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2 DESCRIPTION OF THE PUBLICATION AND FURTHER RESULTS 

2.1 INTRODUCTION  

2.1.1 Human T cell development in the thymus 

Before Jaques Miller identified the thymus as a key player in the development of the adaptive immune 

response in 1961 (2) and its role in providing a pool of immunocompetent cells (3), the thymus was 

thought to be a vestigial organ and a “graveyard for dying lymphocytes” (4). After 60 years of 

research, we have made important progress in the elucidation of the stages of thymocyte maturation 

and the regulation of T cell development in the murine system. However, a consistent translation to 

the human system is still missing.  

The thymus provides the microenvironment for developing T cells. Haematopoietic precursors migrate 

from the bone marrow and enter the thymus at the cortico-medullary junction (5). These precursors 

express CD34, a marker of haematopoietic stem and progenitor cells (6), and low levels of CD45 (7). 

Upon interaction with Notch ligands on thymic epithelial cells (TECs), Notch is activated and leads to 

the upregulation of T cell specific genes (8). The loss of CD44 and the expression of CD1a mark 

T lineage commitment (7). Within the CD34+ CD1a+ compartment, thymocyte populations can be 

defined by expression of CD4 and CD8. Early T lineage-committed cells are CD4- CD8-, human 

immature single-positive cells express CD4 (ISP4) and a small fraction of cells is positive for CD4 and 

CD8 while still expressing low levels of CD45 (early double-positive (EDP) CD45low) (1). During these 

early developmental steps, the rearrangement of the T cell receptor (TCR) loci is initiated (9). The 

vast majority of thymocytes will finally express a functionally rearranged αβ receptor (10), but a small 

proportion of about 0.6 % will develop into T cells harbouring a γδ TCR (1). The final downregulation 

of CD34 coincides with the full expression of CD45. The earliest population within the CD45high 

CD34- compartment is a population of ISP4 cells that can be subdivided in cells pre and post β-

selection checkpoint with the help of CD28 (11). The CD4+ CD8+ double-positive (DP) subset 

represents the largest cell population in the thymus with about 80 % of the thymocytes. Early DP 

(EDP) thymocytes express low levels of CD3, while in late DP (LDP) cells CD3 expression is high (1). 

To generate a self-referent and – at the same time – non-autoreactive TCR repertoire, thymocytes are 

thoroughly selected according to the affinity of their TCR for self-antigens presented by MHC 

molecules: If they cannot interact with self-peptide-MHC complexes on TECs, they die by neglect. 

If the TCR has an intermediate affinity for self-peptide-MHC complexes, the cell is positively selected; 

if the affinity is intermediate-high, regulatory T cell differentiation is induced; and if the affinity is too 

high, the cell is negatively selected to prevent autoreactivity (12). Depending on the specificity and 

signal strength of the TCR to MHC class I or MHC class II molecules, thymocytes further differentiate 

into single-positive (SP) cytotoxic CD8+ T cells or helper CD4+ T cells, respectively  (13). When 

thymocytes are ready to egress the thymus and migrate to the periphery as recent thymic emigrants, 

they lose their tissue retention marker CD69 and upregulate CD45RA (14). 

Already at 10 weeks of gestation, the foetal thymic rudiment is colonized by haematopoietic 

precursors (15). The thymus is most active during the prenatal period and within the first year of life 

and begins to involute afterwards. Involution starts slowly and accelerates after adolescence (16–18). 

Although thymic involution results in decreased T cell generation, naïve T cells and T cell receptor 
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excision circles (TREC) are still found in the blood of elderly individuals, reflecting maintained output 

(19). 

2.1.2 Endogenous and exogenous glucocorticoids during early life and their effects on the 

thymus 

Glucocorticoids (GCs) are endogenously produced, mainly in the adrenal glands, regulated by the 

hypothalamic-pituitary-adrenal axis. They regulate ~20 % of the genome (20) and are involved in a 

variety of physiological processes like development, metabolism or inflammation. GCs execute 

genomic effects upon nuclear translocation of the glucocort icoid receptor (GR) as well as non-

genomic effects following ligand-induced dissociation of the GR multiprotein complex. As 

immunomodulators, GCs downregulate pro-inflammatory cytokines, upregulate anti-inflammatory 

cytokines, alter the polarization of T cells and therefore, are widely used for treatment of inflammatory 

and autoimmune disorders (immunoregulatory effects of GCs reviewed in (21)). 

2.1.2.1 T cell development and glucocorticoids 

Developing thymocytes are extremely sensitive to GC-induced cell death (22). During the prenatal 

period, GC levels can be elevated due to high maternal stress levels (endogenous GCs), treatment of 

acute inflammatory conditions, or antenatal GC administration to induce foetal lung maturation 

(exogenous GCs) (23). In addition, GCs are locally synthesized in the thymus (24). Highly elevated 

systemic GC levels after exogenous administration or enhanced adrenal production result in 

apoptosis of thymocytes and massive involution of thymic tissue. Interestingly, DP thymocytes are 

most sensitive to GCs although they express the lowest GR levels  (25). Here, the expression of the 

pro-apoptotic proteins Bim (Bcl-2-interacting mediator of cell death), which is required for negative 

selection (26), and Puma (p53-upregulated modulator of apoptosis) contributes to apoptosis of 

thymocytes (27). Endogenous GCs do not only cause apoptosis of thymocytes, they also influence 

selection processes. Local GC production by TECs promotes positive selection and allows 

thymocytes with a TCR with high affinity for self-antigens to survive (24,28) by inhibiting Nur77 and 

Helios (transcription factors involved in negative selection) (29). Moreover, TEC-derived GCs 

specifically target CD4+ CD8+ TCRhigh cells and this DP subset is exposed to higher GC levels than 

other thymocytes (30) (GCs and T cell development reviewed in (28)). 

2.1.2.2 Prenatal glucocorticoid treatment 

A special case of exogenous GC exposure early in life is the prenatal administration of GCs 

(betamethasone or dexamethasone). Pregnant women at risk of early delivery between the 24
th

 and 

34
th

 week of gestation receive GCs in order to accelerate the maturation of the foetal lung. This 

treatment reduces respiratory distress syndrome (RDS) and the need for mechanical ventilation, and 

results in reduced neonatal mortality (31,32). Besides these undisputed beneficial effects, little is 

known about possible side effects, especially on the sensitive thymocytes. In contrast to endogenous 

GCs, both betamethasone and dexamethasone cross the placenta readily and are poor substrates for 

inactivation by placental 11ß-HSD2 enzyme. In addition, they are poor binders to the corticosteroid-

binding globulin and have a higher affinity to the intracellular GR than other GCs (23). Imaging of the 

foetal thymus upon prenatal GC treatment revealed impaired foetal thymus growth (33,34). 

Epidemiological studies have shown that prenatal betamethasone administration is associated with a 

transient immunosuppression in very low birth weight infants (35) and that multiple courses 
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(>2 doses) of betamethasone are associated with early-onset neonatal sepsis and other infectious 

morbidities (36). Additionally, there is evidence that prenatal GCs might increase the risk of 

developing asthma (37) and type 1 and 2 diabetes in children (38). In mice, perinatal GC exposure 

causes long-term effects on CD8 T cell function, hampering the control of bacterial infections and 

tumour growth (39). Our group has previously demonstrated in a mouse model that prenatal GC 

treatment causes massive reduction in thymic volume of the offspring, induces apoptosis of 

thymocytes, mainly in the DP compartment, and leads to changes in the TCR repertoire (40,41). 

2.1.2.3 The thymus in children with congenital heart disease 

The source of thymic tissue for studies on human T cell development is usually discarded tissue from 

corrective cardiac surgery performed on children with congenital heart disease (CHD). Because of the 

lack of control tissue, it is not known if CHD per se has a direct effect on T cell development. Hypoxia 

induces an increase in corticosterone levels in animal models (42,43), and GCs influence the 

adaptation to hypoxic environments and upregulate HIF-1-dependent (hypoxia-inducible factor 1) 

gene expression (44). The thymus volume (adjusted for foetal weight and gestational age) of foetuses 

with CHD is significantly decreased compared to healthy controls (45), but the levels of cortisol in the 

serum of infants with cyanotic and acyanotic CHD are comparable (46). Interestingly, there is a 

correlation between low oxygen saturation (SpO2 < 95 %) and low TREC numbers (47), indicating 

reduced thymic output in conditions of cyanosis.  

2.2 MATERIALS AND METHODS  

2.2.1 Materials 

2.2.1.1 Thymic tissue and plasma 

Sample Source Ethic approval Info 

Thymus 

& Plasma 

Surgery for Congenital Heart Disease, 

University Heart & Vascular Center 

Hamburg, University Medical Center 

Hamburg-Eppendorf, Hamburg, Germany 

PV5482 Plasma was taken in the 

morning at the beginning 

of general anaesthesia 

Plasma 

(control 

group) 

Plasma samples were kindly provided by 

Dr. Mats Ingmar Fortmann from UKSH 

(Campus Lübeck) and obtained under 

local ethic approval. 

  

2.2.1.2 Cell lines 

OP9 stromal cells expressing no Notch ligand, delta-like ligand 4 (OP9-DL4) or delta-like ligand 1 

(OP9-DL1) where kindly provided by Prof. Tom Taghon, Ghent University. 

2.2.1.3 Media and Buffer 

Buffer Composition 

Annexin V buffer (10x) H2O with 1.4 M NaCl, 25 mM CaCl2, 0.1 M HEPES 

FACS buffer 1x PBS with 0.1 % BSA, 0.02 % NaN3 

MACS buffer 1x PBS with 0.5 % BSA, 2 mM EDTA 

OP9 medium H2O with 10 g/l MEM Alpha Medium, 20 % FCS, 100 U/ml penicillin, 

100 µg/ml streptomycin, 2 mM L-Glutamine, 2.2 g/l NaHCO3 
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2.2.1.4 Reagents, solutions and kits 

Reagents and solutions Company 

Annexin V Binding Buffer (10x)  EXBIO Praha, a.s., Czech Republik 

Bovine Serum Albumin PAA Laboratories, Pasching, Austria 

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

Dulbecco’s Phophate-Buffered Saline (DPBS) (10x) GibcoTM, Paisley, UK 

Ethanol ≥ 99,8 %  Roth, Karlsruhe, Germany  

Fetal Bovine Serum Biochrom, Berlin, Germany  

Human recombinant IL-7  R&D Systems, Inc., Minneapolis (MN), USA  

Human FLT3-Ligand  Miltenyi Biotec, Bergisch Gladbach, Germany  

L-Glutamine (200 mM) GibcoTM, Paisley, UK 

MEM Alpha Medium GibcoTM, Paisley, UK 

NaN3 99 % Roth, Karlsruhe, Germany 

NaHCO3 Biochrom GmbH, Berlin, Germany 

RU-486 Sigma-Aldrich, St. Louis (MO), USA 

SCF (recombinant human) PeproTech, Hamburg, Germany 

Streptomycin (10.000 µg/ml) /  

Penicillin (10.000 U/ml)  

GibcoTM, Paisley, UK 

Trypan blue solution, 0.4 %  Sigma-Aldrich, St. Louis (MO), USA  

Trypsin-EDTA, 0.5 % (10x)  Thermo Fisher Scientific, Waltham (MA), USA  

Tuerck’s solution  Sigma-Aldrich, St. Louis (MO), USA  

X-Vivo 15 medium Lonza, Basel, Switzerland 

 

Kits Company Catalogue 

Number 

CD34 MicroBead Kit UltraPure  Miltenyi Biotec, Bergisch Gladbach, Germany  130-100-453 

Cortisol Competitive ELISA Kit Thermo Fisher Scientific, Waltham (MA), USA EIAHCOR 

2.2.1.5 Antibodies 

For antibodies of the T cell development panel, see the published supplementary material page 30 of 

Bremer et al.(1). 

Antibody Fluorochrome Clone Company Catalogue number Panel 

CD34 PE 563 BD Biosciences 7129824 Purity test after 

MACS  Live/Dead AF750  Thermo Fisher A20011 

2.2.1.6 Software 

Software Company 

BD FACSDiva Becton Dickinson, Franklin Lakes (NJ), USA 

BioRender BioRender.com 

FlowJo 10.7.1 software FlowJo, LLC, Ashland, USA 

GraphPad Prism 9 GraphPad Software, Inc., La Jolla, USA 

Inkscape vector graphics editor Inkscape.org 

Mendeley Desktop 1.19.8 RELX Group, London, United Kingdom  

Microsoft Office 2010 Microsoft, Redmond (WA), USA  

2.2.2 Methods 

2.2.2.1 Tissue preparation 

For a detailed protocol of the isolation of thymocytes, see page 16 of the published supplementary 

material. 

2.2.2.2 Cryopreservation and thawing 

The protocols for cryopreservation and thawing are provided in the published supplementary material, 

pages 17-18.  
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2.2.2.3 Surface staining for flow cytometry 

The protocol for the staining of specific surface markers with fluorochrome-conjugated antibodies is 

provided in the published supplementary material, pages 16-17.  

2.2.2.4 Cortisol competitive ELISA 

The cortisol competitive ELISA was performed according to the manufacturer’s instructions. 

2.2.2.5 MACS-isolation of CD34+ thymocytes 

CD34+ thymocytes were isolated with the ‘CD34 MicroBead Kit UltraPure’ according to the 

manufacturer’s instructions. 

2.2.2.6 Betamethasone overnight incubation 

One million thymocytes per well were cultured in a 48-well-plate for 16 hours at 37 °C in a volume of 

400 µl x-vivo 15 medium with increasing concentrations of betamethasone (0 nM, 1 nM, 10 nM, 

100 nM, 1 µM). For betamethasone overnight incubation with RU-486, RU-486 was added to the 

respective wells with a final concentration of 1 µg/ml. The next day, cells were harvested, counted, 

washed with 1 ml Annexin V buffer and stained with the panel published in OMIP 073. Cells were 

analysed on a BD LSRFortessa flow cytometer. 

2.2.2.7 OP9 coculture system 

Thawing of OP9 cells 

OP9, OP9-DL1 and OP9-DL4 cells were quickly thawed in a water bath (37 °C) and transferred to a 

tube with 10 ml OP9 medium. They were centrifuged (1500 rpm, 5 min, RT), resuspended in OP9 

medium and transferred into a small flask that was placed in the incubator (37 °C, 5 % CO2). 

Maintaining OP9 cell culture 

The cells were passaged at about 70 % confluency to avoid formation of adipocytes. To passage the 

cells, OP9 medium was removed and the flasks were washed with 10 ml of DPBS. The cells were 

treated with 1.5 ml of 0.25 % trypsin solution and incubated for 3 min at 37°C. Afterwards, the cells 

were disaggregated with 4 ml OP9 medium and transferred into a tube for centrifugation (1500 rpm, 

5 min, RT). The cells were resuspended in 1 ml OP9 medium, counted and 0.5 x 10
6
 cells were 

transferred in a new flask containing 10 ml OP9 medium.  

OP9 coculture with thymocytes 

OP9, OP9-DL1 and OP9-DL4 cells were seeded in a 24 well-plate (100,000 cells/well, total volumes 

of 500 µl OP9 medium per well) and incubated overnight (37 °C) so that they had generated a 

confluent layer the next day. One well was prepared for each analysis time point and condition (bet+ 

and bet-). Thymocyte single-cell suspension was used for MACS-isolation of CD34+ cells and purity 

was tested by FACS (stained with anti-CD34 PE and live/dead AF750). Isolated cells were either 

frozen (see OMIP 073 “Cryopreservation and thawing”) or directly incubated. MACS-isolated CD34+ 

fresh or thawed cells were incubated with 0 nM and 10 nM betamethasone, respectively, in a 48-well-

plate for 16 hours at 37°C in a volume of 400 µl OP9 medium. The next day, cells were washed, 

counted and 5000-10000 CD34+ cells of both conditions (bet+ and bet-) were analysed by FACS with 

the T cell development panel. The rest of the purified CD34+ cells was resuspended in the 

appropriate volume of OP9 medium (4000-30000 cells/well, 500 µl medium/well) which was 

supplemented with the required cytokines (10 ng/ml SCF, 5 ng/ml FLT3-L, 10 ng/ml IL-7). The 

medium from the confluent OP9 cells was removed and 4000-30000 CD34+ cells in 500 µl 
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supplemented OP9 medium were seeded onto the OP9, OP9-DL1 or OP9-DL4 cell layer. Coculture 

plates were placed in an incubator (37 °C). Thymocytes were analysed every 5 days. Therefore, cells 

from each condition (bet+ and bet-) were pooled, counted, and the cell count of one well was stained 

with the T cell development panel and analysed by FACS on a BD LSRFortessa flow cytometer. 

Remaining cells were split and seeded on OP9 monolayers that have been freshly prepared the day 

before (one well for each condition and remaining analysis time point).  

2.3 RESULTS  

2.3.1 Establishment of an “Optimized Multicolor Immunofluorescence Panel”  (OMIP) for the 

analysis of human thymocyte development  

Flow cytometry is a powerful tool to analyse the phenotype of cells based on the expression of 

specific markers. The development of new dyes and the availability of multi-laser flow cytometers 

permit the analysis of an ever increasing number of parameters, and panel design has become a 

challenging task. Staining panels for detecting specific immune cell subpopulations, known as OMIPs, 

are continuously developed to share practical knowledge of novel, intensively optimized 

fluorochrome-conjugated antibody combinations to address specific research questions (48). In this 

thesis, I want to present OMIP 073, entitled “Analysis of human thymocyte development with a 14 -

color flow cytometry panel” that was developed in order to define thymocyte subpopulations and 

assess their frequencies in the human system (1). This FACS panel is used in our lab to assess 

thymocyte subpopulations in healthy and diseased cases ex vivo (Figure 1), in short term assays, and 

in in vitro models of T cell development. 

Here, I will present the use of this panel to investigate two conditions that are likely to impair T cell 

development in early life: 1) exposure to exogenous GCs modelling prenatal steroid treatment, and 

2) exposure to endogenous GCs due to congenital heart disease.  

2.3.2 In vitro effects of betamethasone on T cell development 

2.3.2.1 Betamethasone treatment induces thymocyte apoptosis and alters subset 

composition 

To investigate the effect of betamethasone on human thymocytes in vitro, we incubated thymocytes 

obtained from fresh thymic tissue with increasing concentrations of betamethasone. FACS analysis of 

the thymocyte subpopulations was performed with the panel described in OMIP 073, including 

Annexin V staining for detection of apoptotic cells. Treatment with 10 to 1000 nM betamethasone 

resulted in increasing rates of apoptotic death of thymocytes that could be prevented by adding the 

GR-antagonist RU-486 (Figure 2 A-B). Immature CD45low CD34+ thymocytes are highly susceptible 

to GC-induced cell death. Among the most immature subsets, ISP4 CD34+ thymocytes showed a 

significant decrease from an average of 26.49 % (0 nM) to 17.60 % of CD45low CD34+ cells already 

with 10 nM betamethasone. Within the CD45high CD34- compartment, predominantly DP cells 

underwent apoptosis (81.76 % (0 nM) to 63.63 % (1000 nM) of CD45high CD34- cells). That led to a 

relative increase of the frequencies of T regulatory, CD4 SP and CD8 SP cells (Figure 2 C-D). We 

used the dimensionality reduction algorithm t-distributed stochastic neighbour embedding (t-SNE) to 

visualize the co-expression of markers on each cell, and identified markers associated with a survival 
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advantage (CD28 and CD45RA) or with an increased risk for GC-induced apoptosis (CD7 and CD34) 

(Figure 2 E).  

2.3.2.2 Betamethasone treatment delays thymocyte development  

We further analysed the effect of betamethasone on the dynamics of T cell development using the 

OP9 coculture system (Figure 3 A-C). OP9 cells are stromal cells that support haematolymphopoiesis 

and induce T cell differentiation when expressing an appropriate Notch ligand (49). We used delta-

like-4-expressing OP9 cells (OP9-DL4), because in our pilot experiments thymocyte proliferation was 

higher with OP9-DL4 than with OP9-DL1. Thymus-derived CD34+ cells were given a 16h pulse of 

betamethasone to mimic prenatal steroid administration and then cocultured with OP9 cells. 

Thymocytes proliferated until day 10, afterwards cell numbers started to decrease. Control cultures 

showed proliferation advantages with significantly more developing thymocytes after 10 days of 

culture (Figure 3 B). After 5 days of culture, most of the thymocytes were double-negative (DN) for 

CD4 and CD8 expression (bet+: 68.5 %, bet-: 58.3 %), and a fraction of thymocytes already 

developed into ISP4 cells (bet+: 7.0 %, bet-: 19.4 %). We observed development of ISP8 cells in both 

groups that do not (or to a far lesser extent) exist in human in vivo T cell development. From day 5 to 

20, the frequencies of DP cells steadily increased in both groups with a delayed DP cell development 

in the betamethasone-exposed group (day 20: bet+: 33.1 %, bet-: 44.3 %). Concomitantly, we 

observed a decrease of DN cells and an increase of CD8 SP cells in both groups, with higher 

frequencies in the betamethasone-exposed group. The frequency of CD4 SP cells declined in the 

betamethasone-exposed group after day 15 and in the control group from day 5 onwards. This can be 

most likely explained by the development of ISP4 cells into DP cells  and a delay in the 

betamethasone-exposed group (Figure 3 C). In summary, we were able to generate DP as well as 

CD4 and CD8 SP thymocytes in the OP9 coculture system and showed that betamethasone 

exposure affects thymocytes by delaying their development. 

2.3.3 The thymus in the context of age and disease 

We assessed the composition of thymocytes in 44 children of different ages affected with different 

cardiac conditions (Table 1). Cases with very severe heart defects, such as transposition of the great 

arteries (TGA), hypoplastic left heart syndrome or aortic stenosis , are generally operated at an earlier 

age than less severe heart defects like ventricular or atrial septal defects (VSD/ASD) or Tetralogy of 

Fallot (ToF). We found a lower frequency of DP thymocytes in the thymi of the youngest infants 

(< 1 month of age) concomitant to higher frequencies of the SP populations (CD8+ cells, CD4+ cells 

and T regulatory cells). Interestingly, the youngest children showed the most heterogeneous 

thymocyte compositions (Figure 4). The comparison of thymocyte subsets between the different heart 

condition groups revealed a reduction of the DP compartment and a relative increase of CD4 SP 

thymocytes in the most severe disease groups, namely TGA and a group summarised as “left 

hypoplasia”, which could indicate physiological stress (Figure 5). Levels of NT-proBNP, a biomarker 

for heart failure (50), correlated negatively with the frequencies of DP cells and more immature EDP 

CD45low cells and positively with the frequencies of CD4+ and T regulatory cells (Figure 6). 

Comparable results were seen for the correlation of Troponin T, a marker for myocardial damage 

(51), and thymocyte subsets (data not shown).  

The composition of thymocytes in severe CHD is reminiscent of the picture that we observed in 

thymocytes following betamethasone treatment. Different stress stimuli like infection or injury induce 
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adrenal GC production and subsequent thymic involution and DP depletion (28). For this reason, we 

measured the cortisol levels in the plasma of children undergoing corrective cardiac surgery  and in 

healthy children of similar ages. Regression analysis showed no significant correlation between 

cortisol levels and age, neither in the CHD group nor in the control group. However, children with 

CHD had overall higher cortisol levels than healthy controls  (Figure 7 A). This difference in cortisol 

levels was more evident in the younger age groups, and particularly in children younger than 1 month 

of age, corresponding to severe CHD (Figure 7 B). These data indicate that CHD might influence the 

T cell development in the thymus due to high cortisol levels , and that the severity of the heart disease 

might further affect the composition of developing thymocytes.  

2.4 DISCUSSION AND PERSPECTIVES 

2.4.1 A multicolour flow cytometry panel to analyse T cell development 

During my doctoral thesis, I have designed and tested a staining panel to evaluate human T cell 

development in the thymus that allows a clear definition of the main thymocyte subsets ranging from 

progenitors that just entered the thymus to mature thymocytes that are ready to egress to the 

periphery. The analysis of all subsets in one tube facilitates statistical analysis and the visualisation of 

multi-dimensional data. Using this panel on donors between 6 and 12 months of age without known 

genetic syndromes, we provide reference values for the frequencies of thymocyte subsets  at all 

stages of development. Here, it is important to keep in mind that frequencies will change in other age 

groups (17,52) and in children with syndromes affecting the immune system, such as Down syndrome 

(DS) or DiGeorge syndrome (53–57), and would most likely differ in children without CHD. Samples 

from the latter are not easily available. 

2.4.2 Glucocorticoids cause thymocyte apoptosis at specific stages of deve lopment 

Administration of prenatal GCs is associated with impaired foetal thymic growth (33,34). GCs cause 

apoptosis in thymocytes, predominantly in the DP compartment  (58). We used our comprehensive 

T cell development panel to further elucidate which are the most GC-susceptible subpopulations. We 

found that not only the DP thymocytes die, but also the more immature CD45low CD34+ cells, in 

particular ISP4 CD34+ cells. A possible mechanistic explanation for GC-induced apoptosis in DP cells 

is the GC-induced downregulation of genes promoting thymocyte survival like Notch1 and the 

upregulation of genes with pro-apoptotic function (59). Additionally, we identified surface markers that 

are associated with an increased risk for GC-induced apoptosis or with a survival advantage of the 

thymocytes. CD28, which marks ß -selection in human thymocytes (11) and is upregulated in a 

fraction of ISP4 CD34- cells (1), is already described as a mediator of GC-resistance in thymocytes 

(60). Not all surface marker functions are fully understood, and it will be interesting to further elucidate 

their role in T cell development and how they affect sensitivity to GCs. A better understanding of the 

pathways that induce lung maturation and those that induce thymocyte apoptosis could pave the way 

for the application of synthetic GR ligands that selectively modulate the GR and promote the desired 

molecular actions while reducing side effects (selective GR modulators or agonists are reviewed in 

(61–63)).  
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2.4.3 Challenges of modelling T cell development in vitro 

In the OP9 model for in vitro T cell development, we could follow the generation of DP as well as CD4 

and CD8 SP thymocytes, and could show proliferation impairment and delayed development in 

thymocytes that had received a pulse of betamethasone. However, there are some limitations that 

need to be considered when interpreting data obtained with this system. OP9 cocultures lasting up to 

49 days are described in literature (64). Possible causes for the shorter lifetime of our cultures are the 

use of CD34+ thymocytes that are more differentiated compared to s tem cells isolated from cord 

blood. OP9 cells present a limited number of self-antigens and do not express MHC class II 

molecules and therefore, do not sufficiently support selection processes (49). We observed deviations 

from in vivo human T cell development and simplified the gating strategy presented in OMIP 073 

accordingly to focus on the main compartments (DN, DP, CD4+ and CD8+). T cell development 

in vitro displayed a high biological variability that was probably caused by the heterogeneous group of 

samples used in the cultures (broad age range and one sample with DS). To improve significance, 

experiments could be repeated with a larger sample size and a homogenous group of samples. 

Recently, we established the generation of T cells in artificial thymic organoids  (ATOs) in our lab. 

These three-dimensional systems show improved selection processes and reduced inter-assay 

variability, probably due to the use of serum-free medium (65). We could optimise the lifetime of the 

ATOs by adding SCF only in the first week of culture. Further investigations using ATOs will extend 

our knowledge about the effects of short-term betamethasone exposure on T cell development and 

will help to understand the consequences of prenatal GC treatment on the development of the 

immune system.  

2.4.4 Does congenital heart disease affect the T cell development in children? 

CHD affects approximately 1 % of all live births. In Germany, about 8500 children are born with CHD 

each year and about one third of them needs to undergo surgery within the first year of life (66). 

Knowledge on the immunological consequences of thymectomy increases steadily (67–70), but little 

is known about the influence of CHD per se on thymus size and T cell development. Since patients 

with CHD are at higher risk for severe infections, it is important to consider a latent immune deficiency 

(71). In the last few years, whole genome and exome sequencing techniques have revealed ~400 

genes associated to the pathogenesis of CHD (72). Interestingly, mutations that cause dysregulation 

of heart development were found in signalling pathways that are essential for proper T cell 

development. A remarkable example is NOTCH1 regulating valve formation (72,73) and also required 

for T lineage commitment (74). Newborns with CHD present with lower TREC levels than controls, 

and an association of decreased TREC levels and hospitalisation due to infection is reported for 

preterm children with CHD (75).  

We observed an increase of the DP frequencies and a decrease of the SP frequencies with age, 

previously described as “transient thymic involution” (17,52). Children with the most severe CHD had 

lower DP frequencies and higher SP frequencies, indicating that neonates with CHD might suffer from 

a relatively higher cortisol burden, even though it is not known if the thymus of neonates exhibits the 

same sensitivity to increased cortisol levels than the thymus of older infants. This raises the question 

if the transient thymic involution is a completely physiological process that is exclusively caused by 

age and in response to physiologically increased GC-levels during late gestation (52,76) or if the 

consequences of severe CHD (high cortisol levels or cyanosis) are responsible for the described 
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changes. The ideal samples to clarify this question would be thymic tissue from children without CHD, 

but there are only rare cases of thoracic surgery in children without heart disease. 

Elucidating the impact of CHD on T cell development would help to understand the immunological 

challenges in the lives of children with CHD and could contribute to improve prevention, diagnosis and 

treatment of comorbidities, underlining the need for further research on this topic. 
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3 SUMMARY 

3.1 ENGLISH 

Introduction: The thymus provides the microenvironment for T cell development and enables the 

generation of a broad repertoire of functional and self-tolerant T cells. We hypothesise that 

impairment of thymic function during early life increases the risk of developing immune-mediated 

disorders later in life. The aim of this thesis is to establish a flow cytometry panel that allows a 

comprehensive ex vivo and in vitro assessment of T cell development in different health conditions 

and under exposure to exogenous insults such as medication. 

Methods: We designed a multicolour flow cytometry panel that allows us to phenotype the stages of 

T cell development on the basis of surface marker expression. The panel was thoroughly optimized, 

including titration, compensation and the comparison of a variety of fluorochrome-conjugated antibody 

combinations. We used the panel to investigate the effects of glucocorticoids (GCs) on developing 

thymocytes. For this, we used an in vitro assay to determine the sensitivity of the different human 

thymocyte populations to betamethasone, and the OP9 coculture system to model T cell development 

in vitro and analyse how GCs affect the dynamics of lymphopoiesis. Second, we immune phenotyped 

the thymi of 44 infants with CHD and compared the “thymocyte signatures” among age groups and 

different types of CHD.  

Results: With the established panel we have identified the major stages of human T cell development, 

from early progenitors to mature T cells ready to egress the thymus. We observed that in vitro 

betamethasone exposure induced apoptosis in thymocytes, mainly affecting the immature 

CD4 single-positive CD34-positive (ISP4 CD34+) and the double-positive (DP) population, leading to 

a relative increase of T regulatory, CD4 and CD8 single-positive (SP) cells. Furthermore, GCs caused 

a delayed thymocyte development in the OP9 coculture system. Children with CHD had higher 

cortisol levels than healthy controls, so their thymocyte composition is most likely influenced by 

endogenous GC exposure. We found a specific thymocyte signature in the most severe CHD groups 

(transposition of the great arteries and a group summarised as “left hypoplasia”) with decreased DP 

frequencies and concomitantly increased CD4 SP frequencies. Additionally, we found correlations 

between reduced DP frequencies and young age (< 1 month) and elevated cardiac biomarkers , 

respectively.  

Conclusion: The established panel proved to be a reliable tool to analyse T cell development ex vivo 

and in vitro. We have acquired valuable knowledge on the effects of GCs on specific thymocyte 

subpopulations with data from in vitro modelling of T cell development. Finally, our ex vivo data 

suggest a possible influence of CHD on T cell development and indicate that CHD itself might cause 

immune alterations. 
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3.2 DEUTSCH 

Einleitung: Der Thymus ist ein spezialisiertes lymphatisches Gewebe und dient als 

Entwicklungsnische für T-Zellen. Diese durchlaufen eine Reihe von Selektionsprozessen und bilden 

schließlich ein umfangreiches, selbsttolerantes Repertoire. Wir nehmen an, dass Störungen der T-

Zell-Entwicklung im Thymus während der frühkindlichen Entwicklung zu immunologischen 

Erkrankungen führen können. Das Ziel dieser Dissertationsarbeit ist es, ein Panel zur differenzierten 

durchflusszytometrischen Analyse von Thymozyten zu entwickeln. Dieses soll neue Einblicke in die  

T-Zell-Entwicklung bei verschiedenen Erkrankungen und unter äußeren Einflussfaktoren, wie bspw. 

Medikation, ermöglichen.  

Methoden: Wir entwickelten und optimierten ein FACS-Panel zur Phänotypisierung von Thymozyten 

anhand der Expression verschiedener Oberflächenmarker. Mithilfe dieses Panels untersuchten wir 

zunächst den Effekt von Glukokortikoiden auf sich entwickelnde Thymozyten. Hierfür nutzen wir ein in 

vitro-Assay, um die Glukokortikoidsensitivität der unterschiedlichen Thymozyten-Populationen zu 

ermitteln, sowie die OP9-Kokultur als in vitro-Modell für T-Zell-Entwicklung, um den Effekt von 

Glukokortikoiden auf die Entwicklungsdynamik der Thymozyten zu analysieren. Zusätzlich 

immunophänotypisierten wir die Thymi von 44 Kleinkindern (Alter <1 Jahr) mit angeborenen 

Herzfehlern und verglichen die Immunsignaturen zwischen den Altersgruppen und zwischen den 

verschiedenen Arten von Herzfehlern.  

Ergebnisse: Mithilfe des neu entwickelten Panels konnten die wesentlichen Thymozyten-

Subpopulationen definiert werden, von frühen Vorläuferzellen bis zu vollständig gereiften, einfach-

positiven T-Zellen, die in die Peripherie migrieren können. Wir beobachteten, dass 

Betamethasonexposition in vitro Apoptose in insbesondere den CD4-positiven CD34-positiven sowie 

den CD4-CD8-doppelt-positiven Thymozyten auslöste und es hierdurch zu einem relativen Anstieg 

der CD4- und CD8-einfach-positiven Thymozytenpopulationen kam. In der OP9-Kokultur kam es nach 

Betamethasonexposition zu einer Entwicklungsverzögerung der Thymozyten. Da wir zeigen konnten, 

dass Kinder mit angeborenen Herzfehlern im Vergleich zur Kontrollgruppe erhöhte Kortisolwerte 

aufweisen, gehen wir davon aus, dass deren Thymozytenentwicklung durch die endogen erhöhten 

Kortisolwerte beeinflusst wird. In den Gruppen mit den schwersten Herzfehlern (Transposition der 

großen Arterien und Hypoplastisches Linksherzsyndrom/ Aortenstenose/ Unterbrochener 

Aortenbogen) zeigte sich eine veränderte Komposition der Thymozytenpopulationen mit einer 

prozentual verminderten doppelt-positiven Population und einem kompensatorisch erhöhten Anteil an 

CD4-einfach-positiven Thymozyten. Zudem fanden wir Korrelationen zwischen einer verminderten 

doppelt-positiven Population und jungem Alter (< 1 Monat) bzw. erhöhten kardialen Markern wie 

Troponin T und NT-proBNP.  

Schlussfolgerung: Das etablierte Panel konnte verlässlich zur Analyse der T-Zell-Entwicklung ex vivo 

und in vitro eingesetzt werden und mithilfe des Panels konnten wir bereits vorbestehendes Wissen 

über den Einfluss von Glukokortikoiden auf Thymozyten mit Daten zur Entwicklungsdynamik 

erweitern. Des Weiteren lassen unsere ex vivo Daten einen möglichen Einfluss von angeborenen 

Herzfehlern auf die Zusammensetzung der Thymozytenpopulationen erkennen und weisen darauf 

hin, dass angeborene Herzfehler zu Veränderungen des Immunsystem führen können.  
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4 TABLES AND FIGURES 

4.1 TABLE 1 

 Cohort (n=44) 

Age (days) mean: 132, min: 2, max: 363 

Gender female: 14 (32 %), male: 30 (68 %) 

Heart disease 
(leading diagnosis) 

VSD 11 (25 %) 
mean age (days): 196 

ToF 4 (9 %) 
mean age (days): 183 

TGA 9 (20 %) 
mean age (days): 11 

AVSD 8 (18 %) 

mean age (days): 166 

ASD 4 (9 %) 
mean age (days): 239 

“left hypoplasia” 6 (14 %) 

mean age (days): 26 

Others 2 (5 %) 
mean age (days): 202 

NT-proBNP (ng/l) mean: 10659, min: 115, max: 66721 

Troponin T (pg/ml) (n=28) mean: 47.25, min: 7, max: 217 

 

 

Table 1. Characteristics of the study population.  

Abbreviations: VSD: Ventricular septal defect, ToF: Tetralogy of Fallot, TGA: Transposition of the 

great arteries, AVSD: Atrioventricular septal defect, ASD: Atrial septal defect, “left hypoplasia”: 

Hypoplastic left heart syndrome or Aortic stenosis / Interrupted aortic arch 
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4.2 FIGURE 1 

 

 

Figure 1. Establishment of an “Optimized Multicolor Immunofluorescence Panel” for the analysis of 

human T cell development. Graphical abstract of Bremer et al. 2021 (1). 
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4.3 FIGURE 2 
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Figure 2. In vitro effect of betamethasone on thymocyte subsets. (A) Frequencies of live cells out of 

single cells after overnight incubation. Thymocytes were incubated for 16 hours with increasing 

concentrations of betamethasone (black bars) and with betamethasone in combination with RU-486 

(grey bars), respectively. n=7 per group. Statistical analysis was performed with Bonferroni’s multiple 

comparisons test by comparing each group (1 nM, 10 nM, 100 nM, 1000 nM) to control (0 nM). 

(B) Representative FACS plots of thymocytes after incubation with increasing concentrations of 

betamethasone without RU-486 as shown in (A). Live cells are shown in green, apoptotic cells in red 

and dead cells in blue. Frequencies of populations out of single cells are indicated.  (C) Scheme of 

T cell development in the thymus. Populations that are summarised for analysis are indicated. 

(D) Frequencies of thymocyte subsets after overnight incubation with inc reasing concentrations of 

betamethasone. n=10. Thymi with < 60 % of DP cells (out of CD45high CD34-) were excluded from 
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analysis. Statistical analysis was performed with Bonferroni’s multiple comparisons test by comparing 

each group to control. Significance is indicated if it reaches p < 0.05. (E) t-SNE plots visualizing the 

expression of individual thymocyte surface markers as well as cell density. Only live, CD45+ cells are 

depicted and each dot represents one cell. In the first plot, the major populations are encircled. Below, 

the two upper rows show a representative sample after incubation with 0 nM betamethasone, the 

lower rows show a sample from the same donor after incubation of thymocytes with 1000 nM 

betamethasone. Compensated FCS files were exported from FlowJo and analysed in R (analysis in R 

was performed by Laura Glau). ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 



 

64 

4.4 FIGURE 3 

 

 

Figure 3. Effects of betamethasone on the T cell development in the OP9 coculture system. 

(A) Schematic workflow for OP9 coculture system. (B) Development of cell counts after 0 to 20 days 

of coculture with (shown in red) or without (shown in blue) pre-incubation with betamethasone. Day 0 

to 15: n=6 per group, day 20: n=5 per group. Multiple t tests were performed for statistical analysis. 

(C) Development of thymocyte populations after 5 to 20 days of culture. Depicted populations were 

gated out of single cells, live cells, CD45+ cells. Day 5 to 15: n=6 per group, day 20 n=5 per group. 

Depicted is the mean with standard error. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
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4.5 FIGURE 4 

 

 

Figure 4. Thymocyte subsets in the context of age. Frequencies of thymocyte subpopulations in 

children with CHD aged 2 to 363 days. Data were obtained from the cohort presented in Table 1 

(n=44). For statistical analysis, correlation was calculated with Spearman r.  The 95 % confidence 

interval (CI) of linear regression analysis is depicted in colour and indicated in the plot. For confidence 

intervals depicted in grey, two-tailed t test achieved no significance; for confidence intervals depicted 

in blue, two-tailed t test revealed significance with p < 0.05. 
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4.6 FIGURE 5 

 

 

Figure 5. Thymocyte subsets in the context of heart disease. Frequencies of thymocyte 

subpopulations in children with CHD with following diseases: 1 VSD (n=11), 2 ToF (n=4), 3 TGA 

(n=9), 4 AVSD (n=8), 5 ASD (n=4), 6 “left hypoplasia” (n=6), 7 others (n=2). Data were obtained from 

the cohort presented in Table 1 (n=44). The plots show the mean with standard deviation. Statistical 

analysis was performed with One-Way-ANOVA and Bonferroni correction and is indicated in case of 

significance. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
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4.7 FIGURE 6 

 

 

Figure 6. Correlation of thymocyte subsets with NT-proBNP. Frequencies of thymocyte 

subpopulations in children with CHD are correlated to preoperative levels of NT-proBNP. Data were 

obtained from the cohort presented in Table 1 (n=44). For statistical analysis, correlation was 

calculated with Spearman r. The 95 % confidence interval (CI) of linear regression analysis is 

depicted in colour and indicated in the plot. For confidence intervals depicted in grey, two-tailed t test 

achieved no significance; for confidence intervals depicted in blue, two-tailed t test revealed 

significance with p < 0.05. 
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4.8 FIGURE 7 

 

 

 

Figure 7. Plasma cortisol concentrations of children with CHD (blue) (n=45) and healthy controls 

(green) (n=21). One sample that was above measurement threshold was included with a cortisol level 

of 32 µg/dl, and three samples that were below measurement threshold were inc luded with cortisol 

levels of 0.5 µg/dl. (A) Linear regression and Spearman correlation were calculated: 95% confidence 

intervals depicted in colour: CHD: -0.2335 to 0.3669, Control: -0.1528 to 0.6625. Groups (CHD and 

Control) were compared with Mann Whitney test. (B) Comparison of cortisol levels in children with 

CHD and controls within three age groups. For statistical analysis, Kruskal-Wallis test was performed 

with Dunn’s correction for multiple comparisons. Adjusted p values are indicated above columns. 

ns p ≥ 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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