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Abstract 

Haematopoietic stem cells (HSCs) are the peak of the haematopoietic hierarchy and can both self-

renew and differentiate into all mature blood cells. HSC transplantation has long been used clinically 

for cancer treatment, gene therapy, and, increasingly, autoimmune conditions (multiple sclerosis) 

and viruses (HIV). Despite decades of research, efficient HSC expansion in vitro has been extremely 

difficult to achieve. A recent breakthrough in mouse HSC expansion (allowing up to 899-fold 

increases in HSC numbers over 28 days) is hugely significant, yet HSCs remain the minority of cells in 

the culture, and significant HSC heterogeneity exists – problematic when initiating cultures with 

single cells. Optimising the expansion protocol to increase HSC self-renewal divisions and HSC 

content of the cultures will allow molecular and cellular analysis of these expanded cells. Further 

understanding these cells will ideally enable application of refined expansion protocols to human 

HSCs. The current gold-standard for HSC identification is transplantation yet this is expensive and 

time-intensive. Replacing this with a universal HSC reporter strategy, able to identify HSCs to the 

same level of efficiency and removing the need for reporter mice for HSC identification would be 

extremely beneficial. This would open up reporter strategies to alternative mouse strains, including 

disease models, and also to human HSCs. In this thesis, I found that ESAM can replace 

the Fgd5+/ZsGreen reporter mouse as an efficient reporter for functional HSCs in culture. We used 28 

day expansion screens to test candidate molecules able to predict HSC content of clones and 

identified the surface marker Siglec F as a candidate for distinguishing between the LT-HSC and 

progenitor populations. Finally, we tested the addition of novel compounds to expansion cultures to 

improve HSC self-renewal divisions, and found FSTL1 as a molecule that potentially promotes more 

HSCs to successfully expand in culture.  
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1.0 Introduction  

1.1 Haematopoietic stem cells and haematopoiesis  

The blood system, consisting of a liquid phase known as the plasma, and a cellular solid phase (1), 

is vital for survival - providing the means of transport of nutrients to cells and waste away from cells, 

as well as containing the cells of the immune system. The process of forming the cellular component 

of the blood system is known as haematopoiesis and is a hugely productive system, producing 4-

5x1011 haematopoietic cells a day in the average adult (2). In order to maintain blood cell 

homeostasis and maintain the correct mature cell populations despite their constant turnover, this 

must be not only a continuous process, but also a tightly regulated and adaptable system.  

Broadly speaking, mature blood cells can be split into myeloid and lymphoid cell lineages. The 

myeloid lineage contains the megakaryocytes, erythrocytes, granulocytes and macrophages, whilst 

the lymphoid lineage contains T, B, and innate lymphoid cells (2, 3). The major characteristics of 

these mature cell populations are listed in Table 1 and are essential for normal functioning of the 

blood system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Cell Type Function Size Life span Number at 

any given 

time 

References 

Erythrocytes - Transport oxygen from the 

lungs to tissues as a source for 

ATP synthesis 

- Collection of waste carbon 

dioxide from cells, to be 

removed via the lungs  

6.2-8 µm 120 days Male: 4.3-6 

million/mm3 

Female: 3.5-

5.5 

million/mm3 

4 

Leukocytes Neutrophils - 62% of leukocytes 

Kill a wide range of pathogens 

via phagocytosis or super oxide 

/ cytotoxic release for more 

widespread targeting 

10-12 µm 6 hours - 3 

days 

2000-7500/ 

mm3 

5 

6 

Eosinophils -Kill parasites via toxin release 

from granules 

-Involved in allergic reactions     

-Maintain the balance between 

T-helper and T-regulatory 

activity in the lungs and the 

intestines 

10-12 µm 8-12 days 40-400/ mm3 7 

8  

Basophils -Tissue resident cells expressing 

the surface high-affinity IgE 

receptor, and are the primary 

source of IL4. 

-When activated, release 

histamine to attract additional 

immune cells to injured site.  

-Release heparin and 

anticoagulants to prevent 

clotting and improve migratory 

ability of leukocytes to injured 

area. 

-Modulate the allergic 

response. 

12-15 µm 1 – 2 days 0-100 / mm3 9 

10 

11 



Monocytes -Phagocytose and present 

antigens on their surface to 

activate other immune cells. 

-Release chemokines.  

-Once activated by danger 

signals recognised by pattern 

recognition receptors, they 

proliferate and enter tissues 

where they differentiate into 

macrophages to destroy 

old/damaged cells. 

13-30 µm 2 hours – 3 

days 

200-800/ mm3 12 

13 

Megakaryocyte -Produce platelets and release 

them into circulation. 

50-100 µm 5 days 20,000/mm3 14 

15 

Platelets -Essential in blood clotting 

(release of procoagulants and 

vasoconstrictors). 

-Chemoattract neutrophils and 

monocytes to damaged areas 

-Assist in removal of blood clots 

when no longer needed 

-Release of growth factors to 

maintain endothelium. 

Maximum 

2-3 µm 

3-7 days 150,000-

400,000/ µL of 

blood 

16 

17 

Dendritic Cells -Antigen presenting cells. 

Key in naïve T cell activation 

and maintaining immune 

tolerance. 

15-20 µm 

long, 0.1-

0.3 µm 

wide 

Few days - 

weeks 

13-37/ µL of 

blood 

18 

19 

Lymphocytes -T cells: cell mediated immunity 

-B cells: humoral immunity via 

antibody production  

-Able to produce memory cells 

to respond more rapidly upon 

re-exposure to an antigen. 

-Antigen presenting to activate 

other immune cells. 

7-8 µm Memory cells: 

years 

Everything 

else: weeks 

1300-4000/ 

mm3 

20 

21 

22 

23 

 

 

 

Table 1: Key haematopoietic cell types, their functions and key characteristics.     



 

 

Rare haematopoietic stem cells (HSCs), at the peak of the haematopoietic hierarchy, are the 

multipotent population responsible for the generation of all mature blood cells. Their ability to 

perform symmetric self-renewal divisions to expand their pool, whilst also being able to 

asymmetrically divide into more mature cells, is a trait unique to stem cells (1,3). The first wave of 

primitive haematopoiesis occurs on day 7 of mouse development (Day 17 in humans) in the yolk sac 

blood islands of the embryo (24). However, these primitive cells do not have indefinite self-renewal 

capacity and are unable to reconstitute the blood system following transplantation. Definitive 

haematopoiesis in the aorta gonad mesonephros (AGM) and placenta follows on day 8 (Day 21 in 

humans) and results in the production of the first HSCs with persistent self-renewal which are able 

to be transplanted (24). The foetal liver begins to be colonised with HSCs from day 9, these arriving 

from the AGM and yolk sac (24). By Day 12, the foetal liver is the primary site of definitive 

haematopoiesis, only changed just before birth where this switches to the bone marrow (BM). Here, 

the HSC population is retained to ensure life-long mature cell production (1,24), with a key 

developmental switch occurring between 3 and 4 weeks of age where HSCs go from being actively 

cycling to quiescent (25, 26) 

In the adult BM, the extent of self-renewal can vary within the HSC population (2), which is what 

separates long-term HSCs (LT-HSCs) which have life-long self-renewal capacity, from short-term HSCs 

(ST-HSCs) and multipotent progenitors (MPPs) (3). This has been confirmed in LT-HSCs from their 

ability to contribute >1% to both mature myeloid and lymphoid cells at 4-6 months post-transplant). 

ST-HSCs and MPPs typically have limited self-renewal and can therefore only contribute to mature 

cell production following transplantation for around 8 weeks (2, 27), without producing daughter 

cells that can repopulate in secondary transplantation recipients. Therefore, serial transplantation 

experiments in irradiated hosts are currently the gold-standard for functional LT- HSC validation. 

They can prove that HSC self-renewal divisions, producing cells equally undifferentiated and 

themselves able to self-renew, did take place. HSC numbers themselves can be influenced by both 

intrinsic and extrinsic signals – if the viability, stem-cell functionality or proliferation is altered, the 

number of HSCs present in the BM will change, meaning that this balance and the signals HSCs 

receive must be tightly controlled (27, 28) (Figure 1).  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Vast proliferation is required to produce the numbers of mature blood cells required each day, and 

this typically occurs at the progenitor cell level, rather than at the HSC level. Despite this, 

progenitors have limited self-renewal ability and without replenishment from HSCs would exhaust 

themselves in a few weeks in transplantation assays (27). However, of interest, recent lineage 

tracing studies have demonstrated that transplantation assay have drastically under-estimated the 

durability of contribution from progenitor cells, with many non-HSCs contributing in a sustained 

manner (28, 29) What is not disputed is that LT-HSCs predominantly exist in a dormant state of 

quiescence (known as the G0 phase of the cell cycle) which has been speculated to protect and 

preserve the integrity of their genetic material from genotoxic insults or the mutational stress of 

cellular division. This, in turn, increases their longevity, protecting from oncogenic mutations and 

leukemogenesis, and allowing lifelong production of blood (30, 31). One of the key contributors to 

mutational stress has been suggested to derive from quiescence exit which can be a direct cause of 

DNA damage. (32, 33). 

Haematopoiesis has historically been thought to be a step-wise development from HSC to mature 

cell with discrete cellular compartments and associated functions. However, it has been revealed 

more recently to be a gradual progression of differentiation, which takes places over many cell 

divisions. This is matched by incremental changes in gene expression as lineage choices are made, 

and the differentiation potential of the cells is restricted (32) (Figure 2). Supporting this are ATAC-

Seq experiments which show that slight changes in chromatin states can define subpopulations. (34, 

35, 36).  

Figure 1: The balance between symmetric and asymmetric divisions in HSCs is tightly 

controlled and relates directly to their self-renewal and repopulation capacity 



Interestingly, as well as the traditional differentiation pathways, there also appear to be more direct 

routes from HSC to mature cell. In particular, some megakaryocytes are thought to arise directly 

from specific HSCs, bypassing the progenitor stage and associated lineage checkpoints (36, 37, 38, 

39, 41, 41) 

 

 

 

 

 

 

 

 

 

 

 

 

To study the haematopoietic hierarchy and distinguish between cell populations at different levels of 

differentiation, cell surface marker staining is often used (1, 34). Staining with fluorescent antibodies 

allows us to use multi-parameter Fluorescence Activated Cell Sorting (FACS) for prospectively 

identifying and isolating live cell populations (Table 2). This technique leaves the sorted cells alive 

and healthy, enabling them to be put into culture conditions and maintained in vitro or transplanted 

into recipient animals for functional assay in vivo. 

However, this approach comes with a few key limitations, including the significant expression 

differences of these markers in cellular states that are different to freshly isolated quiescent HSCs 

(3). This limits many isolation techniques and marker combinations to freshly isolated cells, and not 

cells which have been in culture for example, thereby precluding the isolation of HSCs. Additionally, 

as of now, no strategy exists that can isolate HSCs to 100% purity, and most require 4-6 colours at 

least, making imaging studies challenging.  

 

Fluorescent reporter mice such as the Abcg2, Fgd5, Vwf, Ctnnal1, Gprc5c and Hoxb5 have been 

developed to aid HSC isolation, with these genes being expressed predominantly within the 

phenotypically primitive HSCs (40, 41, 43, 44). In particular, Ctnnal1, Fgd5, and Hoxb5 enrich for the 

complete LT-HSC population, as opposed to a subset of HSCs as is the case for Gprc5c and Vwf for 

HSC

Erythrocytes Megakaryocytes
B cells
T cells

NK/ILCs

Monocytes
Eosinophils

Neutrophils

DCs

Figure 2: Haematopoietic differentiation is a continuum from immature LT-HSC at the apex to the terminal mature blood cells.     



example (40, 43). My project therefore utilised one of these models, the Fgd5 ZsGreen mouse, due 

to its previous use on several phenotypically defined HSC populations, and the validation by several 

independent transplantation studies (45). FGD5 protein contains a Guanosine exchange factor, likely 

acting via CDC42 in the VEGF pathway (45). The knock-in Fgd5 receptor was only expressed in 0.06-

0.1% of total live cells in the BM, and showed labelling of all the phenotypic HSC population, with all 

HSC functional activity also limited to the BM Fgd5+ cells.  

 

The haematopoietic system is extremely adaptable and can rapidly respond and produce the 

required mature cells needed to combat the stresses it may experience (46). These include, but are 

not limited to infection, chronic blood loss, malignant haematopoiesis, and chemotherapy. (32, 33). 

Previous studies of single cell HSC transplants into irradiated mice have highlighted an HSC’s 

individual ability to reconstitute the entire system (1, 34, 48). This in itself is an example of the great 

proliferative and differentiation responses that HSCs can enact as a result of environmental stress. 

Despite their huge capacity to expand and proliferate, in order to maintain healthy haematopoiesis 

throughout life, the balance between self-renewal and differentiation needs to be tightly controlled. 

HSC self-renewal and differentiation is under the influence of layers of paracrine and autocrine 

regulation, influenced in turn by many cytokines, chemokines and growth factors. Excessive self-

renewal accompanied by a block in differentiation can cause leukaemias, whilst excessive 

differentiation will lead to HSC exhaustion (49, 50, 51) (Figure 3). 

 

Cell Type Surface Markers 

Long term HSCs Sca1+ CD150+ CD117+ CD48- CD34- CD49blow CD135- 

CD11b- Gr1- 

Short term HSCs Sca1+ CD150- CD117+ CD48- CD34+ CD135- CD11b- Gr1- 

Multipotent Progenitors (MPP) Sca1+ CD117+ CD48- CD34+ CD135+/- CD11b- Gr1- 

Common Myeloid Progenitor Sca-1-  CD117+ CD16/32- CD34+ CD41high 

Common Lymphoid Progenitor Sca-1+ CD117+ CD93+ CD127+ CD135+  

Granulocyte-Monocyte Progenitor Sca-1- CD117+ CD16/32+ CD34+ CD64+   

Megakaryocyte-Erythroid Progenitor Sca-1- CD117+ CD16/32-CD34- CD64- CD127-   

Table 2: Surface markers used to identify various haematopoietic populations. Staining for these markers with fluorescent antibodies 

allow isolation of these populations via fluorescence activated cell sorting, or analysis via flow cytometry. 

https://www.abcam.com/products?keywords=sca+1&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd117&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?sortOptions=Relevance&keywords=CD16&selected.classification=Primary%20antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd34&selected.classification=Primary+antibodies
https://www.abcam.com/products?keywords=sca+1&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd117&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd93&selected.classification=Primary+antibodies
https://www.abcam.com/products?keywords=cd127&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd135&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=sca+1&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd117&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?sortOptions=Relevance&keywords=CD16&selected.classification=Primary%20antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd34&selected.classification=Primary+antibodies
https://www.abcam.com/products?keywords=cd64&selected.classification=Primary+antibodies
https://www.abcam.com/products?keywords=sca+1&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd117&selected.classification=Primary+antibodies&selected.modification=Unmodified
https://www.abcam.com/products?sortOptions=Relevance&keywords=CD16&selected.classification=Primary%20antibodies&selected.modification=Unmodified
https://www.abcam.com/products?keywords=cd34&selected.classification=Primary+antibodies
https://www.abcam.com/products?keywords=cd64&selected.classification=Primary+antibodies
https://www.abcam.com/products?keywords=cd127&selected.classification=Primary+antibodies&selected.modification=Unmodified


 

 

 

 

 

1.2   The stem cell niche 

In adults, the primary niche for HSCs is the BM, where the cellular microenvironment is primed to 

maintain the HSC pool and regulate their fate. The local niche environment also protects the HSCs 

from cytotoxic and mechanical damage (52, 53, 54). Cytokines, growth factors, chemokines and 

mechanical stimuli required to regulate HSC activity are produced not just by the HSCs themselves, 

but also by the network of neighbouring BM niche stromal cells including fibroblasts, macrophages 

and endothelial cells which are well known to be closely associated to the HSCs. (55, 56, 57).  

Even within the BM itself, the interaction of the bone and the vascular system creates several 

subniches, each with their own characteristics and key in maintaining subpopulations of both 

quiescent and proliferating HSCs (58, 59)  

The first, the endosteal, is closely associated to osteoblasts who exert their influence over HSC 

behaviour, in particular in maintaining quiescence, via secretion of TPO, SCF, angioprotein-1, C-X-C 

motif ligand 12 (CXCL12), and notch signalling (58, 60, 61). Alternative niches include the 

perivascular, located near the arterioles, and the perisinusoidal where the HSCs live in close quarters 

with endothelial cells covering the blood vessels. Both these niches are more associated with active 

HSCs – proliferating and producing more mature cells (58). 

In the perisinusoidal niche, the endothelial cells influence the self-renewal and proliferation of the 

HSCs via cell-cell physical contacts (typically via E-selectin). Also present here are many 

mesenchymal stromal cells which help maintain the HSC population via paracrine and juxtracrine 

signalling (59). 

Although typically residing long-term in the BM, HSCs can be mobilised to enter the peripheral 

blood. Furthermore, HSCs are also capable of homing back to the BM and engrafting. These 

processes rely on a complex interplay of inter- and intra- cellular communication including cytokines, 

chemokines and adhesion molecules (58). Of note, the SDF-1 and CXCL12 interaction is key in HSC 

retention in the BM (60, 61), whilst G-CSF signalling is a mainstream clinical strategy to mobilise the 

HSC component. Although G-CFS is handled well by patients, it is markedly less efficient at proving 

Stem cell

Stem 
cell

Differentiated cell 

Aging Cancer Tissue homeostasis  

Figure 3: The balance between maintenance of the HSC pool and differentiation should be constantly kept at a homeostatic equilibrium. 

Excess differentiation will exhaust the stem cell pool, whilst excess self-renewal, usually coupled with a block of differentiation can cause 

haematopoietic malignancies and leukaemias.     



the numbers of peripheral blood cells that are required compared to new alternatives such as SCF 

(62), GROßT (63, 64), and AMD3100 (65) 

 

1.3   History of HSC Research 

Functional studies of HSCs began in the 1950s with experiments showing that intravenously injected 

BM cells are able to restore long term blood formation in irradiated mice (66). Till and McColloch 

went on in 1961 to use spleen colony assays (CFU-S) (67). These CFU-S were a significant 

breakthrough as they demonstrated that single cells could give rise to multiple cell lineages as well 

as daughter cells that could do the same job in a secondary transplantation. CFU-S were used to 

reveal and understand principles we now expect to be present in the HSC population. These were 

followed in the 1980s by the use of retrospective models using retroviral barcoding to detect the 

ability of single transplanted cells to both produce mature blood cell progeny as well as self-renew 

and generate their own progeny that also had these abilities (41, 68, 69).  

Limiting dilution assays were developed to try and quantify the cells with this self-renewal and 

differentiation capacity (67) and newer techniques to quantify HSCs continued to be developed 

allowing direct measurements of HSC frequency (70, 71) using electrophoretic detection (72), or 

flow cytometry initially using CD45 allotypes (73). 

More recent approaches have utilised reporter transgenes (74, 75), coupled by the ever-increasing 

use of flow cytometry to enrich for functionally-defined HSCs. Flow cytometry was initially (and still 

is to a certain extent) restricted by the changing expression levels of protein markers both during 

HSC cell cycling, and in vitro vs in vivo expression (61, 76, 77, 78), limiting early attempts of this 

approach to quiescent G0 HSCs.  

The SLAM phenotype (CD150+, CD48-. CD244-) (79) was later discovered and proved especially useful 

as the conserved expression of these proteins throughout the cell cycle and in vitro makes this 

phenotype ideal for identifying actively cycling, and cultured, HSCs (80, 81). The addition of 

Endothelial Protein C Receptor (EPCR) to the SLAM panel (ESLAM) was later shown to further 

improve the efficiency of this HSC isolation strategy. Even by itself, EPCR removes the need for 

antibodies against other traditional markers such as c-Kit, Sca1 and lineage markers, when isolating 

primitive haematopoietic populations. (81, 82) 

 

1.3.1   Challenges with studying HSCs  

Although progress has consistently been made over the last 60 years, researching HSCs relies on 

detecting, quantifying and then efficiently isolating this population (1) which has proved difficult as a 

result of several key challenges associated with studying this cell type. 



Firstly, HSCs are unable to be visually identified or distinguished morphologically from other 

primitive blood cells with significantly less durable self-renewal – ruling out this method of 

identification. 

 

Secondly, there is an innately low frequency of HSCs – as they make up only 0.004% of viable murine 

BM cells, limiting experiments to isolating a maximum of 1000-2000 cells from each 8-12 week old 

mouse. This limits large scale approaches such as proteomics and metabolomics which typically 

require much higher quantities of cells. Although the HSC number slightly increases with age, this is 

accompanied by reduced functionality and increased heterogeneity. This reduced functionality is in 

terms of the accumulation of myeloid-bias HSCs with limited self-renewal and proliferation which 

produce fewer numbers of mature cells, as highlighted by secondary transplantation experiments 

(83, 84). Older HSCs also present with a 2x lower engraftment response (84). These features, 

acquired with age, limit their applicability to functional studies (84, 85). Interestingly, through long-

term serial transplantations we can induce young HSCs to present with these characteristics too, 

again linking these properties to ageing and therefore likely to the accumulation of genetic 

mutations as well as epigenetic modifications (84). These newly acquired features likely link directly 

to age-related pathologies and general decline in the function of the blood tissue.  

 

Thirdly, HSCs present with significant cell to cell heterogeneity in terms of number and type of 

mature cells that they produce (33, 86), their proliferation and differentiation capacity, as well as 

their response to ageing (87). This phenomenon has been rigorously documented since being 

observed first by Muller-Sieberg (88, 89), and is a hallmark of this population of cells with 

repopulation capacity.  Despite this, we still fail to fully understand the molecular mechanisms 

behind this variability.  

In the 1960s Becker (90), McColloch and Till (67) revealed heterogeneity in size, number, and type of 

cells produced by HSCs in CFU-Ss, as well as variations in the size and number of secondary colonies. 

The use of retroviral studies of the 1980s also to highlighted self-renewal variations and lineage bias 

(85) and in the early 2000s single HSC transplants further confirmed the self-renewal/differentiation 

and repopulation kinetic variations. (34, 91). The strength of single-cell HSC transplantation lies in 

the ability of us to track all progeny back to one starting cell. Dykstra et al., 2007, showed that of 352 

mice who underwent single HSC transplantation, 93 showed donor contributions to the white blood 

cell compartment, for at least 4 months (34). Of interest, a single HSC transplantation study was able 

to divide the transplanted HSCs into four categories (alpha, beta, gamma or delta) based on the 

mature cell output from each HSC, in particular ratio of myeloid (granulocyte and monocyte) to 



lymphoid (B and T cell) (34). Importantly, and in relation to my own studies, the classifications of 

HSCs shifted to the subtypes with less durable self-renewal activity (gamma and delta) when 

cultured in vitro – highlighting the significant impact of culturing on HSC activity and functionality 

(34) (Table 3). 

Studying HSC heterogeneity further will bring us closer to working out if it is derived from intrinsic, 

pre-determined diversity (91), or if it is a result of differing environmental stimuli (92, 93, 94).  

It is important to consider informative (biological variation induced changes in HSC function) and 

generic heterogeneity (induced by universal processes such as the cell cycle), as well as 

heterogeneity due to the presence of non-HSCs contaminating the population. This in particular 

highlights the benefit of combining molecular and functional assays (87), as well as ideally an 

isolation strategy that could isolate HSCs to 100% purity.  

 

1.4 HSC expansion 

1.4.1 Importance of expanding HSCs 

HSCs able to produce all mature cells of the blood system and are essential in regenerative medicine. 

HSC transplantation can be used to treat blood-based cancers (95), but is also increasingly being 

used for gene therapy (96), viral infections (such as HIV) (97), and a range of autoimmune conditions 

including Multiple Sclerosis (98). CD34 is a surface marker for human HSCs (78). In clinical HSC 

transplantations, the likelihood of success is directly correlated to HSC dose (with a minimum of 3-

4x106 CD34+ cells/kg of body weight needed) (99) so expansion of these cells could revolutionise 

these cellular and gene therapies. 

Classification Mature cell 

production pattern 

Self-renewal activity % of HSCs 

displaying 

without 

culture 

% of HSCs 

displaying 

after culture 

Alpha High GM : (B+T) High levels, and maintained self-

renewal in vivo in secondary 

transplantations 

65 18 

Beta Balanced GM : (B+T) 

Gamma Low GM : (B+T) Not linked with extensive self-

renewal 

Unable to repopulate in 

secondary transplantations 

35 82 

Delta B+T, but no GM 

Table 3: HSCs can be subdivided into 4 categories based on their repopulation kinetics and mature cell output. The frequency of HSCs 

falling within each of the sub-groups changes upon in vitro culture     



Improving the efficiency of HSC expansion by increasing the number of self-renewal divisions in vitro 

would allow derivation of large quantities of mature cells ready to meet ever increasing transfusion 

and transplantation demands. To date, the in vitro generation of red blood cells, platelets, T cells, 

megakaryocytes and neutrophils from HSCs has been achieved (100, 101, 102, 103) 

Increasing ex vivo HSC self-renewal would also allow large-scale transcriptomic, epigenomic, 

proteomic and metabolomic approaches to be undertaken, as these methods have previously been 

nearly impossible due to the large numbers of mice which would be needed to reach the required 

cell numbers. 

 

1.4.2     Previous progress in HSC expansion 

Many approaches have been taken to refine and increase HSC expansion. 

Firstly epigenetic modifiers have been a focus -  of several Histone Deacetylase inhibitors tested, 

valproic acid (VPA) was found to be the most efficient at improving CD34+CD90+ cell expansion in 

vitro, and transplantation studies show VPA prevents the loss of human HSCs in culture (104) 

Additionally, treatment with 5azaD/TSA (an alternative histone deacetylase inhibitor) resulted in 

human HSC expansion, and transplantation studies revealed that this treatment retained cells with 

serial transplantation ability. (105) 

MicroRNAs can also be harnessed to improve in vitro expansion. Overexpression of miR125a results 

in the differentiation stage-specific targeting of pro-apoptotic genes in haematopoietic 

stem/progenitor cells (HSPCs) has been implicated in increased mouse HSC numbers in-vivo over 8-

fold (105, 106) 

Another approach has been transgene overexpression, in which Homeobox protein HOXB4 (107) and 

developmental pluripotency-associated protein 5a (108) induced overexpression have been shown 

to be positive regulators of expansion and improve mouse HSC self-renewal in vitro  

Furthermore, HSCs transduced with Nucleoporin98-Homeobox presented with expansions of 1000 

fold to 10,000-fold. This starkly contrasted with the HSC decline in control cultures (109) and 

transgenic overexpression of Notch (110) and Wnt (111) signalling also increases in vitro HSC self-

renewal. 

Cytokines and soluble factors also hold significant potential in this area. 

Early work focused on cytokine concentrations and combinations. Mouse HSCs were found to 

survive in serum free media for 10 days with SCF, Flt3L, and IL11 (50, 100). SCF and Flt3L together 

are enough for HSCs to survive and proliferate, however in order to retain stem cell activity, needed 

GP130 pathway stimulation (often achieved in mice using IL11, and humans with IL6) (50) 



In vitro, liquid media containing key cytokines alongside human or bovine serum albumin can 

maintain HSCs for between 1 and 2 weeks, but result in only low levels of expansion (50).  

Supplementing cultures of human HSCs with SR1 resulted in 50-fold increases in CD34+ cells, and 17-

fold increases in cells able to engraft and reconstitute the blood system once transplanted into 

immunodeficient mice (112). This small molecule induces these effects via antagonising the aryl 

hydrocarbon receptor. Alternatively, the addition of small molecule UM171 to cultures led to a 13-

fold increase in human LT-HSCs compared to untreated controls (113), through promoting the 

detoxification of reactive oxygen species  

In STEMSPAN cultures, the addition of small molecule inhibitors of Hsp90 or TRic, which activate the 

transcription factor Hsf1, were found to support and maintain HSC functionality and their serial 

reconstituting capacity ex vivo (114). Finally, MPL agonists, which mimic the activity of 

thrombopoietin, have also been shown to promote HSC expansion in vitro (115, 116) 

The use of zwitterionic hydrogels called attention to the fact that mechanical stimuli are crucial in 

HSC self-renewal (117). Fibronectin-based hydrogels have also been shown to have promise in 

improving HSC expansion, likely via modulation of integrin signalling and associated promotion of 

the TPO pathway (50, 118, 119) 

As shown in the pivotal Wilkinson et al., 2019 paper - replacing serum albumin, which has 

considerable batch to batch variability, with chemically defined polyvinyl alcohol in in vitro 

expansion media with SCF and TPO can enable up to 800-fold, and long-term expansion of mouse 

HSCs in culture (118). 

 

1.4.3     Challenges of HSC expansion in vitro 

Despite the urgent need for refinement, coupled with huge investment and research attention over 

the past 60 years, the expansion of fully functional HSCs over long periods of time has largely eluded 

researchers - with only modest expansion of 2 to 4-fold (50) reported in serum-free conditions, and 

expansion in culture linked to loss of self-renewal and long-term reconstitution activity (50). The 

challenge of in vitro expansion further increased by the heightened protein synthesis stress and 

altered proteostasis linked to expansion in culture, in turn restricting HSC function and self-renewal, 

almost creating a negative feedback loop. 

Similarly, expression differences between freshly isolated and cultured HSCs as well as between 

quiescent and cycling HSCs limit the use of many potential surface markers to identify HSCs across 

these different states (eg Tie2 (120), endoglin (121) and Mpl (122), CD49f (123) and CD38 (124). 

The poor molecular understanding of the HSC expansion conditions and the expanded HSCs 

themselves is a major barrier to understanding the cellular and molecular mechanisms underpinning 



HSC expansion. This information would help adapt existing expansion protocols to human cells, 

leading to further, much needed, improvements in human HSC expansion and its clinical 

applications. 

Molecular mechanisms can begin to be understood by using linked molecular and functional assays -

allowing direct comparison between the two, but this would require advanced knowledge of which 

cultures contained functional HSCs in order to be time and cost permissive. 

 

1.4.4     Current state-of-the-art HSC expansion and identification  

The most recent breakthrough in mouse HSC expansion came from the development of a new 28-

day protocol by the Nakauchi and Yamazaki labs, which uses just two cytokines – Stem Cell Factor 

(SCF) and Thrombopoietin (TPO) (118) and a fully defined serum-free medium. This provides a 

refined environment for HSC expansion allowing long-term and substantial self-renewal of HSCs in 

culture (118). HSC expansion was confirmed by both limiting dilution assays before and after 

expansion using the purified CD150+CD34lo/negSca1 +Lin– population, and split clone transplantation 

assays (118).  

The protocol is based on the replacement of serum albumin with a chemically defined substitute - 

polyvinyl alcohol (PVA) which retains the same ability to moderate and stabilise the cytokine levels, 

but its impact on the metabolism of the HSCs is not yet understood (125). Despite the ground-

breaking 200-900-fold expansion that this system can achieve, HSCs remain the vast minority of cells 

at the end of the culture period, significant HSC heterogeneity exists within the clonal populations, 

and the process is not yet translatable into human HSCs. Currently there are also no reliable 

strategies for prospectively isolating cultures containing high numbers of HSCs. 

 

Recent work in our laboratory has overcome the latter deficiency – by using the the Fgd5+/ ZsGreen 

reporter mouse in combination with the expression of EPCR (FhighEhigh) to isolate functional HSCs. 

(Unpublished, Che et al., bioRxiv). It is able to mark the functional and transplantable HSC 

compartment in vitro, and has been linked to both increased total chimerism and wide ranging 

contributions to T cells, B cells and Granulocyte-macrophages. A key strength of this system is the 

uniform use of Fgd5 and EPCR across different cellular states, as often surface markers used to 

identify freshly isolated HSCs can have altered expression levels in vitro (67 ,68). FhighEhigh correlates 

with percentage of cells being phenotypic HSCs, and these markers are lost as HSCs begin to 

differentiate. (45, 81, 126). 

 

 



1.5 Key HSC proteins 

Throughout this project %LSK will be used a parameter to mark functional HSCs. This represents the 

percentage of cells in the well that are Lineage negative (negative for the markers CD11b-, Ly6g-), 

whilst expressing the surface proteins Sca-1 and c-Kit. This identification strategy significantly 

enriches the HSC component; however, it has a caveat of marking the progenitor cell compartment 

too. (127). This was elucidated by studies in the 1990s which compared whole BM transplants from 

young and old mice. Old BM was significantly more efficient at engrafting, which was found to result 

from increased HSC concentrations in the BM which accompany ageing. Despite this, a significantly 

decreased fraction of the HSCs isolated from old BM were functional in long term single-cell 

transplantations. This implies that the markers used to isolate HSCs were marking the progenitor 

population also, a population which is increased in older mice (84).  

C-kit is a receptor tyrosine kinase, encoded by the W locus, and is expressed on HSCs as well as mast 

and germ cells. Knockdowns of this gene result in issues with T and B cell maintenance, and 

decreased mast cell count (128, 11). Mutations in the W locus, highlighted in W41/W41 mice, result 

in fertile mice, with reduced HSC number. This is invaluable experimentally, as using sub lethally 

irradiated host mice of this type allows as easy detection of transplanted HSCs as lethally irradiated 

WT hosts. (128) Sca-1, encoded by the SI gene, is a transmembrane growth factor which associates 

with GPI. It binds to and activates tyrosine kinase, KIT. Deficiencies in this gene prevent short-term 

HSC transplantation, and CFU-S formation – thought to be a consequence of impaired HSC self-

renewal (128, 129, 130). 

Both c-Kit and Sca1 have variable isoforms, each with slightly different functions. 

The type 1 transmembrane surface protein Endothelial Protein C Receptor (EPCR/CD201/PROCR) can 

be added to the LSK classification, in order to increase purity (126). EPCR is essential in both the anti-

inflammatory and endothelial protective activity of its binding partner APC via the PAR1 pathway 

(131, 132). The PAR1 signalling pathway is essential in the retention of the EPCR-expressing LT-HSC 

population in the BM through limiting both NO production and Cdc42 activity (133, 134). BM homing 

is vital in protecting HSCs from genetic damage and myelotoxic injury (134). Organisms genetically 

modified to express low levels of EPCR have resulting HSC BM homing defects alongside increased 

circulating HSCs (134). 

Although previously shown to be a reliable marker for cultured murine HSCs, where it marks a 

subpopulation of CD34+ cells linked with robust reconstitution and multi-lineage repopulation, (126, 

135) it has currently not been found beneficial when sorting human HSCs (125).  

 

 



1.6 Aims of the thesis: 

Overall, this thesis had two primary aims: 

 

1) To identify robust markers of functional HSCs in vitro 

Our lab has recently shown that the absolute number and proportion of expanded cells expressing 

the Fgd5+/ZsGreen reporter gene, in combination with expression of the surface marker Endothelial 

Protein C Receptor (EPCR) is a reliable and efficient HSC reporter strategy (81). This combination 

correlates strongly with HSC function - defined by cells that have increased donor chimerism and 

contribution to multiple blood cell lineages post-transplantation in irradiated mice. However, the 

strategy is not 100% efficient as although nearly 100% of functional LT-HSCs are Fgd5+, not all Fgd5+ 

cells are functional LT-HSCs. Furthermore, since detecting the Fgd5 expression is reliant on the 

Fgd5+/ZsGreen reporters and not all mice will be crossed onto this background, it became clear that a 

more universal, in vitro HSC-identification system would be required for broader use in mice and 

might also serve to isolate the functional human HSCs in vitro as well.  

 

2) To further improve the expansion protocol using a candidate pathway approach 

Increasing the efficiency of the HSC expansion protocol, by increasing the number of self-renewal 

divisions and purity of the culture (increasing the % phenotypic HSCs) will provide HSCs for both 

clinical and scientific use if successfully translated into human HSCs. For this aim, I tried to optimise 

the culture in two ways: first, I monitored cell surface markers throughout the culture to determine 

the optimal time for determining the HSC content of a clone and; second, I tested new compounds 

to try and enhance self-renewal expansion divisions in culture. The latter will derive primarily from 

our HSC gene signature identifying likely targets for improving in vitro expansion (81) - ESAM, Fstl1, 

VEGF, CD62L, Siglec F. 

 

 

 

 

 

 

 

 

 

 



Preliminary data: the HSC gene set (Figure 6)  

In a large body of work initiated prior to my thesis in mouse HSC expansion 

cultures, where single cell clones were expanded and split into matched 

functional and gene expression assays (81), PCA analysis of the gene 

expression data was able to separate cultures containing functional HSCs 

from those that have no HSCs. Following this the loading plots were 

computed to identify the top 100 genes driving these gene 

expression differences. Linear and logistic regression analysis was used to 

correlate each gene with repopulation outcome (the ability to produce blood 

cells in an irradiated mouse post-transplant), GM contribution (the ability to 

produce granulocyte/monocyte cells – 2 types of short-lived mature blood cells) and donor 

chimerism (binary yes/no). The genes that were significantly linked to all 3 outcomes were used for 

the signature and a more complete description of the whole process is in reference 81. 

 

 

2.0 Materials and methods 

2.1 Mice strains  

This project used Fgd5-ZsGreen knock in/ knock out mice. Both genetic engineering methods, Knock 

in means refers to the insertion of a DNA sequence, coding a protein, at a particular locus in an 

chromosome, whilst knock out involves the targeting and in activation of a gene. This strain carries a 

knock-in/knock-out mutation of the Fgd5 gene in which ZsGreen is inserted (knocked-in) to replace 

one of the Fgd5 alleles (which is knocked out by this process). This should have no phenotypic effect 

as Fgd5 is haplosufficient. The wild-type (WT) mice used were Fgd5 WT littermates and on a 

CD57Bl/6 background. All mice used were aged 8-12 weeks. All animals used were kept in the BSF at 

University of York in specified pathogen-free conditions and were provided with sterile food, water 

and bedding according to the UK Home Office Regulations. 

 

2.2 Tissue processing  

Mice were culled by cervical dislocation and CO2 asphyxiation. Femurs, tibias and pelvic bones 

collected from WT or Fgd5 mice were processed via flushing in Phosphate-buffered saline with 2% 

foetal calf serum (PBS 2% FCS) (FCS; Sigma Aldrich, St Louis, MO, USA(Sigma), PBS; Phospho-buffered 

saline, Sigma).  

 

 

Figure 6: HSC gene signature previously  

identified by our lab via PCA analysis. 

Identifies key genes associated with HSC 

activity – defined by repopulation 

outcome, GM contribution, and donor 

chimerism. 



 2.3 Red blood cell lysis 

Cells underwent red blood cell lysis using ammonium chloride. The cells were spun at 300 x g for 5 

minutes, before gentle removal of the supernatant and resuspension in 3mL PBS 2% FCS. 5mL 

ammonium chloride was added for 5 minutes on ice, followed by a short mix using a vortex, and 5 

more minutes on ice. The mix was then diluted with 12mL PBS 2%FCS and spun again at 300 x g for 5 

minutes, supernatant removed, and resuspended fully in 500µL PBS 2%FCS/mouse, and transferred 

into a 5mL polystyrene tube for lineage depletion. 

 

 

 2.4 Lineage depletion 

Using the EasySep Mouse Haematopoietic Progenitor Cell Enrichment Kit (STEMCELL Technologies, 

SCT), the haematopoietic stem and progenitor cells were enriched. 500µL of cell suspension was 

mixed with 10ul of EasySep Haematopoietic Progenitor Isolation cocktail (removing cells expressing 

CD5, CD11b, CD19, CD45R/B220, Ly6G/C(Gr-1), TER119) and left for 15 minutes on ice. 15µL of EasySep 

Streptavidin RapidSpheres was then added for another 15 minutes on ice. After the incubation, 2mL 

of PBS 2%FCS was added and the FACs tube put into an EasySep Magnet for a 3-minute incubation at 

room temperature. After incubation, whilst still in the magnet, the supernatant is poured off into a 

new FACS tube and the process repeated.  

 

 

 2.5 HSC isolation from Bone Marrow using FACS 

The now enriched cells were stained for the ESLAM markers (Table 1, 79), and 7AAD at a 1:1000 

dilution to act as a live-dead stain. ESLAM defines the CD48- CD150+ EPCR+ CD45+ population, able to 

identify cells with HSC activity. ESLAM HSCs were isolated using FACS (24, Table 5, Figure 4), and 

sorted single cells per well into the inner 60 wells of a 96-well plate, each preloaded with 100µL of 

media. The outer wells were filled with 200µL/well of sterile PBS to limit evaporation.  

Antibody Fluorochrome Clone Company Single Stain 

Volume (µL) 

Experimental sample volume 

(µL) 

CD45 BV421 30-F11 BD Biosciences 0.3 0.4 

CD48 APC HM48-1 Biolegend 1 0.4 

CD150 PE-Cy7 TC15-12F12.2 Biolegend 1 0.4 

EPCR PE RMEPCR1560 SCT 1 0.4 

Sca1 BV605 D7 Biolegend 0.3 0.4 

7AAD PE5  Life technologies 1:1000 0.4 

 
Table 5: Antibody staining panel used to sort ESLAM cells via Fluorescence activated call sorting (FACS)  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 28-day expansion protocol 

Cultures were initiated with 1 ESLAM cell per well on a fibronectin 

coated 96-well plate (Corning) with 200µL/well of media (Table 6). 

Cells were kept at 37 degrees Celsius with 5% CO2 fully 

replenished every 2-3 days using a multichannel pipette from day 

5. This expansion protocol enables 200-900-fold in vitro expansion 

of HSCs (118). 

 

 

2.7 Flow cytometric analysis of in vitro cultures  

Flow cytometry was used to analyse single clones at each week during the 28-day culture for 

presence of HSCs and mature blood cells (34). This allowed us to determine how efficient expansion 

has been under each tested condition (Figure 5, Table 7). When analysing Fgd5, although it is an 

internal protein, it’s ZsGreen florescent reporter is excited by the 488nm laser, and its resulting 

emission at 505nm is bright enough to be able to be detected via flow cytometry. 

Component Volume to make up 

1ml (μl) 

Hams F12 Media (1x, Gibco) 958 

ITSX (100x GIbco) 10 

PVA (87-90% hydrolysed, 

Sigma) 

10 

HEPES Buffer (1M, Gibco) 10 

PSG (100x, Gibco) 10 

SFC (10μg/ml) 1 

TPO (100μg/ml) 1 

Table 6: Fully defined, serum free, 28-day 

expansion culture media. (118) 

Figure 4: Representative gating strategy for ESLAM cells gated by FACS. EPCR+CD45+CD150+CD48-Sca1+ HSCs are isolated. Despite not 

being used as part of the usual gating strategy, these cells are also shown to be c-Kit and Fgd5 positive. 



Mid-culture samples were collected via a 220µL volume of media added post media change, before 

briefly mixing with a pipette to gently disturb cells, and removing the excess 20µL. The cells taken 

were stained with antibodies, and fluorescent count beads (TruCount Control Beads, BD) were 

added to calculate total cell numbers. The samples were run on the Cytoflex LX equipped with 

405nm, 488nm and 638nm lasers, and analysed using FlowJov10 (Treestar, Ashland, USA). 

 

 

 

 

 

 

 

 

 

 

 

Antibody Stain Clone Company Experimental 

sample volume 

Single stain volume 

CD45 AF700 A20 eBioscience 0.1 0.4 

Ly6g BV421 1A8 Biolegend 0.1 0.4 

Sca1 BV605 E13-161.7 Biolegend 0.1 0.4 

c-Kit APC-Cy7 2B6 Biolegend 0.1 0.4 

EPCR PE RMEPCR1560 SCT 0.1 0.4 

Mac1 BV510 M1/70 Biolegend 0.1 0.4 

CD150 PE-Cy7 TC15-12F12.2 Biolegend 0.1 0.4 

ESAM/Siglec F/ 

CD62L 

APC 1G8 (ESAM) 

E50-2440 (Siglec F) 

MEL-14 (CD62L) 

Biolegend 

BD Biosciences 

ThermoFisher 

0.1 0.4 

7AAD   Life Technologies 0.1 0.4 

Table 7: Antibody staining panel for Cytoflex analysis at weeks 2, 3 and 4. Used to gate live cells, negative for 7AAD 

expression, as well as determining ELSK content of the well and CD150, ESAM/SiglecF/CD62L expression. 

Figure 5:   
A) Representative ELSK gating strategy. Single clones are analysed at weekly timepoints and/or the final 28-day timepoint to analyse ELSK content and purity of the 

clone. Flow cytometric analysis can allow easy comparison between clones in terms of both their proliferative state and level of differentiation. The addition of 

fluorescent counting beads to samples can allow back-calculation of total cell counts 

B) Interpreting clonal analysis. During flow cytometric analysis, fluorescent count beads can be added to the well and ran with the sample. These beads are able to be 

used to back-calculate absolute cell number for each clone. By plotting cell number of the clone against percentage of phenotypic HSCs in the well, we can 

compare clones ability to self-renew and/or proliferate.  
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2.8 VEGF and FSTL1 culture protocols   

ESLAM cells were sorted via FACS into 28-day expansion culture media already containing the 

proteins/signalling molecules of interest, each at 3 different concentrations (Table 8). Each media 

change replaced the old media with fresh media of the same concentration. This ensured the cells 

were exposed to consistent levels of the protein throughout the entire course of expansion.  

 Catalogue 

Number 

Company Low 

concentration 

Mid 

Concentration 

High 

Concentration 

Fstl1 1694-FN-050 R&D systems 50ng/ml 200ng/ml 500ng/ml 

Neutralising 

VEGF 

743-R3-100 R&D systems 0.1μg/ml 1 μg/ml 5 μg/ml 

Recombinant 

VEGF 

775104 BioLegend 0.02 μg/ml 0.2 μg/ml 1 μg/ml 

 

 

2.9 Statistical Analysis 

All Pearson’s correlation and ANOVA tests were calculated, and graphs plotted using GraphPad 

Prism 9. 

 

3.0 Results 

The 28-day expansion cultures published by Wilkinson et al (118) have gained enormous interest, 

and analysis of these cultures via large scale screens and molecular characterisation has been widely 

undertaken- both of which rely on functional validation. The current gold-standard assay for HSC 

validation is an in vivo transplantation into irradiated mice (50) – an expensive and time-intensive 

process which requires large numbers of recipients as well as long-term follow up of the animals 

(typically 6 months). This approach would ideally be reduced, and eventually replaced, by an equally, 

or even more, efficient in vitro reporter system able to identify functional HSCs in these expansion 

cultures. Identifying stable markers, whose expression remains unchanged upon in vitro culture is 

vital in order to determine the efficiency of expansion protocols. 

 

 

3.1 A new 2-marker strategy for identifying functional, expanded HSCs in vitro 

Removing the need for reporter genes in HSC identification would provide a more widely applicable 

reporter strategy for all mice strains and disease models, and has potential to be translated into 

human HSCs. 

Table 8: Signalling modifiers added to expansion cultures, and the concentrations tested 



LSK (Lineage-Sca1+cKit+) cells contain the functional HSC compartment and will be used as a key 

measure in the data-sets presented throughout this thesis. Importantly, LSK on its own cannot 

reliably predict HSC-containing clones as it also marks a wide-range of short-term progenitor cells 

lacking durable self-renewal. Still, the LSK phenotype remains useful as a first pass analysis for 

correlated high verses low HSC content in induvial clones.  

 

3.1.1 ESAM marks high %LSK HSC expansion cultures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The transmembrane protein endothelial cell-selective adhesion molecule (ESAM), which appears in 

the generated HSC gene signature, has a role in the formation of Tight Junctions and Ca2+ 

dependent, homophilic adhesion between cells in the vascular wall (136). ESAM is an efficient 

marker for fresh HSCs, in freshly isolated foetal, adult and aged mice (137, 138, 139) where its 

expression is significantly increased (in terms of both ESAM levels in the membrane, and mRNA 

levels) in LT-HSCs compared to ST-HSCs and multipotent progenitors (136, 137). In freshly obtained 

BM, ESAM marks the HSC population, specifically the LT-HSCs and primitive lymphoid and myeloid-

erythroid progenitors (137, 138) whilst its expression decreases throughout haematopoietic 

differentiation (137). Interestingly, elevated ESAM transcripts have been found in freshly isolated 

human HSCs (133), potentially opening it up as a universal reporter strategy for both human and 

mice cells. 

Figure 7: Data collected via flow cytometry on days 14 and 28 of 28-day expansion cultures. All cultures started with single, freshly isolated ESLAM HSCs. 

Correlation is shown between %LSK and EPCR/ESAM expression, as analysed by flow cytometry.  

Top left: ESAM/EPCR: Pearson’s R value = 0.062/0.3255, p-value = 0.497/0.000254 Bottom left: Pearson’s R value = 0.2412, p-value = 0.009732 
Top right: ESAM/EPCR: Pearson’s R value = 0.31/0.6782, p-value = 0.00789/<0.0001 Bottom right: Pearson’s R value = 0.4479, p-value = <0.00001 



 

My first thesis aim was therefore to assess whether ESAM might replace Fgd5 as a strong in vitro 

reporter of HSC function. All experiments were initiated with single, freshly isolated 

CD45+EPCR+CD48-CD150+ (ESLAM) cells sorted via FACS into fibronectin-coated, 96-well plates. They 

underwent a 28-day expansion culture (118), with 10% of the clones taken post media change on 

day 14 for flow cytometric analysis, and the remainder harvested on day 28 for the same 

assessment. Over the course of 28-day expansion cultures, ESAM expression was found to correlate 

well with %LSK. Combining ESAM with EPCR (EE+), increased the strength of correlation. (Figure 7). 

Importantly, the clonal populations that met these criteria had especially high levels of both ESAM 

and EPCR, making this marker particularly exciting (Figure 7). 

 

Additional flow cytometry data revealed ESAM expression correlates well with CD150+ expression, a 

known surface marker of HSCs, throughout the culture period (Figure 8). Further analysis reveals 

that at day 28 of expansion cultures initiated with single ESLAM cells, both CD150 and ESAM 

significantly (to p<.05) positively correlate with %ELSK (Figure 9). ELSK (EPCR+LSK) is another 

identification strategy for the functional HSC compartment, where increasing %ELSK correlates with 

increased HSC self-renewal and proliferation. Cultures containing >20% ELSK contain functional HSCs 

as evidenced by transplantation assays. This further corroborates the ability of ESAM to mark the 

functional HSC compartment and implies that inclusion of ESAM could also negate the need for  

CD150 in the identification of cultures containing functional HSCs. 

 

 

 

 

 

 

 

 

 
Figure 8: ESAM+ % plotted against CD150+ %. Taken at week 2 and 4 timepoints of a 28-day expansion culture. Cultures 

initiated with single ESLAM cells sorted via FACS. 

Left graph: Pearson’s R Value = 0.5975, p-value <0.00001 
Right graph: Pearson’s R value = 0.7365, p-value <0.0.00001 
 



 

 

 

 

  

 

 

 

 

 

 

Through plotting ESAM directly against expression of the Fgd5 

reporter we see a significant positive correlation (Pearson 

correlation, R value = 0.367, p=.000037). These data show that ESAM 

marks the functional HSC population known to be identified by Fgd5 

(Figure 10).  

 

 

 

 

 

Additionally, plotting proportion of cells EELSK (ESAM+ELSK) against 

FELSK (Fgd5+ELSK), again reveals a strong positive correlation 

(Pearson’s R value=0.9887, p value = <0.00001) reinforces the idea 

that ESAM marks the same clones containing functional HSC as Fgd5 

(Figure 11). The strong correlation between these two marker 

strategies justifies replacing the use of the Fgd5+/ZsGreen reporter 

mice with the cell surface molecule ESAM, leading to a much more 

widely applicable strategy for HSC biologists in the future. 

 

 

 

 

Figure 9: ESAM+ and CD150 plotted against %ELSK. Taken on day 28 of a 28-day expansion culture. Cultures initiated with single ESLAM cells. 

ELSK is used as a marker for the functional HSC compartment, increasing %ELSK reveals increased HSC self-renewal and proliferation 

Left graph: Pearson’s R Value = 0.742, p-value <0.00001 
Right graph: Pearson’s R value = 0.3425, p-value 0.000055 

Figure 10: Direct comparison between  % of cells 

expressing ESAM, and those expressing the reporter 

gene, Fgd5 as determined by flow cytometric 

analysis. This data was collected on day 28 and all 

cultures were started with a single ESLAM cell  

Figure 11: Plotting % of cells FELSK against % of 

cells EELSK reveals a significant positive 

correlation. This data was collected on day 28 

and all cultures were started with a single 

ESLAM cell  



3.2   Further improving the expansion protocol  

In addition to refining the marker strategy described above in 3.2, this thesis also aimed to improve 

the amount of HSC expansion in the protocol through the use of targets generated by matched gene 

expression and functional transplantation data. 

 

3.2.1 Early detection of cultures with high HSC content 

From a practical perspective, we first explored whether we could predict HSC-

containing clones earlier in an effort to shorten the length of the expansion 

culture, save reagents and time, and increase the efficiency at which we can 

undertake these experiments. To determine if we were efficiently able to 

predict high HSC-containing clones earlier than the 28-day point, 60 single E-

SLAM cells were sorted via FACS into a 96-well fibronectin coated plate, and 

kept in 28-day expansion conditions (118). At the day 14 and 21 time 

points, 10% of the clone was taken via multichannel pipette after a full 

media change and analysed by flow cytometry. At day 28, the entirety of 

the clone was taken and analysed the same way. Percentage LSK of each 

clonal population generally increased from Day 14 through to Day 28 (From one-way repeated 

ANOVA, it revealed a significant difference at p<0.05 between day 14 and day 21, however the p-

value between Day 21 and 28 was not significant at p<0.05, as had a value to 0.065). (Figure 12). 

Unfortunately, we were unable to see the early emergence and maintenance of high %LSK cultures. 

This prevents us using %LSK data from earlier on in the culture period to identify the clones that will 

end up the most productive. Moving forward, it would be interesting to try and determine whether 

EELSK might be more discriminatory and this will be explored in future studies. 

 

3.2.2 Utilisation of in vitro reporter to identify new markers of HSC differentiation in expansion 

cultures 

In this section, I took advantage of the data that showed that >20% ELSK cells in single-cell initiated 

28 day cultures had a 100% correlation with clones containing functional HSCs to undertake 

screening assays to identify new markers of HSC content in expansion cultures. Two such markers 

formally tested were CD62L and Siglec F. Siglec F was chosen as it was identified, whilst generating 

the HSC gene signature, to negatively correlate with HSC content of clones and so held promise as an 

interesting negative marker for functional HSCs. CD62L is a marker for a unique population of early 

lymphoid-primed cells – they retain lymphoid and monocyte potential, but lack erythroid. It is also a 

marker for the mature leukocyte population. Being an early marker of cells beginning to differentiate 

Figure 12: % LSK of a clone plotted over the 

course of the expansion culture – flow 

cytometry data taken from days 14, 21, and 28 

of expansion cultures initiated with single 

ESLAM HSCs.  



gives reason to investigate it in the context of a being negative marker (140). Additionally, they are 

both surface proteins, making them easy to stain with antibodies and analyse via flow cytometry.  

 

CD62L 

CD62L (L-selectin) is a surface glycoprotein and a known marker for 

the leukocyte population (141, 142). It is thought to have roles in 

tethering to the endothelium (141, 142). 

To determine its potential use as a negative marker for functional 

HSC content in expanded clones, 60 single ESLAM cells were plated 

via FACS into a fibronectin coated 96-well plate and underwent 28 

days of expansion (118). At day 28, the entire clone was removed via 

multichannel pipette and analysed by flow cytometry. 

On day 28, all clones had more than 90% of their cells negative for this 

marker. Plotting %ELSK against % of cells that were negative for CD62L 

showed that as the expression of CD62L in the culture very slightly 

decreased, %ELSK slightly increased. (Pearson Correlation, p=0.000465, Figure 13). Although this 

may suggest that CD62L could be used as a negative predictor for %ELSK of a culture, the incredibly 

small difference expression between wells (90-99% negative in all samples), suggests that it is marks 

cells that have already left the ELSK phenotype. This makes it unusable as a marker of differentiation 

in 28-day expansion cultures. 

 

Siglec F 

We then moved on to test Siglec F (CD170) as a candidate marker 

for differentiation and HSC content of the cultures. 

Siglec F is a murine sialic acid-binding immunoglobulin-like lectin F, 

and is a known marker for eosinophils (a mature myeloid blood cell 

type) (143). To determine the HSC content of clones supplemented 

with Siglec F we sorted 60 single E-SLAM cells via FACS into the 

inner 60 wells of a fibronectin-coated 96-well plate. The cells were 

cultured in 28-day expansion conditions (118), and the functional 

HSC compartment of each clone was assessed on day 28 using flow 

cytometry. On average there was a positive correlation with clones 

containing higher % ELSK cells (Pearson’s R value= 0.623, p value = 

<0.00001), however the very best clones (right hand side of Figure 

Figure 14: Siglec F expression measured by flow 

cytometry plotted against %ELSK. Data taken 

from 60 wells on day 28 of 28-day expansion 

protocol, cultures initiated with a single ESLAM 

HSC. Cultures falling above the dotted threshold 

at 20% ELSK contain functional HSCs and are able 

to be successfully transplanted 

Figure 13: CD62L expression plotted against %ELSK, 

taken from flow cytometric analysis of 60 wells on 

day 28 of a 28-day expansion culture. Each culture 

began with a single ESLAM HSC. Cultures falling 

above the dotted threshold at 20% ELSK contain 

functional HSCs and are able to be transplanted 



14) did not have particularly high Siglec F expression. This raises the interesting possibility that Siglec 

F begins to be expressed on the very first “non-HSC” progeny created by LT-HSCs. Combining Siglec F 

with the ELSK strategy and transplanting the positive and negative fractions would test this 

hypothesis and, if valid, could result in an even more accurate strategy to identify HSC-containing 

clones in culture.  

 

3.2.3 Functional validation of candidate molecules 

The molecules selected, VEGF and FSTL1, have previously both been linked to regulation of HSC self-

renewal and/or survival (55, 144, 145, 146, 147) and so seemed choices that would likely result in a 

beneficial functional outcome.  

 

VEGF 

VEGF is a signalling protein present in the BM niche, and is known to be a key regulator of the 

vascular endothelium and haematopoiesis via an internal autocrine feedback loop (55). VEGF is co-

expressed alongside its receptor on both freshly isolated and differentiated haematopoietic cells, 

this alone being enough to imply some level of VEGF autocrine activity is involved in haematopoiesis.  

Ablation of the VEGF gene and small-molecule intracellular inhibitors of the VEGFR have previously 

been shown to reduce HSC colony formation, size and survival (55).  

To determine the effect of modifying VEGF signalling in expansion cultures, expansion cultures were 

initiated and supplemented with either recombinant VEGF (to activate VEGF signalling) or a 

neutralising VEGF antibody (to inhibit VEGF signalling). Molecules were tested at 3 different 

concentrations and flow cytometric analysis was undertaken at week 2, 3 and 4 timepoints (10% of 

clone at weeks 2 and 3, full clone at week 4). Neither activation or inhibition of VEGF significantly 

altered the %LSK of cultures compared to control. (Figure 15) 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Inhibitors and activators of VEGF signalling were supplemented to the expansion culture media. The effect of this signalling modification on efficiency of 
HSC expansion is shown. This efficiency was determined using flow cytometry was used on days 14, 21, and 28  to analyse the %LSK of the clones initiated with 
single ESLAM cells. 6 single cell wells per condition. 
Recom.  Low: 0.02ug/ml.   Mid: 0.2ug/ml.   High: 1ug/ml 
Neut.  Low: 0.1ug/ml  Mid: 1ug/ml  High: 5ug/ml 
 



FSTL1 

This protein was selected to its presence in the HSC gene signature, a functional screen of regulators 

of HSC repopulation (146), as well as it being a secreted protein, making it convenient to add to 

culture media. Fstl1 is a glycoprotein key in angiogenesis (144), cell proliferation and differentiation, 

the immune response, and TGF- β/bone morphogenic protein signalling and has been widely 

researched in regards to its role in lung development (145).  

120 single ESLAM cells were seeded in the expansion conditions – and Fstl1 was provided at 3 

different concentrations (50, 200 and 500 ng/mL) and for the entire culture period. At day 14, 

(where the accuracy of the %ELSK has not been formally evaluated), the addition of Fstl1 reduced 

%ELSK significantly (to the level of p<0.05) at low (50ng/ml) and mid (200ng/ml) concentrations 

(Figure 16).  

 

 

 

 

 

 

 

 

However, at day 28, where a minority of clones are above the 20% ELSK threshold for containing 

functional, transplantable HSCS, the number of cultures above the threshold was higher in cultures 

treated with 50ng/mL FSTL1 (4/30) than control (1/30) but a chi-squared test comparing the number 

of cultures >20% LSK on day 28 at each concentration gives a p-value of 0.359752. These data from 

Days 14 and Day 28 appear contradictory – with low concentrations of FSTL1 initially decreasing, and 

then increasing %ELSK. This may be because FSTL1s effects result from combating and discouraging 

the negative impact of differentiated cells – which would already have accumulated in the culture in 

the first 14 days, and wouldn’t have existed in the initial population. 

 

Figure 16: FSTL1 was supplemented to the expansion media for the entirety of the culture. The effect of Fstl1 treatment on the efficiency of HSC expansion 
was determined using flow cytometric analysis at day 14 and day 28 using ELSK as a measure for HSC content of the well . 30 single ESLAM wells per 
condition 
Low = 50ng/mL   Mid = 200ng/mL   High = 500ng/mL 
**** = significant to the level p<0.05 
 



This suggests that while treatment with 50ng/ml FSTL1 seemed promising, further experiments 

would need to be undertaken to determine its mechanism, and a wider range of lower doses should 

be tested for determining an optimal dose of recombinant FSTL1. 

 

Taken together, the data presented in this thesis demonstrate that ESAM expression can replace the 

need for the Fgd5 to identify functional HSCs in vitro, Siglec F is a promising candidate for further 

distinguishing between LT-HSCs and ST-HSCs, and low doses (~50ng/mL) of FSTL1 might improve the 

proportion of single HSCs that can create a large number of daughter HSCs over the 28 day 

expansion period. 

 

4.0 Conclusions and Discussion 

For decades, researchers have been trying to expand the in vitro HSC pool, with little major success 

until the recent breakthrough of a 28-day expansion culture which expanded functional HSCs >200-

fold (118). To approach the challenge of refining expansion, I set out to identify a new robust marker 

strategy for functional, expanded HSCs. Removing the need for the reporter gene Fgd5 would be an 

incredibly valuable step as not all mice are crossed on this background - significantly limiting the 

applicability of this reporter strategy to other strains including many disease models, as well as to 

human HSCs. I also aimed to further improve the pre-existing expansion protocol via manipulating 

the culture conditions and trying to identify new predictive markers for ‘good’ clones. Increasing the 

number of self-renewal divisions and purity of the expansion cultures will allow refined production 

of HSCs for both clinical and scientific use. 

From the series of experiments conducted in this project, several conclusions can be drawn. 

Firstly, ESAM is able to replace the use of the Fgd5 reporter mouse and appears to be as efficient as 

CD150 at marking expanded in vitro HSCs. This is shown through ESAM’s strong correlations with 

%LSK and %ELSK, CD150 and Fgd5 expression- marking the same, HSC-rich, clonal populations. 

Importantly, the correlation between FELSK and EELSK is highly significant.  

 

I next moved on to focus on the potential to recognise the clones richest for HSCs earlier in the 28-

day expansion culture. However, it was found that the clones with the highest %LSK at day 14 or day 

21 were not maintained as the best throughout the culture period, showing that data collected 

earlier than Day 28 as a predictive measure would be unreliable with the strategies tested so far. 

The next steps involved testing novel compounds in the 28-day expansion culture to improve HSC 

self-renewal divisions and purity of the resultant clones. However, neither the alteration of VEGF 

signalling, nor Fstl1 treatment, resulted in significantly improving existing levels of expansion. This 



was inconsistent with prior studies showing that these proteins could influence HSC function and 

maintain HSC survival (55, 144, 145, 146, 147). In light of this, additional experiments exploring a 

wider range of concentrations and increased sample sizes would be valuable. FSTL1, in particular at 

the lower dose of 50ng/mL, produced clones containing >20% ELSK at a rate of 4 fold higher 

compared to control, although this was from a single biological replicate and would need further 

validation. A logical focus going forward would be to test a refined dose response curve (e.g. of 

1ng/mL, 10ng/mL, 50ng/mL, and 100ng/mL) to help specify the optimum concentrations and 

determine whether provision of FSTL1 enhances HSC self-renewal in vitro. 

 

Finally, I aimed to identify potential new markers indicative of high HSC content. Although the 

mature leukocyte marker CD62L did not appear promising as a marker able to identify successful 

clones, Siglec F appeared to be more promising. Seeming to mark the progenitor populations, but 

not the LT-HSC population, it has potential to be added to existing reporter strategies, including LSK 

and ELSK, to subdivide the marked cells and so identify the most primitive HSCs. This warrants 

functional validation via taking the highest performing clones, separating the Siglec F positive and 

negative populations, and transplanting these separately into irradiated mice for long term, and 

potentially also secondary transplantation experiments. Studying the functional consequences of 

Siglec F expression could further verify if it marks specifically for the progenitor population.  

 

The work in this thesis prompts a need to further validate ESAM as a marker for the functional HSC 

compartment in formal transplantation assays. Our work underscores the importance coupling 

molecular experiments to functional transplantation studies – the gold standard in functional HSC 

validation. To test ESAM as a marker, one could expand new 28-day cultures and sort for clones with 

high or low expression of ESAM. The clones will them be split for functional assays (transplantation) 

and gene expression assays (RNAseq) to ensure that both the molecular and functional features of 

HSCs are in the ESAM+ population (Figure 17).  

 

 

 

 

 

 

50% of each clone for RNAseq 

50% of each clone for transplant 

into irradiated W41 

Figure 17: Schematic depicting paired molecular and functional assays following 28-day expansion. After initiating 28-day 
expansion cultures, the clones will be split into ESAMhigh and ESAMlow fractions. 50% of each fraction will be used for transplant 
into irradiated W41, and 50% for RNAseq. 



Removing the need for researchers to cross the Fgd5+/ZsGreen mouse into any other transgenic strains 

of interest would make HSC identification in expansion culture from various mouse strains 

increasingly time and cost efficient as well as potentially opening it up to human HSCs (i.e, ESAM 

may also mark human HSCs in culture). Combining increased efficiency of HSC reporting with 

improved in vitro expansion would allow studies previously restricted by HSC numbers in mice (e.g., 

Cabezas-Wallscheid et al. used almost 1000 mice to complete HSC proteomic analysis (43)) to take 

place more easily and more often. 

In addition to focusing on expanding murine HSCs, the next major step will be translation into 

human cells - a process already started by our Japanese collaborators whose proof-of-principle 

experiments show a slightly adapted version of this protocol being able to modestly expand human 

HSCs - increasing their transplantability compared to the initial cell suspension in the process. The 

ability of this system to expand both human and mouse HSCs would vastly reduce the number of 

animals needed for HSC research, and provide a more accurate HSC ex vivo model for human 

disease. Refining in vitro human HSC expansion would also allow more large scale experiments and 

screens to take place, and would enable production of unlimited mature blood cells out of the body 

– vastly improving availability and efficiency of clinical blood transplants. 

Lehnertz et al. (148) have very recently identified Hepatic Leukaemia Factor (HLF) as an incredibly 

specific surface marker for human HSCs through transcriptomic analysis of fresh and ex vivo cord-

blood derived HSCs. Importantly, cells expressing HLF contain all HSC functional activity both in vitro 

and in vivo in serial transplantation settings – a property that is very rare for surface markers, as 

their expression often changes over time in culture (74,76). Coupled with improving in vitro human 

HSC expansion protocols, being able to better identify the HSC population of the clone using novel 

reporters such as HLF is incredibly powerful as both a scientific and clinical tool.  

In summary, the possibility of a potentially universal HSC identification strategy, coupled with 

continual progress in both murine and human HSC in vitro expansion is exciting both in terms of the 

huge clinical impact this could have through increasing cell numbers for gene therapy and HSC 

transplantation, but also on a purely scientific front. This would enable previously unachievable 

experimental approaches such as metabolomics and proteomics to take place more easily, as well as 

creating a platform with which we can dissect the properties governing HSC self-renewal and 

heterogeneity efficiently and at a large scale. 

 

 



5.0 References 

1. Kent DG, Dykstra BJ, Eaves CJ. Isolation and Assessment of Single Long-Term 

Reconstituting Hematopoietic Stem Cells from Adult Mouse Bone Marrow. Curr Protoc 

Stem Cell Biol. 2016;38:2A 4 1-2A 4 24. 

2. Kondo M. Lymphoid and myeloid lineage commitment in multipotent hematopoietic 

progenitors. Immunol Rev. 2010;238(1):37-46. 

3. Bryder, D., Rossi, D. J. & Weissman, I. L. Hematopoietic Stem Cells The Paradigmatic 

Tissue-Specific Stem Cell. Curr. Protoc. Stem Cell Biol. 169, 211–215 (2006). 

4. Kuhn V, Diederich L, Keller TCSt, Kramer CM, Luckstadt W, Panknin C, et al. Red Blood 

Cell Function and Dysfunction: Redox Regulation, Nitric Oxide Metabolism, Anemia. 

Antioxid Redox Signal. 2017;26(13):718-42. 

5. Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of neutrophils. Annu Rev 

Pathol. 2014;9:181-218. 

6. Wright HL, Moots RJ, Bucknall RC, Edwards SW. Neutrophil function in inflammation and 

inflammatory diseases. Rheumatology (Oxford). 2010;49(9):1618-31. 

7. Ramirez GA, Yacoub MR, Ripa M, Mannina D, Cariddi A, Saporiti N, et al. Eosinophils 

from Physiology to Disease: A Comprehensive Review. Biomed Res Int. 

2018;2018:9095275. 

8. Diny NL, Rose NR, Cihakova D. Eosinophils in Autoimmune Diseases. Front Immunol. 

2017;8:484. 

9. Karasuyama H, Miyake K, Yoshikawa S, Yamanishi Y. Multifaceted roles of basophils in 

health and disease. J Allergy Clin Immunol. 2018;142(2):370-80. 

10. Min B, Brown MA, Legros G. Understanding the roles of basophils: breaking dawn. 

Immunology. 2012;135(3):192-7. 

11. He SH, Zhang HY, Zeng XN, Chen D, Yang PC. Mast cells and basophils are essential for 

allergies: mechanisms of allergic inflammation and a proposed procedure for diagnosis. 

Acta Pharmacol Sin. 2013;34(10):1270-83. 

12. Chiu S, Bharat A. Role of monocytes and macrophages in regulating immune response 

following lung transplantation. Curr Opin Organ Tran. 2016;21(3):239-45. 

13. Kapellos TS, Bonaguro L, Gemund I, Reusch N, Saglam A, Hinkley ER, et al. Human 

Monocyte Subsets and Phenotypes in Major Chronic Inflammatory Diseases. Front 

Immunol. 2019;10. 

14. Machlus KR, Italiano JE, Jr. The incredible journey: From megakaryocyte development to 

platelet formation. J Cell Biol. 2013;201(6):785-96. 



15. Melchinger H, Jain K, Tyagi T, Hwa J. Role of Platelet Mitochondria: Life in a Nucleus-Free 

Zone. Front Cardiovasc Med. 2019;6:153. 

16. Periayah MH, Halim AS, Mat Saad AZ. Mechanism Action of Platelets and Crucial Blood 

Coagulation Pathways in Hemostasis. Int J Hematol Oncol Stem Cell Res. 2017;11(4):319-

27. 

17. Holinstat M. Normal platelet function. Cancer Metastasis Rev. 2017;36(2):195-8. 

18. Patente TA, Pinho MP, Oliveira AA, Evangelista GCM, Bergami-Santos PC, Barbuto JAM. 

Human Dendritic Cells: Their Heterogeneity and Clinical Application Potential in Cancer 

Immunotherapy. Front Immunol. 2019;9. 

19. Zhou HB, Wu L. The development and function of dendritic cell populations and their 

regulation by miRNAs. Protein Cell. 2017;8(7):501-13. 

20. Kumar BV, Connors TJ, Farber DL. Human T Cell Development, Localization, and Function 

throughout Life. Immunity. 2018;48(2):202-13. 

21. Sakaguchi S, Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T. Regulatory T cells: how do 

they suppress immune responses? International Immunology. 2009;21(10):1105-11. 

22. Nemazee D. Mechanisms of central tolerance for B cells. Nat Rev Immunol. 

2017;17(5):281-94. 

23. Barr TA, Shen P, Brown S, Lampropoulou V, Roch T, Lawrie S, et al. B cell depletion 

therapy ameliorates autoimmune disease through ablation of IL-6-producing B cells. 

Journal of Experimental Medicine. 2012;209(5):1001-10. 

24. Dzierzak E. Hematopoietic stem cells and their precursors: developmental diversity and 

lineage relationships. Immunol Rev. 2002 Sep;187:126-38. 

25. Lansdorp PM. Developmental changes in the function of hematopoietic stem cells. Exp 

Hematol. 1995 Mar;23(3):187-91.  

26. Bowie MB, Kent DG, Dykstra B, McKnight KD, McCaffrey L, Hoodless PA, Eaves CJ. 

Identification of a new intrinsically timed developmental checkpoint that reprograms 

key hematopoietic stem cell properties. Proc Natl Acad Sci U S A. 2007 Apr 

3;104(14):5878-82. 

27. Pinho S, Frenette PS. Haematopoietic stem cell activity and interactions with the niche. 

Nat Rev Mol Cell Biol. 2019;20(5):303-20. 

28. Höfer T, Rodewald HR. Differentiation-based model of hematopoietic stem cell functions 

and lineage pathways. Blood. 2018 Sep 13;132(11):1106-1113. doi: 10.1182/blood-2018-

03-791517. 



29. Christodoulou C, Spencer JA, Yeh SA, Turcotte R, Kokkaliaris KD, Panero R, Ramos A, Guo 

G, Seyedhassantehrani N, Esipova TV, Vinogradov SA, Rudzinskas S, Zhang Y, Perkins AS, 

Orkin SH, Calogero RA, Schroeder T, Lin CP, Camargo FD. Live-animal imaging of native 

haematopoietic stem and progenitor cells. Nature. 2020 Feb;578(7794):278-283.  

30. Wilson A, Laurenti E, Oser G, van der Wath RC, Blanco-Bose W, Jaworski M, et al. 

Hematopoietic stem cells reversibly switch from dormancy to self-renewal during 

homeostasis and repair. Cell. 2008;135(6):1118-29. 

31. Walter D, Lier A, Geiselhart A, Thalheimer FB, Huntscha S, Sobotta MC, et al. Exit from 

dormancy provokes DNA-damage-induced attrition in haematopoietic stem cells. 

Nature. 2015;520(7548):549-52. 

32. Walter D, Lier A, Geiselhart A, Thalheimer FB, Huntscha S, Sobotta MC, et al. Exit from 

dormancy provokes DNA-damage-induced attrition in haematopoietic stem cells. 

Nature. 2015;520(7548):549-52. 

33. van Galen P, Kreso A, Mbong N, Kent DG, Fitzmaurice T, Chambers JE, et al. The unfolded 

protein response governs integrity of the haematopoietic stem-cell pool during stress. 

Nature. 2014;510(7504):268-72. 

34. Dykstra B, Kent D, Bowie M, McCaffrey L, Hamilton M, Lyons K, et al. Long-term 

propagation of distinct hematopoietic differentiation programs in vivo. Cell Stem Cell. 

2007;1(2):218-29. 

35. Yu, V. W. C. et al. Epigenetic Memory Underlies Cell-Autonomous Heterogeneous 

Behavior of Hematopoietic Stem Cells. Cell 167, 1310–1322 (2016). 

36. Florian, M. C. et al. Aging alters the epigenetic asymmetry of HSC division. PLOS Biol. 16, 

e2003389 (2018). 

37. Notta F, Zandi S, Takayama N, Dobson S, Gan OI, Wilson G, et al. Distinct routes of 

lineage development reshape the human blood hierarchy across ontogeny. Science. 

2016;351(6269):aab2116. 

38. Psaila B, Mead AJ. Single-cell approaches reveal novel cellular pathways for 

megakaryocyte and erythroid differentiation. Blood. 2019;133(13):1427-35. 

39. Woolthuis CM, Park CY. Hematopoietic stem/progenitor cell commitment to the 

megakaryocyte lineage. Blood. 2016;127(10):1242-8. 

40. Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term lymphohematopoietic 

reconstitution by a single CD34-low/negative hematopoietic stem cell. Science. 

1996;273(5272):242-5. 



41. Carrelha, J., Meng, Y., Kettyle, L. et al. Hierarchically related lineage-restricted fates of 

multipotent haematopoietic stem cells. Nature 2018, 106–111 

42. Dick JE MM, Huszar D, Phillips R A, Bernstein A. Introduction of a selectable gene into 

primitive stem cells capable of long-term reconstitution of the hemopoietic system of 

W/Wv mice. Cell. 1985(42):71-9. 

43. Cabezas-Wallscheid N, Buettner F, Sommerkamp P, Klimmeck D, Ladel L, Thalheimer FB, 

et al. Vitamin A-Retinoic Acid Signaling Regulates Hematopoietic Stem Cell Dormancy. 

Cell. 2017;169(5):807-23 e19. 

44. Sanjuan-Pla A, Macaulay IC, Jensen CT, Woll PS, Luis TC, Mead A, et al. Platelet-biased 

stem cells reside at the apex of the haematopoietic stem-cell hierarchy. Nature. 

2013;502(7470):232-6. 

45. Gazit R, Mandal PK, Ebina W, Ben-Zvi A, Nombela-Arrieta C, Silberstein LE, et al. Fgd5 

identifies hematopoietic stem cells in the murine bone marrow. J Exp Med. 

2014;211(7):1315-31. 

46. Acar M, Kocherlakota KS, Murphy MM, Peyer JG, Oguro H, Inra CN, et al. Deep imaging 

of bone marrow shows non-dividing stem cells are mainly perisinusoidal. Nature. 

2015;526(7571):126-+. 

47. Florian MC, Klose M, Sacma M, Jablanovic J, Knudson L, Nattamai KJ, et al. Aging alters 

the epigenetic asymmetry of HSC division. PLoS Biol. 2018;16(9):e2003389. 

48. Wilson, N. K., Kent, D. G., Theis, F. J. & Gö Ttgens Correspondence, B. Combined Single-

Cell Functional and Gene Expression Analysis Resolves Heterogeneity within Stem Cell 

Populations. Cell Stem Cell (2015). doi:10.1016/j.stem.2015.04.004 

49. Pinho S, Frenette PS. Haematopoietic stem cell activity and interactions with the niche. 

Nat Rev Mol Cell Biol. 2019;20(5):303-20. 

50. Wilkinson, A. C., Igarashi, K. J. & Nakauchi, H. Haematopoietic stem cell self-renewal in 

vivo and ex vivo. Nature Reviews Genetics 1–14 (2020). doi:10.1038/s41576-020-0241-0 

51. Kumar, S. & Geiger, H. HSC Niche Biology and HSC Expansion Ex Vivo. Trends in 

Molecular Medicine 23, 799–819 (2017). 

52. Morrison SJ, Scadden DT. The bone marrow niche for haematopoietic stem cells. Nature. 

2014;505(7483):327-34. 

53. Mendelson A, Frenette PS. Hematopoietic stem cell niche maintenance during 

homeostasis and regeneration. Nat Med. 2014;20(8):833-46. 

54. Ito K, Suda T. Metabolic requirements for the maintenance of self-renewing stem cells. 

Nat Rev Mol Cell Biol. 2014;15(4):243-56. 



55. Gerber HP, Malik AK, Solar GP, Sherman D, Liang XH, Meng G, et al. VEGF regulates 

haematopoietic stem cell survival by an internal autocrine loop mechanism. Nature. 

2002;417(6892):954-8. 

56. Chen L, Kostadima M, Martens JHA, Canu G, Garcia SP, Turro E, et al. Transcriptional 

diversity during lineage commitment of human blood progenitors. Science. 

2014;345(6204):1580-+. 

57. Laurenti E, Doulatov S, Zandi S, Plumb I, Chen J, April C, et al. The transcriptional 

architecture of early human hematopoiesis identifies multilevel control of lymphoid 

commitment. Nat Immunol. 2013;14(7):756-+. 

58. Suarez-Alvarez B, Lopez-Vazquez A, Lopez-Larrea C. Mobilization and homing of 

hematopoietic stem cells. Adv Exp Med Biol. 2012;741:152-70. 

59. Raic A, Naolou T, Mohra A, Chatterjee C, Lee-Thedieck C. 3D models of the bone marrow 

in health and disease: yesterday, today and tomorrow. MRS Commun. 2019;9(1):37-52. 

60. Zhang P, Zhang C, Li J, Han J, Liu X, Yang H. The physical microenvironment of 

hematopoietic stem cells and its emerging roles in engineering applications. Stem Cell 

Res Ther. 2019;10(1):327. 

61. Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the hematopoietic stem 

cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches. 

Immunity. 2006;25(6):977-88. 

62. Bonig H, Papayannopoulou T. Mobilization of hematopoietic stem/progenitor cells: 

general principles and molecular mechanisms. Methods Mol Biol. 2012;904:1-14. 

63. Pelus LM, Fukuda S. Peripheral blood stem cell mobilization: the CXCR2 ligand GRObeta 

rapidly mobilizes hematopoietic stem cells with enhanced engraftment properties. Exp 

Hematol. 2006;34(8):1010-20. 

64. Fukuda S, Bian H, King AG, Pelus LM. The chemokine GRObeta mobilizes early 

hematopoietic stem cells characterized by enhanced homing and engraftment. Blood. 

2007;110(3):860-9. 

65. Liles WC, Broxmeyer HE, Rodger E, Wood B, Hubel K, Cooper S, et al. Mobilization of 

hematopoietic progenitor cells in healthy volunteers by AMD3100, a CXCR4 antagonist. 

Blood. 2003;102(8):2728-30. 

66. Ford CE, Hamerton JL, Barnes DW, Loutit JF. Cytological identification of radiation-

chimaeras. Nature. 1956;177(4506):452-4. 

67. Till JE, Mc CE. A direct measurement of the radiation sensitivity of normal mouse bone 

marrow cells. Radiat Res. 1961;14:213-22. 



68. Lemischka IR, Raulet DH, Mulligan RC. Developmental potential and dynamic behavior of 

hematopoietic stem cells. Cell. 1986;45(6):917-27. 

69. Keller G. Hematopoietic stem cells. Curr Opin Immunol. 1992;4(2):133-9. 

70. Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term lymphohematopoietic 

reconstitution by a single CD34-low/negative hematopoietic stem cell. Science. 

1996;273(5272):242-5. 

71. Uchida J, Lee Y, Hasegawa M, Liang Y, Bradney A, Oliver JA, et al. Mouse CD20 

expression and function. Int Immunol. 2004;16(1):119-29. 

72. Ramshaw JA, Werkmeister JA. Electrophoresis and electroblotting of native collagens. 

Anal Biochem. 1988;168(1):82-7. 

73. Spangrude GJ, Heimfeld S, Weissman IL. Purification and characterization of mouse 

hematopoietic stem cells. Science. 1988;241(4861):58-62. 

74. Wagers AJ, Sherwood RI, Christensen JL, Weissman IL. Little evidence for developmental 

plasticity of adult hematopoietic stem cells. Science. 2002;297(5590):2256-9. 

75. Hamanaka S, Ooehara J, Morita Y, Ema H, Takahashi S, Miyawaki A, Otsu M, Yamaguchi 

T, Onodera M, Nakauchi H. Generation of transgenic mouse line expressing Kusabira 

Orange throughout body, including erythrocytes, by random segregation of provirus 

method. Biochem Biophys Res Commun. 2013 Jun 14;435(4):586-91. 

76. Rebel VI, Miller CL, Thornbury GR, Dragowska WH, Eaves CJ, Lansdorp PM. A comparison 

of long-term repopulating hematopoietic stem cells in fetal liver and adult bone marrow 

from the mouse. Exp Hematol. 1996;24(5):638-48. 

77. Sato T, Oga A, Ikeda E, Todoroki T, Furuya T, Sasaki K. Cytogenetic aberrations detected 

by flow cytometry and fluorescence in situ hybridization in colorectal cancers: two 

cytogenetic pathways in colorectal carcinogenesis. Oncology. 1999;57(1):63-9. 

78. Tajima F, Deguchi T, Laver JH, Zeng H, Ogawa M. Reciprocal expression of CD38 and 

CD34 by adult murine hematopoietic stem cells. Blood. 2001;97(9):2618-24. 

79. Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, Morrison SJ. SLAM family 

receptors distinguish hematopoietic stem and progenitor cells and reveal endothelial 

niches for stem cells. Cell. 2005;121(7):1109-21. 

80. Yilmaz OH, Valdez R, Theisen BK, Guo W, Ferguson DO, Wu H, et al. Pten dependence 

distinguishes haematopoietic stem cells from leukaemia-initiating cells. Nature. 

2006;441(7092):475-82. 



81. Kent DG, Copley MR, Benz C, Wohrer S, Dykstra BJ, Ma E, et al. Prospective isolation and 

molecular characterization of hematopoietic stem cells with durable self-renewal 

potential. Blood. 2009;113(25):6342-50. 

82. Benz C, Copley MR, Kent DG, Wohrer S, Cortes A, Aghaeepour N, et al. Hematopoietic 

stem cell subtypes expand differentially during development and display distinct 

lymphopoietic programs. Cell Stem Cell. 2012;10(3):273-83. 

83. Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R, Wagers AJ, et al. Cell intrinsic 

alterations underlie hematopoietic stem cell aging. Proc Natl Acad Sci U S A. 

2005;102(26):9194-9. 

84. Dykstra B, Olthof S, Schreuder J, Ritsema M, de Haan G. Clonal analysis reveals multiple 

functional defects of aged murine hematopoietic stem cells. J Exp Med. 

2011;208(13):2691-703. 

85. Copley MR, Beer PA, Eaves CJ. Hematopoietic stem cell heterogeneity takes center 

stage. Cell Stem Cell. 2012;10(6):690-7. 

86. Morita, Y., Ema, H. & Nakauchi, H. Heterogeneity and hierarchy within the most 

primitive hematopoietic stem cell compartment. J. Exp. Med. 207, 1173–1182 (2010). 

87. Shepherd MS, Kent DG. Emerging single-cell tools are primed to reveal functional and 

molecular heterogeneity in malignant hematopoietic stem cells. Curr Opin Hematol. 

2019;26(4):214-21. 

88. Muller-Sieburg, C. E., Cho, R. H., Karlsson, L., Huang, J. F. & Sieburg, H. B. Myeloid-biased 

hematopoietic stem cells have extensive self-renewal capacity but generate diminished 

lymphoid progeny with impaired IL-7 responsiveness. Blood 103, 4111–4118 (2004). 

89. Müller-Sieburg, C. E., Cho, R. H., Thoman, M., Adkins, B. & Sieburg, H. B. Deterministic 

regulation of hematopoietic stem cell self-renewal and differentiation. Blood 100, 1302–

1309 (2002). 

90. Becker AJ, Mc CE, Till JE. Cytological demonstration of the clonal nature of spleen 

colonies derived from transplanted mouse marrow cells. Nature. 1963;197:452-4. 

91. Muller-Sieburg CE, Sieburg HB. The GOD of hematopoietic stem cells: a clonal diversity 

model of the stem cell compartment. Cell Cycle. 2006;5(4):394-8. 

92. Moore KA, Lemischka IR. Stem cells and their niches. Science. 2006;311(5769):1880-5. 

93. Trentin JJ. Determination of bone marrow stem cell differentiation by stromal 

hemopoietic inductive microenvironments (HIM). Am J Pathol. 1971;65(3):621-8. 

94. Metcalf D. Lineage commitment and maturation in hematopoietic cells: the case for 

extrinsic regulation. Blood. 1998;92(2):345-7; discussion 52. 



95. Takami A. Hematopoietic stem cell transplantation for acute myeloid leukemia. Int J 

Hematol. 2018;107(5):513-8. 

96. Staal FJT, Aiuti A, Cavazzana M. Autologous Stem-Cell-Based Gene Therapy for Inherited 

Disorders: State of the Art and Perspectives. Front Pediatr. 2019;7:443. 

97. Kuritzkes DR. Hematopoietic stem cell transplantation for HIV cure. J Clin Invest. 

2016;126(2):432-7. 

98. Miller AE, Chitnis T, Cohen BA, Costello K, Sicotte NL, Stacom R, et al. Autologous 

Hematopoietic Stem Cell Transplant in Multiple Sclerosis: Recommendations of the 

National Multiple Sclerosis Society. JAMA Neurol. 2021;78(2):241-6. 

99. Steidl U, Fenk R, Bruns I, Neumann F, Kondakci M, Hoyer B, et al. Successful 

transplantation of peripheral blood stem cells mobilized by chemotherapy and a single 

dose of pegylated G-CSF in patients with multiple myeloma. Bone Marrow Transpl. 

2005;35(1):33-6. 

100. Park, B., Yoo, K. H. & Kim, C. Hematopoietic stem cell expansion and generation: The 

ways to make a breakthrough. Blood Res. 50, 194–203 (2015). 

101. Gratwohl, A. et al. One million haemopoietic stem-cell transplants: a retrospective 

observational study. Lancet Haematol. 2, e91–e100 (2015). 

102. Trakarnsanga, K. et al. An immortalized adult human erythroid line facilitates sustainable 

and scalable generation of functional red cells. Nat. Commun. 8, 14750 (2017). 

103. Saeki, K. et al. A Feeder-Free and Efficient Production of Functional Neutrophils from 

Human Embryonic Stem Cells. Stem Cells 27, 59–67 (2009) 

104. Mahmud N, Petro B, Baluchamy S, Li X, Taioli S, Lavelle D, et al. Differential effects of 

epigenetic modifiers on the expansion and maintenance of human cord blood 

stem/progenitor cells. Biol Blood Marrow Transplant. 2014;20(4):480-9. 

105. Bissels U, Bosio A, Wagner W. MicroRNAs are shaping the hematopoietic landscape. 

Haematologica. 2012;97(2):160-7. 

106. Guo S, Lu J, Schlanger R, Zhang H, Wang JY, Fox MC, et al. MicroRNA miR-125a controls 

hematopoietic stem cell number. Proc Natl Acad Sci U S A. 2010;107(32):14229-34. 

107. Antonchuk J, Sauvageau G, Humphries RK. HOXB4-induced expansion of adult 

hematopoietic stem cells ex vivo. Cell. 2002;109(1):39-45. 

108. Miharada K, Sigurdsson V, Karlsson S. Dppa5 improves hematopoietic stem cell activity 

by reducing endoplasmic reticulum stress. Cell Rep. 2014;7(5):1381-92. 



109. Ohta H, Sekulovic S, Bakovic S, Eaves CJ, Pineault N, Gasparetto M, Smith C, Sauvageau 

G, Humphries RK. Near-maximal expansions of hematopoietic stem cells in culture using 

NUP98-HOX fusions. Exp Hematol. 2007 May;35(5):817-30. 

110. Kunisato A, Chiba S, Nakagami-Yamaguchi E, Kumano K, Saito T, Masuda S, et al. HES-1 

preserves purified hematopoietic stem cells ex vivo and accumulates side population 

cells in vivo. Blood. 2003;101(5):1777-83. 

111. Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, Willert K, et al. A role for Wnt 

signalling in self-renewal of haematopoietic stem cells. Nature. 2003;423(6938):409-14. 

112. Boitano AE, Wang J, Romeo R, Bouchez LC, Parker AE, Sutton SE, et al. Aryl hydrocarbon 

receptor antagonists promote the expansion of human hematopoietic stem cells. 

Science. 2010;329(5997):1345-8. 

113. Fares I, Chagraoui J, Gareau Y, Gingras S, Ruel R, Mayotte N, et al. Cord blood expansion. 

Pyrimidoindole derivatives are agonists of human hematopoietic stem cell self-renewal. 

Science. 2014;345(6203):1509-12. 

114. Kruta M, Sunshine MJ, Chua BA, Fu Y, Chawla A, Dillingham CH, et al. Hsf1 promotes 

hematopoietic stem cell fitness and proteostasis in response to ex vivo culture stress 

and aging. Cell Stem Cell. 2021. 

115. Sun H, Tsai Y, Nowak I, Liesveld J, Chen Y. Eltrombopag, a thrombopoietin receptor 

agonist, enhances human umbilical cord blood hematopoietic stem/primitive progenitor 

cell expansion and promotes multi-lineage hematopoiesis. Stem Cell Res. 2012;9(2):77-

86. 

116. Nishino T, Miyaji K, Ishiwata N, Arai K, Yui M, Asai Y, et al. Ex vivo expansion of human 

hematopoietic stem cells by a small-molecule agonist of c-MPL. Exp Hematol. 

2009;37(11):1364-77 e4. 

117. Bai T, Li J, Sinclair A, Imren S, Merriam F, Sun F, et al. Expansion of primitive human 

hematopoietic stem cells by culture in a zwitterionic hydrogel. Nat Med. 

2019;25(10):1566-75. 

118. Wilkinson AC, Ishida R, Kikuchi M, Sudo K, Morita M, Crisostomo RV, et al. Long-term ex 

vivo haematopoietic-stem-cell expansion allows nonconditioned transplantation. 

Nature. 2019;571(7763):117-21. 

119. Umemoto T, Yamato M, Ishihara J, Shiratsuchi Y, Utsumi M, Morita Y, et al. Integrin-

alphavbeta3 regulates thrombopoietin-mediated maintenance of hematopoietic stem 

cells. Blood. 2012;119(1):83-94. 



120. Ito K, Turcotte R, Cui JH, Zimmerman SE, Pinho S, Mizoguchi T, et al. Self-renewal of a 

purified Tie2(+) hematopoietic stem cell population relies on mitochondrial clearance. 

Science. 2016;354(6316):1156-60. 

121. Chen CZ, Li M, de Graaf D, Monti S, Gottgens B, Sanchez MJ, et al. Identification of 

endoglin as a functional marker that defines long-term repopulating hematopoietic stem 

cells. P Natl Acad Sci USA. 2002;99(24):15468-73. 

122. Ninos JM, Jefferies LC, Cogle CR, Kerr WG. The thrombopoietin receptor, c-Mpl, is a 

selective surface marker for human hematopoietic stem cells. J Transl Med. 2006;4. 

123. Notta F, Doulatov S, Laurenti E, Poeppl A, Jurisica I, Dick JE. Isolation of single human 

hematopoietic stem cells capable of long-term multilineage engraftment. Science. 

2011;333(6039):218-21. 

124. von Laer D, Corovic A, Vogt B, Fehse B, Roscher S, Rimek A, et al. Loss of CD38 antigen on 

CD34+CD38+ cells during short-term culture. Leukemia. 2000;14(5):947-8. 

125. Nishimura T, Hsu I, Martinez-Krams DC, Nakauchi Y, Majeti R, Yamazaki S, et al. Use of 

polyvinyl alcohol for chimeric antigen receptor T-cell expansion. Exp Hematol. 

2019;80:16-20. 

126. Fares I, Chagraoui J, Lehnertz B, MacRae T, Mayotte N, Tomellini E, et al. EPCR 

expression marks UM171-expanded CD34(+) cord blood stem cells. Blood. 

2017;129(25):3344-51. 

127. Challen GA, Boles N, Lin KKY, Goodell MA. Mouse Hematopoietic Stem Cell Identification 

and Analysis. Cytom Part A. 2009;75a(1):14-24. 

128. Bradfute SB, Graubert TA, Goodell MA. Roles of Sca-1 in hematopoietic stem/progenitor 

cell function. Experimental Hematology. 2005;33(7):836-43. 

129. Morcos MNF, Schoedel KB, Hoppe A, Behrendt R, Basak O, Clevers HC, et al. SCA-1 

Expression Level Identifies Quiescent Hematopoietic Stem and Progenitor Cells. Stem 

Cell Rep. 2017;8(6):1472-8. 

130. Kent D, Copley M, Benz C, Dykstra B, Bowie M, Eaves C. Regulation of hematopoietic 

stem cells by the steel factor/KIT signaling pathway. Clin Cancer Res. 2008 Apr 

1;14(7):1926-30. 

131. Feistritzer C, Schuepbach RA, Mosnier LO, Bush LA, Di Cera E, Griffin JH, et al. Protective 

signaling by activated protein C is mechanistically linked to protein C activation on 

endothelial cells. Journal of Biological Chemistry. 2006;281(29):20077-84. 

132. Rao LVM, Esmon CT, Pendurthi UR. Endothelial cell protein C receptor: a multiliganded 

and multifunctional receptor. Blood. 2014;124(10):1553-62. 



133. Wang L, Yang L, Debidda M, Witte D, Zheng Y. Cdc42 GTPase-activating protein 

deficiency promotes genomic instability and premature aging-like phenotypes. P Natl 

Acad Sci USA. 2007;104(4):1248-53. 

134. Gur-Cohen S, Itkin T, Chakrabarty S, Graf C, Kollet O, Ludin A, et al. PAR1 signaling 

regulates the retention and recruitment of EPCR-expressing bone marrow 

hematopoietic stem cells. Nature Medicine. 2015;21(11):1307-17. 

135. Balazs AB, Fabian AJ, Esmon CT, Mulligan RC. Endothelial protein C receptor (CD201) 

explicitly identifies hematopoietic stem cells in murine bone marrow. Blood. 

2006;107(6):2317-21. 

136. Ooi AG KH, Majeti R, Butz S, Vestweber D, Ishida T, Quertermous T, Weissman IL, 

Forsberg EC. . The Adhesion Molecule Esam1 Is a Novel Hematopoietic Stem Cell Marker. 

Stem Cells. 2009;27(3):653-61. 

137. Yokota T, Oritani K, Butz S, Kokame K, Kincade PW, Miyata T, et al. The endothelial 

antigen ESAM marks primitive hematopoietic progenitors throughout life in mice. Blood. 

2009;113(13):2914-23. 

138. Tomohiko Ishibashi TY, Hirokazu Tanaka, Michiko Ichii, Takao Sudo, Yusuke Satoh, Yukiko 

Doi, Tomoaki Ueda, Akira Tanimura, Yuri Hamanaka, Sachiko Ezoe, Hirohiko ESAM is a 

novel human hematopoietic stem cell marker associated with a subset of human 

leukemias. Experimental Haematology. 2016;44(4):269-81. 

139. Forsberg EC, Prohaska SS, Katzman S, Heffner GC, Stuart JM, Weissman IL. Differential 

expression of novel potential regulators in hematopoietic stem cells. PLoS Genet. 

2005;1(3):e28. 

140. Kohn LA, Hao QL, Sasidharan R, Parekh C, Ge S, Zhu Y, Mikkola HK, Crooks GM. Lymphoid 

priming in human bone marrow begins before expression of CD10 with upregulation of 

L-selectin. Nat Immunol. 2012 Oct;13(10):963-71. 

141. Munro JM, Briscoe DM, Tedder TF. Differential regulation of leucocyte L-selectin (CD62L) 

expression in normal lymphoid and inflamed extralymphoid tissues. J Clin Pathol. 1996 

Sep;49(9):721-7 

142. Yang S, Liu F, Wang QJ, Rosenberg SA, Morgan RA. The shedding of CD62L (L-selectin) 

regulates the acquisition of lytic activity in human tumor reactive T lymphocytes. PLoS 

One. 2011;6(7):e22560 

143. Zhang M, Angata T, Cho JY, Miller M, Broide DH, Varki A. Defining the in vivo function of 

Siglec-F, a CD33-related Siglec expressed on mouse eosinophils. Blood. 

2007;109(10):4280-7. 



144. Jiang H, Zhang L, Liu X, Sun W, Kato K, Chen C, et al. Angiocrine FSTL1 (Follistatin-Like 

Protein 1) Insufficiency Leads to Atrial and Venous Wall Fibrosis via SMAD3 Activation. 

Arterioscler Thromb Vasc Biol. 2020;40(4):958-72. 

145. Geng Y, Dong Y, Yu M, Zhang L, Yan X, Sun J, et al. Follistatin-like 1 (Fstl1) is a bone 

morphogenetic protein (BMP) 4 signaling antagonist in controlling mouse lung 

development. Proc Natl Acad Sci U S A. 2011;108(17):7058-63. 

146. Holmfeldt P, Ganuza M, Marathe H, He B, Hall T, Kang G, Moen J, Pardieck J, Saulsberry 
AC, Cico A, Gaut L, McGoldrick D, Finkelstein D, Tan K, McKinney-Freeman S. Functional 
screen identifies regulators of murine hematopoietic stem cell repopulation. J Exp Med. 
2016 Mar 7;213(3):433-49. doi: 10.1084/jem.20150806. Epub 2016 Feb 15. Erratum in: J 
Exp Med. 2016 Oct 17;213(11):2525.  

147. Rehn M, Olsson A, Reckzeh K, Diffner E, Carmeliet P, Landberg G, Cammenga J. Hypoxic 
induction of vascular endothelial growth factor regulates murine hematopoietic stem 
cell function in the low-oxygenic niche. Blood. 2011 Aug 11;118(6):1534-43.  

148. Bernhard Lehnertz, Jalila Chagraoui, Tara MacRae, Elisa Tomellini, Sophie Corneau, 
Nadine Mayotte, Isabel Boivin, Guy Sauvageau. HLF Expression Defines the Human 
Haematopoietic Stem Cell State. bioRxiv 2020.06.29.177709 [Preprint]. Available from 
https://www.biorxiv.org/content/10.1101/2020.06.29.177709v2.full  

 
 

 

 

 

 

 

 

https://www.biorxiv.org/content/10.1101/2020.06.29.177709v2.full

