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Abstract  

Hematopoietic stem cells are a rare but crucial population of cells that are responsible for 

maintaining hematopoiesis throughout vertebrate life. Clinically, hematopoietic stem cells 

have been utilised for treatment of hematological disease, autoimmune disorders and cancer 

through the application of hematopoietic cell transplants. A detailed understanding of the 

behaviour of hematopoietic stem cells and their post-transplant interaction with the niche 

can lead to improved transplant outcomes. However, there are many challenges in studying 

hematopoietic stem cell transplantation in mammalian systems owing to the difficulty of 

observing transplanted cells in vivo. This thesis aims to refine hematopoietic cell 

transplantation protocols described in adult zebrafish (Danio rerio). To this end, fluorescent 

hematopoietic stem and precursor populations were further characterised in transgenic donor 

fish using a combination of flow cytometry and microscopy techniques. Furthermore, 

Runx:mCherry positive populations were assessed for stem cell functionality through 

transplantation. The utility of bloodless cmybt25127 mutant fish to investigate hematopoietic 

cell transplantation by longitudinal imaging was evaluated. In addition, the stimulatory 

effects of viral mimetics were assessed in transgenic and cmybt25127 mutant fish. Finally, the 

effect of antibiotic treatment was investigated in transgenic fish. 

 

These experiments revealed two fluorescent cell populations in Tg(Runx:mCherry) transgenic 

zebrafish kidney marrow. Hematopoietic cell transplant studies and transcript analysis 

indicated that the Runx:mCherry low population could be enriched for hematopoietic stem 

cells. Furthermore, experiments revealed that homozygous cmybt25127 mutant fish are capable 

of regenerating their tail fin following amputation and of initiating a partial anti-viral 

response to resiquimod stimulation. Finally, a post-transplant scoring system was devised in 

homozygous cmybt25127 mutant fish and used to assess functional differences between 

Runx:mCherryhigh and low populations. Overall, this thesis has further developed hematopoietic 

cell transplantation in zebrafish and demonstrated that in vivo imaging can be used to track 

the transplant outcome and behaviour of transplanted cells. 
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Chapter 1 | Introduction 

 

1.1 Hematopoietic stem cells  

Hematopoietic stem cells (HSCs) were first described by Till & McCulloch in 1961. They are 

defined by their ability to carry out stable multilineage reconstitution of the hematopoietic 

system following sequential transplantation in ablated hematopoietic stem cell transplant 

(HCT) recipients. HSCs are rare, multipotent and self-renewing cells that maintain blood 

production throughout the life of vertebrate organisms (Till & McCulloch, 1961; Metcalf & 

Moore, 1971). They are responsible for the production of all mature and differentiated 

hematopoietic cells (Ng & Alexander, 2017). HSCs maintain steady-state hematopoiesis to 

ensure sufficient erythrocytes and leukocytes are in circulation throughout an organism’s 

lifespan. They also come into action during emergency haematopoiesis to replenish the 

immune system with leukocytes (Boettcher & Manz, 2017).  

 

Broadly, there are two main groups of HSCs that have been described in mammals: long-term 

HSCs (LT-HSCs) and short-term HSCs (ST-HSCs) (Morrison & Weissman, 1994). LT-HSCs go 

through asymmetric division to self-renew and maintain a population of LT-HSCs for the life 

span of the animal and produce ST-HSCs, or lineage-specific progenitors. LT-HSCs are 

capable of reconstituting the immune system in the long term. ST-HSCs and multipotent 

progenitors (MPPs), on the other hand, are only capable of reconstituting the immune system 

in the short term as their potential for self-renewal is limited and they are eventually depleted 

(Morrison & Weissman, 1994; Challen et al., 2009). In this way, the maintenance of LT-HSCs 

into adulthood is crucial to the maintenance of a healthy immune system.  

 

1.1.1 Hierarchy model of hematopoiesis  

Hematopoiesis has classically been defined as a hierarchical process with LT-HSCs at the top 

of the hierarchy, being the most primitive cells and giving rise to all other blood cell types by 

stepwise progression through intermediate progenitors (Fig 1.1). In this hierarchical model, 

LT-HSCs first give rise to ST-HSCs, which then differentiate to MPPs, which in turn give rise 

to oligopotent progenitors known as lymphoid-primed multipotent progenitors (LMPPs) and 

common myeloid progenitors (CMPs). These oligopotent progenitors have very high 
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proliferative potential, while also having very limited self-renewal potential (Manz & 

Boettcher, 2014). MPPs have been shown to have no detectable self-renewal capacity (Yang 

et al., 2005). In an adult human weighing approximately 70 Kg, it has been estimated that 

~1011-1012 mature blood cells are generated daily under steady-state conditions (Gordon et al., 

2002), of which approximately 0.5-1 X 1011 are granulocytes (Dancey et al., 1976).  Thus, 

intermediate progenitors with limited or no self-renewal potential must be continually 

replenished by HSCs. LMPPs were hypothesised to give rise to pro-lymphocytes or common 

lymphoid progenitors (CLPs), which can produce T- and B-cells that have limited self-renewal 

capacity. CMPs, on the other hand, would first go through another progenitor fate decision to 

generate either bipotent granulocyte-macrophage progenitors (GMPs) or megakaryocyte-

erythrocyte progenitors (MEPs) (Akashi et al., 2000; Cheng, Zheng & Cheng, 2019) before 

further proliferation to generate terminally differentiated granulocytes, macrophages, 

erythrocytes, and megakaryocytes (Fig 1.1). Most of these terminally differentiated cells have 

a limited life span and must therefore be continually replenished. During infection or injury, 

the turnover of innate immune cells significantly increases and can lead to demand-driven 

emergency hematopoiesis.  
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Fig. 1.1 Classical hierarchy model of hematopoiesis 

Schematic representation of the hierarchy model of hematopoiesis. LT-HSCs are at the top of the hierarchy and 
possess self-renewal potential. According to this model there is a step wise progression through ST-HSCs, 
multipotent progenitors (MPPs) followed by either lymphoid multipotent progenitors (LMPP) or common myeloid 
progenitors (CMPs) toward terminally differentiated hematopoietic cells. 
 

1.1.2 Continuum model of hematopoiesis  

The hierarchical model of hematopoiesis was based predominantly on bulk identification and 

analysis of cells according to cell surface marker expression and transplantation studies. 

However, this has not been able to fully recapitulate the intricacies of hematopoiesis or the 

heterogeneity and plasticity of the hematopoietic stem and progenitor cell (HSPC) 

population. For example, there have been a number of studies that were able to 

experimentally convert lymphoid lineage cells to macrophages (Kondo et al., 2000; Iwasaki-

arai et al., 2003; Xie et al., 2004). In recent years, as single cell sequencing methodologies and 

computational analysis have been increasingly applied to the study of hematopoiesis, a 

continuum model of hematopoiesis has been proposed. In this model, it is suggested that 
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HSCs gradually acquire bias towards a particular lineage, rather than passing through discrete 

hierarchical progenitor cells (Velten et al., 2017; Macaulay et al., 2016; Karamitros et al., 

2018). Cheng, Zheng & Cheng describe mouse studies that provide evidence for the 

heterogeneity of HSCs with myeloid or lymphoid bias (Chen, Zheng & Cheng, 2019). Lineage-

biased HSCs have also been identified in zebrafish. Tang et al. performed single-cell RNA 

sequencing on fluorescence-activated cell sorting (FACS) sorted Runx:GFP+ HSPCs from adult 

zebrafish. T-distributed stochastic neighbour embedding (tSNE) analysis showed 

heterogeneity within the hematopoietic compartment and led to the identification of 

erythroid-primed HSCs, in addition to classically defined HSCs (Tang et al., 2017). A number 

of mouse and human studies have found that HSC bias and differentiation occurs via gradual, 

continuous changes in gene expression and cell potential, rather than binary cell fate 

decisions or by progressing through discrete hierarchical progenitors (Quesenberry et al., 

2014; Velten et al., 2017; Zheng et al., 2018; Karamitros et al., 2018). Macaulay et al. were able 

to use single-cell RNA sequencing and computational reconstruction of thrombocyte 

development in zebrafish to identify and place individual cells within a population along a 

pseudotime continuum as they differentiated from stem cell to mature thrombocyte 

(Macaulay et al., 2016). Nevertheless, the verdict is still out between the hierarchical and 

continuum models of hematopoiesis. There have been conflicting results in studies of human 

HSCs using single-cell RNA sequencing. Recent work on human HSCs has focused on 

extending single-cell RNA sequencing analysis from classically defined HSCs by using the 

transmembrane protein mucosialin (hereafter cluster of differentiation (CD) 34) positive 

CD34+ cells to investigating whole bone marrow lineage negative cells, irrespective of CD34 

expression. Using this method, evidence for hierarchical branchpoints of fate decision was 

found, which led to the identification of the basophil branch point (Pellin et al., 2019). 

Furthermore, sialomucin (CD164) was identified as a new marker for the earliest branches of 

human HSC specification.  

 

To understand native hematopoiesis, it is important to study the behaviour of HSCs and 

progenitors under physiological conditions. Most studies that have supported the hypothesis 

that HSCs are the drivers of hematopoiesis come from transplantation studies, which require 

pre-treatment to disrupt the niche, which places donor HSCs under hematopoietic stress 

(Cheng, Zheng & Cheng, 2019). Ablative pre-treatments used in most transplantation studies 
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have been shown to impact the behaviour of HSCs, as well as alter niche factors that are 

important in controlling hematopoiesis. Therefore, transplant studies cannot be used to 

elucidate the behaviours and dynamics of HSCs and progenitors during steady state 

hematopoiesis (Crane et al., 2017; McBrien, 2017; niche factors described in more detail in 

section 1.5). However, elegant lineage-tracing studies have been carried out to study native, 

steady state hematopoiesis. These are discussed in more detail in section 1.4.3. 

 

1.2 Purification of HSCs 

1.2.1 Identification of human HSCs  

The definitive method to identify HSCs is through in vivo HCT reconstitution assays using 

cells that have been selected based on a combination of cell surface markers. Isolation of HSCs 

has largely been carried out by the use of antibodies and FACS. The markers used to define 

HSCs have changed over the last two decades as new methods, such as single-cell RNA 

sequencing, have made it possible to investigate HSCs in more detail. Historically, human 

HCSs have largely been defined by their expression of CD34, which is not present on the 

surface of differentiated cells (Verfaillie et al., 1990). Undifferentiated cells also do not express 

so-called lineage (Lin) markers that are expressed on the surface of mature and terminally 

differentiated blood cells. Furthermore, the CD34+ Lin- population can be further purified to 

achieve greater reconstitution potential by excluding cells that express ADP-ribosyl cyclase 

(CD38) and the major histocompatibility class II antigen Human Leukocyte Antigen D Related 

(HLA-DR) (Terstappen et al., 1991; Brandt et al., 1988; Hénon et al.,1998). In addition, the 

CD34+ CD38- population is heterogeneous for the expression of thymocyte antigen 1 (thy1, 

hereafter CD90), CD45A and CD49f, and can be selected for greater long-term multilineage 

reconstitution potential based on these cell surface markers (Shimazaki et al., 2004; Baum et 

al., 1992). Via limiting dilution assays, it was found that Lin- CD34+ CD38- CD90+ CD45A- 

CD49f+ cells had the highest frequency of HSCs in humans (Notta et al., 2011). More recently, 

studies using single-cell RNA sequencing have brought the utility of CD34 as a selection 

marker for human HSCs into question and have identified a new marker, sialomucin (CD164), 

which showed a greater distinction in expression levels between early and late progenitors 

when compared to either CD34 or CD38. It has been suggested that the application of CD164 

as a selection marker may increase HSC purity and, hence, HCT outcomes (Pellin et al., 2019).  
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1.2.2 Identification of mouse HSCs  

Mouse studies have been central to developing an understanding of HSC biology and 

phenotype. However, the phenotype of mouse HSCs does not fully recapitulate the cell surface 

markers found on human HSCs. In fact, mouse HSCs are identified in part by the absence of 

CD34 expression (Wilson et al., 2007). In addition, mouse HSCs are typically isolated from the 

Lin-, stem cell antigen 1 (Sca1) positive and stem cell factor receptor (cKit) positive 

population in the bone marrow (BM). This is commonly referred to as Lin- Sca+ Kit+, or 

collectively abbreviated as LSK (Spangrude et al., 1988). This population of LSK cells has been 

the benchmark HSC population against which HSC potential is measured when new markers 

are identified. For example, murine CD34- LSK cells can be further refined for increased 

reconstitution potential by selecting for signalling lymphocytic activation molecule (SLAM) 

receptors 1 and 2, also known as CD150 and CD48 respectively (Kiel et al., 2005). Mouse HSCs 

were found to express high levels of CD150 but not CD48. Hence, the enriched HSC population 

can be defined as CD34- LSK CD150+ CD48-.  Although this population makes up less than 

0.01% of BM cells, 47% of single cells isolated from this population led to long-term 

reconstitution (Kiel et al., 2005). However, despite the wealth of knowledge surrounding 

cellular and molecular mechanisms that regulate HSC biology, there remain difficulties in 

interpreting mouse studies of hematopoiesis. This can in part be attributed to inconsistencies 

in selection parameters for HSC purification, differences in gating strategies for FACS and 

modifications to the assays used (Batsivari et al., 2020). 

 

1.3 Zebrafish hematopoiesis 

In the last two decades, zebrafish (Danio rerio) have become an attractive model to study 

hematopoiesis and HSC biology owing to their many unique advantages over higher 

vertebrate organisms. Due to the relative ease with which transgenic animals can be produced, 

a large number of transgenic lines have been generated to express fluorescent proteins, driven 

by cell-type specific promoters (Table 1.1 & 1.2). Similarly, since the advancement of gene-

editing technologies such as zinc finger nucleases (ZFN), transcription activator-like effector 

nucleases (TALENs) and the clustered regularly interspaced short palindromic repeats 

(CRISPR) /Cas9 system, many reverse genetic studies have been carried out to interrogate the 

functions of specific genes. In addition, large-scale forward genetic studies, using DNA 

mutagenic agents such as ethyl-nitroso-urea (ENU) to induce mutagenesis, have led to the 
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identification of many essential genes required for hematopoiesis (Weinstein et al., 1996; 

Ransom et al., 1996). Other advantages of zebrafish include their high fecundity, whereby a 

given pair is able to produce approximately 200-300 progeny each week (Meeker & Trede, 

2008), their ex vivo fertilisation and the transparency of the early embryos. These 

characteristics allow the development of the vertebrate organism to be studied from the 

single-cell stage. In addition, a number of genetic screens have led to the identification of 

optically transparent adult mutant zebrafish lines known as Casper and TraNac, which cannot 

produce melanophores or iridophore pigment cells, the cells responsible for the black and 

silver stripes respectively (Lister et al., 1999; D’Agati et al., 2017). This has further enabled 

the visualisation and imaging of the fluorescent protein-expressing cells in adult transgenic 

fish. In addition to the availability of transparent mutant lines, there are also mutant lines 

that are incapable of initiating definitive hematopoiesis and can survive a bloodless phase, 

which in mouse models has resulted in embryonic lethality (Soza-ried et al., 2010; Sood et al., 

2010). As a result, zebrafish have become a very valuable model organism to study 

immunology, HSC and HCT biology. The use of zebrafish has led to a greater understanding 

of HSC specification, the anatomical locations they arise from, the niches they occupy at 

different developmental stages and the dynamics of HSC engraftment following HCT.  

 

1.3.1 Primitive hematopoiesis 

Vertebrates are known to undergo distinct waves of hematopoietic activity linked to early 

development and adult stages. In zebrafish, there are two waves of hematopoiesis: the 

primitive and the definitive waves. Blood formation from the primitive wave gives rise to 

erythrocytes as well as myeloid cells, such as neutrophils and macrophages of the innate 

immune system. The erythrocytes ensure adequate oxygenation of tissues in the rapidly 

developing embryo. The macrophages and neutrophils protect against pathogens which may 

infect the embryo due to the ex vivo development of zebrafish embryos. Furthermore, 

macrophages carry out phagocytosis of apoptotic cells that arise during development. 

Macrophages may also be involved in the regulation of the morphology of the vascular system 

(Lobov et al., 2005; Fantin et al., 2010). In zebrafish, the primitive wave of hematopoiesis is 

initiated at two distinct sites, one of which is in the intermediate cell mass (ICM) blood 

islands. These are intra-embryonic and found along the bilateral stripes of the posterior 

lateral-plate mesoderm (PLM), between the notochord and yolk sac and in between the 
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somites. The other site is known as the rostral blood islands (RBI) and originates from the 

anterior lateral-plate mesoderm (ALPM). The RBI generates primitive macrophages, 

embryonic microglia and neutrophils (Herbomel et al., 1999; Bennett et al., 2001; Lieschke et 

al., 2002). In birds and mammals, the equivalent of the cells formed in the ICM are formed in 

the yolk sac. In contrast to the zebrafish, the mammalian and bird yolk sacs are extra 

embryonic and have a vascular bed where the blood islands are formed. In amniotes, primitive 

erythropoiesis is initiated in the yolk sac, which constitutes the only site of primitive 

erythropoiesis (Yamane, 2018). 

 

1.3.2 Specification of primitive hematopoietic cells in zebrafish 

The embryonic primitive wave of hematopoiesis is thought to start with the transient 

production of bipotential hemangioblast cells during early gastrulation. These cells are 

capable of producing either hematopoietic progenitors or vascular endothelial progenitors in 

the ICM and are characterised by early expression of PAS-domain-containing bHLH 

transcription factor cloche (also known as npas41), a master regulator of T cell acute 

lymphocytic leukemia 1 (tal1, formerly Scl) and E26 transformation specific (ETS) related 

protein (etsrp, also known as etv2), which are involved in the earliest stages of hematopoietic 

and endothelial specification respectively (Reischauer et al., 2016; Liao et al., 1997). Cloche 

mutants have been used to study the ontogeny of endothelial and hematopoietic cells as they 

lack primitive blood cells and endocardial heart cells due to the absence of gata1 and gata2 

transcription factors (Stainier et al., 1995). However, there are some fate mapping studies 

which appear to both confirm the presence of bipotential hemangioblasts and also indicate 

that separate hematopoietic and vascular endothelial progenitors can arise directly from the 

ventral mesoderm, rather than forming a transient common hemangioblast progenitor 

(Vogeli et al., 2006). Hence, the existence of a common bipotential hemangioblast continues 

to be the subject of debate and research.  

 

The earliest markers for primitive hematopoiesis in the ICM are present between 6 and 10.5 

hours post fertilisation (hpf; 2-somite stage) of the zebrafish embryo and are punctuated by 

the expression of tal1, gata2b and lmo2 and ETS family transcription factors such as fli1a, fli1b 

and etsrp by differentiating hemangioblasts in the ICM (Butko et al., 2015; Gering et al., 1998; 

Patterson et al., 2007). In both zebrafish and mammals, tal1, gata2 and lmo2 are all important 
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upstream regulators of gata1, an erythrocyte transcription factor, and pu.1, a myeloid 

transcription factor. The balance between erythrocyte and myeloid output is controlled by 

antagonism between Pu.1 and Gata1 transcription factors, which regulate myeloid versus 

erythroid output of bipotent erythromyeloid progenitors (EMPs) (Rhodes et al., 2005). 

Subsequently, by approximately 12 hpf (5-somite stage), cell fate is irreversibly determined 

as ICM cells start to express either gata1a, pu.1 or kdrl, leading to formation of erythroid or 

myeloid precursors or angioblast cells respectively (Bertrand et al., 2007; Galloway et al., 2005; 

Liao et al., 1997). At approximately 19 hpf (20-somite stage), cells in the ICM start to co-

express the neutrophil and erythrocyte markers myeloperoxidase (mpx) and gata1, possibly 

representing early myeloerythroid cells (Warga et al., 2009; Bertrand et al., 2007; Glenn et al., 

2014). Zebrafish erythrocytes remain nucleated and primitive erythrocytes enter circulation 

at approximately 24 hpf, coinciding with the commencement of the heartbeat (Long et al., 

1997). These are the only erythrocytes in circulation until approximately 4 days post 

fertilisation (dpf) and can be distinguished from definitive erythrocytes by their expression of 

the embryonic hemoglobin genes hbae1.1, hbae3, hbae5, hbbe1.1, hbbe1.2, hbbe1.3, hbbe2 and 

hbbe3 (Tiedke et al., 2011; Nefedochkina et al., 2016; Brownlie et al., 2003; Ganis et al., 2012).  

 

In parallel, cells in the RBI express estrp, tal1 and pu.1 by 10 hpf (Herbomel et al., 1999; 

Bennett et al., 2001; Lieschke et al., 2002). Later, by approximately 16-18 hpf (17-18-somite 

stage), these cells express the pan leukocyte marker leukocyte-specific actin-binding protein (l-

plastin, also known as lcp1) (Herbomel, Thisse & Thisse, 2001). Around the same time, RBI-

derived cells also start to express myeloid-specific genes such as interferon regulatory factor 8 

(irf8) and CCAAT enhancer binding protein 1 (cebp1), with the expression of irf8 leading to 

macrophage progenitor cell fate while cebp1 expression determines neutrophil progenitor cell 

fate (Li et al., 2011; Jin et al., 2016). By 24 hpf, neutrophil progenitors start differentiating by 

expression of mpx and lysozyme (lyz) and, by 36 hpf, they are fully mature as can be seen by 

Sudan Black staining (Bennett et al., 2001; Liu et al., 2002; Jin et al., 2012). Meanwhile, by the 

25-somite stage, primitive macrophages start to express colony stimulating factor receptor 1a 

(csfr1a, also known as fms), macrophage expressed gene 1 (mpeg1), mfap4, ptpn6 and the 

chemokine receptor cscr3.2 (Walton et al., 2015; Zakrzewska et al., 2010; Herbomel, Thisse & 

Thisse, 2001). At 2.5 dpf, RBI-derived microglia start to colonize the zebrafish brain (Xu et al., 
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2016), where they are eventually replaced by cells from the definitive wave of hematopoiesis 

at approximately 15 dpf (Ferrero et al., 2018).  

 

1.3.3 Transient wave of definitive hematopoiesis 

Prior to the onset of HSC specification from the hemogenic endothelium of the ventral wall 

of the dorsal aorta (VDA), there is a transient wave of definitive hematopoiesis which forms 

EMPs at ~24-48 hpf. These progenitors arise from the posterior blood island (PBI). EMPs are 

characterised by the expression of gata1 and lmo2 and can be isolated by FACS as early as 24 

hpf (Bertrand et al., 2007). By 72 hpf, gata1+ and lmo2+ cells are no longer detectable in the 

developing zebrafish embryo. Specification of EMPs is dependent on cmyb and runx1 but does 

not require notch, as shown by mindbomb mutants of Notch signalling (Bertrand et al., 2010; 

Burns et al., 2005). This differentiates EMPs from HSCs (Burns et al., 2005). Fate mapping 

studies suggest that EMPs arise from lmo2+ cells from PLM derivatives. These progenitors give 

rise to erythrocytes and myeloid cells, as evidenced by the initial detection of gata1 and pu.1 

followed by mpx transcripts respectively. They are capable of producing a range of myeloid 

cells including granulocytic neutrophils, monocytes and macrophages (Bertrand et al., 2007). 

However, EMPs lack lymphoid potential and hence are not multipotent HSPCs. Furthermore, 

mouse models have shown that EMPs can only give rise to erythroid and myeloid cells 

transiently following engraftment of transplanted cells and, unlike HSCs, they cannot 

reconstitute a myeloablated recipient long term (McGrath et al., 2015). Zebrafish 

transplantation studies demonstrated that EMP cells home to the PBI in transplanted 

recipients and do not home to definitive sites of hematopoiesis such as the caudal 

hematopoietic tissue (CHT), the whole kidney marrow (WKM) or the thymus (Bertrand et al., 

2007).  

 

1.3.4 Definitive hematopoiesis 

The second wave of definitive hematopoiesis is initiated at around 26-30 hpf in the hemogenic 

endothelium of the VDA and gives rise to HSCs that maintain hematopoiesis throughout the 

life span of the zebrafish. The VDA is sometimes referred to as the aorta gonad mesonephros 

(AGM), as this is the mammalian equivalent to the VDA where HSCs are formed during 

embryogenesis. HSCs are capable of giving rise to cells in each lineage including erythrocytes, 

myeloid cells and lymphoid cells, and are maintained via symmetric and asymmetric divisions 
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leading to self-renewal in the niche. Once HSCs have budded from the VDA, they enter the 

circulation and home to the CHT, located at the posterior end of the developing zebrafish 

embryo, where the cells embed at 2 dpf. The CHT is considered to be the zebrafish equivalent 

to the mammalian foetal liver, being the embryonic niche to support the expansion of 

definitive HSCs that have seeded there (Murayama et al., 2006). In the CHT, HSCs give rise to 

embryonic neutrophilic granulocytes, monocytes, macrophages and erythrocytes. Around 3 

dpf, HSCs colonize the developing thymus and at 4 dpf, HSCs also migrate to the pronephric 

tissue that will mature into the adult WKM, constituting the hematopoietic niche in adult 

zebrafish (Kissa et al., 2008). The WKM is the zebrafish equivalent of the mammalian BM and 

is the site of adult hematopoiesis where cells of each blood cell lineage are produced.  

 

1.3.5 Specification of zebrafish definitive hematopoietic cells 

Zebrafish HSC specification is induced by notch1a/b receptor-mediated signalling which 

regulates the expression of definitive hematopoietic transcription factor runx1, also known as 

acute myeloid leukaemia protein 1 (Burns et al., 2005; Kim et al., 2014). runx1 is a highly 

conserved member of the runt-domain containing family of transcription factors and is 

required for the induction of the endothelial-to-hematopoietic transition (EHT), which 

enables cells of the hemogenic endothelium to be specified as hematopoietic cells (Sood et 

al., 2010; Kissa & Herbomel, 2010). However, as in mice, runx1 is no longer required following 

EHT (Chen et al., 2009). The proteins Runx1 and core binding factor beta (Cbfb) together form 

a heterodimer that is required for HSC budding from the VDA, thus enabling cells to enter 

circulation. However, Cbfb heterodimerization with Runx1 does not appear to be required in 

either the primitive wave of hematopoiesis or during the transient wave of EMP production, 

as these processes were Cbfb independent. Nevertheless, knockdown of the runx1 gene does 

significantly impact primitive hematopoiesis (Bresciani et al., 2014; Burns et al., 2002; Kalev-

Zylinska et al., 2002; Kissa & Herbomel, 2010). tal1 is also required for the specification of 

definitive HSCs. Due to a whole genome duplication event that occurred in teleost, there are 

two isoforms of this gene, tal1a and tal1b. Of these, tal1b is expressed in endothelial cells in 

the VDA that undergo EHT and is required for HSC specification. On the other hand, tal1a 

was found to be expressed at a later stage and to be involved with HSC budding from the VDA 

(Zhen et al., 2013). In addition, Jing et al. found that adenosine signalling was involved in 

regulation of HSPC emergence in the zebrafish embryo. Through stimulation of the A2b 
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receptor and cAMP-PKA dependent pathway, adenosine signalling induced expression of 

cxcl8 and tal1b, which were found to increase the number of runx1+ and cmyb+ cells in the 

VDA (Jing et al., 2015). In the same year, Butko et al. described gata2b as a key regulator of 

EHT upstream of runx1 expression in the hemogenic endothelium of the VDA (Butko et al., 

2015). runx1 and cmyb are co-expressed at 36 hpf but are regulated in a hierarchical manner 

as runx1 is responsible for the downstream induction of cmyb, which is also required for HSC 

budding from the VDA. In 2016, using whole mount in situ hybridisation and bisulfite 

sequencing, Gore et al. were able to show that the de novo DNA methyl transferase dnmt3bb.1 

is required for the epigenetic maintenance of cmyb following HSC specification and budding 

from the hemogenic endothelium. This causes methylation of intron 1 of the cmyb gene. The 

expression of dnmt3bb.1 is induced by runx1 and ensures continued cmyb expression following 

downregulation of runx1 (Gore et al., 2016). It was shown that in dnmt3bb.1 mutant fish, cmyb 

expression decreases by 72 hpf and, consequently, there are decreased rag1 and l-plastin 

expressing cells and reduced HSPCs in the zebrafish WKM.  

 

1.4 Identifying definitive HSCs in zebrafish 

Both human and mouse HSCs are purified through a combination of highly selective 

monoclonal antibodies against cell surface markers described earlier in sections 1.2.1 and 

1.2.2. In part due to the relatively recent uptake of zebrafish as a model organism to study 

HSCs, there are limited anti-zebrafish antibodies commercially available. Furthermore, 

previous attempts to develop highly specific monoclonal antibodies against teleost leukocytes 

showed only limited success. This could possibly be the result of the highly divergent 

glycosylation patterns in teleost being identified as foreign by the rodent immune system 

(Traver et al., 2003). Nevertheless, due to the genetic tractability of zebrafish, a rapidly 

increasing array of transgenic lines are being developed. Several transgenic lines have been 

described that express fluorescent proteins in HSPCs (Table. 1.1). 

 

1.4.1 Transgenic lines with fluorescent protein-expressing HSPCs 

Traver et al. first described a way to identify major blood cell lineages from the zebrafish WKM 

by flow cytometry analysis. The authors described the use of forward and side scatter (FSC 

and SSC), which indicate cell size and granularity respectively, to identify erythrocytes 

(FSClow), lymphocytes (FSCinter, SSClow), precursors (FSChigh, SSCinter) and myeloid cells (FSChigh, 
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SSChigh). They found that cells with long-term multilineage hematopoietic reconstitution 

ability resided among the lymphoid compartment (FSCinter, SSClow) in the WKM (Traver et al., 

2003). Later, Lin et al. generated a transgenic line where GFP expression is driven by the 

thrombocyte-specific integrin alpha 2b (itga2b, hereafter CD41). The Tg(CD41:GFP) 

transgenic zebrafish drive expression of GFP in mature thrombocytes (Lin et al., 2005). While 

the CD41:GFPhigh cell population marked mature thrombocytes, the CD41:GFPlow population 

was found to contain HSCs capable of long-term multilineage reconstitution following 

primary and secondary transplantation in sublethal gamma-irradiated recipients (Lin et al,. 

2005; Ma et al., 2011). Importantly, CD41:GFP is expressed in definitive HSCs from the larval 

stage and throughout adulthood. This same transgenic line was utilised in transplantation 

assays in the aforementioned study by Traver et al. Interestingly, the authors described the 

presence of CD41:GFPlow cells within the precursor compartment and CD41:GFPhigh cells 

within the lymphoid compartment of the FSC/SSC scatter plot. However, this conflicted with 

the conclusion that HSCs are found within the lymphoid compartment. In 2007, North et al. 

generated the Tg(cmyb:eGFP) transgenic zebrafish to study the effect of prostaglandin E2 

(PGE2) on HSC expansion in the embryo (North et al., 2007). However, GFP expression in 

Tg(cmyb:eGFP) transgenic zebrafish is not maintained post larval stages and therefore cannot 

be utilised to purify HSCs from the adult WKM (Bertrand et al., 2010). In 2009, Lam et al. 

published a study about the two isoforms of runx1, driven by either the P1 or P2 promoters in 

the zebrafish embryo. It was found that GFP was expressed by EMPs in the PBI of 

Tg(runx1P1:EGFP) embryos between 18 and 24 hpf. However, expression was no longer 

detected by either investigating the presence of GFP or by in situ hybridisation by 48 hpf. On 

the other hand, expression of GFP driven by the P2 promoter was first observed at the 6-

somite stage in the notochord, followed by expression in hematopoietic cells arising from the 

VDA at 22 hpf. Continued expression of GFP was detected in a small number of definitive 

HSCs in the WKM of 1-month old Tg(runx1P2:EGFP) zebrafish (Lam et al., 2009). However, 

GFP expression in this transgenic was not specific to hematopoietic cells as neuronal cells in 

the brain and spinal cord were also GFP positive.  

 

More recently, Tamplin et al. set out to generate a transgenic line that expressed fluorescent 

protein (mCherry or GFP) more selectively in definitive HSPCs. The expression of fluorescent 

protein in the transgenic is driven by a highly conserved cis-regulatory enhancer element 
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identified 23.5 kb downstream of the ATG translation initiation codon of exon one, within the 

first intron of the mouse Runx1 locus (termed +23; Nottingham et al., 2007). This regulatory 

element was found to be important for the binding of key regulators of mouse hematopoiesis: 

Gata2, Runx1, Ets, Tal1 and Lmo2, and hence was found to be driving Runx1 expression and 

HSC emergence in the mouse. Tamplin et al. generated two transgenic lines: the 

Tg(Runx1+23:GFP) line which drives the expression of cytosolic EGFP (hereafter 

Tg(Runx:GFP)), and the Tg(Runx1+23:NLSmCherry) line where a nuclear localisation signal is 

attached to the mCherry fluorophore (hereafter Tg(Runx:mCherry). These lines were utilised 

to observe the emergence of HSPCs from the VDA and seeding of the perivascular niche in the 

CHT. The authors impressively demonstrated the interaction and remodelling of endothelial 

and stromal cells around the HSPCs upon their arrival in the CHT (Tamplin et al., 2015). They 

confirmed that the fluorophores were expressed in definitive HSPCs at all sites of definitive 

hematopoiesis in both transgenic zebrafish lines through the use of long-term 

transplantation. Limiting dilution transplant experiments indicated a stem cell frequency of 

~1 in 35 among Runx:mCherry+ cells (Tamplin et al., 2015). Furthermore, the expression of 

mCherry in the Tg(Runx:mCherry) line overlapped significantly with the cmyb:GFP+ cells and 

CD41:GFP+ cells in all major hematopoietic tissues of the zebrafish embryo. In addition, 

Tamplin et al. demonstrated that Runx+ cells are still present in the adult zebrafish, making it 

possible to isolate them by FACS.   
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Transgenic Line  Expression pattern Reference 

Tg(CD41:GFP) GFP expressed in thrombocytes (high) and 

HSPCs (low) in embryo and adult 

Lin et al., 2005 

Tg(cmyb:eGFP) GFP expression lost in adult stages North et al., 2007 

Tg(Rux1P2:EGFP) Unclear whether GFP expression persists in 

adulthood. GFP expression in HSPCs and 

neuronal cells  

Lam et al., 2009 

Tg(Runx1+23:NLSmCherry) 

Tg(Runx1+23:GFP) 

Fluorescent protein expression in HSPCs in 

adult and embryo. Tg(Runx1:NLSmCherry) 

line exhibits broader mCherry expression 

Tamplin et al., 2015 

Tg(scl-a:d2EFGP) 

Tg(scl-b:d2EGFP 

GFP expressed in HSPCs in the 

intermediate cell mass in embryos 

Zhen et al., 2013 

Tg(gata2a:eGFP) GFP expressed in eosinophils (high) and in 

Runx1:mCherry+ HSPCs (low) in adult 

Traver et al., 2003 

Kobayashi et al., 2019 

Table 1.1 List of transgenic lines that have been used to study zebrafish HSPCs. 

This table indicates the promoters used to drive fluorescent protein expression and the resultant expression 
pattern at different stages of development. 
 

1.4.2 Alternative parameters used to isolate zebrafish HSPCs  

In addition to attempts to generate transgenic zebrafish lines that express fluorescent 

proteins in HSPCs specifically, other methods have also been utilised to identify this rare 

population of cells. The ability of HSCs to efflux the DNA binding fluorescent Hoechst 33342 

(Hoechst) dye is highly conserved among vertebrate species and has been used to enrich for 

HSCs in mammalian systems and teleost fish (Goodell et al., 1996; Kobayashi et al., 2008). 

Cells that expel Hoechst dye are known as side population (SP) cells. Kobayashi et al. first 

identified the presence of SP cells with hematopoietic activity in teleost kidney with an 

elegant transplantation model using ginbuna carp (Kobayashi et al., 2006). In their 

experiments, the authors used triploid (S3n) clones as donors and tetraploid (S4n) fish with 1 

set of goldfish chromosomes as recipients. As such, irradiation or other myeloablative 

preconditioning was not required for successful transplantation. Subsequently, the group also 

demonstrated the presence of SP cells in zebrafish WKM (Kobayashi et al., 2008). 

Furthermore, Kobayashi et al. showed that zebrafish SP cells with hematopoietic activity 

relied on the expression of ATP-binding cassette (ABC) transporters to expel the fluorescent 

dye. These transporters have also been associated with Hoechst dye efflux in mammalian 
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systems (Zhou et al., 2001; Scharenberg et al., 2002; Kim et al., 2002). While the zebrafish 

possess 4 paralogous copies of the mammalian gene, it was found that only one of these, 

zABCg2a, was expressed and directly linked to the SP phenotype in zebrafish (Kobayashi et 

al., 2008). Additionally, Tsinkalovsky et al. showed that zABCg2a-expressing zebrafish SP cells 

also expressed key HSC-associated genes such as tal1, lmo2, and cmyb (Tsinkalovsky et al., 

2007). Subsequently, a comparative microarray gene expression analysis between zebrafish, 

mouse and human HSCs identified 40 highly conserved regulators of HSCs that were 

upregulated in each species. Of these, gata2, early growth response protein 1 (erg1) and DNA-

binding inhibitor protein 1 (id1) were found, by in situ hybridisation, to be co-expressed with 

zABCg2a transporter protein in zebrafish (Kobayashi et al., 2010). Finally, in agreement with 

the presence of HSCs among the SP population, Ma et al. found that ~22.5 % of SP cells were 

also CD41:GFPlow (Ma et al., 2011).  

 

1.4.3 Lineage tracing and in vivo visualisation of HSC emergence and native hematopoiesis 

A number of studies have been carried out to directly visualise the birth and behaviour of 

HSCs from the VDA, as well as their subsequent seeding of the CHT and other hematopoietic 

tissues. Owing to the difficulty of generating specific antibodies against zebrafish 

hematopoietic cells (Traver et al., 2003) and the difficulty of identifying HSCs by single cell-

specific promoters (Lin et al., 2005; North et al., 2007; Lam et al., 2009), cell- and lineage-

tracing approaches have been engineered to gain a better understanding of HSC ontogeny. 

One such method involves photoactivatable caged fluorochromes which are not fluorescent 

when caged but fluoresce when UV is applied to break covalent bonds of the caged 

fluorochrome in a cell-specific manner. This method was first applied for cell tracing in 

zebrafish embryos by Murayama et al. who were able to identify definitive HSPCs that emerged 

from the area between the dorsal aorta and axial vein, and subsequently migrated to the CHT 

before colonizing the thymus and WKM (Murayama et al., 2006). In 2007, Jin et al. utilised 

photoinducible caged fluorescein to map the fate of fli:GFP+ endothelial cells in the VDA and 

were able to show that some of these cells later colonize the thymus and express rag2 (a 

lymphocyte-specific marker). By doing so, they were among the first to show the existence of 

the hemogenic endothelium in zebrafish (Jin et al., 2007). At the same time, Bertrand et al. 

showed, using photoactivated uncaging of rhodamine, that CD41:GFP+ cells from the VDA, 
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but not the PBI, can colonize the thymus and express rag2, indicating that HSCs come from 

the VDA (Bertrand et al., 2007). 

 

Valuable insights have been gained about HSC ontogeny using laser-activated caged 

fluorochromes. However, the application of this technology is limited to the first few days of 

zebrafish development as the caged fluorochrome dyes, which are injected at the 1-8 cell 

stage, are diluted through cell division in the developing embryo. As a result, alternative 

technologies using the Cre/Loxp system have been developed for lineage tracing in more 

mature zebrafish. Bertrand et al. crossed Tg(cmyb:GFP) transgenic fish with Tg(kdrl:mCherry) 

transgenic fish that expresses mCherry in endothelial cells. With the resultant Tg(cmyb:GFP; 

kdrl:mCherry) transgenic fish, they were able to confirm that HSCs arise directly from the 

hemogenic endothelium of the VDA via the fate change of kdrl:mCherry+ endothelial cells as 

they transition to become cmyb:GFP+ hematopoietic stem cells. Furthermore, they showed 

that emerging HSCs from the VDA do not enter the aortic lumen but instead migrate to the 

caudal vein (Bertrand et al., 2010). These results were in agreement with observations from 

Kissa et al. who found that nascent CD41:GFP+ HSCs entered circulation via the axial vein as 

opposed to the dorsal aorta (Kissa et al., 2008). Furthermore, Bertrand et al. carried out lineage 

tracing using Tg(kdrl:Cre; b-actin:Loxp-STOP-Loxp-dsRedexpress) to demonstrate that cells 

deriving from kdlr+ cells in the VDA lead to robust, long-term multilineage population of the 

adult WKM and thymus, and that de novo production of HSCs permanently ceases in larval 

zebrafish. In this transgenic, kdrl+ vascular endothelial cells are driven to express cre 

recombinase, which permanently excises the loxp cassette. As a result, dsRed is expressed in 

kdrl+ cells. As the expression of dsRed is under the b-actin promoter, it continues to be 

expressed even following cellular division in every lineage that derived from cells which 

expressed kdrl. They showed that by 6 months of age, 96% of myeloid cells in the WKM 

expressed the dsRed marker. Hence, the team was able to demonstrate that all HSPCs derive 

from the vascular endothelium in the VDA (Bertrand et al., 2010). Using a similar strategy, 

Kobayashi et al. generated Tg(jam1a:Creert2; b-actin:Loxp-STOP-Loxp-dsRed) transgenic 

zebrafish to trace the lineage of junctional adhesion molecules 1a (jam1a) positive cells. These 

cells were found to regulate HSC fate by mediating downstream Notch signalling, which is 

required for HSC specification (Kobayashi et al., 2014). Similarly, Butko et al. utilised 

Tg(gata2b:gal4; UAS:Cre; b-actin:Loxp-STOP-Loxp-dsRed) transgenic zebrafish to show that 
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embryonic Notch-dependent gata2b+ cells contribute to adult hematopoiesis and initiate 

runx1 expression. In this system, newly emerging HSPCs that express gata2b drive the 

expression of gal4, which in turn drives the expression of the UAS promoter responsible for 

the downstream expression of cre. The Cre enzyme then excises the loxp cassette, resulting 

in the expression of dsRed in all subsequent cells derived from the gata2b+ parent cells (Butko 

et al., 2015).  

 

With the advent of single-cell sequencing technologies, these too have been applied to 

zebrafish to gain a deeper understanding of the ontogeny of the immune system. Using a 

system named ScarTrace, Alemany et al. carried out single-cell sequencing to identify the 

clonal origin and cell type of adult WKM cells and traced all hematopoietic cells back to a 

small number of embryonic MPPs (Alemany et al., 2018). Genome-editing technologies have 

also been used to carry out lineage tracing. McKenna et al. carried out proof of principle 

experiments of their genome-editing of synthetic target arrays for lineage tracing (GESTALT) 

system on zebrafish to show that the majority of cells from each organ could be traced back 

to a small number of embryonic progenitors. The technology relies on the transgenic insertion 

of an array of CRISPR/cas9 target sites, called a barcode, that is successively edited and can 

be used to elucidate cell lineages by sequencing (McKenna et al., 2016). Similarly, the 

Cre/Loxp system has been utilised to generate the zebrabow fish in which cre drives 

recombination to generate unique combinations of fluorescent proteins to be expressed, 

leading to a ‘zebrabow’ of colours. This has been applied to carry out lineage analysis in 

embryos and adult zebrafish (Gupta & Poss, 2012; Pan et al., 2013; Henninger et al., 2017). In 

particular, Henninger et al. used this system to investigate hematopoiesis and found that 

during the peak of HSC production from the aortic endothelium, there were approximately 30 

HSC clones which would generate the entire hematopoietic system. Furthermore, the group 

were able show that clonal diversity is reduced upon hematopoietic stress such as the effects 

of sublethal irradiation and transplantation. 

 

Furthermore, mouse models have also been utilised to investigate steady state hematopoiesis. 

In a doxycycline inducible mouse model, hyperactive sleeping beauty (HSB) transposon was 

transiently activated during development to generate stable genetic tags in cells and their 

downstream hematopoietic progeny. Sun et al. were able to demonstrate that the majority of 
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hematopoietic output in steady state in adults comes from MPPs rather than HSCs, as 

transplantations studies previously suggested (Sun et al., 2014). Specifically, the group 

showed that for at least 1 year, granulocyte production was driven by progenitors with limited 

long-term engraftment potential. Similar results were subsequently found in stable genetic 

tagging and barcoding mouse models, which indicated that adult hematopoiesis is driven 

predominantly by MPPs and ST-HSCs, rather than LT-HSCs (Busch et al., 2015; Pei et al., 

2017). However, Pei et al. also showed that when HSCs were labelled with the polylox 

barcoding system at the fetal liver stage, their progeny contributed to multiple lineages in 

adult mice. Interestingly, the Camargo group were able to demonstrate, through subsequent 

use of the doxycycline inducible HSB transposon system, that LT-HSCs gave rise to a 

significant proportion of megakaryocyte restricted progenitors during steady state 

hematopoiesis. Their work suggests that this may be a major role of un-perturbed LT-HSCs 

(Rodriguez-Fraticelli et al., 2018). 

 

1.4.4 Identification of zebrafish hematopoietic lineages  

Due to the limited availability and success in generating zebrafish-specific antibodies to 

visualise and isolate specific immune cells, a large array of transgenic lines have been 

produced in zebrafish to study the immune system and hematopoiesis under homeostasis and 

inflammatory conditions. An overview of transgenic lines available with fluorescent proteins 

expressed under cell type-specific promoters is summarised in Table 1.2. However, this is not 

an exhaustive list of all transgenic lines generated to visualise immune cells in zebrafish. As 

discussed already, several transgenic lines have been created to visualise the emergence and 

subsequent behaviour of HSPCs, which have been summarised in section 1.4.1 (Table 1.1).  

  



  Chapter 1 | Introduction 

 41 

Cell type Transgenic Line Reference 

Thrombocytes 

HSPCs 

Tg(CD41:GFP) Lin et al., 2005 

HSPCs Tg(Runx1:NLSmCherry) 

Tg(Runx1:GFP) 

Tamplin et al., 2015 

T cells  Tg(lck:GFP) Langenau et al., 2004 

CD4+ T cells and macrophages Tg(CD4-1:mcherry) Dee et al.,2016 

Lymphoid cells Tg(rag2:GFP) Langenau et al., 2003 

B cells  Tg(IgM:GFP) Page et al., 2013 

B cells Tg(CD79: GFP) Liu et al., 2017 

Pro-inflammatory tnfa+ cells  Tg(tnfa:GFP) Marjoram et al., 2015 

Nguyen-Chi et al.,2015 

Neutrophils Tg(mpx:GFP) Renshaw et al., 2006 

Myeloid cells Tg(lysC:dsRed) 

Tg(lyz:GFP) 

Hall et al., 2007 

Macrophages Tg(mpeg:mCherry) Ellet et al., 2011 

Macrophages Tg(fms:mCherry) Dee et al., 2016 

Gray et al., 2011 

Macrophages Tg(mfap4:YFP)  Walton et al., 2015 

Eosinophils Tg(gata2a:GFP) Traver et al., 2003 

All cells Tg(ubi:GFP) Mosimann et al., 2011 

All cells  Tg(b-actin:GFP) Burket et al., 2008 

Table 1.2 List of transgenic lines used to study zebrafish hematopoietic cells.  

This table indicates promoters used to drive fluorescent protein expression and which cell types express 
fluorescent protein driven by each promoter.  
 

1.5 Steady-state and emergency hematopoiesis  

During steady-state hematopoiesis, HSCs are responsible for ensuring sufficient numbers of 

erythrocytes, myeloid and lymphoid cells are in circulation at any given time to oxygenate the 

blood and carry out immune surveillance. Many complex interactions between cell-intrinsic 

and cell-extrinsic factors controlling steady-state and emergency hematopoiesis have been 

elucidated in mammalian systems. The evolution of adaptive immunity coincided with the 

emergence of jawed vertebrates, a group to which teleost fishes such as the zebrafish and also 

mammals belong. As a result, both the adaptive and innate branches of the immune system 
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are highly conserved between mammals and zebrafish (Herbomel, Thisse & Thisse, 1999). 

Zebrafish possess the same main blood cell populations as humans including erythrocytes, 

macrophages, neutrophils, eosinophils, T cells, B cells and mast cells (Meeker & Trede, 2008; 

Moss et al., 2009; Renshaw & Trede, 2012; Nguyen-Chi et al., 2015; Pereiro et al., 2015; Dee 

et al., 2016). Many of the molecular mechanisms found to regulate zebrafish hematopoiesis 

have also been shown to be conserved among higher vertebrates. Therefore, results from 

zebrafish are largely also translatable to mammalian systems.  

 

1.5.1 The HSC niche 

HSCs require a highly specialised microenvironment to sustain hematopoiesis and maintain 

their self-renewal potential. This microenvironment is known as the HSC niche and plays a 

key role in enabling HSCs to divide without initiating the differentiation of daughter cells. In 

mammalian organisms, the HSC niche resides in the bone marrow. However, during stress 

conditions, extramedullary local sites, such as the spleen and liver, have been identified as 

sites of hematopoiesis. In both mammals and zebrafish, HSCs are drawn to their niche through 

interactions between the HSC chemoattractant Sdf1 (or Cxcl12), expressed by stromal niche 

cells, and the HSC membrane-bound Cxcr4, the cognate receptor for Sdf1 (Glass et al., 2011; 

Tamplin et al., 2015). Tamplin et al. suggest that once the HSCs arrive in the correct 

anatomical location, an additional signal in circulation (possibly a lipid) is required for cell 

extravasion from the vascular lumen to enter the niche. Zebrafish have two sdf1 genes, sdf1a 

and sdf1b, owing to a genome duplication event. Of these, sdf1a is required for HSC homing 

and is upregulated in a dose-dependent manner following irradiation. In adult mammals, this 

niche resides in the bone marrow, while in zebrafish and other teleost fish the HSC niche is 

found in the renal tissue of the kidney, known as the whole kidney marrow (WKM). sdf1a is 

highly expressed by renal tubules in the WKM which makes up most of the marrow and likely 

makes up part of the HSC niche (Glass et al., 2011). Interestingly, sdf1a is not only expressed 

in the renal tubules of the WKM but is also expressed in the gills and skin. The biological 

relevance of sdf1 in these extramedullary locations, and whether or not HSCs home to them, 

has not been explored further.  

 

Sophisticated methods have been developed for the study of the HSC niche in mouse models. 

However, these require highly invasive imaging techniques to visualise stem cell interactions 
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with the niche in the calvarium BM of live mice (Lo Celso et al., 2009). Due to the optical 

translucency of the zebrafish embryo, it has been possible to visualise cell-cell interactions 

between HSCs and niche cells and gain a deeper understanding of the structure of the 

embryonic niche in the CHT via minimally invasive imaging. Using correlative light and 

electron microscopy, Tamplin et al. were able to demonstrate that in the CHT, the niche 

consists of a group of 5-6 endothelial cells in addition to a single stromal cell that is in direct 

contact with the HSC. These cells arrange themselves around the HSC upon arrival in the 

perivascular niche of the CHT, in a process they termed cuddling (Tamplin et al., 2015). At 

least one stromal cell is in direct contact with one HSC and orients cell division. Conceptually, 

there are three possible outcomes of HSC cell division: an asymmetric division whereby one 

daughter cell maintains stem cell identity and the other begins to differentiate; a symmetric 

division whereby both daughter cells maintain the same stem cell identity of the mother cell, 

known as self-renewal; or finally, a symmetric division where neither of the two daughter cells 

maintain the stem cell identity of the mother cell and both differentiate. While little is 

currently known about the adult zebrafish WKM niche, it is likely that niche cells are involved 

in maintaining HSCs by inducing self-renewal. 

 

1.5.2 Factors required for HSC maintenance 

Mouse models have been used to help identify key growth factors involved in HSC 

maintenance. Stem cell factor (SCF) has been shown to bind to the KIT receptor, which is 

readily expressed by HSCs and is utilised in HSC identification in mouse models to select for 

LSK populations (Spangrude et al., 1988; Morrison & Weissman, 1994; Osawa et al., 1996; 

Adolfsson et al., 2001; Shin et al., 2014). Similarly, ckit is expressed by zebrafish HSCs as well. 

This receptor-ligand interaction is an important regulator of HSC maintenance (Thorén et al., 

2008). Scf can be released into circulation and may affect HSCs indirectly. However, it has also 

been found to be expressed on cell surface membranes of niche-resident cells, indicating that 

HSC maintenance may be regulated via direct cell-cell contact. Thrombopoietin is involved in 

thrombocyte and platelet production and binds myeloproliferative leukemia protein (MPL) on 

the surface of HSCs, and has also been shown to be important in HSC maintenance (De Bruin 

et al., 2013). As mentioned earlier, Cxcl12 is an important HSC homing factor. Once in the 

niche, continued presence of Cxcl12 is responsible for HSC retention and proliferation. The 

zebrafish vascular niche is also involved in HSPC expansion under steady-state conditions. 
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Endothelial cell-derived Krüppel-like factor 6a (Klf6a) is required for both HSPC lodgement 

and expansion in the larval CHT following HSC emergence from the VDA. Klf6b acts via 

Ccl25b-Ccr7 chemokine signalling to promote HSPC maintenance. Furthermore, ex vivo cell 

culture studies suggest that this finding is also transferable to mammalian systems (Xue et al., 

2017).  

 

1.5.3 HSC cell cycle kinetics  

Several studies have been carried out to determine the cell cycle dynamics of HSCs in mouse 

studies with conflicting results. One method to determine the cell cycle kinetics involves the 

incorporation of a thymidine analogue, 5-bromo-2-deoxyuridine (BrdU), into the DNA of 

replicating cells for a specified duration. Once BrdU is removed and no longer supplied, it is 

diluted by half with every cell division event. The level of BrdU present in cells is measured by 

immunohistochemistry following a set period of time known as a chase. However, doubts have 

been cast on the validity of using BrdU to identify HSCs. It has been postulated that HSCs may 

be maintained in quiescence to help reduce random mutations and hence reduce the potential 

to develop cancer. Furthermore, it has been suggested that in the event of asymmetric 

division, the daughter cell that maintains stem cell identity may asymmetrically inherit the 

older chromosomes from the mother cell, while the newly copied chromosomes are inherited 

by the differentiating cell. However, upon investigating this, Kiel et al. found that older 

chromosomes are not maintained in the daughter stem cell, and that chromosome 

segregation during cell division is random. Therefore, BrdU would not necessarily be retained 

by the HSCs (Kiel et al., 2007). Furthermore, they were able to show that, on average, less than 

6 % of mouse CD150+ CD48- CD41- LSK HSCs retained BrdU. On the other hand, Wilson et al. 

applied a combination of BrdU labelling and histone 2B (H2B)-GFP labelling to identify a 

highly dormant population of HSCs which divide just 5x over the course of the mouse lifetime 

under homeostatic conditions. They found, by serial transplantation, that the majority of the 

stem cell potential resided within this dormant HSC population (Wilson et al., 2008). This 

finding is in agreement with earlier studies that have suggested that the greatest stem cell 

potential is maintained in quiescent cell populations of the mouse BM (Passegue et al., 2005). 

In addition, Foudi et al. showed that transient expression of H2B-GFP was a more specific way 

to label and track cell dynamics of HSCs in mice. They found that approximately 20 % of 

CD150+ CD48- LSK HSCs have very slow cell cycle dynamics, as measured by H2B-GFP levels. 
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Furthermore, they showed that those HSCs with greater H2B-GFP retention had superior 

long-term reconstitution potential following transplantation (Foudi et al., 2009).  

 

In contrast, Takizawa et al. demonstrated that mouse HSCs capable of lifelong hematopoietic 

reconstitution reside in both fast-dividing and quiescent populations. However, the group did 

find that cells with greater proliferative history return to quiescence more readily (Takizawa 

et al., 2011). Interestingly, this suggests that cell cycling is dynamic throughout the HSC 

lifetime and, hence, cells may be capable of switching between fast cycling and quiescent 

states.  

 

Limited work has been done to determine cell cycling dynamics by BrdU in adult zebrafish. In 

the Dallman lab at Imperial College London, work was done to label CD41:GFP low HSPCs with 

BrdU in both adult and larval zebrafish to carry out a chase. However, attempts to expose the 

fish to BrdU, either via direct injection or immersion in system-water containing BrdU, were 

unsuccessful and no overlap was observed between CD41:GFP low and BrdU-retaining cells 

(McBrien, 2017). However, it is possible that CD41:GFP low HSPCs were not labelled due to slow 

cell cycle dynamics. In contrast, van Rooijen et al. (2009) successfully caried out a BrdU 

incorporation assay in 7 dpf larvae following 6h immersion, revealing specific 

hyperproliferation in hematopoietic tissues.  

 

1.5.4 The effect of inflammatory signalling on adult hematopoiesis 

Whether an HSC enters the cell cycle and what the outcome of the division event will be, 

depends on the interaction between cell-intrinsic and extrinsic factors. Mouse models have 

been of great importance in elucidating factors involved in HSC maintenance and 

proliferation. For example, Scl (Tal1) is highly expressed in LT-HSCs and is responsible for 

maintaining HSC quiescence and inhibiting cell proliferation and differentiation (Lacombe et 

al., 2010). It has been found in both mouse and zebrafish models that transforming growth 

factor beta (Tgfb) negatively regulates HSPC self-renewal and proliferation by preventing 

HSCs from entering the cell cycle and keeping them quiescent instead (Tamplin et al., 2015; 

Yamazaki et al., 2011; Wang et al., 2018). However, in mouse models, cycling cells were not 

able to re-enter quiescence and Tgfb reduced the self-renewal and long-term reconstitution 

potential of HSCs, as demonstrated by transplantation assays (Wang et al., 2018). Careful 
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regulation of Tgfb activation is required to ensure HSC maintenance within the niche 

(Yamazaki et al., 2011).  

 

Inflammation occurs as a result of infection or injury. Mature immune cells sense the site of 

infection or injury by the cytokines and chemokines released at the site by resident immune 

cells. Resident immune cells detect infection and injury by pattern recognition receptors 

(PRRs) and initiate signalling cascades which ultimately result in the release of 

proinflammatory cytokines and chemokines. Upon arrival from the niche or circulation, 

mature immune cells will combat infection, resolve damage and, ultimately, inflammation. 

Once the cause of inflammation has been eliminated and the inflammatory response is 

resolved, homeostatic hematopoiesis resumes.  

 

Injury and infection alter hematopoiesis and initiate a process known as emergency 

granulopoiesis, leading to a significant increase in myeloid cell output to fight infection and 

replenish granulocyte cells that have been exhausted over the course of infection (Takizawa, 

Boettcher & Manz, 2012). Depending on the type of infection, a bias pressure towards either 

lymphoid or myeloid cell differentiation may be placed on progenitors to repopulate a specific 

cell type. It is hypothesized that inflammatory cytokines and lineage-specific transcription 

factors are responsible for directing HSCs to differentiate in a lineage-biased way (Pinho et 

al., 2018). There are 3 proposed mechanisms by which HSCs may respond to inflammation. 

First, they may recognise pathogen-associated molecular patterns (PAMPS) and damage-

associated molecular patterns (DAMPS) directly though PRRs such as toll-like receptors 

(TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), 

resulting in the activation of NFkb and mitogen-activated protein kinase (MAPK) pathways 

(Burberry et al., 2014; Boettcher & Manz, 2017). Second, HSCs may be alerted to inflammation 

through recognition of inflammatory cytokines that reach the niche and alter expression 

profiles of other niche-resident cells such as endothelial cells or supportive stromal cells. 

Finally, it is possible that circulating HSCs sense inflammation directly by binding free 

inflammatory cytokines in the blood and then “reporting back” to niche-resident HSCs. 

 

There is growing evidence in mouse and human studies to support the hypothesis that HSCs 

can detect and respond to PAMPS and DAMPS directly. Nagai et al. discovered the expression 
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of Tlr2 and Tlr4 on HSPCs and MPPs (Nagai et al., 2006). Tlr2 senses peptidoglycan and 

lipoteichoic acid from gram-negative bacteria (Takeuchi et al., 1999), and Tlr4 recognises 

bacterial lipopolysaccharide (LPS) from gram-negative bacteria (Hoshino et al., 1999). 

Takizawa et al. were able to show that an injection of the bacterial immunostimulant LPS 

increased the cell cycling dynamics of HSCs and, thereby, increased both self-renewal and 

proliferation capacity of HSCs (Takizawa et al., 2017). In addition, knockout mouse models 

showed that Tlr2, Tlr4 and Tlr9 agonists were capable of inducing differentiation of wild type 

(WT) HSCs to macrophages when transplanted into Tlr, Tlr4 and Tlr9 -/- knockout animals, 

suggesting direct stimulation of HSCs (Megías et al., 2012). Furthermore, human HSCs have 

also been shown to constitutively express TLR7, TLR8 and TLR4. Unlike TLR2 and TLR4, which 

are found primarily on the plasma membrane, TLR7 and TLR8 are found within intracellular 

endosomal membranes, hence suggesting that HSCs can be infected and alter hematopoietic 

output as a response to the intracellular pathogens detected. Indeed, stimulation of TLR7, 

TLR8 and TLR2 by agonists induced HSC bias toward myeloid lineage differentiation (Sioud 

et al., 2006; De Luca et al., 2009). 

 

Indirect signalling is mediated by proinflammatory cytokines such as interferons (IFNs) which 

have been shown to regulate hematopoiesis not only during inflammation, but also in steady-

state conditions, during which they can be involved in regulating HSC maintenance (Baldridge 

et al., 2010). During steady-state conditions, the type 2 IFNγ has been shown to reduce HSC 

proliferation and differentiation both in vitro and in vivo. This effect is elicited by an inhibition 

of notch signalling and suggests increased HSC maintenance (Snoeck et al., 1994; Qin et al., 

2019). However, studies in IFNγ signalling knockout mice have shown that HSCs derived 

from knockout animals have greater reconstitution potential relative to WT-derived HSCs. 

This suggests that baseline IFNγ is sufficient to diminish HSC potential (de Bruin et al., 2013). 

Furthermore, this effect appears to be exacerbated by chronic mycobacterium avium infection, 

following which HSCs exhibited significantly reduced reconstitution potential (Baldridge et 

al., 2010). De Bruin et al. found that IFNγ signalling did not impact cell cycle entry, 

differentiation or apoptosis, but rather reduced the number of self-renewal divisions that 

HSCs underwent. During infection, cytokine-meditated activation of HSCs has been shown to 

lead to impaired self-renewal capacity in favour of differentiation, particularly to the myeloid 

lineage (King & Goodell, 2011). HSCs can also directly respond to IFNα which promotes 
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proliferation. However, chronic stimulation can lead to HSC exhaustion (Essers et al., 2009). 

Similarly, extra-cellular nucleotides, which are also a signal of inflammation and cellular 

stress, appear to promote proliferation, migration and engraftment of HSCs (Rossi et al., 

2007). 

 

HSC exposure to IL6 cytokine leads to an expansion of myeloid progenitors and mature 

myeloid cells (Schurch et al., 2014; Chou et al., 2012). Similarly, IFNg production by cytotoxic 

T cells during infection also leads to increased myeloid cell production (Schurch et al.,2014). 

In addition, Schroder et al. have described macrophage activation by IFNg in an Ehrlichia muris 

infection model (Schroder et al., 2004). Later, McCabe et al. described the macrophage-

dependent reduction in HSC number and function following activation by IFNg in steady sate 

and during infection (McCabe et al., 2015). Other than cytokines released during infection to 

recruit hematopoietic cells, reactive oxygen species (ROS) also play a key role in managing an 

infection. However, ROS are not only released at the site of infection but have also been found 

to increase in the HSC niche in a neutrophil-dependent manner during bacterial infection. 

The expression levels of NADPH oxidase in neutrophils determine the resultant ROS levels in 

the niche, which in turn drive myeloid cell expansion (Kwak et al., 2017). Furthermore, 

increases in ROS levels as a response to sterile inflammation also led to myeloid cell 

expansion (Zhu et al., 2017; Kwak et al., 2017).  

 

Granulocyte colony stimulating factor (G-CSF) is a key regulator of hematopoiesis. It has the 

ability to rapidly call dormant LT-HSCs into proliferation to repopulate the myeloid 

compartment during emergency granulopoiesis (Wilson et al., 2008). During an infection, 

neutrophils are recruited to the mouse BM and are involved in the release of G-CSF (Manz & 

Boettcher, 2014). In addition to initiating granulopoiesis, this leads to the suppression of the 

HSC chemoattractant CXCL12 in the niche, upregulation of CXCR4 on HSCs and, hence, HSC 

mobilisation into circulation (Schajnovits et al., 2011; Petit et al., 2002). This is in agreement 

with results that have demonstrated an increase in G-CSF upon bacterial and fungal 

infections, leading to both granulopoiesis and HSPC mobilisation into circulation (Lieschke 

et al., 1994; Schuettpelz et al., 2014). In addition to their role in G-CSF production in the BM, 

neutrophils have also been shown to coordinate the rhythmic egress of HSCs from the mouse 

BM (Casanova-Acebes et al., 2013). Together, these results indicate that HSCs do not only 
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sense cytokines and PAMPs within the niche, but also sample the immune environment at the 

site of infection. In this way, HSCs may directly respond to emergency hematopoiesis at the 

site of infection. The ability of HSCs to directly sense and respond to PAMPs and cytokine 

signalling places them among the primary responders to infection (Nagai et al., 2006).  

 

While the explicit expression of TLRs on zebrafish HSPCs has not been investigated, it has 

been shown that embryonic knockdown of tlr4 and myd88 resulted in reduced HSC emergence 

in larvae as measured by quantification of runx1- and cmyb-expressing cells by in situ 

hybridisation. In addition, it has recently been shown in a zebrafish larvae model that Shigella 

flexneri infection induced HSPC emergency granulopoiesis to increase neutrophil output. By 

application of morpholinos, it was demonstrated that Gcsf production is macrophage-

independent (Willis et al., 2018). Mouse studies have revealed that epithelial cells are a 

predominant source of G-CSF in response to Escherichia coli infection (Ingersoll et al., 2008). 

Interestingly, Willis et al. found that larvae that were previously infected with shigella were 

subsequently protected against lethal doses of shigella. This suggests that the innate immune 

cells present in larval zebrafish prior to the development of adaptive immunity, which occurs 

by approximately 3 week post fertilisation (wpf) (Page et al., 2013), may have immune 

memory. Further research would be required to gain a deeper understanding into the 

mechanisms regulating possible innate immune memory. It has previously been shown that 

stimulation of zebrafish larvae with LPS also leads to Gcsf-dependent emergency 

granulopoiesis (Liongue et al., 2009; Stachura et al., 2013). Taken together, these studies 

provide evidence that zebrafish hematopoietic cells respond to TLR stimulation by adjusting 

their hematopoietic output.  Following infection and the resultant granulopoiesis, HSPC 

expansion is required to ensure the HSPC pool is maintained. The zebrafish ortholog for 

cytokine inducible nitric oxide synthase (iNOS) is known as nos2a. nos2a acts downstream of 

the transcription factor C/ebpb to control both HSPC expansion in the larval CHT and 

granulopoiesis in a Nos2a-dependent manner, as evidenced by an increase in runx1P2:GFP+ 

cells in the CHT and an increase in lyz:dsRed+ neutrophils respectively (Hall et al., 2012).  

 

Given that there have been variable results on the outcome of immune stimulation on HSCs, 

it is important to try and determine whether cell-intrinsic or extrinsic factors result in these 

conflicting outcomes. McBrien carried out transplantation studies in zebrafish to try and 
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uncouple the impact of cell-intrinsic and extrinsic immune factors on HSCs. In this work, HCT 

was carried out either with HSCs derived from donors that experienced systemic inflammatory 

environment from 8 consecutive intraperitoneal injections of polyinosinic:polycytidylic acid 

(poly I:C) 48 hours apart, or sham treated donors that did not receive the Tlr3 and Tlr22 

agonist poly I:C. Conversely, HCT was also carried out using untreated donors into poly I:C 

treated recipients. The results indicated that HSPCs derived from donors with or without poly 

I:C treatment resulted in similar recipient survival outcome and similar cell numbers of each 

blood cell lineage, including CD41:GFP+ HSPCs. Similarly, no significant difference was seen 

in the survival or reconstituting cell numbers in recipient fish that did or did not experience 

systemic inflammation prior to HCT (McBrien, 2017). Although no significant differences 

were identified in these HCT experiments, it is worth noting that zebrafish populations are 

highly heterogeneous and may have highly variable responses to treatment. Consequently, 

high n numbers are required in order to provide sufficient statistical power to identify 

potential differences between treatment groups. This is costly both in terms of time and 

animal numbers. One alternative, which has helped to reduce the number of animals required 

and increased statistical power, has been competitive transplantation assays between treated 

and untreated groups using equivalent cell populations that express different fluorescent 

proteins (Li et al., 2015). In theory, competitive HCT assays could also be done with the 

Tg(Runx:mCherry) and Tg(Runx:GFP) transgenic lines, which label HSPCs (Tamplin et al., 

2015). However, the fluorescent populations in these transgenic lines are not equivalent and 

the Runx:mCherry transgene is expressed more broadly (Tamplin et al., 2015). Thus, the 

fluorescent cell populations in these transgenic lines must be investigated further to identify 

equivalent HSPC populations.   

 

1.6 Extramedullary hematopoiesis in lungs and gills  

1.6.1 Mammalian extramedullary hematopoiesis in the lungs 

Classically, the bone marrow (BM) and WKM have been defined as the hematopoietic organs 

of mammals and teleost fish respectively. However, there have been several clinical cases of 

patients with myeloid metaplasia presenting with extramedullary hematopoiesis (EMH), 

where blood formation occurs outside of the medullary spaces of the BM, in the lungs. This 

indicates that in a diseased state, the human lungs can contribute to blood formation (Koch 

et al., 2003; Rumi et al., 2006; Asakura & Colby, 1994; Boula et al., 2005). Furthermore, early 
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studies investigating platelet production found that post-pulmonary blood vessels of cats had 

greater counts of platelets compared to pulmonary arteries, suggesting that the lung could be 

an important site of platelet production (Howell & Donahue, 1937).  More recently, it was 

found in mouse studies that megakaryocytes, large platelet-producing cells, circulate in large 

numbers in the lung and release platelets, accounting for approximately 50 % of total platelet 

production (Lefrainçais et al., 2017). Furthermore, the authors identified immature 

megakaryocytes, MPPs and LSK HSCs, indistinguishable from BM LSK cells, in the 

extravascular spaces of the lungs. HSCs identified from the lung were capable of rescuing HSC 

deficiency in c-mpl-/- BM. Transplanted cells seeded the BM, spleen and recipient lungs. 

These results indicate that in mice, the lungs are both a primary site of platelet production 

and possess hematopoietic potential (Lefrainçais et al., 2017). These novel observations raise 

new and interesting questions such as the ontogeny of lung HSCs, whether lung 

hematopoiesis occurs in healthy humans, the function of lung HSCs in steady state conditions 

beyond platelet production, and when progenitors arrive in the mouse lung. Furthermore, 

these results provide exciting opportunities to further investigate the properties of HSC 

niches by probing at the similarities and differences between the lung and BM 

microenvironment.  

 

1.6.2 Structure and function of the gills 

The gills are the respiratory organs specialised for gas exchange for a large variety of aquatic 

species including vertebrates such as fish and amphibians, as well as invertebrates such as 

molluscs (Griffith, 2017). However, as the present study focused on zebrafish, this next 

section will describe the teleost gill specifically. The teleost gill consists of a left and a right 

set of arches. Each set further consists of 4 arches and a pseudobranch (Evans et al., 2005). 

Each individual arch consists of a bony arch structure to which 2 sets of filaments are attached 

on one side and tooth-like ‘rakers’ are attached on the other. The filaments are divided into 

the primary lamellae, which protrude perpendicular to the arch, and several rows of secondary 

lamellae which protrude from both sides of the primary lamellae and are parallel to the arch. 

Gas exchange occurs only in the secondary lamellae (Rombough, 2007). The organisation of 

the filaments, much like alveoli in lungs, significantly increases the surface area to volume 

ratio of the gills, thereby increasing the efficiency of gas exchange at the surface. The lumen 

of the secondary lamellae is covered by a single-cell layer of squamous epithelial cells (Olson, 
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2002). This short diffusion path also ensures efficient gas exchange at the surface of the gill. 

The rate of diffusion is further maximised by the countercurrent flow of blood within the gills 

relative to the flow of water from the mouth of the fish to the secondary lamellae of the gills 

(Evans et al., 2005). While gas exchange is an important function of the gills, they also carry 

out other key roles including osmoregulation, pH regulation, ionoregulation and excretion of 

nitrogenous waste (Evans et al., 2005). This is an important distinction between the function 

of the mammalian respiratory system and the varied functions of teleost gills. Indeed, a 

number of functions carried out by the teleost gill more closely resemble the functions of the 

mammalian kidney.  

 

1.6.3 Gill hematopoiesis 

As described above (section 1.5.1), the hematopoietic organ in adult zebrafish is the WKM. 

The HSC chemoattractant cytokine sdf1a is not only highly expressed in the WKM but also in 

the skin and gills, suggesting that HSCs may be recruited to these organs as well (Glass et al., 

2011). In mammals, the expression of SDF1 at extramedullary sites has been associated with 

a range of hematopoietic migration events such as the recruitment of HSCs to injury sites 

(Abbott et al., 2004), migration of megakaryocytes following myeloablative irradiation 

(Dominici et al., 2009) and retention of myeloid lineage cells in tissues (Grunewald et al.,2006). 

However, the expression of SDF1 has also been associated with the recruitment of HSCs to the 

liver during EMH. Indeed, the expression levels of Sdf1 in the liver were inversely proportional 

to BM Sdf1 levels (Mendt & Cardier, 2015). Taken together with recent findings describing the 

mouse lung as a primary site for hematopoiesis (Lefrainçais et al., 2017), it may be interesting 

to investigate whether there is evolutionary conservation between the hematopoietic 

function of the lungs and the teleost gill. Furthermore, in bivalves such as pacific oysters 

(Crassostrea gigas), which evolved over 500 million years ago (Campbel & Reece, 2002), the 

major site of hematopoiesis is found in the gills (Jemaa et al., 2014; Li et al., 2017). Indeed, 

hemocyte precursors and stem cell-like cells in the gill filaments were found to increase 

hematopoietic output upon primary and secondary immune stimulation with Vibrio 

splendidus (Zhang et al., 2014; Li et al., 2017). In addition, a Runx transcription factor termed 

CgRunx was identified in Crassostrea gigas. This transcription factor had a conserved runt 

domain which possessed 63-75 % sequence similarity with human and zebrafish Runx 

proteins. Furthermore, CgRunx was highly expressed specifically in the nuclei of hemocytes 
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in gill filaments (Song et al., 2019). These results give evidence of the existence of gill 

hematopoiesis in pacific oysters, and it may be possible for hematopoietic activity to be 

conserved in zebrafish gills. This possibility is worth investigating further. Indeed, gaining a 

deeper understanding of other hematopoietic niches will help uncover the important shared 

factors involved in HSC maintenance across niches in different tissues and anatomical 

locations.  

 

1.7 Hematopoietic stem cell transplantation  

There are several inherited and acquired hematological diseases and malignancies (Table 1.3) 

that are treated by HCT (Gyurkocza, Rezvani & Strob, 2010), a technique that has been in the 

clinic since 1958. Furthermore, HCT can be used to reconstitute the hematopoietic system of 

cancer patients following radiation or chemotherapy. In short, the haematopoietic system is 

first ablated in the recipient using radiation or chemotherapy to eliminate the immune system 

and to create space in the marrow. Subsequently, cells from a human leukocyte antigen (HLA)-

matched donor are transplanted. This enables the donor-derived cells to repopulate the HSC 

niche in the BM and reconstitute the recipient immune system with healthy cells. Despite the 

relatively common application of this procedure, the associated morbidity and mortality 

remain high. Therefore, given the clinical utility of HCT to treat hematological disease and 

aid in recovery following cancer treatment, the importance of gaining a better understanding 

of the factors affecting the HCT outcome is evident.  

 

Using zebrafish to study the challenges posed by HCT offers significant advantages. For 

example, using optically transparent mutant Casper or TraNac fish as recipients means that 

transplanted fluorescent protein-expressing cells and their progeny can be visualised and 

tracked over time in vivo (White et al., 2008). Being able to track the localisation and behaviour 

of transplanted cells means that defects caused by mutant genes that lead to disease can be 

assessed, and therapeutic strategies tested. 

  



  Chapter 1 | Introduction 

 54 

 

 

Type of disease Application of HSC transplant 

Hematological malignancy Leukaemia  

Myeloma  

Lymphoma 

Non-malignant acquired blood disorder Aplastic anaemia  

Genetic /inherited blood disorders Thalassemia  

Sickle cell anaemia  

Severe combined immune deficiency (SCID) 

Diamond Blackfan anaemia  

Table 1.3 List of diseases that can be treated by hematopoietic cell transplantation in the clinic. 

This table indicates groups of diseases based on malignancy and inheritability of disease.  
 

1.7.1 Zebrafish models of hematopoietic stem cell transplantation 

The gold standard for the functional identification of hematopoietic stem cells and the 

quantification of their purity within a population is the use of limit dilution assays. These 

involve transplantation of a serially-diluted population of cells (meaning that the HSC 

content is reduced for each subsequent transplant recipient) into preconditioned animals 

which have received a sublethal dose of irradiation. Theoretically, a single HSC should be able 

to engraft in the host niche, self-renew and reconstitute a lethally irradiated animal long 

term. Transplanted cells are assessed for their stemness by measuring the long-term survival 

of the recipient and whether or not multilineage reconstitution has occurred. In addition, the 

most rigorous test for HSCs involves the subsequent re-transplantation of HSCs isolated from 

the engrafted recipient into another myeloablated recipient. This enables the long-term 

assessment of the self-renewal and multilineage potential of the transplanted cells.  

 

In zebrafish, HCT studies were first carried out by transplanting adult kidney marrow cells 

into embryos at 48 hpf. At this timepoint, the embryos have not yet developed lymphocyte 

populations. Cells from the adult kidney marrow expressing GFP under the b-actin promoter 

were used. b-actin is expressed by most cell types, including leukocytes. This meant that all 

donor-derived leukocytes expressed GFP, thus enabling the quantification of the 
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hematopoietic contribution from the donors. Furthermore, Traver et al. demonstrated that 

major blood cell lineages, namely erythrocytes, lymphocytes, myelomonocytes and 

precursors could be identified based on the FSC and SSC properties of the cells (Traver et al., 

2003). Erythrocytes do not express b-actin:GFP. Therefore, double-transgenic Tg(b-actin:GFP; 

gata1:dsRed) donors were generated to assess the donor contribution to the erythrocyte 

population. Erythrocytes from these transgenic fish express dsRed under the gata1 promoter, 

which is specific to red blood cells. By transplanting gata1-/- bloodless mutant embryos, 

which do not survive past 2 wpf under un-manipulated conditions, the group demonstrated 

long-term survival and multilineage contribution from WKM-derived donor cells (Traver et 

al., 2003).  

 

Due to the presence of adaptative immunity, transplantation of adult kidney marrow cells into 

adult recipients requires a sub-lethal dose of irradiation to ablate the hematopoietic 

compartment, including HSPCs and immune cells. This process is known as myeloablation 

preconditioning. In addition to reducing competing host HSCs and eliminating immune cells, 

myeloablative radiation is also believed to ‘make space’ in the niche for donor cells to engraft. 

It is hypothesized that there are a limited number of fixed niche spaces (Bhattacharya et al., 

2006; Czechowicz et al., 2007). It was shown by Tamplin et al. that upon the arrival of HSCs, 

niche cells remodel around the incoming HSCs in the zebrafish HCT (Tamplin et al., 2015). 

This suggests that niche spaces may not be fixed and may instead be limited only by the 

abundance of niche cells, such as stromal cells in the marrow. Interestingly, Shimoto et al. 

(2017) found that there are many more niche spaces and niche cells in the mouse bone marrow 

than those occupied by endogenous HSCs, suggesting that niche spaces are not as limited as 

previously thought. In their study, Shimoto et al. carried out transplantation experiments with 

very large numbers of purified HSCs into unconditioned mice and found that donor HSCs 

engrafted without replacing endogenous HSCs (Shimoto et al., 2017). This novel observation 

led to further questions regarding the function of unoccupied niche spaces at steady state, 

and the factors involved in limiting the number of HSCs occupying niches in the marrow. It is 

currently unknown whether the same is true in zebrafish. However, observations made by 

Tamplin et al. indicate the possibility that further niche cells may be available to cuddle 

around HSCs in zebrafish too. On the other hand, Fraint et al. (2020) found that runx1W84X/W84X  

homozygous mutants, 80% of which are incapable of initiating definitive hematopoiesis 
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(discussed further in section 1.7.3), exhibited significantly improved engraftment compared 

to heterozygous mutants capable of generating definitive HSCs. The group postulated that 

this was the case as more HSC niches were available in the homozygous compared to 

heterozygous mutants. It would be interesting to investigate the availability of HSC niches 

further, for example by assessing the abundance of supportive stromal cells in the zebrafish 

CHT and adult WKM. 

 

Transplantation of WKM cells into adult zebrafish is carried out by intracardiac injection to 

deliver the cells into circulation (Traver et al., 2004). Engrafted WKM donor cells home to the 

WKM of the recipient and rescue >70% of lethally irradiated recipients. In recipients of a WT 

background, donor cell contribution has classically been assessed by flow cytometry. 

However, in Casper or TraNac transparent mutant recipient fish, both of which have 

mutations in the pigment-encoding genes mitfa and roy, it has become possible to visualise 

engrafted cells in vivo (Li et al., 2015; White et al., 2008). A major benefit of using transparent 

mutant fish as recipients is the ability to monitor transplanted cells in the same organism 

longitudinally over time and to observe the progression of donor cell engraftment and 

reconstitution of the immune system (McBrien, 2017). Furthermore, the ability to study the 

progression of engraftment longitudinally within the same animal provides more informative 

results and reduces the number of animals subjected to transplantation when compared to a 

strategy of harvesting animals at each timepoint of interest. However, a detailed 

characterisation of the events determining the success of engraftment has not been carried 

out yet. Addressing this is one of the objectives of this thesis.  

 

The characterisation of HSCs in adult zebrafish has, in part, relied on HCT assays. In humans 

and mammalian HCT studies, immune-matching is carried out to increase the likelihood of 

successful engraftment. Immune-matching involves matching donor and recipient major 

histocompatibility complex (MHC) haplotypes. This can lead to a greater rate of donor cell 

engraftment and increased recipient survival. Immune-matching decreases immunologic 

rejection of donor cells and reduces the likelihood of graft versus host disease (GvHD) 

developing. However, it is important to note that early zebrafish HCT experiments did not 

carry out immune-matching between donor and recipient fish. Indeed, by approximately 4 

weeks post irradiation, once the recipient hematopoietic compartment recovers, donor WKM 
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cells are rejected by the recipient. When immune-matching is carried out, both donor cell 

engraftment efficiency and recipient survival increase (de Jong et al., 2011). However, as 

opposed to mammals, teleost fish MHC genes are not encoded at individual loci. Instead, 

teleost possess multiple MHCI and MHCII loci located on different chromosomes (Sültmann 

et al., 1994), making MHC genotypes considerably more difficult to predict. As a result, it is 

difficult to routinely carry out immune-matching in zebrafish as this would require inbreeding 

which, in zebrafish, results in inbreeding depression. Therefore, isogenic and congenic 

zebrafish populations are rare and difficult to maintain. One solution to overcome this is the 

application of techniques to generate gynogenetic diploid fish. Walker, Walsh & Moens 

described the application of early pressure to generate gynogenetic diploid zebrafish using 

UV-light inactivated sperm to fertilise egg cells. Using this procedure, gynogenetic diploid 

zebrafish were successfully generated and raised (Walker, Walsh & Moens, 2009). 

Gynogenetic diploid zebrafish have been successfully utilized to carry out transplantation of 

cancerous cells into unirradiated, immunologically identical recipients (Smith et al., 2010; 

Mizgireuv & Revskoy, 2006). While this represents an effective way of achieving immune-

matching, generating such fish requires specialist equipment, is labour intensive and, once 

successfully generated, such fish are difficult to maintain.  

 

1.7.2 Irradiation preconditioning 

An alternative to immune-matching is the use of irradiation preconditioning prior to HCT. A 

sub- lethal dose of irradiation is capable of eliminating large populations of rapidly dividing 

cells, such as those of the haematopoietic system (Traver et al., 2004). Zebrafish lymphoid, 

myeloid and precursor populations are particularly radiosensitive and exhibit the most 

significant reduction in cell numbers 24h and 5 days post 30 grays (Gy) of irradiation (McBrien, 

2017). This type of preconditioning is required for 2 main reasons. Firstly, it stops the 

recipient immune cells attacking the donor cells and causing rejection of the transplanted 

cells. Secondly, killing hematopoietic cells in their niche was hypothesized to create space in 

the niche for transplanted donor cells to move into and engraft (Hess et al., 2013). In humans, 

myeloablation also increases homing and engraftment of transplanted HSCs, mediated by 

increased CXCL12 levels in the irradiated host (Ponomaryov et al., 2000). However, there are 

also complications that accompany total body irradiation treatment. Irradiation does not 

discriminate between haematopoietic cells and any other rapidly dividing cell type and will 
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therefore result in lethal DNA damage in any rapidly dividing cell including skin cells and gut 

epithelial cells (Prise et al., 2005). In addition to the targeted effects of radiation, off-target 

effects can be caused by both the ROS produced by damaged cells and by the subsequent 

systemic inflammation that ensues. McBrien used qPCR to demonstrate a systemic increase 

in transcript levels of the inflammatory cytokines il1b, tumor necrosis factor a (tnfa), il6 and 

ifng1.1 in zebrafish 24 hours post 30 Gy irradiation (administered in two 15 Gy doses 24 hours 

apart). In addition, increased transcript levels of the HSC chemo attractant cxcl12a were also 

identified in the zebrafish (McBrien, 2017). 

 

In mice, the LT-HSCs, the most quiescent population of HSCs, are affected in a limited way 

by irradiation treatment which targets rapidly dividing cells. However, following irradiation, 

dormant HSCs are called into action to re-enter cell cycling by inflammatory cytokines such 

as IFNa and G-CSF (Wilson et al., 2008; Essers et al., 2009). Similar results are obtained 

following 5-fluorouracil (5-FU) treatment, which has been found to activate quiescent HSCs 

and lead to their expansion (Zhao et al., 2014; Itkin et al., 2012). Following cessation of 5-FU 

treatment, HSCs re-enter quiescence. This is modulated by niche cells upregulating Cxcl4 and 

Tgfb expression, thereby limiting “the duration of the regenerative response” (Hérault et al., 

2017). Given the impact of inflammatory cytokines on adult hematopoiesis (see 1.5.4), the 

systemic inflammation following irradiation poses a clear challenge to research which aims 

to investigate the effect of inflammation on HSC biology following HCT. 

 

1.7.3 Mutants of definitive hematopoiesis  

Bloodless mutant fish, which have been identified following ENU mutagenesis screens, 

present an alternative to gynogenetic diploid zebrafish lines, immune-matching and 

irradiation. Soza-ried et al. published the characterisation of a mutant line, cmybt25127, which 

contains a single base pair missense mutation (Ile181Asn) within the highly-conserved DNA-

binding domain of cmyb. Fish that are homozygous for this mutation (hereafter referred to as 

cmyb mutants, with WT and heterozygous clutch mates referred to collectively as non-mutant 

siblings) cannot initiate their definitive wave of haematopoiesis and, therefore, exhibit a 

complete absence of blood cells once the blood cells of the primitive hematopoietic wave are 

exhausted by approximately 20 dpf. In contrast to heterozygous null mutant mice, which are 

embryonic lethal, cmyb mutant zebrafish can survive a period of bloodlessness. However, 
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owing to the absence of an immune system and erythrocytes in the mutant line, these fish do 

not survive past ~14 wpf (Soza-Ried et al., 2010). In addition, these fish exhibit growth defects 

and remain stunted compared to age-matched WT fish. cmyb mutants also do not reach sexual 

maturity and, as a result, cannot be inbred. However, survival can be rescued by HCT at 6-9 

wpf. As these mutants have no immune cells, they do not require myeloablative irradiation 

preconditioning for allogenic HCT. This is beneficial as the widespread cell death induced by 

irradiation results in inflammation, as discussed above. This inflammation is likely to alter 

the recipient niche and may also affect the transplanted donor cells. Many questions still 

remain regarding the effect that inflammation has on HSPC engraftment and their early post-

transplant behaviour. Therefore, it is important to establish models to study HCT in the 

absence of inflammation.  

 

cmyb mutant zebrafish have already been used for both allogenic and xenogeneic transplant 

studies. Hess et al.  have demonstrated that allogenic transplantation of cmyb mutant fish 

results in stable multilineage long-term engraftment of donor HSCs. Using limit-dilution 

assays, they estimated that the adult zebrafish WKM contains one HSC in every ~38140 WKM 

cells, which is broadly in line with the findings of previous studies which calculated 1 in every 

~65500 cells to have HSC potential when immune-matching was carried out between donors 

and recipients (Hess et al., 2013; de Jong et al., 2011). Furthermore, Hess et al. carried out 

serial transplantation of WKM cells from successfully reconstituted cmyb mutant fish into new 

cmyb mutants. They were thus able to show that the transplanted HSCs not only successfully 

engraft within the mutant niche, but also that the niche within the cmyb mutant WKM is 

capable of supporting and maintaining HSCs in the long term. In addition, the group did not 

identify symptoms of GvHD, such as flared scales (also known as dropsy), abdominal oedema 

or the presence of ascites, in transplant recipients (de Jong et al., 2011) despite significant 

MHCI and MHCII allelic polymorphism identified between donor and recipient (Hess et al., 

2013). Subsequently, the group successfully carried out xenogeneic transplantation of 

goldfish WKM cells into cmyb mutant fish without myeloablative preconditioning. Stable 

multilineage reconstitution of definitive hematopoiesis was observed in the cmyb mutant fish, 

despite 128 million years of independent evolution between goldfish and zebrafish (Xu et al., 

2014). Once again, serial transplantation was carried out which demonstrated the ability of 

the WKM of cmyb mutant fish to support and maintain goldfish HSCs within their niche (Hess 
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et al., 2016). However, the reconstitution of hematopoiesis in the WKM appeared lymphoid-

biased and led to fewer myelomonocytic cells compared to WKM of WT goldfish, possibly 

indicating differences in niche signals received by transplanted HSCs. Furthermore, although 

xenogeneic transplantation of goldfish WKM was successful, in competitive transplantation 

assays WT zebrafish WKM cells outcompeted goldfish WKM cells (Hess et al., 2016). 

Nevertheless, the studies were able to demonstrate that cmyb mutant fish do not require 

myeloablative preconditioning prior to HCT, and that stable multilineage reconstitution is 

achieved in the recipient fish in the absence of GvHD symptoms.  

 

The runx1W84X/W84X zebrafish mutant of definitive hematopoiesis was also identified from ENU 

mutagenesis screening (Jin et al., 2009). The mutation leads to truncation of the Runx1 

protein whereby the Cbfb binding domain, DNA binding domain and nuclear localisation 

signal (NLS) are lost, rendering the protein non-functional. Homozygosity for the 

runx1W84X/W84X mutation, similar to the cmyb mutants, renders the fish unable to initiate 

definitive hematopoiesis, leading to bloodless zebrafish once circulating blood cells from the 

primitive wave are depleted by approximately 8-12 dpf (Sood et al., 2010). Strikingly, however, 

it was found that ~20% of homozygous mutant fish survive an initial bloodless phase and 

reinitiate blood formation between 15-21 dpf. Unlike Runx1 knockout mice, which are 

embryonic lethal, these fish can mature into fertile adults and display multilineage 

hematopoiesis, albeit with reduced WKM cellularity among myeloid and precursor 

populations. When incrossed, offspring displayed a similar ratio of survival and recovery from 

the bloodless phase, whereby ~80% survived only until 21 dpf and ~20% survived into 

adulthood, suggesting that definitive hematopoiesis can be initiated in the absence of 

functional runx1 in zebrafish by alternative salvage pathways (Sood et al., 2010). These 

zebrafish make it possible to study later stages of adult hematopoiesis in the absence of runx1. 

However, their utility in transplantation studies is limited to transplants in embryos because 

the bloodless fish which do not recover were found to die during larval/ juvenile stages, and 

those which survive initiate endogenous blood formation. Recently, Fraint et al. (2020) 

demonstrated the utility of runx1W84X/W84  mutants for transplantation studies in the absence of 

myeloablative pre-conditioning in 2 dpf embryos. Using this system, the group showed that 

transplantation into homozygous mutants led to significantly improved engraftment 

compared to heterozygous mutants capable of generating their own definitive HSCs. This 
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indicated that recipients with empty HSC niches exhibited a greater extent of donor HSC 

engraftment. However, at 2 dpf, the homozygous mutant fish that will remain bloodless 

cannot be distinguished from the 20% which will recover, because at this stage all of the fish 

still possess primitive hematopoietic cells. In addition, the 20% of runx1W84X/W84X  mutants that 

exhibit the rescue phenotype would present with chimerism. This limits the utility of this 

model to study the behaviour of donor cells in the absence of host cells. Indeed, Fraint et al. 

defined engraftment at ³5% donor-derived myeloid chimerism and found that 2 months after 

transplantation, 59% of surviving fish were engrafted (Fraint et al., 2020). 

 

Finally, a recent development in zebrafish HCT studies has been the generation of forkhead 

box N1 (foxn1)/Casper mutant zebrafish (Lv et al., 2020). These mutant fish are both 

transparent, enabling in vivo visualisation of transplanted cells, and have a T cell deficiency. 

As these fish are capable of generating definitive HSCs, donor cell must outcompete the 

endogenous HSCs that occupy the WKM niche. However, due to their T cell 

immunodeficiency, these adult zebrafish do not require irradiation preconditioning prior to 

allogenic and xenogeneic transplantation of normal or malignant cells. Using this model, the 

authors demonstrated that nonconditioned foxn1/Casper mutants exhibited a similar extent 

of engraftment as irradiated Casper fish in erythroid, myeloid and precursor lineages. 

However, engraftment of lymphoid cells was limited, possibly due to the thymus defect caused 

by the foxn1 mutation. Furthermore, the authors compared the engraftment capabilities of 

CD41:GFP low HSPCs, isolated from adult and embryo donors, in adult foxn1/Casper recipients. 

These experiments showed that transplanted embryonic CD41:GFP low HSPCs led to both more 

successful long-term engraftment and greater expansion of progeny at 90 dpt, consistent with 

previous findings in mice (Arora et al., 2014; Bowie et al., 2007). This new mutant line presents 

a valuable tool for the study of normal and malignant hematopoiesis through transplantation 

and subsequent in vivo imaging of transplanted cells.  

 

1.8 Remaining questions and aims of this thesis 

HSCs are vitally important cells that maintain hematopoiesis throughout vertebrate life. Each 

single HSC has the ability to be serially transplanted and continue to sustain hematopoiesis 

even past the life span of the donor organism. Their ability to do so has meant that HSCs have 

significant clinical applications in the treatment of hematological diseases, autoimmune 
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disorders and to reinstate healthy hematopoiesis following cancer treatment. Although HCT 

has been studied for many years, there remain a number of unanswered questions that are 

important to our understanding of HCT and to develop ways of improving recipient outcomes. 

Zebrafish provide a new and unique opportunity to study transplanted donor cells in the live 

recipient by minimally invasive imaging techniques and without the need for surgery, owing 

to the optical transparency of juvenile transparent mutant fish. This has opened up the field 

to study previously difficult to observe cell behaviours, such as the initial homing location of 

transplanted cells, the reaction of niche cells to the arrival of donor cells, as well elucidating 

potential differences between the zebrafish embryonic CHT and the adult WKM niche, and 

the effect of immune stimulation on HCT outcome. In addition, there may be potential to 

utilise early post-transplant imaging data to predict long-term HCT outcomes.  

 

While significant progress has been made in understanding the ontogeny of HSCs in 

embryonic zebrafish and the factors governing their emergence, maintenance and 

proliferation, little is currently known about the niche and the factors required for self-

renewal and maintenance of HSCs in the adult zebrafish WKM. Furthermore, the HSCs and 

their niche in the adult WKM are yet to be fully characterised. This can in part be attributed 

to difficulties in reliably isolating and visualising a pure population of HSCs from the WKM. 

Hence, one of the aims of this thesis is to further characterise the cells expressing fluorescent 

proteins in the recent Tg(Runx:mCherry) and Tg(Runx:GFP) transgenic lines (Tamplin et al., 

2015) and assess whether they could be used for subsequent competitive repopulation assays. 

Furthermore, this thesis aims to gain a deeper insight into the responses that fluorescent 

protein-expressing Runx+ cells can elicit in response to immune stresses such as viral 

mimetics and antibiotic treatment.  

 

Another key aim of this thesis is to assess the effectiveness of the HCT model using bloodless 

cmyb mutant fish and assay Tg(Runx:mCherry) fluorescent HSPCs.  In addition to the 

application of these bloodless mutant fish for HCT assays, the immunological and 

regenerative capabilities of these fish will also be investigated in order to better understand 

the recipient environment. 
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Finally, this thesis aims to refine the HCT procedure by carrying out longitudinal live in vivo 

imaging of recipients to assess whether there are early post-transplant predictors of 

engraftment and long-term survival. By doing so, this thesis aims to significantly reduce the 

use of survival as a readout for HCT success or failure by instead humanely killing animals 

which are not predicted to have engrafted and, therefore, are unlikely to survive long term. 

This could reduce the severity of the HCT procedure in zebrafish from severe to mild and make 

a contribution to the replacement, reduction, and refinement of animal use for experimental 

purposes (Guidance on the Operation of the Animals (Scientific Procedures) Act 1986). 

 
In summary, the aims of this thesis are to:  

• Further characterise fluorescent cell populations in Tg(Runx:mCherry) and 

Tg(Runx:GFP) transgenic lines. 

• Assess the response of Runx+ cells to antibiotics and immune stimuli. 

• Investigate whether cmyb mutant zebrafish are capable of regeneration or mounting 

an immune response. 

• Determine early predictors of long-term survival and reconstitution in cmyb mutant 

zebrafish following HCT. 
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Chapter 2 | Materials and Methods 

 

2.1 Zebrafish maintenance  

Wild Type, mutant and transgenic zebrafish strains used in this study (summarised in Table 

2.1) were bred and maintained according to standard practices and all procedures conformed 

to the UK Home Office requirements (ASPA 1986) under the project licence P5D71E9B0 and 

personal licence I48C3E7BB. Zebrafish life stages were classified as seen in Table 2.2. The 

transgenic Tg(IgM:GFP) line was kindly provided by Dr Adam Hurlstone (University of 

Manchester) and the Tg(Runx:mCherry) and Tg(Runx:GFP) lines were provided to the Dallman 

lab by Dr Owen Tamplin (University of Illinois at Chicago). 

 

In all experiments with adult zebrafish, 3-18 months post fertilisation (mpf) fish were used 

unless otherwise stated. Both male and female zebrafish were used in equal numbers where 

possible and breeding stocks allowed. In experiments using cmyb mutants, 5-8 wpf fish were 

used. Due to age and growth retardation, gender could not be determined for these fish. 

Following all experimental procedures and treatment regimens, fish were maintained in static 

tanks at 28.5 °C with their water replaced daily. cmyb mutant fish received 200 mL fresh E2 

medium daily and tanks were cleaned weekly. Fish were monitored twice daily for breathing, 

feeding and swimming behaviour to check for any signs of ill health. 
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Name of Line Advantage Reference 

Wild Type (WT) No genetic modifications   

Mutants Advantage Reference 

tra-/-nacre-/- Lack pigment producing 

iridophores and melanocytes 

due to mutations in mpv17 and 

mitfa genes making them 

optically translucent.  

(Kraus et al., 2013; Wenz et 

al., 2020; White et al., 2008) 

cmyb -/- Immune deficient fish. Do not 

require irradiation to ablate 

HSPCs prior to transplant 

(Soza-Ried et al., 2010; 

Hess et al., 2013) 

Transgenics  Cells expressing the transgene Reference 

Tg(Runx:mCherry) Hematopoietic stem and 

precursor cells  

(Tamplin et al., 2015) 

Tg(Runx:GFP) Hematopoietic stem and 

precursor cells  

(Tamplin et al., 2015) 

Tg(lyz:GFP) Myeloid cells. Predominantly 

neutrophils  

(Hall et al., 2007; Wittamer 

et al., 2011) 

Tg(lyzC:dsRed) Myeloid cells. Predominantly 

neutrophils  

(Hall et al., 2007; Wittamer 

et al., 2011) 

Tg(mpx:GFP) Predominantly neutrophils (Renshaw et al., 2006) 

Tg(mpeg1.1:Caspase1bio

sensor)  

Referred to as 

Tg(mpeg1.1:SECFP-YPet) 

in this thesis 

Predominantly macrophages  (Andrews, 2016; Ramel, 

personal communication) 

Tg(ubi:GFP) Ubiquitous GFP expression Mosimann et al., 2011 

Tg(CD41:GFP) Hematopoietic stem and 

precursors cells (GFP low) and 

Thrombocytes (GFP high) 

Lin et al., 2005 

Tg(lck:GFP) T and NK lymphocytes (Langenau & Zon, 2005) 

Tg(IgM:GFP) IgM expressing B lymphocytes (Page et al., 2013) 

Table 2.1 Overview of zebrafish lines used in this study. 
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Developmental stage Age 

Embryo 0 - 5 days post fertilisation 

Larvae 6 - 30 days post fertilisation 

Juvenile  1 - 2 months post fertilisation 

Adult  2 + months post fertilisation  

Table 2.2 Classification of zebrafish life stages at different ages. 
 

Embryos obtained from individual crosses or tank crosses were initially reared at a density of 

50 embryos per petri dish in 50 mL system water containing 0.3 ppm methylene blue (M9140; 

Sigma-Aldrich), which was changed daily. Embryos were cleaned daily to remove unfertilised 

eggs and chorions of hatched fish. At 6 dpf, 50 larvae were transferred into 3-litre tanks with 

standard E2 embryo growth medium (15 mM sodium chloride [S7653; Sigma-Aldrich], 0.5 mM 

potassium chloride [P9333; Sigma-Aldrich], 1 mM magnesium sulfate [M7506; Sigma-

Aldrich], 150 µM potassium phosphate monobasic [P5655; Sigma-Aldrich], 50 µM sodium 

phosphate dibasic [S7907; Sigma], 1 mM calcium chloride [C5670; Sigma-Aldrich], 0.7 mM 

sodium bicarbonate [S6297; Sigma-Aldrich] and 10 U/mL penicillin/ streptomycin [15070- 

063; Life Technologies]). 200 mL of E2 medium was added daily until 14 dpf, at which stage 

WT and transgenic larvae were transferred onto the aquarium system supplied with a 

combination of dechlorinated tap water and reverse osmosis water at a ratio of 1:5. cmyb 

mutant fish were maintained in static tanks on the bench, receiving 200 mL E2 daily and tanks 

cleaned weekly. Fish were reared and maintained at 28.5 ̊C on a 14 hours light and 10 hours 

dark cycle and fed twice a day using a combination of brine shrimp Artemia and dry food. 

Larvae were fed standard zebrafish larval food (ZM; ZM system). At 6-8 dpf larvae received 

ZM000, 9-14 dpf ZM100 and juveniles from 15 dpf to 2 mpf received ZM200 twice daily. Adults 

were fed dry food (Hikari Tropical Micro Pellets; Hikari). Due to their small size, cmyb mutant 

fish were not fed adult dry food but were instead maintained on ZM200. 

 

2.2 Genotyping   

2.2.1 Obtaining genomic DNA from tail fin amputation 

To collect tissue for genotyping and/or investigate tail fin regeneration, animals were 

anaesthetised with 170 mg/L tricaine (MS222; E10521; Sigma-Aldrich) and a caudal fin 

amputation was performed with a sterile scalpel. Adult fish were recovered in system water, 
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while cmyb mutants and juvenile fish were recovered in E2 medium and kept off flow until 

genotyping was complete. cmyb mutants used for tail fin regeneration studies were kept in 

static tanks with E2 medium.   

 

Genomic DNA was prepared from tail fin tissue using “TaqMan sample to SNP” kit (Applied 

Biosystems) as per manufacturer’s instructions with minor adjustments: tissue was added to 

10 µL lysis solution, boiled at 95  ̊C for 10 minutes followed by cooling to 4 ˚C. Next, 10 µL 

stabilising solution was added and mixed by pipetting up and down.  

 

2.2.2 Identification of cmyb t25127 mutant fish 

cmyb breeding stocks are heterozygous mutants. Therefore, each generation must be 

genotyped for heterozygous fish. Homozygous mutants were not genotyped until after an 

experiment. Polymerase chain reactions (PCRs) to identify heterozygous and homozygous 

fish were set up using 1 µL of genomic DNA (obtained as described above), 10 µL 2X Taq PCR 

master mix (Qiagen), 1 µL of each primer (10 mM; Fwd (5’-TTTGGAAGAACTTGAGGGT-3’) 

and Rev (5’-AGTGGAAATGGCACCTGAA-3’)) and 7 µL PCR grade water. The samples were 

run in a thermal cycler (Applied Biosystems) on the following program: 94 °C for 4 minutes, 

40 repeats of (94 °C for 30 s, 54°C for 30 s, 72°C for 1 minutes), finally 72°C for 5 minutes. 

Next, the products were purified using the QIAquick PCR clean-up kit (Qiagen) according to 

manufacturer’s instructions. Samples were eluted in nuclease-free water. Then, 5 µL of each 

sample were loaded with 1 µL purple gel loading dye (B7025S; New England BioLabs) and run 

on a 1.5% agarose TBE gel to confirm the presence of product. This did not distinguish 

mutants from non-mutants.  

 

The cmybt25127 mutation can be detected on a 2.5% agarose TBE gel, following a 2-hour 

incubation in a 37 ˚C water bath of 25 µL PCR product, 3 µL 10X buffer and 0.5 µL Hpy188iii 

restriction enzyme (New England BioLabs). The resulting samples were loaded onto a 2.5% 

agarose gel with ethidium bromide (1:1000) using 6 µL orange loading dye (New England 

BioLabs). The samples were run at 65 V for 35 minutes. Enzyme digestion of the PCR products 

resulted in 2 bands for homozygotes (184 & 260 bp), 4 bands for heterozygotes (114, 146, 184 

& 260 bp) and finally 3 bands for WT fish (114, 146 & 184 bp, Table 2.3). 
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Genotype Band length 

114 146 184 260 

WT ✔  ✔  ✔   

Heterozygote ✔ ✔  ✔  ✔  

Homozygote   ✔  ✔  

Table 2.3 Bands when genotyping cmyb mutants by PCR and restriction digest. 
 

2.2.3 Identification of transgenic Runx fish by genotyping  

Fish were reared and maintained as described above. During the juvenile stage, genomic DNA 

was obtained from tail fin tissue as described above. To identify the transgene, initially PCRs 

were carried out using 1 µL genomic DNA with 10 µL 2X Taq PCR Master mix (Qiagen), 1 µL 

of each primer (10 mM; Fwd (5’-ACTGATAACGTGGGCAGCTT-3’)) and Rev (5’-

GCTCTGCACTGCACTAAGGA-3’) and 7 µL of PCR grade water. The samples were run in a 

thermal cycler (Applied Biosystems) program: 94 ˚C for 5 minutes, 35 repeats of (94 ˚C for 30 

s, 60 ˚C for 1 minutes, 72 ˚C for 30 s), finally 72 ˚C for 7 minutes. The resulting amplicons were 

mixed with 4 µL purple loading dye (New England Biolabs) and run on 1% agarose gel with 

ethidium bromide (1:1000) at 65 V for 35 minutes.  The primer sequences are specific for the 

mouse genome-derived P1 enhancer sequence of Runx1. Therefore, only DNA derived from 

Tg(Runx:GFP) and Tg(Runx:mCherry) fish (Tamplin et al., 2015) contains the target sequence. 

This method could only determine the presence or absence of the enhancer sequence; it could 

not distinguish between hetero- or homozygosity.  

 

2.2.4 Identification of transgenic Runx fish by screening 

As increasingly powerful microscopes became available in the lab, live in vivo fluorescence 

microscopy was used to identify the transgene. Embryos at 4 dpf were anaesthetised using 200 

mg/L tricaine (MS222; E10521; Sigma-Aldrich) and placed on the lid of a 48-well plate in 

individual droplets of water. Using the Leica M205 FCA stereomicroscope and Leica EL6000 

external light source for fluorescence excitation, fluorescent protein-expressing 

hematopoietic cells were screened for in the CHT of embryonic fish. The filters used were the 

Leica ET mCherry (Article Number: 10450195; Excitation nm: ET560/40x; Emission nm: 

ET630/75m), as well as the ET GFP (Article Number: 10447408; Excitation nm: ET470/40x; 

Emission nm: ET525/50m).  
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This is a refined method to identify transgenic fish as no procedure has to be carried out for 

identification after 5 dpf. This method allows for identification of heterozygous and 

homozygous fish, as homozygous fish express more fluorescent protein and their cells are 

brighter. 

 

2.3 Tissue harvest  

2.3.1 Schedule 1 euthanasia of zebrafish 

Fish were culled using anaesthetic overdose by placing into system water containing 400 mg/L 

tricaine (MS222; E10521; Sigma Aldrich). Following loss of operculum movement, secondary 

confirmation was carried out by destruction of the brain.  

 

2.3.2 Whole kidney marrow  

The whole kidney marrow (WKM) was dissected as described by Gerlach et al. (2011). In short, 

following decapitation, the thorax was opened ventrally and the intraperitoneal organs were 

removed. Using fine forceps, the kidney was gently rolled away from the dorsal wall, starting 

from the head kidney, and collected. The dorsal aorta, which runs directly adjacent to the 

kidney, cannot be separated from the kidney and was included in kidney samples, making it 

WKM. 

 

2.3.3 Gut tissue harvest 

To dissect the gut tissue, the thorax was opened ventrally following decapitation, giving 

access to internal organs, which were then removed. The gut was separated from other 

internal organs and stretched out to isolate distal and proximal portions where necessary. 

 

2.3.4 Gill tissue harvest 

To collect gill tissue, fish were euthanized as described above, followed by removal of the 

operculum from one or both sides to expose the gill tissue. Next, the required number of gill 

arches were detached and resected from the gill cavity using fine forceps. Coagulated blood 

adherent to the gills and other non-gill tissue was removed. 
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2.3.5 Peripheral blood harvest  

Following euthanasia by anaesthetic overdose (described above), the skin around the heart 

was removed and the heart was punctured using a 10 µL pipette tip filled with 0.9X phosphate-

buffered saline (PBS) at room temperature. As the heart was punctured, the PBS was dispensed 

into the heart cavity. Subsequently, peripheral blood was gently aspirated from the heart 

while massaging the body of the fish. Harvested blood was dispensed into 1 mL of 0.9X PBS. 

Coagulated blood was filtered and removed using a 40 µM cell strainer (Falcon). Where 

required, the concentration of blood cells was determined using a haemocytometer (x 104 

cells/ mL). 

 

2.4 Flow cytometry analysis for hematopoietic cell populations 

Flow cytometry was carried out on single cell suspensions in 0.9X PBS and 2% foetal calf 

serum (FCS), using 4 or 5 laser BD LSR Fortessa analyser (BD Biosciences) in the Department 

of Life Sciences Flow Cytometry Facility (Imperial College London). A minimum of 20,000 

cells were acquired from any given tissue. Data was analysed using FlowJoTM software (Becton, 

Dickinson & Company). Where indicated, cell viability was assessed by resuspension of cells 

in 0.9X PBS with 1 µg/mL 4’,6-diamino-2-phenylindole dihydrochloride (DAPI; D9542; Sigma 

Aldrich) 3 minutes before flow cytometry analysis. Gating for hematopoietic cells was based 

on the WKM-gating strategy from Traver et al. (2003). This gating was also used to identify 

hematopoietic cells in other tissues.  

 

Fluorescence activated cell sorting (FACS) was carried out on a FACS Aria (BD Biosciences) 

cell sorter by Dr Jane Srivastava or Dr Jessica Rowley in the Department of Life Sciences Flow 

Cytometry Facility (Imperial College London). 

 

2.4.1 Whole kidney marrow tissue preparation 

WKM was dissected as described above. Singe cell suspensions were created by massaging the 

kidney tissue through 40 µM cell strainer into 0.9X PBS supplemented with 2-5% FSC, using 

the rubber tip of a 1 mL syringe plunger.  
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2.4.2 Gill tissue preparation 

Whole gill tissue was dissected as described above and placed into 1X PBS on ice. Next, PBS 

was aspirated, and 2-4 gill arches were placed into 100 µL PBS with 2 mg/mL collagenase P 

(Roche) and incubated at 37 ˚C for 10 minutes. After 5 and 10 minutes, the tissue was pipetted 

up and down to aid dissociation of gill tissue. Cells were centrifuged at 1000 rcf for 4 minutes 

at 4 ˚C and the resultant supernatant removed. The samples was resuspended in 100 µL PBS 

and, with the remaining tissue, gently massaged through a 40 µM cell strainer into 250 µL 

0.9X PBS supplemented with 2-5% FCS using the rubber tip of a 1 mL syringe plunger. 

 

2.4.3 Peripheral blood 

Whole blood was collected as described above. The samples were strained to remove 

coagulated blood. The single cell suspensions were subjected to flow cytometry analysis or 

FACS directly.  

 

2.5 Whole mount immunostaining of zebrafish tissues 

2.5.1 Fixation of gill 

Following euthanasia and dissection of tissues as described above, whole gill arches were 

submerged and fixed in 4% paraformaldehyde (PFA; 18814; Polysciences Inc) overnight at 4 

˚C. 

 

2.5.2 Staining for RFP, GFP and Draq5  

Following fixation in PFA overnight, tissues are washed twice in PBS and stored in PBS for no 

longer than 1 month at 4 ˚C before being stained. All of the following steps were carried out 

in 1.5 mL or 2 mL microcentrifuge tubes. Tissues were washed twice for 1 minute in deionised 

water (dH2O), transferred to ice-cold acetone (Sigma Aldrich) for 10 minutes at -20 ˚C, rinsed 

with dH2O twice, washed twice for 20 minutes in PBST (PBS, 0.05% Triton X-100, 0.05% 

Tween-20 (P1379; Sigma Aldrich)), then incubated in blocking buffer (PBST, 1% DMSO 

(D2650; Sigma Aldrich) with 5% donkey serum (D9663; Sigma Aldrich) and 5% goat serum for 

30 minutes. Next, samples were incubated in blocking buffer with polyclonal chicken anti-

GFP (1:1000, Abcam; ab13970) and/ or polyclonal rabbit anti-RFP (1:1000, MBL; PM005) 

overnight at 4 ˚C, washed 4 times in PBST for 20 minutes and incubated in blocking buffer 
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containing polyclonal donkey anti-chicken-AF488 (1:250, Jackson Immuno-Research; 703-

545-155) and/or polyclonal goat anti-rabbit-AF555 (1:300, ThermoFisher Scientific; A-32737) 

for 4 hours at RT and washed 4 times in PBST for 20 minutes (Table 2.4). Finally, tissues were 

stored in PBST until they were imaged. When nuclear staining was carried out, DRAQ5 

(1:1000, ThermoFisher Scientific) was used as per manufacturer’s instructions, then rinsed in 

PBST on the same day as imaging was carried out.  

 

Antibody Species Dilution Transgenic Targets Source 

Primary antibodies 

Anti-RFP Rabbit 1:1000 Runx:mCherry MBL (PM005) 

Anti-GFP Chicken 1:1000 lck:GFP, lyz:GFP, 

CD41:GFP 

IgM:GFP, Runx:GFP 

Abcam  

(ab13970) 

Secondary antibodies 

Anti-rabbit 

AF555 

Goat 1:300  ThermoFisher Scientific 

(A-32737) 

Anti-

Chicken 

AF488 

Donkey  1:250  Jackson ImmunoResearch  

(703-545-155) 

Table 2.4 List of antibodies use for whole mount immunostaining of zebrafish tissues 
 

2.6 Imaging  

All confocal and widefield imaging was carried out in the Facility for Imaging by Light 

Microscopy (Faculty of Medicine, Imperial College London). 

 

2.6.1 Stereomicroscopy 

Routine handling, screening and imaging of zebrafish larvae and adults was carried out on a 

Leica M205 FCA stereomicroscope fitted with a Leica DFC7000 T camera and Leica EL6000 

external light source for fluorescence excitation controlled by the Leica LAS X software. The 

filters used were the ET GFP (Article Number: 10447408; Excitation nm: ET470/40x; Emission 

nm: ET525/50m) and ET mCherry (Article Number: 10450195; Excitation nm: ET560/40x; 

Emission nm: ET630/75m). 
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2.6.2 Widefield microscopy 

Directly before imaging, individual fish were anaesthetised with 170 mg/L tricaine (MS222; 

E10521; Sigma-Aldrich) and gently placed on a 35 mm glass-bottomed dish (Ibidi, µ-Dish 35 

mm, high Glass Bottom; 81158) with a small anaesthetic droplet around them to ensure they 

did not dry out.  All fish were fully recovered no later than 11 minutes after placing into 

anaesthetic solution. 

 

Live in vivo imaging of recipient fish was carried out on a widefield Zeiss Axiovert 200M 

inverted microscope fitted with a Hamamatsu Flash 4 camera, pE4000 coolLED system light 

source and the following Zeiss filter cubes: GFP (excitation 470/40, emission 525/50) and 

mCherry (excitation 562/40, emission 624/40). The microscope was controlled by Velocity 

software, which was later replaced by ZEN blue pro software. Data was collected using 10X 

(EC Plan-Neofluar 10X 0.30 Ph1) and 20X (LD Plan-Neofluar 20X 0.40 KORR) objectives. 

 

2.6.3 Confocal microscopy  

Fixed and stained gill tissues were placed on a 35 mm glass-bottomed dish (Ibidi, µ-Dish 35 

mm, high Glass Bottom; 81158) and covered in a small droplet of PBST to prevent them from 

drying out. Image acquisition of immunoassayed gill tissue to visualise tissue structure and 

labelled cells was carried out on a Leica SP5 inverted confocal microscope controlled by Leica 

Application Suite software. Images were acquired on 5X (PL FLUOTAR 5X 0.12), 10X and 20X 

(HC PL APO 20X 0.70 CS) objectives as indicated.  

 

2.6.4 Image analysis 

All image processing and quantification was carried out using FIJI software (Schindelin et 

al.,2012; Rueden et al., 2017) or Icy software (de Chaumont et al., 2012). 

 

To analyse the abundance of cells in recipients post-transplant or for characterisation studies, 

FIJI software was used. Cell tracking was carried out using TrackMate FIJI plugin (Tinevez et 

al., 2017). The brightness and contrast of each channel were adjusted for each image to ensure 

both bright and dim cells were included in the analysis. To determine the post-transplant 

score of cells in circulation, videos were used as this made it possible to view highly motile 

cells that could not be detected in individual images. 
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Detection and quantitative analysis of lyz:GFP+ cell in the gills following R848 treatment was 

performed with Icy software. First, maximum projections were generated from z-stacks of 

gills, then regions of interest were defined manually to select the first 20 secondary lamellae 

of each arch (including equivalent region of primary lamellae). Cells within this region were 

detected and quantitatively analysed using the spot detector plugin (Olivo-Marin, 2002). 

Secondary gill lamellae that were significantly damaged or obstructed were excluded from 

analysis. 

 

2.7 Antibiotic treatment  

2.7.1 Short-term penicillin and streptomycin treatment of adult fish 

Six Tg(Runx:mCherry; lyz:GFP) females per group were randomly selected and distributed to 

treatment and non-treatment tanks. The fish were placed in 3 L capacity system tanks filled 

with 2 L of system water per group. From each tank, 200 mL system water was removed per 

day followed by addition of 200 mL fresh system water +/- penicillin (10 U/mL) streptomycin 

(10 µg/mL) (PS) (15070-063; Life Technologies), to mimic a 10% exchange for a period of 14 

days.  

 

2.7.2 Long-term penicillin and streptomycin treatment of juvenile fish 

Penicillin (10 U/mL) streptomycin (10 µg/mL) (PS) (15070-063; Life Technologies) was 

administered on a daily basis to larval zebrafish from 6 dpf for 7 weeks. Ten larval fish per 

group were kept in 1L tanks and administered 200 mL E2 +/- PS per day until tanks filled. 

Tanks were replaced once a week. E2 medium was prepared with 15 mM sodium chloride 

(S7653; Sigma-Aldrich), 0.5 mM potassium chloride (P9333 Sigma-Aldrich), 150 µM 

potassium phosphate monobasic (P5655; Sigma-Aldrich), 1 mM magnesium sulfate (M7506, 

Sigma-Aldrich), 50 µM sodium phosphate dibasic (S7907; Sigma-Aldrich), 1 mM calcium 

chloride (C5670; Sigma-Aldrich), 0.7 mM sodium bicarbonate (S6297; Sigma- Aldrich) and 10 

U/mL penicillin streptomycin (15070-063; Life Technologies).  

 

2.7.3 Oxytetracycline treatment of adult fish 

Six adult Tg(Runx:mCherry; lyz:GFP) fish were randomly selected and placed in 1 L capacity 

tanks filled with system water +/- 50 mg oxytetracycline (OTC; Sigma-Aldrich). OTC was 
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dissolved on day of use. The water in each tank and OTC were replaced daily. Treatment 

continued for 10 days. 

 

2.8 Immunostimulant challenges   

2.8.1 Poly:IC treatment 

Fish treated with poly I:C were anaesthetised with 170 mg/L tricaine (MS222; E10521; Sigma 

Aldrich) and received a single intra-peritoneal (IP) injection with a gauge 30 Hamilton syringe 

of 2 µL containing 10 µg poly I:C (P1530; Sigma Aldrich). 

 

2.8.2 Immersion of cmyb mutant fish in R848 

Between 1 and 8 cmyb mutant fish aged 5-7 wpf were placed into a single well of a 24-well 

plate with 1 mL of E2 medium. Subsequently, the medium was aspirated and replaced with 

500 µL E2 containing 0.5 mg/mL R848 (tlr-r848-r; InvivoGen). The fish were challenged by 

immersion for 10 minutes. Next, the R848 medium was aspirated and replaced with fresh E2, 

and the fish were transferred into a small tank with 200 mL E2 medium for 1-8 hours according 

to the experimental timepoint. 

 

2.8.3 Gill application of R848 on transgenic fish 

R848 was dissolved in endotoxin-free water at a concentration of 0.5 mg/mL. Adult zebrafish 

were anaesthetised in 168 mg/mL tricaine (MS222; E10521; Sigma Aldrich) and placed 

laterally on a Petri dish. The operculum and gills were dried with tissue prior to application of 

5 µL of 0.5 mg/mL R848 (tlr-r848-r; InvivoGen). Following treatment, fish were recovered from 

anaesthesia in aquarium system water.  

 

2.9 Hematopoietic cell transplantation 

2.9.1 Donor cell sorting  

Donor WKM or gills were harvested and prepared for FACS as described above (see section 2.3 

& 2.4). The resulting cells were resuspended in 0.9X PBS and 5% FCS, creating a single cell 

suspension. Cells were sorted at 2000 events/ s on BD FACSAria III by Dr Jane Srivastava or Dr 

Jessica Rowley in the Department of Life Sciences Flow Cytometry Facility (Imperial College 

London) to obtain the population of interest.  Sorted cells were gated to exclude debris (using 
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FSC/SSC, both of which use 488 nm laser and 480/10 filter). Cells were then split based on 

their fluorescent reporter and fluorescence intensity for either GFP (488 nm laser, 490/20 

filter) or mCherry (561 nm laser, 480/10 filter). The cells were sorted into 200 µL of 5% FCS 

0.9 X PBS at 4 ˚C. 

 

2.9.2 Donor cell preparation 

The concentration of sorted cells was determined using a haemocytometer (x104 cells/ mL) 

following centrifugation at 1000 rpm for 4 minutes and resuspension of cells in 150 µL 0.9X 

PBS 2% FCS.  

 

Carrier cells were obtained from WT or TraNac fish following anaesthetic overdose using 400 

mg/L tricaine (MS222; E10521; Sigma Aldrich). Following cessation of operculum movement, 

the skin around the heart was removed with fine forceps and the exposed heart was punctured 

using a 10 µL pipette tip containing 1X PBS. As the heart was punctured, the PBS was 

simultaneously dispensed. Next, the blood was slowly aspirated from the heart cavity while 

massaging the fish. The aspirated blood was dispensed into 1 mL of room temperature 1X PBS 

and immediately pipetted up and down to stop the blood from coagulating. The concentration 

of peripheral blood cells was determined using a haemocytometer (x104 cells /mL). 

  

Next, 2000 sorted donor cells were mixed with 105 peripheral blood cells, centrifuged at 1000 

rpm for 10 minutes at 4 ˚C and resuspended in 1 µL. 

 

2.9.3 Retroorbital injection of cmyb mutant fish with donor cells 

All transplants were carried out by retro-orbital (RO) injection as originally described by 

Pugach et al. (2009), with modification as described by McBrien (2017). In short, transparent 

cmyb mutant recipients (cmyb-/-, tra-/- nacre-/-) were anaesthetised with 168 mg/mL tricaine 

(MS222; E10521; Sigma Aldrich) and placed laterally on an anaesthetic-soaked sponge. Glass 

pulled needles were cut to size and used to carry out injections. Needles were mounted on a 

micromanipulator and connected to an IM 300 micro-injector (Narishige, Japan). Needles 

were inserted at a 45˚ angle between the eye and the socket and situated near the heart. Fish 

were injected with a 1 µL suspension of 2000 Runx+ cells and 105 peripheral blood carrier cells 
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unless otherwise stated. Post-transplant, fish were recovered from anaesthesia in fresh E2 

medium in individual small tanks. 

 

2.9.4 Post- transplant care 

Following transplant recovery, individual recipient cmyb mutant fish were maintained in 

separate static tanks with E2. Each recipient fish was housed socially with 3 WT companion 

fish of the same size (2 to 3 weeks younger). WT fish could be distinguished from recipient 

fish by eye due to the presence of pigment-producing melanophores in WT fish. Due to growth 

retardation of recipient fish, the companion fish were kept size matched to recipients for the 

duration of the experiments. 200 mL E2 medium was added to tanks daily and tanks were 

cleaned on a weekly basis to remove food debris and waste. All fish were monitored for adverse 

signs of health twice daily and those exhibiting adverse effects such as lack of motility, 

gasping for air, oedema or difficulty to stay balanced, were humanely culled with anaesthetic 

overdose (400 mg/L tricaine; MS222; E10521; Sigma Aldrich). Survival data of these fish was 

recorded and included in the survival analysis. Recipients were subjected to imaging to 

develop a post-transplant tracking system at 3, 6, 8, 10, 15, 22 and 29 days post-transplant 

(dpt). Widefield microscopy was carried out as described above (see section 2.6). 

 

2.10 Measuring gene transcript levels by qRT-PCR 

2.10.1 mRNA extraction from whole tissue 

Zebrafish tissues were homogenized in 200 µl of TRIzol (15596026; ThermoFisher Scientific) 

using a pellet pestle cordless motor (Sigma Aldrich). Total RNA was extracted using the 

PureLinkTM RNA Micro Kit (12183016; ThermoFisher Scientific) with DNAse treatment 

according to the manufacturer’s protocol. Quality and concentration of RNA were measured 

using a Nanodrop 1000 or NanoDrop One spectrophotometer (ThermoFisher Scientific).  

 

2.10.2 mRNA extraction from sorted cells  

50,000 cells (250 µL) of interest were FACS sorted directly into 750 µL TRIzolTM LS reagent 

(10296028; ThermoFisher Scientific) and maintained at 4 ˚C. To homogenize cells, samples 

were pipetted up and down directly after collection. Samples were transferred to 2 mL phase 

lock gel heavy tubes for subsequent RNA isolation steps. Phenol chloroform total RNA 
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isolation was carried out according to manufacturer’s instructions. Next, RNA samples were 

cleaned using RNA Clean & ConcentratorTM -5 kit and treated with DNase (R1014; Zymo 

Research). Quality and concentration of RNA were measured using a Nanodrop 1000 or 

NanoDrop One spectrophotometer (ThermoFisher Scientific). 

 

2.10.3 cDNA synthesis 

For transcripts analysis, 125ng RNA were used per sample to synthesise complementary DNA 

(cDNA) using the High-Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems) with 

random primers. Before further use, cDNA was diluted 1:5 with water. 

 

2.10.4 Relative gene transcript analysis 

Taqman primer and probe-based quantitative polymerase chain reaction (qPCR) reactions 

were prepared using 1 µL cDNA and 9 µL Taqman Fast Universal 2X Mastermix (Applied 

Biosystems) and water. qPCR reactions using oligonucleotide primers (0.5 µL each of forward 

and reverse primers) were prepared using 5 µL SyBr Green Mastermix 2X (Applied 

Biosystems), 1 µL cDNA and water. Reactions were run in duplicate or triplicate on a 7500 Fast 

Real Time PCR System Machine (Applied Biosystems) and the cycle threshold (Ct) was set at 

0.2.  

 

Transcript levels were analysed relative to 18S levels by calculating the ΔCt between the gene 

of interest and 18S for each sample. Relative transcript levels were calculated by 2^-ΔCt. 

Samples with undetected transcripts were reported as having a relative transcript level of 0. 

When fold change was calculated, 18S Ct values were used to normalise Ct values of genes of 

interest. Fold change was determined relative to the median of control samples using the 2-

ΔΔCt method (Livak & Schmittgen, 2001).  
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2.10.5 List of primers and probes 

Gene Assay type TaqMan assay ID / SYBR primer sequences 

18S TaqMan 4319413E 

il1b TaqMan Dr03114368_m1 

ifng1-2 TaqMan Dr0381923_m1 

ifnf1 TaqMan Dr03100938_m1 

tnfa TaqMan Dr03126850_m1 

cxcl18b TaqMan Dr03436643_m1 

runx1 TaqMan Dr03074179_m1 

cmyb TaqMan Dr03432766_m1 

lyz TaqMan Dr03099436_m1 

mpeg1.1 TaqMan Dr03439207_g1 

rag1 TaqMan Dr03131481_m1 

GFP TaqMan Mr03989638	

16S SYBR F: 5’-TCCTACGGGAGGCAGCAGT-3’ 

R: 5’-GGACTACCAGGGTATCTAATCCTGTT-3’  

lck SYBR  F:5’-ACGCCGAAGAAGATCTC-3’  

R: 5’-GCTTGGGGCAGTTACA-3’  

IgM SYBR F: 5’- GAAGCCTCCAATTCTGTTGG-3’ 

R: 5’-CCGGGCTAAACACATGAAG-3’ 

pax5 SYBR F: 5’-CTGATTACAAACGCCAAAAC-3’ 

R: 5’-CTAAATTATGCGCAGAAACG-3’ 

c-kit SYBR F: 5’-CCAGCCGGACACATGGAAAT-3’ 

R: 5’-CTGCGGTTTGCTGATGACA-3’ 

mCherry SYBR F: 5’-CCCCGTAATGCAGAAGAAG-3’  

R: 5’-TTGGTCACCTTCAGCTTGG-3’ 

Table 2.5 List of qRT-PCR primers and probes 
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2.11 Statistical analysis 

Data analysis was carried out using Microsoft Excel followed by statistical analysis and 

graphical representation on GraphPad Prism 5-9.0 software (CA, USA). When comparing 2 

groups, Student’s t-tests were carried out with Welch’s correction if the standard deviation 

was significantly different. If a population did not have normal distribution, the non-

parametric Mann-Whitney test was used. One-way analysis of variance (ANOVA) with Tukey’s 

multiple comparison test was used to compare 3 or more groups. If data was non-parametric, 

the Kruskal-Wallis test with Dunn’s multiple comparison test was used. The Log rank test was 

used to compare survival. P values greater than 0.05 were deemed non-significant, denoted 

as ns. Statistical significance denoted as *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error 

bars indicate standard deviation (SD).
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Chapter 3 | Runx1+23 Transgenic Characterisation  

 

This chapter presents the work carried out to further characterise Runx transgenic zebrafish, 

as published by Tamplin et al. (2015). The aim was to better understand the population of cells 

expressing fluorescent proteins in these transgenic fish throughout developmental and adult 

stages. This chapter sets out to characterise the localisation of transgenic Runx+ cells in adult 

zebrafish tissues, as well as their HSC potential. A better understanding of the cells that 

express fluorescent proteins in these transgenics will have important implications for the use 

of these transgenic fish for HCT studies. Identifying the population with the greatest stem cell 

potential for transplantation will have an impact on the survival of transplant recipients.  

 

3.1 Introduction  

3.1.1 Runx1 expression throughout zebrafish development  

Runx1 is a highly conserved gene that regulates definitive hematopoiesis in all vertebrates. It 

has a conserved gene structure and function (Speck & Gilliland, 2002; Levanon & Groner, 

2004), forming a heterodimer with Cbfb to regulate HSC budding from the ventral wall of the 

dorsal aorta (VDA) (Bresciani et al., 2014). Vertebrate runx1 has two isoforms, generated by 

differential usage of the P1 or P2 promoters. Lam et al. generated two transgenic zebrafish 

lines, Tg(runx1P1:EGFP) and Tg(runx1P2:EGFP), to characterise the expression of each runx1 

isoform, and found that each is expressed in discrete hematopoietic sites (Lam et al., 2009). 

The runx1P1 isoform was found to be maternally expressed in the unfertilized oocyte and 

transcripts remained present until approximately 4 hpf, as detected by quantitative real-time 

PCR (qRT-PCR). In contrast, the runx1P2 isoform transcript was predominantly detected from 

14 hpf onwards. GFP fluorescence was first detected in Tg(runx1P1:EGFP) transgenic fish at 

18 hpf in the posterior lateral-plate mesoderm (PLM), but this was mostly gone by 24 hpf once 

the posterior blood island (PBI) had formed. The P1 promoter drove expression of runx1 in the 

early stages of definitive erythromyeloid progenitor (EMP) formation before being down 

regulated (Lam et al., 2009).  Interestingly, morpholino knockdown indicated that runx1P1 

was not necessary for either primitive or definitive hematopoiesis. Expression of GFP was also 

driven by the runx1P1 promoter in the olfactory placode and neuronal and somitic tissues.  
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The runx1P2 promoter on the other hand was not detected in the PBI region, and instead was 

found to drive expression of GFP in definitive HSPCs in the VDA by 22 hpf, followed by their 

migration to the thymus by 4 dpf and pronephros, which eventually becomes the WKM, by 5 

dpf. Expression of the P2 isoform was first detected at the 6-somite stage in the notochord, 

followed by the establishment of distinct neuronal expression by the 12-somite stage (Lam et 

al., 2009). Together, this indicated specific expression driven by the P2 promoter of runx1 in 

definitive hematopoietic sites but not primitive sites, as well as neuronal expression as GFP 

fluorescence was abundant in the brain and spinal cord. runx1P2 promoter continued to drive 

GFP expression in HSPCs in the WKM in 1-month old zebrafish. Subsequently, 

Tg(runx1P2:EGFP)  transgenic zebrafish  were crossed with Tg(kdrl:NLSmCherry) zebrafish and 

double positive progeny were utilised to visualise the emergence of HSCs from the VDA (Lam 

et al., 2010). 

 

Most recently, another zebrafish runx1 reporter line was generated which has led to the 

discovery that HSC-forming hemogenic endothelium derived from the arterial endothelium. 

Using the TgBAC(runx1P2:citrine) transgenic line,  it was found that runx1 expression was 

dependent upon earlier arterial programming by the notch ligand dll4. This led the authors to 

hypothesize that the arterial endothelium was a precursor to the hemogenic endothelium 

(Bonkhofer et al., 2019). Citrine expression in this transgenic was found to recapitulate 

endogenous hematopoietic expression of runx1P2. However, in contrast to the findings by 

Lam et al., where EGFP was detected by 22 hpf in Tg(runx1P2:EGFP) transgenic zebrafish, 

citrine expression was first detected in TgBAC(runx1P2:citrine) transgenic fish at 23-24 hpf. 

Citrine was also detected in spinal cord neurons but not in runx1+ Rohon-Beard neurons 

(Bonkhofer et al., 2019).  

 

Interestingly, as discussed in the introduction (section 1.7.3), the runx1W84X mutant line 

exhibited impaired HSC formation in most of the homozygous mutants, whereby no definitive 

HSCs were present at 5 dpf. However, approximately 20% were capable of surviving a 

bloodless phase and could form a reduced number of definitive HSCs in the CHT, which 

eventually migrated to the kidney despite the absence of functional runx1. Although a reduced 

number of HSCs formed, runx1W84X mutants exhibited also reduced numbers of myeloid and 
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precursor cells in the adult WKM (Sood et al., 2010). All in all, Sood et al. demonstrated that 

zebrafish HSCs can form even in the absence of functional runx1. 

 

3.1.2 Runx1 expression in thrombocytes  

In addition to its significance in the formation of definitive HSCs, runx1 is also involved in the 

regulation of zebrafish thrombocyte development. Thrombocytes are the zebrafish equivalent 

of platelet-producing megakaryocytes. Sood et al. found that runx1W84X mutants had defective 

thrombocyte differentiation. Furthermore, it has been found that patients with heterozygous 

RUNX1 mutations in humans also developed familial platelet disorders with 

thrombocytopenia (Michaud et al., 2002). Additionally, it has been reported in humans and 

mice that RUNX1-mediated silencing of a non-muscle myosin heavy chain IIB (MYH10) is 

important for correct megakaryocyte maturation. In the absence of functional RUNX1 

proteins, MYH10 was found to build up in platelets, leading to thrombocytopenia (Antyony-

Debré et al., 2012). 

 

Building upon the work carried out by Bonkhofer et al., Koth et al. utilised the 

TgBAC(runx1P2:citrine) transgenic line generated in earlier work in combination with the 

runx1W84X mutant line to investigate scar deposition following heart cryoinjury. The group 

demonstrated the way in which runx1 was specifically upregulated in cardiomyocytes 

following heart injury and led to decreased myocardial proliferation and survival. In the 

runx1W84X mutant zebrafish, on the other hand, both proliferation of myocardial cells and their 

survival was greater, while fibrosis was reduced. Furthermore, they showed that runx1+ 

endocardial cells and runx1+ thrombocytes accumulated in WT zebrafish (Koth et al., 2020). 

 

Several groups have been able to provide evidence suggesting there is overlap between runx1+ 

cells and CD41:GFP+ cells. In their work, Tamplin et al. crossed Tg(Runx:mCherry) zebrafish 

to Tg(CD41:GFP) fish and used confocal microscopy in the CHT region of 72 hpf embryos to 

show a 60 ± 12% overlap between CD41:GFP+ HSPCs and Runx:mCherry+ HSPCs, and 44 ± 8% 

overlap vice versa (Tamplin et al., 2015). Utilising single-cell RNA sequencing technologies, 

Tang et al. also showed significant overlap between the transcriptional programs of 

CD41:GFP+ and Runx:GFP+ cells from the WKM (Tang et al., 2017). As discussed in Chapter 1, 

the CD41:GFPlow population has been used to isolate HSPCs, whereas the CD41:GFPhigh cells 
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are mature thrombocytes (Lin et al,. 2005; Ma et al., 2011). Interestingly, Tang et al. found that 

CD41:GFPlow and Runx:GFP+ cells did not cluster together in a defined group in a principal 

component analysis but instead were found to be a highly heterogenous population of cells.  

CD41:GFP+ and Runx:GFP+ cells followed two main trajectories: either that of classically 

defined HSPCs or erythroid-primed HSCs. Finally, they also found that classically defined 

HSPCs, erythroid-primed HSPCs and thrombocytes had closely related transcriptional 

programs. Most recently, Koth et al. (2020) also showed that runx1:citrine+ cells also 

expressed the thrombocyte marker CD41 (also known as itga2b). 

 

3.1.3 Runx1 is required for B cell formation and maturation  

runx1, in partnership with cbfb, is required for regulation of B cell lymphocyte development 

and maturation. In runx1W84X mutant zebrafish, Chi et al. have shown that functional runx1 is 

required for successful V(D)J rearrangements in B cells. Interestingly, it was found that T cell 

development remains unaffected in runx1W84X mutants, and that the reduction in B cells was 

linked to increased apoptosis rather than decreased proliferation.  In adult zebrafish, the 

abundance of IgM:GFP+ cells (Page et al., 2013) decreased from 30% of total WKM live cells in 

WT fish to approximately 4 % in the mutant, indicating that runx1 plays an important role in 

B cell maturation and differentiation in adult zebrafish (Chi et al., 2018). The requirement of 

runx1 for B cell maturation is not specific to zebrafish and is conserved in mice and humans, 

too. Indeed, RUNX1 mutations in patients can lead to acute lymphoblastic leukaemia and 

mouse studies have shown that Runx1 is required for promoting the survival and development 

of B cell progenitors (Niebuhr et al., 2013).  

 

3.1.4 Runx1 transgenic lines used to identify hematopoietic stem and precursor cells in adult 

zebrafish 

As discussed in the main introduction, a number of transgenic lines have been generated to 

aid in the study of HSCs and HSPCs in zebrafish (Section 1.4.1). Most of these, particularly the 

Tg(cmyb:eGFP) and Tg(runx1p2:EGFP) transgenic lines, have focused on the study of HSPCs in 

the zebrafish embryo (North et al., 2007; Lam et al., 2009). However, this thesis aims to focus 

on investigating HSPCs in adult zebrafish in order to utilise these in HCT studies. The 

transgenic lines Tg(Runx:mCherry) and Tg(Runx:GFP) have been shown to drive expression of 

fluorescent proteins in both embryonic and adult-derived HSPCs (Tamplin et al., 2015). In 
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these transgenic lines, expression of fluorescent protein is driven by an evolutionarily highly 

conserved cis-regulatory element shared between human, mouse, dog, chicken, frogs, 

zebrafish and opossum, located approximately 23.5 kb downstream of the translation 

initiation site of exon one within the first intron of the mouse Runx1 locus (Nottingham et al., 

2007). The expression of fluorescent protein in these transgenics was found to be present in 

cells at all sites of definitive hematopoiesis and was confirmed by HCT (Tamplin et al., 2015). 

Independently, Ng et al. also identified a highly conserved non-coding Runx1 intronic 

enhancer element located +24 kb downstream of the P1 promoter region. This was shown to 

be the same as the +23.5 enhancer element identified by Nottingham et al. (2007). Differences 

in the naming of the enhancer elements came about due to different definitions of the +1 site. 

The +24 enhancer element was found to have hematopoietic-specific activity in both mice and 

zebrafish and was specifically active in the hemogenic endothelium (Ng et al., 2010). 

 

 The two transgenic strains Tg(Runx:mCherry) and Tg(Runx:GFP) differ predominantly in the 

addition of a nuclear localisation signal in the Tg(Runx:mCherry) strain. Therefore, the 

localisation of GFP would be expected in the cytosol while the mCherry fluorescent protein 

would be trafficked to and sequestered within the nucleus. However, it was found that the two 

cell populations were not equivalent, whereby the mCherry fluorophore was expressed in a 

larger population of cells relative to Runx:GFP (Tamplin et al., 2015). Although there may be 

positional differences in the insertion site of the transgene, the difference in population size 

can likely be attributed to the nuclear localisation signal in the Tg(Runx:mCherry) transgenic 

line, leading to retention of mCherry possibly even after HSPCs start to differentiate. If this is 

the case, precursor cells and multipotent progenitors would be expected to have retained 

mCherry fluorescence. Indeed, work carried out in collaboration with Dr. McBrien identified 

that the Runx:mCherry+ cell population was significantly more radiosensitive than the 

Runx:GFP+ cell population. Sub-lethal irradiation led to a significant reduction in the number 

of Runx:mCherry+ cells in the WKM of adult fish 5 days post irradiation. Runx:GFP+ cells, on 

the other hand, did not reduce in cell numbers following irradiation (McBrien, 2017). 

 

The overlap between Runx:mCherry and Runx:GFP-expressing cells was investigated by 

Tamplin et al.  using fluorescence microscopy of the CHT at 72 hpf, which revealed that 13±6 

% of Runx:mCherry+ cells overlapped with Runx:GFP+ cells, and 92±11 % of Runx:GFP+ cells 
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overlapped with Runx:mCherry+ cells. This clearly demonstrated that the Runx:mCherry 

population was considerably larger than the Runx:GFP population. The difference in the 

number of cells that express the fluorescent protein likely is reflected in biological differences 

between these two populations. The aim of this chapter is to further characterize these 

transgenic lines and determine whether equivalent populations of HSPCs can be isolated for 

potential future use in competitive transplantation assays in adult zebrafish.  
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3.2 Aims 

This chapter aims to further characterise the Tg(Runx:mCherry) and Tg(Runx:GFP) transgenic 

lines generated by Tamplin et al. (2015). Fluorescent protein-expressing cells will be 

investigated during larval and adult stages with a view to utilise adult transgenic fish as HSC 

donors in subsequent HCT experiments. 

 

More specifically, the aims of this chapter are to:  

1. Determine the localisation and abundance of fluorescent protein-expressing Runx+ 

cells.  

2. Investigate the similarities and differences between Runx:mCherry+ and Runx:GFP+ 

populations in different tissues.  

3. Elucidate whether other non-HSC cell types may be expressing the Runx:mCherry 

construct, using a combination of flow cytometry, imaging and gene transcript data. 
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3.3 Results 

3.3.1 The localisation and abundance of fluorescent protein-expressing Runx+ cells 

The publication by Tamplin et al. (2015) provided a detailed account of the localisation of 

Runx+ HSPCs during the embryonic developmental stages of zebrafish and examined all major 

hematopoietic tissues of the embryo, including the VDA, CHT, thymus and WKM. In 

particular, the study characterised the emergence of Runx+ cells from the hemogenic 

endothelium in the CHT. The current project therefore focused on post embryonic stages of 

zebrafish development and investigated where Runx+ cells could be found in larval and 

juvenile fish, before also studying adult transgenic fish.  

 

3.3.1.1 Runx:mCherry+ cells appear in circulation and embed in the gill tissue 

During larval stages of zebrafish development, a significant population of circulating 

Runx:mCherry+ cells were identified (Fig. 3.1A-B). These cells were found throughout the 

circulatory system, including in distal sites such as the gills (Fig. 3.1C, D). It was possible to 

track cells in circulation in the CHT, demonstrating the presence of embedded cells in the 

CHT niche in addition to cells in the vasculature. Unfortunately, due to the long exposure 

time (200 µS) and the dynamic movement of cells through the gill vasculature, it was not 

possible to accurately track circulating cells in gill tissue (nevertheless, videos are accessible 

via QR codes and URLs in each figure). While it has previously been reported that a small pool 

of HSPCs is continuously released into circulation during steady-state hematopoiesis in 

mammalian systems (Massberg et al., 2007), the functional purpose of these circulating 

Runx:mCherry+ cells in the larval zebrafish remains unclear. They may go on to seed the WKM, 

the definitive site of adult hematopoiesis, or later the thymus to form lymphoid cells.  

 

The presence of circulating Runx+ cells continued into the larval and juvenile stages of the 

zebrafish development (Fig. 3.2), and even into adulthood (Fig. 3.3). Furthermore, in addition 

to the published presence of embedded Runx+ cells in the CHT and later the WKM and thymus 

(Tamplin et al., 2015), I found that juvenile fish at 21 dpf contain a small number of embedded 

Runx+ cells in their gills (Fig. 3.2). Therefore, changes in localisation of Runx+ cells throughout 

the development of the zebrafish were investigated.  
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Fig. 3.1 Presence of circulating Runx:mCherry+ cells in 7 dpf zebrafish larvae. 

(A) Widefield live intravital microscopy of 7 dpf TraNac Tg(Runx:mCherry) CHT. Fluorescent cells in grey. Cartoon 
of zebrafish indicates areas imaged. Video is taken at a single z slice. The video can be viewed by using the adjacent 
QR code or at this link qrgo.page.link/m45Mv. (B) Manual cell tracking data of Runx:mCherry+ cells in the CHT 
area and in circulation in the blood of 7 dpf TranNac Tg(Runx:mCherry) fish. Stationary cells indicate HSPCs lodged 
in the CHT; lines indicate the movement of cells in circulation. Cell tracking was carried out using Fiji manual 
tracking plugin (Tinevez et al., 2017). (A-B) Dotted line indicates location of CHT. (C-D) Live intravital microscopy 
of 7 dpf TranNac Tg(Runx:mCherry) fish gills. (C) Unfilled arrow heads show Runx:mCherry+ cells in circulation 
through the gill (fluorescent cells in red). N= 5. Representative video can be viewed using adjacent QR code or at 
this link qrgo.page.link/Ny1tT.  
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Fig. 3.2 Presence of Runx:mCherry+ static cells in the zebrafish gills from 21dpf.  

(A) Widefield live intravital microscopy of 21 dpf TraNac Tg(Runx:mCherry) gills. Brightfield and fluorescent 
images of gills are taken at a single z slice. Brightfield image are included to indicate focal plane. (B) mCherry 
fluorescence observed in the gills of 21 dpf of TraNac Tg(Runx:mCherry) fish. Filled arrowheads indicate stationary 
cells in the gill. Unfilled arrowheads indicate the location of cells that move in circulation. Video can be viewed by 
using adjacent QR code or at this link qrgo.page.link/bmc7r. 
 

It was found that between 7-14 dpf, the only Runx+ cells that were present in the gills were 

those in circulation in the blood. However, from approximately 21 dpf onward, embedded 

Runx+ cells started to appear in the gill tissue (Fig. 3.2 & 3.3). The number of these resident 

cells appeared to increase between 21-35 dpf and then stabilised as fish matured and reached 

adulthood (Fig. 3.3). Ultimately, a quantitative flow cytometry time course would be required 

to confirm this.  
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Fig. 3.3 Developmental time course of Runx:mCherry+ cells in gill tissue. 

Widefield live intravital fluorescence microscopy of TraNac Tg(Runx:mCherry) gills. Videos taken at a single z slice. 
Videos of Runx:mCherry + cells in circulation in zebrafish gills at 7 dpf (A, qrgo.page.link/mrgtk), 14 dpf (B, 
qrgo.page.link/vzz4k), 21 dpf (C, qrgo.page.link/R3tKk), 28 dpf (D, qrgo.page.link/qFjax), 35 dpf (E, 
qrgo.page.link/5SJ3F) and 1 year post fertilisation (F, qrgo.page.link/Vj4R9). N=5, representative videos shown. 
Image stabilisation was carried out using Fiji software. Scale bars represent 100 µM. Cell tracking was not possible 
due to required long exposure time of 200 µs and dynamic movement of cells in circulation. Videos can be viewed 
using corresponding QR codes and URLs.  
 

3.3.2 Characterising blood cell populations in whole kidney marrow, gill and blood 

Following the identification of Runx:mCherry+ cells in the gills and peripheral blood, in 

addition to their previously known presence in the WKM of adult zebrafish, the abundance of 

Runx:mCherry+ cells in these adult tissues was investigated. Understanding the abundance of 

Runx:mCherry+ cells and other major blood cell populations could shed light on whether the 

Runx:mCherry+ cells in each niche may have distinct organ-specific functions. As described 

by Traver et al. (2003), hematopoietic cell populations in the WKM can be readily identified 

by flow cytometry by distinguishing forward and side scatter properties (Fig. 3.4E). These 
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provide information on the size and granularity of the cells, respectively. For this approach, 

single cell suspensions were prepared from each tissue from individual adult transgenic 

zebrafish and analysed by flow cytometry. Live single cells were identified by selecting for 

singlet cells, excluding auto-fluorescent cells and FSC low debris (Fig. 4 A-D). The flow 

cytometry gating for major blood cell lineages was confirmed by determining which 

compartments contained established reporter cells, such as lyz:GFP+ and Runx:mCherry+. 

Indeed, lyz:GFP+ cells localised to the myelomonocyte compartment and Runx:mCherry high 

cells to the lymphocyte compartment (Fig. 4 E-G) as previously described (Hall et al., 2007; 

Tamplin et al., 2015).  

 

It was observed that the gating of major blood cell populations, as defined by Traver et al. 

(2003), could accurately be applied to the WKM and the peripheral blood (PB) (Fig. 3.4E-G & 

3.5A). However, the gill appeared to possess another dominant population, which partially 

overlapped with the precursor and myelomonocyte gates (Fig. 3.5D). Using transgenic 

markers for myelomonocytes, such as Tg(lyz:GFP), which has previously been reported to 

identify 57.4±3.5 % of all cells within the myelomonocyte compartment (Hall et al., 2007), it 

became clear that there was a discrepancy in the number of events within the myelomonocyte 

compartment and the number of lyz:GFP+ cells present in the gills (Fig. 3.5G & I). Previous 

work by Dr. Wane in the Dallman lab (Wane, 2021) also found that fli:GFP+ cells, which 

express fluorescent protein in endothelial cells (Lawson & Weinstein, 2002), fall in both the 

precursor and myelomonocyte compartments in the gill, indicating that cells of a non-

hematopoietic lineage also contribute to these gates. Therefore, although myeloid cells would 

be expected in the myelomonocyte compartment of the gill and, likewise, precursor cells 

would be expected in the precursor compartment, it cannot be assumed that the number of 

events present in these gates are a true reflection of the number of myelomonocyte and 

precursor cells in the gill.  

 

The most abundant hematopoietic cell type in the three tissues investigated (WKM, blood and 

gill) were the erythrocytes which contributed on average 26.3 % and 44.3 % to live cells in the 

WKM and gill respectively. Unsurprisingly, they account for the greatest proportion of cells 

within the PB, where 79.2±10 % of all live single cell events were found within the erythrocyte 

compartment (Fig. 3.5 & 3.6). Lymphocytes make up approximately 22-26 % of live cells in 



       Chapter 3 | Runx1+23 Transgenic Characterisation 

 95 

both the WKM and the gills. However, there are very few present in the blood (1.7 %). The 

abundance of myelomonocytes was the greatest in the WKM with an average of 21.0 %, 

compared to 9.8 % in the gill and 0.6 % in the blood. However, given the contribution of non-

hematopoietic lineages to this compartment in the gill, the number of myelomonocytes in the 

gill is likely to be an overestimation. Indeed, lyz:GFP+ cells only  contribute 0.5 % on average 

to live cells in the gill, compared to 9.8 % of live singe cells within the myelomonocyte gate. 

Meanwhile in the WKM lyz:GFP+ cells make up on average 17.2 % of live cells, this is much 

more similar to the contribution of  live single cells to the myelomonocyte compartment (21 

%) in the same tissue. As it may be expected, WKM contains the largest proportion (7.7 %) of 

hematopoietic precursor cells relative to the blood and gills, which contain 0.9 % and 5.5 % 

respectively. Once again, within the gills, this number is unlikely to reflect the true number 

of precursor cells present in the tissue. However, a similar trend is observed in the population 

size of Runx:mCherry+ cells which make up 3.9, 0.3 and 1.1 % of live single cells in the WKM, 

blood and gill respectively (Fig. 3.5 & 3.6).  

 

For the purpose of identifying blood cell populations in the WKM and blood, the gates 

described by Traver et al. (2003) to identify major blood cell populations were used. However, 

to investigate blood cell populations in the gill, I in part relied on the use of fluorescent 

protein-expressing cells, such as lyz:GFP+ and Runx:mCherry+ cells, to more accurately reflect 

the abundance of myeloid and precursor cells respectively. In addition, the lymphocyte and 

erythrocyte compartments, based of FSC/SSC, were also used to determine the abundance of 

these blood cell populations in the gills. 
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Fig. 3.4 Flow cytometry gating strategy to identify live single cells and fluorescent cell 
populations. 

A single cell suspension of WKM tissue from Tg(Runx:mCherry; lyz:GFP) fish was analysed to identify live single 
cells using flow cytometry. (A) Ungated FSC-A/SSC-A profile of a representative WKM. (B) Singlet cells were 
selected on FSC-W/FSC-A. (C) Auto-fluorescent events were excluded based on mCherry/GFP. (D) FSC low debris 
was excluded on SSC-A/FSC-A. (E) Black outlines indicate gates of major blood cell populations. (F) mCherry/ GFP 
plot with gating of fluorescent populations. Red box outline represents gating for mCherry high cells, blue box 
outlines the gate for mCherry low cells and the green box outline shows gating for GFP+ cells. Values adjacent to 
gates reflect the percentage of events within each gate compared to total events in the whole plot. (G) Back-gating 
of fluorescent cells to identify the FSC/SSC gates they are found within. 
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Fig. 3.5 Characteristic FSC/SSC plots of blood, gill and WKM, as well as their composition. 

Adult WT, Tg(Runx:mCherry) and Tg(Runx:mCherry; lyz:GFP) fish were dissected and WKM, PB and gill tissues were 
harvested in order to determine the composition of cell populations. (A) Gating of major blood cell populations on 
WKM based on FSC/SSC as described by Traver et al. (2003). (B, C & D) Representative FSC/SSC plots of WKM, PB 
and gill single cell suspensions from individual fish with typical blood cell gating applied. (E-J) Individual dots 
represent 1 fish. N= 6-21. Mean and standard deviation (SD) shown. Percentage contribution of erythrocytes (E), 
lymphocytes (F), myelomonocytes (G) and precursors (H) to live single cells in WKM, PB and gills. (I) Proportion 
of lyz:GFP+ cells as a percentage of live singe cells in each of the WKM, PB and gill tissues. (J) Proportion of 
Runx:mCherry+ cells as a percentage of live single cells in each of the WKM, PB and gill tissues.  
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Fig. 3.6 Cell composition of WKM, blood and gill 
tissues. 

Flow cytometry FSC/SSC was used to determine the mean 
average proportion of erythrocytes, lymphocytes, 
myelomonocytes and precursors as a percentage of live 
single cells in WKM, blood and gill tissues of adult WT 
zebrafish. N= 9.  

 

 

 

 

 

3.3.3 Identification of Runx+ cells by flow cytometry 

The next objective was the quantification of both Runx:mCherry+ and Runx:GFP+ (collectively 

referred to as Runx+) cells in adult zebrafish by flow cytometry to further dissect the 

populations. Tamplin et al. (2015) showed that Runx+ cells possessed the same size and 

granularity as cells found in the lymphocyte compartment (which has been shown to contain 

HSCs (Traver et al., 2003)). This study corroborated these findings and showed that Runx+ cells 

from the WKM localised to the lymphocyte gate (Fig. 3.4F & G, 3.7A-C). Based on fluorescence 

intensity, different populations of Runx:mCherry+ cells could be identified in the WKM of 

adult zebrafish, there being a clear distinction between mCherry high and low fluorescence 

intensity. The mCherry low population was more abundant and comprised approximately 3.0 

% of all the live single cell events in the kidney and 77.6 % of the entire mCherry+ 

compartment. In contrast, mCherry high was found to have contributed an average of 0.9 % of 

the WKM and 22.4 % of all mCherry + cells (Fig. 3.7E & H). Of these, it was found that on 

average ~72.2±9.8 % of Runx:mCherry high cells were in the lymphocyte compartment, while 

~12.0±8 % appeared in the precursor compartment (Fig. 3.7F). The remaining ~16 % were 

outside of either compartment. Runx:mCherry low cells in the WKM appeared to lie 

predominantly in the precursor compartment (~46.6±8 %). However, they were next most 

abundant in the lymphocyte compartment, where ~34.1±7.5 % of them were found (Fig. 3.7D 

& G). Of the remaining ~19.3 % of Runx:mCherry low cells, 4.7±3 % were found in the 

erythrocyte compartment and 5.7±4.5 % were found in the myelomonocyte compartment (Fig. 

3.7D).  
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Fig. 3.7 Characterisation of Runx:mCherry+ cells in adult zebrafish WKM. 

Tg(Runx:mCherry) transgenic WKM was harvested from adult zebrafish to quantify the Runx:mCherry high and 
Runx:mCherry low cells as a percentage of total live cells and dissect the differences between Runx:mCherry high and 
low cells. N=7-27. (A) Runx:mCherry low cells plotted on FSC/SSC to determine the gate in which the majority of cells 
lie. Values on plot reflect the percentage of cells within each gate relative to total events in plot. (B) mCherry/GFP 
plot of Tg(Runx:mCherry) WKM. Red box indicates gating for Runx:mCherry high cells and yellow box indicates gating 
for Runx:mCherry low cells. (C) Runx:mCherry high cells plotted on FSC/SSC to determine which gate the majority of 
cells lie in. 85% of Runx:mCherry high events were found in the lymphocyte gate and 8% in the precursor gate. (D) 
Percentage of all Runx:mCherry low cells which were found in different gates. (E) The proportion of Runx:mCherry 
high and low cells as a percentage of live single cells in the WKM. (F) Percentage of all Runx:mCherry high cells which 
were found in different gates. (G) Percentage of all Runx:mCherry low cells which were found in different gates for 
individual fish, linked values. (H) The proportion of Runx:mCherry high and low cells as a percentage of all 
Runx:mCherry+ cells in the WKM. Each dot represents 1 fish. Error bars indicate SD. *P < 0.05, **P < 0.005, ***P < 
0.0005, ****P < 0.00005. T-Test.  
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The presence of Runx:mCherry+ cells was confirmed by flow cytometry in the adult gill tissue. 

Strikingly, the predominant population of Runx:mCherry+ cells in the gill were Runx:mCherry 
high. These contributed 1.1 % to all live single cells and 97.5 % to the total mCherry+ population 

(Fig. 3.8B, E & G). Like those Runx:mCherry high cells found in the WKM, ~ 86.6±11.6 % of 

Runx:mCherry high cells in the gill appeared in the lymphocyte compartment, while only 

~0.9±0.7 % appeared in the precursor compartment (Fig. 3.8C & F). The much smaller and 

occasionally absent population of Runx:mCherry low cells in the gill contributed ~0.1±0.1 % of 

live cells. Of these, ~34.9±10.3 % were found in the lymphocyte compartment (Fig. 3.8A, B, D 

& E). This data suggests that either other, non-HSPC cell types were also expressing 

Runx:mCherry, or that there was a population of HSPCs or other precursors in the gill 

expressing the Runx:mCherry transgene.  

 
The population of Runx:mCherry+ cells found in the blood had a significantly lower 

abundance than either in the gill or WKM and only made up a total of ~0.4±0.4 % of live single 

cells. Similarly to the gill, the Runx:mCherry+ cells found in the circulating blood were also 

predominantly Runx:mCherry high (87.5 %, Fig. 3.9B, E & F). These cells were found principally 

in the lymphocyte compartment (~ 77.2±12.7 %), with only ~ 9.3±4 % found in the precursor 

compartment. Conversely, the Runx:mCherry low cells in the blood were rare (~0.2 % of live 

single cells) and of these, ~40.5±8.6 % were located in the precursor compartment and ~19 ± 

10.3% in the lymphocyte compartment (Fig. 3.9C, F & A, D). 

 

In contrast to the distribution of Runx:mCherry+ cells, only one population of Runx:GFP+ cells 

was found in each examined tissue (Fig. 3.10A-C). In the WKM, much like the Runx:mCherry 
high cells, Runx:GFP+ cells were found to scatter predominantly in lymphocyte compartment 

(81.6±10.4 %), while an average of 5±6.7 % of cells were in the precursor compartment (Fig. 

3.10D & G). Meanwhile, the Runx:GFP + population in the gill was found to be almost entirely 

restricted to the lymphocyte compartment (94±3.4 %), with less than 2.5 % of cells found in 

any other compartment (Fig. 3.10E & H). Finally, in the blood, a small population of 

circulating Runx:GFP+ cells was found, predominantly in the lymphocyte compartment 

(88.3±1.5 %), with 5.3±1 % among the precursors (Fig. 3.10F & I).  
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Fig. 3.8 Characterisation of Runx:mCherry+ cells in adult zebrafish gill. 

Tg(Runx:mCherry) transgenic gills were harvested from adult zebrafish to quantify the Runx:mCherry high and low 
cells as a percentage of total live cells and dissect the differences between Runx:mCherry high and low cells. N=8-17. 
(A) Runx:mCherry low cells plotted on FSC/SSC to determine which gate the majority of cells lie in. Values on plot 
reflect the percentage of cells within each gate relative to total events in plot. (B) mCherry/GFP plot of 
Tg(Runx:mCherry) gills. Red box indicates gating for Runx:mCherry high cells and yellow box indicates gating for 
Runx:mCherry low cells. (C) Runx:mCherry high cells plotted on FSC/SSC to determine which gate the majority of cells 
lie in. 93% of Runx:mCherry high events were found in the lymphocyte gate. (D) Percentage of all Runx:mCherry low 
cells which were found in different gates. (E) The proportion of Runx:mCherry high and low cells as a percentage of 
live single cells in the gill. (F) Percentage of all Runx:mCherry high cells which were found in different gates. (G) 
The proportion of Runx:mCherry high and low cells as a percentage of all mCherry+ cells in the gill. Each dot 
represents 1 fish. Error bars indicate SD. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. T-Test.  
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Fig. 3.9 Characterisation of Runx:mCherry+ cells in adult zebrafish blood. 

Tg(Runx:mCherry) transgenic blood was harvested from adult zebrafish to quantify the Runx:mCherry high and low 
cells as a percentage of total live cells and dissect the differences between Runx:mCherry high and low cells. N=7. (A) 
Runx:mCherry low cells plotted on FSC/SSC to determine which gate the majority of cells lie in. Values on plot reflect 
the percentage of cells within each gate relative to total events in plot. (B) mCherry/GFP plot of Tg(Runx:mCherry) 
blood. Red box indicates gating for Runx:mCherry high cells and yellow box indicates gating for Runx:mCherry low 
cells. (C) Runx:mCherry high cells plotted on FSC/SSC to determine which gate the majority of cells lie in. 95% of 
Runx:mCherry high events found in lymphocyte gate. (D) Percentage of all Runx:mCherry low cells which are found 
in different gates. (E) The proportion of Runx:mCherry high and low cells as a percentage of live single cells in blood. 
(F) Percentage of all Runx:mCherry high cells which were found in different gates. (G) The proportion of 
Runx:mCherry high and low cells as a percentage of all mCherry+ cells in blood. Each dot represents 1 fish. Error bars 
indicate SD. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. T-Test.  
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Fig. 3.10 Characterisation of Runx:GFP+ cells in adult zebrafish WKM, gill and blood. 

Tg(Runx:GFP) transgenic WKM, gill tissue and blood were harvested from adult zebrafish to quantify the 
Runx:GFP+ cells as a percentage of total live cells and determine which FSC/SSC gate the cells were found in. N=5. 
(A-C) mCherry/ GFP flow cytometry plots. Green box indicates gating of Runx:GFP+ cells in each tissue. (D-F) 
Runx:GFP+  cells plotted on FSC/SSC to determine in which gate the majority of cells lie. Values on plot reflect the 
percentage of cells within each gate relative to total events in plot. (G-I) Percentage of all Runx:GFP+  cells in each 
tissue which were found in different FSC/SSC gates. (J) The proportion of Runx:GFP+ cells as a percentage of live 
single cells in each tissue. N= 9-15. Each dot represents 1 fish. Error bars indicate SD. 
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When Runx:mCherry high and low populations were compared to the Runx:GFP+ population, it 

was found that the population size of Runx:GFP+ cells was similar to that of Runx:mCherry high 

cells found in each of the tissues. On the other hand, Runx:mCherry low cells were much more 

abundant in the WKM and less abundant in either the gill or blood (Fig. 3.11). Given the 

similar population sizes between Runx:mCherryhigh and Runx:GFP+ cells, it was hypothesised 

that these populations may be equivalent. Understanding the overlap between these 

fluorescent protein-expressing cells may help isolate HSCs to a higher purity, thereby 

improving the study of HSCs in zebrafish. To determine whether this was the case, adult 

Tg(Runx:mCherry) and Tg(Runx:GFP) fish were crossed and analysed by flow cytometry. Some 

of this work was carried out in collaboration with Chloe Tubman (MRes. Imperial College 

London). 

 

 
Fig. 3.11 Comparison of Tg(Runx:mCherry) and Tg(Runx:GFP) cells in WKM, blood and gill tissue. 

WKM, blood and gill tissue were harvested from adult transgenic Tg(Runx:mcherry) and Tg(Runx:GFP) zebrafish 
and analysed by flow cytometry. (A) The proportion of Runx:mCherry high and low cells compared to Runx:GFP+ cells 
as a percentage of live single cells in the WKM. (B) The proportion of Runx:mCherry high and low cells compared to 
Runx:GFP+ cells as a percentage of live single cells in blood. (C) The proportion of Runx:mCherry high and low cells 
compared to Runx:GFP+ cells as a percentage of live single cells in the gill tissue. N= 7-35. Each dot represents 1 
fish, mean and SD are shown. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. One-way ANOVA. 
 

3.3.4 Similarities and differences between Runx:mCherry+ and Runx:GFP+ populations 

In the WKM, it was difficult to discern the overlap of the two cell populations when examining 

Runx:mCherry; Runx:GFP samples, owing to the low fluorescence intensity of Runx:GFP+ cells 

and an auto-fluorescent population that was regularly observed in WKM samples (Fig. 3.12A). 

It was necessary, therefore, to remove some samples where auto-fluorescent cells interfered 
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with identification of double positive populations. Consequently, the number of double 

positive cells may be an underestimation in the WKM. In blood and gill tissues, which 

generally have a much clearer GFP/mCherry profile, overlapping populations were more 

readily discernible.  

 

In the WKM, 0.5±0.2 % of live single cells were found to be GFP+ mCherry+. This was similar 

to both the mCherry high population found in the Tg(Runx:mCherry) fish, as well as the GFP+ 

population found in Tg(Runx:GFP) fish (Fig. 3.12G). As seen in both single transgenic fish, the 

double positive cells were also found predominantly within the lymphocyte compartment 

(77.6±15.3 %) (Fig. 3.12A & D). Interestingly, most Runx:mCherry high cells were overlapping 

with Runx:GFP+ cells (90.9±11.5 %) and nearly all Runx:GFP+ cells (99.7±0.4 %) were 

overlapping with runx:mCherry high cells (Fig. 3.12B & E). However, Runx:mCherry low cells did 

not overlap with the Runx:GFP+ cells (Fig. 3.12A, C & F). Taken together, this showed that the 

Runx:mCherry high population was roughly equivalent to the Runx:GFP+ population. 

Differences between fluorescent protein-expressing cell populations in Tg(Runx:mCherry) and 

Tg(Runx:GFP) may be linked to positional effects of the insertion sites of the transgenes, or to 

the presence of GFP in the cytosol while mCherry is trafficked to the nucleus (Tamplin et al., 

2015). Of Runx:mCherry high and low cells together, 22.2±12.2 % overlapped with Runx:GFP+ 

cells (Fig. 3.12C & F). These data from adult WKM are concordant with the results of Tamplin 

et al. (2015), which found that 13±6 % of Runx:mCherry+ cells overlapped with Runx:GFP in 

the CHT of 3 dpf embryos.  
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Fig. 3.12 The overlap of Runx:mCherry+ and Runx:GFP+ cells in the WKM of adult zebrafish.  

Singe cell suspensions of transgenic Tg(Runx:mCherry; Runx:GFP) WKM from adult zebrafish were analysed by flow 
cytometry. N=7. Sample processing and data acquisition was carried out in collaboration with Chloe Tubman 
(MRes. Imperial College London). (A) Representative mCherry/GFP plot of Tg(Runx:mCherry; Runx:GFP) WKM. Red 
box indicates gating for Runx:mCherry high cells and yellow box indicates gating for Runx:mCherry low cells. Blue 
oval for Runx:mCherry+ Runx:GFP+ cells and black outline for Runx:GFP+ cells. Back-gating of each population on 
FSC/SSC shown. (B) The proportion of Runx:mCherry high single positive cells as a percentage of all Runx:mCherry 
high cells, the overlap of Runx:mCherry high cells with Runx:GFP+ cells, proportion of single positive Runx:GFP cells 
compared to all Runx:GFP+ cells and the overlap of Runx:GFP+ cells with Runx:mCherry high cells. (C) The 
proportion of Runx:mCherry (high and low) single positive cells as a percentage of all Runx:mCherry+ cells, the 
overlap of Runx:mCherry+ cells with Runx:GFP+ cells, proportion of single positive Runx:GFP cells relative to all 
Runx:GFP+ cells and the overlap of Runx:GFP+ cells with Runx:mCherry+ cells. (D) Percentage of Runx:mCherry+ 
Runx:GFP+ double positive cells found in different FSC/SSC gates. (E&F) Venn diagrams representing the overlap 
between Runx:mCherry high (E) or all Runx:mCherry+ cells (F) and Runx:GFP+ cells in WKM. (G) Comparison of the 
proportion of different Runx+ populations of all live single cells in the WKM. Each dot represents 1 fish. Mean and 
SD are shown. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. One-way ANOVA. 
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Both in the peripheral blood and gill, the Runx:mCherry high populations overlapped greatly 

with the Runx:GFP+ (97.4±0.7 % in the blood, 98.1±1.8 % in the gill), with only a few 

Runx:mCherry high events not being Runx:GFP+ (Fig. 3.13 & 3.14). The remaining single-colour 

Runx:mCherry high cells were all found in the lymphocyte compartment. In the blood, the entire 

Runx:GFP+ population overlapped with the Runx:mCherry+ population, with only a small 

Runx:mCherry low population not overlapping both in the gill and in the blood (Fig. 3.13 & 

3.14). However, a small number of Runx:GFP single positive cells were identified in some gills 

(Fig. 3.13C & F). In order to further investigate, confocal microscopy was carried out on 

immunoassayed gills of Tg(Runx:mCherry; Runx:GFP) zebrafish. In line with the flow 

cytometry data, many GFP+ mCherry+ double positive cells were identified, as well as a small 

number of mCherry single positive cells. The cytosolic GFP and nuclear localised mCherry 

signal were observed (Fig. 3.15). However, no GFP single positive cells were identified in the 

gills, highlighting the rarity of these cells. Immunoassayed samples had a small amount of 

background non-specific immunofluorescence. Cells were distinguished from background 

autofluorescence by assessing size, morphology and the presence of nuclei, as identified by 

Draq5 nuclear staining.  
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Fig. 3.13 The overlap of Runx:mCherry+ and Runx:GFP+ cells in the gills of adult zebrafish.  

Singe cell suspensions of transgenic Tg(Runx:mCherry; Runx:GFP) gills from adult zebrafish were analysed by flow 
cytometry. N=7. Sample processing and data acquisition was carried out in collaboration with Chloe Tubman 
(MRes. Imperial College London). (A) Representative mCherry/GFP plot of Tg(Runx:mCherry; Runx:GFP) gills. Red 
box indicates gating for Runx:mCherry high cells and yellow box indicates gating for Runx:mCherry low cells. Blue 
oval for Runx:mCherry+ Runx:GFP+ cells and black outline for Runx:GFP+ cells. Back-gating of each population on 
FSC/SSC shown. (B) The proportion of Runx:mCherry high single positive cells as a percentage of all Runx:mCherry 
high cells, the overlap of Runx:mCherry high cells with Runx:GFP+ cells, proportion of single positive Runx:GFP cells 
compared to all Runx:GFP+ cells and the overlap of Runx:GFP+ cells with Runx:mCherry high cells. (C) The 
proportion of Runx:mCherry (high and low) single positive cells as a percentage of all Runx:mCherry+ cells, the 
overlap of Runx:mCherry+ cells with Runx:GFP+ cells, proportion of single positive Runx:GFP cells relative to all 
Runx:GFP+ cells and the overlap of Runx:GFP+ cells with Runx:mCherry+ cells. (D) Percentage of Runx:mCherry+ 
Runx:GFP+ double positive cells found in different FSC/SSC gates. (E&F) Venn diagrams representing the overlap 
between Runx:mCherry high (E) or all Runx:mCherry+ cells (F) and Runx:GFP+ cells in gills. Each dot represents 1 
fish. Mean and SD are shown. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. One-way ANOVA. 
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Fig. 3.14 The overlap of Runx:mCherry+ and Runx:GFP+ cells in the blood of adult zebrafish.  

Singe cell suspensions of transgenic Tg(Runx:mCherry; Runx:GFP) blood from adult zebrafish were analysed by flow 
cytometry. N=7. Sample processing and data acquisition was carried out in collaboration with Chloe Tubman 
(MRes. Imperial College London). (A) Representative mCherry/GFP plot of Tg(Runx:mCherry; Runx:GFP) blood. 
Red box indicates gating for Runx:mCherry high cells and yellow box indicates gating for Runx:mCherry low cells. Blue 
oval for Runx:mCherry+ Runx:GFP+ cells and black outline for Runx:GFP+ cells. Back-gating of each population on 
FSC/SSC shown. (B) The proportion of Runx:mCherry high single positive cells as a percentage of all Runx:mCherry 
high cells, the overlap of Runx:mCherry high cells with Runx:GFP+ cells, proportion of single positive Runx:GFP cells 
compared to all Runx:GFP+ cells and the overlap of Runx:GFP+ cells with Runx:mCherry high cells. (C) The 
proportion of Runx:mCherry (high and low) single positive cells as a percentage of all Runx:mCherry+ cells, the 
overlap of Runx:mCherry+ cells with Runx:GFP+ cells, proportion of single positive Runx:GFP cells relative to all 
Runx:GFP+ cells and the overlap of Runx:GFP+ cells with Runx:mCherry+ cells. (D) Percentage of Runx:mCherry+ 
Runx:GFP+ double positive cells found in different FSC/SSC gates. (E&F) Venn diagrams representing the overlap 
between Runx:mCherry high (E) or all Runx:mCherry+ cells (F) and Runx:GFP+ cells in blood. Each dot represents 1 
fish. Mean and SD are shown. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. One-way ANOVA. 
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Fig. 3.15 Confocal microscopy of 
immunoassayed gills from 
Tg(Runx:mCherry; Runx:GFP) adult 
zebrafish. 

(A) Schematic of gill structure (curtesy of Dr 
Wane) showing the area imaged in black square. 
(B&C) Representative maximum z-stack 
projections of immunoassayed 
Tg(Runx:mCherry; Runx GFP) gills at 800X 
magnification. N=4. mCherry staining in red, 
GFP in green and Draq5 in blue. Scale bar 
represents 100 µM. mCherry and GFP signal top, 
Draq5 bottom left and merge on the bottom 
right. Filled arrowheads indicate mCherry 
single positive cells; unfilled arrowheads 
indicate mCherry+ GFP+ cells. 
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3.3.5 Investigation of the cell types that express the Runx:mCherry construct  

There was a relatively high abundance (1.1 %) of Runx:mCherry+ cells embedded in and  

circulating through the gill. 97.5 % of these cells were Runx:mCherry high and were found in 

the lymphocyte compartment by flow cytometry. As previously suggested, cells other than 

lymphocytes may be found within the lymphocyte scatter gates and these were investigated 

for the expression of the Runx:mCherry transgene. The promoter element driving fluorophore 

expression in the Runx transgenic construct originated from a mouse P1 enhancer sequence 

of Runx1 (Tamplin et al., 2015; Nottingham et al., 2007). In order to elucidate which other cell 

types may express the fluorophore, it was important to investigate other cell types that 

express upstream transcription factors that would activate the Runx1 enhancer and drive the 

transcription of the fluorophore downstream of the transgenic mouse P1 enhancer element.  

 

3.3.5.1 Investigating the overlap of Runx:mCherry+ and IgM:GFP+ cells in the lymphocyte 

compartment 

It has been established that Runx1 is active in the development of B cells in both mammals 

and zebrafish (Chi et al., 2018; Niebuhr et al., 2013). Additionally, both B cells and the Runx+ 

cells from the zebrafish gill are found in the lymphocyte compartment by flow cytometry. 

Furthermore, this study has shown that emergence of embedded Runx:mCherry+ cells in the 

gill coincides with the development of adaptive immunity in the zebrafish (Fig. 3.2 & 3.3) 

(Trede et al., 2001; Page et al., 2013). Consequently, it was hypothesised that the Runx+ cells 

that were observed embedded in the gill could be a type of B cell. To further investigate this 

hypothesis, Tg(Runx:mCherry) transgenic zebrafish were crossed to Tg(IgM:GFP) zebrafish in 

which IgM+ B cells express GFP. This enabled the detection of any double positive cell 

population. However, in the tissues under consideration in this study (WKM, blood and gill), 

no double positive population was found either by flow cytometry, or by immunostaining and 

confocal microscopy (Fig. 3.16).  

 

In order to accurately discern double positive cells, the lymphocyte compartment was 

interrogated specifically. This was done to rule out auto-fluorescent cells that could 

contaminate the live cell compartment without being confined to a major blood cell lineage, 

and instead being spread evenly throughout the FSC/SSC dot plot. Through this analysis, it 

was found that there is 0 % overlap between Runx+ and IgM+ cells in the tissues investigated 
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(Fig. 3.16A-C). The distinct localisation of each fluorescent protein-expressing cell type in the 

gill was confirmed through imaging of single and double positive fish of each transgenic line. 

IgM:GFP+ cells were largely found in the arch of individual gills, with a relatively small 

number of fluorescent protein-expressing cells found in the primary and secondary lamellae. 

Runx:mcherry+ cells, on the other hand, were found evenly spread throughout the primary 

and secondary lamellae, with very few cells localised in the gill arches (Fig. 3.16D, F, G). 

However, discerning Runx:mCherry+ cells in the gill arch was more difficult due to significant 

background fluorescence in the arch following immunostaining in some cases.  

  



       Chapter 3 | Runx1+23 Transgenic Characterisation 

 113 

 
Fig. 3.16 Flow cytometry and confocal microscopy of adult Tg(Runx:mCherry; IgM:GFP) tissues. 

WKM, gill and blood were collected from adult Tg(Runx:mcherry; IgM:GFP) zebrafish and analysed by flow 
cytometry. (A-C) mCherry/GFP plots of lymphocyte population, with gating of fluorescent populations. Red box 
outline indicates gating for mCherry+ cells, yellow box outline for mCherry+ GFP+ cells and the green box outline 
shows gating of GFP+ cells. Values within gates reflect the percentage of events within each gate relative to total 
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events in the lymphocyte compartment in FSC/SSC plot. N=3. (D) Representative maximum z-stack projections of 
immunoassayed Tg(Runx:mCherry; IgM:GFP) gills at 170X magnification. (D,F,G) mCherry staining in yellow, GFP 
in cyan and Draq5 in magenta. Scale bar represents 100 µM. mCherry and GFP signal top, Draq5 bottom left and 
merged on the bottom right. (E) Schematic of gill structure. (F,G) Representative maximum z-stack projections of 
immunoassayed Tg(IgM:GFP) (F) and Tg(Runx:mcherry) (G) transgenic zebrafish gills at 340X magnification. R 
represents gill rakers, thick dashed line indicates location of gill arch and thin dashed line outlines a primary 
lamella.  
 

3.3.5.2 Investigating the overlap of Runx:mCherry+ and lck:GFP+ cells in the lymphocyte 

compartment 

To determine whether Runx+ cells coincide with lymphocyte-specific protein tyrosine kinase 

(lck)+ cells in the zebrafish, confocal microscopy was utilised. Initially, due to the abundance 

of lck+ cells in the gill, it appeared that there may have been overlap between Runx+ and lck+ 

cells. However, high magnification and z resolution revealed that mCherry and GFP 

fluorescence did not come from the same cells. Furthermore, flow cytometry analysis revealed 

that there was no overlap between Runx:mCherry+ and lck:GFP+ cells in the lymphocyte 

compartment of the gill, blood and WKM of adult zebrafish (Fig. 3.17A-C).  

 

3.3.5.3 Investigating the overlap of Runx:mCherry+ and CD41:GFP+ cells in the lymphocyte 

compartment 

At the embryonic stage, there is significant (44±8 %) overlap of Runx:mCherry+ cells with 

CD41:GFP+ cells, and 60±12 % overlap of CD41:GFP+ with Runx:mCherry+ cells in the CHT 

(Tamplin et al., 2015). The group investigated the overlap between these cells in the CHT at 

72 hpf by confocal microscopy. At this stage, the CD41:GFP+ cells present in the CHT are 

CD41:GFP low HSPCs. Circulating mature CD41:GFP high thrombocytes arise in the developing 

zebrafish from approximately 72 hpf onwards (Lin et al., 2005). However, c-mpl high and 

CD41:GFP+ thrombocyte precursor cells were identified as early as 42 hpf (Bertrand et al., 

2008). Given the overlap between CD41:GFP+ and Runx:mCherry+ cells in HSPCs and their 

closely related transcriptional programming (Tang et al., 2017), it was hypothesised that 

CD41:GFP high thrombocytes may also express Runx1 and, hence, could express the 

Runx:mCherry transgene. Unfortunately, a cross between Tg(Runx:mCherry) and 

Tg(CD41:GFP) fish was not possible in the duration of this project due to time constraints. 

However, the fluorescent cells in each strain were investigated independently. Examination 

by immunostaining and confocal microscopy of the gills from each transgenic line 

individually revealed a similar distribution of the Runx:mCherry+ cells in the gill to that 
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observed in CD41:GFP+ gills (Fig. 3.18). Two distinct cell distribution patterns were observed 

in both lines. Firstly, in most samples fluorescent cells were evenly distributed throughout 

the gill structure with no obvious bias between the primary and secondary lamellae, or the 

proximal and distal tip of primary lamellae (Fig. 3.18). The second cell distribution pattern, 

which was rarer and has only been observed in Runx:mCherry+ and CD41:GFP+ transgenic 

fish, was the presence of clusters of fluorescent protein-expressing cells at the base (proximal 

end) of primary lamellae (Fig. 3.19A & B). This distribution of fluorescent protein-expressing 

cells was not observed in either IgM:GFP+ or lck:GFP+ gills.  However, an insufficient number 

of animals have been studied for the distribution of cells specifically to determine the 

frequency or significance of this phenotype. Immunostaining and confocal microscopy of 

Tg(Runx:mCherry) and Tg(CD41:GFP) gills was carried out by Chloe Tubman (MRes. Imperial 

College London). 
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Fig. 3.17 Flow cytometry and confocal microscopy of adult Tg(Runx:mCherry; lck:GFP) tissues. 

WKM, gill and blood were collected from adult Tg(Runx:mCherry; lck:GFP) zebrafish and analysed by flow 
cytometry. (A-C) mCherry/GFP plots of lymphocyte compartment, with gating of fluorescent populations. Red box 
outline indicates gating for Runx:mCherry+ cells, yellow box outline for mCherry+ GFP+ cells and the green box 
outline shows gating of lck:GFP+ cells. Values within gates reflect the percentage of events within each gate 
relative to total events in the lymphocyte compartment in FSC/SSC plot. N=7. (D) Representative maximum z-
stack projection of immunoassayed Tg(Runx:mCherry; lck:GFP) gills at 400X magnification. mCherry staining in 
yellow, GFP in cyan and Draq5 in magenta. Scale bar represents 100 µM. mCherry and GFP signal top, Draq5 bottom 
left and merge on the bottom right. Unfilled cyan and yellow arrow heads indicate lck:GFP+ and Runx:mCherry+ 
cells respectively. 
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Furthermore, flow cytometry analysis, carried out in collaboration with Chloe Tubman (MRes. 

Imperial College London) has confirmed that both Runx:mCherry high cells and CD41:GFP high 

thrombocytes were found largely in the lymphocyte compartment of WKM and gill tissues. Of 

the CD41:GFP high cells in the WKM, 79 % (SD 6.8 %) were found in the lymphocyte 

compartment. This number was 88 % (SD 1.6 %) in the gill tissue (Fig. 3.19). The population 

sizes, in terms of percentage of all live single cells, of both Runx:mCherry high and CD41:GFP 
high cells were similar in the gill and WKM (Fig. 3.20). In the WKM, it was found that 

Runx:mCherry high cells contribute 0.8 % to live single cells while CD41:GFP high cells contribute 

on average 0.3 %. However, the discrepancy between these can partially be attributed to 

differences in the number of fish analysed. Furthermore, the difference was not found to be 

statistically significant. Indeed, these results were consistent with findings from Ma et al, 

(2011) who showed that 0.81 ± 0.41% of WKM cells were CD41:GFP high cells .  In the gill, the 

Runx:mCherry high population represented 1.1 % of live cells and the CD41:GFP high population 

represented 0.9 %. Meanwhile, the Runx:mCherry low and CD41:GFP low cells constituted 0.03 

% and 0.08 % of live cells in the gill respectively. Although there were some similarities in the 

distribution and abundance of Runx:mCherry high cells and CD41:GFP high cells in the gill, no 

conclusions relating to co-expression of the transgenes can be drawn from a comparison 

between fluorescent protein-expressing cells in different animals. However, it would be 

interesting to build upon this data in the future by crossing these lines to investigate potential 

overlap between CD41:GFP+ and Runx:mCherry+ cells in the WKM and gill tissue.  
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Fig. 3.18 Comparison of Runx:mCherry+ and CD41:GFP+ cell distributions in the gill. 

(A,B) Representative maximum z-stack projection of immunoassayed Tg(Runx:mCherry) (A) and Tg(CD41:GFP) 
(B) gills at 170X magnification. (C,D) Maximal z-stack projection of rare phenotype in Tg(Runx:mCherry) (C) and 
Tg(CD41:GFP) (D) gills at 170X magnification. N=4, for each transgenic.  Sample processing and data acquisition 
were carried out by Chloe Tubman (MRes. Imperial College London). mCherry staining in yellow, GFP in cyan and 
Draq5 in magenta. Scale bar represents 100 µM. mCherry / GFP signal on the left, Draq5 centre and merge right. 
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Fig. 3.19 Characterisation of CD41:GFP+ cells in adult zebrafish WKM and gill. 

Sample processing and data acquisition was done in collaboration with Cloe Tubman (MRes. Imperial College 
London). Tg(CD41:GFP) transgenic WKM and gill tissue were harvested from adult zebrafish to quantify the 
CD41:GFP high cells as a percentage of total live cells and determine which FSC/SSC compartment the cells were 
found in. Values on plot reflect the percentage of cells within each gate relative to total events in plot. N=3. (A, C) 
mCherry/ GFP flow cytometry plots. Green box indicates gating of CD41:GFP high cells in each tissue followed by 
the back gating of CD41:GFP high cells to determine which FSC/SSC compartment they are found in. (B, D) 
Percentage of all CD41:GFP high cells found in different FSC/SSC gates. Mean and SD are shown. Each dot represents 
1 fish.  
 
 

 
  
Fig. 3.20 Comparison of the proportion of 
Runx:mCherry+ and CD41:GFP+ cells in 
WKM and gill tissue. 

WKM and gill tissue were harvested from adult 
transgenic Tg(Runx:mcherry) and Tg(CD41:GFP) 
zebrafish and analysed by flow cytometry. (A, B) 
The proportion of Runx:mCherry high and low cells 
compared to CD41:GFP high and low cells as a 
percentage of live single cells in the WKM (A) and 
the gill (B) N=3-35. Each dot represents 1 fish. Mean 
and SD shown. *P < 0.05, **P < 0.005, ***P < 0.0005, 
****P < 0.00005. One-way ANOVA. 
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3.3.6 Characterisation and quantification of immune cells found in the flow cytometry 

lymphocyte compartment of zebrafish 

Owing to the abundance and variety of hematopoietic reporter cells found within the 

lymphocyte compartment in different transgenics, it was important to quantify the 

proportion of different cell types that contributed to this compartment as a whole. For this 

purpose, transgenic lines that are known to express fluorescent proteins in cells found within 

the lymphocyte compartment were investigated, including Tg(lck:GFP), Tg(IgM:GFP), 

Tg(CD41:GFP) and Tg(Runx:mCherry). The WKM, gills and blood from individual fish were 

harvested and analysed by flow cytometry. As previously highlighted, there was no overlap 

between Runx+ cells and either lck+ or IgM+ cells (Fig. 3.16, 3.17). Therefore, the data from 

these cell populations could be utilised to determine their contribution to the lymphocyte 

compartment as a whole. However, the same could not be assumed for the CD41+ cells, as the 

overlap between them and Runx+ cells has not been determined in adult zebrafish. It must 

also be noted that the possible overlap between lck+ and IgM+ cells has not been investigated 

by microscopy in this study. However, as will be described in detail later in this chapter, 

transcript analysis carried out on sorted cell populations suggests that there was no co-

expression of lck or IgM in IgM:GFP+ or lck:GFP+ cells. lck:GFP+ sorted cells were not found to 

express B cell-specific genes and likewise, IgM:GFP+ cells were not found to express lck (Fig. 

3.25 & 3.26).  

 

In the WKM, lck:GFP+ cells were found to comprise the largest population within the 

lymphocyte compartment, contributing 38.3 % (SD 14.4 %) on average, followed by IgM:GFP+ 

cells at 21.5 % (SD 5.6 %). The Runx:mCherry+ cells contributed a total of approximately 5.8%, 

with Runx:mCherry low cells contributing 3.5 % (SD 0.7 %) and Runx:mCherry high cells 2.3 % 

(SD 0.5 %; Fig. 3.21I & 3.22).  
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Fig. 3.21 Dissection of the adult zebrafish lymphocyte compartment in WKM, gill and blood. 

WKM, gill and blood were harvested from adult Tg(Runx:mCherry; lck:GFP), Tg(IgM:GFP) and Tg(CD41:GFP) 
zebrafish and single cell suspensions were analysed by flow cytometry. (A-H) mCherry/GFP plots of the lymphocyte 
compartment of each transgenic line. Top row: Tg(Runx:mCherry; lck:GFP) WKM (A) blood (B) and gill (C). Middle 
row: Tg(IgM:GFP) WKM (D) blood (E) and gill (F). Bottom row: Tg(CD41:GFP) WKM (G) and gill (H). Sample 
processing and data acquisition of Tg(CD41:GFP) fish was carried out in collaboration with Chloe Tubman (MRes. 
Imperial College London). (I-K) Quantification of the proportion each transgenic fluorescent protein-expressing 
cell type contributed to lymphocyte compartment as a percentage in the WKM (I), blood (J) and gill (K). N= 3-7. 
Each dot represents 1 fish. Bar graphs show mean and SD.   
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In the gill, lck+ cells remained the dominant population, making up an average of 56 % (SD 

17.3 %) of the lymphocyte population. However, the IgM+ cells only contributed 1.1 % (SD 0.6 

%) in the gill, while the Runx:mCherry high cells contributed 3.2 % (SD 2 %) on average. This 

was similar to the percentage of CD41+ cells at 2.7 % (SD 0.2 %) (Fig. 3.21K & 3.22). 

Meanwhile, the lck+ population was significantly lower in the blood than in either the WKM 

or gill, contributing only 11.6 % (SD 7.3 %) to the lymphocyte compartment in the blood. IgM+ 

cells contributed 5.8 % (SD 2.8 %) and Runx:mCherry high cells 6.7 % (SD 7.4 %) to the 

lymphocyte compartment on average. In one fish, an overwhelming 23 % of the lymphocyte 

compartment in the blood was occupied by Runx:mCherry high cells (Fig. 3.21J & 3.22).  

 

 

 

3.3.7 Transcript analysis in Runx+ cells in WKM and gill 

Using flow cytometry, a difference between Runx:mCherry high and low cells was identified based 

on their size and granularity (FSC/SSC, Fig. 3.7). Furthermore, Runx:mCherry high cells have 

been shown to reside, in abundance, in the gill and head kidney of adult zebrafish (Fig. 3.3 & 

3.8; Tamplin et al., 2015). On the other hand, Runx:mCherry low cells were much more 

abundant in the WKM and were only found in low numbers in the blood and gills. It is believed 

that HSPCs reside among the Runx:mCherry high population as these cells have the expected 

FSC/SSC properties (Traver et al 2003). However, the function of Runx:mCherry high cells in the 

gills remains elusive. Runx:mCherry high and low cells may have distinct functions that have not 

been fully elucidated and which may depend on their inter-tissue localisation. 

Fig. 3.22 Comparison of the 
proportions that transgenic fluorescent 
protein-expressing cells contribute to 
the lymphocyte compartment in the 
WKM, blood and gills. 

Stacked bar charts indicating the proportion, as 
a percentage, that lck:GFP, Runx:mCherry high, 
Runx:mCherry low, IgM:GFP and CD41:GFP cells 
contributed to the lymphocyte compartment. 
Values within each band indicate the mean 
average percentage. N= 3-7. 
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In order to gain a better understanding of the functional differences between Runx:mCherry+ 

populations in different tissues and those that are present with different fluorescence 

intensities, gene transcript profiles were investigated. Using FACS, large populations of 

Runx:mCherry high and low cells were isolated from the WKM and gills of individual fish where 

possible. When insufficient cell numbers were harvested for transcript analysis from 

individual fish, 3 or more transgenic fish were pooled in order to obtain at least 100,000 cells 

per sample. This enabled higher quality of RNA to be isolated and analysed.  To sort 

fluorescent protein-expressing cells, live single cells were selected followed by application of 

gates for fluorescent populations of interest: Runx:mCherry high and low, lyz:GFP+, lck:GFP+ and 

IgM:GFP+. When isolating Runx:mCherry high and low cells from WKM, gates were applied based 

on fluorescence intensity, followed by gates  selecting for FSC low and FSC mid-high for 

Runx:mCherry high and low cells respectively (Fig. 3.23). RT-qPCRs were subsequently carried 

out to assay the transcript levels of key genes across each population.  
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Fig. 3.23 FACS gating strategy to sort Runx:mCherry high and low populations. 

Single cell suspension of WKM tissue pooled from 4 Tg(Runx:mCherry; lyz:GFP) fish. (A) Representative FSC-
A/SSC-A profile. Black lines indicate gating for live cells. (B) Gating to exclude doublet cells. (C) mCherry/ GFP 
plot with gating for Runx:mCherry high and low populations. Red box outline represents gating for Runx:mCherry high 
cells, blue box outline gates for Runx:mCherry low cells. (D) FSC/SSC plot of Runx:mCherry high cells. Grey box outline 
represents gating for FSC low cells which were sorted for RNA isolation. (E) FSC/SSC plot of Runx:mCherry low cells. 
Grey box outline represents gating for FSC medium-high cells which were sorted for RNA isolation. Values adjacent to 
gates reflect the percentage of events within each gate relative to total events in the whole plot. (F) Overlap of D 
and E to show relationship of Runx:mCherry high and low cells on FSC/SSC. 
 

Based on the findings of Chi et al. (2018), Zhang et al. (2010) and Ryo et al. (2010), it was 

hypothesized that Runx:mCherry high cells in the gill may correspond to immunoglobulin Z 

(IgZ)-expressing B cells. It has been shown that the expression of runx1 is required in B cell 

development in zebrafish and mammals (Chi et al., 2018; Niebuhr et al., 2013). To investigate 

this hypothesis, mature B cell marker (IgM) and B cell development markers (pax5 and rag1) 

were assayed on the sorted cell populations. In addition, a combination of HSC markers (ckit, 

cmyb and runx1) were utilised to determine whether Runx:mCherry high or low cells may harbour 

HSPCs in the WKM.  
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Due to inevitable variation in the number of cells sorted for each population, 18S values were 

highly variable between samples, meaning that samples with low 18S levels would have fewer 

transcripts overall. To determine whether the transcript levels of genes of interest were low 

due to low abundance in the sorted population specifically or due to low overall RNA levels, 

detection limits of new probes were assessed. In order to elucidate detection limits, two-fold 

dilution series of a single cell WKM suspension was carried out. With each dilution, cycle 

threshold (Ct) values were expected to increase by 1. The dilution series was used as the 

standard curve to determine the line of best fit and hence, the detection limit of each probe. 

The point at which the change in Ct of each probe was no longer directly proportional to the 

Ct of 18S ribosomal RNA was used as a cycle cut-off for reliable detection of transcripts of 

each gene of interest (Fig. 3.24). This enabled more accurate interpretation of gene transcript 

levels.  Samples with relatively low but detectable gene of interest transcript levels relative to 

18S were found above the standard curve within the white quadrant. Samples that had such 

low gene of interest transcript levels that they were undetectable despite reliable 18S values, 

were found in the yellow quadrant. Samples where 18S Ct values were too high (indicating low 

RNA levels) for gene transcripts to be detected by the probe, were found within the red 

quadrant. Finally, samples found within the blue quadrant indicated particularly high gene of 

interest transcript levels, such that they were detected by the probe despite a high Ct value 

for 18S. An example of this is seen in IgM:GFP+ cells from the WKM: 18S transcripts levels 

were low but high levels of rag1 and pax5 were detected (Fig. 3.24A & E).   

 

Using these standard curves, any gene expression that was found to be above the detection 

limit for a given probe was appropriately represented in comparative gene expression graphs. 

mCherry transcript levels were used as a control for the quality of FACS sorting and RNA 

isolation for Runx+ cells that were sorted based on mCherry fluorescence intensity. The data 

verified that fluorescence intensity was proportional to transcript levels of the fluorophore, 

as the Runx:mCherry high population in the WKM and gill had the highest mCherry transcript 

levels relative to 18S, while the Runx:mCherry low population had a much lower mCherry 

transcript levels relative to 18S (Fig. 3.25A). Similarly, GFP transcript levels reflected the GFP 

fluorescence intensity that had previously been observed by microscopy (Fig. 3.25B).  
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Fig. 3.24 Standard curves and detection limits for rag1, runx1, cmyb, pax5 and ckit qPCR probes. 

Standard curves for qPCR probes were created using 1 in 2 serial dilution of untreated adult WT WKM FACS sorted 
cells comparing Ct value for 18S housekeeping gene (x axis) and gene of interest (y axis). Standard curves shown 
by blue dots and line of best fit.  Detection limits of each probe were determined by assessing SD of triplicate Ct 
values. Detection limits indicated by horizontal red lines. Yellow areas above detection limit depict low gene 
transcript level compared to 18S value. Red areas indicate inconclusive gene transcript values due to low 18S 
expression. Blue areas depict where gene transcript level is high compared to 18S value, indicating enrichment.  
(A) rag1, (B) runx1, (C) cmyb, (D) pax5 and (E) ckit. Each dot indicates 1 sample.  
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rag1 expression was found to have been highest in IgM+ cells and in a thymus lck+ population. 

However, detectable (albeit low) levels of rag1 transcripts were also found in the 

Runx:mCherry low population isolated from WKM (Fig. 3.25C). These findings are consistent 

with the hypothesis that these cells are precursor cells which could be lymphoid primed. rag1 

was not detected in any other sampled population. Interestingly, the data showed that runx1 

transcript levels were highest in IgM+ cells found in the WKM, corroborating that these cells 

express runx1 in order to mature. However, flow cytometry data has shown that 

Runx:mCherry+ cells did not overlap with IgM:GFP+ cells, suggesting that the +23 enhancer 

element in the Runx:mCherry transgene is not activated by transcription factors involved in 

B cell maturation. Nevertheless, it was reassuring to see that runx1 transcript levels in 

fluorescent protein-expressing cells followed the same pattern as mCherry transcript levels 

as this suggests that fluorescence intensity of the transgene is reflective of the endogenous 

runx1 expression levels within these cells (Fig. 3.25D). It has previously been reported that 

transgenic expression of fluorescent proteins under this enhancer element is not reflective of 

endogenous runx1 expression in non-hematopoietic cells in zebrafish. Instead, the enhancer 

was described as a hematopoietic site-specific promoter element (Ng et al., 2010).  

 

It was hypothesized that IgM+ cells from the gill may be more mature B cells than those IgM+ 

cells found in the WKM, where B cell maturation occurs. However, gene transcript levels of 

IgM+ cells from the gill were not analysed. Due to the low prevalence of IgM:GFP+ cells in the 

gill, it was not considered ethical to harvest a large number of animals in order to isolate a 

sufficient population of IgM+ cells to analyse their gene transcript profiles by qRT-PCR. 

Single-cell transcriptomics could be a way for these cells to be analysed without requiring a 

large number of zebrafish to be harvested. 

 

The transcript levels of lyz and lck were found only to be high in lyz;GFP+ and lck:GFP+ cells 

respectively (Fig. 3.25E & F). Concordant with the involvement of lck in T cell development, 

which occurs in the zebrafish thymus (Langenau et al., 2004), the data indicates that relative 

lck transcript levels were highest in cells found in the thymus, and lower in those found in the 

WKM or gill. However, lck transcript levels in the WKM and gill were similar (Fig. 3.25F). The 

mature B cell marker IgM and B cell maturation marker pax5 were only expressed to detectable 

levels in IgM:GFP + sorted cells (Fig. 3.26A & B).  
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Finally, unexpected results were obtained for the HSC marker genes ckit and cmyb. The 

Runx:mCherry low, FSC med-high population isolated from the WKM had higher levels of both cmyb 

and ckit transcripts than the Runx:mcherry high, FSC low population from the same tissue. Power 

calculations indicated that between 4-9 samples were required per group to achieve 85% 

power for transcript level measurements of ckit, cmyb and runx1. Thus, additional 

experimental replicates may be required to assess the significance of these results. 

Nevertheless, enrichment of ckit and cmyb marker genes within the Runx:mCherry low 

population may indicate that these cells also harboured multipotent HSCs. Protein expression 

analysis and HSC transplant studies could help to further shed light on functional differences 

between Runx:mCherry high and low populations. Another unexpected result was that ckit, but 

not cmyb, transcript levels were high in Runx:mCherry high cells isolated from gill tissue and 

lyz+ cells isolated from the WKM (Fig. 3.26C & D). Furthermore, cmyb transcript levels were 

highest in the lck+ population from the thymus and IgM+ cells from the WKM, suggesting that 

these fluorescent protein-expressing cells may harbour some progenitor cells or that cmyb 

may be involved in the maturation of lymphocytes.  
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Fig. 3.25 Transcript levels of hematopoietic cell marker genes in FACS-sorted populations. 

qRT-PCR analysis of mCherry (A), GFP (B), rag1 (C), runx1 (D), lyz (E) and lck (F) mRNA transcript levels in sorted 
Runx:mCherry high and low WKM cells, Runx:mCherry+ gill cells, lck:GFP+ WKM, gill and thymus cells, IgM:GFP+ and 
lyz:GFP+ cells from the WKM. Gene transcript levels were calculated as ratio relative to 18S using 2^-(ΔCt). Each 
dot is 1 sample from either 1 fish (lck:GFP+ samples) or a pool of up to 6 fish for Runx:mCherry+ samples. N=1-6. 
Data pooled from 4 experiments. Error bars and SD shown only for samples with 3 or more data points. 
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Fig. 3.26 Transcript levels of B cell and HSPC marker genes in FACS-sorted populations. 

qRT-PCR analysis of IgM (A), pax5 (B), ckit (C) and cmyb (D) mRNA transcript levels in sorted Runx:mCherry high 
and low WKM cells, Runx:mCherry+ gill cells, lck:GFP+ WKM, gill and thymus cells, IgM:GFP+ and lyz:GFP+ cells 
from the WKM. Gene transcript levels were calculated as ratio relative to 18S levels using 2^-( ΔCt). Each dot is 1 
sample from either 1 fish (lck:GFP+ samples) or a pool of up to 6 fish for Runx:mCherry+ samples. N=1-6. Data 
pooled from 4 experiments . Error bars and SD shown only for samples with 3 or more data points. 
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3.4  Summary  

Runx:mCherry+ cells were found in the peripheral blood and  embed into the gill tissue  at 

approximately 21 dpf. In the WKM, distinct Runx:mCherry high and low populations exist with 

differential FSC/SSC properties. The majority of Runx:mCherry high cells were found in the 

lymphocyte compartment, while the Runx:mCherry low cells were found predominantly in the 

precursor compartment. In the peripheral blood and the gill, the majority of Runx+ cells 

present were Runx:mCherry high.  

 

Investigating the overlap between the Tg(Runx:mCherry) transgenic line and the 

Tg(Runx:GFP) line, it was found that the Runx:GFP+ cells overlap almost exclusively with 

Runx:mCherry high cells and not Runx:mCherry low cells in the WKM, gill and blood. 

 

Assessing the overlap of Runx:mCherry+ cells with other fluorescent protein-expressing cell 

types, it was found that the Runx:mCherry+ populations within the WKM, blood and gill do 

not overlap with lck:GFP+ lymphocytes or IgM:GFP+ B cells. The abundance of Runx:mCherry 
high and CD41:GFP high cells in the WKM and gill appear similar by flow cytometry and a similar 

distribution of cells was observed in the gill tissue by microscopy.  

 

Gene transcript analysis of sorted Runx:mCherry+ populations revealed that the 

Runx:mCherry construct does not label runx1-expressing B cells in the WKM of adult 

zebrafish. It was also found that Runx:mCherry low, FSC med-high cells had higher levels of cmyb 

and ckit transcripts compared to the Runx:mCherry high, FSC low population.  
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3.5  Discussion  

The aim of this chapter was to further characterise fluorescent protein-expressing cell 

populations in the Tg(Runx:mCherry) and Tg(Runx:GFP) transgenic lines generated by 

Tamplin et al. (2015). To achieve this aim, the localisation and abundance of these cells were 

investigated over time, similarities and differences between Runx:mCherry+ and Runx:GFP+ 

populations were scrutinised and gene transcript data was used to try and determine whether 

other non-HSPCs could also express the Runx:mCherry transgene.  

 

3.5.1 Embedded Runx:mCherry+ cells are found in the gill  

Runx:mCherry+ cells were observed in circulation from as early as 4 dpf in transgenic 

zebrafish, in addition to their presence in the CHT where they embed following their arrival 

form the VDA (Fig. 3.1; Tamplin et al., 2015). The abundance of cells in circulation aided in 

screening of transgenic fish as these cells were more readily identified, particularly in 

heterozygous fish which exhibited dim mCherry fluorescence. In juvenile zebrafish gills, 

however, Runx:mCherry+ cells were not only observed in circulation. It was found that, by 21 

dpf, a small number of Runx:mCherry+ cells were lodged in the gill tissue and the abundance 

of Runx:mCherry+ cells increased in the gills over time until adulthood was reached (Fig. 3.2 

& 3.3). Interestingly, the timing at which Runx:mCherry+ cells started to colonise the gill at 

21 dpf appears to coincide with the functional development of adaptive immunity in zebrafish 

(Lam et al., 2004; Page et al., 2013; Chi et al., 2018; Trede et al., 2001; Hu et al., 2010). This is 

also when IgM:GFP+ B cells and IgZ transcript levels have been shown to arise in the 

developing zebrafish (Page et al., 2013).  

 

The data collected in this study showed that Runx:mCherry high cells were abundant in the PB 

and also embedded in the gills of juvenile and adult zebrafish. It is unclear whether these 

Runx:mCherry high cells are HSPCs that are recruited from the WKM to the gill during 

development to coincide approximately with the development of adaptive immunity, or 

whether other hematopoietic cells that may express the transgene are recruited. Indeed, it is 

also unclear whether Runx:mCherry high  cells are recruited to the gill or whether they arise in 

the gill tissue. It is hypothesized that they are recruited to the tissue from the WKM due to 

the abundance of Runx:mCherry high cells that are in circulation throughout development. 
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Ultimately, lineage tracing would be required to determine the ontogeny of gill 

Runx:mCherry+ cells.  

 

Whether gill-derived Runx:mCherry+ cells are HSPCs, capable of  reconstituting 

hematopoiesis in mutants of definitive hematopoiesis, has been tested through 

transplantation assays in Chapter 5 (section 5.3.6). These results indicate that Runx:mCherry 
high cells isolated from gills are not capable of long-term multilineage reconstitution but may 

be capable of short term erythroid output (Fig. 5.15C). Although the gills have not previously 

been described as an extramedullary site of hematopoiesis in zebrafish, it has been discovered 

in recent years that the mouse lung can host extramedullary hematopoiesis (EMH) in steady 

state conditions. Indeed, the lung was found to be a primary site of platelet biogenesis in mice 

(Lefrançais et al., 2017). In addition, the human lung has been shown to host EMH in patients 

presenting with myeloid metaplasia (Koch et al., 2003; Rumi et al., 2006; Asakura & Colby, 

1994; Boula et al., 2005). Thus, the presence of Runx:mCherry high cells, which have previously 

been characterised as HSPCs (Tamplin et al.,2015), in the zebrafish gills raises interesting 

questions about whether there is evolutionary conservation in the function of gills and lungs 

as a site for hematopoiesis, platelet production, and as a niche for HSPCs (Lefrançais et al., 

2017). The similar abundance and distribution of CD41:GFP+ and Runx:mCherry+ cells in the 

gill could indicate that the Runx:mCherry+ cells identified in the gill may be involved in 

thrombocyte biogenesis. Unfortunately, as Tg(Runx:mCherry; CD41:GFP) zebrafish were not 

generated during the course of this project, it was not possible to assess the thrombocyte out-

put of transplanted cells using flow cytometry or in vivo microscopy. However, it remains a 

possibility that gill Runx:mCherry+ cells contribute to thrombocyte biogenesis. The presence 

of Runx:mCherry+ cells in the gills also raises other interesting questions. For example, if the 

gills can provide a niche for HSPCs, how does this niche compare to the WKM niche, what 

factors govern the abundance of HSPCs in the gill and how is their arrival in gill tissue 

coordinated? 

 

In this chapter, the hematopoietic cell composition of the zebrafish gill was investigated. 

Much of this work was carried out by flow cytometry analysis. The gating strategy described 

by Traver et al. (2003) for the identification of erythrocytes, lymphocytes, precursors and 

myelomonocytes in the WKM has also been applied to the gill. However, it is worth noting 
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that the gill tissue is not identical to the WKM tissue and some non-hematopoietic cells have 

been found to scatter in similar ways to previously-identified hematopoietic cells (Fig. 3.5D). 

For example, Fli:GFP+ endothelial cells scatter across the precursor and myelomonocyte 

compartments (Wane, 2021). This is important information when utilising flow cytometry for 

the characterisation of cells in the gill as the number of events found within these 

compartments cannot be said to be an accurate representation of the number of precursor or 

myelomonocytic cells present within the gill tissue. Indeed, very few lyz:GFP+ neutrophils, 

which have been shown to comprise 57.4±3.5 % of all cells within the myelomonocyte 

compartment (Hall et al., 2007), reside in the gill tissue. However, a large proportion of cells 

in the gill tissue possess the same FSC/SSC properties as myelomonocytes (Fig. 3.5G & I). 

More accurate data for the abundance of precursors and myelomonocytes can be obtained by 

investigating fluorescent protein-expressing cells driven by cell type-specific promoters such 

as lyz:GFP or Runx:mCherry. 

 

3.5.2 Bright and dim populations of Runx:mCherry+ cells in the WKM, gill and blood 

This chapter investigated the characteristics of bright and dim fluorescent Runx:mCherry+ 

cells. It was found that the major population in the WKM is comprised predominantly of 

Runx:mCherry low cells while the Runx:mCherry high population contributed on average less 

than 25% to the total Runx:mCherry+ population (Fig. 3.7). In contrast, the major 

Runx:mCherry+ population in both the blood and the gills was unexpectedly found to consist 

of Runx:mCherry high cells (Fig. 3.8 & 3.9). Furthermore, there was a clear distinction between 

the FSC/SSC properties of Runx:mCherry high versus Runx:mCherry low cells, which were 

consistent across different tissues, whereby the Runx:mCherry high population was FSC low and 

the Runx:mCherry low cells were FSC med-high, indicating possible functional differences between 

the Runx:mCherry high and low populations.  

 

Based on findings by Traver et al., it was hypothesized that the FCSlow/ SSClow compartment 

contained lymphocytes and long-term repopulating HSCs (Traver et al., 2003). This would 

suggest that the Runx:mCherry high population possesses multilineage, long-term 

hematopoietic repopulation potential. Indeed, this was the assumption made by Tamplin et 

al. (2015), who hypothesized that Runx:mCherry low cells are predominantly progenitors as 

these scatter in the SSC low-med FSC med-high fraction, which has been described as the precursor 
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compartment (Traver et al., 2003). However, very recent work by Kobayashi et al., published 

after the cessation of the experimental work presented in this thesis, used Runx:mCherry+ 

cells in combination with gata2a:GFP to enrich for HSPCs in the zebrafish WKM. Interestingly, 

the HSPC-enriched population of Runx+ gata2a+ cells, with increased long-term 

reconstitution potential, was found within the FSC med-high precursor compartment by flow 

cytometry. Furthermore, the group found no long-term reconstitution potential at 16 weeks 

post transplant among the Runx+ gata2a- (FSC low-mid) population of cells in HCT studies 

(Kobayashi et al., 2019). This may suggest that those Runx:mCherry high cells which scatter 

predominantly in the lymphocyte compartment may either have a reduced HSC potential or 

reduced abundance of HSCs among this population. The work of Kobayashi et al. (2019) 

indicates that the HSC potential within Runx+ cells may lie within the FSCmed-high population. 

Data presented in this chapter has indicated that only a small proportion (12.0±8 %) of  

Runx:mCherry high cells are found within the precursor (FSC med-high) compartment. On the other 

hand, the majority (46.6±8 %) Runx:mCherry low cells were found within the precursor 

compartment. Thus, HSC potential residing among the Runx:mCherry low cells remains a 

possibility worth investigating. If this is the case, it may suggest that some cells within the 

Runx:mCherry high population in the WKM, gill and PB correspond to a different cell type 

within the FSC low population, such as thrombocytes,  erythromyeloid precursors or lymphoid 

cells which express high levels of runx1. Indeed, Kobayashi et al. (2019) found that the Runx+ 

gata2a- population possesses high levels of thrombocyte, myeloid and erythroid marker 

genes. One way to investigate this further would be to analyse the WKM, gill and blood of fish 

which possess both the Runx:mCherry and CD41:GFP transgenes.  In this chapter, no overlap 

was discovered between Runx:mCherry+ cells and fully differentiated lymphoid cells. This was 

in agreement with work from Kobayashi et al. (2019) which indicated that the lymphoid 

marker genes were only detected in Runx- populations. 

 

If a subset of Runx:mCherry high cells do indeed correspond to a different cell type, and the 

Runx:mCherry low population contain a proportion of HSPCs, this could explain why a 

significant Runx:mCherry low population was only found in the WKM and not in the gill or 

blood, as the WKM is the adult zebrafish hematopoietic organ (Traver et al., 2003). 

Alternatively, it may be the case, as indicated by Tamplin et al. (2015), that the Runx:mCherry 
low population represents precursors and lineage-primed progenitors derived from 
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Runx:mCherry high cells, such as those identified by Kobayashi et al. (2019) in the Runx+ gata2a- 

populations. On the other hand, results from Chapter 5 (section 5.3.6) indicate that gill and 

WKM Runx:mCherry high cells can arise in recipients of WKM-derived Runx:mCherry low cells, 

suggesting that Runx:mCherry low cells are not derived from Runx:mCherry high cells. 

 

3.5.3 Runx:mCherryhigh and Runx:GFP+ cell populations are equivalent 

In agreement with the findings by Tamplin et al. (2015), a smaller population of cells 

expressed Runx:GFP compared to Runx:mCherry. In contrast to the Runx:mCherry high and low 

populations, only one population of Runx:GFP+ cells was identified in this study. In terms of 

cell abundance in each tissue, as well as their FSC/SSC scatter properties, these cells appeared 

to correspond most closely to Runx:mCherry high cells (Fig. 3.10 & 3.11). To investigate this 

further, Tg(Runx:mCherry) were crossed to Tg(Runx:GFP) zebrafish. This revealed that the 

total fluorescent populations were not equivalent in the WKM of adult zebrafish, and only 

22±12 % of Runx:mCherry+ cells overlapped with Runx:GFP+ cells. Similarly, Tamplin et al. 

(2015) reported that only 13±6 % of Runx:mCherry+ cells overlapped with Runx:GFP+ cells in 

the CHT in double-transgenic embryos. On the other hand, they found that 92±11 % of 

Runx:GFP+ cells overlapped with Runx:mCherry+ cells, which is similar to the results reported 

here with 99.7±0.4 % of Runx:GFP+ cells overlapping with Runx:mCherry+ cells in the adult 

WKM (Fig. 3.12). The extent of overlap between Runx:mCherry+ and Runx:GFP+ cells at 

different developmental stages suggests that the relative abundance of these cells in the 

different hematopoietic niches does not change significantly over time. 

 

The hypothesis that Runx:GFP+ cells most likely correspond to Runx:mCherry high cells was 

confirmed by flow cytometry of WKM, blood and gill tissues, as well as confocal microscopy 

of gills from double-positive Tg(Runx:mCherry; Runx:GFP) zebrafish.  Indeed, only a small 

population of Runx:mCherry high cells did not overlap with Runx:GFP+ cells in the WKM (Fig. 

3.12). In addition, these cells also exhibited close to 100 % overlap in the blood and gills (Fig. 

3.13, 3.14 & 3.15) and double-positive cells were found predominantly within the lymphocyte 

compartment. This demonstrated that Runx:mCherry low cells do not overlap with Runx:GFP+ 

cells. Therefore, it is likely that the non-overlapping compartment of the Runx:mCherry+ cell 

population identified in the CHT of 3 dpf embryos by Tamplin et al. was comprised 

predominantly of Runx:mCherry low cells. 
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3.5.4 There is no overlap between Runx:mCherry+ and IgM:GFP+ or lck:GFP+ cells 

After finding that Runx:mCherry high cells with similar FSC/SSC properties to lymphocytes were 

abundant in the zebrafish gills, it was hypothesized that Runx:mCherry high cells could identify 

different, non-HSPC cells. Lymphocytes were investigated first as the FSC/SSC properties 

matched and because the timing at which Runx:mCherry+ cells started to embed in the gill 

tissue (21 dpf) coincided with the development of adaptive immunity in zebrafish (Lam et al., 

2004; Page et al., 2013; Chi et al., 2018; Trede et al., 2001; Hu et al., 2009). However, no overlap 

was identified by both flow cytometry analysis and confocal imaging of gill tissue of 

Runx:mCherry+ cells with IgM:GFP+ cells and lck:GFP+ cells (Fig. 3.16 & 3.17). While this 

ruled out the possibility that Runx:mCherry high cells correspond to either lck:GFP+ T cells or 

IgM:GFP+ B cells, it did not rule out the possibility that they correspond to a different type of 

lymphocyte. Although many B cells are found in the teleost gill, it has been shown that the 

mucosal-specific population of B cells in gills are IgZ2-positive cells (Sogabe Ryo et al., 2010), 

while IgM-positive B cells are most abundant in the PB and WKM. Although there was no 

transgenic IgZ reporter line available to cross with Tg(Runx:mCherry) transgenic zebrafish, it 

has recently been demonstrated that a proportion of mpeg1.1+ cells also report B cells, in 

addition to macrophage cells. Ferrero et al. found that brightly fluorescent cells, driven by the 

mpeg1.1 promoter, fall within the lymphocyte compartment based on their FSC/SSC 

properties. Furthermore, using transcriptomic data, the group identified that mpeg+ B cells 

were predominantly expressing IgZ antibodies (Ferrero et al., 2020). Hence, existing 

transgenic zebrafish, expressing fluorescent protein under the control of the mpeg1.1 

promoter, could be utilised to determine whether or not Runx:mCherry high cells correspond to 

IgZ+ B cells. 

 

3.5.5 Similar cell distribution between Runx:mCherry high cells and CD41:GFP+ cells 

Flow cytometry and confocal imaging data presented in this chapter have identified similar 

cell distribution between Runx:mCherry high cells and CD41:GFP+ cells. The abundance and 

FSC/SSC properties of CD41:GFP+ cells were investigated in the WKM and gill. In both tissues, 

CD41:GFP high thrombocytes (Lin et al., 2005) gated to the lymphocyte compartment (Fig. 3.19) 

and were found to contribute a similar proportion to live single cells as Runx:mCherry high cells 

(Fig. 3.20). In addition, the distribution of CD41:GFP+ cells in the gills followed similar 

patterns to the distribution of Runx:mCherry+ cells, whereby they were either spread evenly 
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throughout the primary and secondary lamellae, which was more common, or were found in 

clusters at the proximal end of the primary lamellae (Fig. 3.18). A cross between these 

transgenic lines would be required to determine whether or not the same population of cells 

express both fluorescent proteins. When the overlap between these two transgenic 

fluorescent protein-expressing cells was assessed by Tamplin et al. in the CHT of 72 hpf 

embryos by microscopy, it was found that 60±12 % of CD41:GFP+ cells overlapped with 

Runx:mCherry+ cells, and 44±8 % of Runx:mCherry+ cells overlapped with CD41:GFP+ cells 

(Tamplin et al., 2015). This indicated that the Runx:mCherry+ population in the embryo is 

already significantly larger than the CD41:GFP+ population. However, the population of 

CD41:GFP+ cells in the CHT before 72 hpf are CD41:GFP low HSPCs (Lin et al., 2005; Bertrand 

et al., 2008). Therefore, one might expect that the percentage of overlap between CD41:GFP+ 

and Runx:mCherry+ cells will be significantly reduced when mature CD41:GFP high 

thrombocytes appear. However, high levels of CD41 transcripts were found in Runx:mCherry+ 

gata2a- cells both by RNA-seq and qPCR analysis (Kobayashi et al., 2019). Thus, it would be 

interesting to investigate whether Runx:mCherry high cells in the gill might correspond to the 

population of CD41:GFP high cells found in the gill. In support of this hypothesis, Antony-

Debré et al. (2012) have previously demonstrated the importance of RUNX1 expression in 

humans and mice in regulating thrombocyte maturation. Furthermore, it was found by Tang 

et al. (2017) that CD41:GFP+ and Runx1+ cells have overlapping gene transcription profiles 

and cluster together in a tSNE analysis. Recent work based on the Tg(runx1P2:citrine) reporter 

line, which utilises the P2 promoter of runx1 to drive citrine expression, has demonstrated 

that the brightest runx1P2:citrine+ cells found at heart cryo-injury sites also expressed CD41 

mRNA, indicating that those cells were likely thrombocytes (Koth et al., 2020). However, a 

cross between the two transgenic lines would be required in order to assess whether the +23 

enhancer is activated by transcription factors involved in thrombocyte differentiation.  

 

3.5.6 Transcript analysis suggests that WKM Runx:mCherry low cells may also harbour HSC-like 

cells 

Gene transcription data confirmed that there are high levels of runx1 transcripts in IgM:GFP+ 

cells in the WKM (Fig. 3.25), corroborating that IgM:GFP+ cells require runx1 in order to 

mature (Chi et al., 2018). However, flow cytometry data confirmed that Runx:mCherry is not 

expressed in IgM+ cells, as no overlap between Runx:mCherry+ and IgM:GFP+ cells was 
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observed. This indicates that the +23 enhancer, which drives fluorescent protein expression 

in Tg(Runx:mCherry) zebrafish, is not activated by transcription factors involved in B cell 

development.  

 

It was found that runx1 transcript levels correlated closely to mCherry transcript levels in the 

isolated Runx:mCherry+ populations, such that Runx:mCherry high cells in the WKM and gill 

were found to have greater runx1 transcript levels than Runx:mCherry low cells isolated from 

the WKM. This suggests that the fluorescence intensity of the transgene is reflective of the 

endogenous runx1 expression levels within these cells (Fig. 3.25D). This may further suggest 

that the Runx:mCherry low population is not merely a product of differentiating HSCs, which 

cease to express runx1 while retaining some mCherry fluorescence (McBrien, 2017), but rather 

that there is reduced Runx1 activation by upstream transcription factors and, hence, reduced 

mCherry expression in these cells.  

 

In their study, Tamplin et al. (2015) predicted that 1 in 35 Runx:mCherry+ cells were HSPCs, 

equating to ~ 2.9 % of Runx:mCherry+ cells. They did not describe discriminating between 

Runx:mCherry high and low populations when sorting for donor cells to transplant. Given that 

runx1 transcript levels were high in cells that are not HSPCs (Fig. 3.25D; Chi et al., 2018; Ng 

et al., 2010), the Runx:mCherry high population, which was assumed to be the HSC-containing 

compartment, could contain other hematopoietic cells such as  thrombocyte, erythrocyte and 

lymphoid precursors which are equivalent in size and granularity to lymphoid cells and HSCs 

(Kobayashi et al., 2019). In particular, the abundance of Runx:mCherry high cells in the gill may 

suggest that some Runx:mCherry high cells could be non-HSPCs. If this were the case in the gill, 

the same may be true for the Runx:mCherry high cells found in the WKM.  

 

In this study, it was found that both cmyb and ckit transcript levels, which are HSC markers, 

were consistently greater in the WKM Runx:mCherry low population relative to the WKM 

Runx:mCherry high population (Fig. 3.26). Although gene transcript levels are not directly 

indicative of protein expression and cell function, work by Kobayashi et al. reported that the 

Runx:mCherry+ gata2a:GFP+, HSC-enriched population expressed higher levels of HSC-

associated gene transcripts, including meis1b, myb and kita, compared to other populations. 

However, it is important to note that direct parallels cannot be drawn between the 
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populations assayed by Kobayashi et al. and the Runx:mCherry high and low populations 

described in this chapter. In particular, there are cells from both the bright and dim 

Runx:mCherry populations the are found within the FSC med precursor compartment. Thus, 

cells from either the Runx:mCherry high or low populations could contribute to the 

Runx:mCherry+ gata2a:GFP+ population identified by Kobayashi et al. (2019). However, if 

either the Runx:mCherry high or  low populations were found to be specifically enriched for HSCs, 

it would be possible to sort Runx:mCherry+ cells for a greater HSC purity for transplantation, 

thereby improving the survival outcome. Furthermore, effective isolation of HSCs to a high 

concentration will facilitate studies into the biology of HSCs, as well as the molecular 

mechanisms regulating them. 

 

In conclusion, the data confirmed that fluorescence intensity of Runx:mCherry+ cells 

correlated to both fluorophore gene transcript levels and, indeed, transcript levels of 

endogenous runx1 within fluorescent protein-expressing populations. However, it also 

confirmed that the transgene driven by the +23 enhancer element does not recapitulate 

endogenous runx1 expression in the hematopoietic lineages, and did not label IgM+ B cells 

from the WKM, which exhibit high runx1 transcript levels. This suggests that IgM+ B cells 

utilise a different promoter element of runx1, such as the P1 or P2 promoters. This may 

indicate that the runx:mCherry transgene is specific to HSPCs. Nevertheless,  it remains 

uncertain whether Runx:mCherry high or low cells in the WKM harbour the highest concentration 

of HSCs. In addition, Runx:mCherry low, FSC med-high cells exhibited higher transcript levels of 

cmyb and ckit, suggesting gene transcript signatures more akin to HSCs. However, this 

population also exhibited higher levels of IgM and rag1 than other Runx:mCherry+ 

populations, while also exhibiting the lowest runx1 transcript levels. Furthermore, the 

identity of Runx:mCherry+ cells in the gills remains elusive. Of the genes assayed, this 

population only showed detectable transcript levels of ckit and runx1. Further gene transcript 

and functional analysis will be required to better understand the hematopoietic identity of 

these populations. 
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Chapter 4 | Response of Tg(Runx:mCherry) and cmybt25127 Mutant Fish 

to Antibiotic and Immune Stimulants 

 

This chapter presents the work on the response of Tg(Runx:mCherry) transgenic zebrafish to 

antibiotic treatment and immune stimuli. It builds on the Tg(Runx:mCherry) characterisation 

data of the previous chapter, the antibiotic treatment data presented in the thesis of 

Charlwood (2017), the effect of poly I:C on HSPCs as presented in the thesis of McBrien (2017) 

and the response of gill tissue to R848 treatment presented by Progatzky et al. (2019) (see 

below). Using Tg(Runx:mcherry) transgenic fish enabled the assessment of the effects to 

treatments in HSPCs and extramedullary cells expressing the mCherry transgene. 

Furthermore, the effects of the viral mimetic R848 were investigated in cmyb mutant fish. 

 

4.1 Introduction 

Antibiotics are readily used to treat pathogenic bacteria in both humans as well as livestock. 

Generally, antibiotic treatment cannot specifically kill just one strain of pathogenic bacteria. 

Instead, commensal bacteria that live on the skin, in the gut or the respiratory tract of 

mammals and the gills of fish are also affected. As a result, antibiotic exposure can lead to an 

imbalance within the commensal microbial community, which in turn can impact the 

hematopoietic system and its response to subsequent immune challenges (Josefsdottir et al., 

2016; Yonar, 2012). 

 

4.1.1 The impact of antibiotics in aquaculture 

The heavy use of antibiotics in aquaculture has far reaching impacts, particularly because not 

only fish that are intended to be treated are affected. Antibiotics have been shown to have 

long-term effects on the wider ecosystem. This is in part because antibiotic particles can 

accumulate within the sediment, leading to selection of antibiotic resistance in aquatic 

bacteria, which can result in horizontal transfer of antibiotic resistance between microbes 

(Santos & Ramos, 2018). It has been hypothesized that horizontal transfer of antibiotic 

resistance can occur from microbes in fish to those in livestock and humans (Santos & Ramos, 

2018). Furthermore, significant antibiotic contamination has previously been identified in 

drinking water and crop irrigation sources in agriculture (Bu et al., 2013). This has been found 
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to affect the health of school children in Shanghai by long-term low-dose exposure to a 

combination of 21 contaminating antibiotics, as identified in their urine (Wang et al., 2016). 

Chronic low-dose antibiotic exposure is likely to lead to selection for antibiotic resistance in 

humans as well. In order to limit the rate at which antibiotic resistance develops, it is 

important to understand the impact antibiotics have on the immune system and strive for 

alternative disease prevention methods in aquaculture and agriculture.  

 

4.1.2 Microbial defence against infection 

Mammalian and fish mucosal surfaces, such as the gut and gills, host diverse microbial 

communities which provide protection against pathogens. This is achieved by both direct and 

indirect interactions such as competition with invading pathogens, the release of 

antimicrobial agents (Gómez & Balcázar, 2008) and stimulation of the hematopoietic system 

leading to the maintenance of immune cell populations (Josefsdottir et al., 2016; Kelly & 

Salinas, 2017). Any disruption to this diverse microbiome and its equilibrium between 

microbial species can lead to increased susceptibility of the host to opportunistic pathogens 

(Mohammed & Arias, 2015). Furthermore, pathogenic infections can themselves also lead to 

an imbalance and reduction in bacterial diversity within the microbial community, known as 

dysbiosis (Reid et al., 2017; Rosado et al., 2019).  

 

4.1.3 The effect of Oxytetracycline on fish health and immunity 

Oxytetracycline (OTC) is one of the most commonly used antibiotics in aquaculture, both as 

a preventative and a curative treatment for bacterial pathogens (Bu et al., 2013; Li et al., 2020; 

Zhou et al., 2018). It is metabolically produced by Streptomyces rimosus (Finlay et al., 1950) 

and inhibits bacterial protein synthesis by interfering with the 30S rRNA interaction with 

ammonia-acyl tRNA (Zhang, Cheng & Xin, 2015).  OTC is a broad-spectrum antibiotic as it 

acts against both gram-negative and gram-positive bacteria. Intensive fish farming practices 

have resulted in the rapid spread of bacterial disease which can have significant economic 

impacts (Zhou et al., 2018; Wei, 2002). Furthermore, due to the extensive use of OTC, there 

are concerns regarding widespread antibiotic resistance that is emerging in fish farms.  

 

OTC can be administered either through the addition to pellet feed, commonly around 50-100 

mg OTC/ kg body weight (Lundén & Byland, 2000), or by addition to water. The latter is 
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practical in laboratory research with zebrafish as it ensures equal administration to all fish 

within a given tank independent of feeding habits or competition, which could lead to some 

fish consuming a higher dose of the antibiotic.  In rainbow trout (Oncorhynchus mykiss), OTC 

treatment was found to reduce lymphoid cell mitogenic response to LPS stimulation in the 

head kidney (Lundén & Byland, 2000). Upon administration of OTC with immunisation, it led 

to the suppression of antibody production and reduced lymphocyte numbers in circulation 

(Lundén et al., 1998). More recently, two-week OTC treatment has been shown to cause 

oxidative stress and immune suppression in rainbow trout, as measured by a reduction in 

blood leukocytes, plasma immunoglobulin levels and reduced bacterial phagocytosis. These 

impacts were alleviated by the addition of lycopene to the treatment (Yonar et al., 2012). 

Furthermore, 96-hour acute and 28-day long chronic treatment with OTC both led to 

histological alterations in the gills of rainbow trout. Chronic exposure led to lamellar fusion 

and changes in tissue architecture, while hypertrophy of mucous cells and hyperplasia of 

epithelial cells were observed upon acute treatment (Rodrigues et al., 2017). The same group 

subsequently found similar results with the antibiotic erythromycin (Rodrigues et al., 2019), 

indicating that these effects were not unique to OTC antibiotic.  

 

To assess microbial composition in the gills and skin of farmed seabass, Rosado et al. utilised 

16S rRNA v4 metataxonomics. The group found that both disease outbreak and treatment 

with OTC led to considerable changes in the microbiome composition in both the gills and 

skin, and OTC led to a decrease of core microbial diversity in the gill tissue (Rosado et al., 

2019).  

 

Relatively few studies have investigated the impact of OTC on zebrafish health and 

microbiome. Barros-Becker et al. (2012) demonstrated widespread inflammation in zebrafish 

larvae following 48h 750ppm OTC exposure by showing a significant increase in mpx+ 

neutrophils in superficial tissues. Four days of 20 µg/L OTC was found to cause a significant 

increase in reactive oxygen species (ROS) production and apoptosis, in addition to causing 

developmental delay as exhibited by delayed hatching, shorter body length, increased yolk 

sac area and un-inflated swim bladders of zebrafish larvae (Zhang, Cheng & Xin, 2015).  Long-

term impact of high-dose OTC on zebrafish gut health has also been investigated by treating 

zebrafish for 6 weeks with 80 mg/kg/day in pellet feed. This treatment led to increased oxygen 
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consumption and decreased alkaline phosphatase (AKP) and acid phosphatase (ACP) levels in 

the gut, indicating altered gut health. Furthermore, the treatment led to increased mortality 

following Aeromonas hydrophila exposure, indicating that OTC impacted the immune 

response. The group also investigated the gut microbial diversity and richness, both of which 

were decreased in OTC-treated zebrafish (Zhou et al., 2018). Recently, the long-term low-dose 

effects of OTC have also been investigated in zebrafish. In agreement with the results 

described by Zhou et al., two-month treatment of 10 mg/L OTC was found to decrease gut 

microbial diversity and richness and led to increased cellular energy consumption (Almeida 

et al., 2019a). Interestingly, behavioural and feeding changes were also observed in the OTC-

treated group in this study.  In a second study, the group investigated the impact of OTC 

exposure on zebrafish gut microbial communities, specifically by 16S rRNA gene-based 

metagenomic analysis using Illumina next-generation sequencing. This revealed that both 

the gut and water microbiome was altered upon OTC administration, even at the lowest 

concentration of 10 µg/L OTC. Statistically significant increases in gut proteobacteria and 

actinobacteria, and decreases in gamma proteobacteria were identified at 10 mg/L OTC 

(Almeida et al., 2019b). In partial agreement with this data, Li et al. were also able to detect 

altered gut microbial diversity as evidenced by an increase in fusobacteria and proteobacteria, 

as well as a decrease in actinobacteria, in zebrafish guts following 1 month of exposure to 

either 1 µg/L or 100 µg/L of OTC (Li et al., 2020). These low doses of OTC were also found to 

alter thyroid hormone homeostasis (Li et al., 2020; Yu et al., 2020). However, due to the wide 

range of OTC concentrations and exposure durations studied, it is not possible to compare 

these results directly.  

 

4.1.4 Effect of Antibiotics on steady-state hematopoiesis 

Antibiotics are commonly prescribed to patients suffering from bacterial infections. They are 

also commonly used as a pre-emptive measure for transplant patients and patients 

undergoing invasive surgery that could expose them to potential infection. Regarding 

hematopoietic cells, it has been reported that 15 % of patients in the US receiving high-dose 

β-lactam antibiotics, including penicillin, for over 2 weeks present with neutropenia (Olaison 

et al., 1999). It has also been reported in mouse studies that the administration of a 2-week 

broad spectrum antibiotic cocktail of vancomycin, neomycin, ampicillin and metronidazole 

resulted in decreased whole bone marrow (WBM) counts and significantly depleted HSPC and 
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MPP populations in the WBM and PB, both in terms of percentage and in absolute numbers. 

Mice presented as anaemic and leukopenic, with significantly elevated platelet counts but no 

change in peripheral granulocytes. Interestingly, the granulocyte, megakaryocyte and 

erythroid progenitors were not adversely affected by the treatment. The group were also able 

to show that this effect was not caused by direct suppression of HSCs by the antibiotic but was 

rather elicited indirectly through the alteration of the gut microbiome and reduced 

stimulation of hematopoietic cells. Despite significant reduction in HSPCs, their functional 

capacity was not diminished, as assessed by HCT (Josefsdottir et al., 2016).  

 

Although the mechanism was not understood, an appreciation arose in the 1980s for the link 

between neutropenia and antibiotics, as patients developed neutropenia following 10+ days 

of high-dose b-Lactam antibiotic treatment. Furthermore, neutropenia was attributed to 

reduced bone marrow cellularity following antibiotic treatment (Neftel et al., 1985). In 

humans, the diversity and richness of intestinal microbiota has been linked to HCT outcome, 

whereby reduced diversity was associated with increased mortality (Taur et al., 2014). In 

mouse models, the microbiota has been linked to steady-state hematopoiesis by means of 

driving myelopoiesis. Germ-free mice exhibit reduced myeloid progenitor differentiation 

potential in both primitive and definitive hematopoiesis. This is rescued following 

recolonization of the microbiota from WT mice (Khosravi et al., 2014). Furthermore, increased 

complexity of the gut microbiota is associated with a larger bone marrow myeloid cell 

population. Similarly, broad-spectrum antibiotic treatment was found to reduce myelopoiesis 

by reducing microbial diversity in the gut. Additionally, germ-free animals also exhibited 

delayed pathogen clearance (Balmer et al., 2014; Khosravi et al., 2014). This may also be 

related to the underdeveloped gut-associated lymphoid tissues in germ-free mice (Round & 

Mazmanian, 2009). 

 

4.1.5 Effect of antibiotics on the immune response to bacterial infection 

As described above, antibiotic treatment is associated with impaired steady-state 

hematopoiesis and can lead to leukopenia and neutropenia. Antibiotic treatment has also 

been associated with impaired immune response to infection and delayed pathogen clearance, 

which in turn has been associated with increased mortality. For example, both germ-free and 

antibiotic-treated mice infected with Listeria monocytogenes were found to have a greater 
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pathogenic burden and resultant mortality compared to WT animals (Khosravi et al., 2014). 

Similarly, OTC or sulfamethoxazole antibiotic-treated zebrafish experienced greater 

mortality compared to untreated fish following Aeromanas hydrophila exposure (Zhou et al., 

2018). 

 

4.1.6 Effect of antibiotics on the immune response to viral stimulation 

In a neomycin-treatment mouse model of respiratory tract influenza virus, the microbiota was 

found to modulate the immune response by providing the appropriate signals to initiate pro- 

Il-1b and pro- Il-18 mRNA expression and activate inflammasomes. Neomycin-treated mice 

had lower levels of Il-1b and pro Il-18 mRNA. As a result, the microbiota was found to regulate 

T & B cell responses to the virus in the respiratory mucosa (Ichinohe et al., 2011). Impaired T 

cell response was characterised by reduced Ifng levels, in addition to fewer antigen-specific 

cells. Antibiotic-mediated immune impairment was rescued by administration of toll-like 

receptor (TRL) 4 agonist LPS, indicating that the commensal microbiome is involved in TRL 

signalling, which has immune-modulatory function. Similarly, another study showed that 

antibiotic-treated mice exhibited impaired innate and adaptive antiviral immune responses 

to influenza virus, delayed viral clearance and increased mortality. The associated mortality 

was partially rescued in antibiotic-treated mice that received poly I:C prior to influenza 

infection, once again indicating that commensal bacteria have an important role in steady-

state TLR signalling by setting the activation threshold of the innate immune system for 

effective antiviral immune responses (Abt et al., 2012).  

 

4.1.7 Pattern recognition receptors  

For vertebrate health and immunity, effective pathogen recognition is essential to ensure 

appropriate immune responses are initiated to eliminate infection. Pathogens and their 

pathogen-associated molecular patterns (PAMPS) are recognised by pattern-recognition 

receptors (PRRs) such as TLRs and nod-like receptors (NLRs), which are expressed on a variety 

of cells including hematopoietic and non-hematopoietic cells in the vertebrate body. As 

discussed in the introduction (section 1.5.4), HSCs have been found to possess a number of 

TLRs, including TLR2, TLR4, TLR7, TLR8 and TLR9, stimulation of which leads to the 

alteration of the hematopoietic output bias, namely toward the myeloid lineage (Nagai et al., 

2006; Sioud et al., 2006; De Luca et al., 2009). Although PRRs are an evolutionarily conserved 
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method of pathogen recognition, species-specific differences exist in the specificity of certain 

PRRs and their signalling pathways. Zebrafish possess orthologues for many mammalian 

PRRs, making them a valuable addition to the repertoire of model organisms to investigate 

pathogen recognition in vertebrates. 

 

4.1.7.1 Toll-like receptors  

TLRs are an ancient mechanisms of immune defence conserved between vertebrates and 

invertebrates (Janeway & Medzhitov, 2002). They are transmembrane proteins found either 

on the surface of the plasma membrane or intracellular compartments such as endosome 

membranes or other intracellular vesicles. Intracellular TLRs, such as TLR3, TLR7, TLR8 and 

TLR9, are involved in the detection of intracellular nucleic acids, such as those that may enter 

the cell via endocytosis of viral particles. For example, TLR3 detects double-stranded RNA 

(dsRNA) (Bernard et al., 2012) and TLR7 and TLR8 are involved in the detection of single-

stranded RNA (ssRNA). Upon ligand binding, TLRs will form homo- or heterodimers, leading 

to the recruitment of adaptor proteins through common cytoplasmic Toll-interleukin-1 

receptor (TIR) domains, such as differentiation primary response 88 (MyD88) or TIR-domain-

containing adapter-inducing IFN-β (TRIF). The recruitment of these adaptor proteins leads 

to further downstream signalling, activation and nuclear translocation of cytokine 

transcription factors such as nuclear factor κ-light-chain-enhancer of activated B cells (NF-

kb), IRF3 and IRF7, which are responsible for inducing the expression of inflammatory 

cytokines and interferons (Kawai & Akira, 2010).  

 

Rodents possess 12 TLRs and 10 TLRs have been identified in humans. Many human TLRs 

possess zebrafish orthologues and conserved adaptor proteins. However, zebrafish also 

possess additional TLRs not found in mammals, some of which identify similar PAMPs as 

mammalian TLRS, such as the zebrafish Tlr22 which recognises dsRNA such as poly I:C, the 

equivalent of mammalian TLR3 (Li et al., 2017).  

 

4.1.8 Zebrafish responses to TLR agonists  

In the experimental data of this chapter, two TLR agonists have been applied to investigate 

the zebrafish responses, in particular changes in the runx:mCherry+ cell populations in the 



Chapter 4 | Response of Tg(Runx:mCherry) and cmybt25127 Mutant Fish to Antibiotic and Immune 

Stimulants 

 149 

gill and WKM. This section will summarise the current understanding of zebrafish responses 

to these two agonists; poly I:C and R848.   

 

4.1.9 Zebrafish response to poly I:C model of systemic inflammation  

Poly I:C is a synthetic short-strand dsRNA molecule of inosinic and cytidylic polymers and is 

a viral mimetic capable of inducing a robust anti-viral interferon response. It has commonly 

been utilised to study responses to viral infections by inducing a sterile inflammation in fish 

and mouse models. Poly I:C induces type I IFNs, which can be produced by most cell types, 

including HSCs, and leads to downstream signalling and subsequent activation of the immune 

system (Essers et al., 2009; Pietras et al., 2014; Sato et al., 2009). In one mouse study, a single 

10 µg/g injection of poly I:C to induce IFN signalling resulted in the proliferation of HSCs, 

whereas chronic stimulation caused HSCs to re-enter quiescence, indicating that HSCs can 

sense and respond to poly I:C directly (Pietras et al., 2014).   

 

In teleost, poly I:C can be recognised by two TLRs: Tlr3 and the teleost-specific Tlr22 (Matsuo 

et al., 2008). While the zebrafish genome encodes both of these TLRs, the ligand specificity of 

these receptors has not been fully elucidated. Transcript analysis by Dr. Wane detected Tlr3 

transcripts in zebrafish heart, gills, spleen, liver, gut and WKM (Dallman lab, personal 

communication). McBrien (2017) investigated the effect of a single intraperitoneal injection 

of poly I:C at 1 µg, 10 µg and 50 µg doses on the zebrafish. Results showed that transcript 

levels of type I (ifnj) and type II interferons (ifng1.1 & ifng1.2) were significantly increased at 

10 µg and 50 µg doses. In addition, the transcript levels of inflammatory cytokines il-1b, tnfa, 

il6, il8 and chemokines cxcl18b and cxcl8 were also elevated at 3 hours post treatment (hpt). 

Interestingly, transcript levels of HSC chemoattractant cxcl12a and HSC marker runx1 were 

not altered at 3 hpt in response to poly I:C treatment (McBrien, 2017). Furthermore, McBrien 

also investigated the effect of chronic poly I:C stimulation in zebrafish by injection of 8 

consecutive doses of 10 µg poly I:C at 48-hour intervals. One week post treatment, this led to 

a decrease in l-plastin and mpeg1.1 transcript levels in the WKM. However, transcript levels of 

HSC markers runx1 and cmyb were unchanged at this timepoint. Flow cytometry analysis 

indicated an increased proportion of cells within the lymphocyte compartment. However, 

CD41:GFP+ cells within the lymphocyte compartment had declined in abundance, suggesting 

that the HSPC content may have been reduced in the WKM (McBrien, 2017). 
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Lin et al. recently identified metaphocytes in the gill mucosa and demonstrated that these 

cells were responsible for mediating the poly I:C-induced local immune response following 

treatment by immersion.  In this experimental set up, poly I:C was able to induce a robust 

increase in ifng1.1, ifnj1 and ifnj2 levels (Lin et al., 2020). 

 

4.1.10 HSPC response to R484 stimulation 

R848, also known as resiquimod, is a small ssRNA viral mimetic. In humans and mice, it has 

been characterised as a TLR7 and TLR8 agonist that acts in a MyD88-dependent manner and 

induces type I IFN and proinflammatory cytokine production (Hemmi et al., 2002). Treatment 

of human CD34+ HSPCs in vitro with R848 has been shown to induce differentiation along the 

myeloid cell lineage to increase the population of macrophage and monocytic dendritic 

precursor cells. Furthermore, stimulation of these cells resulted in an increase in Il-1b, IL6, 

IL8, TNFa and GCS-F transcript levels. Together, these indicated that stimulation of TLR7/8 

can directly influence HSPC behaviour in vitro (Sioud et al., 2006).  

 

4.1.11 Teleost response to R484 stimulation 

The stimulation of rainbow trout (Oncorhychus mykiss) leukocytes with R848 in vitro resulted 

in an increase in transcript levels of the proinflammatory cytokines il-1b, il8 and tnfa, as well 

as increased type I interferon ifna (Purcell et al., 2006; Palti et al., 2010). This response was 

maintained even following inhibition of endosomal acidification using chloroquine (Palti et 

al., 2010). Interestingly, stimulation of Japanese flounder (Paralichthys olivaceus) peripheral 

blood leukocytes in vitro with R848 inhibited viral replication, upregulated immune genes, 

reduced apoptosis and increased proliferation of blood leukocytes in a Myd88-dependent 

manner. However, inhibition of endosomal acidification by means of chloroquine 

significantly diminished the R848-induced antiviral effect and immune response (Zhou & 

Sun, 2015). These conflicting results could be the product of species- or cell-specific 

differences or differences in the experimental conditions.  A study in salmon also showed that 

R848 stimulation by intraperitoneal (IP) injection increased type I IFN in the gills and kidney. 

Furthermore, type I IFN-expressing cells in the gills were found predominantly within the 

primary lamellae of the gills, as shown by fluorescence in situ hybridisation (FISH) (Svingerud 

et al., 2012).  
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Finally, topical application of R848 to the gills of zebrafish has also been shown to induce a 

robust inflammatory response by local upregulation of type I and type II interferons (ifna and 

ifng, respectively), in addition to il6, il-1b and tnfa proinflammatory cytokines (Progatzky et 

al., 2019). Furthermore, a significant increase in the number of lyz:GFP+ neutrophils in the 

gills was observed at 3 hpt compared to sham treated gills which returned to control levels by 

8 hpt. Similarly, a significant increase in the number of lck:GFP+ lymphocytes was observed 

at 3 hpt. However, unlike the lyz:GFP+ cells, lck:GFP+ lymphocytes were further elevated at 8 

hours post R848 treatment. This may indicate that proliferation in leukocytes has occurred, 

as seen in the leukocytes of Japanese flounders following R848 stimulation in vitro (Zhou & 

Sun, 2015). Although the ability of R848 to stimulate Tlr7/8 in teleost has not been 

investigated specifically, given the evolutionary conservation of TLRs between teleost and 

mammals (Li et al., 2017), these results suggest that R848 is likely to stimulate these TLRs in 

zebrafish. This would indicate that there are conserved R848 response pathways between 

teleost and mammals. Furthermore, orthologues of TLR7 and TLR8 have been identified in 

zebrafish, with two orthologues present for TLR8 (tlr8a and trl8b) (Li et al., 2017). In addition, 

Svingerud et al. found that salmon cell lines with little or no expression of Tlr7/8 were not 

able to induce an IFN response when treated with R848 (Svingerud et al., 2012).  
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4.2 Aims 

The previous chapter investigated the heterogeneity found among cells expressing the 

Runx:mCherry transgene. To gain a deeper understanding of the functional differences 

between Runx:mCherry+ cells found in the WKM and the gill, this chapter sets out to 

investigate the effects of antibiotic and/or immune stimuli on Runx:mCherry-expressing cells. 

Furthermore, this chapter aims to investigate whether bloodless cmybt25127 mutant fish are 

capable of responding to a viral-type immune stimulus.  

 

More specifically, the aims of this chapter are to: 

1. Assess the response of Runx:mCherry+ cells and innate immune cells to antibiotic 

treatments. 

2. Investigate whether the zebrafish response to the viral mimetic poly I:C is altered by 

antibiotic pre-treatment.  

3. Determine whether Runx:mCherry+ cells in the gill respond to topical application of 

R848 viral mimetic and Tlr7 agonist. 

4. Assess the ability of bloodless cmybt25127mutant fish to respond to R848 treatment by 

immersion.  
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4.3 Results 

4.3.1 The response of Runx:mCherry+ cells and innate immune cells to antibiotic treatments 

4.3.1.1 Zebrafish response to low-dose penicillin-streptomycin treatment does not significantly 

alter hematopoietic output 

With an appreciation for the Runx:mCherry+ population in the WKM, which contains HSPCs 

involved in steady-state hematopoiesis, the next aim was to determine how these 

Runx:mCherry+ cells of juvenile and adult zebrafish might be affected by antibiotic treatment. 

Josefsdottir et al. (2016) have shown that broad-spectrum antibiotics, including beta-lactam 

antibiotics, were capable of altering the hematopoietic output of mice through reduction of 

gut microbial diversity, resulting in reduced bone marrow cellularity and absolute HSC 

numbers. Furthermore, data from Charlwood (2017) has demonstrated that a dose of 10 U/mL 

penicillin and 10 µg/mL of streptomycin (PS) broad-spectrum antibiotics was sufficient to 

induce a reduction in gut microbial diversity. This dose of PS is commonly used in zebrafish-

rearing media and has been found to impair gut peristalsis when administered in combination 

with a high-cholesterol diet (HCD) (Progatzky et al., 2014). It is important to understand the 

impact this dose of PS can have on the hematopoietic output of the zebrafish raised in it. To 

this end, the hematopoietic output of juvenile transgenic zebrafish reared in E2+ PS media for 

7 weeks was assessed by flow cytometry. Embryos were reared in system water and with 

methylene blue until 5 dpf and subsequently raised in E2 medium ± PS until 8 wpf. It was 

found that, in the WKM of 8-wpf fish raised with continuous exposure to PS, the number of 

Runx:mCherry+ HSPCs, lyz:GFP+ and mpx:GFP+ neutrophils were not significantly altered 

relative to their PS-free siblings. In addition, no change was detected in the proportion of 

major blood cell populations in the WKM (Appendix 1). However, a small increase in lck:GFP+ 

lymphocytes was detected (Fig. 4.1).  

 

Due to the well-established link between the use of antibiotics for growth promotion of 

livestock, including fish (Butaye et al., 2003; He et al., 2010; Carvalho et al., 2016), the length 

and mass of zebrafish reared ± PS were compared. The results showed no difference in length 

or mass of fish between the two groups overall (Appendix 2). In addition, BMI was calculated 

for each fish (BMI= kg/ cm2). However, there was no difference in the BMI of treated and 
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untreated fish (Fig. 4.1D). This indicates that rearing fish in low-dose PS for a period of 7 

weeks does not increase their growth rate.  

 

 

 
Fig. 4.1 Seven weeks of low-dose PS treatment does not significantly alter hematopoietic output 
of juvenile fish. 

Six dpf, transgenic Tg(Runx:mCherry; lyz:GFP), Tg(lck:GFP) and Tg(mpx:GFP) fish were placed into E2 medium ± PS 
(10 U/mL penicillin and 10 µg/mL of streptomycin) and reared in benchtop tanks for 7 weeks. Treatment was 
administered through the addition of 200 mL E2± PS each day, in addition to a weekly change of tanks. (A) 
Schematic representation of experimental set up. (B) Fish size measurement, red lines indicate section of fish 
measured from head to tail, not including tail fin. (C) Single cell suspensions of WKM were subjected to flow 
cytometry and cell counts/ 17000 live cells were analysed for each transgenic cell type. Each dot indicates 1 fish. 
N= 5-9. Data pooled from 3 independent experimental repeats. Student’s t-test *P < 0.05.  (D) BMI of zebrafish 
reared on E2± PS (kg/ cm2). N= 7-10. Mean and SD shown. Where P value is not shown, differences were not 
statistically significant. 
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Due to data suggesting that there may be a trend towards increasing cell numbers in the 

myeloid and lymphoid lineages in zebrafish reared with PS, the effect of short-term PS 

treatment of adult zebrafish was investigated. As before, a dose of 10 U/mL of penicillin and 

10 µg/mL of streptomycin was used. Adult fish received the PS via addition to system water 

for 2 weeks. This time point was chosen as previous research in human studies and mouse 

models have shown that 2 weeks of broad-spectrum antibiotics were sufficient to reduce HSC 

numbers and cause abnormal hematopoiesis, particularly regarding lymphoid cells 

(Josefsdottir et al., 2016). It was reported that erythro-myelopoiesis remained unaffected in 

response to broad-spectrum antibiotic treatment. For this experiment, adult 

Tg(Runx:mCherry; lyz:GFP) fish were investigated so that neutrophil output could be assessed 

concomitantly with HSPC numbers. The data indicates that there was no difference in either 

lyz:GFP+ cells, Runx:mCherry+ populations or other major blood cell populations in the WKM 

of adult fish exposed to low-dose PS for 2 weeks (Fig. 4.2; Appendix 3). For further analysis, a 

more potent type and dose of antibiotic was investigated subsequently (section 4.3.1.2). 

 

 
Fig. 4.2 Two weeks of low-dose penicillin streptomycin does not significantly alter 
hematopoietic output of adult Tg(Runx:mCherry; lyz:GFP) zebrafish. 

Adult transgenic Tg(Runx:mCherry; lyz:GFP) fish were treated in system water ± PS (10 U/mL penicillin and 10 
µg/mL of streptomycin) for 2 weeks. Treatment was administered through the addition of system water ± PS each 
day with 10 % exchange. (A) Schematic representation of experimental set up. (B) Single cell suspensions of WKM 
were subjected to flow cytometry. Runx:mcherry+ and lyz:GFP + cells were analysed as a percentage of live cells. 
Each dot indicates 1 fish. N= 6. Data pooled from 2 independent experimental repeats. Mean and SD are shown. 
Where P value is not shown, differences were not statistically significant. 
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4.3.1.2 Ten-day 50 mg/L OTC exposure reduces gill bacterial load and reduces HSPC cellularity 

in the WKM of adult zebrafish  

Low-dose PS appeared to have minimal impact on WKM cellularity of juvenile fish treated for 

7 weeks or adults treated for 2 weeks with 10 U/mL penicillin and 10 µg/mL of streptomycin. 

Next, OTC, a commonly used antibiotic in aquaculture, was investigated. High doses of OTC 

have been shown to reduce zebrafish gut bacterial diversity and result in impaired gut health 

due to increased activity of digestive enzymes and reduced AKP and ACP activity (Zhou et al., 

2018). To determine whether microbial diversity in the gut reduced WKM HSPC proportions, 

adult Tg(Runx:mCherry; lyz:GFP) zebrafish were treated with 50 mg/L OTC in system water for 

10 days. This dose of OTC has been shown not to increase mortality in adult zebrafish (Oliveira 

et al., 2013) but was capable of inducing macroscopic histological changes in the gills of adult 

rainbow trout (Rodrigues et al., 2017). The data indicates that this dose of OTC does not alter 

the proportion of lyz:GFP+ cells in the WKM or gills of adult fish, suggesting that neutrophil 

output remains unchanged (Fig. 4.3B). In addition, the proportions of each major blood cell 

lineage in the WKM also remained unchanged (Appendix 4). 

 

Data interrogating the relationship between the OTC treatment and Runx:mCherry+ cells in 

the WKM and gill has shown that there was no change in the number of Runx:mCherry+ cells 

in the gill of treated adult fish. In the WKM, on the other hand, a possible trend towards 

decreased proportion of Runx:mCherry+ cells was found across three independent 

experiments. The data was pooled and confirmed this trend. However, the change in 

Runx:mCherry+ cells in the WKM is not statistically significant (P=0.067 using the student’s 

t-test; Fig. 4.3C). Furthermore, Runx:mCherry high and low populations in the WKM were 

dissected to illuminate whether or not the possible reduction in population size in response 

to OTC treatment could be attributed to changes in one or both populations. The data revealed 

no statistically significant difference in either the Runx:mCherry high or runx:mCherry low 

populations upon OTC treatment (Fig. 4.3 D, E). To assess the biological importance of the 

trend in reduced WKM Runx:mCherry+ cells, the abundance of Runx:mCherry+ cells must be 

correlated with 16S values, which are indicative of bacterial load. If there is a positive 

correlation between cell abundance and increased 16S, this would indicate that bacterial load 

can alter the WKM Runx:mCherry+ population. 
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Fig. 4.3 Ten days of OTC treatment of adult Tg(Runx:mCherry; lyz:GFP) zebrafish does not alter 
neutrophil output but may reduce Runx:mCherry+ cells in the WKM. 

Adult transgenic Tg(Runx:mCherry; lyz:GFP) fish were treated in system water ± 50 mg/L OTC for 10 days. 
Treatment was administered via the replacement of all water ± OTC each day to ensure OTC remained bioactive. 
(A) Schematic representation of the experimental set up. (B-E) Single-cell suspensions of WKM and gill tissue were 
subjected to flow cytometry. Mean and SD are shown. lyz:GFP+ (B) and Runx:mCherry+ cells (C) were analysed as 
a percentage of live cells. (D, E) Proportion of Runx:mCherry+ cells in WKM were distinguished as Runx:mCherry 
high (D) and Runx:mCherry low (E). Each dot indicates 1 fish. N= 16-18. Data pooled from 3 independent experimental 
repeats. Where P value is not shown, differences were not statistically significant.  
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The bacterial load of OTC-treated and control fish was compared in the gills, which were 

directly exposed to the OTC in the water, and also the gut which was exposed to OTC through 

ingestion. It was found that fish within the control group exhibited highly variable 16S rRNA 

levels relative to 18S. However, there was a significant reduction in 16S levels in the gills of 

the OTC-treated group (Fig. 4.4A). In the gut, on the other hand, there was an increase in 16S 

levels compared to the untreated control (Fig. 4.4B). These findings are consistent with 

Charlwood (2017), which showed that administration of PS caused reduced bacterial diversity 

in the gut of embryos while increasing total bacterial load, as measured by 16S levels.  

 

Given the change in bacterial load between the OTC-treated and control groups, as well as the 

trend indicating a reduction in the percentage of Runx:mCherry+ cells in the WKM, it was 

hypothesized that animals that experienced the greatest change in bacterial load, as measured 

by 16S rRNA levels, may have the lowest percentage of Runx:mCherry+ cells in the WKM. 

Indeed, a statistically significant positive correlation was identified between the percentage 

of Runx:mCherry+ cells in the WKM and 16S levels in the gills (Fig. 4.4C). However, a positive 

correlation was not identified between the 16S levels in the gut and Runx:mCherry+ cells in 

the WKM, or 16S levels and Runx:mCherry+ cells in the gills. Nevertheless, the correlation 

between reduced gill bacterial load and reduced percentage of Runx:mCherry+ cells in the 

WKM suggested that HSPCs in the WKM were specifically reduced in response to OTC 

treatment. Due to the distinct niches occupied, differential gene expression patterns and 

differential response to OTC treatment between Runx:mCherry+ cells in the gills and WKM 

(Fig. 3.25 & 26), Runx:mCherry+ cells in the gills may represent a different cell type to those 

found in WKM. 
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Fig. 4.4 There is a correlation between 16S rRNA load 
in the gill and percentage of Runx:mCherry+ cells in 
the WKM of OTC-treated Tg(Runx:mCherry; lyz:GFP) 
zebrafish. 

Adult transgenic Tg(Runx:mCherry; lyz:GFP) fish were treated in 
system water ± 50 mg/L OTC for 10 days. Experimental set up 
depicted in Fig. 4.3. (A,B) 16S rRNA fold change relative to 18S 
rRNA in the gills (A) N= 18, (pooled from  3 experimental 
repeats) and gut (B) N= 5 (from 1 experiment). Bars show mean 
and SD. Student’s t-tests **P<0.005. (C) Correlation between gill 
16S fold change and WKM Runx:mCherry percentage of live cells 
(r2 = 0.27). Two tailed Pearson’s correlation coefficient 
**P<0.005. (D) Correlation between gut 16S fold change and 
WKM Runx:mCherry percentage (r2 = 0.13). (E) Correlation 
between gill 16S fold change and gill Runx:mCherry percentage 
(r2 = 0.005). Where P value is not shown, differences were not 
statistically significant. 
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4.3.2 OTC pre-treatment does not alter the zebrafish response to systemic poly I:C treatment 

Having found a correlation between OTC treatment and reduced Runx:mCherry+ cells in the 

WKM, suggesting reduced HSPC numbers in the zebrafish, the ability of OTC-treated 

zebrafish to respond to immune stimuli such as poly I:C was investigated. Poly I:C was chosen 

as an immune stimulant as the zebrafish response to IP injection of 5 µL (10 µg) poly I:C has 

been thoroughly characterised by McBrien (2017), including the effects of two week long 

stimulation on the HSPC compartment, which indicated reduced CD41:GFP+ HSPC numbers 

in the WKM 1 week post treatment (wpt). To determine how OTC treatment may alter the 

response to systemic poly I:C treatment, the fish were allocated into one of two groups, water 

control or OTC treatment. For 10 days, fish were maintained in static tanks in either system 

water or system water with 50 mg/L OTC, both of which were replaced daily. After 10 days, 

the groups were split up further for poly I:C and saline control groups. Fish received a 5 µL IP 

injection of either saline or poly I:C and were harvested for analysis 3 hours post injection 

(hpi). During the 3 hpi, fish remained exposed to fresh OTC or system water (Fig. 4.5A).  

 

Transcript levels were determined using the ΔΔCt method, normalised to 18S transcript 

levels. The results reinforced data previously reported by McBrien (2017), which measured the 

responses to 10 µg poly I:C after 3 hours. There was a significant increase in cxcl18b (formerly 

cxcl-c1c) both in fish that remained in water as well as those in OTC. Fish that remained in 

water exhibited a 70-fold increase in cxcl18b expression in the WKM and a ~26-fold increase 

in the gill, while those that were OTC-treated only showed a small and non-significant 

increase relative to water-treated fish (82-fold increase in the WKM, 31-fold increase in the 

gill) (Fig. 4.5 B, C). Interleukin 1 beta (il1b) transcripts were also significantly increased 

following poly I:C treatment (11-fold increase in WKM and 5-fold increase in the gill), and 

this pattern was not significantly altered by OTC exposure (13-fold increase in the WKM, 3-

fold increase in the gill). Zebrafish type 1 interferon ifnf1 transcripts were elevated 24-fold in 

the WKM of control fish and 26-fold in the presence of OTC, while in the gill this increase was 

34-fold and 28-fold respectively. Finally, the type 2 interferon ifng1-2 exhibited an average of 

24-fold increase in response to poly I:C treatment in the WKM of control fish and 38-fold 

increase in OTC-treated fish. In the gill, a 14-fold increase in ifng1-2 transcript levels was 

detected in the control fish and an 11-fold increase in OTC-treated fish (Fig. 4.5 B, C). Taken 

together, it appears that the zebrafish response to systemic administration of 10 µg poly I:C 
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did not become either attenuated or exacerbated by exposure to 50 mg/L OTC over the 

preceding ten days.  

 

Investigating the abundance of lyz:GFP+ and Runx:mCherry+ cells in the gills revealed no 

change in the response to either poly I:C on its own or poly I:C in combination with OTC. In 

the WKM, no change was observed in the abundance of lyz:GFP+ cells across the groups. A 

small but statistically non-significant reduction in Runx:mcherry high cells was detected in the 

WKM of OTC-treated groups. No such reduction was evident in the Runx:mcherry low 

population (Fig. 4.5D-E). However, as shown by McBrien (2017) and Josefsdottir et al. (2016), 

the number of cells does not need to change in order for functional changes to occur in the 

biology of HSCs and HSPCs. To fully assess whether stem cell potency was affected, 

transplantation assays would be required.  
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Fig. 4.5 OTC treatment does not alter the immune response to systemic poly I:C treatment of 
Tg(Runx:mCherry; lyz:GFP) zebrafish. 

Adult transgenic Tg(Runx:mCherry; lyz:GFP) zebrafish were treated in system water ± 50 mg/L OTC for 10 days, as 
depicted in (A). Subsequently, both OTC and control groups were randomly split into two groups for 
intraperitoneal (IP) injection of poly I:C or saline control. WKM, gill, and gut were harvested at 3 hours post IP 
injection. (A) Experimental set up. (B,C) qRT-PCR analysis of the gills (B) and WKM (C) from water + saline (light 
blue), water + poly I:C treated (dark blue), OTC + saline (light red) and OTC + poly I:C treated (dark red) zebrafish. 
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Panel of inflammatory cytokines associated with response to poly I:C includes cxcl18b, il1b, ifnf1 and ifng1-2. Mean 
and SD are depicted. Individual dots show relative expression values obtained for individual fish. Values for each 
gene were normalised to 18S and expressed as fold change relative to the median sample in the water + saline 
treated control group. (D,E) Flow cytometry quantification of the percentage of GFP+ and mCherry+ cells in 
Tg(Runx:mCherry; lyz:GFP) zebrafish gills (D) and WKM (E) 3 hours post poly I:C treatment. Each dot represents 
the percentage of GFP or mCherry+ cells obtained for one individual fish. The mean and SD are shown. N=6-8. 
Three experimental replicates were performed, and the data pooled (each experiment following the same trend). 
*P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. One-way ANOVA and Tukey’s multiple comparisons test. 
Where P value is not shown, differences were not statistically significant. 
 

4.3.3 TLR7 and TLR8 agonist R848 may induce a small increase in the abundance of 

Runx:mCherry+ cells in the zebrafish gill  

To further characterise the Runx:mCherry+ population in the gill, their response to the TLR7 

and TLR8-agonist R848 was investigated. R848 is a single stranded RNA viral mimetic, which 

has been used in the Dallman lab to study the zebrafish gill response to viral type respiratory 

challenge. R848 is applied to the gill directly and has been shown to induce a robust cytokine 

response in the gill tissue, with an early upregulation of tnfa and il1b mRNA transcripts 

followed by a later upregulation of ifnf1 and ifng1-2 transcript levels (Porgatzky et al., 2019; 

Dallman lab personal communication). This model of inflammatory gill challenge was chosen 

as it has been shown to induce a quantitative increase in innate and adaptive immune cells in 

the adult zebrafish gill. This has been shown by the transient increase in lyz:GFP+ neutrophils 

at 3 hours post challenge, and increases in lck:GFP+ lymphocytes at both 3 and 8 hours post 

challenge, as observed by microscopy (Progatzky et al., 2019). 

 

Runx1:mCherry+ cells were found to be abundant in the gills (Fig. 3.3, 3.8) and exhibited high 

runx1 and transgene-driven mCherry transcript levels (Fig. 3.25). Although, it was not possible 

in the duration of this project to elucidate what cells comprise this population, results in 

Chapter 3 showed that Runx:mCherry+ cells do not overlap with either IgM:GFP+ or lck:GFP+ 

cells in the gill (Fig. 3.16, 3.17). It remains to be uncovered what types of cells express the 

transgene. By applying inflammatory stimulation to the gill and observing how the cells 

respond, a deeper insight into the function of this population may be gained.  

 

Tg(Runx:mCherry; lyz:GFP) transgenic zebrafish were treated with R848 by application of 2.5 

µg of R848 directly onto the gills.  Endotoxin-free water was applied to the gills of fish in the 

control group. The gills of R848-treated fish were harvested either 3 or 8 hpt so that both any 

early and late response would be detected (Fig. 4.6A). The gills from the treated side of each 
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fish were split into 3 groups such that flow cytometry, qPCR and microscopy analysis could be 

carried out using tissue from the same fish. This experiment was carried out by Dr. Wane 

(Dallman lab, Imperial College London) in collaboration with A. Scemama (MRes, Imperial 

College London). The qPCR data confirmed that a robust induction of inflammatory cytokines 

had taken place at 3 and 8 hpt, following previously established kinetics (Dallman lab, 

personal communication; Progatzky et al. 2019). The expression levels of ifng1-2, ifnf1 and 

cxcl18b transcript levels were determined as a relative increase compared to 18S transcript 

levels using the ΔCt method. The data showed that both ifng1-2 and ifnf1 transcript levels 

increased relative to 18S at 3 and 8 hpt. cxcl18b was also increased at 3 and 8 hpt relative to 

the sham control. However, at 8 hpt, transcript levels had decreased compared to the 3-hour 

timepoint (Fig. 4.6B). Parallel to qPCR data acquired from the gills, flow cytometry data was 

also analysed and indicated a trend of transiently increased lyz:GFP+ cells in the gills 3 hpt. 

However, the increase in lyz:GFP+ cells  was not statistically significant when measured by 

flow cytometry (Fig. 4.6C; Madina Wane, personal communication). No change was found in 

the abundance of Runx:mCherry+ cells at either 3 or 8 hpt.  
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Fig. 4.6 The response of adult Tg(Runx:mCherry; lyz:GFP) gills to R848 gill application. 

The gills of adult tg(Runx:mCherry; lyz:GFP) transgenic zebrafish were treated directly with 2.5 µg R848 delivered 
in 5 µL endotoxin-free water. Sham treated fish received 5 µL endotoxin-free water only. Gills of fish were first 
dried with tissue before applying solutions. Gills were harvested 3 or 8 hpt for both control and R848-treated fish. 
Data pooled from 2 experimental replicates. N=8. Procedure carried out by Dr. Wane (Dallman lab, Imperial College 
London) in collaboration with A. Scemama (MRes. Imperial College London). (A) Schematic of experimental set 
up. (B) qRT-PCR analysis of the gills at 3 and 8 hpt of control and R848-treated gills. The mRNA expression levels 
of ifng1-2, ifnf1 and cxcl18b are expressed as a ratio relative to 18S transcrip levels using formula 2^-(ΔCt). Each 
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dot represents the expression levels from one individual fish. Mean and SD are shown. *P < 0.05, **P < 0.005. One-
way ANOVA and Tukey’s multiple comparisons test. Where P value is not shown, differences were not statistically 
significant. (C) Flow cytometry quantification of the percentage of GFP+ and mCherry+ cells as a proportion of live 
single cells in Tg(Runx:mCherry; lyz:GFP) zebrafish gills at 3 and 8 hpt. Each dot represents the transcript levels 
from one individual fish. Mean and SD are shown. 
 

Next, the number of lyz:GFP+ and Runx:mCherry+ cells were quantified in the primary and 

secondary lamellae by microscopy in order to give an indication of how cell distribution may 

change. A transient increase in neutrophils was found at 3 hpt, as expected from previous data 

(Progatzky et al., 2019; Fig. 4.7A, B). The increase in neutrophils appeared roughly equal 

throughout the primary and secondary lamellae of the gills. Although not statistically 

significant, there appeared to be an indication of a small increase in Runx:mCherry+ cells at 3 

and 8 hpt in response to R848 (Fig. 4.7A, C). At 3 hpt, there was an average increase from 10 

to 16 cells in the area quantified in the primary lamella of the gills, while the number of 

Runx:mCherry+ cells remained constant in the secondary lamellae. There were fewer 

Runx:mCherry+ cells in the 8 hour control samples compared to the 3 hour controls. 

Nevertheless, at 8 hours, the number of Runx:mCherry+ cells appeared to increase in both the 

primary and secondary lamellae in R848-treated gills relative to the 8-hour control samples. 

In the primary lamellae of the control group, the average cell count was 4. In R848-treated 

fish, this count was higher with an average of 11 cells. In the secondary lamellae, the average 

counts were 4 cells in the control group and 6 in R848-treated fish (Fig. 4.7C). However, these 

results were not statistically significant. Given the heterogeneity in the abundance 

Runx:mCherry+ cells in untreated zebrafish gills and the resultant high standard deviation 

(Fig. 3.8E, 4.6C, 4.7C), it was calculated that approximately a further 15 samples would be 

required per experimental group to achieve a power of 85 %, which was not feasible in this 

project. In addition, there can be experimental limitation in cell quantification. For example, 

gills that are partially obstructed or damaged during dissection or staining can limit the 

number of lamellae that can be used to carry out cell quantification following microscopy. 

Thus, a greater number of experimental repeats would ensure a greater number of lamellae 

can be quantified. An increase in the abundance of Runx:mCherry+ cells upon R848 treatment 

would suggest that these cells may be capable of responding to viral-like stimuli.  
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Fig. 4.7 The response of lyz:GFP+ and Runx:mCherry+ cells in the gills of adult Tg(Runx:mCherry; 
lyz:GFP) transgenic zebrafish in response to R848 gill application. 

The gills of adult tg(Runx:mCherry; lyz:GFP) transgenic zebrafish were treated directly with 2.5 µg R848 delivered 
in 5 µL endotoxin free water as described in Fig. 4.6. Gills were harvested 3 or 8 hpt for both sham and R848-treated 
fish. Data pooled from 2 experimental replicates. N=8. Experiment carried out by Dr. Wane (Dallman Lab, Imperial 
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College London) in collaboration with A. Scemama (MRes. Imperial College London). Analysis was carried out in 
collaboration with A. Scemama. (A) Representative maximum z-stack projections of immunoassayed control and 
R848-treated gills harvested 3 and 8 hpt. Images acquired at 170X magnification. mCherry staining of 
Runx:mcherry+ cells in yellow, GFP staining of lyz:GFP+ neutrophils in cyan and Draq5 nuclear staining in 
magenta. Scale bar represents 100 µM. mCherry and GFP signal top, Draq5 bottom left and merged at the bottom 
right. (B, C) Average number of lyz:GFP+ (B) and Runx:mcherry+ (C) cells in the primary lamellae and in the 20 
secondary lamellae most proximal to the arch, of each filament, at 3 and 8 hpt. Each dot indicates average counts 
per individual gill. Mean and SD shown. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.00005. One-way ANOVA 
and Tukey’s multiple comparisons test. Where P value is not shown, differences were not statistically significant. 
(D) Schematic of gill structure. Blue overlay indicates primary and secondary lamellae where cells have been 
counted for data in (C).  
 

4.3.4 Cmybt25127 mutant fish can partially increase expression of some inflammatory cytokines 

in response to R848 treatment 

Previous research has shown that zebrafish gills are capable of mounting an immune response 

to topically applied R848 (Progatzky et al 2019). In addition, the data in section 4.3.3 of this 

chapter further corroborated this research and showed a strong antiviral response via 

increased ifng1-2, ifnf1 and cxcl18b transcript levels in adult Tg(Runx:mCherry; lyz:GFP) 

zebrafish. Tlr7 and Tlr8 are intracellular receptors found on the luminal side of endosomal 

and lysosomal membranes. The cmybt25127 mutant zebrafish (hereafter referred to as cmyb 

mutants) do not undergo definitive wave of hematopoiesis. However, non-hematopoietic cells 

also express these receptors. Hence, it is likely that cmyb mutant fish express these TLRs on 

their endosomal membranes to some extent. However, this has not been confirmed and  could 

be assessed by gene transcript analysis in the future. To better understand the antiviral 

immune response that cmyb mutants can elicit, their response to R848 was investigated at 4-

6 wpf. Parts of this work were carried out in collaboration with Alice Scemama (MRes. Imperial 

college London). 

 

As the response of adult zebrafish to topical gill application of R848 has been characterised, 

the subsequent aim was to investigate the response of cmyb mutant gills to R848. Due to the 

growth retardation exhibited by cmyb mutants, it was not possible to apply R848 topically to 

the gills. Furthermore, it was necessary to pool all 8 gill arches of 7-8 fish in order to obtain 

sufficient gill mRNA to assay gene transcription levels by qRT-PCR. Therefore, to ensure 

consistent treatment across fish, the decision was made to pool fish into groups (depending 

on the timepoint they would be harvested at) and treat pooled fish together by immersion in 

500 µL 0.5 mg/ mL R848. This dose was chosen as it is analogous to the concentration of R848 

applied to the gills of adult fish in section 4.3.3 of this chapter. To test whether immersion of 
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juvenile zebrafish could induce a robust antiviral response, 5 wpf WT and cmyb heterozygous 

fish (collectively referred to as non-mutant siblings) which are comparable in size to ~6-week-

old cmyb mutant fish, were treated by immersion. Treated fish were then transferred into 

recovery tanks with E2 medium and harvested either 1 or 8 hpt (Fig. 4.8A). The gills of 7-8 fish 

were pooled for RNA isolation and gene transcript analysis. The decapitated bodies of cmyb 

mutant fish were harvested and analysed individually, and the tail fin was harvested for DNA 

extraction and genotyping to confirm the genotype of treated fish.  

 

The data revealed that the gills of 5 wpf pooled non-mutant sibling fish can increase antiviral 

gene transcript levels in response to immersion in R848. Gene transcript levels were measured 

relative to 18S levels. It was found that ifng1-2 exhibited a significant increase at 8 hpt 

compared to both control and 1 hpt samples (Fig. 4.8B). Conversely, ifnf1, il1b and tnfa 

transcript levels were increased at 1 hpt, returning to control levels by 8 hpt. However, these 

fluctuations were not found to be statistically significant (Fig. 4.8C-E). Additionally, although 

not statistically significant, there appeared to be a trend of increased cxcl18b transcript levels 

at 1 hpt, followed by a further increase at 8 hpt (Fig. 4.8F).  

 

Upon establishing that immersion in R848 can induce an immune response in the gills of 

juvenile non-mutant sibling fish, the response of cmyb mutant fish was assessed next using 

the same workflow as depicted in Fig. 4.8A. Although the presence of tlr7 or tlr8 receptors in 

cmyb mutant fish has not been confirmed in this study, it was hypothesized that cmyb mutant 

fish would also possess these TLRs as non-hematopoietic cells also express these receptors in 

healthy fish. Due to limitations in the number of cmyb mutant fish that survive to 6 wpf and 

the necessity to pool 7-8 fish, only a small number of samples were obtained. However, it was 

evident that the cmyb mutant fish, in contrast to their heterozygous and WT counterparts, 

were not able to induce an ifng1-2 response to R848 either at 1 or 8 hpt (Fig. 4.9A). However, 

small increases in ifnf1, tnfa and cxcl18b transcripts were detected at 1 and 8 hpt (Fig. 4.9B, D 

& E). However, a greater number of samples would be required to determine the significance 

of this increase. The pattern of change in gene transcript levels of il1b in cmyb mutants 

remained consistent with the pattern found in the non-mutant siblings. There appeared to be 

an increase at 1 hpt, with expression returning to untreated levels by 8 hpt (Fig. 4.9C). 
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Fig. 4.8 The response of juvenile non-mutant sibling gills to R848 immersion. 

A pool of 7-8, 5 wpf non-mutant sibling fish were immersed for 10 minutes in 500 µL of 0.5 mg/mL R848 (or 500 
µL of E2 for control fish) in the wells of a 24-well plate. The fish were then transferred to E2 medium. The gills, 
body and tail fin were harvested at either 1 or 8 hpt for R848-treated fish. Control fish were harvested at 8 hpt. 
Data pooled from 4 independent experiments carried out in collaboration with A. Scemama (MRes. Imperial 
College London). N=4. (A) Schematic of experimental set up. (B-F) qRT-PCR analysis of the gills at 1 and 8 hours 
post R848 treatment and control. The transcript levels of ifng1-2 (B), ifnf1 (C), il1b (D), tnfa (E) and cxcl18b (F) are 
expressed as a ratio relative to 18S levels using formula 2^-(ΔCt). Each dot represents transcript levels from a pool 
of 7-8 fish. Mean and SD are shown. One-way ANOVA and Tukey’s multiple comparisons test *P < 0.05, **P < 0.005. 
Where P value is not shown, differences were not statistically significant. 
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Fig. 4.9 The response of cmyb mutant gills to R848 immersion. 

Pools of 7 or 8, 6 wpf cmyb mutant fish were immersed for 10 minutes in 500 µL of 0.5 mg/mL R848 (or 500 µL of 
E2 for control fish) in the wells of a 24-well plate. The fish were then transferred to E2 medium. The gills were 
harvested at either 1 or 8 hpt for R848-treated fish. Control fish were harvested at 8 hpt. Data pooled from 5 
independent experiments carried out in collaboration with A. Scemama (MRes. Imperial College London). N=1-3. 
(A-E) qRT-PCR analysis of the gills at 1 and 8 hours post R848 treatment and control fish. The transcript levels of 
ifng1-2 (A), ifnf1 (B), il1b (C), tnfa (D) and cxcl18b (E) are expressed as a ratio relative to 18S levels using formula 
2^-(ΔCt). Each dot is transcript levels from a pool of 7-8 fish. Mean and SD are shown only for 1h where N≥3. 
 
Following the observation that the gills of cmyb mutant fish were capable of responding by 

increasing transcript levels of some of the genes involved in the antiviral response to R848 

treatment, the magnitude of the response was compared directly between pools of cmyb 

mutant and non-mutant sibling gills using the same data sets as above. As previously 

mentioned, ifng1-2 transcripts were only increased in the gills of non-mutant sibling fish, with 

the greatest increase occurring at 8 hpt. Conversely, the cmyb mutant gills were not able to 

induce an ifng1-2 response to R848 at either the early or late timepoints (Fig. 4.10A). It was 

found that ifnf1 gene transcript levels were increased to the greatest extent at 1 hpt in the 

gills of non-mutant sibling fish. This increase in transcript levels was reduced by 8 hpt. 

However, in the cmyb  mutant gills, ifnf1 appeared to steadily increase over time. By 8 hpt, 

the ifnf1 transcript levels in the cmyb mutant gills were similar to those in non-mutant sibling 
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gills (Fig. 4.10B). The pattern of changes in transcript levels of il1b appeared to be roughly 

consistent between cmyb mutant fish and non-mutant sibling fish. However, non-mutant 

sibling fish had produced a much greater increase in il1b transcript levels relative to cmyb 

mutant fish. In both instances, il1b transcript levels were reduced by 8 hpt (Fig. 4.10C). In the 

case of tnfa, transcripts were detected in cmyb mutant fish. However, the response mounted 

by non-mutant sibling fish was much greater (Fig. 4.10D). Finally, the transcript levels of the 

neutrophil chemoattractant cxcl18b were increased to a greater extent in non-mutant sibling 

fish, both at 1 and 8 hpt, compared to the cmyb mutants. However, it is noteworthy that 

cxcl18b expression levels in cmyb mutants at 8 hpt were comparable to the early response in 

non-mutant sibling fish (Fig. 4.10E). Taken together, it appears that the gills of cmyb mutant 

fish were capable of inducing a dampened antiviral response to R848 treatment by immersion. 

However, greater sample sizes would be required to determine the significance of these results 

and enable meaningful statistical analysis. Furthermore, the presence of tlr7 and tl8r 

receptors in cmyb mutants should be confirmed by qRT-PCR or western blot. It may also be 

interesting to compare tlr7 and tl8r transcript and expression levels between cmyb mutant 

and non-mutant siblings as this may be correlated with the magnitude of the  antiviral 

response. 
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Fig. 4.10 Comparison of the response of cmyb mutant and non-mutant gills to R848 immersion. 

Pools of 7-8, 5-6 weeks post fertilisation cmyb mutant and non-mutant sibling fish were immersed for 10 minutes 
in 500 µL of 0.5 mg/mL R848 (or 500 µL of E2 for control fish) in the wells of a 24-well plate. The fish were then 
transferred to E2 medium. The gills were harvested at either 1 or 8 hpt for R848-treated fish (see schematic in 
Fig.4.8A). Control fish were harvested 8 hpt. Data pooled from 5 independent experiments carried out in 
collaboration with A. Scemama (MRes. Imperial College London). N=1-4. (A-E) qRT-PCR analysis of the gills at 1 
and 8 hours post R848 treatment and control. The transcript levels of ifng1-2 (A), ifnf1 (B), il1b (C), tnfa (D) and 
cxcl18b (E) are expressed as a ratio relative to 18S levels using formula 2^-(ΔCt). Each dot represents the transcript 
levels from a pool of 7-8 fish. Mean and SD are shown only where N≥3. 
 
Due to their small size, it was necessary to pool the gills of cmyb mutant fish in order to obtain 

sufficient quantities of mRNA to carry out gene transcript analysis by qRT-PCR. However, 

recent studies have demonstrated the presence of tissue-resident immune cells, including 

metaphocytes found in the skin epidermis and gill mucosa, which are derived of a non-

hematopoietic origin (Alemany et al., 2018; Lin et al., 2019; Lin et al., 2020). Therefore, it was 

hypothesized that the skin and gills of cmyb mutant fish may possess such cells and may 

therefore be capable of mounting an antiviral immune response to immersion in R848. Hence, 

the decapitated bodies of treated fish were harvested for analysis in addition to their gills. The 

body samples of control fish were pooled to ensure detection of gene transcripts. However, a 

high abundance of RNA was isolated from the pooled control sample, such that subsequent 

samples (including cmyb mutant samples) were processed individually. This meant that the 

response mounted in the body of individual cmyb mutant fish could be investigated, thereby 

increasing the body sample size at 1 and 8-hour timepoints. 
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Similar to the observations in the gill response, the tissues found in the body of the cmyb 

mutant fish were also unable to produce ifng1-2 transcripts (Fig. 4.11A). All other investigated 

genes had similar transcript levels in the body as in the pooled gills. ifnf1 exhibited similarly 

increased transcript level in the body at both 1 and 8 hpt (Fig. 4.11B). il1b transcript levels in 

the body were greatest at 1 hpt and returned to control levels by 8 hpt. Transcript levels in the 

gills and body were similar at both time points (Fig. 4.11C). Although il1b transcript levels in 

the body were significantly higher at 1 hpt compared to 8 hpt, the transcript levels were low 

compared to the transcript levels of il1b in the gills of non-mutant sibling fish (Fig. 4.10C). 

The transcript levels of tnfa in the body of R848-treated cmyb mutant fish were elevated at 1 

hpt and exhibited a significant reduction by 8 hpt. The transcript levels measured in the body 

samples were similar to the pooled gill samples at 1 hpt. At 8 hpt, the two pooled gill samples 

had very different tnfa transcript levels (Fig. 4.11D). Interestingly, there was no obvious 

outlier among the body samples at 8 hpt that may have correlated to the high tnfa transcript 

level in one of the pooled gill samples. This suggests that increased tnfa transcript levels at 8 

hpt may be a gill specific response in cmyb mutant fish.  Comparison between tnfa transcript 

levels in cmyb mutant body samples and the pool of non-mutant sibling gills revealed similar 

trends of high tnfa transcript levels at 1 hpt, followed by a reduction at 8 hpt. However, the 

body samples of cmyb mutant fish did not reach the tnfa  transcript levels observed in the gills 

of non-mutant sibling fish (Fig. 4.10D). Finally, cxcl18b transcript levels in the body and gill 

samples were similar at both 1 and 8 hpt (Fig. 4.11E) and exhibited the same trend as observed 

in the gills of non-mutant sibling fish (Fig.4.10E). Overall, the data appears to indicate a 

reduced ability of cmyb mutant fish to mount an antiviral response to R848 treatment when 

compared to non-mutant sibling fish of a similar age.  
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Fig. 4.11 Comparison of the response of cmyb mutant gills and body to R848 immersion. 

Pools of 7-8, 6 wpf cmyb mutant fish were immersed for 10 minutes in 500 µL of 0.5 mg/mL R848 (or 500 µL of E2 
for control fish) in the wells of a 24-well plate. The fish were then transferred to E2 medium. The gills and 
decapitated body were harvested at either 1 or 8 hpt for R848-treated fish (see schematic in Fig.4.8A). Control fish 
were harvested 8 hpt. Data pooled from 5 independent experiments carried out in collaboration with A. Scemama 
(MRes. Imperial College London). N=1-12. (A-E) qRT-PCR analysis of the pooled gills and individual bodies at 1 
and 8 hours post R848 treatment and control (the bodies of control fish were pooled). transcript levels of ifng1-2 
(A), ifnf1 (B), il1b (C), tnfa (D) and cxcl18b (E) are expressed as a ratio relative to 18S levels using formula 2^-(ΔCt). 
Each dot for the gills and control body sample represents transcript levels from a pool of 7-8 fish. For R848-treated 
body samples each dot is the transcript level from individual fish. Mean and SD are shown only where N≥3. One-
way ANOVA and Tukey’s multiple comparisons test *P < 0.05, **P < 0.005. Where P value is not shown, differences 
were not statistically significant. 
 

Upon establishing that cmyb mutants were capable of mounting an attenuated antiviral 

immune response to R848, the subsequent aim was to investigate the transcript levels of 

immune cell-lineage genes in cmyb mutant and non-mutant sibling fish. To this end, rag1, lyz 

and mpeg genes were assayed at each time point to detect the presence of lymphocytes, 

neutrophils and macrophages respectively. The results indicated undetectable levels of rag1 

transcripts in both the gills and body samples of cmyb mutant fish (Fig. 4.12A). This was in 

agreement with previous findings (Soza-Ried et al., 2010). The gill samples of non-mutant 

sibling fish exhibited highly variable rag1 transcript levels at 1 hpt, but the data suggests a 

possible elevation of rag1 transcripts at this timepoint. This finding would be consistent with 

the increased number of lck:GFP+ cells observed in the filaments of adult fish upon topical 

R848 gill application by Progatzky et al. (2019) at 3 and 8 hpt.  
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In contrast to rag1, both lyz and mpeg transcripts were detected in cmyb mutant fish (Fig. 4.12). 

As expected, the data indicated reduced lyz transcript levels in both the bodies and gills of 

cmyb mutant fish compared to the gills of non-mutant sibling fish. This reduction was greatest 

in the gill tissue (Fig. 4.12B). This was consistent with observations of adult Tg(lyz:GFP) 

transgenic fish, which had much greater numbers of lyz:GFP+ cells in the WKM (located in the 

body portion of fish) than in their gills, which possessed a much smaller population of 

lyz:GFP+ neutrophils (Chapter 3; Fig. 3.5I).  

 

Finally, transcripts of the macrophage-specific gene mpeg were detected both in the gill and 

body samples of cmyb mutant fish. However, transcript levels were lower in the mutant fish 

at steady-state and 1 hpt compared to non-mutant sibling gill tissue. Interestingly, mpeg 

transcript levels at 8 hpt appeared roughly equivalent between cmyb mutant and non-mutant 

sibling fish in both the pooled gill tissue and body samples (Fig. 4.12C). When gene transcript 

data of all three cell-specific genes are considered together, there is an indication that a small 

number of innate immune cells, but not lymphoid cells, may be present in cmyb mutant fish 

at 6 wpf.  
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Fig. 4.12 Comparison of cell-lineage gene transcript levels in juvenile cmyb mutant and non-
mutant sibling gills and bodies in steady-state and in response to R848 immersion. 

Pools of 7-8, 5-6 wpf cmyb mutant and non-mutant sibling fish were immersed for 10 minutes in 500 µL of 0.5 
mg/mL R848 (or 500 µL of E2 for control fish) in the wells of a 24-well plate. The fish were then transferred to E2 
medium. The gills of cmyb mutant and non-mutant sibling fish, as well as the decapitated bodies of cmyb mutant 
fish, were harvested at either 1 or 8 hpt (see schematic in Fig.4.8A). Control fish were harvested at 8 hpt.  Data 
pooled from 5 independent experiments carried out in collaboration with A. Scemama (MRes. Imperial College 
London). N=1-12. (A-C) qRT-PCR analysis of the pooled gills and individual bodies at 1 and 8 hours post R848 
treatment and control (the bodies of control fish were pooled). The transcript levels of rag1 (A), lyz (B) and mpeg 
(C) are expressed as a ratio relative to 18S levels using formula 2^-(ΔCt). Each dot for the gills and control body 
sample represents transcript levels from a pool of 7-8 fish. For R848-treated body samples each dot is the transcript 
level from individual fish. Mean and SD are shown only where N≥3.  
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4.4 Summary 

Functional characterisation of Runx:mCherry+ cells in the WKM and gills of adult zebrafish 

has revealed that 10 days of OTC antibiotic treatment by immersion can cause a small 

reduction in the number of Runx:mCherry low cells in the WKM. This reduction is correlated to 

16S bacterial load in the gills of treated fish.  

 

Administration of OTC did not significantly alter the zebrafish cytokine response in the WKM 

or gill in response to systemic poly I:C treatment. In addition, combination of OCT and poly 

I:C treatment did not change the abundance of either lyz:GFP+ neutrophils or Runx:mCherry+ 

cells in either the WKM or gill. 

 

Topical application of viral mimetic R848 to gills resulted in a small, but not statistically 

significant, increase in the number of Runx:mCherry+ cells in the primary lamellae of the gills 

at both 3 and 8 hours post treatment, suggesting that Runx:mCherry+ cells in the gills may be 

capable of responding to viral-like stimuli. 

 

The TLR7 agonist R848 can induce a partial and attenuated antiviral cytokine response in the 

gills and body of juvenile bloodless cmyb mutant fish when treated by immersion. 

Furthermore, lyz and mpeg expression, but not rag1 expression, was detected in cmyb mutant 

fish, indicating that some neutrophil and macrophage-like cells may be present at 6 weeks 

post fertilisation in these mutant fish.  
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4.5 Discussion 

4.5.1 Low-dose PS does not alter hematopoietic output in juvenile or adult zebrafish 

Seven-week long low-dose PS treatment did not alter hematopoietic output of major blood 

cell lineages in juvenile zebrafish that received treatment from 1 wpf. This was evidenced by 

the abundance of major blood cell populations in the WKM which remained constant 

(Appendix 1). Furthermore, investigating the abundance of lck:GFP+ T cell lymphocytes, 

mpx:GFP+ or lyz:GFP+ neutrophils and Runx:mCherry+ presumptive HSPCs, revealed that the 

abundance of these populations was not affected within the WKM (Fig. 4.1C). Similarly, flow 

cytometry of the WKM revealed that two-week treatment of low-dose PS in adults also did not 

elicit changes in the abundance of major blood cell populations (Appendix 3), lyz:GFP+ cells 

or Runx:mCherry+ cells (Fig. 4.2B). However, functional differences were not investigated in 

these populations. Differences in the abundance of blood cell populations does not 

necessarily reveal whether there are functional differences such as a change in HSPC potency, 

the ability to fight infection or to mount an immune response. Zhou et al. found that zebrafish 

treated with OTC or sulfamethoxazole (SMX) for 6 weeks exhibited changes in gut health and 

had significantly higher mortality 2-4 days following Aeromonas hydrophila exposure (Zhou et 

al., 2018). 

 

As these juvenile fish were not treated with antibiotics until they reached one week of age, it 

is likely that the microbiome was already colonised and well established. To fully assess the 

long-term impact of antibiotics, it would be interesting to start treatment with PS on the day 

of fertilisation as this is more likely to result in changes to the microbial colonization of the 

embryo.  

 

Due to the use of antibiotics for growth promotion in aquaculture (Butaye et al., 2003; He et 

al., 2010; Carvalho et al., 2016), the growth rate of zebrafish was also assessed and revealed 

no difference in weight, length (Appendix 2) or BMI (Fig. 4.1B& D). This is in agreement with 

data presented by Zhou et al. which found that the broad-spectrum antibiotic OTC did not 

confer growth promotion in zebrafish following 6 weeks of treatment at therapeutic doses. On 

the other hand, growth promotion was observed in SMX-treated fish (Zhou et al., 2018). 

Furthermore, studies have suggested that low-dose OTC leads to increased cellular oxygen 
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consumption (Zhou et al., 2018; Almeida et al., 2019) which could explain why some low-dose 

antibiotics do not have growth-promoting effects.  

 

4.5.2 Ten-day OTC treatment induced reduction of gill bacterial load is linked to reduced 

abundance of Runx:mCherry+ cells in the WKM of adult zebrafish 

Next, the effect of a more potent antibiotic regimen on the abundance of lyz:GFP+ neutrophils 

and Runx:mCherry+ cells in the WKM and gill tissue was investigated. Adult zebrafish were 

treated with the broad-spectrum antibiotic OTC at 50 mg/L for 10 days. This led to a 

significant reduction in 16S rRNA levels (Fig. 4.4A), a measure used to estimate bacterial load, 

in the gills.  Furthermore, the results show a significant positive correlation between gill 16S 

and the abundance of Runx:mCherry+ cells in the WKM (Fig.4.4C), indicating that fish that 

experienced the greatest changes in their gill mucosal microbiome had the most significant 

reductions in Runx:mCherry+ cells in the WKM niche.  No changes in the sizes of the lyz:GFP+ 

populations in either the WKM or the gill tissue were observed (Fig. 4.3).  

 

It has previously been found in mouse models that broad-spectrum antibiotic treatment at 

therapeutic doses led to reduced WBM cellularity, anaemia and leukopenia (Josefsdottir et al., 

2016). Furthermore, the treatment led to a significant reduction of HSCs and MPPs. The 

authors report that the changes in hematopoiesis were the result of an altered microbiome, 

caused by the antibiotic treatment. It was found here, that in the gut, OTC treatment led to 

increased 16S transcript levels. This is consistent with findings reported by Charlwood (2017), 

who showed that low-dose PS treatment of embryos led to reduced microbial diversity and 

altered microbial composition, as identified by Illumina MiSeq sequencing, while 

simultaneously leading to an increase in the 16S bacterial load in the gut. Therefore, an 

increase in gut 16S may be indicative of gut dysbiosis. However, to confirm altered gut 

microbiota following OTC treatment, further metataxonomic analysis would be required. 

Interestingly, while a reduction in gill 16S rRNA was identified upon OTC treatment here, 

studies in seabass found that OTC treatment led to a decrease in core diversity in the gill 

mucosa (Rosado et al., 2019). Taken together, the data suggests that a 10-day 50 mg/L OTC 

treatment may be sufficient to induce microbial dysbiosis in zebrafish, resulting in reduced 

WKM HSPCs. 
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Although it is not yet clear which cell type the Runx:mCherryhigh cells in the gill represent, the 

results in Chapter 3 indicate that these do not correlate with lck:GFP+ T cell or IgM:GFP+ B 

cell lymphocytes (Fig. 3.17, 3.16). One hypothesis is that these could be erythroid or 

thrombocytes-primed cells (Tang et al., 2017). The results in Fig. 4.3 indicate that the 

abundance of Runx:mCherry high cells in the gill remained stable in the presence of OTC. 

Similarly, Josefsdottir et al. found that in mice, platelet count was elevated following 

antibiotic treatment and granulocyte, megakaryocyte and erythroid progenitors were not 

affected by the treatment regimen (Josefsdottir et al., 2016).  

 

4.5.3 OTC treatment does not alter the antiviral inflammatory response to poly I:C stimulation 

OTC did not alter the adult zebrafish basal inflammatory state in the gill or WKM after 10 days 

of treatment, as shown by unaltered ifnj1 and ifng1-2 transcript levels and unchanged il1b 

and cxcl18b levels in the presence of OTC (Fig. 4.5). However, it is possible that a short 

inflammatory burst was missed in these experiments. Rainbow trout immersed in 0.005-50 

mg/L OTC for 96 hours exhibited significant gill pathology, whereas fish exposed to 0.31-5 

µg/L OTC for 28 days did not show a significant increase in the total gill pathological index 

(Rodrigues et al., 2017). It has also been shown in zebrafish that, following continued 

exposure to inflammatory insults such as smoke, the initial robust increase in inflammatory 

cytokine transcript levels by 6 hpt subsided after 6 weeks of continued exposure (Progatzky et 

al., 2016). Therefore, it is possible that a transient inflammatory response to OTC occurred 

and was resolved by 10 dpt. Earlier time points need to be assayed to determine whether this 

is the case.  

 

The presence of OTC also did not alter the cytokine response to poly I:C in the WKM or gills 

of zebrafish following 10 days of OTC treatment, suggesting that OTC does not attenuate the 

immune response or alter immune cell function. This is in contrast to a study in mice, which 

showed that antibiotic treatment impaired innate and adaptive antiviral immune responses 

to influenza virus, delayed viral clearance and increased mortality (Abt et al., 2012). 

Furthermore, OTC and poly I:C did not alter the abundance of lyz:GFP+ cells or 

Runx:mCherry+ cells in the gill or WKM while, in germ-free and antibiotic-treated mice, 

Listeria monocytogenes infection caused reduced myelopoiesis, greater pathogen burden and 

higher mortality relative to WT mice (Khosvari et al., 2014). These results highlight some of 
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the ways these two model organisms differ, as well as the importance of using a combination 

of model organisms to study immune responses. It has recently been shown that some 

zebrafish responses to certain inflammatory stimuli are more similar to humans than the 

responses of mice to the same stimulant (Progatzky et al., 2019).  

 

4.5.4 Topical gill application of R848 may induce a small increase in Runx:mCherry+ cells in the 

primary lamellae of the gills 

To build upon data from the previous chapter investigating properties of Runx:mCherry+ cells 

in the adult zebrafish gill, the ability of these cells to respond to viral stimuli was examined. 

Topical application of R848 to the gill induces a robust antiviral response in zebrafish with 

significant increases in transcript levels of type I and type II IFNs (Progatzky et al., 2019). 

Furthermore, this treatment induces a transient increase in neutrophil abundance in the gill, 

as seen by confocal microscopy. These results were confirmed in these experiments (Fig. 4.6-

7). Interestingly, the increase of lyz:GFP+ neutrophils in the gills was not detected by flow 

cytometry. This could be due to incomplete homogenization and extraction of cells from the 

gill tissue during sample preparation for flow cytometry. Similarly, small differences in the 

abundance of Runx:mCherry+ cells in the gills of R848-treated fish were not detected by flow 

cytometry. Computational quantification of Runx:mCherry+ cells from confocal microscopy 

images suggest that there may be a small increase in Runx:mCherry+ cells in R848-treated 

gills at 3 and 8 hpt, particularly in the primary lamellae (Fig. 4.6-7). However, these results 

were not statistically significant, most likely due to the heterogeneity in the abundance of 

Runx:mCherry+ cells in untreated gills (Fig. 3.8E). Thus, further experimental replicates are 

required to confirm this finding. Power calculations indicate that approximately an additional 

15 samples per group are required to achieve 85% power. An increase in Runx:mCherry+ cells 

in the gills upon R848 treatment would suggest that these cells are capable of responding to 

viral-like stimuli.  

 

As mentioned above, the identity of Runx:mCherry+ cells in the gills remains elusive and 

requires further investigation to determine their ontogeny. One hypothesis is that the +23 

enhancer element of the transgene is activated during thrombocyte maturation. If this is the 

case, progenitor or mature thrombocytes may express the transgene due to transcriptional 

overlap (Tang et al., 2017; Kobayashi et al., 2019). It has been found in mouse and human 



Chapter 4 | Response of Tg(Runx:mCherry) and cmybt25127 Mutant Fish to Antibiotic and Immune 

Stimulants 

 183 

studies that platelets, the mammalian equivalent to thrombocytes, express TLR7 and are 

involved in antiviral immune responses, including responses to TLR7 agonists. In both human 

and mouse samples, platelet TLR7 stimulation led to the formation of large platelet-

neutrophil aggregates and systemic thrombocytopenia. Furthermore, neutrophils were found 

to internalize either fragments or entire CD41+ platelets, as identified through microscopy 

(Koupenova et al., 2014). Neutrophils and platelets have been shown to accumulate in the 

liver vasculature following poxvirus challenges in mice. This also led to thrombocytopenia 

and the formation of large, dynamic aggregates between platelets and neutrophils (Jenne et 

al., 2013), indicating that thrombocytes are involved in antiviral immune responses and can 

be recruited to stimulated sites.  

 

The results presented in this chapter show that the abundance of lyz:GFP+ cells increased in 

the gills following R848 treatment, and indicate that Runx:mCherry+ cells may also increase. 

A greater number of samples would be required to confirm these findings. However, given the 

involvement of platelets in response to TLR7 stimulation in mammalian systems (Koupenova 

et al., 2014; Jenne et al., 2013), the results presented here could indicate that this may also be 

the case in zebrafish. Ultimately, these experiments would need to be repeated with 

Tg(CD41:GFP) transgenic zebrafish to determine whether thrombocytes are involved with the 

antiviral response in the gills. Furthermore, crossing Tg(Runx:mCherry) and Tg(CD41:GFP) 

fish would provide a definitive answer as to whether there is either overlap or proximity 

between these fluorescent protein expressing cells in the adult zebrafish gill. 

 

4.5.5 Bloodless cmyb mutant fish can induce type I IFN and inflammatory cytokines in response 

to R848 

The Tlr7 agonist R848 was able to increase transcript levels of type I interferon, ifnf1, tnfa, 

cxcl18b and il1b in the gills of cmyb mutant fish.  However, the increases in transcript levels 

appeared markedly reduced compared to non-mutant sibling fish (Fig. 4.10). This indicates 

that immune cells are important in inducing a significant increase in inflammatory cytokine 

and interferon signalling in response to viral-type stimulation. It is remarkable that the cells 

present in cmyb mutant fish are capable of increasing transcript levels of type I interferon and 

inflammatory cytokines to the extent that they can. Type II interferon ifng1-2 transcripts were 

not detected in either the gill or the body of cmyb mutants. The discrepancy between the 
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detection of ifng1-2 and ifnf1 transcripts likely arises from the absence of adaptive immune 

cells, such as rag1 and ikaros-expressing cells, in the cmyb mutants (Fig. 4.12; Soza-Ried et al., 

2010). Type II interferon ifng1-2 is produced predominantly by adaptive immune cells, such 

as T cell lymphocytes and NK cells (Lee et al., 2017; Schoenborn & Wilson, 2007), which are 

absent in cmyb mutants, whereas type I interferon ifnf1 can be produced by a large array of 

cell types (Le Page et al., 2000). 

 

4.5.6 Lyz and mpeg but no rag1 transcripts detected in six wfp cmyb mutants 

As discussed above, type II interferon transcripts were not detected in cmyb mutant fish 

following exposure to R848 treatment. Similarly, transcripts were not detected for the 

lymphocyte cell marker rag1. This is in agreement with previously published data indicating 

that rag1, T cell receptor b (tcrb) and ikaros expression were absent in the thymi of cmyb 

mutants (Soza-Ried et al., 2010). Furthermore, the authors reported detection of l-plastin and 

spi+ myelomonocytic cells in the head kidney region by in situ hybridisation. Recently, a novel 

macrophage-like cell type, termed metaphocytes, was identified in the skin and gills of adult 

zebrafish (Lin et al., 2019; Lin et al., 2020). These mpeg1-expressing cells are derived from 

non-HSC origin and, therefore, may be present in cmyb mutant fish. Indeed, results presented 

here indicate the presence of lyz and mpeg transcripts in the body and gill tissue of cmyb 

mutant fish. Unsurprisingly, the transcript levels of lyz and mpeg are much lower in cmyb 

mutant fish relative to non-mutant sibling fish due to the absence of cells derived from the 

definitive wave of hematopoiesis. Myeloid cells present could either be remaining long-lived 

cells from the primitive wave of hematopoiesis, as suggested by Soza-Ried et al., self-renewing 

cells or, as suggested by Lin et al., macrophage-like metaphocytes of endodermal origin (Lin 

et al., 2019; Lin et al., 2020; Tang et al., 2017). To confirm the presence of macrophage-like 

cells at 6 wpf in cmyb mutants, these fish were crossed with a reporter line for mpeg, 

Tg(mpeg1.1:SECFP-YPet), to aid in the visualisation of these cells and determine their 

localisation (see Chapter 5).  
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Chapter 5 | cmybt25127 Characterisation and Refinement of 

Hematopoietic Stem Cell Transplantation 

 

5.1 Introduction  

This chapter presents the investigation of cmyb mutant fish for their regenerative capacity 

following fin amputation. Additionally, work was carried out to optimise and refine zebrafish 

hematopoietic stem and precursor cell transplantation by live, in vivo imaging of donor cells 

and their progeny in the recipient. This builds on previous investigations by Dr. McBrien who 

carried out work to visualise early post-transplant behaviour of donor cells in order to predict 

the likelihood of recipient survival and immune reconstitution (McBrien, 2017). Finally, this 

chapter also sets out to determine the HSC potential of different Runx:mCherry+ populations 

and assess the utility of cmyb mutants for transplantation studies.  

 

5.1.1 Bloodless cmybt25127 zebrafish  

The bloodless zebrafish cmybt25127 mutant line was first described by Soza-Ried et al. (2010) 

and identified initially by its inability to initiate lymphopoiesis in the thymus. Cmyb is a gene 

encoding a highly conserved transcription factor involved in definitive HSC formation, which 

has been described in Chapter 1 (1.3.5). The single-point mutation in cmybt25127 fish is a 

thymidine to adenine transversion leading to an amino acid change from isoleucine to 

asparagine at amino acid residue 181. This amino acid change occurs within a highly 

conserved DNA-binding domain of the transcription factor (Ogata et al., 1994) and results in 

a cmyb null mutation, as shown by a lack of DNA-binding activity by the mutant protein in 

vitro. Cmyb is an essential gene for definitive hematopoiesis and is involved in HSC budding 

from the ventral wall of the dorsal aorta during embryogenesis. As a result, zebrafish 

homozygous for the mutation (hereafter referred to as cmyb mutants) will exhaust all 

circulating blood cells, including erythrocytes, generated during the primitive wave of 

hematopoiesis by approximately 20 dpf (Soza-Ried et al., 2010). Although these bloodless fish 

have a high mortality rate relative to their WT counterparts, some can nevertheless survive 

up until 14 wpf (Hess et al., 2013). However, as a result of their severe anaemia, cmyb mutant 

fish exhibit growth retardation, present with cardiac oedema, have a whiteish complexion and 

do not exhibit signs of sexual dimorphism. Despite reaching over 3 months in age, cmyb 
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mutants do not reach sexual maturity and do not grow larger than approximately 1 cm in 

length (Hess et al., 2013; McBrien, 2017).  

 

5.1.2 Application of cmyb mutant fish in HCT experiments  

Cmyb mutant fish offer a valuable model for HCT as they do not require irradiation (IR) 

preconditioning prior to transplantation due to the absence of erythrocytes and lymphocytes 

in the adolescent fish. The absence of irradiation or other preconditioning means that the fish 

are not subjected to an acutely inflammatory milieu which may impact the HCT outcome. In 

addition, due to the absence of definitive hematopoietic cells, allogenic and indeed xenogenic 

transplantation has successfully been carried out, leading to long-term engraftment of donor 

cells (Hess et al., 2013; Hess et al., 2016). Although unmanipulated cmyb mutant fish have not 

been found to survive past 14 wpf, HCT can rescue the mutant phenotype and increase the 

life span to over 8 months (this was the last time point in the longitudinal study). Although 

procedural mortality was high, surviving fish subsequently grew rapidly, regained pinkish 

complexion, formed circulating erythrocytes and reached sexual maturity, making them 

phenotypically indistinguishable from WT fish (Hess et al., 2013). To further characterise the 

Runx:mCherry+ cell populations described in Chapter 3, HCT assays were carried out to assess 

the HSC potential of different Runx:mCherry+ cell populations using cmyb mutant fish. Due 

to their small size, McBrien found that even in non-transparent cmyb mutant fish, 

transplanted donor cells and any fluorescent protein-expressing progeny can be observed by 

live in vivo microscopy (McBrien, 2017). This enables HSC engraftment and resultant 

fluorescent protein-expressing progeny to be tracked over time. To improve upon this 

procedure by enhancing imaging capability, one method was to cross heterozygous cmyb 

mutant fish to TraNac mutant fish, thereby establishing a transparent cmyb mutant line 

(White et al., 2008). This should allow improved imaging data to be acquired, enabling more 

accurate tracking of engraftment with a view to developing a scoring system that will allow 

engraftment outcome to be correlated with survival outcome. If this is achieved, it would be 

possible to use early post-transplant imaging data to predict the likelihood of long-term 

survival, which may remove the need for survival data to assess HCT.  This would reduce the 

suffering experienced by individual fish and, consequently, reduce the severity of the HCT 

protocol by allowing the cull of fish that are predicted not to survive prior to the onset of 

suffering and eventual death.  
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5.1.3 The origin of tissue resident macrophages 

As described previously in Chapter 1, primitive macrophages can arise from both the rostral 

blood islands (RBI) and the intermedial cell mass (ICM) in the posterior lateral-plate 

mesoderm (PLM) during primitive hematopoiesis. Primitive macrophages originating from 

the RBI give rise to microglia (MG) in zebrafish. Based on mouse lineage tracking studies 

utilising the CreER-LoxP system to track cell fates of Runx1+ Csf1r+ cells, it was suggested that 

most adult microglia arise from primitive hematopoiesis (Ginhoux et al., 2010; Schulz et al., 

2012) and are maintained via self-renewal. However, the promoters controlling the CreER-

loxP system utilised in these studies were not capable of sufficient temporal resolution of 

Runx1 and Csf1r expression to definitively determine the origin of microglia in the adult 

animal (Xu et al., 2015). Since then, studies in the zebrafish have shown that embryonic and 

adult microglia arise from distinct locations during zebrafish development. Embryonic 

microglia arise from RBI-derived macrophages while adult microglia are derived from cells in 

the ventral wall of the dorsal aorta (VDA), the site of definitive hematopoiesis in both mice 

and zebrafish (Xu et al., 2015).  Xu et al. used 3 wpf cmyb mutant fish to show that microglia 

derivation from the VDA region is cmyb-independent and runx1-function dependant. 

However, it was subsequently shown by Ferrero et al. that 75% of microglia in 3 wpf zebrafish 

were cells remaining from RBI-derived primitive macrophages, which are cmyb-independent. 

Furthermore, they demonstrated that microglia derived from definitive HSCs start to colonize 

the brain parenchyma at approximately 2 wpf, and fully replace embryonic microglia by 3 

months post fertilisation (mpf). Through WKM transplantation studies, they were also able to 

show that adult (>3 mpf) cmyb mutant fish did not possess any host microglia, and that the 

central nervous system (CNS) was instead colonized entirely by cmyb-dependent, donor-

derived microglia precursors (Ferrero et al., 2018). This challenged the controversial theory of 

erythroid-myeloid progenitors (EMP) being the origin of adult microglia cells (Perdiguero et 

al., 2015). 

 

Similarly, He et al. (2018) used laser-mediated temporal-spatial cell labelling methods in 

zebrafish to show that tissue resident macrophages in the epidermis, known as Langerhans 

cells (LCs), originate from different sites in embryos and adults. In the embryo, LCs derive 

from the RBI, whereas in adults LCs were traced back to the VDA, with only a small number 

of LCs traced to the posterior blood islands (PBI) which gives rise to EMPs. Just as the 
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microglia, VDA-derived LCs in the adult were found to be runx1 and cmyb-dependent, 

suggesting, therefore, that primitive LCs are eventually replaced by definitive cells. 

Furthermore, Lin et al. (2019) identified ectoderm-derived myeloid-like cells in the epidermis 

of adult zebrafish, which they termed metaphocytes. Metaphocytes were found to be highly 

similar to LCs in their morphology, transcriptome and localisation. Metaphocytes, like LCs, 

express fluorescent protein driven by the mpeg1.1 promoter. However, key differences were 

identified in the inability of metaphocytes to respond to injury or bacterial infection. 

Furthermore, it was found that, unlike LCs, which express high levels of chemokine, 

nucleotide and scavenger receptors, metaphocytes had low expression of these and instead 

expressed high levels of tight junction genes. These play an important role in enabling 

metaphocytes to sample soluble antigen from the external environment by transepithelial 

protrusions (TEPs). Unlike LCs, which can move throughout the epidermis and arrive from the 

sites of definitive hematopoiesis, metaphocytes were found to be locally restricted, ectoderm-

derived cells (Lin et al., 2019). These results were further supported by findings in mouse 

studies which showed that reported LCs and intestinal macrophages were capable of sampling 

antigen from the environment through TEPs (Kubo et al., 2009; Niess et al., 2005). In addition, 

Alemany et al. (2018) used single-cell sequencing to show that there are tissue-resident 

immune cells in the tail fin of adult zebrafish which were found to be clonally distinct from 

WKM HSCs. These were hypothesized to be derived from either ectodermal ancestors or via 

epidermal and mesenchymal trans-differentiation. Taken together, it is possible that the 

metaphocytes identified by Lin et al. (2019) correspond to the HSC-independent, epidermal 

tissue-resident macrophages described by Alemany et al. (2018). 

 

5.1.4 Presence of macrophages in cmyb mutant fish 

In the initial characterisation of cmyb mutants, l-plastin- and spi1-expressing cells were 

identified by RNA in situ hybridisation in the head kidney region of 7 wpf cmyb mutant fish. 

Furthermore, macrophage-like ikaros:eGFP+ cells were observed by fluorescence microscopy. 

However, the fish were negative for lymphocyte-specific genes such as tcrb, rag1, the 

erythrocyte-specific gene gata1 and the neutrophil-specific gene mpx (Soza-Ried et al., 2010).  

It was hypothesized that macrophage-like cells in adolescent cmyb mutants are embryonic-

derived tissue-resident cells that differentiated from EMPs in the RBI.  Tissue-resident 

macrophage-like cells such as epidermal LCs, microglia and other tissue-resident 
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macrophages, were thought to derive from the primitive wave of hematopoiesis and have self-

renewal potential (Ginhoux et al., 2010). As mentioned earlier, using cmyb mutant fish, Xu et 

al. were able to show that RBI-derived embryonic microglia were still present at 3 wpf, 

suggesting that the cells either have a long lifespan or have self-renewal ability (Xu et al., 

2015). However, as detailed above, Ferrero et al. (2018) later demonstrated that embryonic 

microglial formation was not impaired in cmyb mutants at 4 dpf, and that these cells persisted 

for over 3 weeks but were eventually replaced by cmyb-dependent microglia. In order to 

confirm the presence of cmyb-independent macrophage-like cells, as suggested by mpeg 

mRNA transcripts detected in Chapter 4 (Fig. 4.12C), cmyb mutants were crossed to 

Tg(mpeg1.1:SECFP-YPet) zebrafish. This enabled direct in vivo visualisation of macrophage-

like cells and helped assess their response to injury by tail fin amputation.   

 

5.1.5 Zebrafish regeneration of tail fin tissue 

Hess et al. reported the significant mortality associated with tail fin amputation in cmyb 

mutants and postulated that this was due to widespread inflammation caused by the injury 

(Hess et al., 2013).  However, if primitive macrophages with limited self-renewal potential 

remain in juvenile cmyb mutant fish, as suggested by the detection of mpeg transcripts in 

Chapter 4 (Fig. 4.12C), then these immune cells may have the capacity to respond to injury by 

neutralising invading pathogens and possibly even coordinating tissue repair.  

 

Neutrophils are the first responders to infection and injury (Martin & Feng, 2009; Tate et al., 

2008) and are recruited to the site of injury by rapid increase in H2O2 levels (Niethammer et 

al., 2009; Pase et al., 2012). Neutrophil recruitment to fin fold injury in larval zebrafish peaks 

at approximately 6 hours post injury and cell numbers largely return to basal levels by 24 

hours post injury (Renshaw et al., 2006; Bernut-loynes et al., 2020). However, in adult tail fin 

transections neutrophil numbers were found to peak at approximately 3 days post injury (dpi) 

and returned to pre-amputation levels by 7 dpi (Petrie et al., 2015).  

 

Macrophages have been shown to be crucially important in tissue regeneration including in 

adult heart injury, caudal fin transection, and larval fin fold amputation models (Bevan et al., 

2020; Petrie et al., 2015; Nguyen-Chi et al., 2017). Macrophages can be subdivided into 

classically activated (M1 type) and alternatively activated (M2 type) macrophages. M1 pro-
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inflammatory macrophages express tnfa, il6 and il1b cytokines and are involved in 

phagocytosis of dying neutrophils, debris and pathogens, while M2 macrophages are anti-

inflammatory and express tgfb.  M2 macrophages are involved in resolving inflammation and 

stimulating tissue repair (Nguyen-Chi et al., 2015). In embryonic zebrafish, regeneration 

following fin fold amputation consists of 3 main stages (Grotek et al., 2013). Firstly, wound 

healing occurs between 0-1 days post amputation (dpa) and is characterised by an initial wave 

of robust neutrophil recruitment by H2O2 signalling (Niethammer et al., 2009) and, 

subsequently, the recruitment of macrophages, both of which can phagocytose cellular debris 

and neutralise pathogens. Secondly, the regenerative blastema, a mass of highly proliferative 

mesenchymal progenitor cells, forms 1-3 dpa. Finally, the regenerative stage, from 3 dpa 

onwards, involves growth and patterning of new tissue (Petrie et al., 2015; Grotek et al., 2013). 

Nguyen-Chi et al. demonstrated that zebrafish mpeg:mCherry+ tnfa:GFP+ macrophages 

correspond to M1 macrophages, while mpeg:mCherry+  tnfa:GFP- macrophages correspond to 

anti-inflammatory M2 macrophages (Nguyen-Chi et al., 2015). The group subsequently 

showed that tnfa+ macrophages are recruited to the injury site in fin fold transection and peak 

in numbers around 6 (hours post amputation) hpa, followed by a steady decline, and are no 

longer present by 3 dpa. tnfa- macrophages, on the other hand, peak at 6 hpa and are 

maintained up until 3 dpa when regeneration is complete. Using a combination of genetic 

approaches, chemical ablation of macrophages, morpholino knockdown models and 

parabiosis, Nguyen-Chi et al. were able to convincingly show that tnfa/tnfr-mediated 

signalling between M1 macrophages and stromal cells is key to ensuring blastemal cells are 

sufficiently proliferative and lead to successful regeneration of amputated tissue. When 

macrophages were largely eliminated either by L-clodronate treatment or metronidazole 

(MTZ) treatment of Tg(mpeg:Gal4; UAS:NTR-mCherry) fish, the fin fold regeneration was 

significantly impaired and the blastema marker junbl was reduced, as was proliferation in the 

blastema at 24 hpa. Regenerative potential was also reduced in late depletion of M2 

macrophages (Nguyen-Chi et al., 2015). Similar results were obtained using bloodless cloche 

embryos which were found to have limited regenerative capacity due to the reduced 

proliferation of blastemal cells (Hasegawa et al., 2015).  

 

In adult tail fin transection, macrophage numbers were found to peak at approximately 7 dpi 

and had not quite reached basal levels yet at 14 dpi. Macrophages were found to modulate tail 



 Chapter 5 | cmybt25127 Characterisation and Refinement of Hematopoietic Stem Cell Transplantation 

 192 

fin regeneration. When macrophages were depleted in Tg(mpeg:NTR-eYFP) zebrafish treated 

with MTZ, the extent of tail fin regrowth was reduced and the fin tissue that did grow back 

was disorganized, with both impaired bone ray patterning and bone quality (Petrie et al., 

2015).  

 
5.1.6 Hematopoietic reconstitution in Zebrafish 

The adult zebrafish niche is the WKM, and HSPCs are known to home to this anatomical site 

following HCT. Homing describes the process by which transplanted HSPCs move via 

circulation in the vasculature to the recipient niche, and is mediated by chemoattractant 

signalling. HSPC homing is key for the successful engraftment of donor cells in the recipient. 

Stromal-derived factor 1a (sdf1a) is the zebrafish orthologue of the human CXCL12a gene and 

is a key factor involved with HSC homing and engraftment in the zebrafish WKM following 

HCT (Glass et al., 2011). In mammalian systems, CXCL12a is associated with HSC maintenance 

and retention in the niche (Sugiyama et al., 2006). 

 

The WKM niche has been subdivided into 3 main sections comprised of the head kidney, which 

is the most anterior part of the kidney, the mid kidney, located ventral to the swim bladder 

between the two lobes of the swim bladder, and finally the tail kidney which runs along the 

swim bladder to the anal pore. There are conflicting data regarding which part of the WKM 

contains the predominant hematopoietic compartment. The head kidney of teleost is found 

to be most vascularised and possesses the least renal tubules, while the tail kidney contains 

more renal tubules and is less vascularised (Zapata et al., 1979). As a result, the head kidney, 

rather than the tail kidney, was hypothesized to be the predominant hematopoietic organ. 

Several studies have focused on investigating the head kidney (Imagawa et al., 1994; Temmink 

& Bayne, 1987). More recently, however, through the application of HCT assays, Kobayashi et 

al. found that the tail kidney of ginbuna carp contained more HSCs than the head kidney 

(Kobayashi et al., 2006). Subsequently, it was shown that SP cells (used to purify HSCs) were 

almost exclusively found in the tail kidney region of ginbuna carp, and very few localised to 

the head kidney (Kobayashi et al., 2008). Since then, Tg(sdf1a:DsRed) transgenic zebrafish 

have been generated with the aim of gaining a deeper understanding into the significance of 

sdf1/cxcr4 signalling in HSC homing in the zebrafish model. Using this transgenic, it was found 

that sdf1 is predominantly expressed in renal tubules in the zebrafish WKM, suggesting that 
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renal tubules form part of the supportive HSC niche. As renal tubules are most abundant in 

the tail kidney, this further suggests that the tail kidney may be a major hematopoietic organ 

of teleost (Glass et al., 2011). However, according to HCT research in the Dallman lab, McBrien 

found that transplanted CD41:GFP low cells colonize the head kidney of zebrafish first 

(McBrien, 2017). Interestingly, Glass et al. also demonstrated that both sdf1a and sdf1b were 

upregulated in the skin and the gills of zebrafish in steady-state conditions (Glass et al., 2011), 

suggesting that the gills could constitute an extramedullary site of hematopoiesis or that 

HSCs may home to the gills.  Indeed, in pacific oysters, the major site of hematopoiesis is 

found in the gills (Jemaa et al., 2014). Bivalves evolved over 500 million years ago (Campbel 

& Reece, 2002), long before the evolution of vertebrates. Therefore, it may be possible that 

gill hematopoiesis is an evolutionary remnant in zebrafish. However, teleost gills have not 

been investigated further for hematopoietic activity. Given the abundance of Runx:mCherry+ 

cells  (Chapter 3) and high expression of HSC chemoattractant sdf1a in the adult zebrafish gill 

(Glass et al., 2011), it is of interest to carry out transplantation of these cells into cmyb mutant 

fish to determine whether they possess hematopoietic activity. Furthermore, it may be 

interesting to investigate whether transplanted WKM-derived HSPCs home to recipient gills.  

 

Despite significant differences between the mammalian HSC niche in the BM and the WKM 

niche in teleost, given the high level of evolutionarily conserved mechanisms regulating 

hematopoiesis, studying HCT in zebrafish provides a unique opportunity to discover new key 

mechanism of HSC maintenance, self-renewal, homeostasis and differentiation in 

vertebrates. This, in turn, may help uncover how to improve HSC expansion ex vivo for 

therapeutic applications. 
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5.2 Aims 

The previous chapter examined the response of Tg(Runx:mCherry; lyz:GFP) transgenic animals 

to stimuli such as antibiotic treatment and viral-like stimuli. This was done in order to 

determine how cells expressing the Runx:mCherry transgene may be affected by these stimuli. 

In addition, it assessed the ability of bloodless cmyb mutants to respond to viral-like stimuli. 

This chapter aims to build on the findings of the previous work by further studying the 

bloodless cmyb mutant fish in steady state, and their ability to respond to damage. 

Furthermore, this chapter aims to assess the utility of cmyb mutant fish for HCT studies and 

to refine the HCT procedure.  

 

More specifically, the aims of this chapter are to:  

1. Determine whether cmyb mutant fish possess mpeg+ cells, and how their abundance 

may change over time.  

2. Assess the regenerative capacity of juvenile cmyb mutant fish following tail fin 

amputation and compare it to the regenerative capacity of cmyb mutant embryos. 

3. Develop non-invasive refinements for hematopoietic cell transplantation to reduce 

the severity of the protocol and the number of fish used. 

4. Utilise the cmyb mutants in the hematopoietic cell transplantation model to gain 

further functional insights into the Runx:mCherry+ populations identified in Chapter 

3.  
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5.3 Results  

5.3.1 Six weeks post fertilisation cmyb mutant fish have a small number of mpeg+ cells 

When investigating the ability of cmyb mutant fish to respond to viral mimetic R848, 

transcripts of the macrophage-specific gene mpeg were detected by qRT-PCR (Chapter 4; Fig. 

4.12C). Furthermore, it was found in the work of Alemany et al. (2018) and Lin et al. (2019) 

that HSC-independent resident immune cells, such as mpeg+ metaphocytes, are present in the 

epidermis of zebrafish. To confirm whether this HSC-independent cell type was present in 

cmyb mutants, Tg(mpeg1.1:SECFP-YPet) fish (Andrews, 2016), which express CFP and YFP 

fluorescent proteins under the mpeg1.1 promoter, were crossed to adult heterozygous cmyb 

mutant fish. Heterozygous fish were utilised for the crosses because homozygous mutants do 

not reach sexual maturity and therefore cannot reproduce, whereas heterozygous mutant fish 

are phenotypically WT and do not exhibit growth or hematopoietic defects (Soza-Ried et al., 

2010). A mix of male fish heterozygous and homozygous for the mpeg1.1:SECFP-YPet 

transgene were crossed to female cmyb heterozygous mutants. According to Mendelian 

genetics, 50% of the offspring from this cross should be heterozygous for the cmybt25127 gene 

and the mpeg1.1:SECFP-YPet transgene. Zebrafish do not have sex-determining 

chromosomes in the way mammalian species do, and sex determination is highly complex 

(von Hofsten, 2005). Sex determination, particularly in laboratory lines, is at least in part 

governed by environmental factors such as temperature, dissolved oxygen content and food 

availability (Kossack & Draper, 2019). Neither the cmyb nor mpeg1.1 genes are located on 

chromosomes associated with sex determination regions (Liew et al., 2012; Liew & Orbán, 

2014). However, the location of the mpeg1.1:SECFP-YPet transgene has not been mapped in 

the zebrafish genome. Consequently, equal distribution of male and female offspring may be 

expected in laboratory conditions. However, in this experiment, all fish that were 

heterozygous for both the cmybt25127 mutation and the mpeg1.1:SECFP-YPet transgene were 

female. As a result, it was not possible to cross these fish to each other. Hence, cmyb+/- 

mpeg1.1:SECFP-YPet+/- fish were crossed to cmyb+/- males that did not possess the 

mpeg1.1:SECFP-YPet transgene (Fig. 5.1A). This meant that the cmyb mutation was incrossed 

while the transgene was outcrossed. According to Mendelian genetics, if there was no 

associated embryonic lethality, 12.5 % of the resultant embryos should be homozygous for 

the cmyb mutation and contain at least 1 copy of the mpeg1.1:SECFP-YPet transgene (Fig. 

5.1A). The phenotype of cmyb mutant fish cannot be readily identified until approximately 4 
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wpf. Therefore, for the purpose of this experiment, all mpeg1.1:SECFP-YPet+ transgenic 

embryos were raised. However, due to mortality associated with homozygosity of the cmyb 

mutant gene, as well as the low number of offspring produced from the crosses, only one cmyb 

mutant was identified that was positive for the mpeg1.1:SECFP-YPet transgene at 6 wpf. This 

time point was chosen as mpeg transcripts were previously detected in 6 wpf cmyb mutant fish 

treated by R848 immersion (Fig. 4.12C).  

 

The results show that mpeg1.1:SECFP-YPet+ cells were abundant throughout non-mutant 

sibling fish, including in the epidermal layer of the ventral fin (Fig. 5.1C). mpeg1.1:SECFP-

YPet+ cells exhibited a highly dendritic morphology, commonly associated with macrophages 

and the recently discovered metaphocytes (Lin et al., 2019). Although there was only an n of 

1 for this experiment, mpeg1.1:SECFP-YPet+ dendritic cells were identified in the 

mpeg1.1:SECFP-YPet+ cmyb mutant fish (Fig. 5.1D). However, no cells with dendritic shape 

were identified in the mpeg1.1:SECFP-YPet- cmyb mutant fish (Fig. 5.1E). This suggests that 

the cells identified in the mpeg1.1:SECFP-YPet+ cmyb mutant fish were indeed cells 

expressing the transgene and were not auto-fluorescent cells. This is consistent with the data 

from section 4.3.4 of Chapter 4, which showed that mpeg gene transcripts were detected in 

cmyb mutant fish (Fig. 4.12C). Interestingly, when fish were imaged at 15 dpf, qualitatively 

similar abundances of mpeg1.1:SECFP-YPet+ cells were observed in both the cmyb mutant fish 

and non-mutant sibling fish (Fig. 5.2, cell numbers were not quantified). However, due to the 

small number of fish in this study, definitive conclusions cannot be made about the longevity 

of these cells or the timeline in which mpeg1.1:SECFP-YPet+ cell numbers may start to 

diminish in cmyb mutant fish compared to non-mutant siblings. Indeed, a greater number of 

fish would be required to determine the size of the mpeg1.1:SECFP-YPet+ population in cmyb 

mutant fish relative to non-mutant siblings at various timepoints throughout their 

development. 
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Fig. 5.1 Presence of mpeg1.1:SECFP-YPet+ cells in 6 wpf cmyb mutant zebrafish. 

(A) Depiction of the cross carried out to between cmyb heterozygous mutant fish with Tg(mpeg1.1:SECFP-YPet) 
transgenic fish. Ratio of offspring expected for each genotype is denoted beneath fish of each genotype. (B) A key 
indicating how fish of each genotype are depicted. (C-E) Widefield live intravital microscopy of 6 wpf fish at 100X 
magnification. Top panel shows YPet fluorescence in cyan, middle panel shows brightfield (BF) image of ventral 
fin region of the fish and lower panel shows the merge of the YPet and BF images. Scale bars represent 100 µm. 
White arrow heads indicate locations of mpeg1.1:SECFP-YPet+ dendritic cells. (C) Representative image of cmyb+/+ 
mpeg1.1:SECFP-YPet+ fish (yellow box, n=5). (D) cmyb mutant mpeg1.1:SECFP-YPet+ fish (purple box, n=1). (E) 
Representative image of cmyb mutant mpeg1.1:SECFP-YPet- fish (green box, n=4). (F-H) BF images of ventral vein 
correlated with the fish in C-E. The outline is shown with white dashed lines. Videos were taken at a single z slice 
and can be viewed by using the adjacent QR code or these links (F) qrgo.page.link/UYRgS, (G) 
qrgo.page.link/8PGQx, (H) qrgo.page.link/YV8qh.  
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Fig. 5.2 Similar abundance of mpeg1.1:SECFP-YPet+ cells in 15 dpf cmyb mutant and non-mutant 
sibling fish. 

Widefield live intravital microscopy of the ventral fin region in 15 dpf Tg(mpeg1.1:SECFP-YPet) (left, n=10) and 
cmyb mutant Tg(mpeg1.1:SECFP-YPet) fish (right, n=1). Top panel shows YPet fluorescence in cyan and lower panel 
shows a merge of the YPet and BF images. Scale bars represent 100 µm. 
 

5.3.2 Six weeks post fertilisation cmyb mutant fish can regenerate following tail fin amputation  

Following the observation that 6 wpf cmyb mutant fish possess mpeg+ cells and are capable of 

mounting an antiviral response to R848 (Chapter 4; Fig. 4.11), the next aim was to determine 

their regenerative capacity following damage such as tail fin amputation. It was reported by 

Hess et al. (2013) that cmyb mutants do not survive more than 2-3 days following tail fin 

amputation due to resultant widespread infection. However, I found that cmyb mutant fish 

were able to survive wound damage when maintained in E2 containing penicillin and 

streptomycin (PS) antibiotics. Therefore, for the purpose of regeneration studies, the fish 

were maintained in E2 + PS medium which was replaced daily 20 minutes after feeding to 

ensure food and waste debris was removed. Short-term survival of cmyb mutant fish following 

tail transection was not significantly different compared to control cmyb mutant fish, which 

were not manipulated (P=0.14, Fig. 5.3C). However, unsurprisingly, the survival of non-

mutant sibling fish following tail transection was significantly higher than either that of the 

control cmyb mutant fish (P=0.0002) or amputated cmyb mutant fish (P= 0.002). The findings 

show that cmyb mutant fish are capable of tail fin regeneration following amputation (Fig. 5. 

3B). When cmyb mutant fish are compared to their heterozygous and WT siblings, (referred to 

collectively as non-mutant siblings), it is evident that the regeneration of cmyb mutant fish is 
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impaired. The structure and organization of the regenerating tail fin tissue appeared impaired 

in cmyb mutant fish relative to non-mutant sibling fish (Fig. 5.3A& B, 5 dpa). In addition, 

there appeared to be greater variability in the extent of regeneration in mutant fish (data not 

shown).  

 

  

Fig. 5.3 Six weeks post-fertilisation cmyb mutant 
fish regenerate their tail fin following 
amputation. 

The tail fins of 6 wpf fish from a cmyb+/- incross clutch 
were amputated and regeneration was imaged up to 12 
dpa. (A-B) BF image of the tail fin of 6 wpf non-mutant 
sibling (A) and cmyb mutant fish (B) before and after 
amputation, and 2, 5, 7, 9 and 12 dpa. Representative 
images shown. Red shaded area indicates regenerated area 
and shows how area measurements were acquired. Red line 
indicates 100 µm scale bar. (C) Kaplan Meier survival curve 
of unmanipulated cmyb mutant fish, cmyb mutant and 
non-mutant sibling fish following amputation in dpf. n=8 
for amputation groups. Data is a pool of two independent 
experiments. Vertical dotted line indicates day when 
amputation occurred. Log rank test followed by multiple 
comparisons test and Bonferroni correction. Comparing 
control to cmyb mutant amputation P= 0.14, control to 
sibling amputation P=0.0002, cmyb mutant with non-
mutant sibling amputation P=0.002.  
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Quantification of the regenerated area revealed that most non-mutant sibling fish 

regenerated a significantly larger area of the tail fin than cmyb mutants (Fig. 5.4A). This also 

corresponded with a significantly reduced average rate of regeneration in cmyb mutant fish at 

9 dpa as calculated by rate in µm2 per day (Fig. 5.4B). Interestingly, some non-mutant sibling 

fish exhibited a similar area and rate of regeneration as the cmyb mutant fish, indicating high 

variability in the rate of regeneration among non-mutant sibling fish. However, this may be 

attributed to differences between WT and cmyb heterozygous fish. The initial area of tail fins 

was measured for one of two independent experiments. This was due to a change in imaging 

technique by using of an agar plate with a thin layer of water as a substrate on which to place 

the fish. This technique enabled the tail fin to spread out and the fin area to be measured. 

Therefore, the percentage of the original area that had regenerated could be calculated for 

these fish in order to determine the timepoint at which the full amputated area had grown 

back. This measure also indicated a significant difference between cmyb mutant and non-

mutant sibling fish (Fig. 5.4C). However, investigating the percentage area regenerated 

revealed that, by 14 dpa, 2 out of 3 cmyb mutant fish were able to fully grow back the area of 

fin that had been amputated. However, it is worth noting that, at 6 wpf, juvenile fish are still 

growing, and it is therefore likely that the full area of the tail fin increases during the 2-week 

regeneration period. Indeed, sibling fish grew up to 500% of their original tail fin area during 

this time (Fig. 5.4C). Finally, the percentage of fin length regenerated was also measured in 

these experiments. As the percentage area regenerated could not be determined for every fish 

(due to the change in image acquisition protocol described above), length was utilised as this 

could be measured even when the tail fin was not splayed out. The length was always 

measured from the injury site to the most distal part of the tail fin (Fig. 5.4F). These data are 

in agreement with the trend seen in the percentage of area regenerated and shows that, by 

9dpa, all non-mutant sibling fish were able to fully regenerate the length of tail fin tissue that 

had been removed. However, less than half of cmyb mutant fish had grown back the full length 

of their original fins by the same time. Overall, the data indicates that cmyb mutant fish were 

capable of regeneration following tail fin amputation, and this did not negatively impact their 

short-term survival. However, regeneration was impaired and occurred at a slower rate 

compared to non-mutant sibling fish.  
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Fig. 5.4 Six weeks post-fertilisation cmyb mutants take longer to fully recover tail fin area and 
length following amputation compared to WT and heterozygous sibling fish.  

The tail fins of 6 wpf fish from a cmyb+/- incross clutch were amputated and regeneration was imaged. Area and 
length were measured up to 14 dpa. n=3-8. Data is a pool of two independent experiments. (A) Area measurement 
of tail fin post-amputation in µm2 up to 9 dpa for each individual fish (left) and as a pooled average (right). Mean 
and SD shown. Area was measured from amputation site, as shown in D. (B) Average growth rate at 9 dpa in µm2 
for non-mutant sibling and cmyb mutant fish. Each dot indicates measurements from one individual fish. Mean 
and SD are shown. (C) Percentage of amputated fin area regenerated over time from individual fish (left) and as a 
pooled average (right). Mean and SD are shown. n=3-4. Data from one experiment. Grey line indicates when 100% 
of amputated area had regenerated. (D & F) Representative BF images of regenerating tail fin. (D) Red shaded area 
indicates regeneration area and how area measurements were acquired. (F) Red line shows how length 
measurements were carried out. (E) Percentage of amputated fin length regenerated over time from individual fish 
(left) and as a pooled average (right). Mean and SD are shown. n=7-8. Data from two independent experiments. 
Grey line indicates when 100% of amputated length had grown back. Unpaired, two tailed t-test, * P<0.05, ** 
P<0.005, *** P<0.0005.    



 Chapter 5 | cmybt25127 Characterisation and Refinement of Hematopoietic Stem Cell Transplantation 

 202 

5.3.3 Three days post fertilisation cmyb mutant embryos effectively regenerate their fin fold 

following transection  

Following the observation that juvenile cmyb mutant fish can carry out impaired regeneration 

of their tail fins following amputation, without adversely affecting their short-term survival, 

the next aim was to assess the regeneration in cmyb mutant embryos. cmyb mutants go 

through the first wave of hematopoiesis successfully and produce blood cells normally until 

approximately 3 dpf, when definitive hematopoiesis starts and takes over blood- and 

immune-cell production (Jing & Zon, 2011). At this stage, cells are no longer produced from 

the primitive wave’s cells. Therefore, in cmyb mutant fish, which cannot initiate the definitive 

wave of hematopoiesis, blood and immune cell numbers begin to decline (Soza-Ried et al., 

2010). It was hypothesized that until cell numbers from the primitive wave start to reduce, 

the cmyb mutant embryos may have regenerative abilities similar to WT fish. To determine 

whether the cmybt25127 mutation could impact the regenerative capacity of 3 dpf embryos, fin 

fold amputations were carried out in collaboration with Yuan Sun (MRes. Imperial College 

London). The regeneration area, as well as the neutrophil count therein, were investigated. 

To ensure consistent measurements of the regeneration area (taking into account variability 

of the fin fold transections), the first 200µm were measured from the posterior end of the 

notochord toward the anterior part of the fish. The area was then measured from that point, 

as depicted in Fig. 5.5A. To determine the regenerative capacity, the regrown area and 

neutrophil cell numbers were quantified at 6 and 24 hpa for cmyb mutants, heterozygotes and 

WT fish. These time points were chosen because it has been shown that neutrophil infiltration 

to the wound site peaks at approximately 6 hpa and is reduced by 24 hpa (Renshaw et al., 2006; 

Bernut & loynes et al., 2020). Statistically significant differences between the three genotypes 

of fish were not identified in either neutrophil infiltration (Fig. 5.5B-C) or area regrown within 

24 hours (Fig. 5.5D-E), suggesting that the cmyb mutation in either heterozygous or 

homozygous fish does not diminish regenerative capacity of 3 dpf embryos relative to WT 

embryos. 
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which lysC:dsRed+ cells were quantified. White line indicates 100 µm scale bar. (B) Area measurement in µm2 of 
fin fold region pre amputation, post-amputation (0 hours), 6 and 24 hpa of each genotype (WT, cmyb+/- and cmyb 
mutants). Each individual dot represents the area measurement from an individual fish. (C) Mean average of area 
for each genotype over time. Red shaded area indicates when amputation occurred. (D) Cell count of lysC:dsRed+ 
cells in the fin fold region pre amputation, post-amputation (0 hours), 6 and 24 hpa of each genotype (WT, cmyb+/- 
and cmyb mutants). Each individual dot represents the area measurement from an individual fish. (B & D) Mean 
and SD shown. N=3-13. Data pooled from 3 independent experimental repeats.  
  

Fig. 5.5 Three days post fertilisation cmyb mutant 
embryos have similar regenerative ability to 
cmyb+/- and WT embryos following fin fold 
amputation. 

The fin fold of 3 dpf embryos from a cmyb+/- Tg(lyC:dsRed) 
clutch were amputated in collaboration with Yuan Sun 
(MRes. Imperial College London) and subsequently imaged 
at 6 and 24 hpa. (A) Live intravital microscopy of the fin fold 
region of 3 dpf embryos before, after, at 6 and 24 hpa. 
Representative images shown. Top panel shows lysC:dsRed+ 
cells in red at each timepoint. Lower panel shows BF image 
merged with RFP on fin fold region. Orange line shows 200 
µm measurement from the posterior end of the notochord, 
and white dotted outline with cyan shading indicates how 
area measurements were acquired and within which  
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5.3.4 Non-invasive identification of cmyb mutant fish reduces transplant numbers 

cmyb mutant fish have been used in HCT models to assess various aspects of HSC biology. 

They are valuable as recipients in HCT experiments as they do not require IR preconditioning 

prior to allogenic transplantation to ablate host HSCs and immune cells. They cannot go 

through the definitive wave of hematopoiesis, which produces the HSCs that maintain 

hematopoiesis into adulthood. Therefore, their hematopoietic niche is effectively empty and 

can be colonised by donor cells. In previous work by McBrien (2017), transplantation was 

carried out on fish that were screened for the cmybt25127 mutation by assessing complexion, as 

it was reported that cmyb mutant fish cannot survive tail fin transection (Hess et al., 2013). 

This meant that fish that were paler were selected for transplantation and fish were only 

assessed for their genotype when the animals were harvested post-transplant. However, there 

are non-mutant sibling fish that may exhibit growth retardation or have a paler complexion 

regardless of their heterozygous or WT genotype (data not shown). As a result, a number of 

non-mutant sibling fish can inadvertently be subjected to the HCT procedure. Thus, one aim 

of this study was to determine whether cmyb mutant fish could be screened and identified 

with greater accuracy in order to eliminate the transplantation of non-mutant sibling fish. It 

was hypothesized that this would be possible without fin clipping, which can induce 

inflammation and would increase suffering experienced by transplant recipients. It was 

demonstrated by Soza-Ried et al. (2010) that cmyb mutant fish are almost completely depleted 

of erythrocytes by approximately 3 wpf. Hence, it was hypothesized that circulating cells 

could be assessed in 6 wpf fish prior to transplantation using a dissection microscope. This 

would eliminate the transplantation of small and pale non-mutant sibling fish. BF microscopy 

with the same dissection microscope as would be utilised during micro-injection for HCT at 

(10X magnification), was sufficient to detect the presence or absence of circulating cells in 

the ventral vein of fish. It was found that cmyb mutant fish could be readily distinguished from 

non-mutant sibling clutch mates using this method (Fig. 5.6). Furthermore, it was found that 

cmyb mutant fish were fully anaesthetised within 1-2 minutes of being placed in 4.2 % tricaine 

solution. In combination with the short duration of time required to identify cmyb mutant 

fish, it was possible to assess their vasculature directly prior to retroorbital injection for HCT. 

This meant that fish were only anaesthetised once to carry out both the assessment of their 

vasculature and HCT procedures. 
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Fig. 5.6 Homozygous cmyb mutant fish can be identified by assessing the abundance of 
circulating cells in the ventral vein. 

6 wpf cmyb mutants and non-mutant sibling fish were anaesthetised in 4.2 % tricaine in E2. BF imaging at 12.5X 
magnification was used to screen for circulating cells in the ventral vein. (A) Diagram depicting the area of the fish 
imaged, highlighting the location of the notochord, ventral vein (pink), anal fin, pelvic fin and intestine. (B-C) 
Single BF images from videos of non-mutant sibling (B) and cmyb mutant (C) fish from the same clutch. White 
arrow points to, and dashed lines outline, the ventral vein where the presence (B) or absence (C) of circulating cells 
was visible. Videos were taken at a single z slice and can be viewed by using the adjacent QR code the following 
links (B) qrgo.page.link/cdyir, (C) qrgo.page.link/n43x4. 
 

In experiments carried out for the purpose of this thesis, fish were first pre-screened and 

selected based on size and complexion. Selected fish were subsequently assessed for cells in 

circulation using the method shown in Fig. 5.6. It is approximated that roughly 25 % of fish 

were mistakenly identified as cmyb mutants based on size and complexion alone. For 

comparison, this figure was closer to 3% after assessing the vasculature using the method 

shown in Fig. 5.6. A total of 126 fish underwent the HCT procedure after their vasculature was 

assessed, meaning that roughly 28 non-mutant sibling fish might have been unnecessarily 

subjected to the HCT procedure if assessment for circulating cells had not been carried out. 
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However, these numbers are approximations based on observation and experience. 

Unfortunately, this data was not consistently recorded throughout the duration of the project.   

 

5.3.5 Development of a scoring system for hematopoietic transplant recipients 

Once it had been identified that cmyb mutant fish could be accurately identified using a bright 

field microscopy assessment method, the next aim was to develop a post-transplant scoring 

system to track the progress of HCT engraftment in cmyb mutant zebrafish. This scoring 

system would subsequently be utilised for HCT experiments to determine which factor, or 

combination of factors, constituted the strongest predictors of successful transplantation and 

long-term survival.  

 

Factor 1: Cells in circulation  

Given that cmyb mutants can be identified by the very characteristic that there are no 

circulating cells in their vasculature, it was reasoned that an engrafting fish that received 

multilineage reconstituting HSPCs would show a steady increase in circulating cells until WT 

levels were reached. Unfortunately, quantification of circulating cells in the vasculature can 

be challenging for several reasons. Firstly, due to the speed at which cells travel through the 

blood vessels, it can be difficult to see each individual cell in a single image or frame. 

Therefore, videos are required to detect the movement of cells and give a better impression 

of the number of cells present. However, for cells to be enumerated, either a specific length 

of a blood vessel would need to be consistently quantified, or a representative segment if the 

size of fish varies. Secondly, it would require the same length of exposure for image 

acquisition, and this can vary depending on the brightness of bulbs on different microscopes. 

Thirdly, due to the speed at which individual cells move through the vasculature, videos must 

be acquired in a single z plane. This means that some out of focus cells may be missed. In 

addition, as the number of circulating cells increases, it becomes difficult to resolve individual 

cells for quantification both due to cell density and due to cells obstructing each other. 

Therefore, a qualitative measure was devised instead. When no or very few cells were observed 

throughout the acquisition of 300 frames that were 20-30 ms apart (totalling ~6-9 seconds), a 

score of 0 was given. Sparsely populated blood vessels that exhibited a constant flow of a low 

number of cells received a score of 1. A consistent flow of a higher number of individually 

resolved cells was given a score of 2 and, finally, blood vessels with circulation akin to that 
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found in WT blood vessels were given a score of 3 (Fig. 5.7). When scoring transplant 

recipients, mid-integer scores were also assigned to fish that exhibited an abundance of cells 

in circulation (or fluorescent cells in the WKM and gill) that was between the integer scores 

defined below. 

 

 
Fig. 5.7 Post-transplant scoring of cells in circulation 

Scoring of the abundance of cells in circulation of cmyb mutant fish following HCT. BF imaging at 10X 
magnification was used to capture videos of circulating cells in the vasculature. Blood vessels are outlined in red 
and, where individual blood cells could be resolved, these are circled in cyan. Individual cells were identified from 
corresponding videos as cells can be difficult to identify from a single frame. Videos were taken at a single z slice 
and can be viewed by using the adjacent QR code or these links (score 0) qrgo.page.link/xDG7j, (score 1) 
qrgo.page.link/ymxrT, (score 2) qrgo.page.link/r4h4Z, (score 3) qrgo.page.link/iEXJM. Representative images are 
shown for each score.  
 
Factor 2: Runx:mCherry+ cells in the head kidney marrow 

It was shown by McBrien (2017) that lysC:dsRed+ cells derived from CD41:GFP low donor cells 

first populate the head kidney region of the WKM, suggesting that this may be the area of the 

kidney first populated by HSPCs. Furthermore, in juvenile 21 dpf donor Tg(Runx:mCherry; 

lyz:GFP) fish, the head kidney region exhibited the greatest population of Runx:mCherry+ cells 

compared to the mid or tail regions of the WKM (Fig. 5.8A). Hence, it was hypothesized that 

successfully reconstituted cmyb mutant fish would also exhibit well populated head kidneys, 

and this was indeed found to be the case (Fig. 5.8B). Based on qualitative comparison, it was 

found that successfully-reconstituted cmyb mutant fish had a similarly populated WKM at 21 

dpt as juvenile donor fish of the same age (Fig. 5.8).  



 Chapter 5 | cmybt25127 Characterisation and Refinement of Hematopoietic Stem Cell Transplantation 

 208 

 

  

Fig. 5.8 The population of 
Runx:mCherry+ cells in the 
WKM of 21 dpt cmyb mutant 
fish is similar to the WKM of 
21 dpf Tg(Runx:mCherry; 
lyz:GFP) donor fish. 

A 21 dpt transplanted cmyb mutant 
fish and a representative 21 dpf 
juvenile transgenic fish were 
anaesthetised in 4.2 % tricaine for 
imaging. Live intravital 
fluorescence imagines of WKM 
were acquired using 20X objective. 
Images were acquired either at a 
single z slice or represent the 
maximum projection of 3-5 z 
slices. Diagram of juvenile fish 
indicates the imaged area of the 
WKM. Enlarged are regions of the 
head and tail kidney marrow where 
individual fluorescent Runx+ cells 
are indicated with a filled 
arrowhead. lyz:GFP+ myeloid cells 
are in green and shown with arrow 
head outline. (A) juvenile 
Tg(Runx:mCherry; lyz:GFP) fish 21 
dpf. (B) 21 dpt cmyb mutant fish. 
Fish received Runx:mCherry+ cells 
from Tg(Runx:mCherry; lyz:GFP) 
adult WKM. 
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The next factor investigated was the abundance Runx:mCherry+ HSPCs in the head kidney of 

transplanted fish. Owing to the difficulty of quantifying individual cells in the WKM of larger 

fish due to the optical depth of the tissue and the low fluorescence intensity of Runx:mCherry+ 

cells, a qualitative scoring matrix was developed. When 0-5 Runx:mCherry+ cells were 

observed throughout the entire WKM, a score of 0 was given. When approximately than 5-15 

cells were observed throughout the WKM and some of these were in the head kidney, this was 

given a score of 1. An intermediate number of Runx:mCherry+ cells in the head kidney was 

scored 2, while a dense population of Runx:mCherry+ cells, akin to that seen in juvenile donor 

fish, was awarded a score of 3 (Fig. 5.8; Fig. 5.9). At this stage, if donor fish also possessed 

transgenes for ubi:GFP or lyz:GFP, these would also be expected to densely populate the head 

kidney if successful long-term multilineage reconstitution had occurred.                                                                                                                                    
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Factor 3: Runx:mCherry + cells in the gills 

Finally, although it has not yet been fully elucidated what cell type Runx:mCherry+ cells in 

the gills represent, it has been shown in Chapter 3 of this thesis that these cells were highly 

abundant in adult Tg(Runx:mCherry) zebrafish. Thus, it was hypothesized that in long-term 

reconstituted cmyb mutant fish, Runx:mCherry+ cells would populate the gills. This was 

indeed the case and Runx:mCherry+ cells were observed  within the gills of transplanted cmyb 

mutant fish. Hence, this was incorporated into the scoring of transplanted fish. Once again, 

it was not practical to quantify individual cells, and a qualitative scoring system was devised 

instead. When no or very few Runx:mCherry+ cells were present in the gills, a score of 0 was 

Fig. 5.9 Post-transplant 
scoring of Runx:mCherry+ 
cells in the head kidney.  

Transplanted cmyb mutant fish 
were anaesthetised in 4.2 % 
tricaine in E2 for imaging. Live 
intravital fluorescence imaging at 
10X magnification was carried 
out to capture images of the head 
kidney of transplanted fish. 
Images were acquired either at a 
single z slice or represent the 
maximum projection of 3-5 z 
slices. The head kidney regions 
are outlined with cyan dotted 
lines and red arrow heads point to 
the location of individual 
Runx:mCherry+ cells. Left column 
indicates GFP fluorescence 
(ubi:GFP or lyz:GFP), middle 
column mCherry fluorescence 
(Runx:mCherry) and the right 
column is the merge of the two. 
Some autofluorescence visible in 
kidney tubules. Scale bars 
represent 100 µm. Representative 
images are shown for each score. 
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awarded. Identification of a small number of positive cells throughout the kidney was scored 

as 1. An intermediate number of cells, with some in circulation, was given a score of 2. When 

a high number of Runx:mCherry+ cells were present in the filaments and seen in circulation 

(as was observed in Tg(Runx:mCherry) fish characterised in Chapter 3), this was scored as 3 

(Fig. 5.10). 

 

  

The scoring of each factor was developed following observations in fully reconstituted cmyb 

mutant fish which made it possible to determine what a score of 3 would look like for each 

factor. Imaging of transplanted fish occurred at 3, 6, 8, 10, 15, 22 and 29 dpt and all images 

were blinded before assigning scores for each factor. However, throughout the time course of 

Fig. 5.10 Post-transplant 
scoring of Runx:mCherry+ 
cells in the gills. 

Transplanted cmyb mutant fish 
were anaesthetised in 4.2 % 
tricaine in E2 for imaging. Live 
intravital fluorescence imaging at 
10X magnification was carried out 
to capture images of the gills of 
transplanted fish. Images were 
acquired at a single z slice. The gill 
regions are outlined with cyan 
dotted lines and red arrow heads 
point to the locations of 
individual Runx:mCherry+ cells. 
Left column indicates mCherry 
fluorescence, middle column 
indicates BF (used to identify the 
lamellae in the gills), and the right 
column shows the merge of the 
two. Scale bars represent 100 µm. 
Representative images are shown 
for each score. 
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the experiment, individual fish did not generally transit through every score in the matrix. 

Therefore, examples of representative scores were collected from a number of individuals at 

various timepoints for Figures 5.7, 5.9 & 5.10. In practice, when the scoring system was 

applied, it was sometimes found that, in transplanted fish that were engrafting donor cells 

successfully, the scores across each factor rapidly reached 3 and were maintained at that level. 

As an example, a cmyb mutant fish that was transplanted with 2000 Runx:mCherry low donor 

cells from the WKM of adult Tg(Runx:mCherry; lyz:GFP) zebrafish already scored a 2 on 

circulation by 3 dpt, which increased to 2.5 at 6 dpt and a score of 3 by 8 dpt. This score was 

achieved at each subsequent timepoint until the final imaging timepoint at 29 dpt (Fig. 5.11). 

Similarly, the scoring for Runx:mCherry cells in the head kidney of the same fish reached a 

score of 2 by 3 dpt, and consistently scored 3 at subsequent imaging timepoints (Fig. 5.12). In 

the gills, this fish had a score of 1 at 3 dpt but reached a score of 3 by 6 dpt, maintaining that 

score at all subsequent imaging timepoints (Fig. 5.13). The fact that each factor reached a 

score of 3 by 8 dpt, as well as the fact that the scores remained at 3 for all subsequent time 

points, suggested that successful reconstitution had occurred. 
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can be resolved, these are circled in cyan. Individual cells were identified from corresponding videos as cells can 
be difficult to identify in a single frame. Videos were taken at a single z slice and can be viewed by using the 
adjacent QR code or the following links (3 dpt) qrgo.page.link/iGqDo, (6 dpt) qrgo.page.link/vx8G6, (8 dpt) 
qrgo.page.link/9A9Gt, (10 dpt) qrgo.page.link/6t6U2, (15 dpt) qrgo.page.link/a3uLX, (22 dpt) 
qrgo.page.link/SmWBU, (29 dpt) qrgo.page.link/bZkgH. The time points and corresponding scores assigned to 
each video are indicated. 

Fig. 5.11 Post-transplant scoring of cells in 
circulation in an engrafting fish over time. 

Scoring of the number of cells present in circulation of 
cmyb mutant fish following HCT with Runx:mCherry 
high and low cells from the WKM of Tg(Runx:mCherry; 
lyz:GFP) donors over time. BF imaging at 10X 
magnification was used to capture videos of 
circulating cells in the vasculature. Blood vessels are 
outlined in red and, where individual blood cells  
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 Fig. 5.12 Post-transplant 
scoring of Runx:mCherry+ 
cells in the head kidney in 
an engrafting fish over 
time. 

Scoring of the number of 
Runx:mCherry+ cells present in 
the head kidney of cmyb mutant 
fish following HCT with 
Runx:mCherry high and low cells 
from the WKM of 
Tg(Runx:mCherry; lyz:GFP) 
donors over time. Fluorescence 
imaging at 10X magnification was 
used to capture images of cells in 
the head kidney. Images were 
acquired either at a single z slice 
or represent the maximum 
projection of 3-5 z slices. The 
head kidney regions are outlined 
with a cyan dotted line and red 
arrow heads point to the 
locations of individual 
Runx:mCherry+ cells. Left column 
indicates GFP fluorescence, 
middle mCherry fluorescence and 
the right column is the merge of 
the two. Scale bars represent 100 
µm. Imaging time points and 
corresponding scores assigned to 
each are indicated. 
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Fig. 5.13 Post-transplant 
scoring of Runx:mCherry+ 
cells in the gills of an 
engrafting fish over time. 

Scoring of the number of 
Runx:mCherry+ cells present in 
the gills of cmyb mutant fish 
following HCT with 
Runx:mCherry high and low cells 
from the WKM of 
Tg(Runx:mCherry; lyz:GFP) 
donors over time. BF and 
fluorescence imaging was used at 
10X magnification to capture 
images of Runx+ cells in the gills. 
Images were acquired at a single 
z slice. The gills are outlined with 
a cyan dotted line and red arrow 
heads point to the locations of 
individual Runx:mCherry+ cells. 
Left column indicates mCherry 
fluorescence, middle is BF and 
the right column is the merge of 
the two. Scale bars represent 100 
µm. Imaging time points and 
corresponding scores assigned to 
each are indicated. 
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5.3.6 WKM Runx:mCherry low cells are capable of more robust reconstitution than 

Runx:mCherry high cells 

Once the scoring system for transplantation had been established, thus enabling the progress 

of engraftment to be tracked, the next aim was to apply the scoring system in order to assess 

the stem cell potential of the various Runx:mCherry+ populations identified in adult 

transgenic fish, as described in Chapter 3. Subsequently, it should be possible to utilise the 

scoring data to determine which factor or combination of factors is the most effective 

predictor of long-term engraftment and survival. 

 

In Chapter 3 of this thesis, it was demonstrated that the Runx:mCherry high population 

significantly overlapped with the Runx:GFP+ population (Fig. 3.12), which has been shown by 

Tamplin et al. (2015) to have a high HSPC purity. However, there were also indications that 

the Runx:mCherry high populations in the WKM and gill may correlate to CD41:GFP high 

thrombocytes, as described by Lin et al. (2005) (Fig. 3.18-3.20). Gene transcript analysis by 

qRT-PCR revealed that the Runx:mCherry low, FSC med-high population had greater cmyb and ckit 

transcript levels, indicating HSPCs may reside in this population. On the other hand, rag1 and 

IgM transcripts were also detected in this population but not in the Runx:mCherry high, FSC low 

population in the WKM or gill. Furthermore, runx1 transcript levels were higher in the 

Runx:mCherry high populations (Fig. 3.25-26). Therefore, it remained unclear whether 

Runx:mCherry high or low populations in the WKM contained long-term multilineage-

reconstituting HSCs. To assess this, HCTs were carried out with each population, the survival 

recorded and engraftment tracked. Furthermore, the functional characteristics of 

Runx:mCherry+ cells in the gill remained elusive, with high levels of ckit and runx1 transcripts, 

which are associated with HPSCs, having been detected (Fig. 3.25-26). Therefore, to 

definitively assess whether gill Runx:mCherry+ cells are capable of hematopoietic 

reconstitution, transplantation assays were carried out.  

 

Six wpf cmyb mutant fish were transplanted with 2000 FACS sorted Runx:mCherry+ cells and 

105 peripheral blood (PB) carrier cells. cmyb mutant fish were transplanted at this age because 

growth retardation means that they are too small at earlier stages. By 6 wpf, they reached a 

size that allowed for experimental manipulation and retro-orbital injection using the 

refinement methods described by McBrien (2017), specifically by use of a micromanipulator 
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and glass-pulled needle to reduce the insertion site of the injection. The transplanted 

Runx:mCherry+ cell populations were either FACS sorted Runx:mCherry low, FSC med-high cells 

from the WKM or Runx:mCherry high, FSC low cells from either the WKM (Fig. 5.14) or the gills. 

When cells were isolated from the gills, the same FACS gating strategy was applied to isolate 

Runx:mCherry high, FSC low cells as was used for the WKM (Fig. 5.14A-D). Transplanted fish were 

then imaged at 3, 6, 8, 10, 15, 22 and 29 dpt. Imaging data was used to score and track 

engraftment using the scoring factors described in section 5.3.5 of this chapter.  

 

 

 
Fig. 5.14 FACS gating strategy to sort Runx:mCherry high and low populations for HCT. 

Single-cell suspension of WKM tissue pooled from 4 Tg(Runx:mCherry; lyz:GFP) fish. (A) Representative FSC-
A/SSC-A profile. Black lines indicate gating for live cells. (B) Gating to exclude doublet cells. (C) mCherry/ GFP 
plot with gating of Runx:mCherry high and low populations. Cyan box outline represents gating for Runx:mCherry high 
cells, purple box outline represents gating for Runx:mCherry low cells. (D) FSC/SSC plot of Runx:mCherry high cells. 
Dark blue box outline represents gating for FSC low cells which are sorted as HCT donor cells. (E) FSC/SSC plot of 
Runx:mCherry low cells. Orange box outline represents gating for FSC med-high cells which are sorted as HCT donor 
cells. Values adjacent to gates reflect the percentage of events within each gate compared to total events in the 
whole plot. (F) Overlap of D and E to show relationship of Runx:mCherry high and low cells on FSC/SSC. 
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Comparing the average scores across all three factors (cells in circulation,  Runx:mCherry cells 

in the WKM and in the gill) between the three different Runx:mCherry+ donor cell 

populations, it was found that Runx:mCherry low, FSC med-high donor cells gave rise to the most 

effective reconstitution and resulted in scores of 3/3 for each factor at 22 dpt (Fig. 5.15A). 

Runx:mCherry high, FSC low cells were also capable of reconstituting cells in circulation, as well 

as fluorescent cells in the WKM and gills. However, this population appeared to increase cells 

in circulation more effectively than the Runx+ cells in the WKM or gills, suggesting a possible 

lineage bias, or late engraftment and increased time for reconstitution (Fig. 5.15B). Finally, 

the Runx:mCherry+ population isolated from the gills appeared to increase cells in circulation 

transiently before reducing again, and very few Runx+ cells were present either in the WKM 

or the gills throughout subsequent imaging timepoints (Fig. 5.15C).  

 

 
 
Fig. 5.15 Comparison of the post-transplant engraftment scores arising form from different 
Runx:mCherry+ donor populations.  

Transplanted cmyb mutant fish received 2000 Runx:mCherry+ cells from either the gill (n=30) or WKM 
Runx:mCherry high (n=22) or Runx:mCherry low (n=18), in addition to 105 PB carrier cells. Data pooled from 22 
experiments. Recipients were imaged at 3, 6, 8,10, 15, 22 and 29 dpt. Scores for the reconstitution of the cells in 
circulation, Runx:mCherry+ cells in the WKM and gill were determined according to the scoring matrix devised in 
section 5.3.5. Mean averages of scores for each factor over time in recipients of Runx:mCherry low cells (A), 
Runx:mCherry high cells from the WKM (B) and Runx:mCherry high cells isolated from gills (C).  
 
Comparing post-transplant scoring of the cells in circulation between different donor cells 

revealed that Runx:mCherry high or low donor cells isolated from the WKM were the most 

effective at increasing the abundance of cells in circulation in the vasculature of cmyb mutant 
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fish (Fig. 5.16A). On average, Runx:mCherry low donor cells resulted in a steady increase in 

circulating cells between 3-10 dpt, at which point most fish had a score of 3 which persisted 

until 29 dpt (Fig. 5.16A). Conversely, cmyb mutant fish transplanted with Runx:mCherry high 

cells from the WKM had a greater number of cells in circulation at 3 dpt. However, this 

decreased before increasing again and reaching a score of 3 at 15 dpt, indicating that 

erythrocytes can be produced by WKM-derived Runx:mCherry high donor cells with a slight 

delay when compared to Runx:mCherry low cells. Transplantation of cmyb mutant fish with PB 

carrier cells but no donor cells revealed that injected carrier blood cells in circulation are 

depleted by approximately 15 dpt. Therefore, cells in circulation after this time have likely 

come from differentiated cells arising from donor cells. Interestingly, gill-derived 

Runx:mCherry high cells were also capable of erythroid output and increased the number of 

cells in circulation. However, this was highly variable between fish. Over 50 % of fish received 

a circulation score of 0-1 at all timepoints, while the remaining fish had scores ranging from 

0-3, suggesting that in some cases gill-derived Runx:mCherry+ cells were capable of erythroid 

output (Fig. 5.16A).  

 

The average WKM and gill scores of transplanted fish show that WKM-derived Runx:mCherry 
low cells were most effective at reconstituting the population of Runx:mCherry cells in 

transplanted cmyb mutant fish. Investigating the head kidney, it was found that 

Runx:mCherry low donor cells on average reached a score of 2.5 by 8 dpt and, by 10 dpt, 100 % 

of transplanted fish scored between 2 and 3 (Fig. 5.16B). Similarly, in the gills, scores steadily 

increased from 1 at 3 dpt to 75% of fish scoring 3 at 15 dpt (Fig. 5.16C). Fish receiving 

Runx:mCherry high cells from the WKM showed engraftment scores which were on average 

approximately ½ a score below those that received Runx:mCherry low cells for both WKM and 

gill reconstitution. However, WKM scores of these fish were highly variable and thus 

differences were not found to be statistically significant at individual time points (Fig. 5.16B). 

Gill and circulation scores, on the other hand, increased much more reliably in recipients of 

Runx:mCherry high cells. On the whole, recipients of gill donor cells were not able to 

reconstitute either the WKM or the gill Runx:mCherry+ cells, although it appears as if 

transplanted cells may have preferentially homed to the gill as opposed to the WKM as scores 

in the gill were consistently slightly higher than in the WKM (Fig. 5.16B-C).  Ultimately, 

limiting dilution transplant assays or competitive repopulation assays would give more 
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accurate measures of stem cell fitness between these 3 populations (Kwarteng & Heinonen, 

2016). While these experiments were planned, this type of quantification was not possible 

within the scope of this thesis due to time constraints. 

 

Next, it was investigated how full reconstitution across all three factors combined could best 

be represented. Two approaches were utilised for this. One was to add the scores from each 

factor together and create a combined score out of 9 (Fig. 5.16D). This would reflect the extent 

of engraftment observed overall, across each of the anatomical locations, and would also 

report on partial or lineage-biased engraftment. The other approach was to multiply scores 

together to generate a combined engraftment score out of 27 (Fig. 5.16E). To differentiate 

between them, the latter is termed the ‘engraftment score’. The rational for this was that if any 

individual factor, whether it be the cell circulation, cells in the gill or WKM, exhibited a score 

of 0, then successful multilineage reconstitution cannot have occurred. Thus, multiplying 

scores together would give the best indication of whether successful multilineage 

engraftment had occurred. Therefore, this could give a clearer indication of which Runx+ 

population had the greatest HSC potential. It was found in these experiments that out of the 

three transplanted Runx+ populations, Runx:mCherry low, FSC med-high cells from the kidney had 

the greatest ability for long-term reconstitution, followed by Runx:mCherry high, FSC low cells 

isolated from the kidney (Fig. 5.16D). On the other hand, the addition of scores can provide 

information on whether lineage-biased reconstitution may have occurred, as appeared to be 

the case when gill Runx:mCherry+ cells were transplanted (Fig. 5.16D).  
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Fig. 5.16 Post-transplant 
scores of circulation, WKM 
and gills in cmyb mutant fish 
over time. 

Transplanted cmyb mutant fish 
received 2000 Runx:mCherry+ 
cells from either the gill (n=30), 
WKM mCherry high (n=22) or WKM 
mCherry low (n=18) populations, in 
addition to 105 PB carrier cells. 
Peripheral blood control 
recipients n=10. Data pooled from 
22 experiments. All recipients 
were imaged at 3, 6, 8,10, 15, 22 
and 29 dpt. Scores for the 
reconstitution of the cells in 
circulation, Runx:mCherry+ cells 
in the WKM and gill were 
determined according to the 
scoring matrix devised in section 
5.3.5. (A-E) Mean average of 
scores for cells in circulation (A), 
WKM Runx:mCherry (B) or gill 
Runx:mCherry cells (C). Scores 
added together (D) and scores 
multiplied together (E), 
depending on donor cell 
population. Purple for 
Runx:mCherry low donor cells, cyan 
for Runx:mCherry high cells from 
WKM, orange for gill donor cells, 
grey line for PB controls. Box and 
whisker plots indicate range of 
values. Top and bottom values are 
shown by whiskers. Length of 
whiskers indicate where 25 % of 
events lie, box indicates the 
middle 50 % and line shows 
median value. 
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In addition to tracking the success of engraftment in transplanted cmyb mutant fish via 

scoring of cells in circulation, WKM and gills, the long-term survival of transplanted fish was 

also assessed both in terms of dpt and dpf. This was done to enable a comparison between the 

survival of transplanted and unmanipulated cmyb mutants. Statistically significant 

differences were identified using multiple log rank tests with Bonferonni multiple 

comparisons correction to the significance values. It was found that the difference in survival 

(measured in dpt) between control PB recipients and recipients of Runx:mCherry low donor 

cells was statistically significant (P= 0.0003), as was the difference in survival between 

recipients of Runx:mCherry high donor cells compared Runx:mCherry low cells (P= 0.0016, Fig. 

5.17A). When survival was investigated as a measure in dpf, it was found that there was no 

statistical difference in survival between control PB recipients and unmanipulated cmyb 

mutants. Interestingly, the highest survival of unmanipulated cmyb mutants in this study was 

up to 151 dpf (21.6 weeks). This was higher than the 14-week survival previously published by 

Hess et al. (2013). However, 90 % of unmanipulated mutant fish did not survive past 75 dpf. 

Due to the long survival observed in unmanipulated fish, it was difficult to assess the extent 

to which transplantation enhanced the survival of cmyb mutant fish. The data shows that 

transplantation of Runx:mCherry high cells, either from the WKM or gill, did not result in a 

statistically significant increase in the survival of cmyb mutant fish. However, Runx:mCherry 
low cells were able to rescue some fish and increase the survival of many. This increase in 

survival was statistically significant and fell below the Bonferonni-adjusted significance 

threshold for multiple comparisons of 0.0125 (P= 0.0007; Fig. 5.17B). 

 

The percentage of surviving fish from each donor cell group that had shown signs of successful 

engraftment (engraftment scores ³ 8/27) was also investigated. Of the surviving cmyb mutant 

fish that received Runx:mCherry low cells from the WKM, 92 % had an engraftment score of 8 

or higher at 15 dpt (n=11), and by 22 and 29 dpt, 100% of surviving fish had an engraftment 

score of 8 or higher (n=6; Fig. 5.17C). Indeed, at 29 dpt, all surviving fish that received 

Runx:mCherry low cells had an engraftment score of 27/27 (n=6; Fig. 5.16E). Of the surviving 

fish that received Runx:mCherry high cells from the WKM, 77 % had an engraftment score over 

8 (n= 10), which rose to 80 % at 22 dpt and 88 % at 29 dpt (n=7). Interestingly, there was also 

1 fish (out of 20) from the gill Runx:mCherry donor group that also exhibited features of 

reconstitution with an engraftment score greater than 8 (Fig. 5.17C). Next, the percentage of 
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all transplanted fish for each donor cell type that held engraftment scores greater than 8 was 

investigated. This provided information on the likelihood of each donor cell population to 

engraft. Of the cmyb mutant fish injected with Runx:mCherry low donor cells, 79 % were found 

to have had an engraftment score ≥ 8 at 15 dpt (n= 11). This was reduced to 67 % at 22 and 29 

dpt (n=6; Fig. 5.17D) because some fish were harvested for flow cytometry analysis to assess 

multilineage reconstitution. These fish were included in survival analysis as right-censored 

values, meaning that their removal from the experiment before death had occurred was 

accounted for in the statistical analysis (Fig. 5.18). Of the fish transplanted with WKM-derived 

Runx:mCherry high cells, 45 % had engraftment scores over 8 at 15 dpt (n=10). This reduced to 

36 % at 22dpt and 32% at 29dpt, suggesting that Runx:mCherry high cells were not as likely to 

lead to successful reconstitution of transplanted fish (Fig. 5.17D). Taken together, these data 

suggest that the Runx:mCherry low, FSC med-high population from the WKM had greater stem cell 

potential than the Runx:mCherry high, FSC low population. Furthermore, cmyb mutant fish 

transplanted with Runx:mCherry low, FSC med-high cells also exhibited significantly improved 

survival, indicating that engrafting fish are more likely to survive longer than fish that do not 

engraft donor cells.  
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Fig. 5.17 Survival of HCT-recipient cmyb mutant fish. 

Transplanted cmyb mutant fish received 2000 Runx:mCherry+ cells either from the gill (n=30), WKM Runx:mCherry 
low (n=18) or high populations (n=22), in addition to 105 PB carrier cells (n=10) at 6 wpf. Data pooled from 22 
experiments. PB controls did not receive Runx:mCherry+ donor cells. Long-term survival of HCT recipients was 
assessed in dpa (A) and dpf where unmanipulated cmyb mutant fish were included (n=29) (B). (B) Vertical dotted 
line indicates median transplant timepoint, blue shaded area indicates minimum and maximum range of 
transplant days. Statistically significant differences were determined by multiple log rank tests. Significance 
threshold was determined using Bonferroni-corrected values. (A) Statistically significant differences were 
identified between PB control and Runx:mCherry low donor cells (P= 0.0003), and between Runx:mCherry high and low 
donor cells from the WKM (P=0.0016). (B) A statistically significant difference was identified between survival of 
unmanipulated cmyb mutant fish and Runx:mCherry low donor cell recipients (P= 0.0007). (C) The percentage of 
surviving fish that presented with a combined engraftment score ≥ 8 at 15, 22 and 29 dpt. (D) The percentage of 
injected fish that presented with a combined engraftment score ≥ 8 at 15, 22 and 29 dpt. 
 

In addition to tracking engraftment of transplanted cmyb mutant fish using factors such as 

the abundance of cells in circulation or Runx:mCherry+ cells in the WKM and gill to determine 

the extent of hematopoietic reconstitution, multilineage reconstitution was also assessed by 
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flow cytometry. According to the data, recipients of Runx:mCherry low, FSC med-high cells 

engrafted to the greatest extent (Fig. 5.16). Therefore, recipients of these cells were harvested 

at 21 dpt and assessed for multilineage reconstitution in the WKM, gills and blood. Due to the 

small size of recipient fish, dissection was challenging. As a result, there is a possibility that 

tissues were contaminated with cells flowing out of the kidney or blood. Nevertheless, flow 

cytometry confirmed that multilineage reconstitution had occurred and all major blood cell 

lineages were present in the tissues of 21 dpt recipient fish, as determined by SSC/FSC plots 

(Fig. 5.18A) (Traver et al., 2003). In addition, the Runx:mCherry+ and lyz:GFP+ populations 

were also assessed. Interestingly, it was found that the pattern of Runx:mCherry expression 

in the WKM, gill and blood of engrafted fish was akin to that found in the adult 

Tg(Runx:mCherry) transgenic fish (Chapter 3; section 3.3.3). The WKM possessed both 

Runx:mCherry high and low cells but both the gills and blood contained predominantly 

Runx:mCherry high cells, with only a small population of Runx:mCherry low cells (Fig. 5.18B). 

Given that Runx:mCherry low cells were transplanted, this suggests that this population gave 

rise to Runx:mCherry high cells in recipient fish, further indicating that HSPCs may reside 

among this population. lyz:GFP+ neutrophils derived from donor cells were also detected. The 

distribution in the abundance of lyz:GFP+ cells also resembled that seen in adult transgenic 

fish. The WKM of recipients had a large population of lyz:GFP+ cells, but the abundance in the 

gills and the blood was lower (Fig. 5.18B).  

 

The abundance of Runx:mCherry+ cells and lyz:GFP+ cells in 21 dpt cmyb mutant recipients 

was compared to adult Tg(Runx:mCherry; lyz:GFP) transgenic fish. This revealed that the 

percentage of Runx:mCherry+ cells and lyz:GFP+ cells in the WKM of cmyb mutant recipients 

was significantly lower than in transgenic adult fish (Fig. 5.18C & F). However, this may in 

part be accounted for by the considerable difference in size between adult fish and 21 dpt cmyb 

mutant recipient fish which are much smaller (approximately 1 cm in length compared to ~4-

5 cm). Interestingly, the abundance of Runx:mCherry+ and lyz:GFP+ cells in the gills and blood 

of 21 dpt recipient fish was similar to the abundance of these cells found in adult donor fish 

(Fig. 5.18D, E & G). Taken together, the data suggests that the transplantation of 2000 

Runx:mCherry low cells into cmyb mutant fish at 6 wpf is sufficient to lead to successful 

engraftment and multilineage reconstitution by 21 dpt. 
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Fig. 5.18 Partial multilineage reconstitution of cmyb mutant fish at 21 dpt, transplanted with 
Runx:mCherry low cells isolated from the WKM of adult Tg(Runx:mCherry; lyz:GFP) transgenic 
donor zebrafish.  

Four cmyb mutant fish transplanted with Runx:mCherry low cells from the WKM of adult Tg(Runx:mCherry; lyz:GFP) 
transgenic donor zebrafish were harvested at 21 dpt to assess, via flow cytometry, whether multilineage 
reconstitution had occurred. The WKM and gills were harvested from all 4 HCT recipients and PB samples were 
harvested from 2 recipients. The WKM, gills and blood were also harvested from Tg(Runx:mCherry; lyz:GFP) 
transgenic fish. (A) Representative FSC vs SSC plots of the WKM (left), gill (middle) and blood (right) of transplant 
cmyb mutant recipient fish, with gating of major blood cell populations as described by Traver et al. (2003). (B) 
mCherry/GFP plots of live single-cell populations, with gating of fluorescent populations. Red box outline 
indicates gating for Runx:mCherry+ cells, green box outline for lyz:GFP+ cells. Values above gates reflect the 
percentage of events within each gate compared to total events in the plot. (C-E) Comparison of Runx:mCherry+ 
cells as a proportion of the WKM (C), gill (D) and PB (E) between adult donor fish and engrafting recipient fish at 
21 dpt. (F-G) Comparison lyz:GFP+ cells as a proportion of the WKM (F) and gill (G) between adult donor fish and 
engrafting recipient fish at 21 dpt. Each dot represents values from individual fish. N=4 for recipients and n=6-11 
for adult transgenic donors. Data pooled from 2 experiments. Mean and SD are shown. Student’s t-tests, ns: non-
significant and ** P <0.01. 
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5.3.7 Utility of early post-transplant scoring data to predict successful engraftment and survival 

Having established that engraftment of cmyb mutant fish can be accurately tracked utilising 

the scoring system described, the next aim was to model and determine whether a particular 

factor or combination of factors could be utilised to predict either the survival of recipient 

fish or the extent of engraftment that will be achieved. The importance in this lies in 

refinement of the HCT protocol. If engraftment and long-term survival of recipient fish can 

be predicted using early imaging data, this would enable fish that are not expected to survive 

or engraft in the long term to be humanely culled before the onset of suffering leading to the 

death of the individual fish. Thus, the severity of the protocol could be reduced from severe 

to moderate. 

 

To determine whether post-transplant scores could predict survival of recipient fish, linear 

regression models were utilised. Initially, the scores from every transplant recipient, 

regardless of the donor cells received, were plotted against their survival in dpt. Post-

transplant scoring of each factor was plotted separately. However, all imaging time points 

were plotted on each graph (Fig. 5.19). When fish were harvested for flow cytometry analysis, 

meaning long-term survival could not be assessed, their scores were not included in the linear 

regression. The linear regressions revealed that the scores for the cells in circulation at 8 and 

10 dpt had the strongest positive correlation with survival (Fig. 5.19A). The Pearson’s 

correlation coefficient was statistically significant at 8 and 10 dpt (P= 0.042). However, the R2 

value (indicating goodness of fit) was greater at 10 dpt (0.104) than at 8 dpt (0.086) (Fig. 5.20A-

B). Interestingly, the scores relating to the abundance of Runx:mCherry+ cells in the WKM and 

gills did not have a strong correlation with the survival outcome (Fig. 5.19B-C). The only 

statistically significant non-zero slope identified from WKM and gill scores was at 3 dpt in the 

gill with a P value of 0.042 and R2 of 0.071 (Fig. 5.20D). The correlation between the 

engraftment score (derived from multiplying each individual factor score together) and 

survival was also assessed. The engraftment score correlated well with survival and the 

gradients of the lines of best fit at 6, 8 and 10 dpt were found to be significantly non-zero (Fig. 

5.19D). Of these, the strongest correlation was identified at 6 dpt (P=0.006, R2 = 0.138, Fig. 

5.20C). 
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Fig. 5.19 Correlation of imaging-derived post-transplant scores from cmyb mutant recipients 
with their survival. 

cmyb mutant fish were transplanted with 2000 Runx:mCherry+ cells from WKM Runx:mCherry high or low 
populations, or with Runx:mCherry+ cells from the gill of Tg(Runx:mCherry; lyz:GFP) donors, along with 105 carrier 
PB cells from WT fish. Recipients were imaged at 3, 6, 8, 10, 15, 22 and 29 dpt, and scored for the abundance of 
circulating cells in their vasculature, Runx:mCherry+ cells in the WKM and Runx:mCherry+ cells in the gills. (A-C) 
Scores for each recipient at each timepoint are correlated with the survival of that recipient. Simple linear 
regression has been applied for each timepoint. Each individual dot represents one fish. Data pooled from 22 
experiments. Survival is plotted on the x axis and post-transplant scores are plotted on the y axis. (A) Correlation 
between circulation score and survival of recipients. (B) Correlation between WKM score and survival. (C) 
Correlation between gill score and survival at each timepoint. (D) Scores for cells in circulation, WKM and gills are 
multiplied together to get an overall score for engraftment. This score out of 27 is plotted against survival at each 
time point. 
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Fig. 5.20 Imaging-derived post-transplant scores from cmyb mutant recipients correlate with 
survival outcome at different timepoints for different factors. 

cmyb mutant fish were transplanted with 2000 Runx:mCherry+ cells from WKM Runx:mCherry high or low populations 
or with Runx:mCherry+ cells from the gill of Tg(Runx:mCherry; lyz:GFP) donors, along with 105 PB cells from WT 
fish. Recipients were imaged at 3, 6, 8, 10, 15, 22 and 29 dpt, and scored for the abundance of circulating cells in 
their vasculature, Runx:mCherry+ cells in the WKM and Runx:mCherry+ cells in the gills. Scores for each recipient 
at each timepoint were correlated with the survival of that recipient (Fig. 5.19). Pearson’s correlation coefficient 
was calculated for each timepoint and statistically significant correlations are shown. Each individual dot 
represents one fish. Data pooled from 22 experiments. Survival is plotted on the x axis and post-transplant scores 
are plotted on the y axis. (A-B) Correlation between survival and circulation score at 8 dpt (A) and 10 dpt (B). (C) 
Scores for cells in circulation, WKM and gill are multiplied together to get an overall score for engraftment. This 
score is plotted against survival at 6 dpt. (D) Correlation between gill score at 3 dpt and survival. Pearson’s 
correlation coefficient, *P <0.05, **P< 0.01.  
 

Next, the correlation between survival and both the sum of scores and the engraftment score 

was assessed for HCT recipients of WKM-derived cells specifically. This analysis, focusing 

specifically on recipients of WKM-derived cells which are capable of multilineage 

reconstitution, was carried out to determine whether the predictive capacity of the scoring 

system was greater when non-HSC containing donor populations were excluded. This is 

particularly beneficial because unmanipulated cmyb mutant fish can exhibit long survival (Fig. 

5.17B), thus making it more difficult to assess the contribution of HCT to survival. In addition, 
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cells from the gills were able to increase the cells in circulation and the number of 

Runx:mCherry+ cells in the gills to a limited extent but failed to recapitulate multilineage 

reconstitution. Therefore, scores for these recipients may not correlate well with survival. 

Furthermore, as seen in Fig. 5.17B, the survival of gill Runx:mCherry recipient fish was similar 

to unmanipulated cmyb mutant fish.    

 

The scores of WKM cell recipients were either added together in order to model factors that 

can change independent of each other or multiplied to model factors that are dependant or 

linked to one another. It was hypothesized that, if multilineage reconstitution occurred, the 

scores for each factor would be linked and interdependent. For example, if a successfully 

reconstituting fish had an increasing population of Runx:mCherry+ cells in the WKM, it was 

hypothesized that the abundance of Runx:mCherry+ cells in the gill and cells in circulation 

would therefore also increase. However, if the abundance of cells in circulation increases 

independently of cells in the gill or WKM, this may suggest lineage-biased reconstitution. It 

was found that scores from both the independent model (scores added together) and the 

dependent model (scores multiplied) had statistically significant correlation with survival at 

3, 6, 8 and 10 dpt (Fig. 5.21A-B). The greatest statistical significance was at 6 dpt, suggesting 

that this is a key timepoint for predictions of the long-term survival outcome. These scores 

showed a statistically significant correlation with survival in both the independent (P=0.0074; 

R2 value of 0.307; Fig. 5.21C) and dependent (P= 0.0062 and an R2 value of 0.283 Fig. 5.21C) 

models. Therefore, either the addition or multiplication of the scores for circulation, 

Runx:mCherry cells in the WKM and gill at 6 dpt can be utilised as an indication for the 

likelihood of long-term survival. 
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Fig. 5.21 Both dependent and independent models of interaction between post-transplant 
imaging factors indicate a significant correlation between extent engraftment at 6 dpt and 
survival outcome for recipients of WKM-derived Runx:mCherry+ cells.   

cmyb mutant fish were transplanted with 2000 Runx:mCherry+ cells from WKM Runx:mCherry high or low populations 
of Tg(Runx:mCherry; lyz:GFP) donors along with 105 PB cells from WT fish. Recipients were imaged at 3, 6, 8, 10, 
15, 22 and 29 dpt, and scored for the abundance of circulating cells in their vasculature, Runx:mCherry+ cells in 
the WKM and Runx:mCherry+ cells in the gills. Scores from each factor were either added together (A & C) or 
multiplied (B & D) to model independent factors as well as interactions between factors. Each individual dot 
represents one fish. Data pooled from 22 experiments. Survival is plotted on the x axis and post-transplant scores 
are plotted on the y axis. Pearson’s correlation coefficient was calculated for each timepoint and statistically 
significant correlations were found at 6 dpt in each case (C, D). Pearson’s correlation coefficient **P< 0.01.  
 

Having assessed the correlation between transplant scoring and survival of cmyb mutant fish, 

the correlation between early and late engraftment scores was investigated next. This was 

done to determine whether initial improvements in engraftment could predict long-term 

engraftment of recipients. Although the final imaging time point was at 29 dpt, the 22 dpt 

timepoint was used for correlation with early engraftment scores to increase sample size, as 
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a number of recipients were harvested for flow cytometry analysis after 22 dpt. In addition, it 

was found that engraftment scores frequently plateaued by 22 dpt and did not increase 

further. Scores from cmyb mutant recipients of each cell type (WKM Runx:mCherry high, low and 

Runx:mCherry+ cells from the gills) were all included in the analysis. 

 

Based on the results of the linear regression models comparing survival with imaging scores, 

the early imaging timepoints at 6, 8 and 10 dpt were selected. Correlation between the scores 

at these time points and the engraftment score (scores multiplied) at 22 dpt was assessed. The 

data revealed significant correlation between circulation scores at 8 dpt (P=0.0042, R2=0.26) 

and 10 dpt (P=0.0061, R2=0.24) with the engraftment score at 22 dpt (Fig. 5.22A). This data is 

consistent with the data shown in Fig. 5.20A & B, which showed that the circulation score at 

8 and 10 dpt had significant correlation with survival. Indeed, the abundance of cells in 

circulation was one of the best predictors of survival. Interestingly, when investigating the 

correlation of early imaging scores with engraftment at 22 dpt, WKM and gill scores were more 

significant. In the WKM, scores at all three (6, 8 and 10 dpt) timepoints had a strong 

correlation with engraftment achieved by 22 dpt (P<0.0001 for each timepoint; R2 =0.56-0.64; 

Fig. 5.22B). Similarly, the correlation of engraftment at 22 dpt with gill scores at 6, 8 and 10 

dpt was also significant (P<0.0002 for each; R2=0.41- 0.49; Fig. 5.22C). Finally, the correlation 

between early post-transplant engraftment scores and engraftment scores at 22 dpt was 

assessed. This was also found to be statistically significant with P values less than 0.0001 at 8 

and 10 dpt, and P= 0.0016 at 6 dpt. The goodness of fit was greatest at 10 dpt (R2=0.55) 

compared to R2=0.3 at 6 dpt and R2=0.46 at 8 dpt (Fig. 5.22D). Taken together, the linear 

regression models indicate that early post-transplant imaging scores, particularly in the 

WKM, can be predictive of engraftment at later timepoints.  
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Fig. 5.22 Early post-transplant scores correlate with engraftment score at 22 dpt in cmyb mutant 
recipients.  

cmyb mutant fish were transplanted with 2000 Runx:mCherry+ cells from the WKM Runx:mCherry high or low 
populations or with Runx:mCherry+ cells from the gill of Tg(Runx:mCherry; lyz:GFP) donors along with 105 PB cells 
from WT fish. Recipients were imaged at 3, 6, 8, 10, 15, 22 and 29 dpt, and scored for the abundance of circulating 
cells in their vasculature, Runx:mCherry+ cells in the WKM and the gills. (A-C) Scores from each factor (circulation 
(A), WKM (B) and gill (C)) at 6, 8 and 10 dpt were assessed for correlation with engraftment score (scores from all 
3 factors multiplied together) at 22 dpt. Each individual dot represents one fish. Data pooled from 22 experiments. 
Engraftment score at 22 dpt is plotted on the x axis and scores for each factor individually are plotted on the y axis. 
(D) Correlation of engraftment score at 6, 8 and 10 dpt with engraftment score at 22 dpt. Pearson’s correlation 
coefficient *P < 0.05, **P< 0.01, ***P,0.001. 
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5.4 Summary  

One cmyb mutant fish positive for mpeg1.1:SECFP-YPet transgene was found to possess 

similar numbers of mpeg1.1:SECFP-YPet+ cells as non-mutant sibling fish at 15 dpf. However, 

by 6 wpf, the mutant fish had severely reduced abundance of mpeg1.1:SECFP-YPet+ cells 

compared to non-mutant sibling fish. 

 

Six wpf cmyb mutant fish were capable of regeneration following tail fin amputation. 

Furthermore, their short-term survival was not reduced compared to control cmyb mutants 

that were not subjected to amputation. However, the regeneration of cmyb mutant fish was 

impaired compared to their non-mutant siblings.  

On the other hand, following fin fold amputation of cmyb mutant fish at 3 dpf, no difference 

in neutrophil recruitment or regeneration was detected at 6 or 24 hpa compared to non-

mutant sibling fish.  

 

By assessing circulating cells in the ventral vein, cmyb mutant fish can be identified accurately 

at 6 wpf. Assessing the abundance of circulating cells prior to HCT can reduce the number of 

non-mutant fish transplanted inadvertently. In addition, post-transplant scoring of the cells 

in circulation, abundance of Runx:mCherry+ cells in the WKM and gill can be used to track 

engraftment. Furthermore, multiplying together scores from each factor can be predictive of 

survival at 6 dpt. However, the best predictor for long-term engraftment was found the be the 

score for Runx:mCherry+ cells in the WKM at 6 dpt.  

 

The Runx:mCherry low, FSC med-high population in the WKM of Tg(Runx:mCherry) transgenic 

zebrafish was found to be the most effective at hematopoietic reconstitution and survival 

rescue of 6 wpf cmyb mutant fish following HCT. Furthermore, Runx:mCherry low donor cells 

from the WKM gave rise to Runx:mCherry high cells in the recipient fish. cmyb mutant fish 

transplanted with WKM Runx:mCherry high cells were capable of delayed reconstitution. 

However, survival outcome was not improved. Finally, gill-derived Runx:mCherry+ donor cells 

were capable of increasing cells in circulation but did not lead to full reconstitution or survival 

rescue.  



 Chapter 5 | cmybt25127 Characterisation and Refinement of Hematopoietic Stem Cell Transplantation 

 235 

5.5 Discussion 

The aim of this chapter was to further characterise cmyb mutant fish and ascertain whether 

the mpeg+ macrophage-like cells can be observed after hematopoietic cells from the primitive 

wave of hematopoiesis are exhausted around 20 dpf. This was done with the aim of using cmyb 

mutant Tg(mpeg1.1:SECFP-YPet) zebrafish to study the response of mpeg+ cells to tail fin 

transection. Although this was not possible due to limited success in establishing a line of 

transgenic cmyb mutant fish, the regenerative capacity of cmyb mutant fish following tail fin 

transection was investigated.  

 

Another section of this chapter focused on the refinement of HCT studies using cmyb mutant 

fish with the aim of reducing the number of fish transplanted as a result of error-prone 

screening based on macroscopic observations, which can lead to the transplantation of non-

mutant fish that have not received myeloablative preconditioning. Furthermore, a qualitative 

scoring of post-transplant engraftment was designed to help determine the extent of donor 

cell engraftment in transparent cmyb mutant recipients. Using this scoring system, the long-

term engraftment potential of different Runx:mCherry+ populations identified in Chapter 3 

was assessed and the resulting data was used to determine whether early post-transplant 

scoring could be used to predict long-term survival and engraftment.  

 

5.5.1 Presence of mpeg+ cells in cmyb mutant fish 

Soza-Ried et al. (2010) has previously shown that reduced numbers of l-plastin and spi1 

expressing cells, which likely correspond to macrophages, are present in the head kidney 

region of cmyb mutant fish at 7 wpf. In agreement with Soza-Ried et al., mpeg+ cells were 

identified in 15 dpf and 6 wpf cmyb mutants by microscopy (Fig. 5.1, 5.2). The abundance of 

mpeg+ cells in the 15 dpf cmyb mutant fish was qualitatively similar to the abundance of mpeg+ 

cells observed in non-mutant transgenic fish (Fig. 5.2). This suggests that at this stage, all 

mpeg+ cells present are derived from the primitive wave of hematopoiesis. Soza-Ried et al. 

described leukocytes from the primitive wave as being exhausted by 20 dpf. Therefore, it was 

hypothesized that mpeg+ cells at 15 dpf may be fewer in number in the cmyb mutant compared 

to non-mutant transgenic fish. Although, there was only one cmyb mutant fish positive for 

the mpeg1.1:SECFP-YPet transgene, the fact that there were similar numbers of mpeg+ cells 

in mutant and non-mutant fish suggests that these cells have a long half-life. Indeed, Xu et 
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al. previously showed in cmybhkz3 mutant fish that at 3 wpf, embryonic microglia, derived from 

the primitive wave of hematopoiesis from the RBI, were still present (Xu et al., 2015). This was 

also in agreement with results from Ferrero et al., which found that the microglia in cmyb 

mutant fish were still RBI-derived at 21 dpf. However, Ferrero et al. then described the way in 

which adult microglia were subsequently replaced by cells derived from definitive HSCs by 3 

mpf (Ferrero et al., 2018). This may suggest that most, if not all, macrophage-like cells in older 

cmyb mutant fish may eventually be depleted. Therefore, it was interesting to find mpeg+ cells 

in 6 wpf cmyb mutants. However, the significantly reduced numbers of these cells in cmyb 

mutants compared to non-mutant transgenic fish was in agreement with the findings of 

Ferrero et al. (2018), indicating that tissue-resident macrophages are replaced as zebrafish 

mature. It is, however, interesting to speculate whether the mpeg+ cells observed in 6 wpf 

cmyb mutants may correspond to the ectoderm-derived metaphocytes described by Lin et al. 

(2019). Indeed, the mpeg+ cells observed were likely located in the epidermis of mutant fish, 

as indicated by the presence of these cells in the ventral fin. If this was the case, these cells 

may be expected to remain in cmyb mutant fish long term by self-renewal mechanisms. 

Although Ferrero et al. described the replacement of microglial cells post-transplant in cmyb 

mutant fish by 3 mpf, the metaphocytes identified by Lin et al. appeared to have a different 

ectodermal origin and were found to comprise just 30% of epidermis-resident mpeg+ cells. 

Therefore, the reduction in mpeg+ cells in the cmyb mutant between 15 dpf to 6 wpf may be 

the result of the exhaustion of RBI-derived primitive macrophages, while ectoderm-derived 

metaphocytes may remain.  It would be interesting to investigate this further and ascertain 

whether mpeg+ cells derived from cmyb mutant fish are maintained long term in HCT-rescued 

fish.  To further investigate the composition of mpeg+ cells in HCT-rescued cmyb mutants, 

mpeg1.1:SECFP-YPet+ cmyb mutants could be used as recipients, and Tg(Runx:mChery; 

mpeg:mCherry) zebrafish could be used as donors. This would enable donor HSPCs to be 

isolated and transplanted based on their mCherry expression and FSC/SSC profiles. 

Subsequently, mpeg+ cells derived from donor Runx:mCherry+ HSPCs could be identified by 

morphology with microscopy, in addition to their FSC/SSC profile in flow cytometry (Traver 

et al., 2003).  
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5.5.2 Regeneration of cmyb mutant tail fin following transection 

Previous research indicates that cmyb mutant fish cannot survive past 2-3 dpa following tail 

fin transection (Hess et al., 2013). In contrast, the results in this chapter have shown that 

when cmyb mutant fish are maintained in E2 medium with PS, tail transection does not impact 

the short-term survival of cmyb mutant fish compared to un-manipulated cmyb mutants (Fig. 

5.3C). In addition, maintaining cmyb mutants in this medium, regularly replacing the medium 

approximately 20 minutes after feeding and regularly cleaning the tanks also appears to have 

increased their maximum survival from the previously reported 14 wpf (Hess et al., 2013) to 

over 21 wpf (Fig. 5.3C). This suggests that, with a more intensive care routine and the use of 

E2 medium with antibiotics, it is possible to maintain a healthier population of cmyb mutants. 

This is likely to improve the outcome of any intervention for these highly susceptible 

bloodless fish and, therefore, this refinement in care routine could also reduce the suffering 

experienced by cmyb mutants. 

 

In addition to improved survival, it was also found that cmyb mutant fish were capable of 

regenerating their tail fin tissue following amputation at 6 wpf (Fig. 5.3B). At this stage, cmyb 

mutants are depleted of circulating erythrocytes, monocytes and neutrophils in their 

vasculature (Soza- Ried et al., 2010). However, as discussed earlier, they have a small 

population of remaining mpeg+ cells in the head kidney, thymus (Soza- Ried et al., 2010) and 

skin (Fig. 5.1). Despite the absence of neutrophils in these mutants, they appeared capable of 

responding to injury and initiating regeneration. This finding is in agreement with data from 

Li et al. which evidenced that neutrophils are dispensable in zebrafish fin fold regeneration, 

whereas macrophages play a key role and accelerate epimorphic regeneration (Li et al., 2012). 

In the scope of this thesis, it could not be determined whether the mpeg+ cells that reside in 

6 wpf cmyb mutants were remaining long-lived cells or self-renewing macrophage-like cells 

that either arose during primitive hematopoiesis or were ectoderm-derived methaphocytes 

(Lin et al., 2012). However, remaining mpeg+ cells may be involved in the process of tissue 

regeneration. It is possible that those mpeg+ cells that are present in these fish may be 

recruited to the amputation site by DAMPs, such as hydrogen peroxide, released at the site of 

injury (Niethammer et al., 2009). Although cmyb mutant fish were capable of partial 

regeneration, it is clear that both the rate of tissue regeneration and the total area of 

regeneration was significantly reduced in cmyb mutant fish compared to their non-mutant 
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siblings (Fig. 5.4).  Li et al. also found that fin fold regeneration in embryos can occur with 

delayed dynamics and impaired regeneration in the absence of macrophages, as shown 

through the use of irf8 morphants to knockdown macrophages (Li et al., 2012). The reduced 

rate of regeneration is likely related to the absence of hematopoietic cells, including M1- and 

M2-type macrophages, which are involved in the removal of debris and pathogens (M1) and 

the stimulation of blastemal cell proliferation (M2) (Nguyen-Chi et al., 2015). In agreement 

with the results obtained by Nguyen-Chi et al. following M2 macrophage depletion, cmyb 

mutant fish also exhibited impaired fin fold regeneration. The phenotype of disorganised tail 

fin regeneration was also reported by Petrie et al. following tail fin amputation of adult 

Tg(mpeg:NTR-eYGP) transgenic zebrafish treated with MTZ to deplete macrophages (Petrie et 

al., 2015). To further investigate regeneration in cmyb mutant fish, it would be interesting to 

carry out tail fin injury assays in cmyb mutants carrying an mpeg1.1:SECFP-YPet transgene. 

This would enable the visualisation of the response of mpeg+ cells to injury in vivo. 

Furthermore, it is not known what type of mpeg+ cells are present in cmyb mutants, whether 

they are external antigen-sensing methaphocytes, tissue-resident Langerhans cells, 

classically-activated M1 macrophages or anti-inflammatory M2 macrophages. Crossing 

Tg(mpeg1:mCherry-F; tnfa:eGFP-F) zebrafish to cmyb mutants would allow an investigation of 

whether M1- and M2-type macrophages can be identified in cmyb  mutants (Nguyen-Chi et 

al., 2015).  

 

In contrast to the observations made about tail fin regeneration in 6 wpf cmyb mutants, 

embryonic mutants at 3 dpf were capable of full fin fold regeneration that was 

indistinguishable from non-mutant sibling fish both in terms of area regenerated and 

neutrophil infiltration to the injury site. This was expected because the cmyb mutation 

inhibits the initiation of the definitive wave of hematopoiesis when HSCs are formed, while 

the primitive wave of hematopoiesis is unaffected by the mutation (Soza-Ried et al., 2010). As 

such, 3 dpf cmyb mutant embryos are indistinguishable from their non-mutant siblings until 

the cells of the primitive wave are depleted. Hence, it was hypothesized that their response to 

injury and regenerative capacity would remain un-impaired at this stage.  This is in contrast 

to observations made in cloche mutants which have a primitive hematopoietic defect. In cloche 

mutants, partial regeneration does still occur but is impaired, as evidenced by a significant 
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reduction in the total area regenerated (Hasegawa et al., 2015). This reduction in regeneration 

was linked to increased cell death in the tail and reduced blastema proliferation.  

 

5.5.3 Refined identification of cmyb mutants 

As tail fin transection for cmyb mutant fish was reportedly lethal (Hess et al., 2013), this 

method was not utilised to obtain genetic material to carry out genotyping of mutant fish. 

Instead, phenotypic identification was most commonly carried out to identify cmyb mutants 

for use in experiments, including HCT. Subsequently, once the experiments were concluded, 

tail fin tissue was utilised to confirm the genotype of fish (McBrien, 2017). This method led to 

a number of WT or heterozygous animals being subjected to HCT in the absence of 

myeloablative preconditioning. The number of non-mutant fish transplanted, or being used 

for studies of cmyb mutant phenotype, can be reduced by carrying out BF microscopy to assess 

circulating cells in the vasculature. This method was found to be highly reliable and time 

efficient as it was possible to carry out screening in a matter of seconds, directly before 

commencing with the HCT procedure (Fig. 5.6), thus negating the need for additional 

anaesthesia. If applied more widely by the laboratories interested in studying cmyb mutants, 

particularly if this were to expand, it could be very beneficial to new researchers to ensure 

that cmyb mutants are correctly identified prior to their utilisation in experiments. 

Throughout the course of this thesis, it is estimated that approximately 28 non-mutant fish 

were removed from cmyb mutant experimental groups as a result of this assessment method. 

Given the intensive nature of these experiments for both the recipient fish and the 

experimenter, I believe this is a significant refinement to the procedure. 

 

5.5.4 cmyb HCT refinements and scoring  

Upon refining the identification of cmyb mutant fish at 6 wpf, the next aim was to develop a 

post-transplant scoring system based on a combination of donor-derived fluorescent cells and 

the presence of cells in circulation. Classically, tetramethylrhodamine (TRITC)-conjugated 

dextran has been utilised to assess the success of the transplantation procedure. Conjugated 

fluorescent dextran labels the vasculature by binding endothelial cells and erythrocytes. 

Therefore, when it enters circulation (along with donor cells) following a successful injection, 

the entire vasculature becomes visible when viewed under a fluorescent microscope (Pugach 

et al., 2010). However, due to the long half-life of TRITC-conjugated dextran, it was found to 



 Chapter 5 | cmybt25127 Characterisation and Refinement of Hematopoietic Stem Cell Transplantation 

 240 

interfere with imaging of fluorescent cells in transparent HCT recipients (McBrien, 2017). 

Therefore, dextran-TRITC was not applied in HCT experiments. However, as part of the HCT 

protocol, the FACS-isolated cells are transplanted with PB carrier cells (LeBlanc et al., 2007). 

For the experiments presented in this thesis, 105 PB cells were injected along with donor cells 

in each HCT. Due to the small size of recipient cmyb mutant fish (maximum 1 cm in length), 

and the complete absence of circulating cells prior to transplantation, this quantity of PB cells 

is visible in the vasculature of recipient fish immediately following injection. This provided 

the opportunity to assess the success of the injection procedure based on the presence or 

absence of circulating cells. This could be assessed directly following injection and without 

taking the fish out of anaesthesia, making it minimally disruptive to the fish. Furthermore, it 

was possible to utilise the abundance of circulating cells as a readout for engraftment by 

longitudinal imaging of the same fish (Fig. 5.11). Any detectable increase in the abundance of 

circulating cells over time indicated the engraftment of cells and subsequent proliferation and 

differentiation into erythrocytes. Despite challenges in quantitative enumeration of 

circulating cells, the qualitative scoring has made it possible to determine the extent to which 

the vasculature is populated by circulating cells over time (Fig. 5.7, 5.11). However, utilisation 

of cells in circulation alone as a score for engraftment could be misleading as it could falsely 

indicate engraftment of cells that do not have long-term multilineage reconstitution ability. 

For example, erythroid-primed HSPCs found among the Runx:GFP+ population may increase 

cells in circulation but not lead to successful multilineage reconstitution (Tang et al., 2017). 

As such, other readouts for engraftment, such as qualitative assessments of abundance of 

Runx:mCherry+ cells in the head kidney and gill, were also applied. The head kidney was 

chosen as this was one of the early sites in which engrafting HSPCs were found (McBrien, 

2017). Furthermore, based on experience, it was found that successfully engrafted HCT-

recipient fish consistently had Runx:mCherry+ cells in the head kidney. In addition, the head 

kidney provided a practical location for imaging and the majority of the head kidney was in 

view within a single image acquisition (Fig. 5.9), thereby minimising the size of data 

accumulated.   The abundance of Runx:mCherry+ cells in the gill was also utilised for scoring 

due to the high number of Runx:mCherry+ cells seen during steady-state conditions in 

Tg(Runx:mCherry) transgenic gills (Chapter 3). The results from this suggested that if 

Runx:mCherry+ cells in the gills were HSC-derived, they would also appear in the gill post-
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transplant. This was indeed found to be the case and the first Runx:mCherry+ cells were 

frequently observed in the gills by 6 dpt (Fig. 5.13). 

 

In terms of post-transplant sequence of events, it appears that in fish exhibiting successful 

reconstitution, the head kidney and vasculature were the first to be populated, by 3 dpt, with 

Runx:mCherry+ cells  and circulating cells respectively. This suggests that engraftment of 

Runx:mCherry+ cells, differentiation and proliferation of HSPCs occurs before 3 dpt. However, 

the increase in Runx:mCherry+ cells in the gill took longer to manifest. This suggests that the 

cells in the gill were derived from WKM Runx:mCherry+ cells, but may represent a different 

cell type which takes longer to reconstitute post-transplant.  

 

5.5.5 Identifying the Runx:mCherry+ cell population capable of long-term multilineage 

reconstitution  

By applying the post-transplant scoring system described above and investigating how cells 

in circulation and Runx:mCherry+ cells in the WKM and gill change over time, it was found 

that WKM-derived Runx:mCherry low, FSC mid-high cells possessed the greatest long-term 

multilineage reconstituting potential in cmyb mutants imaged until 29 dpt. This was 

determined by the observation that this population of cells was capable of rapidly increasing 

cell abundance in all three scored locations in cmyb mutant recipients and consistently 

maintained high scores in each until the final imaging time point at 29 dpt (Fig. 5.15). 

Recipients of Runx:mCherry low, FSC mid-high cells had achieved multilineage reconstitution, as 

assessed by flow cytometry, at 21 dpt. These recipients possessed cells from each of the major 

blood cell populations in the WKM, gill and PB, in addition to the presence of Runx:mCherry 
high, Runx:mCherry low  and lyz:GFP+ cells (Fig.5.18). Additionally, long-term survival was only 

increased significantly when transplanting this donor cell population (Fig. 5.17). When WKM-

derived Runx:mCherry high, FSC low cells were transplanted, the average post-transplant scores 

for cells in circulation reached a score of 3 by 15 dpt, compared to 10 dpt with Runx:mCherry 
low, FSC mid-high cells. Although the initial score at 3 dpt was, on average, greater in recipients of 

Runx:mCherry high, FSC low cells, this may have been a reflection of the number of cells that 

entered circulation directly from the injection of donor- and PB-carrier cells. It is possible 

that a lower cell dose may have been injected in recipients of Runx:mCherry low, FSC mid-high 

cells. If this was the case, it would indicate that this population of cells had even greater 
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reconstituting potential. In addition, transplanted Runx:mCherry high, FSC low cells were not 

able to increase the abundance of Runx:mCherry+ cells in the WKM or gills to the same extent 

as Runx:mCherry low, FSC mid-high donor cells (Fig. 5.15). This further supports the hypothesis 

that Runx:mCherry low, FSC mid-high cells have greater HSC purity. The qRT-PCR data from 

Chapter 3 also showed that Runx:mCherry low, FSC mid-high cells had higher transcript levels of 

the key HSC-associated genes cmyb and ckit.  

 

Furthermore, following the conclusion of all experiments reported in this thesis, it was 

reported by Kobayashi et al. that the combination of 2 transgenic markers, Runx:mCherry and 

Gata2a:GFP in Tg(Runx:mCherry; Gata2a:GFP) transgenic zebrafish, to sort HSCs significantly 

increased long-term multilineage reconstitution potential compared to the isolation of 

single-positive Runx:mCherry+ cells (Kobayashi et al., 2019). Interestingly, Runx:mCherry+ 

Gata2a:GFP+ double-positive cells were also SSC low, FSC med, similar to the Runx:mCherry low, 

FSC med-high population identified in this thesis. Therefore, it is possible that Runx:mCherry low 

, FSC med-high cells have an increased HSC purity. However, the Runx:mCherry low population 

identified in this thesis cannot be considered directly equivalent to Runx:mCherry+ 

Gata2a:GFP+ double-positive cells as the selection parameters are not equivalent. 

Furthermore, there are Runx:mCherry high cells that fall within the FSC med precursor gate. The 

finding that HSC-enriched Runx:mCherry+ Gata2a:GFP+ double-positive cells were found 

within the SSC low, FSC med gate is in contrast to the earlier, and widely accepted, hypothesis 

that zebrafish HSCs reside in the SSC low, FSC low lymphocyte compartment, as reported by 

Traver et al. (2003). Furthermore, the data in this chapter indicates that Runx:mCherry high, 

FSC low cells may have lower reconstitution potential than the Runx:mCherry low, FSC med-high 

population of cells when transplanted into cmyb mutant fish. This is further supported by 

results from Kobayashi et al. which demonstrated a complete absence of long-term 

reconstitution potential by Runx:mCherry+ Gata2a:GFP- cells at 16 wpt.  The work by 

Kobayashi et al. also indicated that the Runx:mCherry+ Gata2a:GFP- population is biased 

towards erythroid, myeloid and thrombocyte lineages. This may explain why the 

Runx:mCherry high, FSC low population was capable of reconstitution, with delayed dynamics, 

and why cells in circulation may have transiently increased when gill-derived Runx:mCherry 
high cells were transplanted. Further support for this hypothesis comes from the identification 

of erythroid-primed HSPCs among Runx:GFP+ cells (Tang et al., 2017) and, as demonstrated 
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in Chapter 3, there is almost 100 % overlap between Runx:GFP+ and Runx:mCherry high cells in 

adult zebrafish. Finally, when discussing engraftment and reconstitution from Runx:mCherry 
high cells sorted from gill tissue, it must be noted that cells in circulation cannot be eliminated 

from the gill tissue, which is by its nature highly vascularised. Therefore, any engraftment or 

resultant proliferation could also have come from Runx:mCherry high cells in circulation. This 

may explain the single cmyb mutant recipient that exhibited signs of successful reconstitution 

following HCT of gill-derived donor cells (Fig. 5.17C).  

 

Furthermore, the results of this chapter support the use of an engraftment score, calculated 

either by addition or multiplication of scores together from each of the categories of cells in 

circulation, Runx:mCherry+ cells in the head WKM and in the gill, to provide a valuable 

readout for overall engraftment.  

 

5.5.6 Application of early post-transplant scoring data to predict engraftment and survival 

One of the aims of this chapter was to assess whether imaging data could be utilised to 

accurately predict long-term survival and engraftment. This section builds upon work by 

McBrien (2017) who identified 6 dpt as an important post-transplant time point to assess the 

extent of engraftment. In her work, McBrien was not able to identify a statistically significant 

correlation between survival and either the number of CD41:GFP+ or lyz:dsRed+ cells in the 

head kidney. However, the author described a trend suggesting that the number of each cell 

type in the head kidney at 6 dpt may correlate with survival. The HCT experiments presented 

by McBrien were of non-mutant fish that received sub-lethal IR preconditioning. Therefore, 

it is possible that host immune reconstitution contributed to survival, even when only a small 

number of CD41:GFP+ cells appeared to have engrafted in the head kidney. Furthermore, 

donors and recipients were not immune-matched. Therefore, immune rejection by the host 

cells was also a potential confounding factor.  

 

In contrast, the work presented in this thesis was carried out using cmyb mutant fish, 

incapable of initiating definitive hematopoiesis (Soza-Ried et al., 2010). Consequently, host 

cell reconstitution cannot occur, and steady-state survival is limited to approximately 14 wpf 

(Hess et al., 2013). Therefore, the effect of donor cells on survival could be measured more 

accurately as donor cells are required for long-term survival of cmyb mutant fish. A positive 
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correlation between the number of engrafted cells and survival of recipient fish is expected. 

To investigate this, the score from each factor was correlated with survival, as was a combined 

engraftment score derived by multiplying together the scores from each individual factor. The 

overall engraftment score was determined in this way because if any factor scored 0, then 

successful multilineage reconstitution could not have occurred.  

 

In agreement with the data reported by McBrien (2017), the results of this chapter also suggest 

that 6 dpt is an important time point to predict survival of HCT recipients. When considering 

every HCT carried out, regardless of the donor cell population, the most significant 

correlation was found at 6 dpt using the engraftment score (WKM*circulation*gill; Fig. 5.20). 

However, when gill-derived donor cell HCT recipients were excluded from the linear 

regression models, on the basis that these did not lead to multilineage engraftment, it was 

found that both addition of each score and multiplication of scores lead to statistically 

significant correlation with survival at 6 dpt (Fig. 5.21). Importantly, the early post-transplant 

scores correlated not only with survival but also with engraftment at later time points, 

indicating that early signs of engraftment can be predictive of longer-term engraftment and 

survival. In this regard, the score for Runx:mCherry+ cells in the head kidney between 6-10 

dpt was particularly informative and exhibited the most significant correlation with the 

engraftment score at 22 dpt. Having identified 6 dpt as a key timepoint both in terms of 

predicting survival and engraftment, all subsequent imaging time points could potentially be 

eliminated in future studies. This would further refine the procedure as imaging is conducted 

under anaesthesia and is therefore associated with additional stress and potential suffering 

for the fish. By imaging at 6 dpt and investigating each factor individually, survival and long-

term engraftment can be predicted. Therefore, fish without engraftment may be removed 

from experimental groups using a humane end point, thus reducing the severity of the 

protocol from severe to moderate.  
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Chapter 6 | Final Discussion 

6.1 Significance and key findings 

Zebrafish provide a novel opportunity to investigate factors that impact HCT outcome and 

HSC biology. Despite significant differences in the HSC niche between the WKM in teleost and 

BM in mammals, there are many similarities among the factors that govern hematopoiesis 

between teleost and mammals. Studying the WKM and HSCs in an HCT setting provides a 

unique opportunity to uncover universal and conserved factors regulating HSC maintenance, 

self-renewal, homeostasis and differentiation in vertebrates. The accurate and reliable 

identification of HSCs is key to enable the study of their properties. In this thesis, I sought to 

further characterise, evaluate and refine the HCT model to enable the study of the WKM niche 

and HSCs in the zebrafish. To this end, I dissected and investigated the fluorescent cell 

populations identified in Tg(Runx:mCherry) transgenic donors, assessed their functional 

responses to immune stimuli and their ability to reconstitute bloodless recipients. The utility 

of cmyb mutant fish to investigate non cell-autonomous factors of HSC engraftment was also 

assessed by evaluating steady-state conditions and response to injury and inflammation.   

 

In Chapter 3, a combination of microscopy, flow cytometry and gene transcription analysis 

techniques were applied to investigate the fluorescent protein-expressing cells in the 

Tg(Runx:mCherry) transgenic line and, subsequently, also in the Tg(Runx:GFP) line. 

Microscopy revealed that Runx+ cells arise in the gill around 21 dpf and that the distribution 

of these cells is similar to that of CD41:GFP+ cells. Flow cytometry revealed that, in the WKM, 

runx:mCherry+ cells can be subdivided into Runx:mCherry high and Runx:mCherry low 

populations, and that these possess differential FSC/SSC properties. Furthermore, it was 

found that Runx:GFP+ cells overlap almost entirely and exclusively with Runx:mCherry high but 

not Runx:mCherry low cells. Finally, gene transcription analysis indicated that the 

Runx:mCherry low, FSC med-high population had higher transcript levels of the HSC markers cmyb 

and ckit than Runx:mCherry high, FSC low cells, which were previously described as the HSPC-

containing compartment (Tamplin et al., 2015). 

 

In Chapter 4, the functional characteristics of Runx:mCherry+ populations were assessed 

through antibiotic treatment and immune stimulation with the viral mimetics poly I:C and 
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R848. As a result of OTC antibiotic treatment, a small reduction in the abundance of 

Runx:mCherry low cells was detected in the WKM. The cytokine response to poly I:C was not 

attenuated by the antibiotic treatment. On the other hand, topical application of R848 to the 

gills may lead to a small increase in the abundance of Runx:mCherry+ cells in the gills at both 

3 and 8 hpt. However, as this small change in Runx:mCherry+ cells in the gills was detected by 

confocal microscopy following immune-staining, it was not possible to determine the native 

fluorescence intensity of the cells. Therefore, it is unknown whether Runx:mCherry high or 

Runx:mCherry low cells increased in the gills. Finally, R848 treatment increased transcript 

levels of type I IFNs in cmyb mutant fish, which also possessed detectable levels of mpeg and 

lyz transcripts.  

 

In Chapter 5, the cmyb mutant fish were further characterised and utilised for regenerative 

and HCT studies. Microscopy of transgenic mutant fish revealed that a small number of mpeg+ 

macrophage-like cells were present in 6 wpf cmyb mutant fish. This is in agreement with 

previous work indicating the presence of myeloid but not lymphoid cells in cmyb mutant fish 

(Soza-ried et al.,2010). Interestingly, it was found that, in contrast to previous studies (Hess 

et al., 2013), 6 wpf cmyb mutant fish were capable of tail fin regeneration following 

amputation, and their short term survival was not adversely affected by amputation. HCT 

studies revealed that Runx:mCherry low, FSC high cells have the greatest multilineage 

reconstitution potential and improved the survival outcome of cmyb mutant transplant 

recipients. Finally, this chapter built on the work of McBrien (2017) to develop post-transplant 

scoring to enable the prediction of survival outcome and the extent of engraftment. It was 

found that multiplication of the scores for the cells in circulation, fluorescent cells in the 

WKM and in the gills resulted in the most accurate early predictor of survival outcome. 

However, for longer term engraftment, the most accurate early predictor was found to be the 

score for Runx:mCherry+ cells in the WKM. 

 

6.2 Conclusions and future work 

6.2.1 Identification of the cell populations present within the Runx:mCherry+ fraction in the 

adult zebrafish 

Taking together flow cytometry data, transcription analysis and HCT assays, the results in this 

thesis indicate that isolation of Runx:mCherry low, FSC high cells from the WKM results in a 
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population of cells with significant hematopoietic reconstitution potential. Isolating these 

cells from the total Runx:mCherry+ population appears to lead to a greater purity of HSCs, at 

least in terms of their ability to reconstitute cmyb-/- mutants. This is beneficial as it does not 

require an additional transgenic marker to increase HSC concentration (Kobayashi et al., 

2019). However, the stem cell purity of the Runx:mCherry low, FSC med- high population has not 

been quantitatively assessed by either competitive transplantation or limiting dilution assays 

and, therefore, cannot be directly compared to either the Runx+ gata2a+ cell population 

described by Kobayashi et al. (2019) or the whole Runx:mCherry+ population as assessed by 

Tamplin et al. (2015). Nevertheless, this work has shown that in the cmyb mutant recipient 

transplant model, the Runx:mCherry high FSC low population was less efficient at achieving 

multilineage reconstitution and increasing survival of cmyb mutant fish. Furthermore, the 

Runx:GFP+ population overlapped almost entirely with the Runx:mCherry high population. 

Taken together, this suggests that Runx:GFP+ FSC low cells may also possess reduced capability 

of multilineage reconstitution in cmyb mutant recipients, compared to the Runx:mCherry low, 

FSC high population. However, this does not exclude the ability of Runx:GFP+ cells to 

reconstitute cmyb mutant fish, as WKM-derived Runx:mCherry high donor cells were able to 

contribute  to hematopoiesis in the recipients (Fig.5.16). In addition, Tamplin et al. (2015) also 

demonstrated the long-term multilineage reconstitution potential present within the 

Runx:GFP+ population when transplanted into embryos. This may indicate that the 

reconstitution potential of the populations identified in this project differ depending on the 

recipients. For example, transplantation into cmyb-/- mutant fish may have different 

engraftment dynamics compared to transplantation into embryos or irradiated WT adult fish.  

Nevertheless, the ability of WKM-derived Runx:mCherry high donor cells and, hence, most 

likely also Runx:GFP+ cells,  to contribute to multilineage reconstitution in cmyb mutant 

recipients suggests that these equivalent populations could be used for competitive 

transplant assays as previously suggested by McBrien (2017). This would make it possible to 

investigate the effect of immune stimulation or antibiotic treatment on HSC stem cell fitness 

with an internal control. As a result, fewer animals would be used in HCT assays, and 

simultaneously the statistical power of experiments would be greater. Indeed, similar 

experiments have been carried out in zebrafish using WKM from Tg(b-actin:GFP) and 

RedGlo(DsRed2) donors (Li et al., 2015). 
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6.2.2 Identification of Runx:mCherry high cells in the gills of adult zebrafish 

The identification of Runx:mCherry+ cells in the gills is a particularly interesting and 

unexpected finding. Tamplin et al. describe Runx:mCherry+ cells as a population specifically 

enriched for HSPCs. As such, it was expected that fluorescent Runx:mCherry+ cells would 

reside predominantly in the WKM of adult zebrafish, in addition to a population in circulation. 

Therefore, the finding that a significant population of Runx:mCherry+ cells reside within the 

adult gill was unexpected. One possibility is that Runx:mCherry+ cells label terminally 

differentiated cells of hematopoietic lineage in the gills. Alternatively, HSPCs may be 

recruited to the gill tissue specifically. If this is the case, this would indicate that there is an 

extramedullary HSPC niche in the adult zebrafish gill. Recently, it has been shown that mouse 

lungs host extramedullary hematopoiesis (EMH) in the lung during steady state conditions 

(Lefrançais et al., 2017). The authors found that 50% of platelet production occurred in the 

lung. Thus, the lungs appear to be a site for lineage-biased EMH. Indeed, lineage-biased 

HSPCs appear to be regulated by distinct niches (Pinho et al., 2018). Extraordinarily, 

Lefrançais et al. also found that the lung maintained a reservoir of HSPCs. These HSPCs from 

the mouse lung were capable of migrating out of the lung to reconstitute multilineage 

hematopoiesis in the BM under conditions of thrombocytopenia and stem cell deficiency 

(Lefrançais et al., 2017). The possibility that there may be evolutionary conservation between 

the function of the lung and the gill with regards to hematopoietic potential merits further 

investigation. It is unlikely that the Runx:mCherry+ cells in the gill are of a non-hematopoietic 

lineage as WKM-derived Runx:mCherry+ cells gave rise to Runx:mCherry+ cells in the gill 

post-transplant (Fig. 5.15A & B). While HSPCs isolated from the lung were capable of 

reconstituting the hematopoietic system in mice (Lefrançais et al., 2017), this study found 

that Runx:mCherry+ cells isolated from the gill were not capable of long-term multilineage 

reconstitution of hematopoiesis in the cmyb-/- transplant model. However, there did appear to 

be a short-term increase in the abundance of cells in circulation, at least in some transplants 

(Fig. 5.16A). This may indicate that the Runx:mCherry+ cells present in the gill are lineage-

biased HSPCs. This would be consistent with previous reports which identified erythroid-

primed HSPCs among the Runx:GFP+ population (Tang et al., 2017). Given the closely related 

transcriptional regulation of Runx:mCherry+ and CD41:GFP+ cells (Tang et al., 2017; 

Kobayashi et al., 2019), it is possible that gill-derived Runx:mCherry+ HSPCs also have a 

thrombocyte lineage bias, similar to the platelet biogenesis in the mouse lung. Indeed, runx1 
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is involved in zebrafish thrombocyte development (Sood et al., 2010; Michaud et al., 2002; 

Antony-Debré et al., 2012). This may also explain the similar distributions of Runx:mCherry+ 

and CD41:GFP+ cells identified in the adult zebrafish gill (Fig. 3.18), and would be consistent 

with the findings of Pinho et al. which indicate that lineage-biased HSPCs have distinct niches 

within mammalian BM. It may be that the distinct niche for erythroid and thrombocyte-biased 

HSPCs is located within the gill tissue in zebrafish and other teleost. 

 

On the other hand, if the Runx:mCherry+ cells in the gill represent terminally differentiated 

hematopoietic cells, it is possible that they may be of thrombocyte lineage due to the 

transcriptional overlap identified between the Runx:mCherry+ and CD41:GFP+ populations 

(Tang et al., 2017; Kobayashi et al., 2019). In future work, crossing of Tg(CD41:GFP) and 

Tg(Runx:mCherry) transgenic zebrafish would reveal the extent of overlap or proximity 

between these cell populations in the adult zebrafish, particularly in the gills. If there is 

overlap between CD41:GFP+ and Runx:mCherry+ cells in the gills of adult zebrafish, it would 

be interesting to determine which cells overlap by flow cytometry, and whether there is a clear 

distinction between Runx:mCherry high and  Runx:mCherry low cells overlapping with 

CD41:GFP+ cells. Alternatively, Runx:mCherry+ cells, which arrive and embed in the 

developing gill to coincide approximately with the development of adaptive immunity in the 

zebrafish (Lam et al., 2004; Page et al., 2013; Chi et al., 2018; Trede et al., 2001; Hu et al., 

2010), may represent cells of the adaptive immune system, such as IgZ+ B cells. However, data 

presented by Kobayashi et al. (2019) indicates that Runx+ gata2a- cells are enriched for 

thrombocyte, myeloid and erythroid marker genes, but not lymphoid marker genes. 

 

The delayed dynamics with which Runx:mCherry high cells embed in the gill tissue during 

development bring into question whether the Runx:mCherry high cells in the WKM and in the 

gill are equivalent. It was also found that the Runx:mCherry+ cells may arrive in the gill with 

slightly delayed dynamics compared to their arrival in the WKM following HCT (section 5.3.6; 

Fig. 5.15). This would suggest that those cells which embed in the gill tissue are differentiated 

cells derived from Runx:mCherry HSPCs in the WKM.  
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6.2.3 The immune-modulatory effects of antibiotics  

Although no differences were observed in the abundance of Runx:mCherry+ cells, lyz:GFP+ or 

other hematopoietic cells in the WKM following either longer term or shorter term PS 

treatment of juvenile and adult fish, functional differences in the hematopoietic compartment 

were not investigated following antibiotic treatment. Similarly, following 10 days of high dose 

OTC treatment, only a small change in the abundance of Runx:mCherry+ cells was observed. 

However, the changes in the abundance of cells cannot give an indication regarding either 

their ability to fight infection, or the stem cell fitness of HSPCs. The former could be 

investigated by assessing the cytokine response to inflammatory challenges such as 

application of R848 or poly I:C, or exposure to an infectious agent. It has previously been 

shown that zebrafish exposed to OTC or SMX for 6 weeks exhibited a significantly higher 

mortality 2-4 days following Aeromonas hydrophila exposure (Zhou et al., 2018). Similarly, 

mouse studies found that commensal bacteria were important in ensuring sufficient TLR 

stimulation for effective antiviral responses (Abt et al., 2012; Ichinohe et al., 2011). Abt et al.  

showed that antibiotic treatment resulted in delayed viral clearance, increased mortality and 

impaired immune response to the influenza virus, which was improved by administration of 

poly I:C prior to influenza exposure.  In Chapter 4, the response to poly I:C was investigated 

in the presence and absence of OTC pre-treatment. The results indicated that 10 days of 50 

mg/L OTC treatment did not alter the cytokine response to poly I:C. This may suggest that a 

10-day treatment duration is too short, or the dose too low, to elicit an altered immune 

response. Zhou et al. (2018) also describe a reduction in gut health and a significant decrease 

in the intestinal microbial richness following OTC treatment. Reduced microbial richness and 

diversity have been linked to impaired hematopoiesis in mice (Josefsdottir et al., 2016; Abt et 

al., 2012).  

 

This project found a positive correlation between the abundance of Runx:mCherry+ HSPCs in 

the WKM and bacterial load in the gill, as measured by 16S rRNA. This suggests that the dose 

and regime with which the fish were treated is sufficient to alter the microbial community and 

affect hematopoiesis in the WKM of adult zebrafish, similarly to results in mice (Josefsdottir 

et al., 2016). However, it did not result in an altered immune response to poly I:C. This may 

indicate that zebrafish have mechanisms to compensate for the impact that reduced microbial 
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load may have on hematopoiesis. Alternatively, it may indicate that there is redundant and 

sufficient TLR stimulation despite OTC treatment of the water.  

 

Another factor to take into consideration when discussing the results observed in Chapter 4 

is the anti-inflammatory effect that some antibiotics can have. Anti-inflammatory effects of 

antibiotics have been observed in mammalian cells (Voils et al., 2005; Yamamoto et al., 2016; 

Speer et al., 2018) as well as in fish (Li et al., 2019). For example, in rainbow trout, two-week 

OTC treatment was sufficient to reduce plasma immunoglobulin levels and result in a 

reduction in immune function (Yonar et al.,2012). However, there have been conflicting 

results regarding the immune-modulatory effects of OTC in fish. In contrast to the anti-

inflammatory effect observed in rainbow trout, OTC treatment alone of larval zebrafish led to 

significant increases of neutrophils and increased il1b and mpx transcript levels after just 48 

hours of high-dose treatment (Barros-Becker et al., 2012). In adult zebrafish, 10 days of 50 

mg/L OTC pre-treatment moderately enhanced the ifnphi1 transcriptional response of the 

WKM and the gill to topical gill application of R848 (Wane, 2021). In gilthead sea bream, OTC 

treatment led to a transient increase in the abundance of blood leukocytes including 

neutrophils (Serezlí, 2005). In Nile tilapia, OTC treatment resulted in an increase in cytokine 

transcripts in the gut and liver (Limbu et al., 2018). Given the varied responses that have been 

detected following OTC treatment, as well as the range of species and experimental 

conditions, it is difficult to make comparisons between studies. The aim of this work was to 

investigate the effect that antibiotic treatment has on zebrafish hematopoiesis in steady state 

and to investigate the impact this may have on stem cell fitness of HSCs. In future, studies 

could explore this further by carrying out competitive HCT assays using un-manipulated and 

antibiotic-treated donors and assessing chimerism in the recipient.  

 

6.2.4 Investigating the role of thrombocytes in antiviral immune responses 

Given the interactions identified between neutrophils and megakaryocytes in response to 

TLR7 agonists in mouse and human samples (Koupenova et al., 2014; Jenne et al., 2013), it 

would be interesting to investigate whether the same is true in zebrafish. lysC:DsRed and 

CD41:GFP-expressing transgenic zebrafish could be used to investigate, using confocal 

microscopy, the interactions between neutrophils and thrombocytes following R848 

application to the gills. Utilising a model developed by the Dallman lab to challenge the gill 
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mucosa with R848 (Progatzky et al., 2019), it would be possible to further investigate the 

involvement of thrombocytes in the antiviral immune response and probe the factors 

contributed by these cells to the immune response.  

 

6.2.5 Investigating the impact of immune signalling on HSC engraftment and reconstitution 

Although carrying out transplantation experiments with a range of inflammatory settings was 

beyond the scope of this thesis, there are many interesting questions regarding the impact of 

inflammation on transplantation outcome and HSC behaviour. Previously, McBrien (2017) 

investigated the effect of chronic systemic inflammation induced by repeated poly I:C 

treatment in the donor and recipient on HCT outcome and found that chronic stimulation of 

the donor led to an increased rate of HSPC engraftment in the recipient. In contrast to 

immune stimulation, the OTC treatment regimen described in Chapter 4 could be utilised to 

investigate the engraftment capability of donor cells exposed to OTC. These donors likely 

experience reduced immune signalling as a result of reduced microbial diversity (Josefsdottir 

et al., 2016; Rosado et al., 2019). The finding that Runx:mCherry high cells overlap almost 

entirely with Runx:GFP+ cells makes it possible to utilise these populations for competitive 

HCT assays either in irradiated recipients or in cmyb mutants. The benefit of utilising cmyb 

mutants for the purpose of investigating the effect of inflammation on stem cell fitness is that 

cmyb mutants do not require irradiation or other myeloablative pre-conditioning prior to 

allogenic or xenogeneic HCT (Hess et al., 2013; Hess et al., 2016). Thus, HCT assays into cmyb 

mutants are not compromised by the inflammation induced by myeloablative pre-

conditioning. Further investigation of the interplay between immune signalling and stem cell 

fitness would improve therapeutic application of HSCs by elucidating how the immune 

environment impacts HCT outcome.  

 

6.2.6 Utilising cmyb mutant fish regeneration studies 

The ability of cmyb mutant fish to regenerate their tail fin following amputation with no 

noticeable negative impact on survival, provides a unique opportunity to investigate the non-

hematopoietic factors involved in the coordination of limb regeneration. It may also be 

interesting to investigate the role of the remaining mpeg+ cells in these mutant fish upon tail 

fin amputation. These cells may correspond to metaphocytes, involved in the sampling of 

soluble antigen (Lin et al., 2019), or other long-lived macrophage-like cells derived from 
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primitive hematopoiesis. If the latter is the case, it would be interesting to assess whether 

they are involved in the response to injury. 

 

6.2.7 Utilising bloodless and immune deficient mutant fish for transplantation studies 

As discussed above, cmyb mutant fish do not require IR preconditioning prior to HCT. This 

gives them immense potential for further xenogeneic transplant studies such as those carried 

out by Hess et al. (2016). Through further development of this model, cmyb mutants could be 

utilised in personalised medicine by transplantation of patient cells in order to investigate 

cell abnormalities and responses to therapeutics in vivo. Furthermore, xenograft studies where 

human cells are transplanted into zebrafish (Lee et al., 2005; Rajan et al., 2019), could help to 

obtain a deeper understanding of the similarities and differences between niche factors that 

regulate human and teleost HSCs. A similar model has also been developed by generating T 

cell deficient, transparent zebrafish (Lv et al., 2020). In this model, zebrafish are homozygous 

mutants for Forkhead box N1 (foxn1) as well as mitfa and roy. The former makes the zebrafish 

T cell deficient, which means that irradiation and other myeloablative pre-conditioning is not 

required for HCT, and the latter eliminates pigment cells, thereby making the fish transparent. 

A similar approach was pursued in this project by crossing immune deficient cmyb mutant fish 

onto the tra-/-/nacre-/- background, ensuring that transplanted cells can be visualised in vivo. 

Transparent zebrafish have been utilised for HCT studies for this reason for over a decade 

(White et al., 2008). However, their use in combination with immune deficient mutant lines is 

more recent. In the case of cmyb/ tra/ nacre mutants, there is unfortunately a small trade off. 

The transparency of these small mutants makes visualisation of transplanted cells and their 

progeny readily accessible. However, there is a fitness cost associated with the tra mutation  

in these already vulnerable fish which cannot survive without HCT for more than a few months 

(Soza-Ried et al., 2010).  In contrast, the mutant line generated by Lv et al. (2020) has a 

significantly higher survival rate of 86 % when maintained under antibiotic-supplemented 

conditions. This increased survival is undoubtedly very beneficial. However, in their model, 

transplanted donor cells are still in competition with host HSCs for niche spaces, while the 

cmyb mutants do not possess HSCs or any hematopoietic cells. This means that when cmyb 

mutants undergo HCT, the donor cell contribution to hematopoiesis is expected to be 100 %, 

whereas chimerism is expected in foxn1/capser recipients.  
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In another zebrafish model, runx1w84x mutants are utilised for conditioning-free HCT (Fraint 

et al., 2020). Here, the authors rely on the mutant line first described by Sood et al. (2010). 

These mutants are also unable to initiate the definitive wave of hematopoiesis, rendering 

them blood cell free by approximately 8-12 dpf. Similarly to the cmyb mutant line, runx1 

mutant bloodless fish have empty HSC niches. However, in contrast to cmyb mutants, 

bloodless runx1 mutants do not survive this bloodless phase. As a result, adult bloodless runx1 

mutants cannot be transplanted. Instead, Fraint et al. transplanted runx1 mutants at 2 dpf. 

However, at this early stage, it is impossible to distinguish mutants that will remain bloodless 

from the 20 % of fish which will recover. Thus, in this model, some fish may have chimerism 

between donor and recipient cells as well. Indeed, ≥5 % donor-derived myeloid chimerism was 

considered a successful engraftment (Fraint et al., 2020). Furthermore, the recovery 

phenotype seen in 20 % of mutants means that non-transplanted, sham injected controls are 

required for each experiment. As a result, this significantly increases the number of animals 

undergoing HCT procedures. As the homozygous cmyb mutation is fatal to fish before sexual 

maturity is reached, heterozygous mutant fish must be inbred in order to generate 

homozygous individuals. Therefore, substantial numbers of animals are required for breeding 

purposes to generate homozygous mutants, as is addressed by the authors in their discussion. 

While this issue leads to excessive fish being culled, it may be overcome by breeding HCT-

rescued individuals. Other limitations, such as the need to carry out tail fin amputation for 

genotyping of cmyb mutant fish prior to HCT, can also be overcome. Genotyping may be 

carried out at the end point of an experiment (McBrien, 2017) or by identifying cmyb mutant 

fish through assessment of their vasculature, which is minimally invasive and can be carried 

out directly prior to HCT (Fig. 5.6).  

 

The zebrafish HCT models described above each have benefits and limitations, making each 

differentially suited for addressing different types of research questions. runx1 mutants are 

ideal for high throughput HCT in embryos, while foxn1/casper fish are well suited for 

investigations of normal and malignant hematopoiesis, as well as xenogeneic HCT in adults. 

cmyb mutants are ideal for HCT studies in the absence of host hematopoietic cells. 

Furthermore, the absence of host cells in cmyb mutants makes it possible to track HCT by 

more readily imaging the abundance of cells in circulation, as well as the abundance of 
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fluorescent progeny in the WKM and gill. This makes the cmyb mutants more suitable to study 

early post-transplant behaviours of HSC in adult fish. 

 

The scoring system developed in Chapter 5 may provide a valuable opportunity to reduce the 

severity of HCT protocols by eliminating death as a readout and utilising the scoring system 

to track the success or failure of transplantation in cmyb mutant fish. This will allow us to 

intervene and reduce the suffering of fish that will not survive long term. It was found that a 

snapshot of the of engraftment score at 6 dpt correlated well with the extent of engraftment 

at later timepoints. Thus, in future, fewer imaging time points may be required, reducing the 

need for repeated anaesthesia which is stressful to the fish. Furthermore, the scoring system 

could be applied to investigate the impact of different treatments and immune stimuli on HSC 

reconstitution potential. As a proof of principle experiment, HCT could be carried out ± 

prostaglandin E2 treatment to assess whether early post-transplant scores are significantly 

improved when this treatment is administered, compared to sham-treated controls (North et 

al., 2007). 

 

6.2.8 Limitations and technical challenges when using cmyb mutant fish and impacts on the 3Rs  

When choosing an appropriate model for animal research, it is important to consider the 

limitations of that model as well the impact on animal welfare. Therefore, this next section 

will discuss specific limitations of using cmyb mutant zebrafish, as well as refinements 

developed in this project and their impact on reduction, replacement, and refinement (the 

3Rs) of animal research. Due to the inability of cmyb mutant fish to reach sexual maturity, it 

is necessary to breed heterozygous mutants to obtain 25 % homozygous mutant clutch. This 

means that there is an excess of at least 75 % of fish within each clutch. In addition, it is not 

possible to screen for mutant fish until at least 4 wpf when their vasculature has lost all 

primitive blood cells. While genotyping by fin clipping is possible, and has been shown here 

not to adversely affect the short-term survival of mutant fish, it does add additional stress to 

these vulnerable fish which may therefore impact experimental outcomes. This limitation can 

be overcome by genotyping before 5 dpf. By genotyping at this early stage, heterozygous or 

non-mutant siblings can be humanely culled before the onset of independent feeding and, 

hence, before they are protected under ASPA (1986). Furthermore, as shown in this thesis, fin 

clipping of cmyb mutants at early stages in the presence of primitive hematopoietic cells does 
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not adversely affect regeneration of fin fold tissue. Alternatively, DNA sample collection could 

be carried out using more refined techniques such as skin swabbing, which does not require 

amputation or anaesthesia (Tilley et al., 2020).  

 

In this thesis, cmyb mutants were first identified at 6 wpf by macroscopic differences such as 

their small size and pale complexion compared to heterozygous and non-mutant siblings. 

Subsequently, the vasculature of selected fish was assessed by microscopy using a simple 

dissection light microscope when fish were already under anaesthesia for the HCT procedure. 

This was a refinement as it eliminated the requirement for additional anaesthesia prior to 

HCT.  Subsequently, genotyping was completed at the end point of an experiment. Using this 

method, it is estimated that approximately 28 heterozygous and non-mutant fish were 

removed from HCT groups prior to transplantation. This was considered a significant 

improvement due to the intensive nature of HCT experiments both for the fish and the 

experimenter. 

 

Another limitation when using cmyb mutant fish for HCT is the difficulty of manipulation due 

to their small size. A refinement developed by McBrien (2017) was the use of glass pulled 

needles, a microinjector and micromanipulator instead of a Hamilton syringe to reduce the 

injury site to cmyb mutant fish. However, this HCT method is technically challenging. 

Therefore, it is important to carefully consider whether the use of cmyb mutant fish is the 

most appropriate model for any given experiment. 

 

An important aspect of this project was to refine HCT procedure in cmyb mutant. This has 

been achieved in a number of ways. For example, refined rearing methods have increased the 

maximum survival of unmanipulated cmyb mutant fish from 14 wpf to 21 wpf. This was 

achieved by rearing fish in static tanks supplemented with antibiotics, as well as a weekly 

cleaning routine. The screening methods described above are a refinement as they reduce the 

number of procedures fish are subjected to. Finally, the post-transplant scoring system 

developed in this study has made it possible to track engraftment in individual fish over time. 

This also eliminated the requirement to harvest animals in order to assess the extent of 

engraftment. Using this method, it is expected that fewer animals will be required in order to 

obtain meaningful data. 
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6.3 Wider implications 

Ultimately, zebrafish hematopoiesis is studied with the aim of gaining a better understanding 

of HSC ontogeny and of human hematopoiesis. This is possible due to a large number of 

evolutionarily conserved factors that regulate hematopoiesis in teleost and mammals. 

Therefore, there should be an emphasis on the study of evolutionarily conserved mechanisms 

of HSC maintenance, as opposed to species-specific mechanisms. On the other hand, studying 

species-specific mechanisms could help identify genes or gene products involved in improved 

HSC maintenance in zebrafish. Studying these could help in the further development of HSC 

therapies in humans. By improving the tools available to study HSCs in zebrafish, for example 

by increasing HSC purity within a donor cell population, it will be possible to investigate 

factors influencing interactions between HSCs and their respective niches more specifically.  

This will also help shed light on factors altering HSC biology. Further elucidation of the factors 

that govern HSC maintenance and reconstitution potential will improve our ability to expand 

HSCs ex vivo for therapeutic purposes, thereby reducing the requirement for donor-derived 

HSCs. Ultimately, a better understanding of HSC biology will improve therapeutic uses of 

HSCs in humans. 
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Appendices 

Appendix 1 Seven weeks of low dose PS treatment does not alter major blood cell populations 
in the WKM of juvenile fish. 

Six dpf, transgenic Tg(Runx:mCherry; lyz:GFP), Tg(lck:GFP) and Tg(mpx:GFP) fish were placed into E2 medium ± PS 
(10 U/mL penicillin and 10 µg/mL of streptomycin) and reared in benchtop tanks for 7 weeks. Treatment was 
administered through the addition of 200 mL E2± PS each day, in addition to a weekly change of tanks. For 
schematic representation of experimental set up see Fig. 4.1. Single cell suspensions of WKM were subjected to 
flow cytometry and cell counts/ 17000 live cells were analysed for major blood cell population. Each dot indicates 
1 fish. N= 17-20. Mean and SD shown.  
 
 
 

 
Appendix 2 Seven weeks of low dose PS treatment does not alter length or mass of juvenile fish. 

Six dpf, transgenic Tg(Runx:mCherry; lyz:GFP), Tg(lck:GFP) and Tg(mpx:GFP) fish were placed into E2 medium ± PS 
(10 U/mL penicillin and 10 µg/mL of streptomycin) and reared in benchtop tanks for 7 weeks. Treatment was 
administered through the addition of 200 mL E2± PS each day, in addition to a weekly change of tanks. For 
schematic representation of experimental set up see Fig. 4.1. (A) Mass in grams and (B) length in mm, of zebrafish 
reared on E2± PS. Each dot indicates 1 fish. N= 11-14. Mean and SD shown.  
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Appendix 3 Two weeks of low-dose PS treatment does not alter major blood cell populations in 
the WKM of adult Tg(Runx:mCherry; lyz:GFP) zebrafish. 

Adult transgenic Tg(Runx:mCherry; lyz:GFP) fish were treated in system water ± PS (10 U/mL penicillin and 10 
µg/mL of streptomycin) for 2 weeks. Treatment was administered through the addition of system water ± PS each 
day with 10 % exchange. For schematic representation of experimental set up see Fig. 4.2. Single cell suspensions 
of WKM were subjected to flow cytometry. Major blood cell lineages were analysed as a percentage of live cells. 
Each dot indicates 1 fish. N= 6. Mean and SD are shown. 
 
 
 
 

 
Appendix 4 Ten days of OTC treatment does not alter major blood cell populations in the WKM 
of adult Tg(Runx:mCherry; lyz:GFP) zebrafish. 

Adult transgenic Tg(Runx:mCherry; lyz:GFP) fish were treated in system water ± OTC (50 mg/L) for 10 days. 
Treatment was administered via the daily replacement of all water ± OTC to ensure OTC remained bioactive. For 
schematic representation of experimental set up see Fig. 4.3. Single cell suspensions of WKM were subjected to 
flow cytometry. Major blood cell lineages were analysed as a percentage of live cells. Each dot indicates 1 fish. N= 
16-18. Mean and SD are shown. Data is pooled from 3 independent experimental repeats. 
 


