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2. Introductory summary  

2.1 Challenges for successful CAR T-cell therapy 

The clinical success of autologous T cells genetically engineered to express a chimeric antigen 

receptor (CAR) against CD19 has revolutionized the treatment of certain cancer types and 

provides a curative treatment option for patients with otherwise dismal prognosis (1, 2). CD19 

CAR T cells are usually produced by transducing T cells of the patient with a retro- or lentiviral 

construct encoding for an anti-CD19 single chain variable fragment (scFv) fused to costimulatory 

domains (i.e. CD28 or 4-1BB) and CD3zeta as part of the T-cell receptor (TCR) complex (3). 

Clinical studies led to FDA (U.S. Food and Drug Administration) and EMA (European Medicines 

Agency) approval of CD19 CAR T cells for the treatment of advanced B-cell malignancies in 2018 

(4, 5). Nevertheless, despite >90% initial response rates in pediatric patients with 

relapsed/refractory B-cell precursor acute lymphoblastic leukemia (BCP-ALL), long-term 

remission rates dropped to about 50% in clinical studies due to relapse after CAR T-cell treatment 

(6, 7). Moreover, successful treatment with CAR T cells can be hampered by a variety of technical 

and biological challenges (figure 1): 1) Production failure of CAR T cells has been reported in up 

to 9% of the cases (8). 2) Antigen escape such as down-regulation of CD19 or outgrowth of CD19 

splice variants can result in CD19- relapse (9, 10). 3) Toxicity of CD19 CAR T cells, in particular 

cytokine release syndrome (CRS) and neurotoxicity, can limit applicability (7). 4) Exhaustion, in-

sufficient expansion and decreased persistence of CAR T cells due to both, T-cell intrinsic and 

extrinsic factors, can lead to CD19+ relapse (11). 5) CAR T-cell therapy of solid tumors remains 

an unmet challenge due to lack of suitable antigens, tumor heterogeneity and difficulties in T-cell 

tumor invasion and persistence caused by the immune-suppressive tumor microenvironment 

(12). 
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Figure 1: Challenges for CAR T-cell therapy. Created with BioRender.com. 

This thesis addresses two of the major challenges. The first part will investigate how to produce 

a highly functional, standardized CAR T-cell product with favorable T-cell phenotype from 

peripheral blood of pediatric leukemia patients. The second part will evaluate the interaction of T 

cells with leukemic cells and introduces examples for how to improve current CAR T-cell therapies 

to break leukemia-mediated resistance. 

2.2 Paper I: Automated CAR T-cell manufacturing for pediatric 

patients 

2.2.1 Introduction 

Manufacturing of CAR T cells is a time-consuming and complex procedure typically involving T-

cell isolation, activation, lenti- or retroviral transduction and expansion (3). Before 2018, most of 

the protocols for large scale CAR T-cell production involved large culture flasks (i.e. G-Rex flasks), 

bioreactors or bags for expansion and a variety of open hands-on steps (13, 14). In order to 

standardize the production, Miltenyi Biotec had developed the CliniMACS Prodigy, a closed GMP-

compatible (Good Manufacturing Practice) system for clinical scale manufacturing of CAR T cells 

(15, 16). The system had been tested and optimized using cell products from healthy donors but 

hadn’t been tested with samples from pediatric leukemia patients yet. Thus, we aimed to test the 

process using 100-120 ml of peripheral blood from patients who were recently diagnosed with 

leukemia. Moreover, as studies suggested that CAR T-cell proliferation and persistence in the 

patients are crucial for a beneficial long-term outcome (17), we investigated the phenotype and 

expression level of exhaustion markers on the T cells and aimed to produce T cells with a 

favorable phenotype (18, 19) and high proliferative capacity upon repetitive antigen encounter. 

2.2.2 Methods and Results 

CD19 CAR T cells were successfully generated from peripheral blood of four pediatric patients 

using the CliniMACS Prodigy. T cells were isolated using CD4/CD8 microbeads, activated, 

lentivirally transduced with a 2nd generation CD19 CAR (4-1BB/CD3zeta) and expanded until day 

12 after activation. CAR T-cell manufacturing at clinical scale was successful in 4/4 patients. The 

final product showed a mean transduction rate of 27% and a T-cell phenotype of mostly stem cell-

like and central memory T cells. Leukemic blasts were not detectable in the final product, although 

2/4 patients had >60% leukemic cells in their peripheral blood at timepoint of sample collection. 

Expression of exhaustion/co-inhibitory markers in the final product was low except for TIM-3 (T-

cell immunoglobulin and mucin-domain containing-3). T cells from the final product showed high 

anti-leukemic functionality in vitro and strong proliferative capacity even after multiple antigen 

encounter. CAR T cells displayed a strong Th1 cytokine profile with increased secretion of IFN- 

(Interferon gamma), TNF- (Tumor Necrosis Factor alpha), IL-2 (Interleukin-2) and GM-CSF 
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(Granulocyte-Macrophage Colony-Stimulating Factor). IL-6 production was low supporting 

previous reports that CAR T cells are not the major source of IL-6 in clinical CRS (20). CAR T-

cell counts in the final product would have been sufficient to treat a 100 kg patient with a dose of 

up to 5e6 CAR T cells/kg body weight. In conclusion, CD19 CAR T-cell generation in a partly 

automated closed system for GMP-grade manufacturing was successful and yielded highly 

functional CAR T cells even from small pediatric patient samples. 

2.2.3 Discussion 

Automated and standardized manufacturing of CAR T-cell products at clinical scale has been 

challenging in the past and a variety of different production and expansion protocols have been 

utilized. Here, we verified that a partly automated closed system (15, 16) can be used even when 

starting with complex patient samples which consist of a variety of different cell types including 

leukemic blasts. Until now, CAR T-cell generation is still routinely done by using leukapheresis 

products from patients, a process which can be complicated due to the clinical situation of the 

patients. In this paper, we showed that peripheral blood as initial source can be used at least in 

older children. The presence of leukemic blasts in the leukapheresis or initial blood product can 

be concerning according to case reports about potential viral transduction of malignant B cells 

and subsequent CD19- relapse in patients (9). In our study, we weren’t able to detect leukemic 

blasts at the end of the culture process, but as the staining was done with a conventional CD19 

antibody and due to limited sensitivity of flow cytometry, we cannot fully exclude that this 

phenomenon can happen in patient samples with remaining blasts at timepoint of production start. 

Thus, optimizing the T-cell selection protocols for these patients is crucial. Besides remaining 

leukemic cells, patient samples can be challenging for a variety of other reasons such as non-

homogenous starting material and T-cell exhaustion due to prior treatment. Nevertheless, our 

study has shown that CAR T-cell production using the CliniMACS Prodigy is feasible not only 

using samples from healthy donors but also with more complex patient samples. T cells in the 

final product showed high anti-leukemic functionality and proliferative potential as well as low 

expression of inhibitory molecules except for TIM-3. The CliniMACS Prodigy has since been used 

to produce CARs with a variety of specificities and clinical studies are ongoing (21, 22). 

2.3 Paper II: The role of TIM-3 for anti-leukemic T-cell 

responses 

2.3.1 Introduction 

Although pediatric leukemia is considered a malignancy with low immunogenicity and low 

mutational load (23), earlier studies from our group had shown that leukemic cells can 

overexpress both, co-stimulatory and co-inhibitory immune checkpoint molecules (24). Moreover, 

bone marrow T cells of pediatric BCP-ALL patients can overexpress PD-1 (Programmed cell 

death protein 1) and TIM-3 and this expression can be increased by induction of a T-cell response 
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using the bispecific T-cell engager Blinatumomab (anti-CD3/CD19) (24). Thus, we were 

interested in more systematically studying the role of co-inhibitory immune checkpoints for 

prognosis and treatment of pediatric BCP-ALL. TIM-3 was in particular interesting because we 

had observed high TIM-3 expression on CAR T cells in paper I and TIM-3 (together with PD-1) 

was described to be overexpressed and associated with dismal prognosis in adult acute myeloid 

leukemia (AML) (25). TIM-3 has first been identified as an anti-inflammatory immune checkpoint 

on CD4+ and CD8+ T cells (26). Its known binding partners are HMGB1 (high mobility group box 

1 protein), PtdSer (phosphatidylserine), CEACAM-1 (carcinoembryonic antigen-related cell 

adhesion molecule 1) and Galectin-9 (27-29). TIM-3 expression can be upregulated by 

inflammatory cytokines such as IL-2, -7, -12, -15, -21, -27 and TGF- (Transforming Growth 

Factor beta) (30-33). TIM-3 is essential for immune tolerance in the context of auto-inflammatory 

disease and TIM-3 blockade by antibodies can lead to macrophage activation and experimental 

autoimmune encephalitis (26, 34, 35). In the context of chronic viral infections, TIM-3 was found 

to be expressed on exhausted and dysfunctional CD8+ T cells (36, 37). In malignant disease, 

increased TIM-3 expression was observed on tumor-infiltrating lymphocytes in a variety of 

different solid tumors and was associated with T-cell dysfunction (38-40). Right before submission 

of this paper, presence of PD-1+/TIM-3+ CD4+ T cells was shown to define a patient group with 

dismal prognosis in adult ALL (41), but TIM-3 expression had not been systematically studied in 

bone marrow samples from pediatric BCP-ALL before. 

2.3.2 Methods and Results 

We characterized leukemic cells and bone marrow T cells from 100 pediatric BCP-ALL patients 

and 13 healthy controls by flow cytometry and RNA sequencing. Follow-up data including relapse-

free survival was available for all patient samples (median follow up of 7.8 years). Bone marrow 

was taken at timepoint of initial diagnosis before start of treatment. We found that CD4/CD8 ratio 

of bone marrow T cells was shifted toward a predominance of CD4+ cells in the bone marrow of 

patients compared to healthy controls. Moreover, we found significantly higher percentages of 

terminally differentiated CD62L-/CD45RO- T cells in the bone marrow of patients. PD-1 and TIM-

3 were not significantly upregulated on T cells of BCP-ALL patients, but patients with future 

relapse of leukemia had a significantly higher proportion of TIM-3+/CD4+ T cells in their bone 

marrow at timepoint of initial diagnosis compared to patients who will survive in complete 

remission. We thus evaluated the predictive value of TIM-3 expression (with or without co-

expression of PD-1) for relapse-free survival of BCP-ALL patients. We found that TIM-3 

expression alone (as well as in combination with PD-1 expression, but not PD-1 expression alone) 

can predict future ALL relapse with a hazard ratio of 7.1. We next confirmed that contact with 

leukemic blasts and induction of a T-cell response by Blinatumomab can induce TIM-3 expression 

on primary human T cells. We used CRISPR/Cas9 technology to knock out (KO) TIM-3 

expression in primary human T cells and found that TIM-3 KO increases activation and 

proliferation in T cells while viral overexpression of TIM-3 leads to decreased proliferative potential 

of T cells in response to leukemic blasts. RNA sequencing of patients’ bone marrow samples 

revealed that – while known inducers and ligands of TIM-3 were not differentially expressed 
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between TIM-3 high vs low bone marrow samples – the co-inhibitory immune checkpoint CD200 

was significantly upregulated in leukemia cells derived from TIM-3 overexpressing bone marrow 

samples (multiple testing correction performed for the 21 immune-regulatory genes tested in this 

analysis). We indeed found that CD200 is highly overexpressed on leukemic cells compared to 

physiological precursors and that CD200 expression on leukemic cells can decrease activation 

potential of anti-leukemic T cells. Moreover, we observed a subtle but statistically significant 

overexpression of TIM-3 on CD4+ T cells induced by contact with CD200+ leukemic cells both on 

transcriptional and protein expression level. 

2.3.3 Discussion 

Although pediatric leukemia is considered a malignancy of low immunogenicity, we found that T 

cells are present in the bone marrow of pediatric BCP-ALL patients and show a more terminally 

differentiated phenotype compared to healthy controls. Further studies have to elucidate whether 

the altered phenotype would have been detectable prior to diagnosis and could represent a risk 

factor for developing a hematologic malignancy, or whether leukemia itself induced terminal 

differentiation in T cells. Moreover, we found that TIM-3 expression on CD4+ bone marrow T cells 

of pediatric patients can reliably predict leukemia relapse. Despite slightly lower statistical 

significance of prediction based on TIM-3 expression compared to the conventionally used 

prediction marker MRD (minimal residual disease), the hazard ratio was comparable (7.12-fold 

increased risk for TIM-3 high patients vs 7.98-fold increased risk defined by MRD quantification 

in this cohort). In our study, RNA sequencing analysis suggested that TIM-3 expression in bone 

marrow T cells was not upregulated by known inducers but was associated with elevated CD200 

expression on leukemic cells. CD200 overexpression was observed in a variety of different solid 

tumors as well as in leukemia (42-45). It’s known interaction partner, CD200 receptor (CD200R), 

is expressed on antigen presenting cells (APCs) and T cells and binding of CD200 can lead to 

decreased T-cell function (46). More mechanistic insight is needed regarding whether TIM-3 can 

directly be induced by CD200 or if there is an indirect mechanism leading to the subtle TIM-3 

overexpression we observed in this study. Moreover, it is unclear whether CD200 can only 

increase TIM-3 expression (directly or indirectly) or if it can also mediate TIM-3 function. 

Nevertheless, we confirmed that TIM-3 overexpression decreases T-cell activation whereas TIM-

3 KO improves activation and proliferation capacity of anti-leukemic T cells. In conclusion, the 

data showed that BCP-ALL is associated with late T-cell differentiation states and suggested that 

the TIM-3 axis constitutes a mechanism of immune dysregulation in BCP-ALL. This finding is not 

only important to better understand the potential interaction of leukemic cells and bone marrow T 

cells but can also inform future therapeutic approaches. It underlines the rationale for testing e.g. 

TIM-3 KO CD19 CAR T cells, checkpoint blockade with anti-TIM-3 or administration of T cells 

with e.g. TIM-3/CD28 fusion receptors which are meant to turn TIM-3-mediated inhibition into T-

cell activation through CD28. 
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2.4 Conclusion and Outlook 

Clinical treatment of pediatric BCP-ALL involves chemotherapy and – in case of high-risk 

leukemia or relapse – treatment with the bi-specific T-cell engager Blinatumomab and 

hematopoietic stem-cell transplantation. CD19 CAR T cells are currently approved for refractory 

disease or after multiple relapses. Administration of CD19 CAR T cells as an earlier line in BCP-

ALL therapy is investigated in clinical trials. Despite high initial response rates after treatment with 

CD19 CARs, long-term event-free survival decreases to about 50% in pediatric BCP-ALL patients 

(6, 7). Clinical trials are investigating combination therapies of CAR T cells with checkpoint 

blockade, but checkpoint blockade alone so far had only limited success in malignancies with low 

immunogenicity/mutational load such as pediatric BCP-ALL (47, 48). To improve current 

treatment of pediatric BCP-ALL, it is not only important to optimize and standardize production 

protocols (as shown in paper I), but also to better understand the interaction of leukemic cells with 

bone marrow T cells (as shown in paper II). Understanding that, although dealing with a low-

immunogenic malignancy, immune checkpoint axes can play a role for prognosis and treatment 

of pediatric leukemia is crucial for hypothesis-driven development of new immunotherapeutic 

approaches. In currently unpublished data, we pursued the therapeutic role of immune 

checkpoints and found that CD19 CAR T cells with TIM-3 KO or with additional overexpression 

of TIM-3/CD28 or PD-1/CD28 fusion receptors (49) are better able to control leukemia than 

conventional CAR T-cell approaches. We hope that a better insight into the interplay of 

therapeutic and physiologic T cells with leukemic cells can inform future translational research 

projects and ultimately lead to better CAR T-cell therapies.  
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3. Paper I 

Material from: Blaeschke et al., “Induction of a central memory and stem cell memory phenotype 

in functionally active CD4+ and CD8+ CAR T cells produced in an automated good manufacturing 

practice system for the treatment of CD19+ acute lymphoblastic leukemia”, Cancer Immunology, 

Immunotherapy, published 2018, Springer Nature 
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4. Paper II 

Material from: Blaeschke et al., “Leukemia-induced dysfunctional TIM-3+CD4+ bone marrow T 

cells increase risk of relapse in pediatric B-precursor ALL patients”, Leukemia, published 2020, 

Springer Nature 
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