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Popular science summary of the thesis 
Blood cells are vital for oxygen transport, immune function, and blood clotting. 
Billions of blood cells are generated every day by so-called hematopoietic stem 

cells that reside in the bone marrow. This process is called hematopoiesis and has 

been thoroughly investigated for over 60 years. During hematopoiesis mature 

blood cells develop from the hematopoietic stem cells through a series of 
intermediate cell types. Studies on hematopoiesis have led to new insights in 

fundamental stem cell biology and new treatments for severe diseases such as 

blood cancer. Several established treatments for blood cancer, for example 

chemotherapy, can lead to acute depletion of blood cells. Low platelet numbers 
lead to impaired blood clotting, which increases the risk of severe bleeding that 

can be fatal. 

Not all hematopoietic stem cells are created the same. The most common type is 

the multilineage hematopoietic stem cell that gives rise to all blood cell types. 

Other stem cells are biased towards some lineages. Our group has previously 
identified a subset of hematopoietic stem cells that upon transplantation 

preferentially generates platelets whilst retaining the capacity to produce all 

types of blood cells. We call these cells platelet-biased or -restricted 

hematopoietic stem cells and have found them enriched in the fraction of the 
hematopoietic stem cells expressing the protein von Willebrand factor. This 

protein is also found in platelets and blood vessel walls and plays a key role in 

hemostasis. The work in this thesis further investigates these platelet-restricted 

and -biased hematopoietic stem cells. 

In Study I we investigated the onset of lineage restriction and bias in 
hematopoietic stem cells during fetal development. During development, 

hematopoietic stem cells come from blood vessel walls in the aorta and expand 

in the fetal liver before settling in the bone marrow. Previous studies have 

indicated that hematopoietic stem cells in the fetal liver all have high expression 
of von Willebrand factor, which suggests a high abundance of platelet-biased and 

-restricted hematopoietic stem cells. To investigate the prevalence of lineage bias 

and restriction before birth we performed multiple single hematopoietic stem cell 

transplantations from fetal liver. Contrary to our hypothesis, we found that most 
hematopoietic stem cells at this early stage of development were multilineage. 

We also performed single-cell RNA sequencing, a molecular technique that gives 

the expression of all genes in a cell, on the hematopoietic stem cells from the fetal 



 

 

liver just before birth. This analysis showed that several platelet genes correlated 

with von Willebrand factor expression, which is indicative of transcriptional 

priming of a subset of hematopoietic stem cells towards the platelet fate already 

at the time of birth. 

In Study II we turned our attention to the question of how hematopoietic stem 

cells generate platelets. Studies from other laboratories have suggested that 
platelet-biased and -restricted hematopoietic stem cells can generate platelets 

through a shortcut, skipping some established progenitor cell intermediates. In 

theory this would allow for faster platelet generation, which would be useful in 

situations where platelets are depleted. To address this question, we performed 
single-cell transplantations of von Willebrand factor expressing and non-

expressing hematopoietic stem cells and observed their output. These 

experiments showed that von Willebrand factor-positive platelet-restricted and 

von Willebrand factor-negative multilineage hematopoietic stem cells do not 
generate each other. We next sorted the hematopoietic stem and progenitor cells 

originating from platelet-restricted and multilineage hematopoietic stem cells and 

again performed single-cell RNA sequencing. This identified several genes that 

separated the differentiation path of multilineage and platelet-restricted 
hematopoietic stem cells. Among the genes was Flt3 that we validated in a mouse 

model in which the cells switch color dependent on Flt3 expression. 

Transplantation of hematopoietic stem cells from this mouse model showed that 

multilineage hematopoietic stem cells always generate platelets through Flt3 
expressing intermediate cells, whereas their platelet-restricted counterparts do 

not. Finally, we showed that the Flt3 independent pathway is used more after 

treatment with chemotherapy. Taken together, the results from Study II confirmed 

the existence of a novel platelet generation pathway, initiated by a distinct type 
of platelet-biased hematopoietic stem cells, which increases in usage upon 

treatment with chemotherapy.  

Platelets play an important role in normal hemostasis and in the development of 

clots that halt blood flow in the heart and the brain. Over the last decade it has 

been shown that not all platelets are the same and respond differently to vessel 
injury. We were interested in finding out what role the hematopoietic stem cells 

and differentiation pathways from Study II play in this process. To address this 

question, we developed in Study III an RNA-seq protocol for sorted platelets. We 

optimized platelet collection and sorting and could prepare sequencing data from 



 

 

as little as 300,000 platelets, which enables future studies on platelet subsets 

within the same individual and can give insights on platelet subpopulations.  

In conclusion, the studies included in this thesis have further characterized 

platelet-biased and -restricted hematopoietic stem cells and their differentiation 

path during development and in adult life. It also lays the groundwork for further 

studies on platelet heterogeneity which has implications for prevention and 
treatment of cardiovascular disease. 

Populärvetenskaplig sammanfattning 
Blodets celler är livsnödvändiga för syretransport, immunsystemet och 
blodstillning. Miljarder blodceller produceras varje dag av så kallade 

blodstamceller, vilka har sin hemvist i benmärgen. Blodbildningen kallas med ett 

annat ord för hematopoes och denna process har studerats ingående under de 
senaste 60 åren. I hematopoesen bildas mogna blodceller från stamceller genom 

en serie av alltmer specifika mellansteg. Studier av hematopoesen har givit nya 

insikter om fundamental stamcellsbiologi och lett till nya behandlingar för allvarliga 

sjukdomar som till exempel mot blodcancer. Flera etablerade behandlingar mot 
blodcancer som kemoterapi kan leda till akut förlust av blodceller, något som är 

ett viktigt kliniskt problem. Lågt antal av blodplättar, även kallade trombocyter, kan 

leda till bristande blodstillning och högre risk för allvarliga blödningar. 

Blodstamceller är inte en homogen grupp. Den vanligaste typen är 

multilinjeblodstamcellen som kan bilda alla celltyper i blodet. Andra 

blodstamcellstyper producerar mer av vissa celltyper. Vår forskargrupp har 
tidigare identifierat en undergrupp av blodstamceller som efter transplantation 

främst bildar trombocyter, fastän de har kvar förmågan att bilda alla typer av 

blodceller. Detta står i kontrast till de vanliga blodstamcellerna som bildar alla 

celltyper efter transplantation. För fenomenet att stamceller till största delen 
producerar en eller bara ett fåtal av de celltyper som är möjliga finns inget bra ord 

på svenska men ett alternativ skulle kunna vara ”linjevinkling”, från engelskans 

”lineage bias”. Proteinet von Willebrand faktor är en markör för den 

trombocytvinklade stamcellen och kan användas för att anrika dem vid 
cellsortering. Denna avhandling undersöker egenskaper hos de trombocytvinklade 

blodstamcellerna och hur dessa bildar trombocyter i jämförelse med vanliga 

blodstamceller. 



 

 

I Delarbete I undersökte vi när och var linjevinkling uppkommer. Under 

fosterstadiet uppstår blodstamceller från kärlväggen i aortan för att sedan 

expandera i levern innan de slutligen migrerar till benmärgen. Tidigare studier har 

visat att nästan alla blodstamceller i levern under fosterstadiet uttrycker von 

Willebrand faktor, vilket skulle kunna innebära att det där finns en stor mängd 
linjevinklade blodstamceller. Vi hittade dock inga bevis för att dessa celler finns i 

levern under fosterstadiet, utan att i princip alla stamceller beter sig som 

multilinjeblodstamceller. Vi gjorde också RNA-sekvensering, en molekylärbiologisk 

teknik som kvantifierar uttrycket av alla gener i en cell, av blodstamceller från 
levern under fosterstadiet. Denna analys visade att många trombocytgener 

korrelerade med genuttrycket av von Willebrand faktor i blodstamcellerna, vilket 

tyder på att de är predisponerade att bilda trombocyter. 

I Delarbete II riktade vi vår uppmärksamhet på hur blodstamceller bildar 

trombocyter. Andra forskargrupper har föreslagit att trombocyter kan bildas via 
en genväg och alltså hoppar över flera etablerade celltyper. Detta skulle kunna 

innebära att de kan bilda trombocyter snabbare, något som skulle vara 

användbart i situationer med trombocytbrist. För att undersöka detta sorterade 

vi stamceller baserat på deras von Willebrand faktoruttryck och övervakade deras 
cellproduktion. Dessa experiment visade att de två typerna av blodstamceller, 

multilinje och trombocytvinklade, inte kan ge upphov till varandra. Sedan 

sorterade vi blodstam- och progenitorceller som genererats av de två olika 

stamcellstyperna och genomförde återigen RNA-sekvensering för att identifiera 
nya markörer. Denna analys identifierade flertalet gener som separerade 

differentieringsvägen från multilinje och trombocytvinklade blodstamceller. Bland 

dessa gener fanns Flt3 som en markör för differentieringsvägen för vanliga 

stamceller men inte för de trombocytvinklade. Vi bekräftade att Flt3 var en ny 
markör med hjälp av en musmodell där cellerna byter färg beroende på om de 

någon gång uttryckt Flt3. Transplantation av blodstamceller från denna musmodell 

visade att multilinjeblodstamceller alltid bildar trombocyter genom mellansteg 

som uttrycker Flt3, medan trombocytvinklade stamceller gör tvärtom. Till sist 
visade vi att denna nya differentieringsväg expanderar vid behandling med 

kemoterapi, vilket kan ha betydelse vid cancerbehandling. Tillsammans visade 

resultaten från Delarbete II förekomsten av en ny utvecklingsväg att bilda 

trombocyter, vilken utgår från en distinkt typ av blodstamceller, och används i 
högre utsträckning efter behandling med kemoterapi. 



 

 

Trombocyter spelar en stor roll i de proppar som kan stoppa blodflödet till hjärtat 

och hjärnan. Det senaste decenniet har det visat sig att inte alla trombocyter är 

likadana och att de kan reagera olika som svar på skada. Vi är intresserade av att 

veta vilken roll blodstamcellerna och differentieringsvägen från Delarbete II spelar 

i detta. Som ett steg mot detta mål utvecklade vi i Delarbete III en metod för RNA-
sekvensering av sorterade trombocyter. Vi optimerade provinsamling, hantering 

och sortering och kunde på så vis generera sekvensdata från så lite som 300 000 

trombocyter, vilket möjliggör studier av trombocytundergrupper i samma individ. 

Vi hoppas att metoden kommer att kunna användas för att vidare undersöka 
trombocytheterogenitet.  

Sammanfattningsvis har denna avhandling undersökt trombocytvinklade 

blodstamceller och deras differentieringsväg dels under fosterstadiet, dels i vuxen 

ålder. Dessutom lägger den grunden för fortsatta studier av 

trombocytheterogenitet, vilket kan komma att ha betydelse för behandling av 
kardiovaskulära sjukdomar.   

  



 

 

Abstract  
Hematopoietic stem cells replenish billions of mature blood cells every day 
through a series of increasingly lineage-restricted progenitor cells and are 

therefore vital for immune response, oxygen transport and hemostasis. Upon 
acute depletion of the hematopoietic system, such as after cytotoxic treatment 

for blood cancer, one of the most troublesome complications is bleeding due to 

thrombocytopenia. 

Through mouse models, our lab has characterized a novel and direct pathway of 

platelet generation, initiated by a hitherto unrecognized subset of HSCs, that are 

activated in response to cytotoxic stress. Study I investigates the emergence of 
lineage restriction and bias in perinatal HSCs. Study II describes the non-

hierarchical relationship of two distinct types of HSCs, von Willebrand factor 

positive platelet-restricted and -biased HSCs (P-HSCs) and von Willebrand factor 

negative multilineage HSCs (M-HSCs). The transcriptional expression of FMS-like 
tyrosine kinase (Flt-3) was found to be a marker that distinguishes the 

differentiation pathways of P-HSCs and M-HSCs. This finding was validated by 

fate mapping using a Flt3-Cre/Rosa26-tdTomato mouse model. Furthermore, we 

performed molecular characterization of the megakaryocyte progenitors, the 
unilineage progenitors responsible for platelet generation, finding distinct 

molecular profiles depending on the type of HSC that generated them. We 

therefore speculate that the different pathways can in part explain platelet 

heterogeneity, an issue that has gained interest due to expansion of 
prothrombotic subsets upon aging. To this end, Study III describes a protocol for 

RNA-seq of sorted platelet populations allowing for molecular studies of platelet 

heterogeneity within the same individual. 

Taken together, these studies show that a mature cell can be generated through 

more than one differentiation pathway, suggesting a revision of the established 
hematopoietic hierarchy that currently posits only one unique sequence of 

differentiation steps for each mature cell type.  

 

  



 

 

List of scientific papers 
 
I. Platelet and myeloid lineage biases of transplanted single perinatal mouse 

hematopoietic stem cells (Cell Research, 2023, 33, 883-886) 

Karin Belander Strålin*, Joana Carrelha*, Axel Winroth, Christoph Ziegenhain, 

Michael Hagemann-Jensen, Laura M. Kettyle, Amy Hillen, Kari Högstrand, Ellen 
Markljung, Francesca Grasso, Masafumi Seki, Stefania Mazzi, Yiran Meng, Bishan 

Wu, Edwin Chari, Madeleine Lehander, Rickard Sandberg, Petter S. Woll, Sten Eirik 

W. Jacobsen (*equal contribution) 

 

II. Alternative platelet differentiation pathways initiated by non-hierarchically 

related hematopoietic stem cells (Nature Immunology, 2024, 25, 1007-1019) 

Joana Carrelha*, Stefania Mazzi*, Axel Winroth*, Michael Hagemann-Jensen, 

Christoph Ziegenhain, Kari Högstrand, Masafumi Seki, Margs S. Brennan, 
Madeleine Lehander, Bishan Wu, Yiran Meng, Ellen Markljung, Ruggiero Norfo, 

Hisahi Ishida, Karin Belander Strålin, Francesca Grasso, Christina Simoglu Karali, 

Affaf Aliouat, Amy Hillen, Edwin Chari, Kimberly SiIletti, Supat Thongjuea, Adam J. 

Mead, Sten Linnarsson, Claus Nerlov, Rickard Sandberg, Tetsuichi Yoshizato, 
Petter S. Woll, Sten Eirik W. Jacobsen, (*Equal Contribution) 

 

III. The platelet transcriptome is stable across age and is minimally responsive to 

spontaneous CD62 externalization (Manuscript) 

Masafumi Seki*, Axel Winroth*, Margs Brennan, Kari Högstrand, Tetsuichi 

Yoshizato, Michael Hagemann-Jensen, Christoph Ziegenhain, Amie Waller, Holly 

Foster, John W. Semple, Cedric Ghevaert, Sten Eirik W. Jacobsen^, Petter S. 

Woll^ (*Equal contribution, ^Shared senior authorship) 



 

 

CONTENTS 
1 Introduction ................................................................................................................................................. 1 

2 Background ................................................................................................................................................. 3 

2.1 Historical perspectives on hematopoietic stem cells .................................... 3 

2.2 Hematopoiesis beyond transplantation ................................................................... 7 

2.3 HSC heterogeneity and lineage bias ............................................................................ 8 

2.4 Developmental hematopoiesis in mice ..................................................................... 11 

2.5 Human hematopoiesis ......................................................................................................... 12 

2.6 Local and systemic signals regulate blood homeostasis ........................... 13 

2.7 Megakaryocytes and platelets ....................................................................................... 16 

3 Research aims ......................................................................................................................................... 19 

4 Materials and methods .................................................................................................................... 21 
4.1 Flow cytometry and fluorescence activated cell sorting (FACS) ......... 21 

4.2 Mouse models used in the thesis ............................................................................... 24 

4.3 Bulk and Single-cell RNA sequencing ...................................................................... 30 

4.4 Induction of hematopoietic stress conditions .................................................. 39 

4.5 Functional assessment of hematopoietic stem and progenitor 

cells in vitro ................................................................................................................................ 40 

4.6 Optimization of platelet collection and handling ............................................ 40 

4.7 General experimental design considerations and statistics .................... 41 
4.8 Ethical considerations ......................................................................................................... 42 

5 Results and Discussion .................................................................................................................... 45 

5.1 Platelet and myeloid lineage biases of transplanted single 

perinatal mouse hematopoietic stem cells ......................................................... 45 

5.2 Alternative platelet differentiation pathways initiated by distinct 

stem cells ...................................................................................................................................... 47 

5.3 The platelet transcriptome is stable across age and is not 

responsive to spontaneous CD62 externalization .......................................... 54 

6 Conclusions ............................................................................................................................................. 57 

7 Points of perspective ...................................................................................................................... 59 

7.1 Future studies on platelet biased hematopoiesis ......................................... 59 

7.2 Evolutionary origins of the blood and vascular system ............................... 61 
7.3 Stem cell concepts in hematopoiesis and other tissues ........................... 62 

7.4 Trees and atlases describe tissue organization .............................................. 64 

8 Acknowledgements ........................................................................................................................... 67 

9 Declaration about the use of generative Artificial Intelligence ......................... 68 

10 References .............................................................................................................................................. 69 



 

 

List of abbreviations  

5-FU 5-Fluorouracil 

AGM Aorta-Gonad-Mesonephros 

CFU Colony forming unit 

CFU-S Spleen colony forming unit 

CP  Cyclophosphamide 

Cre-ERT Tamoxifen inducible Cre 

DE Differential Expression 

EGFP Enhanced green fluorescent protein 

EHT Endothelial to hematopoietic transition 

FACS Fluorescence activated cell sorting 

FL Fetal liver 

FMO Fluorescence minus one 

GO Gene Ontology 

GSEA Gene Set Enrichment Analysis 

HSC Hematopoietic stem cell  

ITP Immune thrombocytopenic purpura 

LMPP Lymphoid primed multipotent progenitors 

LT-HSC Long term hematopoietic stem cell 



 

 

MFI Mean Fluorescence Intensity 

Mk Megakaryocyte 

MkP Megakaryocyte progenitor 

MPP Multipotent progenitor 

P Platelet 

PCA Principal Component Analysis 

PE Platelet, Erythroid 

PEM Platelet, Erythroid, Myeloid 

PEMBT Platelet, Erythroid, Myeloid, B-cell, T-Cell 

PRP Platelet-rich plasma 

RT Reverse transcription 

SCF Stem cell factor 

SI Stain Index 

ST-HSC Short-term hematopoietic stem cell  

tdTomato Tandem dimer Tomato 

THPO Thrombopoietin 

TI Trajectory Inference 

TO Thiazole orange 

t-SNE t-distributed Stochastic Neighborhood Embedding 



 

 

TSO Template Switching Oligonucleotide 

UMAP Uniform Manifold Approximation and Projection 

UMI Unique molecular identifier 

VTGG Von Willebrand factor-tdTomato/Gata1-EGFP 

Vwf Von Willebrand factor 

YS Yolk Sac 





 

1 

1 Introduction 

 

Figure 1 The hematopoietic hierarchy - each mature blood lineage is generated by a series of increasingly 
lineage-restricted progenitor cells. The thesis investigates the existence of the pathway with a question 
mark. (HSC - hematopoietic stem cell, ST-HSC - short-term hematopoietic stem cell, MPP - multipotent 
progenitors.) Created with BioRender.com 

All eukaryotic organisms develop from a single cell, the fertilized egg, which gives 
rise to all tissues through a carefully orchestrated differentiation process. Once a 

tissue has been established, it is maintained throughout life by a small pool of 

tissue-specific stem cells. The hematopoietic system, responsible for, among 

other things, immune response, oxygen transport, and vascular integrity, is one of 
the most well-characterized stem cell systems (Orkin & Zon, 2008). It has several 

properties that make it amenable to study, including non-destructive bone 

marrow and peripheral blood sampling, established in vivo and in vitro single-cell 

or clonal assays to study and quantify hematopoietic stem and progenitor cell 
(HSPC) function, and model systems allowing for genetic modification to identify 

critical intrinsic and extrinsic hematopoietic regulators. 
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Blood cells turn over at a rate of 1011-1012 cells per day in humans (Gordon et al., 

2002). Particularly durable cells are required to sustain this highly dynamic 

system. The discovery of the hematopoietic stem cell (HSC) led to the 

establishment of the hematopoietic hierarchy (Figure 1), with the HSC residing at 

the apex and maintaining the hematopoietic system through generation of 
increasingly lineage-restricted progenitor cells (Jacobsen & Nerlov, 2019). The 

self-renewal and multilineage potential of the HSCs also form the basis for bone 

marrow transplantation (Copelan, 2006), the only curative treatment for several 

hematological cancers and inherited blood disorders. Initially the HSC 
compartment was believed to be a homogeneous pool of quiescent cells with 

similar propensity for self-renewal, multi-lineage differentiation and fate choices. 

However, as isolation techniques and functional assays have improved, this idea 

has been challenged leading to several revisions of the hematopoietic hierarchy.  

This thesis presents work that has investigated heterogeneity in both fetal and 
adult HSCs, and how these cells differentiate into mature blood cell lineages. In 

particular, a novel pathway for platelet differentiation is established.  

The first section is a historical overview of how HSCs were first defined. The 

following sections describe how technological advancements have allowed for 

continued sub-fractionation of HSC populations, a process that is still ongoing. 
The section on developmental hematopoiesis is related to Study I and deals with 

the emergence of HSCs during development. In the materials and methods 

section, the experimental procedures used in the constituent studies are 

discussed in general with emphasis on technical aspects. Section 5 describes and 
discusses the main findings from the three constituent papers. The 

comprehensive summary concludes with some points of perspective where 

possible follow up studies are suggested together with a broader discussion on 

the conceptual underpinnings of stem cell research. 
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2 Background 

2.1 Historical perspectives on hematopoietic stem cells 

Studies of hematopoiesis were initially motivated by the observation of bone 
marrow failure after radiation exposure. Mice exposed to lethal doses of ionizing 

radiation could be protected by lead shielding of the spleen or rescued by 
transplantation of bone marrow from another mouse (Jacobson et al., 1951). It was 

later confirmed that transplanted cells were responsible for radioprotection rather 

than a humoral or chemical component in the transplant, after identifying a marker 

chromosome both in the donor and recipient bone marrow (Ford et al., 1956). 
Transplantation also gave rise to splenic nodules, the number of which correlated 

with the number of injected cells, indicating that nodules were of single cell origin 

(Till & McCulloch, 1961; McCulloch & Till, 1962). These colonies were subsequently 

shown to be clonal by induction of chromosomal marks (Becker et al., 1963) in the 
recipient, after transplantation but before the donor-derived cells had divided.  

The cells forming the noduli were given the name splenic colony forming unit 

(CFU-S). Further studies showed that the spleen colonies contained multiple 

lineages of mature cells at different ratios (McCulloch, 1963; Wu et al., 1968). Some 
of these colonies could give rise to new spleen nodules in secondary recipients, 

which implied the existence of self-renewing cells. Taken together, multipotency 

and self-renewal became the commonly accepted stem cell definition 

(Siminovitch et al., 1963).  

Around the same time, clonal in vitro assays were established to test properties 

of bone marrow cells (Pluznik & Sachs, 1965; Bradley & Metcalf, 1966). By using 
feeder cells that provide the appropriate microenvironment of both secreted and 

contact-dependent factors, hematopoietic cells can survive for many divisions. 

The culture systems also enabled identification of the cytokines by analysis of the 

conditioned medium generated by the feeder cells. Culture assays provide a 
complement to the transplantation assay to test for lineage potentials, but are not 

considered to capture self-renewal potential (Bock, 1997). 

A large variation in the frequency of splenic nodules in secondary transplantation 

was interpreted as heterogeneity at the stem cell level and two models were 

developed as explanations, the stochastic model which suggests that stem cell 
heterogeneity is intrinsically regulated (Till et al., 1964), and the 

microenvironmental model which in contrast argues that local microenvironment 

determines cell fate (Curry & Trentin, 1967). Both had to be revised when it was 
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demonstrated that the bone marrow could be functionally subdivided by gradient 

centrifugation or sedimentation before transplantation (Worton et al., 1969a, 

1969b). It was shown that cell size was a determinant of engraftment potential and 

that engraftable cells are not the same as cells that expand in culture. However, 

the models were still valid when applied to the individual fractions and form our 
reasoning about stem cells today. Most studies on hematopoiesis follow this 

pattern of sub-fractionation and functional evaluation.  

It was later shown that the CFU-S assay itself, while indicating stem cell function, 

did not recapitulate long-term stem cell properties. Transplanted spleen cells 

generated more CFU-S but gave less radioprotection than bone marrow-derived 
cells (Kretchmar & Conover, 1970) and treatment with 5-fluorouracil (5-FU), a 

cytotoxic drug that kills dividing cells, reduced direct CFU-S formation but 

enhanced bone marrow repopulating ability (Hodgson & Bradley, 1979). These 

studies suggested the existence of a pre-CFU-S cell. In summary, the CFU-S 
assay, still actively used in hematopoietic research today (Rodriguez et al., 2021), 

created the paradigm for HSC research and formed the basis for our current HSC 

definition: self-renewal and multipotency.  

Following these pioneering studies, the continued fractionation of HSPCs was 

furthered by technological advancements. Monoclonal antibody technology 
(Kohler & Milstein, 1975) and molecular probes combined with flow cytometry 

(Herzenberg et al., 2002) enabled prospective isolation of cell populations based 

on expression of surface proteins in combination with size measurement (Visser 

et al., 1984). Furthermore, the drawbacks of the CFU-S assay motivated the 
development of the competitive repopulation assay (Harrison, 1980) which tests 

bone marrow repopulation after transplantation over extended periods in time 

rather than short-term CFU-S formation. There are many approaches to separate 

donor and recipient cells, but they all have in common the introduction of a 
heritable genetic marker that is passed on to daughter cells during division. 

Following the chromosomal marker approach from earlier decades, new co-

isogenic (congenic) mouse strains allowed separation of transplanted donor cells 

from endogenous cells. Briefly, congenic mice have near-identical genomes that 
differ at one locus. The first study on competitive transplantation to assess HSC 

functional capacity used the s and d variants of the Hemoglobin beta locus, 

carried by the C57BL/6J and WB/Re mouse strains, to evaluate contribution from 

the two donors. Later studies used the same approach with the Ptprc locus 
(Spangrude et al., 1988) instead of hemoglobin. The Ptprc gene encodes CD45, a 
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protein tyrosine phosphatase receptor expressed on all nucleated hematopoietic 

cells and has two alleles Ptprca and Ptprcb that encode the CD45.1 and CD45.2 

proteins which can be distinguished by monoclonal antibodies (Shen et al., 1986). 

By transplanting CD45.2-expressing cells into a CD45.1 recipient, the donor-

derived cells can be identified and isolated with flow cytometry. As neither mature 
platelets nor erythrocytes contain nuclei, these two lineages are not captured by 

analysis of the CD45 congenic markers. However, the development of genetically 

modified mouse models wherein fluorescent reporters such as enhanced green 

fluorescent protein (EGFP) or tandem dimer Tomato (tdTomato) are expressed 
from lineage/stage-specific or pan-hematopoietic promoters has allowed lineage 

tracing in platelets and erythrocytes (Sanjuan-Pla et al., 2013; Yamamoto et al., 

2013).  

Alternatively, a fluorescent reporter gene can be introduced inside a 

housekeeping gene such as Rosa26 (Srinivas et al., 2001) for constitutive 
expression, or conditional expression by insertion of a stop codon flanked by loxP 

sites, which are recognized and removed by Cre recombinase expressed under 

the control of the promoter of a gene of interest (Sauer & Henderson, 1988). The 

latter approach allows for a binary switch mechanism allowing reverse fate 
mapping of a mature cell – if the stop signal has been excised and the reporter is 

detected, the cell has expressed the promoter gene at some point, and all progeny 

generated from this cell will also express the reporter. In this way the expression 

history of the protein in each cell can be determined. In theory, this approach can 
be used to track the output of HSCs given that the selected promoter is 

completely HSC-specific. However, no such promoter has been identified.  

After realizing that primitive cells should not express surface antigens found on 

mature cells (Lineage negative, Lin-) and, in contrast, be expressing antigens not 

found on mature cells (Stem cell antigen 1, SCA-1) together with a low Thy1.1 
expression, a 1,000-fold enrichment of radioprotection could be achieved 

(Spangrude et al., 1988). The fractionation was further refined, with the 

introduction of positive selection on the receptor for stem cell factor, cKIT (Okada 

et al., 1991), and negative selection on CD34, to allow isolation of a single HSC 
(Osawa et al., 1996) in limiting dilution with the ability to repopulate lymphoid and 

myeloid blood lineages in serial transplantations. Additional markers have been 

identified to further enrich for long-term reconstitution such as SLAM (Kiel et al., 

2005) and EPCR (Balazs et al., 2006). In addition to surface markers, stem cells 
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can be isolated based on low rhodamine-123 retention (Li & Johnson, 1992), or 

Hoechst efflux (Goodell et al., 1996). 

Congenic approaches lack the resolution to trace the contribution of individual 

clones in a bulk transplant. Transduction of genetic barcodes before 

transplantation allows for separation of individual clones generated by individual 

cells after transplantation. This approach is limited by detection sensitivity and 
clone size – many HSCs contribute very little and most get outcompeted during 

reconstitution of the hematopoietic system. Like transgenesis, the integration of 

barcodes might disrupt normal function of the cell. The other option for following 

single cell clones is to transplant single cells, which is considered the gold standard 
stem cell assay. Unfortunately, it is very labor intensive and requires prospective 

enrichment of HSCs before transplantation.  

The boundaries of hematopoietic compartments move every time one of them is 

sub-fractionated into sets with varying self-renewal and lineage potentials. In 

general, HSPCs lose lineage potential in a stepwise manner until they are fully 
committed uni-lineage progenitors, but self-renewal and multipotency is not lost 

at the same rate. Many intermediate stages between long-term HSCs (LT-HSC) 

and mature cells have been identified. The short-term HSC (ST-HSC) is an HSC 

with limited self-renewal capacity, meaning that while it reconstitutes all blood 
lineages, it becomes exhausted and fails to engraft in secondary transplants (Yang 

et al., 2005). Below the ST-HSC are a set of multipotent progenitors (MPP) with 

different self-renewal and lineage properties. Among these is the FLT3-expressing 

lymphoid-biased MPP (LMPP) (Adolfsson et al., 2005), that revised the notion of 
a strict separation between the myeloid (Akashi et al., 2000) and lymphoid (Kondo 

et al., 1997) lineages and their respective progenitors (Figure 1). 

Modes of cell division are closely related to the stem cell properties. At some point 

in the division history of a true stem cell, an asymmetric division must occur. Self-

renewal requires that one of the daughter cells have the same properties as the 

dividing cell for the stem cells to be maintained and the other daughter cell must 
be able to lose its self-renewal and differentiate into all hematopoietic lineages. 

This has been exploited in vitro to show that some cells are multipotent and 

generate daughter cells that have different lineage potentials (Suda et al., 1984). It 

has also been used to show both self-renewal and asymmetric division of HSCs in 
vitro (Ema et al., 2000) and refined in transplant experiments where paired 
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daughters were either both LT-HSCs or one LT-HSC and one cell with less self-

renewal potential and/or reduced lineage potential (Yamamoto et al., 2013). 

2.2 Hematopoiesis beyond transplantation 

Whilst an essential tool for studies of hematopoiesis, the transplantation assays 
have some important limitations. The means of conditioning in transplantation-

based lineage tracing is likely to alter both the transplanted cells and the recipient 

bone marrow microenvironment (Dong et al., 2020) and it is plausible that cells 
lacking reconstitution capacity nevertheless contribute to long-term 

hematopoiesis in an unperturbed setting. An ideal system for lineage tracing in 

unperturbed hematopoiesis would therefore depend on efficient labeling of all 

cells in a predefined population without perturbing the cells’ current and future 
states.  

Several approaches using genetic engineering have been developed to avoid 

transplantation altogether and allow monitoring of HSC fate in steady-state 

hematopoiesis, including the Cre fate-mapping system outlined above. The 

Sleeping Beauty transposon system allows for random integration of small DNA 
sequences into the genome (Sun et al., 2014; Rodriguez-Fraticelli et al., 2018). This 

has been exploited in genetically modified mice with an inducible hyperactive 

transposase, which when activated results in unique integration sites of a known 

DNA sequence for every targeted cell. Tracking the integration site through next-
generation sequencing technologies allows for monitoring the fate of single cells 

in vivo. The Polyloxp-express system instead relies on multiple segments flanked 

by loxP sites (Pei et al., 2020). After induction, Cre randomly recombines the 

segments resulting in unique sequence of inversion events in every cell. The 
CRISPR array repair lineage tracing (CARLIN) (Bowling et al., 2020) and the 

improved version DARLIN (Li et al., 2023) models use inducible CRISPR-Cas9-

mediated editing to create heritable barcodes. Taken together, molecular 

barcoding studies have so far identified proliferative HSCs which have a high 
barcode overlap with mature cell populations and quiescent HSCs where the 

barcodes are only found within the HSCs pool. Additionally, the lineage biases 

discovered in classical transplantation experiments have been recapitulated, 

including HSCs with biased or restricted contribution to mature lineages. 
Spontaneously occurring variants can also be used as barcodes. Whole genome 

sequencing of single cell-derived HSC and MPP colonies allows for the 

construction of a phylogeny of HSPC clones (Kapadia et al., 2025).  
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Some barcoding studies showed low concordance between HSC barcodes and 

those detected in fully differentiated populations, challenging the conventional 

view that adult hematopoiesis is dependent on HSCs (Sun et al., 2014). 

Subsequent fate-mapping studies addressing this question using different 

tamoxifen inducible Cre (Cre-ERT) lines initially gave contradicting results 
dependent on cis-regulatory elements. Tie2 (Busch et al., 2015) labelled a smaller 

subset of HSCs and showed little contribution to mature lineages. On the contrary, 

Fgd5 (Säwen et al., 2018), Krt18 (Chapple et al., 2018), and Pdzk1ip1 (Sawai et al., 

2016) labelled more HSCs and these studies claimed that HSCs do contribute to 
steady state hematopoiesis. These conflicting results can be explained by 

considering that the models label different HSC subsets (Takahashi et al., 2021), 

highlighting the impact of HSC heterogeneity and choice of Cre promoter 

elements. 

2.3 HSC heterogeneity and lineage bias 

HSC heterogeneity is often postulated to explain variability in stem cell assays. For 
example, the initial observation of different numbers of spleen colonies in 

secondary transplants of CFU-S was attributed to HSC heterogeneity. Further 

heterogeneity was identified by studies using random retroviral integration to 

track individual HSCs’ contribution to different hematopoietic lineages. From 
these studies the HSC compartment could be divided into subsets with different 

contribution towards lymphoid or myeloid cells (Williams et al., 1984; Dick et al., 

1985; Lemischka et al., 1986; Jordan & Lemischka, 1990). HSC transplantation in 

limiting dilution (Smith et al., 1991) and later single HSC transplantation have also 
revealed the existence of HSC subsets with different contributions towards 

different lineages, where distinct lineage patterns of transplanted HSCs are 

maintained following serial transplantations (Muller-Sieburg et al., 2002; Muller-

Sieburg et al., 2004; Dykstra et al., 2007; Kent et al., 2009; Yamamoto et al., 2013). 
Although the authors of the studies used their own definition of lineage bias, the 

HSC subsets identified by these different approaches have been reconciled (Ema 

et al., 2014). Broadly speaking, HSCs are either balanced, myeloid-biased, or 

lymphoid-biased and have different long-term reconstitution potential. However, 
lymphoid bias can also be explained by long term B- and T-cell progenitors 

instead of true HSCs. Several different markers are associated with the different 

HSC subsets. 

Gene expression profiling of HSCs has revealed not only transcriptional 

heterogeneity but also gene expression signatures overlapping with cells 
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belonging to mature lineages, suggesting an early lineage priming initiated already 

at the HSC stage. In particular, many genes associated with the megakaryocyte 

(Mk) lineage, including expression of von Willebrand factor (Vwf), were also 

detected in the most primitive HSC (Mansson et al., 2007). This led to the 

development of the Vwf-EGFP reporter mouse (Sanjuan-Pla et al., 2013), which in 
addition to labelling all platelets with EGFP and thereby allowing reliable tracking 

of donor-derived platelets in a transplantation setting, also allowed separation of 

the HSC compartment into Vwf+ and Vwf− fractions. Vwf+ HSCs showed greater 

capacity for reconstitution and generated Vwf− HSCs, suggesting elevated 
stemness. In addition, Vwf+ HSCs showed a predisposition to generate the platelet 

lineage, adding platelet bias as a possible lineage bias. It was also shown that 

platelet depletion using a CD42b antibody selectively activated quiescent Vwf+ 

HSCs. By combining fluorescent reporters for platelets and erythrocytes in the 
Vwf-tdTomato/Gata1-EGFP (VTGG) mouse and CD45.1/CD45.2 analysis, all 

mature blood lineage could be tracked in reconstitution experiments (Carrelha et 

al., 2018). Single-cell transplantation of VTGG immunophenotypic HSCs confirmed 

a hierarchical relationship between multilineage and several types of biased HSCs. 
The data from that study suggests that lineage bias appears in a stepwise fashion, 

whereby lineage potential is lost one lineage at a time until only the platelet lineage 

remains. These studies subdivided the myeloid-biased pattern into platelet-

erythroid-myeloid (PEM), platelet-erythroid (PE), and platelet (P) biases. The most 
pronounced cases of P-bias only showed reconstitution after transplantation in 

the platelet lineage and were as such the only uni-lineage HSCs detected in these 

studies. Platelet- and myeloid-biased HSCs increase in frequency with age, shown 

both by output in transplantation and in transcriptional priming (Grover et al., 2016; 
Flohr Svendsen et al., 2021). In line with these studies single-cell transplantations 

using Kusabira-Orange (KuO) for lineage tracing in platelets and erythrocytes 

suggested the direct generation of platelet-repopulating cells that bypass the 

multipotent progenitor stage (Yamamoto et al., 2013), although in this study their 
version of the platelet-biased HSC failed to give long term reconstitution in 

secondary transplants. 

Building on the idea that committed progenitors can be generated independently 

of multipotent progenitors, a couple of studies have investigated the molecular 

profile of the platelet differentiation pathway in mice. Single-cell RNA sequencing 
in a CALR mutated mouse model of myeloproliferative disease suggested a 

transcriptional intermediate cell in-between classical megakaryocyte progenitors 
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(MkPs), and HSCs, a population that was separated from the established 

progenitor compartments. This novel population was marked by low CD48 

expression, indicating a shortcut between HSCs and MkPs (Prins et al., 2020). 

Another study combined competitive transplantation with fluorescent label 

propagation in a mathematical model to infer that there exist two parallel 
pathways for platelet development (Morcos et al., 2022). These studies did not, 

however, provide definitive evidence of the pathway based on fate mapping nor 

were they able to isolate the cells from which the pathways emanate. 

The mechanism underlying lineage restriction and bias is an open question. The 

transplantation studies indicate that it is a long-lasting cell-intrinsic property, 
supported by single-cell transplantations and its persistence in secondary 

transplantations. Stated differently, it falls within the stochastic model of 

hematopoiesis. On the other hand, the microenvironment might be involved in the 

regulation since Vwf+ HSCs localize together with sinusoids and Mks rather than in 
the arteriolar niche (Pinho et al., 2018). Furthermore, low mitochondrial activity is 

associated with lineage output and stem cell age (Mansell et al., 2021), which is 

compatible with the reactive oxygen species (ROS) gradient observed in the niche 

(Itkin et al., 2016). Still, the precise causal relationship between stem cell aging, 
metabolism and lineage bias remains to be determined. 

The studies that simultaneously capture clonal information and mRNA have 

curated gene signatures that correlate with HSC output patterns linking function 

to phenotype in a novel way (Rodriguez-Fraticelli et al., 2020). However, genetic 

barcoding is, as discussed above, limited by low labelling frequency and low 
barcode diversity making the absence of a barcode in some lineage difficult to 

interpret — absence of evidence is not evidence of absence. As a result, lack of 

lineage contribution might in effect reflect a technical dropout. Single-cell HSC 

transplantation studies are therefore more definitive with regard to interpretation 
of lineage restriction and lineage bias of HSCs.  

The existence of a platelet-biased or -restricted HSC and the corresponding 
platelet differentiation pathway in humans is also an open question. It has been 

suggested that HSCs can differentiate into Mks without division; however, it could 

in fact be a MkP that was selected for differentiation (Roch et al., 2015). Although 

it is possible to perform single-cell transplantation of human HSCs, these models 
do not support generation of the Mk lineage. However, Mk lineage expansion has 

been observed in patients with myeloproliferative disease (Psaila et al., 2020).  
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2.4 Developmental hematopoiesis in mice 

Fetal hematopoiesis occurs in multiple waves in distinct locations: the yolk sac 
(YS), aorta-gonad-mesonephros (AGM), fetal liver (FL), and the bone marrow. 

Broadly speaking, the first wave of nucleated erythroblasts emanating from the YS 
provides the developing embryo with oxygen once circulation has been 

established. The second wave generates erythro-myeloid progenitors (EMP) in 

the AGM and other major arteries through endothelial hematopoietic transition 

(EHT). Finally, the third wave produces definitive HSCs in the AGM that colonize 
the FL before migrating to the bone marrow just before birth.  

Definitive, that is transplantable, HSCs emerge primarily in the AGM. This was first 
suggested by the observation of intravascular clusters of cells, resembling blood 

cells, in the aortic arch in several vertebrates. Here, HSCs capable of multilineage 

differentiation and self-renewal in transplantation emerge (Medvinsky et al., 1993; 

Muller et al., 1994; Medvinsky & Dzierzak, 1996). On the other hand, the YS does not 
generate definitive HSCs (Ganuza et al., 2018), despite producing cells that are 

capable of multilineage proliferation. HSCs do not migrate into the bone marrow 

until it has been established and the HSCs have matured in the FL. Transplantation 

into fetal sites increases repopulation efficiency (Arora et al., 2014), highlighting 
both the role of the microenvironment and that direct application of methods for 

adult hematopoiesis might yield biased results. The rate of HSC expansion in the 

FL is less than previously suggested from transplantation experiments (Ganuza et 

al., 2022), suggesting that it mainly promotes maturation of pre-hematopoietic 
stem cells. 

The precise mechanism of HSC generation from the AGM was a source of much 

debate including distinguishing whether the HSC originated from endothelial cells 

or the underlying connective tissue. Expression profiling, imaging, and lineage 

tracing from endothelial cells using VE-cadherin-CreERT2 at embryonic day 9.5 
(E9.5) confirmed HSC origin in embryonal endothelial cells. The underlying 

connective tissue could contribute but only through an endothelial intermediate 

(Zovein et al., 2008). However, in vivo live imaging of the transition from 

endothelium to HSC, so-called EHT in zebrafish (Bertrand et al., 2010; Kissa & 
Herbomel, 2010) and mouse embryonal AGM explants (Boisset et al., 2010) argued 

in favor of direct differentiation from endothelium to HSCs while not ruling out a 

small contribution of the underlying mesenchyme. 
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Complementary to the imaging studies, several studies using lineage tracing have 

attempted to clarify the origin and frequency of HSCs, yielding different results 

depending on Cre-ERT cis-regulatory elements and induction day. Using the 

Confetti mouse, a model with multiple fluorescent reporters that act as a barcode, 

it was estimated that hematopoiesis is sustained by around 500 clones of 
multilineage hematopoietic progenitors (Ganuza et al., 2017). Further genetic 

barcoding experiments with the Sleeping Beauty transposon system suggest that 

adult hematopoiesis is maintained by embryonal MPPs that persist throughout life 

(Patel et al., 2022). DARLIN barcoding also has shown a high degree of overlap of 
barcodes in different blood compartments when induced at E10, and that around 

500 clones contribute to adult hematopoiesis (Li et al., 2023). Interestingly, this 

study found localized clonality in different hematopoietic sites when the barcodes 

were induced post-birth. 

In summary, while there have been many conflicting studies regarding the 
spatiotemporal emergence of definitive HSCs, there is now agreement that most, 

if not all, clones contributing to adult hematopoiesis emerge at the latest at E9.5 

in the AGM and then migrate to the FL for maturation before finally colonizing the 

bone marrow around birth. This is followed by a final burst of proliferation before 
the HSCs enter a quiescent state.  

2.5 Human hematopoiesis 

Mouse models are used to understand hematopoiesis in the hope that the 
findings will generalize to humans. Although not the focus of this thesis, this 

section summarizes the current understanding of hematopoiesis in humans. 

The methods and ideas developed for studies in mice have been applied to study 

human hematopoiesis. Immunodeficient mice supportive of human 

hematopoiesis have allowed for xenotransplantation of human bone marrow cells 
(Doulatov et al., 2012). Together with clonal colony assays and stromal cell co-

culture assays, this has allowed the identification of the human hematopoietic 

hierarchy. Like studies in mice, immunophenotypes have been defined for several 

HSPC compartments. Xenotransplantation studies are very dependent on the 
choice of mouse model, since transplantation across species leads to rejection of 

the transplanted cells. Furthermore, some hematopoietic cytokines and 

chemokines are cross-reactive whereas others are not. As a solution, humanized 

transgenic mice expressing human cytokines have been developed, allowing for 
increased engraftment. 
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Although it has proven difficult to assess HSC heterogeneity in other species 

beyond the mouse, several observations support functional HSC heterogeneity in 

the human and primate HSC compartment. Xenotransplantation of barcoded 

human cord-blood derived HSPCs showed differential lineage contribution 

(Cheung et al., 2013), further supported by non-random X-inactivation in different 
lineages (Busque et al., 1996). Clonal hematopoiesis, defined by expansion of cells 

sharing the same somatic variants at detectable level in peripheral blood without 

hematological malignancy (Jaiswal et al., 2014), is also an indication of stem cell 

heterogeneity but could be attributed to the fitness advantage of the expanded 
clone. Finally, mimicking the mouse studies, barcoded autologous transplants 

have implicated different contribution of clones to mature lineages (Kim et al., 

2014; Koelle et al., 2017; Calabria et al., 2024) in rhesus macaques and in human 

gene therapy trials (Biasco et al., 2016; Scala et al., 2018; Six et al., 2020). So far, no 
evidence of platelet-biased or -restricted HSCs has been found in species other 

than the mouse.  

Somatic variants, which constantly accumulate in each HSC throughout the life, 

provides a natural barcode system that has been used to infer key parameters 

about the human HSC population (Lee-Six et al., 2018). This approach could also 
be used for lineage tracing if the sensitivity becomes high enough. Barcodes that 

persist over time are likely to originate in the stem cell compartment since variants 

that occur in progenitors will be lost as the progenitor is exhausted and replaced 

by the division of an HSC from higher up in the hierarchy. Variants that are 
detected only within the Mk lineage and in HSCs would then be an indication of 

platelet-biased/restricted HSCs.  

2.6 Local and systemic signals regulate blood homeostasis 

Hematopoietic cell function and behavior are carefully regulated by both the 
internal machinery of the cell and the external environment. Cells respond to local 

signals emanating from the bone marrow microenvironment and systemic signals 
such as hypoxia, inflammation, and metabolic status. Regulatory signals may be 

manipulated to influence cell behavior. Several cytokines have been 

demonstrated to be vital for HSC maintenance, of which stem cell factor (SCF) 

and its receptor cKIT have received the most attention. The cKIT receptor, 
expressed in many tissues, is a tyrosine kinase that upon activation by the 

dimerized SCF ligand induces an anti-apoptotic signaling cascade. SCF exists as 

a soluble protein, which is thought to mediate long range and systemic signaling, 

and a membrane-bound form which is important for local signaling (Lennartsson 
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& Ronnstrand, 2012). Thrombopoietin (THPO) via its receptor MPL is a main driver 

of thrombopoiesis but is also vital for maintenance of HSCs (Qian et al., 2007). The 

receptor is expressed on the megakaryocyte lineage and on HSCs. The ligand for 

MPL, THPO, is mainly secreted by the liver upon binding of desialylated platelets, 

but is also expressed in the kidney, endothelium, and osteoblastic bone marrow. 
THPO stimulates platelet production via a direct effect on Mks and by driving 

HSCs to differentiate into the Mk lineage (Nakamura-Ishizu & Suda, 2020). MPL 

signaling is critical for HSC function, where loss of MPL leads to reduced HSC 

numbers in mice (Qian et al., 2007) and MPL variants are the cause for congenital 
amegakaryocytic thrombocytopenia in humans, which can only be treated by HSC 

transplantation (Ballmaier & Germeshausen, 2011). The stem cell niche concept 

aims to capture both spatial organization and function of the microenvironment 

surrounding stem cells (Scadden, 2006). Local and systemic signals are 
integrated in the niche to regulate stem cell renewal and differentiation. One study 

(Schofield, 1978) is often credited for the niche hypothesis but the idea of an 

instructive microenvironment is, as mentioned, a decade older (Curry & Trentin, 

1967).  

Early studies found that CFU-S activity in the femoral bone marrow was not 
distributed uniformly but rather increased toward the inner surface of cortical 

bone (Lord & Hendry, 1972; Lord et al., 1975). Marrow isolated from the endosteum, 

the inner lining of bone, was enriched for CFU-S (Gong, 1978). In consequence, it 

was proposed that HSCs are maintained by osteoblasts, either by paracrine 
signaling or direct contact (Taichman & Emerson, 1998). However, using SLAM 

markers to stain HSC-enriched bone marrow in situ revealed that a fraction of 

immunophenotypic HSCs rather localize with sinusoidal endothelium, suggesting 

an endothelial niche (Kiel et al., 2005). Further studies using conditional knockouts 
of chemokines in defined niche cell populations suggested important roles of 

Cxcr-12 abundant reticular (CAR) cells, endothelial cells, and perivascular cells 

(Sugiyama et al., 2006). Deletion of THPO from these bone marrow stromal 

populations did not alter HSC function but deletion from albumin expressing 
hepatocytes almost completely ablated the HSC population, in line with previous 

studies, suggesting that the THPO regulating HSCs is not produced by HSC niche 

cells (Decker et al., 2018). The Mk niche is relevant both for HSC maintenance and 

platelet development and has been investigated in parallel to the HSC niche. So 
far, Mks are the only mature hematopoietic cells that have been shown to 

contribute to the niche by localizing near HSCs and secreting Cxcl-4 (Platelet 
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factor 4, Pf4) (Bruns et al., 2014) as well as TGF-beta (Zhao et al., 2014), both of 

which promote HSC quiescence. It was first proposed that Mk maturation is 

accompanied by migration from endosteum to sinusoids (Malara et al., 2015), 

since that is the site for proplatelet shedding, and that THPO promotes expansion 

whereas chemokines such as Cxcl-12 drive migration (Avecilla et al., 2004). 
However, in situ imaging found little migration of mature Mks within the niche 

indicating that Mks are instead replenished by perisinusoidal progenitors (Stegner 

et al., 2017), in line with the studies on the HSC quiescence gradient within the 

niche. Importantly, the vascular network within the niche is very dense, minimizing 
the need for migration. The Mk/HSC niche signaling could potentially be of 

relevance to platelet bias and restriction. 

Much effort has been made to understand how internal and external signaling can 

cause transitions between the states defined by the hematopoietic hierarchy, or 

in other terms how cells are directed to their fate during differentiation. The 
molecular basis for these cell state changes is thought to be gene regulatory 

circuits where transcription factors instruct expression of lineage-specific genes, 

thereby directing differentiation. This mechanism has been studied in detail for 

most mature cell types (Orkin & Zon, 2008). For example, the erythroid versus 
myeloid fate decision is guided by a co-inhibitory loop between the transcription 

factors Gata1 and PU.1, which support erythroid/megakaryocytic and myeloid fates 

respectively. Data accumulated over many studies has implicated the same 

transcription factors in several lineage choices, suggesting that their action is 
context-dependent. Consequently, integration of global expression profiling, 

lineage tracing, and transcription factor binding site analysis has begun to 

disentangle gene regulatory circuits (Gottgens, 2015).   

The stochastic and instructive microenvironment models have been used for 

describing responses to cytokines as well (Robb, 2007). According to the 
stochastic model, in this context called the permissive model, in which fate choice 

is directed by internal transcriptional processes alone and cytokines provide a 

general survival and proliferation signal. In this view, the observed lineage 

distribution is the result of selection of already committed cells. In contrast, the 
microenvironment model has been adapted to the cytokine problem as the 

instructive model, which posits that cytokines have a direct influence on lineage 

choice. This issue is reminiscent of the age-old "nature or nurture" and 

"randomness or determinism" debates (Enver et al., 1998; Metcalf, 1998). A 
practical consequence of these models is the interpretation of absence of lineage 
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in determining lineage potential in culture experiments with cytokine supplements 

– it could be the case that the progenitors did indeed have ability to generate 

many lineages but some of them died off, leading to the false conclusion of a 

restricted progenitor. This once again underscores the importance of in vivo 

assays. 

2.7 Megakaryocytes and platelets 

Mks are the largest and rarest cells in the bone marrow. Each Mk generate 
thousands of platelets over the course of its lifespan and is vital for hemostasis 

(Machlus & Italiano, 2013). They develop from HSCs in a similar process to other 

progenitors. However, the MkP further matures through endomitosis, a halted cell 

cycle in which the genome is replicated but division never occurs. Mks next to 
sinusoidal vessels extend cytoplasmic protrusions with the help of cytoskeletal 

remodeling, called proplatelets, into the vessel lumen. The proplatelets are loaded 

with granule content and bud off, possibly by shear forces in the blood stream, 

where they split first into proplatelets and then into functional platelets in a barbell 
fashion (Machlus & Italiano, 2013). Apart from platelet generation, Mks have been 

implicated in regulation of HSCs and the immune response. Interestingly, gene 

expression profiling of Mk populations with different ploidies allows separation of 

Mks into different distinct populations defined by HSC maintenance, immune 
involvement, and platelet production, among other criteria (Choudry et al., 2021; 

Sun et al., 2021). 

Platelets are small anucleate cells critical for the coagulation system (Gremmel et 

al., 2016). They persist in circulation for around 10 days before being cleared in the 

spleen and liver (van der Meijden & Heemskerk, 2019). Vascular damage exposes 
tissue factor that binds to and activates circulating platelets, which then form a 

thrombus and recruit coagulation factors that form the definitive clot through the 

coagulation cascade (Versteeg et al., 2013). During systemic inflammation, the 

platelet count in peripheral blood is an early variable to be altered together with 
other acute phase reactants, including C-reactive protein (Morrell et al., 2014). 

Although spontaneous bleeding is only associated with platelet levels below 30 × 

109/L, reduced platelet counts can be detected by enhanced susceptibility to 

bruising. In patients with immune thrombocytopenic purpura (ITP), platelet 
clearance mediated by autoantibodies results in reduced platelet counts, which 

in severe cases can be treated by immunosuppression or splenectomy to reduce 

platelet destruction, or by MPL agonists (Cines & Blanchette, 2002). Because of 

their high turnover rate, transient platelet deficiency and subsequent bleeding are 
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common complications in the acute phase after exposure to chemotherapy 

and/or HSC transplantation (First et al., 1985; Kuzmina et al., 2012). Identification 

and activation of HSC and progenitor cells to stimulate a faster recovery of 

platelet counts is therefore an important clinical goal in transplantation, 

thrombocytopenia, and severe bleeding. 

Although platelets, due to their small size and lack of nuclei, were initially believed 
to be a homogeneous and inert cell population, platelets initiate translation of Mk-

derived unspliced RNA upon activation and undergo conformational changes 

when in circulation. The incorporation of fluorescent dyes, such as thiazole orange 

(TO), has allowed identification of nascent or so-called reticulated platelets 
containing higher levels of RNA and granules (Kienast & Schmitz, 1990; Ault et al., 

1992), proposed to play an important role in cardiovascular disease (Martin et al., 

2012) and sepsis (Middleton et al., 2019). Bulk RNA sequencing of reticulated 

platelets has revealed an upregulation of genes associated with hemostasis 
compared to platelets that have spent time in circulation (Bongiovanni et al., 2019), 

a plausible finding considering that platelet production increases in response to 

tissue injury and inflammation. Furthermore, platelet activation in thrombus 

formation is not uniform, as layers of activation levels radiate outward from the 
site of injury (Brass et al., 2016). 

Assays for platelet functions have mostly been developed for clinical testing in 

bleeding disorders and anticoagulation monitoring. Physiological activation and 

aggregation of platelets can be simulated in vitro by treating platelet-rich plasma 

(PRP) with activating agents such as adenosine diphosphate, thrombin, and 
thrombin receptor activating peptide. Activation can be assessed by upregulation 

of surface markers such as CD62P, CD63 (Ramstrom et al., 2016) and the activated 

form of the fibrinogen receptor, granule fusion with the cell membrane, or by 

aggregation testing. Light transmission aggregometry is considered to be the gold 
standard and is based on the increased transmission of light through PRP as 

aggregates clear the solution (Born & Cross, 1963). In impedance aggregometry, 

platelets clump together on two electrodes inserted into the solution, which 

causes an impedance change between them (Cardinal & Flower, 1980). The two 
methods are used clinically and show comparable results both in normal samples 

(Seyfert et al., 2007) and with anticoagulation (Velik-Salchner et al., 2008). Finally, 

aggregation can be tested using flow cytometry (De Cuyper et al., 2013), where 

two aliquots of the same sample are stained with different fluorochromes and the 
mixed back together before activation.  
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3 Research aims 
The overall aim of this thesis is to investigate properties of lineage-biased HSCs 

and their progeny, both during development and in adult life, with the following 
specific aims: 

1. Previous studies have investigated the lineage bias of perinatal HSCs but 
have not tracked platelets and erythrocytes. Since most FL cells at E14.5 
are Vwf positive, we explored the hypothesis that perinatal HSCs are a 
source of platelet bias and whether the platelet-biased HSCs were more 
abundant in the perinatal period. In addition, we aimed to molecularly 
characterize HSCs from FL in the perinatal period, to find evidence of 
transcriptional priming for lineage fates. 

 

2. Building on previous work from our group, we sought to characterize the 
cellular hierarchies generated by Vwf− multilineage and Vwf+ platelet 
restricted HSCs and reconcile this with the current tree model of 
hematopoiesis. The first aim was to determine the hierarchical relationship 
between Vwf− multilineage and Vwf+ platelet restricted HSCs. The second 
aim was to map the molecular and immunophenotypic differentiation 
intermediates used by Vwf− multilineage and Vwf+ platelet restricted HSCs 
to generate platelets. The third and final aim was to investigate the role of 
Vwf− multilineage and Vwf+ platelet-restricted HSCs and their respective 
differentiation pathways during hematopoietic stress conditions. 

 

3. Recent studies have indicated the existence of platelet subsets that have 
different roles in clot formation and immune function. However, the cellular 
and molecular basis for the observed platelet heterogeneity remains to be 
unraveled. So far, no method allows for molecular characterization of small 
numbers of platelets due to their small size and low RNA and protein 
content. Our aim was to develop a method that allows for sensitive and 
reproducible capture and analysis of the transcriptome of platelet subsets 
within the same individual.
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4 Materials and methods 
In this section the main methods used in the studies included in the thesis will be 
discussed with emphasis on potential pitfalls and interpretation of results.  

4.1 Flow cytometry and fluorescence activated cell sorting (FACS) 

FACS is used extensively in all studies in this thesis and this section will describe 
the method in general. Specific protocols and antibody lists are available in the 

individual manuscripts.  

A flow cytometer operates by collecting cells in suspension into a single cell 

stream using hydrodynamic focusing, whereby the cell flow is enveloped by a 
saline sheath flow with different pressure, forcing the cells in line. The cells then 

pass through the flow cell, illuminated in sequence by lasers of different 

wavelengths. Emitted light from each laser interaction with fluorophore 

conjugated antibodies or fluorescent proteins is captured by a photomultiplier 
tube array and converted to a digital signal that is recorded by a computer.  

Antibodies, both monoclonal and polyclonal, are used to label a target molecule 
with high specificity. Monoclonal antibodies are generated through hybridomas 

that is a B-cell from a host immunized with a target antigen fused to a malignant 

plasma cell.  

A fluorophore is a molecule that can absorb and then emit light. Fluorophores exist 

in nature, for example in bioluminescent algae or bacteria. The first generation of 
fluorophores used for applications in research were proteins isolated from such 

naturally occurring compounds. Synthetic fluorophores have expanded the 

number of available colors in a FACS experiment. Every fluorophore is 

characterized by several parameters. Each has a unique excitation and emission 
spectrum. The difference between the maximum emission and excitation 

wavelengths is called the Stokes shift. Fluorophores differ in how bright they are. 

Brightness is the product of the extinction coefficient and quantum yield of the 

fluorescent molecule. The extinction coefficient reflects how many photons can 
be absorbed per unit fluorescent molecule and the quantum yield specifies what 

fraction of absorbed photons are re-emitted. These properties are measured 

empirically by the manufacturer. For example, phycoerythrin, an organic 

fluorophore found in algae, is considered one of the brightest fluorophores 
because it has both a high extinction coefficient and quantum yield. Brilliant Violet 

421 is a newer synthetic polymer-based fluorophore that has lower quantum yield 
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but a larger extinction coefficient resulting in similar brightness. Bright 

fluorophores should be used for dim populations or where clear separation of 

populations is needed. 

The stain index (SI), defined as the mean fluorescence intensity (MFI) difference 

between a positive population and a negative population divided by twice the 

standard deviation of the negative population is an experiment-derived measure 
of the resolution of a target/antibody complex. It can be used to determine 

optimal antibody concentration for a particular experiment. Too low an antibody 

concentration obscures the positive population, but too high a concentration 

results in high background signal from the negative population.  

Multiple laser lines with different wavelengths intersect the cell stream in 
sequence. The detectors either capture a small band of the emission spectrum 

(conventional flow cytometry) or the whole spectrum (spectral flow cytometry). 

The spectral overlap between dyes limits combinations in the same experiment. 

Since more spectral information is retained in spectral flow cytometry, highly 
overlapping dyes can still be deconvoluted. 

The combinations of excitation and emission spectra can be increased by using 
tandem dyes, in which two fluorophores are covalently bound, combining the 

excitation spectrum of one with the emission spectrum of the other, creating a 

wider Stokes shift. These dyes are less stable than single molecule dyes and 

degradation can lead to unexpected spectral properties as the acceptor 
fluorophore also starts to emit light. 

Beads or cells stained with a single antibody are used to assess how much signal 

from each fluorophore is captured in each detector. This information is then used 

to derive a compensation matrix, in which all pairwise spillover values are 

tabulated. Importantly, spillover is a property of the spectrum of a fluorochrome 
and is independent of experimental parameters such as antibody concentration, 

laser power, or photomultiplier tube (PMT) voltage. 

The spillover reduces sensitivity in the channel in which it occurs by increasing 

data spread in the negative population. Compensation subtracts the average 

spillover from the signal in the secondary detector. However, each event might 
deviate from this average value so that more or fewer photons in the secondary 

detector are counted. For physical reasons, photon counting follows a Poisson 

distribution, for which the variance increases with the average. This is why 
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correctly compensated data with high spillover can produce a characteristic 

funnel or trumpet shape in the fluorescence intensity distribution. In practice this 

spillover spread (SS) can lead to erroneous conclusions about the abundance of 

populations in a sample (Nguyen et al., 2013). Most stem cell markers show low 

continuous expression and do not generate a distinct FACS population, making 
their expression difficult to separate from background noise. Therefore, spillover 

into the stem cell marker channels should be avoided. 

Fluorescence minus one (FMO) controls have all fluorophores except one and can 

be used to quantify SS and to set negative gates (Roederer, 2001). However, if SS 

is high, positive events might be called as negative. FMOs do not account for 
unspecific antibody binding, which would also result in a higher signal in the 

negative population. Unspecific binding can instead be determined using an 

isotype control, an antibody of the same species and class conjugated with the 

same fluorophore but without any specific affinity to the target. Isotype controls 
are not identical with the experimental antibody, for example their number of 

fluorophore molecules can differ. An alternative measure of unspecific antibody 

binding is to use a negative cell population that is as similar as possible to the 

population of interest. This is exemplified by cytotoxic and helper T-cells, which 
are mutually exclusive for the CD8 and CD4 surface markers. Therefore, CD8 T-

cells can be used to set the gates for CD4 T-cells and vice versa. 

As evidenced by the preceding sections, there are many parameters in a flow 

cytometry experiment, which pose two important problems. How can optimal 

experimental parameters and conditions be determined, and how can 
reproducibility be ensured? For the first point, our lab titrates all new antibody lots 

on the target cells to determine optimal concentration and all new panels are 

validated by comparison to previous results using the relevant tissue sample and 

discussed before real experiments. We strive to use bright fluorophores for dim 
markers and where separation is crucial, for example to separate the congenic 

CD45.1 and CD45.2 marking donor and recipient cells in transplantation 

experiments. For the second point, BD cytometer setup and tracking (CST), a 

standardized bead solution containing beads of three brightness levels, is run on 
all experimental days to account for instrument variation.  

The limit of detection for targeted cells in flow cytometry experiments depends 
the number of cells analyzed. For our lineage determination experiments in 

peripheral blood, we aimed to record at least 50,000 events in each blood lineage. 
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Therefore, the term “negative” must be interpreted as a value below the limit of 

detection. 

Flow cytometry can be used to sort cells based on the signal from the 

fluorophores. A piezo-electric oscillator generates a standing wave that breaks up 

the stream into droplets. The cell concentration in the stream is optimized so that 

there is a low probability of multiple cells in one droplet. Selected droplets receive 
an electrical charge so that they can be deflected by a static electrical field into 

a microtube or plate. To ensure purity when sorting, different stringency 

conditions can be set using sort masks, maximizing either yield or purity. In our lab, 

we have a custom sort mask that provides maximum yield while sacrificing some 
purity. Purity is controlled by reanalyzing a sorted sample ensuring that the 

captured cells fall within the sort gate. Droplet deposition accuracy in the plate is 

important for single-cell experiments, both transplantations and sequencing. 

Deposition accuracy is validated by sorting fluorescent beads into 96-well plates 
which then can be visualized under a microscope. For 384-well plates, we sort 

cells suspended in buffer supplemented with horseradish peroxidase into wells 

containing 3,3',5,5'-tetramethylbenzidine. Successful depositions initiate a 

reaction that turns the well blue. We aim for more than 95% successful cell 
depositions. Inclusion of cell type controls and wells with no cells that serve as no 

template controls also enables retrospective evaluation of sorting alignment and 

purity. The cell type control is sorted from a predefined population such as 

granulocyte progenitors that have a distinct transcriptome. No template controls 
estimate background mRNA and should show very few, if any, reads. The well 

position of these controls can be used to ensure proper plate orientation during 

analysis.  

4.2 Mouse models used in the thesis 

Lab mice are vital tools for hematopoiesis studies and started being used in 

research more than 100 years ago to answer questions about tumor development 
(Paigen, 2003a). Many inbred strains have been created to remove unwanted 

background genetic variation.  

Transplantation is considered the assay that most faithfully captures true HSC 

behavior and has been used since the 1950s. Transplantation is used to 

colloquially describe several different assays that have evolved together with the 

field (see section 2.1). In competitive repopulation, a sample of test cells and a 
fixed number of competitor bone marrow cells are transplanted together into a 
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myeloablated host by tail vein injection (Figure 2). To engraft, the cells need to 

home to the bone marrow and the efficiency of this process is reasonably high. 

The chimerism of the test, competitor, and host cells is measured using congenic 

markers. Chimerism ratios between test and competitor cells give a relative 

measurement of stem cell potency that allows for comparisons across 
experiments as long as the competitor bone marrow cells are of the same type 

and quantity. Both the conditioning and the source of the competitor cells shape 

the relative advantage of the competitor and host cells. Mouse strains are 

differentially sensitive to radiation and doses need to be titrated. Higher doses 
ablate more of the host blood system, providing more “space” for the transplanted 

cells. Unfractionated bone marrow as competitor cells provides stronger 

competition but bone marrow from cKit-mutant mice or serially transplanted 

bone marrow, which both have impaired long term regenerative capacity, can also 
be used. Doses between 1 × 105 and 4 × 105 competitor cells are commonly used. 

Studies before prospective HSC isolation measured HSC reconstitution in 

repopulating units (RUs), where 1 RU was defined as the reconstitution capacity of 

105 competitor cells. Assuming an HSC frequency 0.002%, it is estimated that 
around 5–30 HSCs are present in the competitive bone marrow. This amount is 

also enough for radioprotection. 

 

Figure 2 Single-cell transplantation. Single immunophenotypic HSC-expressing fluorescent reporters from a 
mouse on a CD45.2 background are isolated using FACS and transplanted together with support cells from a 
mouse on a CD45.1 background into a lethally irradiated CD45.1 mouse. This generates CD45.1/2 bone marrow 
chimeras. Peripheral blood contribution of the transplanted cells is tracked using flow cytometry. Donor, 
support and host cells can be separated using reporter proteins or antibodies against CD45.1/2. Created with 
BioRender.com 
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Improved cell isolation strategies resulted in higher HSC purity and could 

eventually be used for prospective HSC isolation. This enabled limiting dilution 

experiments in which Poisson statistics allow inference about the reconstitution 

capacity of single cells (Szilvassy et al., 1990). Single-cell deposition using FACS 

further refines this approach by ensuring that only one cell is transplanted. 
Although the experimental setup is the same as for competitive repopulation, the 

role of the competitor cells changes. Single HSCs have the capacity to regenerate 

the whole hematopoietic system at high chimerism levels, but this process takes 

time. The competitor bone marrow serves as a bridge until the donor cells have 
reached a high enough level to sustain the hematopoietic system. In a single-cell 

transplant, there are just a few HSCs that compete; the transplanted cell, the HSCs 

present in the competitors, and host HSCs that survived the conditioning.  

In our experimental system, the transplanted cell is followed as a single clone, 

whereas the competitor and host HSCs are treated as a background population. 
In fact, they collectively act as a single hematopoietic system. Variation in 

chimerism levels of the transplanted HSCs could either be a result of intrinsic 

variation in the transplanted HSC or sampling variation in the composition of the 

competitor cells. As a consequence, it has been suggested that chimerism levels 
are unsuitable measures of HSC capacity and heterogeneity in the single-cell 

transplant assay (Ema et al., 2016). Instead, a binary measurement of 

reconstitution should be used, for which we set a threshold to 0.1% in our studies. 

Our strictest definition of platelet restriction is based on the absence (<0.01%) of 
all lineages except the platelet lineage. A looser definition of platelet restriction 

allows detection of myeloid and erythroid cells as long as the platelet chimerism 

is 50× higher. On the other hand, definitions of bias are based on ratios of 

chimerism exceeding 3× in each lineage when compared to the other lineages. 
Ratios <2× between all lineages were used in Study II to identify the multilineage 

pattern. One consideration is that when high levels of lineage restriction (>66% 

platelet chimerism) are detected in the transplanted cell, the competitor cell 

population exhibits lineage-biased behavior since its chimerism is one minus the 
chimerism of the single cell. 

The goal of the CD45.1/2 congenic system is for strains to differ at only one locus. 

However, the congenic interval contains multiple genes, and it has been shown 

that CD45.2 HSCs outcompetes CD45.1 HSCs in competitive repopulation 

(Waterstrat et al., 2010).  To address this issue the CD45.1 (STEM) strain was 
developed through a single targeted exon mutation making it functionally 
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equivalent to the CD45.2 strain (Mercier et al., 2016). For single cell transplantation 

this is not an issue since the readout is not dependent on relative measurement 

to the competitor cells. In our studies we use CD45.2 cells as test cells and CD45.1 

as support cells since that would give the highest probability of single cell 

reconstitution.  

To show self-renewal ability of HSCs, we performed secondary transplantations in 
Studies I and II. This was performed in two different ways, either by direct 

unfractionated transplantation of the primary bone marrow cells or by HSC 

isolation using FACS. There are competitor cells in the first approach, but they vary 

in number due to the chimerism in the primary transplant, making comparisons 
between samples difficult. Additionally, progenitors are transplanted that can 

mask HSCs in the secondary transplant (Rundberg Nilsson et al., 2015). The second 

approach requires co-transplantation with support cells and is in essence a 

competitive repopulation experiment. 

The molecular biology revolution in the 1980s led to the introduction of genetically 
modified mice which have been a vital tool for stem cell research (Paigen, 2003b). 

Stable integration of foreign genetic material allows for in vivo detection of gene 

expression and conditional recombination. Several approaches exist to generate 

genetically modified mice. All mouse models in this thesis are either bacterial 
artificial chromosome (BAC) transgenes or targeted knock-ins. Table 1 is a 

summary of mouse models used in the studies for this thesis.  

BACs are large genetic constructs that theoretically exist as single copies and 

replicate independently of the host bacterial chromosome. Their main advantage 

is that large genetic fragments can be incorporated into them, which allows for 

cloning of whole genes and the corresponding cis-regulatory elements. For Mus 
musculus, the whole genome exists as a BAC library as a part of the Mouse 

Genome Project. The Vwf-tdTomato, Gata1-EGFP and Flt3-Cre strains used in this 

thesis are all transgenes of this type.  

BAC transgenes integrate randomly into the host genome with varying copy 

numbers giving rise to variability in transgene expression among founder lines. 
Host genes can potentially be disrupted by the integration and the transgene 

expression can be influenced by the surrounding genetic context, for example 

adjacent cis-regulatory elements and chromatin accessibility. In addition, 

transgenes sometimes contain additional genes that can impact phenotype or 
bias molecular analysis. For example, the Vwf BAC contains the Cd9 gene as well. 
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In our studies, comparisons are made within the same strain so this should not 

affect the results since all cells carry the BAC at the same copy numbers.  

The Cre-Lox system (McLellan et al., 2017) was isolated in the P1 bacteriophage. In 

this system, the 343 amino acid-long protein Cre recognizes 34 base pair long 

locus of recombination (loxP) sites and either excises or inverts the sequence 

between them. The expression of the Cre transgene can be driven by cell-type-
specific promoters allowing for targeted gene knockouts.  

Many reporter strains for Cre activity have been created and are used to 

determine tissue specificity of different promoter-Cre constructs. They can also 

be used for lineage tracing to determine if a cell at some point has expressed the 

gene of interest. The Rosa26 locus is ubiquitously expressed and susceptible to 
gene targeting without disrupting normal gene function. Several Rosa26 reporter 

lines have been developed using targeted knock-ins. In our studies, we have used 

the Rosa26-Ai9 or Rosa26-Ai14 lines (Madisen et al., 2010), referred to as Rosa26-

tdTomato.  

While an essential tool for developmental biology, the Cre-Lox system has 

important limitations. Like all transgenes, the integration sites and copy numbers 
of the Cre transgenes are often unknown and can lead to both disruption of normal 

function and variable expression depending on the chromatin state and 

surrounding genetic elements. Moreover, many promoters believed to be tissue-

specific are transiently expressed during development, leading to mosaic 
knockout/reporter patterns, and consequently which can result in incorrect 

interpretation of gene function or lineage relationships. If recombination occurs in 

the germline, the recombined allele will be inherited in all cells of the offspring 

(Song & Palmiter, 2018). Therefore, a careful breeding strategy and monitoring of 
the colony by appropriate genotyping are necessary.  

Since Cre recombination requires the formation of a DNA loop, its efficacy is 

dependent on the distance between the loxP sites (Ringrose et al., 1999). This 

explains why the same Cre transgenes can show variable efficiency when crossed 

to different reporter lines. Moreover, some studies have observed varied levels of 
reporter expression in supposedly recombined cells from Rosa26-dTomato mice. 

The STOP cassette, an SV40 sequence repeated three times, has been proposed 

to serve as a non-canonical recombination site for Cre (Bapst et al., 2020).  
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Table 1 Mouse models used in the thesis (BAC – Bacterial artificial chromosome, CP – Cyclophosphamide, 5-
FU – 5-Fluorouracil) 

Mouse model  

 

Characteristics of the model  Labeled cell populations and type of 

experiments  
Used in   

Gata1-EGFP  

Full name:  

B6.129P2-Tg(Gata1-

EGFP)Cn  

  

BAC transgene with EGFP under 

control of Gata1 cis-regulatory 

elements  

Labeling of Gata1 expressing cells including 

platelets and erythrocytes.  

Used for bone marrow donor cells for single HSC 

transplantations in combination with labeling of 

Vwf (Study I, Study II) or both Vwf and Flt3 

(Study II) expression.  

Used for steady state fate mapping and anti 

CD42b treatment experiments in combination 

with labeling of Vwf and Flt3 expression (Study 

II).  

Study I, in combination 

with Vwf-tdTomato  

Study II, primarily in 

combination with Vwf-

tdTomato or Vwf-EGFP  

Vwf-EGFP  

Full name:  

B6.Tg(VWF2-eGFP)#2   

  

BAC transgene with EGFP under 

control of Vwf cis-regulatory 

elements 

Labeling of Vwf expressing cells including 

platelets.  

Used for bone marrow donor cells for single 

HSC transplantations in combination with 

labeling of Gata1 or both Gata1 and Flt3 

expression.  

Used for steady state fate mapping and anti 

CD42b treatment experiments in combination 

with labeling of Gata1 and Flt3 expression.  

Study II, primarily in 

combination with 

Gata1-EGFP  

  

Vwf-tdTomato  

Full name:  

Not registered  

  

BAC transgene with tdTomato 

under control of Vwf cis-

regulatory elements 

Labeling of Vwf expressing cells including 

platelets.  

Used for bone marrow donor cells for single HSC 

transplantations in combination with labeling of 

Gata1 (Study I, Study II) or both Gata1 and Flt3 

(Study II) expression.  

Used for single-cell RNA sequencing of liver 

pnHSCs (Study I).  

Study I, in combination 

with Gata1-EGFP  

Study II, in combination 

with Gata1-EGFP or 

Gata1-EGFP and Flt3-

Cre  

Rosa26-tdTomato (Ai9 or 

Ai14) 

Full name:  

Ai9:B6.Cg-

Gt(ROSA)26Sortm9(CAG-

tdTomato)Hze/J 

Ai14:B6.Cg-

Gt(ROSA)26Sortm14(CAG-

tdTomato)Hze/J 

  

Mice carrying the fluorescent 

reporter gene tdTomato, driven 

by the ubiquitous Rosa26 

promoter. A stop codon flanked 

by two IoxP sites is before the 

reporter. When bred to mice 

expressing Cre, listed below, the 

fluorescent reporter is expressed 

in the Cre-expressing cells as well 

as their progeny 

Depending on the Cre model.  Study II (Ai 9 or Ai14), in  

combination with Flt3-

Cre or Vav-Cre  
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Flt3-Cre 

Full name:  

B6(129X1)-Tg(Flt3cre)#CCb 

Cre expression is under the 

control of the Flt3 promoter.  

When crossed with Rosa26-tdTomato report 

strain, labeling of HSPC populations expressing 

Flt3 and their progeny.  

Used for bone marrow donor cells for single 

HSC transplantations in combination with 

labeling of Vwf and Gata1 expression.  

Used for fate-mapping, CP and 5-FU treatment 

experiments, anti CD42b treatment 

experiments, and analysis of reticulated 

platelets with TO.  

Study II, primarily in 

combination with 
Rosa26-tdTomato  

  

Vav-Cre 

Full name:  

B6.Cg-

Tg(VAV1cre)1Graf/MdfJ  

  

Cre expression is under the 

control of the Vav promoter  
When crossed with Rosa26-tdTomato reporter 

strain, labeling of all hematopoietic cells in the 

bone marrow and blood.  

Used for fate-mapping of platelets and CP 

treatment experiments.  

Study II, in combination 

with Rosa26-tdTomato 

  

 

4.3 Bulk and Single-cell RNA sequencing 

The central dogma of molecular biology states that genes encoded in DNA are 
transcribed to messenger RNA (mRNA), and subsequently translated into protein 

which exerts the biological function of the gene. The set of all transcripts, the 

transcriptome, can be thought of as a representation of the cell’s overall state.  

Over the years, many methods have been developed to assay the transcriptome 
of a cell — hybridization techniques, quantitative PCR, microarrays, and 

sequencing, to name a few. The discovery of RNA-dependent DNA polymerases, 

reverse transcriptases (RTs), in tumor viruses enabled capture of mRNA in vitro. 

The general approach is exemplified by the SMART (Switching Mechanism at 5′ 
End of RNA Template) family of protocols (Zhu et al., 2001). In this process, mRNA 

is converted to complementary DNA (cDNA) by the RT enzyme. The reaction can 

be primed either with random k-mer primers or an oligo-dT primer, which 

preferentially hybridizes to the poly-A tail of processed mRNA. The RT enzyme 
adds three cytosine bases at the 5’ end of the newly synthesized cDNA strand. A 

template-switching oligo (TSO) can then hybridize and act as a new template 

giving both strands a common sequence. Primer binding sites in the oligo-dT and 

the TSO allow for preamplification of cDNA libraries before sequencing library 
construction.  
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In this thesis, all sequencing was done using Illumina next generation sequencing. 

This platform is based on sequencing by synthesis. In brief, cDNA is fragmented 

either physically or by enzymes. Next, additional primer sites and binding 

sequences are ligated to the fragments using the sequences from the previous 

step. After loading the library on the flow cell, the binding sequences adhere the 
fragments to the flow cell and each fragment is subsequently amplified by PCR to 

form clusters of identical molecules. During the following sequencing cycles 

fluorescently labeled bases are added in a stepwise manner to the cluster. Each 

letter (ATCG) has its own color. The reaction cleaves off the fluorophore, and the 
color is recorded by a camera before the flow cell is washed, and the reaction 

begins anew. The generated images are then analyzed to determine the full DNA 

sequence of the fragment that generated the cluster.  

Some important considerations for sequencing are the type of flow cell and 

detection optics. Patterned flow cells, like the ones used in Illumina NovaSeq 
6000, increase cluster density but are more prone to index hopping, that is when 

combinatorial indexing is incorrectly mapped to the wrong library. Patterned flow 

cells also preferentially bind shorter fragments, often comprised of primer dimers. 

These issues can be mitigated by using unique dual indexing and careful library 
cleanup and size selection before sequencing. The latest generation of Illumina 

sequencers use 2-color detection chemistry and as a consequence, absence of 

signal cannot be distinguished from G nucleotides. The advantages of this system 

are reduced costs and increased speed of sequencing. Our approach is to first 
sequence libraries on the more accessible 2-color NextSeq 550 system, and if the 

sample passes quality control, it is sequenced on the NovaSeq 6000 at the 

National Genomics Infrastructure (NGI). We did not assess index hopping, but it 

usually appears as a plate-associated batch effect which was not observed. 

By miniaturizing and optimizing library preparation, the transcriptome of a single 
cell can be sequenced (single-cell RNA sequencing). This enables the 

deconvolution of bulk expression profiles into their constituent cells. Importantly, 

this circumvents the problem of prior assignment of cell populations based on 

flow cytometry or other methods. Cell types can instead be inferred from 
unsupervised clustering based on gene expression patterns. The first single cell 

was sequenced more than 15 years ago (Tang et al., 2009) and in the following 

years, the field has seen a tremendous expansion in both throughput and 

sensitivity (Svensson et al., 2018; Svensson et al., 2020). A single mammalian cell 
contains approximately 30 pg of RNA, which is composed of 80% ribosomal RNA 
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and less than 10% mRNA. Some landmark inventions have improved sensitivity, 

reduced cost, and made protocols easier, such as unique molecular identifiers 

(UMIs) to correct PCR bias (Kivioja et al., 2011), combinatorial indexing (Islam et al., 

2011), and molecular crowding to increase sensitivity (Bagnoli et al., 2018). The 

initial protocols were plate-based, requiring single-cell deposition by FACS. The 
introduction of droplet-based methods, in which the cells and reagents are 

encapsulated together with barcoded beads in a water in oil emulsion, greatly 

increased throughput but introduced other problems such as unwanted doublets 

and reduced sensitivity. 

The hematopoietic system is particularly well-suited for single-cell RNA 
sequencing since its cells are inherently non-adherent. Viable single-cell 

suspension samples of hematopoietic cells can be collected with little effort from 

peripheral blood and bone marrow, allowing transcriptome analysis of all cells 

within the hematopoietic hierarchy from many species. Several studies have 
investigated the transcriptomic landscape of human and mouse hematopoiesis, 

both in homeostasis and under stress (Nestorowa et al., 2016; Dahlin et al., 2018; 

Dong et al., 2020; Rodriguez-Fraticelli et al., 2020; Weinreb et al., 2020). In steady-

state, molecular phenotype, defined by clustering based on similarity in 
expression profiles, has a consistent overlap with already established 

immunophenotypes (Wilson et al., 2015). However after a challenge, such as 

administration of cytotoxic agents or transplantation, this correspondence is lost 

for some cell types, as there is a discrepancy between the surface marker 
expression and the molecular profile. For example, the surface marker SCA1, as well 

as the expression of critical cytokine receptors commonly applied to the isolation 

of mouse HSCs by flow cytometry, are transiently gained or lost upon treatment 

with certain cytotoxic drugs.  

For the studies in this thesis, we have used the 2, 3 and the 3xpress variants of the 
Smart-seq protocols (Picelli et al., 2014; Hagemann-Jensen et al., 2020; 

Hagemann-Jensen et al., 2022), together with index sorting that allows integration 

with immunophenotypes. 

After sequencing, reads are mapped to a reference mouse genome. There is 

seldom perfect match between a read sequence and the genome due to errors in 

library preparation and sequencing, and from natural genetic variation, so any 
assignment is done based on a scoring algorithm. Since mRNA is spliced, the 

aligner must be aware of splice junctions as the introns are still present in the 
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reference genome. The zUMIs pipeline (Parekh et al., 2018) was designed together 

with the Smart-seq3 protocol and performs all steps from alignment of sequences 

up to and including counting mRNA molecules. Under the hood, it uses the splice-

aware aligner STAR and featureCounts. The key novel components are barcode 

demultiplexing and UMI deduplication. These important steps have tunable 
parameters that influence the results, mostly relating to the level of error that is 

tolerated within the same barcode or UMI. In the studies performed in this thesis, 

the default parameters were used. 

In practice, there is immense analytical flexibility in analyzing RNA sequencing 

data, stemming from the choice of algorithms, their implementation and user 
defined parameters. For single-cell data, there are numerous pipelines to align, 

quantify, and normalize reads and the work in this thesis uses one of many 

possible flows of analysis. 

Analysis of RNA sequencing data is often performed in a scripting language such 

as R or Python using software packages. The most common ones are Seurat in R 
and Scanpy in Python. For the work in this thesis, the Bioconductor suite of single-

cell RNA sequencing tools was used because of their well-written documentation. 

Although the front facing interfaces are different, many core algorithms are shared 

between packages. This is the case for principal component analysis (PCA) and 
uniform manifold approximation and projection (UMAP), and the most common 

differential expression analysis methods. However, packages do differ in data 

integration algorithms, normalization and advanced differential expression 

analysis.  

As the number of sequenced reads is not equal across cells, potentially reflecting 

difference in RNA content in the original cell and/or variation in loading 
concentration for the sequencing since molecules from all cells in the pool 

compete for clustering on the flow cell, counts are typically normalized to adjust 

for sequencing depth and facilitate comparison across cells. As a result, the values 

that are used for the downstream analysis therefore typically reflect fractions of 
the total library size rather than absolute counts. The normalization procedure can 

have a considerable influence on the subsequent steps in the pipeline (Vieth et 

al., 2019). 

The procedures to identify differences in expression between groups of interest 

are collectively known as differential expression (DE) analysis. Many models of 
varying complexity have been developed for this purpose and many of them 
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originate from the microarray era, persisted through bulk RNA sequencing and are 

now being applied in the single-cell setting. These models range from the regular 

two group t-test or a non-parametric alternative to generalized mixed models 

(Soneson & Robinson, 2018). Of particular importance is the selection of 

appropriate distribution for the count data, as this will significantly influence which 
genes are identified as differentially expressed. The transcriptional process can 

be modeled by a stochastic process and its stationary distribution is used for 

differential expression analysis (Peccoud & Ycart, 1995). Many such distributions 

have been derived; depending on different modeling assumptions; they often 
incorporate a binomial or Poisson component due to the similarity between 

transcription and random sampling from an urn. This is also recapitulated by 

empirical count distributions generated from experimental data.  

Absence of reads from a gene can be due to the gene being “turned off” or 

because of low sensitivity. This is sometimes referred to as zero-inflation or 
dropout. By separately modeling the expression and sampling of transcripts, many 

commonly used distributions can be recovered (Sarkar & Stephens, 2021). In bulk 

RNA sequencing experiments, little dropout is typically observed since the 

transcriptional process is sampled across hundreds of cells. The commonly used 
packages, EdgeR and DESeq2, for bulk RNA sequencing data analysis, both assume 

a negative binomial count distribution, also called as a gamma-Poisson model. This 

is an overdispersed Poisson distribution, which is justifiable on theoretical grounds 

and also because greater variance than expected by a Poisson distribution is 
observed in experiments. Inference of the overdispersion parameter is a key step 

in DE analysis, as it influences the level of difference considered significant 

between two populations. DESeq2 and EdgeR were designed to control false 

positive rates in studies with very few replicates. Genes with low expression can 
give exceedingly high estimates of log-fold-change and both packages have 

approaches to shrink both variance estimates and log-fold-changes. In general, 

their performance is similar in controlling false positive rates. Both packages were 

used in Study 3. 

With linear models, it is possible to include additional covariates beyond the 
experimental condition, such as sequencing batch and day of sample collection, 

which can be unwanted sources of variation. 

Another subtlety of single-cell data is that each cell is not an independent sample. 

There is a high correlation of expression profiles in cells originating from the same 
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biological sample which violates the independence assumption of many models. 

Additionally, since thousands of cells can be sequenced, the subsequent 

statistical tests have artificially high power resulting in unreasonably low p-values 

when considering how many biological replicates were included in in the test, a 

phenomenon known as pseudoreplication (Zimmerman et al., 2021). One potential 
solution to address this in the analysis is to add up counts from individual cells 

and perform the testing on pseudobulk samples (Squair et al., 2021) using 

methods for bulk RNA sequencing analysis. Another alternative is to use mixed 

models to incorporate the hierarchical structure of the experiment. With this 
approach, the biological sample is assigned a random effect, and the condition of 

interest, for example cluster or treatment, is the fixed effect. The mixed model is 

computationally more expensive, and both methods have been shown to produce 

comparable results. 

For single-cell data analysis in this thesis, we used a combination of a Fisher’s 
exact test and a non-parametric Wilcoxon rank-sum test for DE analysis 

(Rodriguez-Meira et al., 2019). Informally, the Fisher’s exact test accounts for 

differences in zero-inflation whereas the Wilcoxon test assesses differences in 

median expression. This approach does not account for pseudoreplication or 
batch effects but has the advantage of being fast to compute and easy to 

understand.  

Implicit in most differential expression procedures is a cell type assumption which 

highlights a conceptual difference between a type and a state. Clustering serves 

as a way of discretizing a continuous population of cells into separate groups. 
These clusters are then assumed to reflect actual cell types. In studies focusing 

on hematopoiesis, there is already a large body of evidence about which cell types 

exist in normal bone marrow and this categorization has been in good agreement 

across data modalities, but new clusters must be validated by functional assays 
(Villani et al., 2017). RNA sequencing requires lysis of cells, which poses a problem 

to establish the link between molecular phenotype and cellular function 

(Jassinskaja et al., 2023). Single genes can be validated using fluorescent reporter 

mice or index sort data can be used to find immunophenotypes that are 
conserved within molecular clusters (Wilson et al., 2015). 

Underlying both clustering and dimensionality reduction algorithms is a nearest 
neighbor (NN) graph constructed based on cell similarity. Here, similarity means 

the distance between transcriptional profiles. Cells of the same type are 
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supposed to have similar transcriptomes and should therefore belong to the same 

cluster and be next to each other within a low-dimensional embedding. Defining 

similarity between cells measured across many variables is challenging because 

distances become very similar when there are more variables than samples, a 

phenomenon known as the curse of dimensionality (Altman & Krzywinski, 2018). 
PCA is a dimensionality reduction method that finds composite variables that 

maximize variation within a dataset, through diagonalization of the covariance 

matrix. It is used to find a lower dimensional representation of the data that can 

be used for nearest neighbor graph construction.  

Both t-distributed stochastic neighbor embedding (t-SNE) (van der Maaten & 
Hinton, 2008) and UMAP (McInnes et al., 2018) are non-linear, graph-based 

dimensionality reduction techniques that strive to preserve the structure of high 

dimensional data when projected in a 2D plane. Implementations of the published 

algorithms vary across programming languages and there is a component of 
randomness in the final plot layout which can be mitigated by specifying a fixed 

random seed before running the algorithm. 

Furthermore, both clustering and dimensionality reduction algorithms have 

tunable hyperparameters that influence the number of detectable clusters. One 

extreme end of the spectrum would be that each cell forms an individual cluster, 
while the case that all cells belong to a single  cluster is the other (Kiselev et al., 

2019). 

The goal of experiments is to explain variation. This can be done by repeated 

measurements of an experimental system and decomposing the variability into 

technical and biological variability. Technical variability is the inherent variation 

that arises from randomness, such as pipetting error or incubation times and can 
be estimated using technical replicates; that is, the same samples analyzed 

several times with the same techniques. The remaining variation should, in theory, 

be explained by biological differences between experimental conditions, such as 

treatment or genotype. If there is systematic experimental variability such as a 
batch effect, this cannot be separated from a true biological effect. Ideally all 

samples should be collected, sorted, and sequenced in the same session to avoid 

batch effects. However, in practice this is difficult to achieve. We include a control 

from the same frozen bone marrow sample in each plate for all our single-cell RNA 
sequencing experiments. This control should yield similar results across 

experimental runs, and the cells from a control sample should always be located 
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within the same cluster. Batch effects can also be detected using the distribution 

of batches on the NN-graph. 

To correct batch effects, there are two main approaches; model- and graph-

based. The model-based approaches assume a linear batch effect on read count 

levels, which essentially translates to a differential expression problem and can be 

addressed by linear regression with batch as a categorical covariate. Graph-
based approaches instead strive to assign the same cell types to the same 

clusters, assuming that the same cell types are present in each batch. In Study 2, 

the first approach was used to remove the cell cycle effect, and the second 

approach was used to remove the actual sequencing batch effect.  

In contrast to clustering, which segregates high density populations in the 
molecular landscape, trajectory inference (TI) seeks to identify patterns of 

development by modeling how the cell state might evolve over time (Saelens et 

al., 2019). From a single timepoint sample of one data modality, it is impossible to 

infer a dynamical process but by using a parsimony assumption, where cells are 
assumed to transition to as similar states as possible, a tree of transitions can be 

constructed (Saelens et al., 2019). Another option is to model differentiation as a 

diffusion process on the NN-graph, where the transcriptional distances between 

cells determine the rate of diffusion between states. This process assumes no 
direction of the diffusion and a starting cell must be specified. This limitation can 

be overcome by calculating a linear approximation of the state change in mRNA 

by measuring spliced and unspliced RNA in combination with a model for 

transcription, splicing, and degradation, a technique known as RNA velocity (La 
Manno et al., 2018; Bergen et al., 2020; Bergen et al., 2021). The resulting vector field 

can be used in conjunction with the earlier similarity-based methods for 

unsupervised determination of the direction of state change. The cell order 

inferred by TI methods is referred to as pseudotime and RNA velocity provides a 
means to convert it to real time. These methods have been successful in systems 

where cell types are highly diverse but have proven difficult to apply in 

hematopoiesis. For example, the computed direction of erythropoiesis is inverted 

possibly due to changing transcriptional kinetics which violates the underlying 
steady state assumption of the velocity models (Bergen et al., 2021). By including 

pseudotime as a continuous covariate to a generalized additive negative-binomial 

model, it is possible to perform differentiation dependent DE analysis (Van den 

Berge et al., 2020). This was used in Study II to find genes associated with platelet 
differentiation pathways linked to subsets of stem cells.  
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An important difference in comparison with lineage tracing is that the TI methods 

provide information on how states will change but can only provide probabilities 

for the changes of a single cell whereas lineage tracing provides information on 

the actual relationship between cells and clones.  

Interpretation of RNA sequencing data can be aided by summarizing gene 

expression values into molecular signatures. This is also referred to as finding 
expression “modules” or “programs”. Conceptually, this is the inverse problem of 

differential expression analysis. Instead of finding genes that separate two subsets 

of a dataset, the objective is to find samples that match a predefined set of genes. 

First all expression values are ranked in each sample and then enrichment of the 
genes of interest at the top of the rank lists is tested. This approach is 

implemented in gene set enrichment analysis (GSEA) (Subramanian et al., 2005), 

which has been the prototypical enrichment software for 20 years. AUCell (Van 

de Sande et al., 2020) relies on a similar approach but instead it computes a 
ranking list for each cell so that a distribution of rankings in a data set is created. 

Outlier cells from this distribution are called as being enriched. 

Curated gene lists categorized by both cell type and function have been amassed 

in the omics era. The gene ontology (GO) knowledgebase aims to structure gene 

symbols in a hierarchy of function and location. Enrichment of a particular set of 
gene symbols associated with a specific function within a cluster can then be 

interpreted as the “function” of that cluster. Single-cell atlases provide cell-type 

annotations that can be used in subsequent studies. While a useful tool for 

describing data, gene sets do not provide actual functional evidence. Furthermore, 
there is likely to be reporting bias in the gene set databases. Genes that are 

frequently studied, for example interferon-related genes, tend to accumulate 

more annotations and are therefore more implicated in enrichment analysis 

leading to ever more annotation enrichment in the database (Haynes et al., 2018).  

As the previous sections have outlined, there is large analytical flexibility in 

analyzing RNA sequencing data, especially at the single-cell level and when there 
are multiple data modalities. However, from a conceptual standpoint a distinct 

pattern emerges. Normalization and differential expression analysis are based on 

statistical models of gene expression and sequencing. This is followed by a linear 

dimensionality reduction in the form of a matrix factorization. These two steps are 
variable/gene centric in the sense that the cells are not the target of the algorithm. 

Next, the perspective shifts to the cells as cell similarity is computed using a 
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measure of similarity. This is summarized in a neighbor graph, which is the main 

object of analysis. The flexibility of analysis arises from the choice of models and 

algorithms for normalization, matrix factorization, metric and nearest neighbor 

detection.  

4.4 Induction of hematopoietic stress conditions 

Several approaches were used in the studies to induce hematopoietic stress. 

Transplantation induces proliferation of the transplanted cells and a damage 

response in the bone marrow microenvironment of the host caused by the 
conditioning treatment. It is known to alter the molecular phenotype of the 

transplanted cells (Dong et al., 2020). 

Cyclophosphamide (CP) is converted to nitrogen mustard, an alkylating agent, 

upon administration (Emadi et al., 2009). It is used for treatment of solid and 

hematological tumors and as conditioning before bone marrow transplantation 

and after to suppress graft versus host disease. Importantly, the active form is 
metabolized by aldehyde dehydrogenase and expression of this enzyme 

determines in part the efficacy of the drug. Progenitor cells have in general a low 

expression of this enzyme and are therefore susceptible to the treatment since 

they are slow to metabolize it whereas HSCs have higher expression (Levi et al., 
2009). 

5-fluorouracil (5-FU), a thymidylate synthase inhibitor cause cells to undergo 

thymidine starvation and subsequent apoptosis (Longley et al., 2003). 5-FU is also 

directly incorporated into DNA and RNA which disrupts their normal function. The 

drug is commonly used to treat solid tumors but not hematological malignancies. 

ITP is a bleeding disorder where autoantibodies against platelet surface proteins 
lead to platelet destruction in the reticuloendothelial system of the spleen. This 

has been modeled in mice and single doses of CD42 antibody injection are quickly 

recovered whereas repeated injections lead to long and profound 

thrombocytopenia (Nieswandt et al., 2000). We used single doses of anti CD42 
antibodies to induce thrombocytopenia and evaluated the response by 

measuring thrombocyte number in an automated cell counter or with flow 

cytometry. 



 

40 

4.5 Functional assessment of hematopoietic stem and progenitor cells 
in vitro 

In addition to the transplantation assays, there is a plethora of in vitro assays to 
determine the properties of HSPCs (Bock, 1997). Short-term cultures 

supplemented with defined hematopoietic cytokines, with or without supporting 

stromal cells, are used to investigate lineage-specific potential of cells (Miller et 
al., 2008), and were used in Study II. Long-term cultures can also be used to 

identify candidate cells with long term self-renewal potential (Ploemacher et al., 

1989), including culture conditions which allows the expansion of LT-HSCs with 

ability to engraft non-conditioned recipients (Wilkinson et al., 2019).  Although 
self-renewal potential is best evaluated in vivo, the culture assays can be 

combined with flow cytometry, imaging, or high throughput molecular profiling 

methods to link phenotype to function. 

For our studies, in vitro cultures are used to confirm lineage potentials of sorted 

populations. The cultures are evaluated by microscopy of May-Giemsa-Grünwald 
stained cytospins. 

 

4.6 Optimization of platelet collection and handling 

Platelets are naturally very prone to activation, which profoundly alters their state. 
Therefore, uncontrolled activation has the potential to severely confound results 

of functional experiments. Additionally, platelets are sticky, especially when 

activated, increasing the probability of contamination by adjacent cells.  

To identify ways of minimizing spontaneous activation, a literature review was 

conducted to determine feasible collection conditions. There are several 
established protocols and locations for peripheral blood collection in mice with 

cardiac puncture, tail vein, inferior vena cava (IVC), tibial vein, and retro orbital 

plexus being the most common. In our lab, we have primarily performed tail vein 

bleeding. Cardiac puncture, due to the heart muscle’s high collagen levels, carries 
a considerable risk of inducing platelet activation when damaged. IVC sampling 

requires anesthesia and is also a terminal procedure, precluding any re-sampling 

from the same mouse. Sampling from the retro orbital plexus is technically 

challenging; although used internationally, it is associated with ethical concerns by 
the Swedish regulatory authorities for animal welfare. With these considerations, 
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we decided to optimize our already established tail vein sampling procedure to 

allow for collection of unactivated samples for RNA sequencing. 

To avoid clotting during blood collection, an anticoagulant must be utilized. Several 

anticoagulants are commonly used. We have experience with 

ethylenediaminetetraacetic acid (EDTA), heparin and sodium citrate. EDTA binds 

calcium ions that are vital for platelet activation and requires recalcification before 
functional experiments. Heparin is a polysaccharide that activates the coagulation 

inhibitor antithrombin. It interferes with thrombin dependent platelet activation. 

Sodium citrate works by both binding ions and acidification of the blood. We have 

used both heparin and EDTA with success. Our protocol incorporates a wash step, 
so any remaining anticoagulant is removed. 

4.7 General experimental design considerations and statistics 

Careful experimental design improves the validity of results and reduces the 
required number of replicates. What constitutes an experimental replicate varies 

depending on the experiment and misassignment of replicates leads to pseudo 

replication, which is present in as many as 50% of all published research (Lazic et 
al., 2018). In fact, this is the same issue described above for single-cell data 

analysis. One clarifying distinction for animal experiments is the division into 

biological units (BU), experimental units (EU), and observational units (OU) (Lazic 

et al., 2018). The BU is the entity about which the hypothesis is tested, for example 
a HSPC populations. The EU is the unit assigned to experimental conditions and 

the sample size is equal to the number of experimental units, for example one 

mouse. Measurements are made on the OU. Importantly, increasing the number of 

OUs does not increase sample size unless it is the same as the EU. For example, 
measuring the MPP population in two femurs from the same mouse is still one 

sample. 

Single-cell transplantations are susceptible to pseudoreplication since all 

transplanted cells (OU) in an experiment come from the same donor (EU). We 

ensured post analysis that the study contained replicates from several 

experiments involving different donors.  

Several experiments in this thesis such as the lineage reconstitution or 
cyclophosphamide treatment follow the same individual over time, a repeated 

measures design. These experiments are analyzed using a hierarchical model 

where the individual mouse is assigned a random effect to account for mouse-to-
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mouse variation, similar to the use of hierarchical models to analyze single cell 

transcriptomes isolated from the same mouse. 

Inferences in the biological sciences are usually made based on statistical tests 

derived from a model of the data and the arbitrary significance threshold of 0.05. 

This threshold is used throughout the thesis. One clear interpretation of p-values 

comes from the American statistical association: 

 

In general, for experiments in the biological sciences, it is often taken for granted 

or at least assumed that all model assumptions are correct. Null hypothesis testing 

and p-values have also been criticized because they often are misrepresented, 
do not correspond to strength of evidence and can be manipulated (Stefan & 

Schonbrodt, 2023). When many statistical tests are performed on the same data 

some p-values will turn out significant by change. If p-values are used to quantify 

the evidence in a controlled experiment, adjustment for multiple testing is 
justified. On the other hand, if p-values are used to rank differentially expressed 

genes, the adjustment will not change the ordering and can be omitted.  

 

4.8 Ethical considerations 

The studies in this thesis were performed under the following ethical permits at 
Karolinska Institutet (KI): N29/15 with amendments N69/16 and N195/16, 17978-

2018 with amendments 18539-2021, and 19970-2022, and 17034-2023. At the 

University of Oxford: PPL 3003103, PPL P2FF90EE8, and PPL PP5432093. 

Animal models are an integral part of research. The mouse has been the main 
model for hematopoiesis research since the field was established in the 1950s. As 

discussed in the preceding sections, ex vivo models such as culture systems or 

organoid models fail to capture the in vivo behavior of hematopoiesis, likely 

explained by unaccounted microenvironmental effects and the culture induced 

“Specifically, the distance between the data and the model prediction is 
measured using a test statistic (such as a t-statistic or a Chi squared 

statistic). The P value is then the probability that the chosen test statistic 

would have been at least as large as its observed value if every model 
assumption were correct, including the test hypothesis” (Greenland et al., 

2016) 
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alterations in stem cell state. Furthermore, findings in mice model are more likely 

generalizable to the human hematopoietic system than those from ex vivo 

models.  

Single-cell transplantations require a large number of mice and HSCs cannot be 

prospectively isolated, but refined FACS panels have allowed for 1,000-fold 

enrichment of HSCs. In our lab, we continuously try to Replace, Reduce, and Refine 
(3R) our animal experiments following the literature for improved HSC isolation 

strategies, for example by including the CD201 surface marker. Reconstitution is 

evaluated early and mice without the expected pattern are not kept 

unnecessarily. Serial sampling from the same mouse reduces numbers as well. 

Optimized experimental procedures such as marker panels, sex matched donors 
and recipients, titration of conditioning radiation, close monitoring, and antibiotic 

treatment have resulted in 20-30% of transplanted mice showing reconstitution 

from a single cell, with almost all survive the procedure. 

All experimental protocols and data are archived and made public whenever 

possible. Before publication, data and figures are independently checked by 

another member of the lab to ensure data integrity and reproducibility.  
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5 Results and Discussion 
This section describes the main results of the papers included in this thesis. For 

more detail the reader is referred to the original manuscripts found after the 
comprehensive summary. 

5.1 Platelet and myeloid lineage biases of transplanted single perinatal 
mouse hematopoietic stem cells 

Definitive HSCs emerge in the AGM and expand in the FL before migrating to the 
bone marrow prior to birth. The fetal HSCs give rise to adult HSCs which show 

variability in the lineage contribution upon transplantation. Previous work has 

identified multiple patterns of HSC lineage bias as well as the rare platelet 
restricted pattern in bone marrow from adult mice (Sanjuan-Pla et al., 2013; 

Carrelha et al., 2018). The regulation and time of emergence of lineage bias and 

restriction are not known. On embryonal day 14.5 (E14.5), virtually all HSCs in the 

fetal liver express the Vwf reporter, which in adult bone marrow enriches for 
platelet biased HSCs. This could suggest that FL is a source of lineage biased 

HSCs. In this study, we sought to investigate lineage restriction and bias by 

transplantation of perinatal HSCs (pnHSC) on ED19.5/postnatal day 0 (PD0). 

In brief we followed the approach of previous studies from our group: Lethally 

irradiated male and female B6.SJL-Ptprca Pepcb/BoyJ and B6.SJL-Ptprca 

Pepcb/BoyCrl (CD45.1) mice were transplanted with single perinatal Lin-Sca1+cKit+ 
(LSK) CD150+CD48- cells isolated from the FL or bone marrow of CD45.2 

Vwf−tdTomato/Gata1-EGFP (VTGG) mice (Figure 2). Indexed marker expression 

was collected at the time of sort to allow for retrospective grouping of Vwf 

reporter expression of the individually transplanted HSCs. Lineage contribution of 
the transplanted single HSC was followed for up to 26 weeks using flow cytometry. 

Using the definitions of mature populations and lineage bias outlined in the 

methods section, 22% of single-cell transplanted mice had >0.1% contribution in 

at least one lineage at the end of the experiment (25-26 weeks). In contrast to 
similar experiments in adult mice where less than 50% of reconstituting HSCs 

contributed to all lineages (Dykstra et al., 2007; Yamamoto et al., 2013; Carrelha et 

al., 2018; Carrelha et al., 2024), more than 90% of reconstituting pnHSCs 

contributed to all lineages (Study 1, Figure 1a).   

Surprisingly, only a single HSC isolated from perinatal bone marrow and none from 
FL exhibited platelet bias in contrast to the comparatively frequent P-bias and 
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restriction found in adult HSCs. Secondary transplantations of unfractionated 

bone marrow from single-cell transplanted mice confirmed primary reconstitution 

pattern and self-renewal at >17 weeks (Study 1, Figure 1d). Similar to bone marrow 

from adult mice, the Vwf-tdTomato reporter was expressed by 59% of FL pnHSCs 

and 47% in bone marrow pnHSCs, a clear reduction from the level at E14.5. Analysis 
of index sort data showed no difference in overall reconstitution potential 

associated with Vwf reporter expression, but P and PEM bias was enriched in the 

Vwf+ bone marrow pnHSC fraction (Study 1, Figure 1k). 

Functional output in transplantation indicated no P-restriction but we wanted to 

investigate if we could identify early evidence for priming of lineage bias. To this 

end, we performed single-cell RNA sequencing of Vwf+ and Vwf− FL pnHSCs, 

finding no striking separation of the two subsets after dimensionality reduction 
and clustering (Study 1, Figures S5, S6a, b). Further analysis identified only 32 

differentially expressed genes between Vwf+ and Vwf− pnHSCs. Vwf expression 

pattern in HSCs is continuous, making a correlation analysis more suitable than 

regular DE since this removes the need for a cutoff on Vwf expression level. 

Figure 3 Spearman correlation analysis between genes and the Vwf-tdTomato reporter in fetal 
liver pnHSCs. The figure shows genes that came out significant in the analysis. Blue indicates 
positive correlation with the Vwf-tdTomato reporter, red indicates negative correlation with the 
Vwf-tdTomato reporter. 
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Spearman correlation further confirmed the association between Vwf-reporter 

expression and several genes previously found to be associated with HSC function 

and bias (Figure 3; Study 1, Figure 1l). Ctnnal1 labels almost all HSCs (Acar et al., 

2015) and Neo1 is a marker for myeloid-biased HSCs (Gulati et al., 2019). 

Additionally, standard DE using DESeq2 comparing the highest quantile of Vwf-
reporter positive to Vwf− cells resulted in 162 DEGs. Additionally, among the highly 

expressed genes in Vwf-high cells were the maternally imprinted long non-coding 

RNAs H19, Meg3, and Rian which have been shown to be essential for 

establishment and maintenance of HSCs. Relevant to Study II, Flt3 was one of the 
top genes associated with Vwf− HSCs (Study 1, Figure 1i, m). This fraction is also 

similar to the embryonal MPP (eMPP) identified by CRISPR lineage tracing (Patel et 

al., 2022). The eMPPs are lymphoid biased and have been suggested to sustain 

hematopoiesis independent of HSCs months after birth and lymphopoiesis 
throughout life. In contrast, Vwf-high cells were enriched for Mk-biased stem cell 

signatures (Study 1, Figure 1o). 

Like most work from our lab, the experiments in this study were performed in a 

transplantation setting. Lineage patterns remained stable after six months, when 

hematopoiesis is assumed to have returned to normal, and after secondary 
transplantations, increasing evidence that lineage bias is intrinsically regulated. 

Contrary to our expectations, little lineage bias was found in pnHSCs. 

Nevertheless, some lineage priming at the molecular level was observed in the 

Vwf+/high fraction of the FL pnHSCs. One plausible interpretation of this data is 
that lineage bias is a continuous process that is initiated early in life and expands 

as the individual ages with lineage being lost in sequence. 

5.2 Alternative platelet differentiation pathways initiated by distinct 
stem cells 

The classical model of hematopoiesis posits a linear branching hierarchy with the 
HSCs residing at the apex. Several studies have suggested revisions to this 

hierarchy by identifying novel progenitor subsets. Implicit in most such models is 

a unique differentiation pathway for each mature cell type. Previous studies on 
the heterogeneity of HSCs identified a subset of HSCs that are transcriptionally 

primed to the Mk fate (Mansson et al., 2007). In particular, they exhibit high 

expression of the Mk marker von Willebrand factor. Transplantation of such HSCs 

revealed functional lineage bias toward the platelet fate (Sanjuan-Pla et al., 2013; 
Carrelha et al., 2018). In parallel several studies have suggested by molecular and 
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immunophenotypic evidence that HSCs can differentiate directly into Mks, by 

passing established progenitor intermediates (Morcos et al., 2022). 

As a continuation of previous studies from the lab, this study aimed to further 

characterize the hierarchical relationships between lineage biased HSCs. Current 

data would suggest that lineage bias is a gradual trait in which an HSCs loses 

lineage potential in a stepwise manner (Carrelha et al., 2018). Vwf-positive 
platelet-restricted HSCs (P-HSCs), and Vwf-negative multilineage HSCs (M-

HSCs) represent the two extremes of the spectrum and we hypothesized that any 

functional or molecular difference would be most pronounced between them. 

First, we performed transplantation of single LSK Gata1-EGFP−CD34−CD150+CD48− 

Vwf-tdTomato− or Vwf-tdTomato+ HSCs into lethally irradiated recipient mice and 
observed their reconstitution patterns recapitulating known reconstitution 

patterns (Study II, Figure 1a). Analysis of the bone marrow of the primary 

recipients showed that the Vwf− M-HSCs reconstituted all progenitor 

compartments whereas from the Vwf+ P-HSCs only the LT-HSC and MkP 
compartments were reliably and robustly reconstituted whereas the ST-HSC, 

MPP3/4 and MPP2 compartments were missing (Study II, Figure 1b). 

To determine the hierarchical relationship between the two HSC types, we 

performed secondary transplantation of Vwf positive and negative HSCs isolated 

from the primary recipients of a single HSC (Study II, Figure 2a). No conversion of 

Vwf expression status or reconstitution pattern was observed demonstrating that 
Vwf− M-HSCs and Vwf+ P-HSCs do not generate each other, which implies that 

they either share a common ancestor cell or develop independently (Study II, 

Figure 2c-e).  

Since we observed the absence of most established immunophenotypic 

progenitor cell types in mice reconstituted by P-HSCs (Study II, Figure 1a), we 
hypothesized the existence of an alternative differentiation path from HSCs to 

committed Mk progenitors. To better resolve the progenitor hierarchies generated 

by Vwf− M-HSCs and Vwf+ P-HSCs, we performed single-cell RNA sequencing of 

their respective HSPC progeny after transplantation. From Vwf− M-HSCs, an 
enrichment sort strategy was used to ensure that all cell types were captured 

whereas the more general Kit-positive population was sorted from Vwf+ P-HSCs 

due to the absence of established progenitor populations.  
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Figure 4 UMAP of HSPCs generated by Vwf- Multi-HSCs and Vwf+ P-HSCs after removal of committed 
progenitors. HSC and MkP identities indicate cells above the respective AUCell cutoff. The color scale 
indicates position on diffusion pseudotime. 

After library preparation, sequencing, and standard bioinformatic processing, 

2,290 HSPCs generated from P-HSCs and 2,478 HSPCs from M-HSCs were kept 

for further analysis. PCA followed by UMAP showed two non-overlapping 
populations of progenitor cells that connected the HSC cluster with the MkP 

cluster (Figure 4; Study II, Figure 3b). Multi- and P-HSCs were mutually exclusive 

in their contribution to these populations. After ordering cells along their 

hypothetical differentiation trajectory using diffusion pseudotime (Study II, 
Figure 3f), we performed differential expression analysis along the trajectory using 

TradeSeq. This analysis revealed 217 genes that drove the separation between the 

two pathways. Pearson correlation of transcriptional profiles along pseudotime 

showed a marked divergence at the intermediate progenitor stage (Figure 5 left 

Figure 5 Left: Pearson correlation of differentially expressed genes between HSPCs generated by 
Vwf- M-HSCs and Vwf+ P-HSCs along pseudotime. Right: Flt3 expression along pseudotime. Red 
indicate cells from a Vwf- M-HSCs and blue cells from a Vwf+ P-HSCs 
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panel; Study II, Figure 3k). Notably, Vwf was highly expressed throughout the P-

HSC trajectory, whereas Vwf only rose at the end of the M-HSC trajectory as it 

approached the MkP cluster. On the contrary, Flt3 expression was completely 

absent from the P-HSC trajectory, while showing a distinct peak in the M-HSC 

trajectory (Figure 5 right panel; Study II, Figure 3l). Cd48 expression followed a 
similar pattern (Study II, Figure 3l). 

Flt3 together with Cd48 has previously been implicated as a marker for a unique 

platelet differentiation pathway (Morcos et al., 2022), and we could observe the 

same pattern using flow cytometry (Study II, Figure 3m, 5c). To functionally 

validate the novel pathway, we performed a new cohort of single-cell 
transplantations, this time using Flt3-Cre/Rosa26-tdTomato donor HSCs, and 

reconstitution patterns were determined as in the previous experiments. Platelets 

and all other blood cell lineages generated by M-HSCs were all recombined and 

expressed tdTomato, showing that their progenitors at some point had expressed 
Flt3. On the other hand, platelets generated by P-HSCs showed no tdTomato 

signal at all (Figure 6; Study II, Figure 7b). Interestingly, ten percent of platelets in 

Flt3-Cre/Rosa26-tdTomato+ mice are not recombined before treatment 

suggesting a low contribution of the direct pathway in steady state (Study II, 
Figure 7a).  

Taken together with the molecular data this proves the existence of two 

differentiation pathways for platelets. 

Finally, we sought to investigate the physiological role, if any, of the Flt3 negative 
pathway. Injection with CD42b antibody to induce acute thrombocytopenia, led 

to a marked decrease in platelet numbers (Study II, Figure 8e), in line with 

published data. However, no change in recombination rates was observed (Study 

II, Figure 8f).  

Figure 6 Recombination frequency in peripheral blood lineages generated by single transplanted Vwf+ P-HSCs 
(left) and Vwf- M-HSCs (right) isolated from Flt3-Cre mice. (Tom, tdTomato expression.)  
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We hypothesized that antibody-depleted platelets were quickly replenished by 

progenitors that were already present at the time of antibody administration. We 

therefore injected Flt3-Cre/Rosa26-tdTomato mice with single doses of CP and 

5-FU to induce an acute depletion of progenitor cells. A dramatic reduction in 

MkPs in response to CP treatment was confirmed (Study II, Extended Figure 8b). 
This led to a decrease in recombination rate in platelets suggesting that the direct 

pathway is recruited in response to acute depletion of progenitor populations 

(Study II, Figure 8ad). One possible confounder in the CP experiment is that the 

drug is metabolized by aldehyde dehydrogenases including Aldh1a1, which was 
one of the upregulated genes in P-HSCs. It is therefore possible that the direct 

pathway is more resistant to the treatment and what is observed is not an 

increase in the usage of the pathway but rather survival of its progenitors. 

TO labels nucleotides and granules in platelets. Nascent platelets have a higher 

content of both and TO staining can therefore be used to investigate platelet 
replenishment kinetics. TO staining of Flt3-Cre/Rosa26-tdTomato platelets after 

treatment with CP showed a significant increase in the TO+ fraction within 

tdTomato- platelets when compared to tdTomato+ platelets, suggesting that the 

direct pathway replenishes platelets faster (Study II, Figure 8c). 

In parallel to our studies on the Flt3 independent pathway, the Forsberg lab at the 
University of California, Santa Cruz performed similar experiments. Their results 

are in overall agreement with ours but there are some points of difference that 

would benefit from further discussion (Boyer et al., 2011; Boyer et al., 2012; Poscablo 

et al., 2024). Our study shows that the direct pathway exists in adult mice and 
initiates from HSCs. The Forsberg lab first argued that it only emerges in aged mice 

(>2 years), but then, with refined experiments, showed that it exists in adults as 

well. However, they did not link the pathway to a particular HSC subset.  

We and the Forsberg lab use the same Flt3-Cre transgene (Benz et al., 2008), but 

our lab has used either Rosa26-EYFP (Buza-Vidas et al., 2011), or Rosa26-

tdTomato, whereas the Forsberg lab uses the Rosa26-mT/mG switch mouse. In 
the original publication (Boyer et al., 2011), they found both high and low 

recombining mice and that recombination frequency increased during 

backcrossing. Recombination frequency in mature cell population was compared 

to the MPP compartment to remove the variability in baseline recombination. 
Since all compartments, apart from B- and T-cells, showed a similar 

recombination frequency as the MPPs, the authors concluded that all 
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hematopoietic cells are generated through a Flt3-positive step. However, their 

definition of MPP included FLT3 overlooking the fact that some MPP populations 

lack Flt3 expression whilst still contributing to mature lineages. Importantly, our 

studies link the direct pathway to a distinct stem cell subset through the single-

cell transplantation assay. 

Later, the Forsberg lab crossed Flt3-Cre with a floxed EGFP construct driven by 
the pan-hematopoietic Vav promoter to increase sensitivity in Flt3 detection 

(Perez-Cunningham et al., 2016). Conceptually, this model is the inverse of the 

Flt3-Cre/Rosa26-tdTomato model used in our study. Mature lineages were only 

analyzed in the bone marrow and in contrast no reporter signal was found in 
platelets indicating that all of them had gone through an Flt3-positive stage. 

Since all Flt3-Cre mice come from the same founder, two possible explanations 

for differences in recombination rates are genetic drift of the Flt3-Cre transgene 

or different efficiencies in recombination of the reporter allele. In the original 

publication and in our lab, Flt3-Cre activity is only observed in males, indicating 
that the transgene is integrated in the Y-chromosome. In most mammals, the Y 

chromosome is small and exists in a heterochromatic state, but in the mouse, it is 

substantially larger (Hughes & Page, 2015). Like previous reports, we have also 

observed variable recombination in the same colony using the same reporter 
suggesting the contribution of genetic drift as well. However, our observation that 

all cells generated from an M-HSC in transplantation have recombined provides 

strong evidence that the mice used in this thesis faithfully capture Flt3 expression.  

Inter-Lox distance influences recombination efficiency (Ringrose et al., 1999). The 

Rosa26-tdTomato inter-Lox sequence is less than 1 kb, whereas the distance of 

Rosa26-Yfp and Rosa26-mt/mg is more than twice as long (Van Hove et al., 2020; 
Faust et al., 2023). This implies that, all things being equal, the Ai9/14 system would 

be more sensitive in detecting Flt3-expression, especially in early progenitor 

populations. In conclusion, the more sensitive reporter used in our studies, 

together with our transplantation data, enables us to conclude that the Flt3-
negative pathway is present earlier in life than claimed by the Forsberg group. 

The physiological role of FLT3 signaling was not investigated in our or the Forsberg 

study; instead, expression of it is used as a marker for the two platelet pathways. 

The FLT3 receptor was initially discovered by partial cloning of the granulocyte 

colony-stimulating factor (G-CSF) receptor or from fetal liver cells and its ligand 
was isolated from culture medium using a soluble form of the receptor (Lyman & 
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Jacobsen, 1998). Knockout of the receptor (Mackarehtschian et al., 1995) and the 

ligand (Hilary J. McKenna et al., 2000) lead to variable reductions in immune cell 

frequencies but left the myeloid compartments relatively unchanged. These 

studies did not track platelets and erythrocytes. Part of the variable response, at 

least in the dendritic cell compartment, could be explained by increased 
sensitivity to other cytokines (Durai et al., 2018). Although some HSCs express Flt3 

transcripts, surface detection of the protein correlates with exit from the HSC 

compartment and the FLT3 signaling axis is not indispensable for maintenance of 

HSCs (Sitnicka et al., 2002).  

We and others argue that the Flt3-independent pathway is recruited in response 
to increased demand for platelets such as infection, chemotherapy, or injury 

(Morcos et al., 2022). The TO experiment in this study would suggest that this is 

the case. We also followed reconstitution kinetics of single transplanted HSCs 

(Carrelha et al, unpublished). After normalization to final reconstitution levels, the 
data was compatible with the idea that P-HSCs have faster reconstitution kinetics. 

A parallel study investigated chromatin accessibility features and their 

association with platelet bias and found that it is driven by epigenetic priming 

(Meng et al., 2023) and that the differentiation of a P-HSC into platelets is faster 
than that of an M-HSC.  

Cd48 followed the same expression pattern as Flt3 and could also be used to 

immunophenotypically separate MkPs generated by the two pathways. It has 

been suggested that a Cd48 negative pathway generates transcriptionally 

distinct Mk subsets by using a combination of Cre and Dre fate-mapping (Li et al., 
2024).  

Since publishing our study, new data has emerged that complements it. Single-
cell RNA sequencing of HSPCs from Flt3-Cre/Rosa26-tdTomato mice shows a 

distinct cluster of unrecombined cells bridging the HSC and Mk clusters thus 

recapitulating, on the transcriptional level, the direct differentiation pathway in a 

steady state setting (Singh et al., 2025). Another approach using mathematical 
modeling of single-cell transplantation data shows that a shortcut platelet 

differentiation pathway is consistent with observed reconstitution kinetics 

(Iwanami et al., 2025). Finally, one of the top genes associated with the Flt3 

negative pathway was Clusterin (Clu). HSCs expressing Clu expand with age and 
are the main contributors to age associated platelet and myeloid bias (Koide et 

al., 2025).  
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5.3 The platelet transcriptome is stable across age and is not 
responsive to spontaneous CD62 externalization 

Platelets are small anucleate cell fragments that are shed from Mks in the bone 

marrow. They are key components of hemostasis by homing to injury sites and 

initiating the wound healing process. Additionally, they have roles in inflammation 
and defense against foreign pathogens.  

Cardiovascular disease is one of the leading causes of mortality in the world. The 

established model for ischemic damage in the heart and brain is that inflamed 

vessel walls calcify over time. Calcified vessels cause turbulent blood flow that 

can activate platelets through increased shear forces. A calcified plaque can also 
rupture, exposing sub endothelial matrix components that are potent platelet 

activators. Arterial thrombosis risk increases with age but the precise contribution 

of vascular dysfunction, soluble coagulation factors and intrinsic platelet function 

is difficult to determine (Wilkerson & Sane, 2002).  

As with most cell types, recent years have seen an emergence of studies 

investigating platelet heterogeneity but the precise mechanism underlying this 
heterogeneity is not known. High-throughput molecular biology methods such as 

RNA sequencing and mass spectrometry-based proteomics have been 

successful in delineating cell and disease types. While both methods are well 

developed for platelets, they require large amounts of input material due to the 
small size of and low RNA and protein content of platelets. Furthermore, they have 

not been adapted for within sample measurements such as fluorescent lineage 

tracing where two cell populations are present withing the same individual.  

In Study II, we confirmed the presence of a novel platelet differentiation pathway 

that bypasses several multipotent progenitor stages. This shortcut pathway 
expands in aged mice and platelets generated by it have been suggested to be 

responsible for the age-associated increase in thrombosis risk (Poscablo et al., 

2024). Incomplete convergence in the transcriptional profile of the MkPs that 

sustain the two different platelet populations raises the possibility that platelet 
heterogeneity can be further explored by transcriptional profiling (Study II, Figure 

4a).  

To address these questions, we developed a protocol for RNA sequencing from 

small amounts of FACS sorted mouse platelets. After establishing a collection 
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procedure using tail vein blood sampling, which allowed for repeated collection of 

peripheral blood without overwhelming spontaneous activation, we isolated 

platelets from young adult (8-10 weeks) and old (2 years) mice and subjected 

them to RNA sequencing using a modified single-cell Smart-seq2 protocol (Study 

III, Figure 1A,B). While 500 platelets allowed for consistent RNA amplification and 
sequencing, high variability in detected genes was observed, indicated by low 

sample-to-sample correlation (Study III, Figure 1C). We attributed this to the low 

RNA content of platelets.  

To overcome the low gene detection, we increased the number of sorted platelets 

to 300,000. Each sorted cell adds a small amount of sheath fluid to the final 
volume. By sorting into buffer supplemented with bovine serum albumin and using 

normal binding tubes the platelets could be pelleted and resuspended in lysis 

buffer and be subjected to library preparation as usual.  

 

After sequencing of libraries prepared from 300,000 platelets, higher gene 

detection rate and sample-to-sample correlations were observed (Figure 7; 

Study III, Figure 1C,D). Next, we assessed contamination by other peripheral blood 
cell types. As expected, a considerable number of erythroid transcripts were 

detected, consistent with previous reports (Figure 7; Study III, Figure 1E). They 

were primarily from the genes of hemoglobin sub-units. Fewer reads were 

mapped to other erythroid genes indicating that the libraries were contaminated 
by circulating or ambient mRNA rather than intact cells (Study III, Figure 1F). This 

could be explained by the high abundance of erythrocytes and their lysis induced 

Figure 7 Left: Sample to sample read correlation between libraries prepared from 500 and 
300.000 platelet and a published dataset (Rowley et al., 2011). Right: Signature scores for mature 
blood lineages in platelet transcriptomes prepared from 300.000 platelets. 
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by centrifugation. We reasoned that hemoglobin contamination was consistent 

across samples and would therefore not impact downstream analysis.  

We next sought to investigate if the age of the mouse or spontaneous platelet 

activation measured by CD62P externalization had any effect on the platelet 

transcriptome. Old age is associated with increased thrombosis risk and 

spontaneous activation is a possible confounder in platelet experiments. Principal 
component analysis showed little separation between age or CD62P groups 

indicating minor impact of those variables (Study III, Figure 2A). This was 

confirmed in differential expression analysis using both DESeq2 and EdgeR which 

both identified a few genes of importance (Study III, Figure 2B,C, Supplementary 
Figure 3A,B). Notably the EdgeR analysis found far fewer DE genes for which the 

baseline expression was low, owing to the stronger default regularization 

implemented in that package. 

In conclusion, this method allows isolation of relatively pure platelet populations 

from the sample. We intend to apply this method to characterize the platelets 
generated through the two differentiation pathways identified in Study II. 

Furthermore, the isolation technique can be applied to other types of 

experiments, such as mass spectrometry, which recently has seen a major leap in 

sensitivity.
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6 Conclusions 
Study I  

Transcriptional priming of the platelet lineage occurs at the FL stage before 

migration to the bone marrow, but functional lineage bias emerges post-natally, 
despite most fetal liver HSCs being Vwf-positive. 

Study II 

Vwf-positive P-HSCs and Vwf-negative M-HSCs are not hierarchically related and 
replenish platelets through mutually exclusive differentiation pathways marked by 

Flt3 expression. In steady state, this pathway is used at a low frequency, likely by 

many types of stem cells. Ablation of hematopoietic progenitors increases the 

utilization of the Flt3-negative pathway. There are distinct transcriptional 
differences between MkPs generated by Vwf-positive P-HSCs and Vwf-negative 

M-HSCs which could contribute to Mk and platelet heterogeneity. 

Study III 

Pure platelet transcriptomes can be prepared through low volume sampling and 

FACS sorting using a modified single-cell RNA sequencing protocol. Spontaneous 

upregulation of CD62P and increased age does not predict transcriptional 
changes. This method has potential applications for resolving platelet subsets. 
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7 Points of perspective 

7.1 Future studies on platelet biased hematopoiesis 

Cardiovascular disease is one of the leading causes of death in the world. It is 
believed that aging-associated inflammation increases the risk of thrombosis 

through inflammatory atherosclerotic plaques and hyperreactive platelets. This is 

the rationale behind the successful prevention of cardiovascular diseases with 

platelet inhibition and lipid lowering reagents.  

Our results raise the exciting possibility that platelet function is determined by 
the type of megakaryocyte that generated it and by extension its differentiation 

path and parent HSC. Stated differently, platelet subsets are encoded already at 

the HSC stage. Poscablo et al (Poscablo et al., 2024) reported that platelets 

generated through the Flt3-negative pathway are quicker to upregulate CD62P 
and spread more quickly upon stimulation with thrombin. However, no difference 

in contribution to in vivo thrombus formation was found. An alternative 

explanation is that the excess of platelets generated through the Flt3-negative 

pathway leads to increased thrombus risk rather than some intrinsic property of 
the Flt3-negative platelets. Selective depletion of the cells contributing to the 

Flt3-negative pathway could potentially be a targeted therapy for cardiovascular 

thrombosis, as depletion of myeloid-biased HSCs has been suggested to 

rejuvenate the hematopoietic system (Ross et al., 2024). 

The relative importance of intrinsic platelet hyperreactivity in comparison to 
external factors such as vascular calcification and inflammation is difficult to 

determine. Patients suffering from cardiovascular disease often have severely 

narrowed vessels, as shown by radiological imaging, and calcification is a main 

driver of cardiovascular risk (Mortensen et al., 2020). In addition, platelet 
aggregation in vitro does not increase with age in individuals older than 65 (Chan 

et al., 2020). In clinical practice, aspirin and statins have been highly successful in 

prevention of thrombosis. Aspirin is a platelet inhibitor and statins lower blood 

cholesterol. In contrast to mice where platelet count increases with age, it 
decreases with each decade in humans (Segal & Moliterno, 2006). It is unlikely 

that the small fraction of platelets generated from the shortcut pathway has any 

meaningful role, in comparison to the vast number of platelets generated through 

the canonical pathway, especially when considering the modest effect size in 
activation experiments (Poscablo et al., 2024), unless reflecting a role distinct from 
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coagulation. In that regard, platelets have also been suggested to play an 

immunomodulatory role (Morrell et al., 2014).   

Considering pre-existing therapies and global vascular disease in aged individuals, 

the added benefit of targeted Mk progenitor therapies is probably minimal. On the 

other hand, there are conditions in which platelet production is deficient, for 

example after HSC transplantation or in autoimmune thrombocytopenia. If P-
HSCs could be selectively activated or expanded in vitro or in vivo they could 

serve as bridge therapy until canonical thrombopoiesis has caught up. New 

expansion protocols for both murine (Wilkinson et al., 2019) and human (Sakurai 

et al., 2023) HSCs have been published and they could potentially be adapted to 
instruct lineage bias or by enriching for P-HSCs before transplantation.  

The existence of platelet-restricted HSCs in humans is unknown, although P-bias 

has been suggested in HSCs isolated from patients with myeloproliferative 

neoplasia, by xenotransplantation as well as in culture experiments (Notta et al., 

2016; Psaila et al., 2020; Aksoz et al., 2024). These studies are conducted during 
stress conditions and investigation of lineage bias hematopoiesis in steady state 

remains challenging. Tracing of spontaneously occurring somatic (Mitchell et al., 

2022) or mitochondrial (Lareau et al., 2019) variants might be technically feasible 

but would suffer from the same problem of detecting small HSC clones as 
mutation and barcode-based lineage tracing does in mice. Of note, one study 

(Weng et al., 2024) claimed to have identified lineage-biased HSC clones using 

mitochondrial variants but the accuracy of mutational calling and subsequent 

clonal clustering has been called into question (Lareau et al., 2024). Epivariants 
have also been shown to allow identification of clones in human hematopoiesis 

(Scherer et al., 2025). This allows for detection of expanded clones in aged 

individuals independent of clonal hematopoiesis variants. No evidence of platelet-

biased stem cells was found using this approach. The proposed mechanism of 
epivariant barcoding is the imperfect propagation of methylation state in early 

embryo development, possibly during HSC specification. Since the barcoding 

happens during the establishment of the hematopoietic system, the barcode 

diversity is unlikely to capture small HSC clones. Furthermore, as indicated in 
Study I, neither platelet-biased nor -restricted HSCs are present at this stage of 

development. 

Finally, the role of human FLT3 signaling is less investigated than in the mouse. A 

case series of a family carrying a FLT3L mutation showed substantial impairment 
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of multiple progenitor compartments and most notably a severe immune cell 

deficiencies leading to recurrent infections (Momenilandi et al., 2024), but no 

significant alterations in the platelet lineage, as is also the case in mice (H. J. 

McKenna et al., 2000). This suggests that absence of FLT3 is a marker for the 

shortcut pathway but has no causal influence. 

7.2 Evolutionary origins of the blood and vascular system 

Studies on the development of HSCs have shown that definitive HSCs emerge 
from hemogenic endothelium in the AGM region through endothelial to 

hematopoietic transition, as described in the literature review. Intriguingly, adult 

HSCs still share markers with endothelial cells such as CD201 and Vwf, highlighting 

the close developmental origin of the vascular and hematopoietic systems. These 
markers are not exclusive to the hematopoietic and vascular systems but have 

high expression there throughout life. 

Evolutionary developmental biology is useful as a framework to understand how 

and why different structures and functions in an organism have evolved. 

Comparative studies have tried to identify developmental stages of the 
hematopoietic system in other organisms. The key difference between 

invertebrate and vertebrate vascular systems is the presence of endothelium. A 

plausible explanation is that larger bodies with extremities surpass the diffusion 

limit of oxygen and nutrients, requiring a specialized transport system. 
Endothelium allows local regulation of blood flow through paracrine signaling as 

well as facilitated laminar flow. Furthermore, the endothelial cells are vanguards for 

tissue injury and recruit both immune cells and platelets upon damage. 

One compelling theory is that in early invertebrates, cells constituting the 

coelomic (cavity) epithelium detached and became hemocytes (early blood 

cells), which then re-epithelialized becoming endothelial cells. (Munoz-Chapuli et 
al., 2005). These cells retained the ability to detach from the basal membrane 

during angiogenesis. Importantly, this hypothesis singles out EHT as a highly 

conserved bi-directional mechanism, which could be one possible explanation of 

the similarities between the vascular and hematopoietic systems and the Mk 
lineage in particular. 

Another mystery is why mammals have platelets generated by polynucleated 

megakaryocytes whereas other vertebrates have nucleated thrombocytes. One 

possible explanation is that placental detachment during birth requires improved 
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hemostasis (Martin & D'Avino, 2022). Mk polyploidization occurs through 

endoreplication and has been described as a karyo- and cytokinesis deficiency 

(Mazzi et al., 2018). HSCs are known to expand during aging, in part due to 

inflammation, and redirecting hematopoiesis through the Mk-pathway could 

alleviate replicative pressure without increasing cell numbers.  

A potential future study would be to look for thrombocyte biased HSCs in non-
mammals such as the zebrafish through fate mapping, which could indicate if 

platelet bias is dependent on Mk polyploidization. 

7.3 Stem cell concepts in hematopoiesis and other tissues 

Hematopoiesis has been considered the prototypical stem cell system (Orkin & 
Zon, 2008), and as such it has been used as a blueprint when investigating other 

stem cell systems. The hematopoiesis paradigm is in many ways useful to give 
biologists a common framework, however the notion of multipotency and self-

renewal as defined through transplantation is difficult to apply in systems where 

no transplantation assays exist. Furthermore, new techniques have allowed 

studies on hematopoiesis in an unperturbed setting. The inferred phenotypes and 
number of stem cells vary greatly among these studies. The number of 

transplantable HSCs in a mouse is estimated at 3,000–5,000 (Challen et al., 2009; 

Eaves, 2015), whereas the number of cells sustaining hematopoiesis, as 

determined by lineage tracing, is 17,000 with around 5,000 actively contributing 
(Busch et al., 2015). This is in contrast with results from phylodynamic inferences 

which estimate the number to be around 70,000 (Kapadia et al., 2025). This 

discrepancy calls for a reconsideration of the transplantation-derived stem cell 

concepts and by extension which definition of stem cells should be generalized 
to other tissues. 

There is a diverse range of physical organizations of tissues as well as their 
physiology, for example colonic crypts or hair follicles. It’s not certain that all 

tissues are organized in the same way as hematopoiesis. The hematopoietic 

system is the only liquid organ in the body setting it apart from other tissues, 

although the bone marrow could also be thought of as a solid organ. Solid organs 
can broadly be classified into two groups: fast and slow dividing. Epithelium of the 

skin and the gut get replaced at a high rate, whereas muscle and heart tissue turn 

over slowly. Tissue-specific stem cell properties are likely tailored to the specific 

demands of their tissue. 
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Inspired by the hallmarks of cancer, the hallmarks of stem cells attempts to 

encompass all the properties that a stem cell has (Beumer & Clevers, 2024). Out 

of these six hallmarks, “self-renewal” is argued to be most important for the stem 

cell definition, followed by “multipotency”. “Transplantability” is presented as a 

way to measure these properties but is only available for stem cells from some 
tissues. Stem cells from solid tissues have the ability to change their phenotype 

when transplanted suggesting “niche dependency” and “plasticity” as additional 

hallmarks but this is not the case for HSCs. The final hallmark is “mitigation of DNA 

damage”, since stem cells must persist across a long time and several divisions. 
Taken together, while hallmarks like this serve as a guide to which properties are 

important, current definitions of stem cells from different tissues are difficult to 

reconcile. 

An alternative is to define stemness as a state rather than a set of fixed properties 

of cells (Zipori, 2009). The stem state is characterized by lack of expression of 
markers for mature cell populations and has the unrealized potential to attain all 

lineages within a tissue. Transcriptional lineage priming of HSCs is therefore not 

consistent with this definition. The stem state can be propagated through 

symmetric cell division to maintain constant stem cell numbers. Ideally, this 
minimal definition could be applied to all types of stem cells, both embryonal and 

adult.  

Building on this work, Lucie Laplane has suggested that the field, in fact, employs 

four definitions of stemness; two intrinsic and two extrinsic (Laplane, 2016; 

Laplane & Solary, 2019). The first is categorical stemness, an intrinsic property 
independent of external factors such as the microenvironment. The second is 

dispositional stemness, an intrinsic property that emerges within the right 

environment. Dispositional stemness is contrasted with relational stemness, an 

extrinsic property that is given to a non-stem cell by its microenvironment. Finally, 
systemic stemness is a property of an entire system, like a tissue. The HSCs 

studied in this thesis belong to the first category since lineage bias persists 

through transplantation. However, it cannot be ruled out that microenvironment in 

the donor instructed the lineage bias before transplantation. Laplane’s analysis 
has relevance for designing therapies against cancer stem cells. If stemness turns 

out to be an extrinsic property, therapies that only target cancer stem cells will 

not be sufficient for a cure.  
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Another perspective on the stem cell field contends that it has several models of 

stem cells but lacks a unifying theory (Fagan, 2013). As a result, studies are 

centered around explaining and reconciling observations from different models 

and experimental systems rather than testing hypotheses generated by theory. 

Some mathematical models have been developed to model data from fate 
mapping and transplantation experiments. These serve to estimate parameters 

representing cell numbers and flux between cell compartments, but they have not 

yet been used to make predictions of the same parameters that can be validated 

in experiment.  

7.4 Trees and atlases describe tissue organization 

In the bigger perspective, single-cell RNA sequencing has revealed further 
heterogeneity within hematopoietic cell populations than was previously 

captured by flow cytometry and transplantation experiments. This necessitates a 

revision of our model for hematopoiesis from a tree with discrete cell types to a 

continuous branching structure where cells exist in continuous states and where 
traditional cell types rather are stable states of the epigenetic and transcriptional 

network ("What Is Your Conceptual Definition of "Cell Type" in the Context of a 

Mature Organism?," 2017; Laurenti & Gottgens, 2018). Importantly, attention should 

be given to the problem of linking cellular function such as lineage bias to the 
continuous states identified in this model. 

Despite these recent advancements, I would argue that the field is still very much 

rooted in “tree thinking”. In fact, trees have served as tools for structuring data and 

knowledge even before modern science (Hellström, 2019). As outlined in the 

methods section, clustering of cells using any data creates discrete cell 
populations. Combined with trajectory inference, this creates a differentiation 

hierarchy similar to a tree. Furthermore, functional experiments will invariably 

create discrete cell populations as long as cells are isolated using flow cytometry. 

It should be noted that single-cell experiments such as single-cell transplantation 
could be performed in a continuous manner if all markers are index sorted. 

Retrospective analysis of marker expression could then be correlated with 

functional outcomes such as chimerism as in Study I.  

As omics technologies become cheaper and easier to access, cell biology is 

finding itself drowning in data. Cell annotation has improved from unstructured 

searching for gene symbols to data driven label transfer. However, cell annotation 
requires validation in orthogonal experiments, or it is at risk of becoming circular. 
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Atlases have evolved together with the sciences for hundreds of years (Daston & 

Gailson, 2007). They are not only reference materials, they also dictate what is 

relevant to look for; that is, which cell types are considered canonical. The term 

“atlas” derives from the Titan Atlas who carries the world on his shoulders and was 

first used to describe a collection of maps in 1595. Atlases reflect the values of 
objectivity in science. The first scientific atlases, which were not map collections, 

showed artists’ idealistic drawings of objects from nature objects, such as flowers 

and birds. Later, after the introduction of photography, as little interference from 

the experimenter and atlas-maker as possible was desired. However, it became 
apparent that photography was still experimenter-dependent and riddled with 

artifacts. A synthesis of the previous modes of objectivity — trained judgement –  

emerged. With trained judgement, an expert refines measurements, selects the 

relevant data points, and gives them an interpretation. According to the authors, 
this is the way scientists are objective today, exemplified by the Human Cell Atlas. 

In this historical perspective, cell atlases are rather a shredded atlas since, owing 

to the destructive nature of measurement, they are not images of something that 

exists like a flower or a location or a traditional histology image. Nevertheless, they 
still define which cell types are possible when used to annotate a new dataset. 

With the advent of spatial transcriptomics, the atlas nature could be recovered by 

integrating molecular data with images.  

To address these issues, creation of a reference cell tree (Domcke & Shendure, 

2023) for experimental organisms has been suggested to facilitate comparison 
across studies and interpretation of data. This program has been successful in C. 

elegans where the genealogy of all cells in the organism has been mapped. Novel 

whole organism lineage tracing techniques could, in theory, provide the data for a 

whole organism tree of other species than C. elegans. The series of papers from 
the Sanger institute also has established cell phylogenetic trees as powerful 

models for a stem cell system. New lineage tracing models that allow for 

sequential recording of cellular events together with lineage tracing have the 

potential to give measurement of state and lineage from end point sampling 
(Askary et al., 2025) when they become available in mouse models. As sequencing 

technologies become less costly and available to more researchers (Gonzalez-

Pena et al., 2021), this new “tree thinking” (Stadler et al., 2021) might result in a new 

paradigm for developmental biology and by extension hematopoiesis research. A 
type of tree that allows for joint modeling of phenotypic and genealogical data 

might enable a future synthesis of the cell lineage, type, and state viewpoints.
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