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In this thesis, we investigated and created improved fluorescent protein murine models 
to study hematopoiesis. Even though a wide range of experimental murine models have 
given valuable information on hematopoietic stem cell dynamics and at which stages 
cell signaling affects self-renewal or cell differentiation patterns, insufficient effort has 
been invested in optimization or critical analysis whether those models were portraying 
meaningful results. Increasingly complex genetic barcoding cell tracking models are 
excluding highly valuable spatial information which a fluorescent protein cell tracking 
model can offer. Instead, the focus on quantitative data and increased cell marking 
has incremented experimental costs and reduced comprehensive interpretation of the 
contextual setting. On the other hand, cell signaling reporter models have been utilized 
conveniently without in most cases a critical understanding of either the genetic context or 
the reporter protein dynamics to properly measure ranges of cell signaling reporter levels, 
especially in fragile cells. Moreover, there are currently no existing multi-reporter models to 
study cell signaling cross-talk collectively, as current knowledge is based mostly on stand-
alone, single pathway reporter models. 

Hence, the aims of this thesis were; 1) to improve an existing murine cell tracing model 
to visually define hematopoietic stem and progenitor cell (HSPC) clonal outgrowth. We 
also intended to define fluorescent activated cell sorting (FACS) protocols to combine 
10 fluorescent protein (FP) cell tagging with extracellular characterization; 2) to assess 
Wnt signaling activity in rare B-1 B cells with the use of a well-established Axin2-LacZ 
reporter model; 3) to create an easier to employ canonical Wnt signaling reporter model 
with a stable and reliable fluorescent protein for the measurement of low signaling levels 
in fragile cells; 4) to design a murine multi-fluorescent protein reporter model to measure 
signaling pathway crosstalk and integration. This included the understanding of expected 
signaling pathway combinations from previous reported literature and the best performing 
fluorescent protein combinations for reliable FACS and confocal imaging protocols. 

In chapter 6, we discuss the obtained results and address the impact of our models on 
the understanding of hematological development from a broader perspective. We first 
will focus on existing cell tracking models and the applications, followed by the role of 
conserved signaling pathways in hematopoiesis which special attention to canonical Wnt 
signaling, as well as the clinical relevance of our models. 

HEMATOPOIETIC CLONALITY AND DIFFERENTIATION
The understanding of hematopoietic stem cell (HSC) biology has been a challenging 
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endeavor with many different approaches and experimental models. Various gene 
expression/silencing models and reporter models reveal contradicting results and therefore 
demonstrate that hematopoiesis is a complex and niche dependent process. Much 
remains to be revealed, ranging from cell clone activity, division and differentiation rate, 
to unraveling which signals at which developmental stages are responsible for sustained 
hematopoiesis. Additionally, physiological and stress-hematopoiesis are essentially 
different and the niche environment affects the decision making of the hematopoietic 
cells. Combined, these factors emphasize the importance of choosing a representative 
experimental model for each research question.
 
Clonal cell tracking models
Transplantation models have been useful to understand hematopoietic development 
and have given the opportunity to characterize as well as quantify the cells responsible 
for hematopoietic recovery after bone marrow ablation. Within the HSPC compartment, 
several cells have been found to have stem cell potential or at least are responsible for the 
clonal outgrowth in the transplanted individual. However, much debate still remains about 
the frequency and exact identity of stem cell-like clones. According to limiting dilution 
assays, one single HSC could reconstitute long-term multilineage hematopoiesis in mice 
1,2. However, this does not reflect the natural function and heterogenicity of HSCs during 
normal life, ageing or disease. Instead, clonal cell tracking models began to gain popularity 
to study better the stem cell origin and differentiation steps contributing to hematopoiesis. 
Three approaches were mainly cited: 1) color-coding with fluorescent proteins 3-5; 2) 
genetic marking (barcoding) through viral vector insertion 6-8; and a combination of both 9-11. 
Each strategy, or model, has its benefits and drawbacks, leading to a segregation within 
the research community on which model is the best choice to study HSC contribution. 
The main issue is the marking efficiency which depends on the total number of possible 
marking variations and the number of clonogenic cells to be marked. Color-coding models 
tend to have limitations in the number of unique markings, while quantitative genetic 
marking models are denounced to have either low resolution (underestimation) or an 
overestimation of stem cell counts. Moreover, the increasing number of unique markings 
attained by newer quantitative genetic marking models produces the complication of 
cumbersome protocols, increased detection limits and sequencing or mapping errors 12. 
Apart from the technical constraints that the cell tracking approach generates, the main 
question is whether these models are able to reveal the full spectrum of scenarios of clonal 
dynamics of the hematopoietic system. 



Chapter 7

170

Chapter 7

170

Stress hematopoiesis and post-transplantation recovery
The current dogma on clonal contribution for prolonged hematopoiesis is an unresolved 
debate between a reduced number of stable HSCs versus a larger number of progenitor 
cells. Normal blood production is polyclonal, meaning that after transplantation and 
even more so in a physiological setting, hundreds to thousands of HSPCs contribute to 
hematopoiesis 13. However, an apprized distinction between stress hematopoiesis and 
physiological hematopoiesis is often neglected when comparing results of clonal cell 
tracking models. Even though understanding physiological hematopoiesis dynamics 
is interesting for fundamental knowledge purposes, it is the understanding of stress-
hematopoiesis that is most imminent for clinical relevance. 

The main initial purpose of the transplanted graft material is to evoke an early recovery from 
cell aplasia which is governed by the early reconstitution phase followed by the steady-
state phase. Firstly, the short-lived MPPs drive recovery of the hematopoietic system 
which after exhaustion (a few months) is followed up by long-term HSCs (LT-HSCs). 
However, how the cellular differentiation dynamics take place in these reconstitution 
phases is still unclear. In murine mouse models, the leading concept is that transplanted 
HSCs are heterogenous, have heterogeneous reconstitution patterns and have a bias 
to either de lymphoid or myeloid cell fate 14-18. This concept was opposed by Carrelha 
et al., with the finding of megakaryocyte/erythrocyte-restricted HSCs with long term 
survival 19. Subsequently, a comprehensive study was performed taking into account the 
experimental set-up conditions which could affect HSC functionality. This study mainly 
confirms that hematopoietic differentiation occurs differently under stressed conditions 
such as transplantation, conditioning or immunodeficiency, compared to unperturbed 
hematopoiesis 20. Most notably, organ damage due to the preconditioning treatments have 
a tremendous effect on the response of transplanted cells, which will be discussed further 
ahead. In fact, lineage-biased LT-HSCs were merely found in stress-prone and perturbed 
conditions such as irradiation and antagonistic anti-c-kit antibody (ACK2) preconditioning. 
The biggest differences were delineated to dominant HSC clone differentiation and 
lineage bias, which resulted into biased blood production 20. Interestingly, irradiation-
mediated transplantation led to an HSC expansion wave of unbiased HSC clones, apart 
from the two myeloid-biased expansions waves and one lymphoid expansion wave during 
lineage commitment 20. In humans, similar lineage commitment pathways have been 
reported. Translational probabilistic models in transplanted patients based on the study 
of integration sites of a therapeutic vector as cell-tracing marker, underlines that even 
though MPPs are more active in the early phases of recovery, it is in the later steady state 
phase where primitive HSCs govern hematopoiesis 21-23. Considering that these patients 
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were pre-conditioned with irradiation therapy, a similar population of unbiased HSC clones 
could be responsible for sustained hematopoiesis even though the possible therapeutic 
transgene effect should not be neglected. However, as bone marrow transplantation with 
LT- and/or ST-HSCs is the golden standard of HSC functional assays and most attention is 
directed to long-term reconstitution, the functional output and cell production of multipotent 
progenitor cells (MPPs) is seldomly studied and thus poorly understood. 

In chapter 1, we adopted a ten-color cell marking mouse model by inducing differential 
combinatorial expression of four original colors to study stress hematopoiesis shortly 
after transplantation. The original mouse model was used to demonstrate spatio-temporal 
gut stem cell dynamics using four colors 24. Our retroviral Cre strategy showed efficient 
transduction of Lin- c-kit+ (LK) cells, resulting in the expression of the maximum of ten color 
combinations. As the retroviral vector enters easier into dividing progenitor cells within 
the LK fraction, we were able to study the short-term cellular output and marking kinetics 
of these cells. Additionally, we proposed a multi-color FACS strategy to quantify the cell 
marking activity while still leaving margin for additional fluorescent cell characterization 
markers. Since this strategy leaves the cells untouched in vivo, our model is useful to study 
hematopoietic cell characterization. Moreover, genetic marking cell tracking models focus 
primarily on the quantification of cells, whereas information on functional heterogeneity 
and formal definition of stem cells is often omitted. Indeed the ten-color marking does not 
seem to be sufficient to study the full spectrum of HSC dynamics or at least is touching the 
proposed marking limits 12. However, this model remains meaningful for low-complexity 
cell tracking such as early B- and T cell development. Furthermore, our model gives the 
opportunity to study transplantation stress hematopoiesis with spatial clues of the niche. 
For example, T cell progenitor cell tracking in the thymic niche would give interesting 
insights into T cell development. By being able to combine this low-complexity marking 
model with multiple additional extracellular characterization markers, our model is 
applicable for cellular definition as well as spatial information through confocal microscopy 
or even imaging flow cytometry 25. 

CONSERVED CELLULAR SIGNALING PATHWAYS
Wnt signaling is a highly conserved pathway with a prominent role in adult stem cells. 
Dysregulated Wnt levels can disturb the development and function of various organs 26, 
and are also known to play a decisive role in a variety of malignant and nonmalignant 
hematologic diseases. According to the “just-right” signaling model, successful triggering 
of tumorigenesis is driven by impaired signal transduction at a specific level 27,28. A too low 
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signal will not provide enough transcriptional response, while a too high signaling activity 
might trigger an apoptotic response 29. Especially for Wnt signaling several studies have 
indicated that distinct Apc/b-catenin levels affect stem cell differentiation 30. These dosage 
levels are thought to be regulated through gene-dosage and/or protein-dosage which can 
drive regional of localized b-catenin expression patterns. In fact, these distinct b-catenin 
levels could lead to not only to activate, but also repress Wnt target genes 31. The Wnt 
dosage model proposes that the exact right amount of Wnt signaling is required for correct 
HSC cell functioning 32,33 and the same kinetics is generally true for all signaling pathways 
and cell types. Especially when addressing signaling pathways, one must contemplate 
that it is not simply a dichotomous “on” or “off” state. Instead, it is a balanced reaction 
to various interceding proteins which results into dosage-driven effects. This means 
that conserved signaling pathways could be considered as therapeutic targets to exert 
controlled manipulation for a beneficial outcome. 

Indeed, Notch, TGF-b/BMP and Hedgehog signaling are thought to play important roles 
in physiological and stress hematopoiesis 34. For example, bone marrow damage caused 
by chemotherapy induces fundamental changes in the expression of Notch ligands Delta-
like 4 (DLL4) and DLL1 of the vascular endothelium which issues HSPC myeloid skewing 
instead of common lymphoid progenitor (CLP) T-lineage specification 35. In fact, sex steroid 
hormone ablation therapy has shown to increase DLL4 expression and cause improved 
HSC self-renewal and lymphoid differentiation 36.

Interestingly, osteo Wnt5a and perivascular BMP4 were upregulated after the stress 
hematopoiesis insult 35. The non-canonical Wnt5a was previously reported to be increased 
in short-term HSC repopulation by maintaining HSCs in a quiescent G0 state 37. However, 
canonical Wnt signaling is necessary to activate HSCs and induce self-renewal and 
differentiation 38. A similar phenomenon is known in aged-HSCs, where Wnt5a-driven 
non-canonical Wnt signaling led to a decreased lymphoid output and increased myeloid 
output 39,40. Conversely, canonical Wnt3a overexpression led to increased B lymphopoiesis 
and decreased myeloid cells after transplantation 41, indicating that Wnt signaling affects 
cell fate decisions in different manners. Expansion of HSCs for transplantation with Wnt 
modulating cytokines or other signals have only been partially successful, mainly due 
to the lack of control of the Wnt dosage kinetics 32. Our canonical Wnt reporter model in 
chapter 3 is an interesting model to measure and understand the dosage kinetics of these 
therapeutic agents to improve ex vivo HSC expansion protocols. 
BMP4 on the other hand is an interesting therapeutic target for thymic regeneration after 
damage as it has a prominent role during thymus organogenesis 42. Importantly, ex vivo 
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expanded thymic endothelial cells delivering BMP4 improved thymic reconstitution after 
adoptive transfer 43. BMP4 was found to bind to receptors on thymus epithelial cells (TECs) 
and stimulated the upregulation of FoxN1 and its target genes 44. Interestingly, FoxN1 is 
a known Wnt target gene, indicating anew the implication of Wnt signaling for regulating 
the thymic niche 45,46.

The other member of the TGF-b superfamily, the TGF-b pathway is thought have 
implications in hematopoiesis as well. Although there seems to be indication of a possible 
therapeutic agent for thymus rejuvenation, the role of this pathway is poorly understood 
in T cell development and thymic function 42. Therefore, most interest is concerning the 
control of HSCs, particularly in quiescence and self-renewal through the regulation of cell 
cycle kinases 47. In fact, in vivo temporal inhibition of TGF-b in HSCs resulted in enhanced 
regeneration post transplantation 48, indicating a possible therapeutic avenue that can 
aid in patient recovery before the HSCs return to quiescence. However, the multifaceted 
nature of TGF-b and its complex mechanisms (including pathway cross-talk), argue 
that more knowledge is required through reporter models, such as the proposed PAI-
1-mScarlet-I TGF-b proposed in chapter 5. Indeed, TGF-b biphasic response (hinting 
towards a dosage mechanism) and varying TGF-b sensitivity have been proposed, which 
makes it interesting to investigate further 47. As TGF-b ligands are largely expressed by 
megakaryocytes and deposited in the bone matrix, the mScarlet-I fluorescent protein is 
ideal for deep-tissue signaling to understand the function of TGF-b in the bone marrow 
niche. 

Finally, the role of Hedgehog (Hh) signaling in hematopoiesis is less understood than the 
other pathways. Generally, Hh is accepted to be crucial for correct embryonic development 
and HSC development 49, however its role seems to be most prominent during altered 
signaling 50. Trowbridge et al., proposed that the Hh downstream signaling pathway is 
involved in HSC quiescence through cell cycle regulation, for continuous activation of 
Hh exhausts HSCs 51. Moreover, Hh ligands expressed by bone marrow stromal cells 
are thought to act as tumor survival signals and support tumor growth in lymphoid and 
myeloid malignancies such as acute myeloid leukemia (AML), chronic myeloid leukemia 
(CML) and acute lymphoblastic leukemia (ALL). Therefore, several therapeutic strategies 
have been proposed to block Hh signaling, but have not been very promising 50. As the 
Hh pathway is known to cross-talk with other pathways such as Notch and Wnt signaling, 
its exclusive role is hard to determine or understand. The Hh Gli1-nNeonGreen reporter 
model proposed in chapter 5 could be of interest to clarify its contribution in stem cell 
maintenance and self-renewal capacity and even a combination of reporter models could 
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be made to study pathway cross-talk interaction 52.
In sum, conserved signaling pathways play intricate roles in diverse stages of hematopoiesis 
with varying signaling levels and complex intra-pathway regulation mechanisms. Stand-
alone reporter models for each unique pathway would improve knowledge about dosage-
driven homeostasis and stress-hematopoiesis mechanisms. Yet it is the combination 
of several reporters which will give truly insightful information on how to regulate 
hematopoiesis readily for clinical application.

WNT SIGNALING IN LYMPHOPOIESIS
The evolutionary conserved Wnt signaling is crucial in many developmental processes as 
well as in the maintenance of adult tissue homeostasis. The significant impact of aberrant 
canonical Wnt signaling has led to substantial efforts to develop therapeutic strategies to 
target this pathway 26. However, its role is versatile; involving several signaling proteins, 
varying signal strength or even cross-talk with other signaling pathways. For example, 
canonical Wnt signaling is important for both T and conventional B cell development, 
however the involved transcription factors are different. Studies in mice deficient for these 
transcription factors showed that the Lymphoid enhancer factor (Lef1) is crucial for B cell 
development 53,54 as T cell factor (Tcf1), and to some extent, Lef1 is for T cell development 
55,56. Indeed, along the developmental stages of distinct HSC cell subsets, the signaling 
mechanism and signal strength is known to vary 57,58. Most notably, it is in the T cell subsets 
where canonical Wnt signaling is most active 33 as for conventional B cells it is mostly 
important in the early developmental stages 33,59,60.

B-lymphopoiesis
In chapter 2, we studied the role of canonical Wnt signaling in B-1 B cells. B-1 B cells 
can be subdivided into B-1a cells and B-1b cells and their origin is believed to be distinct. 
As B-1a cells are considered to originate primarily from the fetal liver, Wnt3a could 
be of interest for their stem cell-like self-renewal capabilities. Wnt3a was shown to be 
essential for self-renewal of fetal liver HSPCs 61. Furthermore, Wnt3a also plays a role 
in conventional pro-B-cell proliferation in vitro 54. Lastly, Wnt3a is expressed in the bone 
marrow niche, therefore canonical Wnt signaling could influence the highly disputed 
HSC-derived B-1 a cell generation. We have shown that murine B-1 progenitors in the 
bone marrow express canonical Wnt signaling and that high expression of Wnt3A leads 
to B-1a generation. This means that, similar to HSCs 33, canonical Wnt signaling has a 
differentiation effect on B-1 progenitors. However, Luis et al., unraveled that the dosage 
of active Wnt signaling is deterministic for the cellular response. Mild canonical Wnt signal 
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led to increased self-renewal, whereas too high Wnt signaling led to a block of HSC 
multilineage reconstitution 32,33. Although for conventional B-2 cells it was shown to be 
ineffective 33, this dosage concept would be of interest to study in B-1 cell development 
with the more sensitive Axin2-mTurquoise2 reporter proposed in chapter 3. Apart from 
its convenience to measure canonical Wnt signaling in the scarce B-1 (progenitor) cells, 
it could also give a clearer picture on fluctuating reporter levels to unravel the ontogeny 
enigma of the B-1 subpopulations.  

T-lymphopoiesis
In humans and rodents, canonical Wnt is expressed in the thymus (https://www.ncbi.
nlm.nih.gov/gene/12006), indicating that Wnt signaling might be important for T cell 
development. Indeed, the Axin2-LacZ reporter has demonstrated oscillating canonical 
Wnt signaling levels in each T cell subset 33. Moreover, precisely controlled canonical Wnt 
signaling is important for thymus morphogenesis and supports normal thymic epithelial 
cell differentiation although deregulation does not negatively affect thymic function 45,62. 
However, little functional information is known about canonical Wnt signaling in the 
thymocytes during the different developmental stages due to the difficulties of measuring 
the narrow signaling ranges. Our protocol in chapter 4, has granted the possibility to 
measure small Wnt signaling differences in fragile cells such as thymocytes. In combination 
with the cytoplasmic and nuclear localization of b-catenin, the dynamics of canonical Wnt 
signaling can be analyzed with precision. 

Based on our preliminary data to study the Wnt dosage effects in our Axin2-mTurquois2 
homozygote reporter (chapter 3), we show that in an Axin2 knock-out (Axin2-mTurquoise2 
Tg/Tg) early T cell development is partially blocked after transplantation in healthy 
individuals (figure 1A). On the other hand, the Axin2-mTurquoise2 Tg/0 thymocytes show 
to have enhanced T cell development compared to the wildtype competitor cells, although 
this effect was not visible at the DN1 stage. Interestingly, Luis et al., demonstrated a 
similar canonical Wnt dosage effect in thymocytes 33. However, the Lck-Cre mediated 
Wnt expression in Apc-mutant lines only gave the possibility of altering the Wnt signaling 
from the DN3 stage and onwards, for which our preliminary data shows the first results 
of Wnt dosage effects in early T cells. Unfortunately, it is not possible to quantify the 
Wnt dosage level via Axin2 expression for comparison to the dosages of Tiago et al., as 
the Axin2-mTurquoise model has an incomplete Axin2 gene and disrupted Axin2 protein 
due to the genetic insertion strategy (chapter 3). Instead, we have measured the ratio 
of nuclear/b-catenin cytoplasmic expression in DP thymocytes, showing that indeed 
there is progressively more canonical Wnt expression when the Axin2 gene is disrupted 
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Figure 1: Axin2-mTurquoise reporter model in T cell development. (A) T cell development stages 
after primary competitive transplantation of Ly5.2 Axin2-mTurquoise2 Lin-Sca-1+c-Kit+ (LCK) HSCs 
and Ly5.1 wild type HSCs in healthy C57BL/6 donor mice. (B) Nuclear/cytoplasmic total b-catenin 
expression in Axin2-mTurquoise2 pan-thymocytes per genotype. Bargraph represent the median, 
whereas the + represents the mean. 
Non significant (ns), *p<0,05, **p<0,01 and ***p<0,001 when indicated.

A

B
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(figure 1B). The role of canonical Wnt signaling in early T cells could be related to T 
cell fidelity, apart from a previously reporter proliferative function 57. Garcia-Perez et al., 
showed that TCF1 expression in early thymocytes is primarily driven by Notch and acts as 
a transcriptional activator of Gata3 and Bcl11b 63. However, functional data should support 
this notion through the measurement of b-catenin and binding to the TCF1 transcription 
factor. 

CLINICAL RELEVANCE
Animal models have been crucial for biomedical research for the reason that it is often not 
possible to conduct such studies in humans. The genetic insertion of fluorescent proteins 
into human cells as has been performed or proposed in the clonal cell tracking model in 
chapter 1 and the cell signaling models in chapter 3 and 5, is not permitted due to ethical 
reasons. From a practical perspective, the employed techniques are equally applicable for 
any cell type of any species, however the effect of implementing an artificial protein into a 
human cell is till date not attempted nor its benefit justifies the risk. Therefore, the clinical 
relevance of the proposed models in this thesis regards a translational character. 

Ageing
Ageing and the increasing life expectancy are causing major health and economic issues. 
With advancing age, there is a decline in the efficiency and fidelity of homeostasis and 
the repair processes in the body. This is thought to be caused by a decline of stem cell 
populations as well as a decline in their effectiveness 64. Lymphopenia is one of the effects 
which is seen in an ageing population, however cancer is another prominent disease 
starting at the age of 50. 

Furthermore, the increasing execution of hematopoietic stem cell transplantations 
(HSCTs), leads to an inevitable increase in lymphopenic patients as well. Therefore, there 
is considerable interest to evaluate T and B cell quantity and quality to guide treatment 
directions or even identify biomarkers to monitor immune responses 65. Accurate and easy 
to apply reporter models as proposed in chapter 3 and chapter 5 are interesting tools to 
test new therapeutic agents and could possibly aid in the definition of required therapy to 
improve lymphocyte output.

Hematopoietic stem cell transplantations
Hematopoietic stem cell transplantations (HSCTs) are an effective method for treating 
malignant, non-malignant and inherited genetic disorders 66,67. Applications are related 
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to hematopoietic disorders such as immune dysregulation, refractory autoimmunity, 
cytopenia or hematopoietic malignancies in adults 68 and refractive lymphoma, leukemia, 
metabolic or autoimmune diseases to solid tumors and central nervous system tumors in 
pediatric patients 69. The understanding of hematological recovery after transplantation, 
could improve transplantation protocols or even lower the considerably high mortality rate 
70. The main problems causing patient fatalities are: infections, organ damage, cancer 
relapse and severe immune reactions, however uncertainty about HSC engraftment after 
myeloablative treatment is another concerning factor which is currently out of our control. 
Myeloablative therapy is comprised out of a high dose of chemotherapy and/or radiation 
treatment which is essential to: 1) make room in the bone marrow for the transplant/
graft, 2) suppress the patients’ immune system to reduce the risk of graft rejection and 3) 
destroy any remaining cancer cells of the patient. It is in fact this same pre-conditioning 
treatment that causes organ damage, such as in the bone marrow and the thymus leading 
to dysfunctional CLP T cell lineage skewing, impaired B lymphopoiesis and improper T cell 
development 71. The decrease in T cell development can lead to long-term suppression of 
thymus function and accelerate age-associated thymic involution 72. 

Lymphopenia
Immune dysfunction is a recurring problem in lymphopenic patients which is regularly 
caused by hematopoietic stress or injury and is especially life-threatening in HSCT 
patients. Complete immune reconstitution can take several months to years depending 
on the cell type and HSCT. T and B lymphocytes are the slowest immune cells to 
reconstitute, taking more than two years to fully recover in transplants 73,74. In particular 
T cells are sensitive to negative insults caused by cytoablative therapy, infections, graft-
versus-host disease or even age-related thymic involution. A declined T cell output 
and T cell senescence with restricted T cell receptor (TCR) repertoire has detrimental 
implications in future immune responses and overall adverse clinical outcome 75,76. Even 
though numerical T cell reconstitution can be achieved by IL7 and IL15 treatment, it is the 
thymic niche environment which is believed to be an important contributor for recovery 
of a diverse and functional T cell pool via de novo T cell generation 77. The crosstalk 
between bone marrow-derived T cell progenitors and the thymic stroma are responsible 
for the T cell development process 78, making this interaction notably interesting. Certainly, 
several strategies have entered into clinical trials to enhance immune recovery 77. These 
cytokines and growth factors are secreted by epithelial and mesenchymal stromal cells, 
however also a few hormones and hormone-like mediators have strong influence on the 
T cell numbers. Nonetheless, the effects are either not generating de novo T cells in older 
patients or the effects are transient or even cause deleterious effects when combined with 
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other therapies. In sum, several approaches are being explored however several barriers; 
such as age, defective stromal microenvironment and reduced response to homeostatic 
cytokines that limit immune regeneration must be overcome conjointly 77. 

With age, progressively more HSCs have a reduced homing and engraftment capacity 79. 
This leads to a significant reduction of intrathymic lymphoid progenitors contributing to the 
T cell periphery output 80. The decline in thymus function results in thymic involution which 
is another key contributor to decreased thymic function and progressive decline of immune 
functionality with age 81. As the thymus involutes, the naïve T cell pool is maintained by 
homeostatic proliferation 82,83. Interestingly, thymic atrophy has a different onset between 
mouse and human. Whereas in mice, the thymus undergoes a reduction in volume with 
age, the human thymus remains almost unchanged in size and instead has a perturbed 
microenvironment of the stromal cells 84 with loss of thymic epithelium and increase of 
fat. Taking into account that most HSC transplantations occur in older patients, the fact 
of a suboptimal functioning thymus worsens the clinical outcome further on top of the 
cytoablative-induced damage. Indeed, there is an inverse relationship between transplant 
recipients age and T cell recovery after transplantation 85.  Age directly correlates with an 
increased risk of opportunistic infections, leukemia relapse and adverse clinical outcome 
73.

In chapter 1, we recommend the use of the fluorescent cell tracking model to visualize 
clonal interaction within the thymus to study the aforementioned phenomena. The use of the 
murine model can give insights into spatio-temporal de novo T cell recovery occurs while 
being able to test different stem cell sources or ex vivo stem cell preconditioning regiments. 
All the more considering the difficulty of studying the effects of the aforementioned immune 
recovery strategies, cell-based approaches might give prompt answers instead of lengthy 
in vivo models. Organoids or scaffolds are recent advances that could be combined with 
the fluorescent cell tracing model from chapter 1 or the vector-based color barcoding 
model as employed in the humanized NOD/SCID (NSG) xenograft 9. 

Delay in B cell reconstitution is another problem for HSCT patients increasing the 
risk for infection and the development of graft-versus-host disease 86,87. Even though 
immunoglobins from patient plasma cells survive pre-transplantation conditioning or 
donor-derived mature B cells can be administered 88, just like T cells, the B cell restoration 
is primarily mediated by de novo generation from bone marrow progenitors 89. However, 
the delayed recovery of CD4 T cells impairs B cell differentiation, arrests maturation and 
functional reconstitution, leading to a decreased response to vaccines 86,90.
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Comparable to thymic atrophy, both conventional B-2 B cell and B-1 B cell frequencies 
decrease with advancing age 91,92, more prominently in humans than in mice. Functionally, 
this decrease and changed proportion of B cells, impacts the antibody response 
to vaccination 93,94. The age-related loss of diversity in the B cell repertoire generates 
antibodies which are less protective compared to younger individuals, which starts to be 
significant from the age of 50 92,95,96. What the exact role is of B-1 cells and how they 
recover after a lymphopenia is still unclear. In chapter 2, we have shown the role of Wnt 
signaling in the self-renewal capacity of B-1 cells in relatively young mice. However, it 
would be interesting to study the role of Wnt signaling after bone marrow transplantation of 
older HSCs with the Axin2-mTurquoise2 model in chapter 3. As the morphology changes 
with advanced age in B-1 cells which results into a high nucleus to cytoplasm ratio 92, the 
protocol in chapter 4 will be valuable to measure the low canonical Wnt signaling through 
the reporter activity and cytoplasmic versus nuclear b-catenin expression. 

Allogeneic HSCT patients have a high incidence of infectious diseases which causes up to 
25% of all deaths after transplant 97. Interestingly, B-1 B cells which offer a strong humoral 
immunity against pneumonia 98, influenza 99 and other infectious diseases. This is especially 
interesting to cover the lag time of T and B cell recovery in immune-compromised patients. 
However, little data is known about B-1 B cell recovery after HSCT. Partially because 
it has been difficult to discriminate between B-2 and B-1 B cells in humans. Quach et 
al., reported that B-1 cells were found in the circulation of mobilized HSC transplanted 
patients at 8 weeks post transplantation. However, no distinction was made for B-1a 
and B-1b subsets, as it is claimed that human B-1 B cells display characteristics of both 
subsets. In rodents nonetheless, B-1 B cells are distinguished by B-1a and B-1b subsets 
which are thought to have disparate ontogeny 100-102, even though others claim that both 
subsets can be generated from HSCs 103-105. Yet, human bone marrow and cord blood 
Lin−CD34+CD38lo stem cells have shown to generate both B-1 and B-2 lineages when 
transplanted into neonates of immune-deficient NSG mice 106. The authors also note 
that unidentified committed B-1 and B-2 progenitor subsets in the transplanted graft are 
probable due to the lack of identifying markers, meaning that they still might disparate 
in origin. Alternatively, Ghosn et al., showed that B-1a B cells cannot be reconstituted 
from human LT-HSCs, implying that HSCT patients have a shortcoming immune system 
with the lack of these B-1a cells 107.  Summarizing these contradicting theories and 
results, poses the question how B-1 cell commitment is effectuated. In chapter 2, we 
have shown that high expression of Wnt3A led to B-1a generation from bone marrow B-1 
progenitors. This means that even though the initial ontogeny of B-1a cells might be from 
fetal liver, also HSC-derived B-1a cells can be generated. It would be interesting to study 
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whether the same B-1a development is influenced by Wnt3a with the Axin2-mTurquoise2 
reporter construct (chapter 3) into human Lin−CD34+CD38lo stem cells. Additionally, the 
reporter activity patterns between the B-1 and B-2 B cell subsets and subsequent B cell 
development could give interesting hints for clinical application after HSCT. 

CONCLUDING REMARKS
In this thesis we have implemented new experimental mouse models and showed how 
fluorescent proteins can be useful as reporters to understand hematopoietic development. 
The purpose of this is not only to obtain fundamental knowledge but also to develop tools 
to support clinically relevant questions involving HSCT and therapeutic strategies.  

As also discussed in chapter 5, a future promising field of personalized research will be 
to use similar reporter models in human cells directly instead of in rodent animal models. 
The CRISPR-Cas9 technique as utilized in chapter 3, is easily applicable in human cells 
which can be either primary material or cell lines. In combination with bioengineered mini-
organs or even mini-organs on a chip, a direct read-out of the natural 3D context can be 
studied considering the niche environment, which is highly instrumental when interpreting 
clinical outcome/results. 
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