62 out of 89 approved inhibitors are kinase 

inhibitors (ROSKOSKI, 2021). Kinase inhibitors can be divided into three main groups: receptor 

tyrosine kinase inhibitors (TKI), non-receptor TKI, and serine/threonine kinase inhibitors. First 

generation FLT3 inhibitors such as midostaurin showed improvement in overall survival if combined 

with conventional chemotherapy in AML patients and gained FDA approval in 2017. One year later, 

the second generation FLT3 inhibitor gilteritinib was approved by the FDA for relapsed/refractory 

FLT3 mutated AML, which is more selective towards FLT3 (DÖHNER et al., 2021). 

Depending on genetic and chromosomal alterations, ALL patients receive specific therapy. For 

instance, patients with Ph-positive ALL receiving imatinib, a tyrosine kinase inhibitor targeting 
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BCR::ABL, which was approved by the FDA in 2001, in combination with chemotherapy showed 

complete remission in 90% to 95%. In September 2022, a second-generation tyrosine kinase inhibitor 

dasatinib received FDA approval for ALL. Currently, clinical trials with further second generation 

tyrosine kinase inhibitors, such as nilotinib, targeting BCR::ABL, are ongoing and under investigation. 

In Ph-like ALLs, clinical trials investigate the effect of ruxolitinib, a JAK-inhibitor, compared to TKIs 

(SALVARIS & FEDELE, 2021). 

 

1.4.2.2. IDH2/1 and hedgehog pathway inhibitors 

IDH2/1 inhibitors, e.g. ivosidenib and enasidenib are FDA approved for AML patient in combination 

with chemotherapy. Additionally, clinical trials currently investigate the combination of IDH inhibitors 

with venetoclax, an inhibitor of the anti-apoptotic protein BCL2 (SHORT et al., 2020). 

Among these, the hedgehog pathway inhibitor glasdegib is since 2018 FDA approved in combination 

with low dose cytarabine for AML patients older than 75 years old, after the successful clinical trial 

BRIGHT AML 1003 (NCT01546038) (HEUSER et al., 2021). 

 

1.4.2.3. BH3 mimetics 

Anti-apoptotic proteins are well known to be overexpressed in AML and ALL, and venetoclax was 

approved by the FDA in combination with low dose cytarabine, azacitidine or decitabine for patients 

with AML. On the other Hand, treatment with venetoclax results in resistance and upregulation of 

MCL1. Venetoclax is under clinical investigation for ALL in combination with the BCL-XL inhibitor 

navitoclax.  (SHORT et al., 2020) 

 

1.4.2.4. Immunotherapeutics 

T-cell-based therapies, as for example CAR-T cells (chimeric antigen receptors), and antibody therapies 

are increasingly being used for ALL patients. In 2017, tisagenlecleucel, an anti-CD19 CAR-T cell, 

received FDA approval for patients up to age 25 with B-cell precursor that is fractory or in second or 

late relapse, after a study demonstrating an overall survival of 81% in three months. (SALVARIS & 

FEDELE, 2021) 

Further novel therapies include antibody-drug conjugates, e.g. inotuzumab ozogamicin, which showed 

promising results in clinical trials and was approved in 2017 for refractory and relapsed B-ALL (FDA, 

2017). In addition, the bispecific monoclonal antibody blinatumomab was approved for relapsed and 

refractory B-cell precursor ALL (FDA, 2014). Rituximab, a CD-20 monoclonal antibody, is gaining 

importance and showed survival improvement for ALL patients under 60 years old (SALVARIS & 

FEDELE, 2021). 

 

1.4.3. Compounds used for preclinical trials 

1.4.3.1. Venetoclax (ABT-199) to target BCL2  

Venetoclax is a BCL2 homology domain 3 (BH3) mimetic and has the ability to kill cells by apoptosis 

induction “in a strictly BAX/BAK dependent manner” (ROBERTS et al., 2021; SALAH et al., 2021). 

Venetoclax is a selective inhibitor and has a >100-fold selectivity for BCL2 over BCL-XL and BCL-w 

and >1000-fold activity for MCL1 (ROBERTS et al., 2021; SALAH et al., 2021). BCL2 is known to be 
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overexpressed in haematological malignancies and plays an important role in the regulation of apoptosis 

(COUSTAN-SMITH et al., 1996; ROBERTSON et al., 1996; ROBERTS et al., 2021).  

The inhibitor binds to the groove of BCL2 proteins, thereby represses the BCL2 activity, and restores 

apoptotic processed in tumour cells (NIH.gov). Blocking BCL2 restores the signalling cascade that 

causes cancer cells to destroy themselves (AbbVie Inc.). The doses of 100 mg/kg oral five times per 

week showed efficacy in preclinical trials and therefore was used in the present study (SOUERS et al., 

2013). Preclinical trials demonstrated that mice bearing chronic and acute myeloid, as well as acute 

lymphoblastic leukaemia showed a response towards venetoclax treatment (SOUERS et al., 2013; PAN 

et al., 2014; WIRTH et al., 2022).  The inhibitor is FDA approved for chronic myeloid leukaemia since 

2016 and for AML in combination with cytarabine since 2020 (FDA, 2020), and to date over 190 

clinical trials are listed for leukaemia (ClinicalTrials.gov). Human AML patients receive up to 600mg 

oral once a day (Venclexta.com).  

 

1.4.3.2. S63845 to target MCL1 

S63845 binds to human MCL1, but shows no substantial binding to BCL2 or BCLXL (KOTSCHY et 

al., 2016). Similar to other BH3 mimetics, S63845 binds to the BH3- binding groove (KOTSCHY et 

al., 2016). MCL1 is known to be highly expressed in haematological malignancies (GORES & 

KAUFMANN, 2012; WANG et al., 2021). In a mouse model of ALL it was demonstrated that MCL1 

is required for survival in ALL (KOSS et al., 2013). MCL1 is not only essential for AML but also for, 

breast cancers, T cell lymphoma, non-small-cell lung carcinoma and multiple myeloma (WANG et al., 

2021). 

The Inhibitor showed activity in AML cell lines with IC50 ranging from 4 to 233nM. S63845 was 

already successfully used in haematological malignancies, as well as in the hosting laboratory in vitro 

and in vivo. The published concentration of 25mg/kg intravenously, twice a week was administrated. 

(KOTSCHY et al., 2016; CARLET et al., 2021) 

 

 

1.4.3.3. Eltanexor (KPT-8602) to target XPO1 

Eltanexor is a XPO1 inhibitor and restores the nuclear localization, function of tumour suppressing 

proteins and induces apoptosis in tumour cells (CAMUS et al., 2017). XPO1 is an important export 

factor, which conducts the transport of proteins from the nucleus to the cytoplasm (CAMUS et al., 

2017). Overexpression can be observed in a variety of cancer cells, whereas it is only slightly present 

in healthy cells (Pubchem). Furthermore, mutations of XPO1 were found in 0.5-2.9% of solid and 

haematological tumours, showing the highest frequency in lymphomas (AZIZIAN & LI, 2020). 

The inhibitor is currently in clinical trials for AML (NCT02649790). Eltanexor is a second-generation 

inhibitor of SINE and currently only tested in one clinical trial, recruiting AML patients as well as 

patients with myeloma, prostate cancer, colorectal cancer and patients with myelodysplastic syndrome 

(NCT02649790). The advantage of eltanexor compared to selinexor, a first generation SINE inhibitor, 

and being FDA approved for multiple myeloma in combination with dexamethasone since 2019, is 

being less toxic in animals; has a lower ability to cross the blood-brain barrier and “does not accumulate 

in the blood even after repetitive injections” (CAMUS et al., 2017; ETCHIN et al., 2017). For higher-

risk myelodysplastic syndrome patients, side effects were minor and eltanexor was well tolerated (LEE 

et al., 2021; LEE et al., 2022) and for patients harbouring myeloma, side effects were lower compared 

to selinexor (CORNELL et al., 2022). Due to above listed advantages I decided to use eltanexor instead 

of selinexor. The published concentration of 15mg/kg oral five times per week was used in the present 

study (ETCHIN et al., 2017). Human patients received a dose of 10-20 mg/kg five times per week in 

clinical trials (LEE et al., 2022). 
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2. Aim of the study 

 

Most current treatment options for ALL are inadequate and an improvement is needed. Here, precision 

medicine is becoming increasingly important as the basis for the future treatment of tumour patients. 

Currently mainly descriptive data is used in the clinics e.g. sequencing for mutations or translocations, 

to assign patients to adjusted therapy. Now we aimed to add a molecular-functional approach to see 

whether dependencies on a patient individual manner can be uncovered more precisely. The general 

aim of a larger project was to develop a biomarker to predict treatment response for targeted therapies 

in individual patients with acute lymphoblastic leukaemia. The molecular screen which functions as a 

biomarker revealed individual cellular dependencies in PDX ALL cells, this part of the project was 

conducted by Diana Amend. These dependencies should then predict a response towards a targeting 

drug. In the future, we aim to convert this concept into a biomarker for clinical applications, using PDX 

models as surrogates.  

The aim of the present subproject was to test the effect of selected targeted therapies against defined 

PDX ALL models in vivo and to correlate the results with existing data from gene dropout. Ultimately, 

I aimed to understand if hits in molecular dropout screens could predict the response of individual ALL 

samples towards targeted drugs.  

To reduce the usage of mice and improve preclinical drug testing in vivo, I further aimed to implement 

the multiplex in vivo assay. Here, individual PDX samples should be tested in parallel in a single mouse, 

using a competitive in vivo approach.  
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3. Material 

 

3.1. Animal work 

The mouse strain NOD.CgPrkdcscid Il2rgtm1Wjl/SzJ (NSG; The Jackson Laboratory, Bar Harbour, ME, 

USA ) is extremely immunodeficient. It lacks in T cells, B cells and natural killer cells. In addition, 

NSG mice are deficient in multiple cytokine signalling pathways (SHULTZ et al., 2005). Consequently, 

it enables the engraftment and modelling of the human acute leukaemia (AGLIANO et al., 2008; VICK 

et al., 2015; EBINGER et al., 2016).  

Ethical Statement 

Animal experiments were conducted in accordance with the applicable ethical standards of the official 

committee on animal experimentation (written approval by Regierung von Oberbayern, 

tierversuche@reg-ob.bayern.de; May 2016, ROB-55.2Vet2532.Vet_02–16-7 and August 2016, ROB-

55.2Vet-2532.Vet_03–16-56, ROB-55.2-2532.Vet_02-20-159, ROB-55.2-2532.Vet_03-21-9) 

3.2. Animal diet and equipment 

Name Provider 

DietGelRecovery Clear H2O, Westbrook, USA 

D12331i Research Diet Brogaarden ApS, Lynge, Denmark 

Conventional pellet diet Helmholtz Zentrum Munich GmbH, 

Munich, Germany 

Nombrero wet diet feeder Datesand Limited, Stockport, United 

Kingdom 

Table 1. Animal diet and equipment 

 

3.3. PDX samples 

Samples from paediatric or adult acute lymphoblastic leukaemia patients were obtained from the 

Universitätsspital Zürich Switzerland, Department of Internal Medicine III, Medizinische Klinik 

campus Innenstadt or the Kinderklinik und Kinderpoliklinik im Dr. von Haunerschen Kinderspital, 

Ludwig-Maximilians-Universität, Munich, Germany. Samples were collected for diagnostic purposes 

before start of treatment. Written informed consent was obtained from all patients or 

parents/caregivers/legal guardians if the patients were minors. The study was performed in accordance 

with the ethical standards of the responsible committee on human experimentation (written approval by 

Ethikkommission des Klinikums der Ludwig-Maximilians-Universität Munich, number 068–08 and 

222–10) and with the Helsinki Declaration of 1975, as revised in 2000. 
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No Sample Origin 

1 ALL-50 Kinderklinik und Kinderpoliklinik im Dr. von 

Haunerschen Kinderspital, LMU Klinikum, Munich, 

Germany 

2 ALL-199 Kinderklinik und Kinderpoliklinik im Dr. von 

Haunerschen Kinderspital, LMU Klinikum, Munich, 

Germany 

3 ALL-265 Universitätsspital Zürich, Zürich, Switzerland 

4 ALL-502 Kinderklinik und Kinderpoliklinik im Dr. von 

Haunerschen Kinderspital, LMU Klinikum, Munich, 

Germany 

5 ALL-1034 Klinikum Großhadern, LMU Klinikum, Munich 

Germany 

 Table 2. List of PDX samples 

3.4. Equipment 

 

Name Provider 

Hettich Rotanta 460 R Hettich Lab, Tuttlingen, Germany 

GM500 Mouse IVC Green Line Tecniplast, Hohenpeißenberg, Germany 

BD FACS Aria III BD Biosciences GmbH, Heidelberg, Germany 

LSR Fortessa x20 BD Biosciences GmbH, Heidelberg, Germany 

IVIS Lumina 2 Perkin Elmer, Waltham, USA 

Quietek CO2 Induction System Next Advance Inc., Troy, USA 

Gas Anesthesia System XGI-8 Perkin Elmer, Waltham, USA 

Gas Filter Canister Rothacher-Medical GmbH, Heitenried, Schweiz 

Incubator Heracell 150i Thermo Fisher Scientific, Waltham, USA 

Microcentrifuge 5425 Eppendorf SE, Hamburg, Germany 

Brady BMP Brady GmbH, Egelsbach, Germany 

Microscope primovert Carl Zeiss Microscopy GmbH, Oberkochen, 

Germany 

Intravenous injection restrainer Helmholtz Zentrum Munich GmbH, Munich, 

Germany 

Neubauer counting chamber Optik Labor, Lancing, United Kingdom 

Labotect hot plate 062 Labotect Labor-Technik-Göttingen GmbH 

Labotect hote plate controller Labotect Labor-Technik-Göttingen GmbH 
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Sartorius Quintix precison balance Sigma-Aldrich, St. Louis, USA 

Table 3. Equipment 

  

3.5. Consumables 

Name Provider 

TrypanBlue Solution Sigma-Aldrich, St. Louis, USA 

Falcon 15ml, 50ml Corning Incorporated, Corning, USA 

Pipettes 10µl, 20µl, 200µl, 500µl Starlab GmbH, Hamburg, Germany 

Serological pipette 5ml, 10ml, 25ml Greiner Bio-One GmbH, Frickenhausen, 

Germany 

EasyStrainer 70µM Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Macs SmartStrainer 70µM Miltenyi Biotec B.V. & Co. KG, Bergisch 

Gladbach, Germany 

PasteurPipette ?? 

well plates (6, 12, 96) Corning Incorporated, Corning, USA 

Cellstar CellCulture Flasks T25, T75 Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Microvette 100LH Sarstedt AG &Co.KG, Nümbrecht, Germany 

Needle 24, 26 Gauge Terumo Agani, Eschborn, Germany 

Goldenrod Lancet 5mm Medipoint, New York, USA 

D-Luciferin Biomol GmbH, Hamburg, Germany 

Probe Helmholtz Zentrum Munich GmbH, Munich, 

Germany 

Cryotube vials Thermo Fisher Scientific, Waltham, USA 

Eppendorf tubes 1,5ml , 2ml Eppendorf SE, Hamburg, Germany 

Accu-jet pro pipette controller Brand GmbH & Co. KG, Wertheim, Germany 

BD Micro-Fine ½ U 0,3ml Becton Dickinson GmbH, Heidelberg, 

Germany 

Inject-F Luer Solo 1ml B. Braun Holding GmbH & Co. KG, 

Meslungen, Germany 

Surgical one-time scalpel B. Braun Holding GmbH & Co. KG, 

Meslungen, Germany 

FACS tubes Corning Incorporated, Corning, USA 
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Petri dishes Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Table 4. Consumables 

 

3.6. Buffers, Media, Solutions 

Name Provider 

Phosphate buffered saline Gibco Life technologies, San Diego, USA 

Fetal Bovine Serum Gibco Life technologies, San Diego, USA 

Dimethyl sulfoxide Sigma-Aldrich, St. Louis, USA 

Stem Spam II Stem Cell Technologies, Vancouver, Canada 

Ficoll-Paque Plus Cytiva Sweden AB, Uppsala, Sweden 

DNAse Roche, Mannheim, Germany 

Ethanol Carl Roth, Karlsruhe, Germany 

D-alpha-Tocopherol polyethylene glycol 

1000 succinate, BioXtra, water soluble 

vitamin E conjugate 

Sigma-Aldrich, St. Louis, USA 

Polyethylene glycol 300 Sigma-Aldrich, St. Louis, USA 

Tween80 Sigma-Aldrich, St. Louis, USA 

Sodium carboxymethyl cellulose Sigma-Aldrich, St. Louis, USA 

Table 5. Buffers, Media, Solutions 

 

3.7. Chemicals 
Name Provider 

Venetoclax (ABT-199) Selleck Chemicals Llc, Houston, TX, USA 

Eltanexor (KPT-8602) Selleck Chemicals Llc, Houston, TX, USA 

S63845 Biozol Diagnostica Vertrieb GmbH, Echig, 

Germany 

Enrofloxacin Bayer AG, Leverkusen, Germany 

Meloxicam Boehringer Ingelheim GmbH, Ingelheim am 

Rhein, Germany 

Isoflurane CP-Pharma, Burgdorf, Germany 

L-Glutamin Gibco, San Diego, USA 

Penicillin/Streptavidin Gibco, San Diego, USA 

Table 6. Chemicals 
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3.8. Antibodies 

Name Provider 

Anti-H-2Kk Miltenyi Biotec B.V. & Co. KG, Bergisch 

Gladbach, Germany 

CD45 APC Becton Dickinson GmbH, Heidelberg, 

Germany 

PE mouse Anti-human CD33 Becton Dickinson GmbH, Heidelberg, 

Germany 

APC anti-human CD19 BioLegend 

Hu CD271 BV711 C40-1457 50µg Becton Dickinson GmbH, Heidelberg, 

Germany 

Table 7. Antibodies 

 

3.9. Constructs 

Name Generated by 

pCDH-EF1-H2Kk+BC5 Diana Amend 

pCDH-EF1a-iRFP720+BC7 Diana Amend 

pCDH-EF1-enFFly-T2A-mCherry Addgene: 

Addgene ID: 104833 

pCDH-EF1-enFFly-T2A-mtagBFP+BC3 Diana Amend 

pCDH-EF1-enFFly-T2A-NGFR+BC1 Diana Amend 

pCDH-EF1-eFFly-T2A-T-Sapphire+BC9 Diana Amend 

pCDH-SFFV-YN-N-Cas9-N-Intein 

+ 

pCDH-SFFV-Cintein-C-Cas9-P2A-CC 

 

Martin Becker 

Table 8. Constructs 

3.10. Flow cytometry settings 

LSRFortessa X20: 

Laser (nm) Longpass Filter (nm) Bandpass Filter (nm) Parameter 

375/405 502 450/40 mTagBFP 

405 505 525/50 T-sapphire 
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405 690 710/50 BV7-11 

488 502 530/30 eGFP 

561 600 610/20 mCherry, 

PE Texas 

red 

640 690 730/45 iRFP 

640 690 670/30 APC 

Table 9. LSRFortessa X20 settings 

 

FACS Aria III: 

Laser (nm) Longpass Filter 

(nm) 

Bandpass Filter (nm) Parameter 

405 505 450/40 CFP 

405 502 530/30 T-sapphire 

405 685 710/50 BV-711 

488 502 530/30 eGFP 

561 600 610/20 mCherry 

633 750 780/60 APC-cy7 

 Table 10. FACS Aria III settings 

 

3.11. Software 

Name Provider 

Living Imaging Software Caliper Life Sciences, Waltham, USA 

MyIMouse BIOSLAVA GbR, Berg, Germany 

Graphpad Prism 9 GraphPad Software, San Diego, USA 

FlowJo v.10.6 BD FlowJo, Ashland, USA 

RStudio RStudio, Boston, USA 

MS Office Microsoft Corporation, Redmond, USA 

Biorender Biorender, Toronto, Canada 

Table 11. Software 
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4. Methods 

 

4.1. Mice  

4.1.1. Housing 

NSG mice were housed under specific pathogen-free (SPF) conditions in individually ventilated cages. 

Light cycle includes 12/12 hours. According to Annex A of the European Convention 2007/526 EC the 

temperature was 20-24°C and humidity ranges from 45 to 65%. A maximum of five mice were kept per 

cage in line with the policy Annex III of the 2010/63 EU. Mice had access to structural enrichment and 

unlimited food and water.  

4.1.2. End points 

The animals were inspected daily and scored weekly. When medium stress was reached, the animals 

were scored daily. Monitoring characteristics included body condition score (BCS), posture and 

movement, behaviour, grooming condition, eyes and respiration (see appendix). Human endpoints were 

a BCS of <1, marked lameness or inability to move. Animals with apathetic behaviour and no response 

to external stimuli, as well as swollen eyes or abdomen and panting, also led to termination. In treatment 

trials, a loss of body weight of more than 15 % over more than two days or of more than 20 % compared 

to the day of treatment initiation led to discontinuation. Mice that died under inhalation anaesthesia 

were excluded from further analyses. Mice that had disease unrelated to leukaemia were excluded from 

the studies, as were mice that did not show engraftment of human cells. 

 

4.2. The Patient Derived Xenograft Mouse Model 

Primary patient samples of ALL were transplanted into NSG mice to generate the PDX model for acute 

leukaemia. 

4.2.1. Engraftment and Expansion 

4.2.1.1. Thawing samples  

Frozen primary or PDX samples were thawed in 37°C water for 3 minutes. Then 1mg/ml DNAse, 

consisting of 6µl pure DNASe and 94µl PBS (phosphate buffered saline), are added. After mixing 1 ml 

FCS is added. Followed by 10ml PBS/2% FCS and one minute of incubation. Additionally, 30ml 

PBS/2% FCS is used and mixed and another minute is needed. The sample is centrifuged at 200g RT 

for five minutes. Supernatant is dissolved and 10ml fresh PBS added and cells are counted (see 4.5.1.2). 

4.2.1.2. Counting of cells using Neubauer counting chamber 

50µl sample is added to 400µl PBS and 50µl Trypanblue. Out of this mix 10µl are transferred to the 

Neubauer counting chamber and cells were counted. 

Each result out of one of four squares is added and divided with four to get the mean value. This number 

x multiplied with 10 = y. This number y divided with 100 to receive the number of cells in 1 ml.  
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4.2.1.3. Injection of cells 

Up to 1x107 fresh or cryopreserved primary human leukaemia cells, pre-leukemic cells or PDX cells 

are suspended in 100-150µl PBS and transplanted into the tail vein of non-irradiated 6-24 weeks old 

male or female NSG mice. 

4.2.1.4. Sacrifice with CO2 exposure 

Mice were sacrificed by carbon dioxide using the Quietek CO2 Induction Systems initially wat a flow 

rate of 20% of the chamber volume per minute for 5 minutes to anesthetized the animals. Followed by 

100% of the chamber volume per minute for additional 3 minutes to kill the mice. Death of the animals 

was determined before removal of organs or cervical spine. 

4.2.1.5. Sacrifice with cervical dislocation 

Mice were picked up and placed on the wire of the cage or flat surface. The thumb is placed on the 

neck. The cervical dislocation is performed by a rapid forward and downward thrust of the thumb while 

the tail is pulled backwards to stretch the body. Death was determined by palpating the region between 

occipital condyles and first cervical vertebra. Additionally, respiratory and heart rates were checked. 

4.2.1.6. Isolation of PDX cells from the bone marrow 

After sacrificing the mouse; tibia, femur, coxis, sternum and chorda spinae were extracted. Bones are 

crushed in a mortar and moisturize with 1-2ml PBS. The cells are transferred through a cell strainer into 

a 50ml Falcon that contains 10ml PBS. The suspension is centrifuged 5min, 400g at room temperature. 

The cell pellet was re-suspended in 10 ml PBS and used for further analysis.  

4.2.1.7. Isolation of PDX cells from the spleen 

After sacrificing the mouse, the spleen was extracted. The spleen was squashed through a cell strainer 

into a petri dish. The cell suspension is transferred through a cell strainer into a 15ml Falcon and filled 

up with 10ml PBS. The cell suspension was underlaid with a long needle including 10ml Ficoll. Cells 

were centrifuged 30min, 400g at 22°C. After centrifugation an interphase consisting out of mono-

nuclear cells appeared. This interphase was aspirated with a Pasteur pipette and transferred into a 15ml 

Falcon. Cells were washed with 10ml Falcon and centrifuged 10min at 400g, 22°C. Afterwards the cells 

were re-suspended in 10ml PBS and counted by using the Neubauer counting chamber.  

4.2.1.8. Passaging of PDX cells 

Patients’ leukaemia cells are transplanted into immunodeficient mice to generate the PDX model, as 

mentioned earlier. The leukemic cells were re-isolated from the bone marrow and spleen and re-injected 

into the next recipient mice for several passages to enable repetitive in vivo analyses. Furthermore, PDX 

cells are genetically engineered by lentiviral transduction.   

4.2.1.9. Genetically engineered PDX cells 

PDX cells were genetically engineered by lentiviral transduction.  The cells were marked with 

constructs expressing Cas9 and sgRNA libraries to enable CRISPR/Cas9 dropout screens. Enhanced 

firefly luciferase to monitor the leukaemia growth by using bioluminescence in vivo imaging. 

Fluorochromes and tags enabled distinction of the samples by their individual colour.  

PDX cells were isolated from mouse spleen or bone marrow and resuspend in medium. 10x106Cells 

were cultured in 1 ml and transferred into a 12-well plate.  4µl of the virus, including the construct, 

were added in the presence of 4µl polybrene. After 24 hours, cells were re-suspended and centrifuged 

5min, 400g at room temperature. Cells were washed 3 times with 14ml PBS, centrifuged at 300g, 5min 
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at RT. Afterwards re-suspended in 10 ml Stempspan II media and transferred into a T75 flask. After 5 

days aimed transduction efficiency of 30% was reached and injected into mice. 

Five PDX samples have been lentivirally transduced with different recombinant fluorochromes (see 

3.10) by Diana Amend, who designed and cloned the constructs for all five samples.  

 

4.2.2. Sorting  

After re-isolating cells from transduced samples, cells were sorted using the BD FACS Aria III. Up to 

1x106 Cells were suspended in 0,5ml PBS and sorted via fluorescent activated cell sorting. PDX samples 

were gated for living cells in the forward sideward scatter and then for the expressed fluorochrome. 

 

4.2.3. Flow cytometric analysis 

Flow cytometry describes the measurement of cells in a fluid stream detected by a light beam, 

determining physical properties of cells such as size, granularity or internal complexity and fluorescence 

intensity. The light signals are converted into an electronic signal that enables evaluation on a computer. 

(ADAN et al., 2017) 

Cells were analysed via flow cytometry using a BD LSRFortessa X20 or BD FACS Aria III. For the 

detection of the expressed fluorochromes (eGFP, iRFP, mCherry, mtagBFP, T-sapphire) and other 

fluorophores (APC, PE, BV7-11) the following laser settings were used (see 3.10). For the detection of 

H2K-k and tNGFR marked cells, cells were stained, as described below. 

4.2.3.1. Staining for flow cytometric analysis 

Cells marked with tags can be detected in flow cytometry due to a fluorescent dye which is conjugated 

to an antibody (VALTIERI et al., 1994). For the detection of H2K-k marked cells, 1 million cells were 

stained with 1 µl H2K-k Antibody, anti-mouse, APC. For NGFR marked cells, 1 million cells were 

stained with 5µl of Hu CD271 BV711 C40-1457 50µg. The cells were kept in the dark for at least 20 

minutes. After incubation, 1ml PBS was added in order to wash the cells and remove the antibody. After 

5 minutes centrifugation (400g RT) 100-200µl PBS were added and stained cells were measured in 

flow cytometry. 

 

4.2.4. Monitoring of engraftment 

4.2.4.1. Blood sampling for blood measurement 

Intravenous (i.v.): 

Mice were fixed in a restrainer and the tail vein was disinfected with 80% Ethanol. The needle (Gauge 

24-26) pierced the vessel and the blood (approx. 50µl) was collected in a Microvette 100 LH. Pressure 

was then applied to the puncture wound. 

Vena facialis: 

The animal was fixed in the neck grip and the cheek is tightened. A blood lancet was used to briefly 

puncture and release the tension. Up to 50 µl of the outflowing blood was collected with a Microvette 

100 LH. 



37 
 

4.2.4.2. Flow cytometric analysis for blood measurement 

To monitor the engraftment of human cells, 50µl blood was obtained from the tail vein. The sample 

was stained with 5µl CD45mu-APC and 5µl CD38hu-PE and incubated 30min at room temperature. 

After washing with 3ml FACS buffer and centrifuged at room temperature, 300g, the cells were 

measured via flow cytometry using BD LSRFortessa X20. Positivity for CD38 was used to detect ALL. 

4.2.4.3. Bioluminescence – monitoring engraftment of PDX cells 

The IVIS Lumina 2 was used to measure Bioluminescence and to monitor the engraftment of the 

leukemic cells in mice. Mice were anaesthetized with isoflurane in an inhalation chamber. For cells 

expressing a firefly luciferase, 150 mg/kg D-Luciferin was injected into the tail vein. The picture 

recording time ranged from 30 seconds to two minutes. A field of view of 12.5 cm with binning 8, f/stop 

1 and open filter setting was used as a standard setting. Pictures with more than 1000 counts were 

considered within the linear range and saturated pictures were repeated with reduced exposure time or 

reduced f-stop. 

4.2.4.4. Anaesthesia 

For in vivo imaging, animals were sedated with inhaled isoflurane. Initially, animals were placed in the 

anaesthesia chamber, flooded with 1.2 L/min of a mixture of oxygen with 5% isoflurane. After failure 

of the stellate reflex, the isoflurane concentration was reduced to 1.5%. The animals were placed on 

their backs in the imaging device and received anaesthesia via a tube with a funnel at the end, which 

was held directly in front of the nose of the anaesthetised animals. 

4.2.4.5. Quantification of BLI pictures 

The analysis of the bioluminescence pictures was conducted using the Living Image software. The 

region of interest (ROI) which is covering the whole mouse was use and total flux was determined.  

 

4.2.5. Competitive transplantation assay  

For the competitive transplantation assay five ALL samples (ALL-50, ALL-199, ALL-265, ALL-502 

ALL-1034) were thaw and mixed. Five PDX samples, “were multiplexed and aliquots injected into 

groups of mice (n=3-6). For post mortem analysis, PDX cells were re-isolated from murine bone 

marrow and absolute tumour burden of PDX cells was quantified by flow cytometry of exactly 1/10 of 

the bone marrow. Determining fluorochrome composition allowed quantifying the proportion, that each 

of the five samples contributed to the entire tumour load. In case of treatment, a response rate for each 

individual sample was determined by comparing cell numbers in treated versus control mice.” (HUNT 

et al., 2022) 

4.2.5.1. In vivo therapy trial 

One of the following drugs, see below, was dissolved and administrated via oral gavage or intra venous 

at the depicted concentration for the depicted time phrase. To depict the exact concentration the body 

weight was monitored before and during the therapy trial. Therapy started when total flux reached a 

certain value (total flux = 1x109 photons/seconds). 

Three experimental groups were set: 

1. Therapy start – these mice were sacrificed before the therapy started to determine the proportion of 

each sample to the entire tumour load in the beginning of the trial.  

2. Mice who received therapy and  
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3. The control group, which received solvent. 

The groups consist out of five to six animals each. 

 

Table 12. Treatment scheme of compounds used for multiplex in vivo preclinical trials 

 

4.2.6. Application and fixation methods 

Per os 

At first, the correct cannula size was determined. The cannula should not be longer than the distance 

from mouth to the middle of the stomach. The mouse was fixed in the neck scruff and was slightly 

overstretched backwards due to the usage of rigid cannulas. Application is advance into the stomach 

via the base of the tongue.  

i.v. 

A restrainer was used for fixation and the sample/substance is injected into the tail vein.  

s.c. 

The mice are hold in the scruff neck fixation. The neck fur is hold with thumb and index to inject into 

the resulting skin fold. 

 

4.3. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7 software. For in vivo studies the two-tailed 

t-test with Welch Correction was applied. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

 

 

  

Drug Concentration Route of 

application 

Amount Duration Function 

Venetoclax 

(ABT-199) 

100mg/kg p.o. 5x/week 2 Weeks BCL2 

Inhibitor 

Eltanexor 

(KPT-8602) 

15mg/kg p.o. 5x/week 2 Weeks 

 

XPO1 

Inhibitor 

S63845 25mg/kg i.v. 2x/week 2 Weeks MCL1 

Inhibitor 
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5. Results 

 

The general aim of a larger project was to develop a biomarker to predict treatment response for targeted 

therapies in individual patients with acute lymphoblastic leukaemia. According to the concept of 

targeted therapies, loss of a given target gene should predict treatment response to a drug targeting that 

same gene. We aimed to convert this concept into a biomarker for clinical use, using PDX models as 

surrogates. Here, CRISPR/Cas9 screens were performed with a customized library in PDX samples. 

The aim of the present subproject was to test the effect of selected targeted therapies against defined 

PDX ALL models in vivo and to correlate the results to existing data from gene dropout.  

 

5.1. Selection of drugs and compounds 

5.1.1. CRISPR/Cas9 screen in PDX reveal dependencies on a patient-individual 

manner  

Diana Amend transduced the stable Cas9 expressing PDX samples with the sgRNA library including 

the 146 targets with 5 sgRNAs per target with a low transduction efficiency of maximum 30%. Low 

transduction efficiency aims to result in single genomic integration. After enrichment of transgenic cells 

ex vivo, cells were injected into groups of mice. When overt leukaemia developed, mice were sacrificed, 

cells were re-isolated from bone marrow and spleen, and gDNA was isolated. Afterwards, DNA was 

sequenced using next-generation sequencing to determine the sgRNA frequency and analysed using 

MAGecK (Model-based Analysis of Genome-wide CRISPR-Cas9 Knockout) as described in Wirth et 

al (2022). Hereby, the following dependencies were detected: 

 

ALL-50 ALL-199 ALL-265 ALL-502 ALL-1034 

BCL2 BCL2 BCL2 BCL2  
MCL1 MCL1  MCL1  

XPO1 XPO1 XPO1 XPO1 XPO1 

Table 13. CRISPR/Cas9 dropouts in five PDX samples 

Now it was my task to investigate these dependencies in preclinical treatment trials using targeted drugs 

to determine if these drugs are effective in individual PDX samples in a way which correlated to the 

molecular data. 

5.1.2. Criteria’s for drugs to use in preclinical in vivo trials  

To correlate and individual dropout with response towards a targeting drug, a drug was selected while 

considering the following criteria: 

a. A specific and direct drug has to be available, implicating that the drug targets the gene directly and 

highly specific. A drug was excluded if it inhibits cross-connected pathways or if other targets in a 

pathway were co-targeted. For example, navitoclax targets BCL2 but also BCL-XL and BCL-WL, 

whereas venetoclax only inhibits BCL2 (ROBERTS et al., 2021), so venetoclax was selected.  

b. Literature of in vivo usage of the drug in mice was required, since we are not allowed to test 

substances without prior knowledge of toxicity and effectivity. 

 

As a result, venetoclax, S63845 and eltanexor, were selected for preclinical in vivo trials to correlate 

results with existing data from gene dropout BCL2, MCL1 and XPO1. 
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5.2. Establishing PDX models for the usage of multiplex in vivo assays 

In order to define prediction accuracy of molecular dropout screens as a biomarker to identify 

personalized targets for pharmacological approaches, the aim of the present study was to correlate 

existing data from CRISPR/Cas9 dropouts with preclinical in vivo treatment trials. Here, the molecular 

hits shall be correlated with a corresponding response towards a targeting drug. Additionally, the aim 

was to increase the efficiency of preclinical trials in vivo by simultaneously testing multiple individual 

samples in parallel in a single mouse (HUNT et al., 2022). As mentioned in 1.3.4 this in vivo assay is 

termed as “multiplex in vivo assay” in the present study. 

5.2.1. Selection of suitable PDX models 

In the hosting laboratory, 226 ALL patient samples had been transplanted into NSG mice, of which 138 

engrafted. 70 ALL allowed serial transplantation and thus are repetitively available for ex vivo and in 

vivo experiments.  

To enable multiplexing, the samples had to meet the following criteria: 

 

1. show a reliable engraftment of leukemic cells, to evaluate the response of drugs in a competitive 

approach and 

2. Show a similar passaging time, which indicates the time needed for each sample to develop overt 

leukaemia. In order to mix the cells, a similar passaging time was needed to ensure no suppression 

of slower samples within a mouse takes place. 

3. are transgenic for enhanced firefly luciferase to allow repetitive monitoring of leukaemia growth 

and treatment response using bioluminescence in vivo imaging (BLI) 

 

 

 

 

 

 

Table 14. Characteristics of ALL PDX samples 

5.2.2. Engraftment and passaging time of PDX samples 

To gain insights into the in vivo engraftment capacity of the PDX samples in the hosting laboratory, the 

internal mouse database was studied and data from 2014 until 2022 were analysed.  

First, engraftment capacity (mice with positive engraftment related to all transplanted mice) was 

determined, which ranges from 95.8% to 99.4% for the selected ALL samples. The best engraftment 

rate can be seen for ALL-50 with 99.4% and the least good ALL-265 95.8% (figure 2A). 

No Sample Age 

(Years) 

Sex Disease 

stage 

Leading genetic abnormality 

 

1 ALL-50 7 f diagnostic t(1;19) TCF3::PBX1 

 

2 ALL-199 7 f relapse germline +21; somatic homozygous 

9p deletion (CDKN2A); 

P2RY8::CRLF2 

3 ALL-265 5 f relapse High hyperdiploidy 

4 ALL-502 9 f relapse IGH::DUX4 

5 ALL-1034 20 m relapse ETV6::ABL1 (Ph-like) 
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Second, passaging time of each PDX sample was determined from mice injected between 2019 and 

2022. Here, only mice were included which were transplanted with Cas9 transgenic cells. Average 

passaging time of the selected samples ranged from 35 to 51 days.  

 

 
Figure 2. Engraftment characteristics of PDX samples 
a. Bar plots depicting percentage of transplanted mice with positive engraftment for each PDX sample. Positive engraftment 

indicates leukemic cells could be re-isolated after sacrificing mice. Mice were injected with a variety of cell numbers and 

analysed at different time points. ALL-50: n=169; ALL-199: n=638; ALL-265: n=571; ALL-502: n=81; ALL-1034: n=59. 

b. Box plots depicting passaging time. Mice were injected with 1x104 to 1x107 split-cas9 transgenic PDX cells, and sacrificed 

at overt leukaemia. ALL-50: n=12; ALL-199: n=14; ALL-265: n=12; ALL-502: n=10; ALL-1034: n=10. 

 

 

As a result, five ALL samples were included into the project. They show a reliable engraftment of 

leukemic cells, a similar passaging time and are transgenic for enhanced firefly luciferase. The selection 

of the samples includes all age classes for ALL and represents a variety of different genotypes. Material 

from patients with relapses predominate; one diagnostic sample is also present. 

 

 

 

5.3. Genetic labelling of individual ALL PDX samples with unique 

fluorochromes to allow multiplex in vivo assays 

 

Diana Amend transduced the five selected ALL samples with unique lentiviral constructs containing a 

fluorochrome (iRFP720, mTagBFP2, T-Sapphire) or molecular tag (tNGFR or H2-Kk) to allow 

tracking each sample in vivo over time by flow cytometric based readout in multiplexing trials (WIRTH 

et al., 2022). Fluorochrome and tag marked cells were enriched using flow cytometry activating cell 

sorting and transplanted into the next recipient mice. This step was repeated until at least 90% of the 

cells expressed of the fluorochrome or tag, after re-isolation from bone marrow and spleen. Transgenic 

samples were expanded and viable frozen for upcoming multiplex in vivo trials. 
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Figure 3. Labelling individual PDX samples with unique fluorochromes  
A. Five PDX samples were transduced with a unique fluorochrome. B. Exemplary gating strategy in flow cytometry. Gating 

for single cells and afterwards for the unique fluorochromes. Determining fluorochrome allows quantifying absolute 

numbers of individual samples composition. C. Exemplary construct - the construct consists of a barcode, EF1a promoter, 

luciferase, T2A self-cleaving peptide and individual fluorochrome or tag. 

 

5.3.1. A defined mixture is needed to enable multiplex in vivo assays  

This study aimed to increase the efficiency of preclinical trials in vivo by simultaneously testing multiple 

individual samples in parallel in a single mouse, using the multiplex in vivo assay. (HUNT et al., 2022)   

Since the samples showed a similar passaging time (see 5.2.2), I decided to inject the fluorochrome 

labelled samples in a homogeneous mixture. PDX cells from donor mice were thawed, mixed in a 1:1 

ratio, and transplanted into two groups of mice. Tumour outgrowth was monitored by in vivo 

bioluminescence imaging (BLI). Two different time points after transplantation, mice were sacrificed. 

PDX cells were re-isolated from bone marrow and amount each PDX sample was analysed by flow 
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cytometry. Flow cytometry data revealed that all samples engrafted homogeneously, despite ALL-502, 

which was overrepresented at both time points (figure 4A; 4B).  

Importantly, an increase of tumour burden between the two time points could only be seen in the 

samples ALL-50 and ALL-502, while ALL-265 and ALL-1034 remained stable, and ALL-199 even 

showed a reduction of tumour load (figure 4B). As this effect of a stop in tumour growth or even 

reduction of tumour load has never been observed in non-competitive trials with these data before (data 

not shown), we hypothesised that the overpopulation of ALL-502 might inhibit the other samples. 

Therefore, we concluded that an adjusted mixture might be necessary to circumvent this effect. 

Taken together, competitive transplantation of five PDX samples is possible. However, an adjustment 

of the injection mix is needed, to ensure a homogeneous distribution of all five samples in order to be 

able to analyse samples equally well. 

 

Figure 4. Competitive transplantation of five ALL PDX samples at a homogeneous ratio  
Amount of individual ALL PDX cells isolated from bone marrow (BM) of mice sacrificed 28 days (A, n=3) or 43 days (B, n=4) 

after transplantation. Each dot represents one mouse. Mean SEM+- is shown. 

 

5.3.2. Adjusted mixture ensures homogenous engraftment for multiplex in vivo assays  

Due to the fact, that ALL-502 showed an increased growth (see 5.3.1), an adjustment of the injection 

mixture was necessary; a disadvantage of a factor ten was chosen for ALL-502. Again, samples were 

thawed, counted, mixed and injected into groups of mice. Engraftment of cells was monitored using 

bioluminescence in vivo imaging. After different time points, mice were sacrificed. PDX cells were re-

isolated from bone marrow and spleen, and ratio of the PDX samples was analysed by flow cytometry.  

As expected, with increasing bioluminescence values, the number of leukemic cells increased both in 

bone marrow (figure 5A;5B) and in spleen (figure 5C).  

In spleen, however, leukemic cells were detectable only from day 21 on, while they were above flow 

cytometric detection limit in bone marrow at all analysed time points.  

The amount of PDX cells isolated from individual mice was homogeneous within a sample at each time 

point; however, the samples are heterogeneous in mice between samples at all-time points. It is not 

always the same sample with higher abundance. Differences are acceptable for this approach, as all 

samples can be analysed at each time point, and abundance of all samples increases over time.  

In summary, this mixture is suitable for further preclinical trials and ensures a homogeneous distribution 

of all five samples in order to be able to analyse samples equally well. 
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Figure 5. Competitive transplantation of five ALL PDX samples with an adjusted mixing ratio  
a. Percentage of ALL PDX cells (combined analysis of all samples) in bone marrow (BM) for all four time points. Each dot 

represents one mouse (n=3).  b. Absolute cell number of individual PDX cells in bone marrow BM 7, 14, 21 and 28 days after 

injection. Each dot represents one mouse. c. Absolute cell number of individual PDX cells in spleen (SPL) 21 and 28 days after 

injection. Each dot represents one mouse. 

5.3.3. Reproducibility of the multiplex in vivo assay  

This approach was then used in preclinical multiplex in vivo assays to test the efficacy of selected 

targeted therapies (see 5.4).  To understand if this new established approach showed reproducible results 

not only within a trial but also in independent experiments, I compared engraftment of the five samples 

at two time points in the three independent therapy trials explained below. 

As depicted in figure 6, competitive transplantation resulted in a homogeneous engraftment of each 

individual PDX sample in all three independent multiplex in vivo assays conducted in the present study 

(see 5.4). Especially the engraftment of ALL-199, ALL-502 and ALL-1034 was consistent and highly 

reproducible. Growth of ALL-50 and ALL-265 showed some variances between but not within the 

trials. These data indicate a stable system and strong reproducibility between experiments.  

With this approach, I established a novel competitive preclinical testing approach for ALL PDX in vivo. 

With this approach, the effect of a single drug can be determined in parallel in up to five different 

samples, allowing the reduction of resources by factor 5, in line with the 3 R concept. 
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 Figure 6. Summary of three independent multiplex in vivo trials 

Grey: mice sacrificed at the time point start of therapy (SOT) (n=18). Black: untreated mice (Control), sacrificed at the time 

point end of therapy (n=18). Each dot represents one mouse (mean±SEM). Figure combines data presented in figures 8, 11 

and 12. 

 

5.4. Preclinical multiplex in vivo assay to test the efficacy of selected 

targeted therapies  

 

Preclinical treatment trials were conducted using the multiplex in vivo assay. Selected targeted therapies 

were administrated to determine response of individual samples, and to determine if results of 

pharmacological testing correlate with dropout results of molecular targeting.  

5.4.1. Targeting BCL2 with venetoclax revealed response in two out of five ALL 

samples 

The molecular in vivo screens revealed a dropout of BCL2 in four ALL samples (ALL-50, ALL-199, 

ALL-265, ALL-502), suggesting a putative response in these samples towards an inhibition of this anti-

apoptotic protein, while one sample without a dropout in BCL2 might be resistant (ALL-1034).  

To determine if samples, which show a dropout of BCL2, are also sensitive towards a pharmacological 

inhibition of BCL2 in vivo, mice were treated with the specific BCL2 inhibitor venetoclax (ABT-199). 

PDX cells from donor mice were thawed, mixed as in 5.3.2, and transplanted into three groups of mice. 

Tumour outgrowth was monitored by in vivo bioluminescence imaging (BLI). 

 

 



46 
 

 
Figure 7. Experimental set up for multiplex in vivo preclinical treatment trials  
Mixed cells from five different ALL PDX samples labelled with a unique fluorochrome (see figure 3) were injected into three 

groups of NSG mice (“start of therapy”, “therapy” and “control” group, n=6 per group). Tumour burden was monitored by 

BLI. After successful engraftment, mice from start of therapy group were sacrificed, bone marrow was isolated, and absolute 

cell number of PDX cells before treatment start was measured by flow cytometry. Remaining mice were treated repetitively 

with either a specific drug or with solvent as control for two weeks. 4 to 5 days after stop of treatment, mice were sacrificed. 

For post mortem analysis, PDX cells were re-isolated from murine bone marrow and absolute cell number of PDX cells was 

quantified by flow cytometry of exactly 1/10 of the bone marrow. Determining fluorochrome composition allowed 

quantifying the number of cells, that each of the five samples contributed to the entire tumour load. In case of treatment, a 

response rate for each individual sample was determined by comparing cell numbers in treated versus control mice.  

 

 

All mice showed physiological behaviour and a good body condition. When leukaemia developed a 

defined leukaemia burden in BLI (total flux = 1x109 photons/seconds), the mice of time point start of 

therapy were sacrificed and analysed. Flow cytometry data revealed that all samples engrafted 

homogeneously (figure 8F).  

The other groups of mice were treated for 2 weeks with either venetoclax or solvent as control. Four to 

five days after the last dose, mice were sacrificed and bone marrow and spleen were analysed. Mice 

were in a good condition and showed physiological behaviour. 

The BLI signal was reduced in venetoclax treated mice compared to control mice at the end of therapy 

(figure 8A;8B). The total amount of human cells present in the bone marrow, i.e. the amount of five 

PDX samples, was also decreased in treated compared to control mice (figure 8C). These data indicate, 

that the mix of ALL PDX cells was reduced by the therapy in the treated mice. No significant reduction 

in spleen weight was observed after treatment (figure 8D). Body weight was minimally reduced in 

treated mice and constant in all mice (figure 8E), indicating that venetoclax therapy was well tolerated.  

Notably, the absolute numbers of ALL-50 and ALL-265 in bone marrow showed a drastic decrease in 

venetoclax treated mice compared to control, while ALL-199, ALL-502 and ALL-1034 showed no 

reduction of leukemic cells in venetoclax treated mice. This effect could be detected in flow cytometry, 

in cells isolated from bone marrow. Variances between mice were in general minor, with few exceptions 

in some treated mice (figure 8F).  

Strikingly, we can observe a leukemic cell reduction in ALL-50 and ALL-265, if we compare start of 

therapy cells with the treated cells. 

Taken together, a reduction of leukemic cells can be observed for ALL-50 and ALL-265, but not for 

ALL-199, ALL-502 and ALL-1034. These data indicate that venetoclax might cause cell death in ALL-

50 and ALL-265 and does not affect ALL-199, ALL-502 and ALL-1034 cells. 

In summary, the aim was to determine if samples, which show a dropout of BCL2, are also sensitive 

towards a pharmacological inhibition of BCL2 in vivo, which is true for two of five PDX samples.  
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Figure 8. Targeting BCL2 with Venetoclax with a novel multiplex in vivo assay  
Experiment was performed as described in figure 7. 21 days after injection, mice were treated with ten doses of venetoclax 

(100 mg/kg; n=6) or solvent as control (n=6) per os. Mice were sacrificed on day 44/45 after injection.  

a.Quantification of bioluminescence in vivo imaging signals of control (black) and venetoclax treated mice (red), diamonds 

indicate days of therapy. b. individual pictures on day 43 after injection. c. Percentage of human cells present in bone marrow 

(BM) in control and treated mice on day 44/45 after injection (mean ± SEM, p=0.0011 by Welch t-test). d. Spleen weight of 

control and treated mice on day 44/45 after injection (mean ± SEM, p=0.2182 by Welch t-test). e. Body weight of mice during 

therapy (mean). f. Analyses depicting each PDX population. Absolute cell numbers for each sample is indicated for BM. 

Comparison of mice time point start of therapy (grey) with control (black) and treated mice (red). Each dot represents one 

mouse. Mean ± SEM is shown. Statistical analysis was performed by Welch t-test: ALL-50: p=0.0022, ALL-199: p=0.0571, ALL-

265: p=0.0010, ALL-502: p=0.1499, ALL-1034: p=0.8693  

 

 

5.4.2. Preclinical treatment trial of a single PDX shows consistent results with the 

multiplex in vivo assay  

To quality control the novel established preclinical drug testing approach, and to assure, that the results 

are trustworthy, a classical preclinical trial was performed. Here, ALL-265 cells were injected into mice, 

which should be sensitive to venetoclax according to the multiplex in vivo trial. Mice were treated and 

analysed as in the multiplex trial, except that no mice for the time point therapy start were injected.  
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Figure 9. Experimental set up for a classical preclinical trial in ALL-265 

Experiment was performed as described in Figure 7, except that only ALL-265 cells were injected into mice, and no therapy 

start group was required.  
 
 

ALL-265 cells were thawed and injected into groups of mice. After 21 days, mice were treated for 2.5 

weeks with venetoclax or solvent control. Tumour burden was quantified by bioluminescence imaging. 

As expected, tumour burden of venetoclax-treated mice was reduced compared to control mice (figure 

10A). Body weight was stable during the study (figure 10B). 

For post mortem analysis, PDX cells were re-isolated from murine bone marrow as described.  

A significant reduction of human cells in the venetoclax treated mice in bone marrow (figure 10C) could 

be observed. Furthermore, both spleen weight and spleen size were reduced in the treated group (figure 

10D). These data imply a sensitivity of ALL-265 cells towards venetoclax.  

Taken together, the response of ALL-265 towards venetoclax was similar in the classical preclinical 

trial compared to the multiplex in vivo trial. Furthermore, I was able to demonstrate the consistency of 

a classical preclinical trial with the novel multiplex in vivo assay in ALL. This implies the further use 

of the approach and reduces mouse numbers. 
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Figure 10. Targeting BCL2 with venetoclax in ALL-265. 
Experiment was performed as described in figure 9. 

a.Bioluminescence in vivo imaging of control (n=3; black) and treated (n=3;red) mice (p=0.0017 by Welch t-test); diamonds 

indicate days of therapy b. Body weight of mice during therapy (mean). c-d. After 2.5 weeks of treatment, all mice were 

sacrificed and BM cells isolated. Absolute number of human cells in BM c. was measured in flow cytometry. Each dot 

represents one mouse. Mean ± SEM is shown; Statistical analysis was performed by Welch t-test: p= 0.0119 d. Spleen weight 

was measured. Mean ± SEM is shown (left; p=0.0346 by Welch t-test). Spleen size was determined (right). 

 

5.4.3. Targeting MCL1 with S63845 identified two sensitive ALL samples 

 

The molecular in vivo screen revealed a dependency of MCL1 in three ALL samples (ALL-50, ALL-

199 and ALL-502), suggesting a putative response in these samples towards an inhibition of the anti-

apoptotic protein, while two samples might be resistant. Therefore, a preclinical trial with the specific 

MCL1 Inhibitor S63845 was conducted. 

As in previous experiments cells were mixed and transplanted into groups of mice. Mice were in a good 

condition and showed physiological behaviour. Unfortunately, one mouse did not engraft and was 

excluded from the trial. One mouse engrafted slower and was included in the trial one week later. Five 

mice were sacrificed and analysed at start of therapy time point. Flow cytometry data depicts 

homogeneous engraftment (figure 11F). The other groups of mice were treated with either S63845 or 

solvent as control. 

At the beginning of the study, the body weight was constant, but during the therapy, the control group 

constantly lost weight, while the treated group had a rather constant weight with minimal deviations 

(figure 11E). 

Five to six days after the last dose, mice were sacrificed and analysed. In this study, the bioluminescence 

imaging signal did not show a reduction in treated compared to control mice (figure 11A,11B). 

Accordingly, no significant difference for the spleen weight and the human cells in bone marrow was 
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ascertained (figure 11C, 11D). These data indicate that the bulk of ALL PDX cells showed no response 

towards S63845.  

In bone marrow, the absolute numbers of ALL-50 and ALL-199 showed a reduction of leukemic cells 

in S63845 treated mice compared to control, while cells of ALL-265, ALL-502 and ALL-1034 were 

not altered. These data indicate that S63845 might inhibit cell growth in ALL-50 and ALL-199, but 

does not affect ALL-265, ALL-502 and ALL-1034 cells (figure 11F). 

When comparing therapy start with S63845 treated mice, it became obvious that all samples showed an 

increase in tumour cell burden even under therapy, albeit reduced compared to solvent control mice 

(Figure 11F). 

Overall, this experiment revealed the sensitivity of two PDX samples and resistance of three PDX 

samples towards the targeting drug S63845. 
 

 

Figure 11. Targeting MCL1 with S63845 using the multiplex in vivo assay 
Experiment was performed as described in figure 7. Mice were treated with four doses of S63845 (25 mg/kg i.v.; n=6; green) 

or solvent as control (n=6; black). Mice were sacrificed on day 39/40 after injection. 

a. Quantification of bioluminescence in vivo imaging signals of control (n=6) and treated mice (n=6 diamonds indicate days 

of therapy b. and individual pictures on day 38 after injection c. Percentage of human cells present in bone marrow (BM) in 

control and treated mice on day 39/40 (mean ± SEM, p= 0.8714 by Welch t-test)  d. Spleen (SPL) weight of control and treated 

mice on day 39/40 (mean ± SEM , p= 0.8531 by Welch t-test) e. Body weight of mice during therapy (mean). f. Analyses 

depicting each PDX population. Absolute cell numbers for each sample is indicated for BM. Comparison of mice time point 

start of therapy (grey) with control (black) and treated mice (green).  Each dot represents one mouse. Mean ± SEM is shown. 

Statistical analysis was performed by Welch t-test: ALL-50: p=0.0028, ALL-199: p=0.0257, ALL-265: p=0.1321, ALL-502: 

p=0.5176, ALL-1034: p=0.9804 by Welch t-test. 
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5.4.4. Targeting XPO1 with eltanexor displayed four sensitive ALL samples 

 

The molecular in vivo screen revealed a dependency for XPO1 in all five ALL samples. To target XPO1 

in vivo, the specific XPO1 inhibitor eltanexor (KPT-8602) was chosen.  

Experiment was performed as described (see 5.4.1; 5.4.3). When leukaemia developed a defined 

leukaemia burden in bioluminescence imaging start of therapy mice were sacrificed and analysed to 

examine the distribution between the populations within a mouse as described earlier. All populations 

engrafted similarly, as depicted in figure 12F. All mice showed physiological behaviour and a good 

body condition during therapy. 

The other groups of mice were treated for 2 weeks with either eltanexor or solvent as control. Four to 

five days after the last dose, mice were sacrificed and analysed.  

The bioluminescence imaging signal was significantly reduced in treated compared to control mice 

(figure 12A;12B). Accordingly, the total amount of human cells in the bone marrow, i.e. the amount of 

five PDX samples, was reduced in the treated mice compared to control mice (figure 12C). Furthermore, 

a significant reduction of the spleen weight was observed (figure 12D). These data suggest a putative 

sensitivity of ALL PDX cells towards eltanexor.  

A minimal body weight loss was observed. Only one mouse (86022) fluctuated with weight, which 

improved in the second week of therapy again (figure 12E) 

Notably, the absolute numbers of leukemic cells from ALL-50, ALL-199, ALL-265, and ALL-1034 

showed a drastic decrease in tumour burden in eltanexor compared to control treated mice in bone 

marrow. Amount of ALL-502 cells, was unchanged under therapy in bone marrow (figure 12F).  

When comparing therapy start with eltanexor treated mice, clear reduction of leukemic cell count was 

observed in ALL-199 and ALL-265; for ALL-50 and ALL-1034, number of cells was similar at both 

time points (figure 12F). These data indicate that eltanexor might cause cell death in ALL-199 and 

ALL-265, inhibits cell growth in ALL-50 and ALL-1034, and does not affect ALL-502 cells.  

In Conclusion, four of five PDX samples were sensitive towards the XPO1 inhibitor eltanexor, whereas 

one PDX sample was resistant. 
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Figure 12. Targeting XPO1 with eltanexor using the multiplex in vivo assay 
Experiment was performed as described in figure 7. Mice were treated with ten doses of eltanexor (15 mg/kg p.o.; blue) or 

solvent as control (black). Mice were sacrificed on day 39/40 after injection. 

a.Quantification of bioluminescence in vivo imaging signals of control (black) and treated mice (blue), diamonds indicate days 

of therapy b. and individual pictures day 38 after injection c. Percentage of human cells present in bone marrow (BM) in 

control and treated mice on day 39/40 after injection (mean ± SEM, p= 0.0001 by Welch t-test) d. Spleen (SPL) weight of 

control and treated mice on day 39/40 after injection (mean ± SEM , p=0.0133 by Welch t-test) e. Body weight of mice during 

therapy (mean). 

f. Analyses depicting each PDX population. Absolute cell numbers for each sample is indicated for BM. Comparison of mice 

time point start of therapy (grey) with control (black) and treated mice (blue).  Mean ± SEM is shown. Statistical analysis was 

performed by Welch t-test: ALL-50: p=<0.0001, ALL-199: p=0.0015, ALL-265: p=0.0002, ALL-502: p=0.4750, ALL-1034: p= 

0.0049 by Welch t-test. 
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5.5. Sample-specific correlation between molecular dependency and 

treatment response towards the respective drug  

 

After conducting preclinical trials, pharmacological response was analysed and compared to results 

from molecular dropout screens performed by Diana Amend. 

The CRISPR/Cas9 screen revealed a dropout of BCL2 in ALL-50, ALL-199, ALL-265 and ALL-502, 

whereas ALL-1034 did not show a dependency on BCL2. Therefore, we hypothesised that the first four 

samples should response towards a BCL2 inhibitor, while the latter one should be resistant. In line with 

this prediction, the therapy trial displayed a sensitivity towards venetoclax in ALL-50 and ALL-265, 

and a resistance in ALL-1034. For ALL-199 and ALL-502, however, the results from molecular and 

pharmacological trials did not match. For BCL2, the molecular-functional results correlated with the 

drug-functional results in three out of five samples (figure 8, table 15). 

As second target, the molecular in vivo screen revealed a dependency towards MCL1 in three ALL 

samples (ALL-50, ALL-199 and ALL-502); however, only ALL-50 and ALL-199 responded towards 

the inhibitor, while ALL-502 did not. ALL-265 and ALL-1034 were resistant towards the MCL1 

inhibitor as predicted by the screen. Therefore, the molecular-functional results correlated with the 

drug-functional result in four out of five samples (figure 11, table 15). 

Finally, XPO1 was detected as a putative dependency in all five samples; of those only four responded 

towards the XPO1 inhibitor (ALL-50, ALL-199, ALL-265 and ALL-1034). In summary, four of five 

molecular-functional results correlated with the drug-functional results (figure 12, table 15). 

Of note, prediction accuracy differed between the samples; while the results of molecular screen and 

treatment trial correlated in three of five PDX samples for all three tested target/drug pairs (ALL-50, 

ALL-265, ALL-1034), one sample showed a positive correlation only for two target/drug pairs (ALL-

199), and one sample revealed no correlation at all (ALL-502).  

In summary, a high correlation between molecular-functional and drug-functional results was possible 

in three of five samples. Further experiments are needed to understand why the two functional tests did 

not correlate at all for one tested sample.  

 
Table 15. Correlation of molecular dropout screens with pharmacological therapy trials 
Green: dropout/ drug response; Red: no dropout/no drug response. 
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6. Discussion 

 

Approaches to identify a biomarker for precision medicine remains challenging, still they are necessary 

to allocate patients to individualised, targeted therapies. Targeted therapies are required, due to the 

insufficient effectivity of conventional chemotherapy resulting in severe side effects and relapse 

(BAGNYUKOVA et al., 2010). Even though cure rates in ALL are improving, relapse remains 

challenging and results in poorer outcome, highlighting the need for novel treatment options 

(MULLIGHAN et al., 2008; SALVARIS & FEDELE, 2021). Until today, the usage of targeted 

therapies in ALL is rather minor, since only BCR::ABL inhibitors or immunotherapeutics targeting 

CD19 or CD22  are FDA approved, compared to other leukaemia entities, such as CLL or AML. 

In this study, the aim was to establish a molecular-functional approach in order to identify individual 

biomarkers and thereby define suitable drugs for individualised therapy. I tested the effect of selected 

targeted therapies in vivo and correlated the results with data from molecular CRISPR/Cas9 screens. 

Testing targeted therapies revealed the prediction accuracy of dropout screens. Furthermore, I 

established a novel preclinical drug testing approach for ALL using colour marked PDX samples. The 

multiplex in vivo assay allows simultaneous testing of up to five PDX samples. The usage of this 

approach resulted in a reduction of mice by a factor five. This approach was successfully used to test 

selected targeted therapies against defined PDX ALL models in vivo. 

6.1. Molecular and functional approaches using PDX cells can define 

biomarkers 

Within the last decades and years, several molecular and functional approaches have been established 

to identify individual biomarkers to facilitate effective individualised treatment for cancer patients. 

While some approaches have already entered clinical routine, others are still in development. 

Patients who present at the clinics with leukaemia-related symptoms undergo a haemato-pathological 

examination to diagnose leukaemia. Today, cytogenetics and molecular cytogenetics are part of the 

standard protocol as described (see 1). Conventional cytogenetics has its limitations in the insufficient 

quality of metaphases in leukemic cells, which can affect the characterization of chromosomal 

breakpoints. Conventional cytogenetics was then optimized by molecular cytogenetics, e.g. FISH, in 

which the detection of specific known nucleic acids takes place at the chromosomal level using specific 

probes. FISH is widely used to detect patients harbouring BCR::ABL translocation and these patients 

are assigned to BCR::ABL inhibitors, e.g. imatinib. (AVET-LOISEAU, 1999; BROWN et al., 2020)  

Karyotyping is used to detect chromosomal changes, but only up to a limited copy numbers size, which 

might be clinically relevant too (CUPPEN et al., 2022). However, these methods only allow a limited 

prediction of treatment options and the combination with limited available treatment options 

complicates the treatment. While there are many drugs existing, the biomarker to link the needed drug 

to the patient is not yet available. 

To circumvent the limitations of conventional and molecular cytogenetics, tumour material is 

sequenced on a genome and exome basis, as well as transcriptional profiling and copy number 

determination at the chromosome level to match patients to individualised treatment. (WORST et al., 

2016; VAN TILBURG et al., 2021). Especially ALL patients are often underrepresented in these trials, 

whereas for AML e.g. the BEAT AML study exists (BURD et al., 2020).  This might be due to the fact, 

that ALLs are mainly characterised by translocations and chromosomal aberrations compared to AML, 

which has a strong focus on mutations. However, these approaches are only based on descriptive data; 

therefore, a mere pre-selection is possible. In addition, genomic analyses are often insufficient to assign 

patients to matching treatment schemes, since retrospective studies identified a low response towards 
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current existing targeted therapies (PRASAD, 2016; MARQUART et al., 2018).  These data highlight 

the need for novel therapies, because many targets would be ‘druggable’, but matching inhibitors are 

still missing (JIANG et al., 2022). Furthermore, these techniques are expensive and time-consuming, 

making it difficult for clinicians to apply the acquired datasets in the clinic. 

Ex vivo drug testing is another tool for precision medicine. Patient primary material gets screened with 

a customized drug library and helps to assign patients to the targeting treatment scheme they could 

profit from (PEMOVSKA et al., 2013; ROIFE et al., 2016; SPINNER et al., 2020; MALANI et al., 

2022). This enables rapid testing of a large number of drugs in short time. There are already drug 

compound libraries for ex vivo approaches on the market, unfortunately, they are still restricted to 

research use. To my knowledge, there are currently no primary ALL tests used in the clinics (WANDER 

et al., 2022); however, ex vivo drug tests have already been performed on primary AML cells and 

patients subsequently assigned to appropriate treatments (MALANI et al., 2022). In the study of Malani 

and colleagues, results were promising and therefore current compound drug libraries restricted to 

research use, have a potential to be used in clinical trials in the future. However, primary samples show 

an altered proliferation ex vivo compared to in vivo, which may influence the results (NIJMEIJER et 

al., 2001; MITRA et al., 2013). Another drawback of ex vivo assays for haematological samples is the 

missing interaction with the niche and the bone marrow microenvironment and could be the reason for 

discrepancies seen in vivo (EBINGER et al., 2016; HOUSHMAND et al., 2019). In addition, we know 

from our own unpublished data, that especially ALL samples are technically difficult to keep in culture.  

To overcome the drawbacks from established techniques for predicting drug response of individual 

patient samples, we aimed to establish a molecular-functional approach in order to identify individual 

biomarkers and thereby define suitable drugs for individualised therapy. As a model system, we work 

with PDX cells. To establish and work with a PDX model, primary cells have to be transplanted into 

immunodeficient mice to avoid graft rejection; both the lack of immune cells and the differences 

between a murine and human bone marrow niche may influence the preclinical treatment trials. 

Humanised mouse models are being developed to enable a better interaction with the tumour 

microenvironment. Several studies have shown, that murine stroma can replace the human tumour 

stroma across mice strains, and thus might influence our scientific objective, too. (RICHMOND & SU, 

2008; SIOLAS & HANNON, 2013; HIDALGO et al., 2014; SAJJAD et al., 2021) 

Despite an altered microenvironment and absent immune system, the xenograft model is superior to the 

use of cell lines, since it enables the modelling of the complexity of primary tumours. Cell lines, show 

molecular and cellular deviations after prolonged culture and passaging compared to primary patient 

cells and PDX cells (PAN et al., 2009; SCHUELER et al., 2018; KUWATA et al., 2019). Since primary 

patient cell material is limited and cells face decomposition and viability loss, it makes it difficult to 

perform prolonged experiments ex vivo (MEIJER et al., 2017). Therefore, usage of the PDX models 

allows to amplify patient material and thereby facilitates repetitive and reproducible in vivo and ex vivo 

experiments. Consequently, multiple analyses, e.g. molecular and functional assays, can be performed 

from material obtained from individual patients.  

Meanwhile, a variety of established ALL PDX models are existing and successfully mimic the biology 

and of leukaemia in immunodeficient mice (KAMEL-REID et al., 1989; BORGMANN et al., 2000; 

LOCK et al., 2002; LIEM et al., 2004; TERZIYSKA et al., 2012; TOWNSEND et al., 2016). It has 

been shown that PDX models retain characteristics of primary ALL patient cells (SCHMITZ et al., 

2011; CASTRO ALVES et al., 2012) making them attractive for the usage for preclinical treatment 

trials. However, selection for certain cells, especially aggressive sub clones, takes place, which can be 

seen from the second PDX passage onwards (MEYER & DEBATIN, 2011; SCHMITZ et al., 2011). 

Dependent on engraftment time, insights can be gained within a few weeks. On the other hand, 

engraftment time and engraftment failure are a major challenge in establishing a PDX model 
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(HIDALGO et al., 2014). Here, we pre-selected for highly aggressive PDX samples with a fast 

engraftment (<50 days).  

Today, PDX models are widely used for preclinical treatment trials (LOCK et al., 2002; TOWNSEND 

et al., 2016; WIRTH et al., 2022). In an intertwined project performed by Diana Amend in the group, 

CRISPR/Cas9 dropout screens were performed to identify putative biomarkers for individual PDX 

samples. These screens revealed molecular dependencies on an individual basis. The aim of this project 

was to determine if these molecular dependencies correlate with drug response in preclinical treatment 

trials.  

 

6.2. Marking individual PDX samples with fluorochromes enables a novel 

preclinical drug testing approach for ALL  

Before clinical application, novel therapies require preclinical testing according to the FDA and the 

German Medical Products Act. Preclinical testing approaches are resource intensive considering mice, 

manpower and economics. Xenograft mouse models are well established for preclinical testing of 

chemotherapies (LOCK et al., 2002; LIEM et al., 2004; EBINGER et al., 2016; WIRTH et al., 2022) as 

well as for targeted therapies (GAO et al., 2015; POMPILI et al., 2016; TOWNSEND et al., 2016; LAU 

et al., 2022). In order to test selected targeted therapies in vivo, I aimed to increase the efficiency of 

preclinical testing.  

From primary patient material, PDX mouse models of ALL, which allow serial transplantation in 

immunodeficient NSG mice, were established, and five ALL PDX samples with different molecular 

alterations, but similar in vivo growth behaviour, were selected for the multiplexing approach. Reliable 

transplantation is necessary to evaluate the response to the drug correctly, and serial transplantation is 

necessary to genetically modify the cells. PDX cells were labelled with unique fluorochromes to later 

on distinguish between populations in a single mouse. Marking cells with a fluorochrome is a known 

tool to study cell clonality (WEBER et al., 2011; ZELLER et al., 2022) and is used for competitive in 

vivo approaches in the hosting laboratory (CARLET et al., 2021; GHALANDARY et al., 2022). In this 

approach, I used unique labelled PDX samples and injected a mix of five samples into groups of mice. 

For post mortem analysis, PDX cells were re-isolated from murine bone marrow and absolute tumour 

burden of PDX cells was quantified by flow cytometry. Determining the abundance of five 

fluorochromes allowed quantifying the amount of cells, that each of the five samples contributed to the 

entire tumour load. (HUNT et al., 2022)  

In the first mixing experiment, I detected growth discrepancies for some PDX samples and no increase 

in leukemic cells was observed from the first time point to the end of the experiment. One sample was 

overrepresented in the mix, and it might be that this sample repressed the growth of the other samples 

and thereby might influence the results (see 5.3.1). In order to ensure a reliable evaluation of the trials, 

another kinetic trial with an adjusted mixture was performed. Here the overrepresented sample was 

given a disadvantage and the other samples and their growth increase were equally detectable by flow 

cytometry (see 5.3.2). In summary, mixture adjustment is required to ensure a reliable evaluation of 

preclinical trials using the multiplex in vivo assay. A study from our laboratory, which published the 

first multiplex approach with five individual PDX samples, includes a sample which received an 

advantage due to slower engraftment, highlighting the importance of a known mixture (WIRTH et al., 

2022). The quality control (see 5.4.2) demonstrated that the samples do not enhance each other and 

therefore results are rated as reliable.  

Since no sequencing is required for fluorochrome labelled cells, mice can be analysed immediately after 

terminating treatment. Furthermore, if technical problems with equipment occurs, cells can be viable 

frozen and measured at a later time point. On the other hand, loss of viable cells due to freezing and 
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thawing should be considered. This would not affect the relative composition, but the absolute numbers 

of human cells. Nevertheless, this preclinical testing approach is limited to a number of samples that 

can be used, due to limited amount of fluorochromes and colour panel settings. Whereas marking cells 

with individual barcodes do not face a number limitation, but a more complex read out, including a 

PCR and further sequencing, which is time consuming. To my knowledge, no similar preclinical 

treatment studies have been published, besides the study of Wirth et al.  

With this approach, I was able to reduce the amount of mice in line with the 3R concept as appealed by 

Russell and Burch (RUSSELL & BURCH, 1959). I correlated three genes in five PDX samples with a 

sum of 54 mice (3 trials with 3 groups and 6 mice per group). Without the multiplex in vivo assay, a 

total amount of 180 mice would have been needed (3 trials with 5 individual samples with 2 groups and 

6 mice per group). As individual samples can be followed by BLI in our lab, no start of therapy group 

is needed in trials without multiplexing, which results in two instead of three groups compared to the 

multiplex in vivo assay. However, establishment of cells labelled with fluorochromes required 12 

additional mice, as well as the kinetic trial to optimize mixing conditions. Consequently, the sum of 

mice needed (n=85) used for establishment (n=31) and conduction of multiplex trials (n=54) is still less 

than half of the number of mice needed in a classical preclinical trial. The establishment was resource 

intensive, too; however, from now on it is a valuable tool for further preclinical treatment trials. I assume 

that this is an improvement for preclinical testing.  

Taken together, I successfully established a novel preclinical testing approach for ALL PDX samples. 

With this promising approach, I was able to determine the efficacy of three targeted drugs on five 

individual samples in parallel, which reduced the resources by factor five. This approach is a valuable 

tool to perform further preclinical treatment trials, independently of a correlation with CRISPR/Cas9 

screens.  

 

6.3. Biomarkers identified by molecular screens correlate with drug 

response in most tested samples 

Diana Amend identified three genes that showed a dropout in at least two patient samples. I then 

performed in vivo therapy trials to understand if results from dropout screens correlate with drug 

response. As a certain correlation is given, screens were used as a biomarker to predict drug response. 

One gene that showed a dropout in four out of five ALL PDX samples was BCL2 (see 5.1.1). As 

mentioned in 1.4.3.1 the overexpression of BCL2 is known in haematological malignancies 

(COUSTAN-SMITH et al., 1996; ROBERTSON et al., 1996; ROBERTS et al., 2021). Pharmacological 

response towards venetoclax correlated with the CRISPR/Cas9 screen in three out of five cases. One 

explanation might be that the cellular effects of a knockout are much stronger than a pharmacological 

inhibition. Furthermore, the effects of the knockout were analysed after 5-6 weeks of growth in mice, 

while treatment only lasted for two weeks. I assume that patients could profit most from a specific 

BCL2 inhibitor if the drug also reduces tumour burden as in samples ALL-50 and ALL-265 (see figure 

8F). But also, the patient ALL-1034 may benefit from the screening approach, as they would have been 

immediately ruled out for a BCL2 inhibitor and could have been allocated to other specific targeted 

treatments.  

The CRISPR/Cas9 screen yielded MCL1 as a dependency in three out of five PDX samples. MCL1  has 

a high oncogenic potential and counts to the anti-apoptotic BCL2 family proteins as BCL2. MCL1 is 

known to be highly expressed in haematological malignancies (GORES & KAUFMANN, 2012; 

WANG et al., 2021). To target MCL1 pharmacologically in vivo, PDX samples were treated with the 

specific MCL1 inhibitor S63845 (KOTSCHY et al., 2016). The correlation highlights that the 
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CRISPR/Cas9 screen was able to predict the response and resistance towards a MCL1 inhibitor in four 

out of five PDX samples. Again, ALL-502 was resistant, contrary than predicted by the screen.  

Importantly, intensity of the response in the sensitive samples was minor and may not be clinically 

relevant, strengthening the assumption that the knockout is too strong and the drug response is 

overestimated. An increase of the drug dose might result in a stronger response. However, due to legal 

limitations, our laboratory is only allowed to test published concentrations. Moreover, a stronger effect 

could be achieved when combining venetoclax and S63845, as successfully demonstrated in T-ALL 

cell lines and xenograft models of B-ALL (LI et al., 2019; MOUJALLED et al., 2020; SEYFRIED et 

al., 2022). Furthermore, patients with a dropout of MCL1 could benefit from a treatment regimen 

combining S63845 and conventional chemotherapy, as it has been demonstrated, that inhibiting of anti-

apoptotic proteins can strengthen the effect of conventional chemotherapy (POTTER et al., 2021).  

It is striking that two genes of the BCL2 family were detected as dependencies. Here, BH3 profiling 

would have been an option to detect BCL2 and MCL1, too. BH3 profiling is based on the binding of 

BH3 peptides to BCL2 family proteins involved in the regulation of apoptosis and measures apoptosis 

induction (DENG et al., 2007). Seyfried and colleagues were able to demonstrate an association 

between high BCL2 gene expression and a strong response towards venetoclax ex vivo and in vivo, 

while high expression at the transcript and protein level was not associated with a strong response to 

the drug. A major advantage of BH3 profiling is, that no cultivation of primary cells is required, only a 

small number of cells is needed, non-invasive cell gaining is sufficient, and results can be available 

within a few hours. (SEYFRIED et al., 2019; MANZANO-MUNOZ et al., 2022) Therefore, BH3 

profiling could be a valuable biomarker for clinicians to guide the use of BH3 mimetics, such as 

venetoclax or S63845. 

XPO1 is another dependency revealed through the CRISPR/Cas9 drop out (see 5.1.1). In order to 

correlate results from the preclinical trials with the CRISPR/Cas9 screen in vivo, a study with the XPO1 

inhibitor eltanexor was conducted (see 5.4.4). Four of five PDX samples were sensitive towards the 

XPO1 inhibitor, with a clear drop in tumour burden in three of the sensitive samples. Here, the intensity 

of response towards eltanexor differed between the samples. Again, ALL-502 was the sample where 

screen results did not correlate with the preclinical data. As mentioned above, a possible treatment 

schedule for ALL-502 could be conventional chemotherapy in combination with eltanexor. Eltanexor 

is currently only tested in one clinical trial, recruiting AML patients among other neoplasia’s 

(NCT02649790). My and other groups data showed efficacy of eltanexor in preclinical ALL cells 

(VERCRUYSSE et al., 2017; GOVAERTS et al., 2021); consequently, I see a strong potential for ALL 

patients and more investigation towards clinical trials with ALL patients is needed.   

The leukaemia of patient ALL-502 might be a particularly severe form of leukaemia since it engrafts 

faster (see 5.3.1). This sample is striking in all preclinical trials conducted in this study. It can be 

discussed, that ALL-502 already reached its leukemic plateau in bone marrow when therapy starts. 

Therefore, an earlier time point of treatment would be needed. On the other hand, this is not in line with 

our own unpublished BLI data. Therefore, I conclude that the knockout is too strong and overestimates 

the efficacy of a drug. Vice versa, this states the importance for the need of even more specific drugs. 

Taken together, the correlation of preclinical studies with CRISPR/Cas9 screen data revealed that the 

dropout is stronger than a drug. Consequently, this resulted in an overestimation of the drug efficacy. 

However, the results of the present study highlight that the CRISPR/Cas9 screens can predict a drug 

response on an individualised basis, but not the intensity of response. Here, the importance of 

individualised precision medicine is strengthened by the screen, since the PDX samples displayed 

different dependencies and heterogeneous response towards drugs. However, we have not yet tested 

this approach on primary patient cells, so it is difficult to compare our approach with those routinely 

used in the clinic.  
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Using CRISP/Cas9 screens, genes were identified on a patient-individual basis. These individual 

dependencies were addressed with specific inhibitors, and in the further course, it would be interesting 

to see whether these inhibitors can sensitise the cells towards conventional chemotherapy. 

Due to the limitation that the intensity of the drug response cannot be predicted, an optimisation of the 

CRISPR/Cas9 screens might be required, e.g. shortening the time for read-out, so that the intensity 

would be predictable. This was not part of the project, but could be interesting for future studies. In 

addition, the specificity of targeted drugs needs to be optimised. 
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7. Summary 

Establishing multiplex in vivo assays in a xenograft mouse model of acute leukaemia to correlate 

preclinical treatment trials with molecular screens 

Acute leukaemia is a rare disease, but the number of cases reported each year is steadily increasing. 

Standard therapy includes classical chemotherapy, which most patients respond to at the beginning. 

However, a major problem is relapse, which is associated with a poorer prognosis, so better treatment 

options are urgently needed.  

With advances in sequencing technology, more and more molecular features can be identified. As a 

result, patients benefit from more specific diagnostics and can be matched to potential specific treatment 

options. The number of targeted inhibitors has been increasing for years, and while there are many drugs 

existing, the biomarker to link the needed drug to the patient is not yet available. 

In the present study, the results of molecular dropout screens were used as a basis. The aim of the 

present study was to test the effect of selected targeted therapies against five PDX ALL models with 

different molecular alterations. Specific inhibitors were used to determine whether the molecular screen 

could predict a response to an inhibitor and results were correlated with the existing data from molecular 

screens. 

In order to preclinically test novel therapies, this work aimed to increase the efficiency of preclinical 

therapy trials. I was able to establish a multiplex protocol for in vivo treatment trials, allowing up to five 

ALL-PDX samples to be tested simultaneously in competitive in vivo trials. Flow cytometry was used 

to detect individual samples and investigate response towards targeting drugs. With this method, I was 

able to test three targeted therapies in vivo, while reducing the required number of mice by a factor of 

five, in line with the 3R concept.    

Detected dependencies in vivo were BCL2, MCL1 and XPO1. The correlation of in vivo therapy trials 

with the molecular functional results was high, with a positive correlation in three of five samples for 

all tested target / drug pairs, one sample with two positive correlations, and only one sample with no 

correlation between the two independent approaches. However, the PDX samples responded differently 

to the specific inhibitors, which highlights the concept of personalised medicine. Furthermore, the 

results state that the screen overestimates the efficacy of the drug. 
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8. Zusammenfassung 

Etablierung von Multiplex in vivo Tests in einem Xenograft-Mausmodell für akute Leukämie zur 

Korrelation von präklinischen Behandlungsversuchen mit molekularen Screens 

Die akute Leukämie ist eine seltene Krankheit, aber die Zahl der jährlich gemeldeten Fälle nimmt stetig 

zu. Zur Standardtherapie gehört die klassische Chemotherapie, auf die die meisten Patienten zu Beginn 

ansprechen. Ein großes Problem sind jedoch Rückfälle, die mit einer schlechteren Prognose verbunden 

sind, so dass dringend bessere Behandlungsmöglichkeiten benötigt werden.  

Mit den Fortschritten in der Sequenzierungstechnologie können immer mehr molekulare Merkmale 

identifiziert werden. Infolgedessen profitieren die Patienten von einer spezifischeren Diagnostik und 

können auf mögliche spezifische Behandlungsoptionen abgestimmt werden. Die Zahl der 

zielgerichteten Inhibitoren nimmt seit Jahren zu, und obwohl es bereits viele Medikamente gibt, ist der 

Biomarker, der das benötigte Medikament dem Patienten zuordnet, noch nicht verfügbar. 

In der vorliegenden Studie wurden die Ergebnisse von molekularen Dropout-Screens als Grundlage 

verwendet. Ziel der vorliegenden Studie war es, die Wirkung ausgewählter zielgerichteter Therapien 

gegen fünf PDX-ALL-Modelle mit unterschiedlichen molekularen Veränderungen zu testen. Es wurden 

spezifische Inhibitoren verwendet, um festzustellen, ob die Screens ein Ansprechen auf einen Inhibitor 

vorhersagen können und die Ergebnisse wurden mit den vorhandenen Daten aus molekularen Screens 

korreliert. 

Um neuartige Therapien präklinisch zu testen, zielte diese Arbeit darauf ab, die Effizienz von 

präklinischen Therapieversuchen zu erhöhen. Es gelang mir, ein Multiplex-Protokoll für in vivo 

Behandlungsversuche zu entwickeln, mit dem bis zu fünf ALL-PDX-Proben gleichzeitig in 

konkurrierenden in vivo Versuchen getestet werden können. Mittels Durchflusszytometrie konnten die 

individuellen Proben erkannt werden und das Ansprechen auf die Medikamente bestimmt werden. Mit 

dieser Methode konnte ich drei zielgerichtete Therapien in vivo testen und gleichzeitig die Anzahl der 

benötigten Versuchsmäuse um das Fünffache reduzieren, ganz im Sinne des 3R-Konzepts.    

In vivo wurden Abhängigkeiten für BCL2, MCL1 und XPO1 festgestellt. Die Korrelation der in vivo 

Therapieversuche mit den molekularen funktionellen Ergebnissen war hoch, mit einer positiven 

Korrelation in drei von fünf Proben für alle getesteten target-drug Paare, einer Probe mit zwei positiven 

Korrelationen und nur einer Probe ohne Korrelation zwischen den beiden unabhängigen Ansätzen. 

Allerdings sprechen die PDX-Proben unterschiedlich auf die spezifischen Inhibitoren an, was das 

Konzept der personalisierten Medizin unterstreicht. Außerdem zeigen die Ergebnisse, dass der 

molekulare Screen die Wirksamkeit des Medikaments überschätzt, da der dropout stärker ist. 
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Appendix 

 

Score Sheet during therapy 

 

Parameter 
Beobachtung (Score gilt, wenn eine oder mehrere der 
genannten Bedingungungen beobachtet wird/werden) 

Score 

Gewichtsverlust 

<5% 0 

≥5%   und <10% 1 

≥10% und <15% 3 

≥15% und <20% 5 

≥20% 6 

Haltung und 
Bewegung 

normale Bewegung, belastet alle 4 Gliedmaße gleichmäßig 0 

Kauerhaltung, geringgradige Rückenkrümmung, geringgradig 
verlangsamte Bewegung 

1 

mäßige Rückenkrümmung, Kopffehlhaltung, vorsichtiger Gang 3 

ausgeprägte Rückenkrümmung, aufgezogene Bauchdecke, 
eingezogene Flanken, schwankender/schleppender Gang, 
deutliche Lahmheit, bewegungsunfähig, Seitenlage 

6 

Verhalten 

aufmerksam, aktiv, neugierig, normale Sozialkontakte 0 

erhöhte Aktivität, eingeschränkte Aktivität 1 

Aggressivität, Stereotypien (z.B. Kreislaufen) 3* 

Apathie, fehlende Reaktion auf äußere Reize 6 

Aussehen/Pflege
zustand 

Fell glatt und glänzend, Haut intakt, sauber und gepflegt 0 

Elefantenzähne, Haarverlust, kahle Stellen, 
gesträubtes/struppiges Fell 

1 

schmutziges/stumpfes Fell, oberflächige Hautläsionen <2cm² 3 

blutige/offene Wunden (> 1 cm²), großflächige Hautläsionen 6 

Solider Tumor 

nicht tastbar, normales Fell 0 

0 - 1 cm 1 

≥1 - 1,5 cm, Abreibung, Rötung 3 

≥1,5 cm, Ulzeration 6 

Augen 

offen, sauber, klar 0 

klarer Tränenausfluss, Augen vorübergehend 
zusammengekniffen 

1 

Augen geschlossen/gerötet, eitriger Ausfluss 3 

Auge matt/trüb/eingesunken, Auge und/oder periorbitaler Bereich 
deutlich geschwollen/blutig, Bulbus tritt vor 

6 

Atmung 

gleichmäßig und regelmäßig 0 

geringgradig erhöhte Atemfrequenz 1 

Atemgeräusche 3 

abdominale Atmung, Maulatmung, Schnappatmung 6 
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Einzel
- 

Score 

Score- 
Summe 

Belastung Handlungsanweisung Maßnahmen 

0 0 keine keine spezifische Anweisung keine 

1 2 geringe 

Der Projektleiter, seine 
Vertretung 

und/oder ein Tierarzt sind 
hinzuzuziehen 

keine 

3 3, 4 mittlere 

Der Projektleiter, seine 
Vertretung 

und/oder ein Tierarzt sind 
hinzuzuziehen. 

Ist keine Verbesserung 
innerhalb von 72 Stunden zu 

beobachten, wird das Tier 
tierschutzgerecht getötet 

Kontrollfrequenz auf 2x 
täglich erhöhen. Die 
Tiere erhalten bei 

Gewichtsverlust > 10% 
immer, sonst bei Bedarf: 
Flüssigkeit (isotonische 
Kochsalz-lösung), bei 
Gewichstverlust ≥15% 
und <20% Gabe von 

Meloxicam oral 5mg/kg 
alle 12 bis 24 Stunden. 

3*  mittlere 
Tiere werden in Einzelkäfige gesetzt und zusätzliches 

Enrichment zur Verfügung gestellt (rotes 
Maushäuschen) 

5 5-8 schwere 

Der Projektleiter, seine 
Vertretung 

und/oder ein Tierarzt sind 
hinzuzuziehen. 

Ist keine Verbesserung 
innerhalb von 72 Stunden zu 

beobachten, wird das Tier 
tierschutzgerecht getötet 

bei Gewichtsverlust > 
10% immer, sonst bei 

Bedarf: Flüssigkeit 
(isotonische Kochsalz-

lösung), bei 
Gewichstverlust ≥15% 
und <20% Gabe von 

Meloxicam oral 5mg/kg 
alle 12 bis 24 Stunden. 

6 >9 
sehr 

schwere 
Tier unverzüglich 

tierschutzgerecht töten 

Projektleiter informieren 
Und Kadaver zur 
Organentnahme 

aufbewahren 
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