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The role of chemokine receptor trafficking in regulating neutrophil 

migration to inflammatory sites 

Caroline Gisele Coombs 

Abstract 

Neutrophils are the first immune cells to be recruited to sites of tissue injury or infection. Upon 

detection of an inflammatory stimulus, neutrophils exit the vasculature and migrate directionally 

through the interstitial tissue towards the target site. Once at the target site, neutrophils may either 

focalise and form clusters or may exhibit a more dispersive and exploratory behaviour. Focalisation 

acts to concentrate local neutrophil effector responses but excess clustering can prove detrimental, 

resulting in undesirable tissue damage. Neutrophil dispersal promotes the encounter of alternative 

signals and therefore drives resolution of the response. A fine balance between focalisation and 

exploration must exist to ensure that the inflammatory response is effective but also transient and 

self-resolving.  

Neutrophils are recruited to target sites by gradients of attractant molecules, a major class of which 

is chemokines. Chemokines bind to G-protein coupled receptors (GPCRs) and initiate complex 

intracellular signalling cascades which ultimately result in directional neutrophil migration. Upon 

ligand binding, GPCRs can undergo multiple trafficking fates which may in turn influence sensitivity 

to the gradient. However, the functional significance of receptor trafficking during neutrophil 

responses in vivo remains unknown.  

Here, I address this question using zebrafish Cxcl8a (a homologue of human CXCL8) which signals 

through two G-protein coupled receptors, Cxcr1 and Cxcr2. Through new in vivo biosensors, I show 

that Cxcr1 and Cxcr2 exhibit differential trafficking in response to endogenous gradients. Cxcr1 is 

extensively internalised whilst Cxcr2 is sustained on the cell membrane. Live-imaging of receptor 

knockout neutrophils revealed that Cxcr1 promotes neutrophil clustering at wounds, whilst Cxcr2 

drives dispersal. Through receptor mutagenesis I show that neutrophil dispersal relies on Cxcr1 

internalisation and membrane sustenance of Cxcr2. Thus, I show that differential trafficking of two 

receptors balances the rise and fall of neutrophil inflammatory responses. To my knowledge, this is 

the first study to functionally link receptor dynamics to neutrophil migration behaviour in vivo. 
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Abbreviation Definition 
 

ATP Adenosine triphosphate 
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CHT Caudal hematopoietic tissue 
CXCLxx C-X-C motif chemokine ligand XX 
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C3a Complement component C3a 
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fMLP N-formylmethionine-leucyl-phenylalanine 
G-CSF Granulocyte colony stimulating factor 
GDP Gaunosine diphosphate 
GEF Guanosine nucleotide exchange factor 
GPCR G-protein coupled receptor 
GTP Guanosine triphosphate 
GTPase Guanosine triphosphatase 
Ga, Gb, Gg Guanine nucleotide-binding proteins 
HEK293T Human embryonic kidney 293T cells 
HL-60 cells Human leukaemia cell line 
HSPG Heparin sulphate proteoglycan 
Hpw Hours post wound 
H202 Hydrogen peroxide 
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MMP9 matrix metalloproteinase 9 
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NADPH oxidase Nicotinamide adenine dinucleotide phosphate oxidase  
NETs Neutrophil Extracellular Traps 
NOS Nitric oxide synthase 
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PA Photoactivation 
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PIP3 Phosphatidylinositol (3,4,5)-triphosphate 
PI3K Phosphoionositide-3-kinase 
RNA Ribonucleic acid 
ROS Reactive oxygen species 
rIM Reverse interstitial migration 
rTEM Reverse transendothelial migration 
RT-PCR Reverse transcription polymerase chain reaction 
SEM Standard error of the mean 
sfGFP Superfolder green fluorescent protein 
TNF-a Tumour necrosis factor-a  
VEGF Vascular endothelial growth factor 
WT  Wildtype 
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Transgenic and knockout lines generated during PhD 

Line Name Description 

Tg(lyz:Cxcr1-FT) Transgenic line with neutrophil-specific expression 
of wildtype Cxcr1 receptor (fused to a fluorescent 
timer cassette) in a wildtype cxcr1+/+ genetic 
background.  

Tg(lyz:Cxcr2-FT) Transgenic line with neutrophil-specific expression 
of wildtype Cxcr2-FT receptor (fused to a 
fluorescent timer cassette) in a wildtype cxcr2+/+ 
genetic background. 

Tg(lyz:mCFP) Transgenic line with neutrophil-specific expression 
of membrane CFP.  

Tg(lyz:Cxcr1-FT); cxcr1-/- Transgenic rescue line with neutrophil-specific 
expression of Cxcr1-wildtype receptor (fused to a 
fluorescent timer cassette) in a cxcr1-/- genetic 
background. 

Tg(lyz:Cxcr1_ala-FT); cxcr1-/- Transgenic rescue line with neutrophil-specific 
expression of Cxcr1-alanine mutant receptor (fused 
to a fluorescent timer cassette) in a cxcr1-/- genetic 
background. 

Tg(lyz:Cxcr1_chim-FT); cxcr1-/- Transgenic rescue line with neutrophil-specific 
expression of Cxcr1-chimera mutant receptor 
(fused to a fluorescent timer cassette) in a 
cxcr1-/- genetic background. 

Tg(lyz:Cxcr2-FT); cxcr2-/- Transgenic rescue line with neutrophil specific 
expression of Cxcr2-wildtype receptor (fused to a 
fluorescent timer cassette) in a cxcr2-/- genetic 
background. 

Tg(lyz:Cxcr2_ala-FT); cxcr2-/- Rescue line with neutrophil specific expression of 
Cxcr2-alanine mutant receptor (fused to a 
fluorescent timer cassette) in a cxcr2-/- genetic 
background. 

Tg(lyz:Cxcr2_chim-FT); cxcr2-/- Rescue line with neutrophil specific expression of 
Cxcr2-chimera mutant receptor (fused to a 
fluorescent timer cassette) in a cxcr2-/- genetic 
background. 

cxcr1-/- Cxcr1 receptor knockout line without fluorescent 
neutrophils. Line used for generation of rescue 
transgenic lines.  

cxcr2-/- Cxcr2 receptor knockout line without fluorescent 
neutrophils. Line used for generation of rescue 
transgenic lines.  

Tg(mpx:GFP)i114; cxcr1-/- Cxcr1 receptor knockout line with fluorescent 
neutrophils used for cell-tracking experiments.  
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Tg(mpx:GFP)i114; cxcr2-/- Cxcr2 receptor knockout line with fluorescent 
neutrophils used for cell-tracking experiments.  
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Chapter 1: Introduction 

General overview of introduction 
In this chapter I will begin by introducing the neutrophil and outlining its functional role at target 

sites. Following this, the introduction will focus on the core theme of this thesis, the regulation of 

neutrophil migration during inflammatory responses. For this, I will provide a general introduction 

into the diverse range of chemoattractant cues that guide neutrophil migration, with an emphasis 

on chemokines. I will then extensively discuss the role of these chemoattractants in each distinct 

stage of neutrophil recruitment to target sites. Finally, I will introduce the current understanding of 

how neutrophil responses resolve and will close by summarising the objectives of my thesis, along 

with justification of the zebrafish model. 

 
Subchapter 1.1: Introduction to neutrophils and their 

functions in immune responses 
Neutrophils are the most abundant circulating immune cells in the human body and are typically 

the first to be recruited to sites of infection or injury1. As such, they are at the frontline of the body’s 

defence system and form an essential part of innate immunity. Neutrophils are generated in the 

bone marrow where they develop from a myeloid precursor and undergo several stages of 

maturation from myeloblast, through to promyelocyte, myelocyte, metamylocyte, band cell and 

finally the neutrophil2. Under homeostatic conditions (i.e. in the absence of infection or injury), 

approximately 1011 neutrophils are released from the bone marrow and enter the circulation per 

day, corresponding to a neutrophil blood count in the range of 1.8-7.7 x 109 cell/L3,4. The number 

of mature neutrophils released into the bloodstream must be tightly regulated and requires a delicate 

balance between the rate of production, rate of release from the bone marrow and the rate of 

clearance. Mature neutrophils released from the bone marrow form a ‘circulating pool’ of 

neutrophils in the blood and a ‘marginated pool’ of neutrophils that have prolonged residency in 

specific tissues such as the liver and spleen4. Importantly, during inflammatory responses, the 

production and release into the circulation can be significantly increased up to 10-fold in a process 

termed emergency granulopoiesis4. Upon detection of an inflammatory stimulus, circulating 

neutrophils migrate to the target site where they accumulate in large numbers to exert their effector 

function. The importance of neutrophil recruitment to target sites is reflected in cases of neutrophil 



 
 
 

13 

depletion from the blood (referred to as ‘neutropenia’), which confers severe immunodeficiency 

and susceptibly to recurrent infections5. At the other extreme, excessive neutrophil accumulation 

can result in tissue damage, perpetuating inflammation and is associated with a range of chronic 

inflammatory disorders such as septic shock, rheumatoid arthritis, asthma, chronic obstructive 

pulmonary disease (COPD)6. Thus, it is essential that neutrophil recruitment and accumulation at 

the target site are finely controlled. 

 

1.1.1 Neutrophil Killing Mechanisms 
Neutrophils have an array of highly effective killing mechanisms at their disposal to eliminate 

invading pathogens at target sites including phagocytosis, generation of reactive oxygen species 

(ROS), degranulation and the release of neutrophil extracellular traps (NETs)7. Further to these 

well characterised roles in pathogen clearance, recent evidence points to a more diverse repertoire 

of neutrophil functions with, for example, roles in tissue repair and in the tumour environment8.  

 
Phagocytosis and generation of Reactive Oxygen Species (ROS) 
Neutrophils possess a remarkable capacity to rapidly engulf invading microbes in a process known 

as phagocytosis9. Phagocytosis is facilitated by ‘opsonisation’, in which pathogens are coated with 

complement-derived peptides or immunoglobulins. Upon recognition of opsonised pathogens, 

neutrophils send out membrane pseudopods that engulf and encapsulate the pathogen into an 

intracellular membrane bound vesicle called a phagosome10. Neutrophils can subsequently kill 

encapsulated microbes via the ‘respiratory burst’ (also known as the ‘oxidative burst’), a sequence 

of biochemical reactions that result in the rapid release of highly cytotoxic reactive oxygen species 

(ROS)11,12. These reactions rely on the assembly of a multi-subunit protein complex, nicotinamide 

adenine dinucleotide phosphate oxidase (NADPH oxidase)12. Activated NADPH oxidase on the 

phagosome membrane reduces molecular oxygen to a superoxide anion (O2
-) which spontaneously 

reacts with other molecules to form hydrogen peroxide (H2O2) and free radicals such as hydroxyl 

radicals (HO). A protein called myeloperoxidase (mpx) converts H202 to the potent bactericidal 

oxidant, hypochlorite (HOCl)12. As well as being released intracellularly in the phagosome, ROS 

can also be released extracellularly into the environment to target extracellular pathogens13. The 

importance of the respiratory burst in pathogen killing is highlighted in chronic granulomatous 

disease (CGD) in which defects in any of the NADPH oxidase subunits results in failure to produce 
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enough antimicrobial oxidants12,14. This results in recurrent infections that, in severe cases, can be 

fatal.  

 

Degranulation 
Neutrophils are classed as ‘granulocytes’, as their cytoplasm is rich in granules and secretory 

vesicles containing an arsenal of antimicrobial proteins15. The release of these granules, either 

intracellularly into the phagosome or extracellularly via exocytosis, is referred to as ‘degranulation’ 

and represents a key effector mechanism employed by neutrophils16. Neutrophil granules are 

classified as primary, secondary and tertiary granules, which along with secretory vesicles are 

formed sequentially during neutrophil development. Primary granules, also known as azurophilic 

granules, are rich in myeloperoxidase (encoded by the mpo/mpx gene) which, as mentioned above, 

is crucial for the ‘respiratory burst’. The presence of myeloperoxidase is commonly used as a 

neutrophil marker during neutrophil biology investigative studies. In addition, primary granules 

contain a plethora of other antimicrobial proteins such as elastase, a-defensins and cathepsin C15. 

Secondary granules also known as ‘specific granules’ are rich in lactoferrin, an iron-binding protein 

that can inhibit bacterial growth through nutrient sequestration17. Tertiary granules, also known as 

‘gelatinase granules’, predominantly contain matrix degrading proteins such as matrix 

metalloproteinase 9 (MMP9). Whilst some proteins are heavily enriched or unique to particular 

granules, some are more evenly represented across multiple granules. For example, the 

antimicrobial protein lysozyme, which cleaves bacterial cell wall peptidoglycans, is found in all 

granules. Degranulation also involves exocytosis/release of secretory vesicles which contain serum 

albumin and provide a reservoir of membrane receptors which are required during an inflammatory 

response e.g. Mac-1, FcgIII, fMLP receptor18. During degranulation, receptors are delivered to and 

integrated into the membrane18,15.  

 

Neutrophil extracellular traps (NETs) 
In addition to the well-defined roles of phagocytosis, ROS generation and degranulation, a further 

neutrophil killing mechanism, in the form of neutrophil extracellular traps (NETs), was identified 

more recently in 200419. NETs are web-like structures of de-condensed chromatin mixed with 

histones, antimicrobial proteins and enzymes (such as neutrophil elastase, MPO, cathepsin G etc.) 

derived from neutrophil granules that are released into the extracellular environment7. NETs appear 
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to physically trap the pathogen and localise the antimicrobial agents to spatially restrict effector 

responses19. NETs have also been shown to trap bacteria in the circulation during sepsis20. 

However, as well as their role in defence, the presence of NETs has also been associated with 

autoimmune disease. For example, abnormal regulation of NETs has been linked to pathogenesis 

in systemic lupus erythematosus (SLE)21. SLE is an autoimmune disease characterised by 

overproduction of auto-antibodies against nuclear antigens. It has been suggested that increased 

NET-derived DNA acts as a self-antigen that induces development of auto-antibodies and triggers 

an autoimmune response22.  

 

1.1.2 Unconventional context-specific functions of neutrophils 
Neutrophils in tissue repair and regeneration 
The role of neutrophils in fighting infection is well established23. In the case of sterile injury, the 

general understanding is that neutrophils are recruited to prevent infection of the damaged tissue 

which, being compromised, is more vulnerable to infection. Macrophages, which are typically 

recruited after neutrophils, are well known to play a crucial role in tissue repair and restoration of 

homeostasis24,25. However, recent evidence has shown that in some settings neutrophils can also 

contribute to tissue repair. For example, in a murine model of hepatic injury, neutrophils were 

shown to interact with, dismantle and phagocytose collapsed blood vessels26. This neutrophil-

vessel interaction facilitated vascular regrowth whilst neutrophil depletion led to persistent lesions 

with delayed re-vascularisation of the tissue. These finding are in line with evidence that 

neutrophils can promote angiogenesis during tissue repair. In the context of pancreatic islet 

transplantation, transplants did not re-vascularise in neutropenic mice27. In another study, antibody-

mediated neutrophil depletion inhibited angiogenesis in a murine corneal injury model, with a 90% 

reduction in the length of newly generated blood vessels and area of revascularisation at 5 days 

post-injury compared to control mice28. Here it was suggested that neutrophils mediate 

angiogenesis via the release of vascular endothelial growth factor (VEGF).  

 

Neutrophils in the tumour microenvironment 
The tumour microenvironment consists not only of transformed cancer cells but also stromal cells 

and recruited leukocytes. The role of tumour-associated macrophages has been well studied but 

there is increasing evidence that neutrophils also have important and complex roles in the tumour 
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microenvironment29. Tumour associated neutrophils (TANs) can have pro- or anti- tumour 

roles30,31,32,33.  

 

Pro-tumour 

Neutrophil presence in the tumour microenvironment often correlates with a poor prognosis for the 

patient34,35. The mechanisms by which neutrophils may promote tumour evolution is unclear but is 

a matter of active investigation. One mechanism by which neutrophils may favour tumour growth 

and dissemination is through their effects on angiogenesis. Angiogenesis, the formation of new 

blood vessels, can act to promote tumour growth by enhancing nutrient and oxygen supply. In a 

murine model, Bekes et al. showed that neutrophils in the tumour microenvironment produce 

proMMP-9, a latent form of the protease MMP-936. MMP-9 activates VEGF which promotes 

angiogenesis and re-vascularisation of damaged tissue. This is consistent with a finding in mice, 

where infiltrating neutrophils were found to mediate an angiogenic ‘switch’ in pancreatic islet 

carcinogenesis by promoting angiogenesis through release of MMP9 and the subsequent activation 

of VEGF37. Neutrophils can also promote tumour growth through secretion of chemokines which 

recruit additional pro-tumour cells such as T regulatory cells to the tumour microenvironment38. 

Another recently identified mechanism by which neutrophils can promote tumour growth is 

through metastatic seeding39. In invasive human breast cancer models and murine cancer models, 

neutrophils were found to interact with circulating tumour cells (CTCs), forming so called CTC-

neutrophil clusters39. This interaction supported cell cycle progression of CTC cells, accelerating 

CTC metastatic seeding and conferring a poor prognosis for the patient.  Neutrophil extracellular 

traps have been reported to promote metastasis by trapping circulating tumour cells40.  

 

Anti-tumour 

Neutrophils have also been shown to have anti-tumour roles. This is primarily mediated by the 

direct killing of tumour cells through release of ROS such as hydrogen peroxide41. Recently it was 

shown that neutrophil release of hydrogen peroxide induces a lethal influx of Ca2+ in tumour cells 

via the H202 responsive calcium channel, TRPM242. Monoclonal antibodies that target tumour cells 

are a commonly employed therapeutic strategy used in cancer treatment. Neutrophils possess Fcg 

receptors and are able to recognise tumour bound antibody and can kill tumour cells directly by 

antibody-dependent cell cytotoxicity43. Further to these anti-tumour roles, neutrophils can secrete 

anti-tumour mediators which facilitates recruitment of other immune cells such as T cells. Tumour-
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associated neutrophils can act as antigen presentation cells and can stimulate proliferation of  

tumour-killing T cells44,45.  

  



 
 
 

18 

Subchapter 1.2 Neutrophil guidance cues and GPCRs 
 
1.2.1 Neutrophil chemoattractants 
To initiate their effector functions neutrophils must undergo an extensive migratory journey. This 

journey is guided by groups of biochemically diverse chemoattractant cues46. In sterile injury, in 

which there is no associated infection (e.g. blunt trauma, ischemia-reperfusion injury), neutrophils 

respond to ‘damaged-self’ signals known as damage-associated molecular patterns (DAMPs)47. 

DAMPs are released during necrosis, a cellular death process in which rupturing of the plasma 

membrane results in the release of normally intracellular molecules such as DNA, RNA, ATP, 

mitochondrial derived formylated peptides, heat shock proteins, mitochondrial DNA, high- 

mobility group box 1 protein (HMGB1) and S100 proteins47,48. During infection, neutrophils can 

recognise DAMPs produced through pathogen-induced damage of host cells. Furthermore, 

neutrophils can recognise pathogen-associated molecular patterns (PAMPs), such as 

lipopolysaccharide (LPS) and N-formylmethionine-leucyl-phenylalanine (fMLP). Some DAMPs 

and PAMPs are directly chemotactic and recruit neutrophils by signalling through corresponding 

neutrophil receptors. For example, N-formylated peptides which are derived from degraded 

bacterial or mitochondrial proteins are highly chemotactic and directly recruit neutrophils to target 

sites. Other DAMPs and PAMPs recruit neutrophils indirectly by activating the production of 

further attractants. As such, chemoattractants can be broadly categorised as ‘primary’ and 

‘secondary’ attractants. Primary attractants are released directly, either from damaged endogenous 

cells or invading pathogens, whilst secondary attractants are produced indirectly by local host cells 

in response to tissue injury or infection. Potent neutrophil secondary attractants include the 

complement-activated protein products, C5a and C3a49, as well as eicosanoids such as the lipid 

leukotriene B4 (LTB4)50. A major class of secondary chemoattractants that play a crucial role in 

neutrophil migration is the family of small secreted chemoattractant proteins (8-12 KDa) called 

chemokines51.  

 

Chemokines 
Chemokines are classed into sub-families according to their amino acid sequence, or more 

specifically by the positioning of the first two N-terminal conserved cysteine residues52. 

Accordingly, there are 4 subfamilies: C, CC, CXC and CX3C chemokines. In the CC family, the 



 
 
 

19 

first two cysteine residues are immediately adjacent whilst in the CXC and CX3C the N-terminal 

cysteine residues are separated by one or three amino acids respectively, where X represents any 

other amino acid residue. Chemokines have a highly conserved tertiary structure consisting of three 

anti-parallel b-sheets and a C-terminal a-helix52. The CXC chemokines are further categorised as 

being ELR+ or ELR-, meaning they either contain or lack the glutamic acid-leucine-arginine (ELR) 

amino acid motif before the first cysteine at the N- terminus. Chemokines can be broadly 

categorised as homeostatic chemokines (expressed constitutively) or inflammatory chemokines 

(expression induced by infection/injury).  

 

1.2.2 Chemokines signal through G-protein coupled receptors 

(GPCRs) 
G-protein coupled-receptor structure 
Chemokines signal through G protein coupled receptors (GPCRs). GPCRs are the largest family 

of receptors in eukaryotes with over 800 encoded in the human genome53. All GPCRs share a 

distinctive overall structure consisting of an extracellular N-terminus followed by 7 transmembrane 

a-helices and an intracellular C-terminus54,55. GPCRs transduce external signals to intracellular 

effectors via activation of the membrane-associated guanine nucleotide-binding proteins (G 

proteins) to which they are coupled56,54. 

 

G-protein activation cycle 

GPCR-associated G proteins are heterotrimeric complexes consisting of a Ga subunit and a Gbg 

dimer54. The Ga and Gb subunits are membrane-bound by lipid anchors. Importantly, the Ga 

subunit acts as molecular switch, existing reversibly in either an inactive GDP-bound state or an 

active GTP-bound state. In unstimulated cells, whilst the GPCR is not bound to its cognate ligand, 

Ga is GDP-bound and the G protein heterotrimer is inactive. The binding of an extracellular ligand 

to a GPCR induces a conformational change in the tertiary structure of the receptor such that the 

cytoplasmic region can bind and activate the Ga subunit by facilitating the exchange of GDP for 

GTP 54,57. The binding of GTP causes a conformational change in the Ga subunit such that it 

dissociates from the Gbg dimer. The Ga and Gbg moieties are released and can diffuse laterally in 

the plasma membrane to initiate independent signalling cascades through interaction with different 
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downstream proteins. Owing to its intrinsic GTPase activity, Ga hydrolyses GTP to GDP and Ga 

re-associates with Gbg to its inactive state, thus concluding the cycle.  

 

Signalling pathways activated by chemoattractant receptors 

The Ga and Gbg subunits can initiate independent signalling cascades which drive different 

cellular responses57,58. The current understanding is that the Gbg subunits are responsible for 

initiating signalling cascades that result in chemotaxis. The main signalling pathway involved in 

neutrophil chemotaxis is the PI3K signalling pathway in which Gbg subunits activate 

phosphoinositide-3 kinases (PI3Kg) leading to the generation of phosphatidylinositol-3,4,5 

trisphosphate (PIP3)58,59,60. Accumulation of PIP3 at the front of migrating cells is a hallmark of cell 

polarisation in neutrophils61. This has been visualised in vivo where neutrophil specific expression 

of a PIP3 probe (Pleckstrin homology (PH) domain of protein kinase B (AKT) fused to EGFP) 

revealed that PIP3 distribution was polarised towards the front of the migrating cell61. Interestingly, 

this study found that PIP3 accumulated at the cell front of the cell when neutrophils migrated 

towards and away from the inflammatory loci. Thus, accumulation of PIP3 at the anterior of the 

cell occurs during both random and directed migration of neutrophils. PIP3 activates the small 

GTPase Rac which leads to polymerisation of dynamic filamentous actin (F-actin) to drive 

protrusions at the leading edge, facilitating directed motility. In zebrafish, local photoactivation of 

a genetically encoded photoactivatable small GTPase Rac at the leading edge generated protrusions 

and could induce directed migration. Through photoactivation the neutrophil could be guided and 

redirected at will, as seen in experiments where the migration path of the cell could be manipulated 

to spell out the word ‘RAC’61. Interestingly, when PI3K was inhibited, photo-activation of Rac did 

not lead to directed migration. Instead, protrusions were rescued while anteroposterior polarity was 

not, suggesting that PI3K regulates anteroposterior polarity of stable F-actin. As well as the PI3K 

pathway, the Gbg  subunit can activate the phospholipase CB (PLCB2/3) pathway leading to the 

generation of diacylglycerol (DAG), inositol triphosphate (IP3), release of calcium and activation 

of protein kinase C (PKC), though this is not believed to contribute to chemotaxis62. As is true for 

Ga proteins, there are multiple Gb and Gg proteins, though the role of different dimers remains 

unclear. There are many different combinations of each subunit that can combine to form a wide 

range of different heterodimers which can activate different downstream proteins. The role of the 

Ga subunit is unclear and is discussed more extensively in chapter 5. 
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Subchapter 1.3: Neutrophil trafficking during inflammatory 

responses 
Neutrophil recruitment to target sites relies heavily on chemokine signalling and  involves multiple 

trafficking steps which can be broadly broken down into: mobilisation from the bone marrow, 

extravasation and migration through the interstitial tissue (Fig. 1.1)1.  

 

1.3.1. Mobilisation from the bone marrow 
The bone marrow provides a large reservoir of neutrophils that can be readily mobilised and 

released into the circulation in response to an inflammatory stimulus. Under homeostatic conditions 

(i.e. in the absence of inflammation), neutrophil release from the bone marrow is regulated by the 

chemokine CXCL12, also known as stromal cell derived factor 1a (SDF1a), which is expressed 

constitutively by bone marrow stromal cells and signals through its cognate receptor CXCR4. The 

binding of CXCL12 to CXCR4 expressed on neutrophils promotes their retention in the bone 

marrow whilst CXCR4 down-regulation facilitates release from the bone marrow 63,64,65. Retention 

mediated by the CXCL12/CXCR4 signalling axis is antagonised by CXCR2 which is upregulated 

during maturation66. During inflammatory responses, this balance of signals is shifted to promote 

release from the bone marrow into the circulation. This can result in a rapid and significant increase 

in the number of circulating neutrophils and thus represents an important trafficking step in 

neutrophil recruitment to inflammatory sites.  

 

1.3.2 Extravasation 
Circulating neutrophils must traverse the blood vessel to enter target tissues. This process, termed 

extravasation, involves several well characterised steps which include: tethering, rolling, adhesion, 

crawling and finally, transmigration67,68. The presence of an infection/injury leads to increased 

expression of adhesion molecules such as P-selectin and E-selectin on the blood vessel 

endothelium. Circulating neutrophils bind to these adhesion molecules using surface receptors such 

as P-selectin glycoprotein ligand-1 (PSGL1), which binds endothelial P-selectin. This binding 

leads to tethering of the neutrophil. Tethered neutrophils roll in the direction of the blood flow and 

this rolling increases contact with the endothelium and endothelial-bound chemokines. These 

endothelial chemokines are generated by inflammatory sentinel cells or the endothelium directly 
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and are presented on the luminal side of endothelium. Presented chemokines are immobilised on 

the endothelium by binding negatively charged heparin substrates, which serve as anchors 

preventing chemokine washing away in blood flow and facilitates the formation of intravascular 

gradients. Neutrophil binding of endothelial-bound chemokines (e.g. CXCR2 binding the 

chemokine CXCL8) plays an important role in promoting further adhesion to the endothelium 

through the activation of integrins. Activation of GPCRs results in a conformational change in 

neutrophil integrin receptors which bind extracellular matrix proteins. This conformational change 

increases affinity for ligand (switch from low to high affinity) and facilitates tight adhesion to the 

endothelium e.g. Lymphocyte function-associated antigen 1 (LFA-1) increasing affinity for its 

ligands endothelial intercellular adhesion molecule 1 (ICAM1) and ICAM2. Adherent neutrophils 

crawl to sites of transmigration and can cross the vessel via two routes, migrating either through 

the endothelial cell (transcellularly) or more commonly between endothelial cells 

(paracellularly)69,70,1.  

 

1.3.3 Neutrophil interstitial migration 
Whilst the process of extravasation has been extensively studied and is well characterised, the cues 

and mechanisms governing the subsequent stages of neutrophil migration remain far less 

understood. Following transmigration from the circulation into the interstitial tissue, neutrophils 

adopt a polarised morphology and migrate directionally, following gradients of chemotactic cues, 

towards the target site71. This process, in which cells migrate towards higher concentrations of 

chemoattractant, is broadly termed chemotaxis.  

 

Establishing cell polarity 
Establishment of the initial polarity of a neutrophil can be triggered by an external gradient or can 

be randomly acquired. For example, exposure to an external gradient triggers symmetry breaking, 

typically directed towards the increasing attractant concentration. On the other hand, exposure to a 

uniform attractant triggers symmetry breaking in an arbitrary direction leading to random motion 

(Brownian random walk)72. To migrate, whether directionally or randomly, a cell must establish 

an axis of polarity by forming a distinct cell front (leading edge) and a cell back (uropod). 

Establishment of polarity is important because different cytoskeletal regulators are required to 

generate forward protrusions and contraction at the sides and rear. For example, PIP3, Rac (a Rho 
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GTPase) and dynamic F-actin are characteristically localised at the cell front and promote 

protrusions whilst asymmetric rearward localisation of RhoA (a Rho GTPase), Rho-associated 

coiled-coil containing protein kinase 1 (ROCK), myosin II and stable F-actin promote 

contraction73. 

 

Directional sensing 
A key step in directed migration is the ability of a cell to sense the external chemotactic gradient 

and adjust its axis of polarity accordingly. There are two mechanisms proposed to play a role in 

directional sensing: spatial and temporal sensing74,75. In spatial sensing, a cell compares the number 

of ligand bound receptors across its membrane and polarises in the direction in which this number 

is greatest. In temporal sensing, the cell compares the chemoattractant concentration at different 

time points, i.e. comparing the concentration at position and time X to the concentration at position 

and time Y. Thus, by definition, spatial sensing implies that cells do not need to move to resolve a 

gradient whereas temporal sensing requires them to move to sample the environment. Temporal 

sensing is the directional sensing utilised by bacterial cells which are significantly smaller than 

eukaryotic cells and as such cannot spatially discern gradients across their cell surface76.  

 

Spatial sensing 

Spatial sensing as a directional sensing mechanism is supported by the observation that stationary 

neutrophils extend protrusions when exposed to a gradient77. Furthermore, rounded, latrunculin-

treated neutrophil-like HL-60 cells, show asymmetric PI3K distribution towards an applied fMLP 

gradient78, again suggesting that a spatial sensing mechanism independent of cell movement plays 

a role in directional sensing. However, spatial sensing is complex given sensitivity is not uniform 

across polarised cells (i.e. cells that are already migrating). Instead polarised cells exhibit 

asymmetric sensitivity with the front being more sensitive to attractant than the rear. Therefore, 

polarised cells are more likely to maintain their original direction and gradually turn their leading 

edge towards the gradient. This was shown in HL-60 neutrophil-like cells where placing a 

micropipette releasing chemoattractant at the back of the cell was more likely to trigger a U-turn 

than a 180° reversal in polarity79. Asymmetric sensitivity was also shown in zebrafish neutrophils, 

where photoactivation of Rac was more successful in steering polarised neutrophils when light was 

targeted to the leading edge61. This polarised sensitivity has been shown to depend on cytoskeletal 
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architecture80. Wang et al. used a pharmacological cocktail (JLY) consisting of Jasplakinolide (J), 

Latrunculin B (L) and ROCK inhibitor Y27632 (Y) to block actin dynamics (actin 

assembly/polymerisation and disassembly/depolymerisation) but preserve existing actin 

cytoskeleton architecture80.  This pharmacological cocktail acted to ‘stall’ HL-60 neutrophils. 

Interestingly, ‘stalled’ polarised cells responded to uniform low concentrations of fMLP with an 

asymmetric accumulation of PIP3 at the front of the cell. Thus, the directional response of the cell 

depends on both the external gradient and the polarised architecture of the cytoskeleton. Although 

the established leading edge is relatively more sensitive to chemoattractants, cells can be forced to 

re-polarise by increasing the steepness of the reverse gradient, showing that at least some sensitivity 

is maintained around the entire perimeter80. 

 

Temporal sensing 

Evidence for temporal sensing has been obtained in human neutrophils which were found to adjust 

their direction in response to temporal decreases of uniform chemoattractant (fMLP)81. This is 

further supported by more recent in vitro evidence showing that stable gradients of the 

chemoattractant CXCL12 failed to drive persistent directional migration in neutrophils82. Only 

when the absolute concentration of chemoattractant was constantly rising did cells show persistent 

migration. These results suggest that persistent directed migration depends on sensing a temporal 

increase in absolute concentration of chemoattractant. This suggests that neutrophils can sense they 

are going the ‘wrong’ way when they sense a temporally decreasing uniform chemoattractant.  

 

Thus, compelling evidence exists for both spatial and temporal sensing and it is likely that there is 

a complex interplay between the two sensing mechanisms. Given that it is not trivial to decouple 

temporal and spatial cues, as movement of a cell in a heterogeneous environment also confers a 

temporal difference, the sensing mechanisms driving eukaryotic directed migration are yet to be 

fully deciphered.  

 

Mechanism of interstitial movement 
As is typical for eukaryotic cells, motility in leukocytes is mediated by the cytoskeleton, the 

coordinated movement of which drives motility. Forward protrusions are generated by actin 

polymerisation at the leading edge whilst myosin facilitates tail contraction at the rear83,73. Like all 
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leukocytes, neutrophils exhibit an ‘ameboid’ mode of migration characterised by rapid, adhesion- 

and protease-independent motility83. This contrasts with the ‘mesenchymal’ migration mechanism 

displayed by other eukaryotic cells such as fibroblasts, where migration is slower and is adhesion- 

and protease-dependent84. Furthermore, in fibroblasts, protrusion, adhesion and contraction appear 

to be intricately linked, with leading-edge protrusions generating pulling forces towards the cell 

body83. In contrast, neutrophils protrude without rearward pulling forces and during non-contractile 

phases the cell rear appears to be passively dragged by the protruding cell front suggesting that in 

neutrophils, protrusion and contraction are de-coupled83. As such, neutrophils are said to migrate 

using a ‘flowing and squeezing’ model of migration where protrusive flow of F-actin at the front 

is sufficient to drive forward migration and actomyosin contraction at the rear (uropod) serves to 

squeeze and propel the rigid nucleus through confined regions of the 3D environment83. 

Interestingly, neutrophil interstitial migration does not appear to require integrin-mediated traction 

forces83. Integrins are transmembrane receptors which couple the force of the cytoskeleton to the 

extracellular environment. Whilst integrins have been shown to be indispensable for 2D migration 

in vitro, they are not required for 3D migration in vitro or in vivo83. This discrepancy between in 

vitro and in vivo findings highlights the importance of physiologically relevant systems to study 

neutrophil migration behaviour. 

 

Amplification/swarming 
At the target site neutrophils accumulate and can exhibit a highly co-ordinated, self-organised 

clustering behaviour known as ‘swarming’, named as such due to similarities with the behaviour 

of swarming insects 85,86,87. Swarming is often described in stages, beginning with the arrival of a 

small number of ‘pioneer neutrophils’ which are recruited by the initial signals generated at the 

site88. These pioneer cells then further amplify the response through recruitment of additional 

neutrophils from distal sites in what is called a ‘second wave’ of recruitment88. Neutrophil swarms 

have been observed in vivo in response to both infection and sterile injury85,89. In a murine lymph 

node infection model, neutrophils were shown to form both persistent and transient swarms.  

Transient swarms formed and dispersed over 10-40 minutes and remained small (about 150 

neutrophils) whilst persistent swarms were longer lasting and larger comprising over 300 

neutrophils90. Whilst the signals governing swarming remain largely unknown, Lammerman et al. 

have reported a prominent role for the chemoattractant LTB4 in the recruitment additional cells 
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and the swarming response. Here, in murine ear skin, neutrophils lacking the LTB4 receptor 

displayed normal chemotaxis to a laser-induced focal wound but impaired amplified recruitment 

at later stages and an impaired swarming response86. The physiological role of swarming is not yet 

fully understood. Swarming may act to concentrate cytotoxic function and/or to form a physical 

seal, isolating damaged/infected tissue from healthy tissue and preventing the spread of pathogens. 

For example, in a murine Leishmania infection model, neutrophil swarms appeared to form an 

epidermal ‘plug’ in the hole left by the sand fly proboscis following biting85. However, here 

swarming was also suggested to facilitate dissesmination of infection as neutrophils were found to 

harbour viable parasites and neutrophil depletion promoted productive Leishmania infections.  

 
 
1.3.4 Resolution of neutrophil recruitment 
Whilst neutrophil recruitment is required for the clearance of pathogens and the repair of injured 

tissue, it is essential that neutrophils are cleared from the site after having completed their effector 

function. Excess neutrophil accumulation can be detrimental to the host and is associated with a 

range of chronic inflammatory diseases such as chronic obstructive pulmonary disease, asthma and 

rheumatoid arthritis91,92. Targeting neutrophil recruitment in the context of inflammatory diseases 

is a double-edged sword as it also compromises host defence. For this reason, targeting the 

resolution phase of the neutrophil response is envisaged as a more promising and viable approach 

for therapy of chronic inflammatory disorders. However, this phase of the neutrophil response is 

less understood, in part because of the difficulty in long-term tracking of neutrophils after they 

reach inflammatory loci.   

 
Apoptosis and resolution of inflammation 
Neutrophil apoptosis and subsequent removal by macrophage phagocytosis is thought to play a key 

role in the clearance of neutrophils from the target site93. Apoptosis is a regulated mechanism of 

programmed cell death in which cells undergo characteristic morphological changes, such as 

rounding up, condensation of chromatin, nucleus fragmentation, cytoplasmic vacuolisation, and 

blebbing of the cell membrane leading to so-called ‘apoptotic bodies’94. Importantly, the cell 

membrane remains intact throughout, protecting the host from the release of potentially damaging 

intracellular contents. Thus, apoptosis is distinct from necrosis, another form of cell death in which 

the cell membrane ruptures, releasing intracellular contents. Evidence for apoptosis as a mechanism 
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of neutrophil clearance was first put forward by Newman et al95. In these experiments, they showed 

that macrophages phagocytosed aged human neutrophils but did not phagocytose freshly isolated 

neutrophils, suggesting that neutrophils become susceptible to phagocytosis with increasing age. 

A subsequent study by Savill et al. identified the mechanism underlying this increased 

susceptibility to phagocytosis93. In this study, imaging revealed that aged neutrophils showed 

morphological signs of apoptosis including condensation of chromatin and cytoplasmic 

vacuolisation. Acquisition of apoptotic morphology was temporally correlated with the recognition 

of neutrophils by macrophages, suggesting that apoptosis facilitated their recognition and 

phagocytosis by macrophages. As well as these in vitro studies, there is also evidence of the 

presence of apoptotic neutrophils at inflammatory sites in vivo. For example, macrophage 

engulfment of apoptotic neutrophils was found to contribute to the resolution of inflammation in 

an in vivo rat model of acute pulmonary inflammation96. Here, intra-tracheal administration of LPS 

induced neutrophil recruitment to the lung, with recruitment peaking at 18hrs and decreasing after 

24hrs. The number of apoptotic neutrophils at the site gradually increased, peaking at 24hrs and 

subsequently declined with resolution of the neutrophil response. This temporal correlation 

suggested a role for macrophage clearance of apoptotic cells at inflammatory tissue sites. Whilst 

these studies provide evidence for apoptosis occurring at inflamed sites, the extent to which this 

contributes to the overall resolution of the response remains somewhat unclear. 

 
Reverse migration 
The detection of apoptotic neutrophil corpses at inflammatory sites led to the idea that apoptosis is 

the main mechanism of neutrophil clearance at target sites. However, recently numerous studies 

have provided evidence that neutrophils actively migrate away from the target in a process that has 

been termed ‘reverse migration’. More specifically, this general term can be sub-divided into two 

processes, ‘reverse interstitial migration’ (rIM) in which neutrophils migrate through the interstitial 

tissue away from the target site, and ‘reverse transendothelial migration’ (rTEM) in which 

neutrophils re-enter the vasculature in an abluminal-to-luminal direction.  

 

The idea that neutrophils may be cleared from inflammatory sites via a mechanism other than 

apoptosis was first put forward by Hughes et al. in 199797. Here, in a rat inflamed kidney model, 

apoptosis was shown to be responsible for the clearance of only a small percentage of recruited 

neutrophils (10%) with most neutrophils (over 70%) appearing to leave the glomerulus/inflamed 
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kidney.  However, owing to limitations of the models and tracking tools available at the time, the 

destination of these non-apoptotic neutrophils remained unknown. Reverse transendothelial 

transmigration (rTEM) was first observed in human neutrophils in vitro98. In this study, neutrophils 

that had transmigrated through a TNF-a stimulated endothelial monolayer were found to reappear 

on the top of the monolayer. When compared to naïve circulating neutrophils, these reverse 

transmigrated neutrophils showed a distinct CXCR1low and intercellular adhesion molecule-1high 

(ICAM-1high) surface expression profile. This was not purely a result of activation, as fMLP 

exposed neutrophils did not display this phenotype. Interestingly, the number of neutrophils with 

a reverse transmigrated surface expression phenotype was found to be increased in patients 

suffering from inflammatory disorders such as Atherosclerosis.  

 

More recent studies have been able to go a step further and have tracked the fate of the cells post-

arrival at target sites in vivo. Indeed, both reverse interstitial migration (rIM) and reverse 

transmigration (rTEM) have now been visualised in both the zebrafish and murine model, 

supporting the idea that reverse migration is a conserved mechanism in the resolution of 

inflammation99. Neutrophil rIM was first directly visualised in vivo in the zebrafish, a model 

particularly amenable to imaging/tracking of cells across the whole organism. Here, generation of 

a zebrafish transgenic line in which neutrophils express the fluorescent protein GFP under the 

neutrophil-specific myeloperoxidase promoter, facilitated live-tracking of cells during 

inflammatory responses. Live-imaging revealed that most recruited neutrophils (over 80%) 

migrated away from the site towards the vasculature100. Interestingly, no apoptotic events were 

observed in this study, again supporting the idea that other mechanisms can drive resolution. 

Subsequent studies in zebrafish tracked the fate of neutrophils post-arrival at the wound by utilising 

a genetically encoded photolabelling system in which the photoconvertable protein ‘dendra’ is 

expressed specifically in neutrophils73. Following exposure to 405nm light, Dendra changes from 

emitting green fluorescence to emitting red fluorescence. Thus, photoconversion enables individual 

cells to be tracked throughout the organism over a long period of time. Tracking of photoconverted 

cells revealed that neutrophils display bidirectional migration at the target site, repeatedly 

migrating back and forth between the wound and blood vessel. Furthermore, long-term tracking 

over the period of days revealed that photoconverted neutrophils dispersed to distal non-specific 

sites. High-resolution confocal imaging in a murine inflamed cremaster muscle model  provided 

direct evidence for the ability of neutrophils to perform reverse transendothelial migration (rTEM) 
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and re-enter the vasculature69. In vivo evidence for reverse interstitial migration (rIM) in the mouse 

came from a model of sterile hepatic injury, where neutrophils were shown to depart from the 

injury site by migrating through the interstitial tissue to healthy tissue and/or re-entering the 

vasculature26. Here, consistent with other studies, only 10% of recruited cells were found to be 

apoptotic, again supporting the idea that resolution occurs by another/additional mechanism26. 

Furthermore, depleting macrophage recruitment had no effect on the rate of neutrophil clearance, 

suggesting that mechanisms other than macrophage clearance of apoptotic neutrophil corpses play 

a prominent role in neutrophil clearance from target sites26.  

 

Fate and role of reverse migrated neutrophils 
The fate and role of reverse migrated neutrophils is not well understood. Buckley et al.98 found that 

rTEM neutrophils could not cross a second tumour necrosis factor-a (TNF-a) stimulated EC 

monolayer suggesting that rTEM neutrophils may be unable to re-enter inflamed tissue following 

reverse transmigration. Reverse transmigrated neutrophils were more adherent, with reduced 

filtration rates compared to freshly isolated cells further supporting the idea that rTEM neutrophils 

may not be able to enter secondary tissue sites. In this study, reverse transmigrated neutrophils 

showed an enhanced ability to generate ROS when activated with fMLP, indicating that they are 

primed. Studies in vivo have shown that rTEM neutrophils can be detected in distal organs and that 

the presence of these cells is associated with tissue inflammation/damage at secondary sites69. 

Another in vivo study tested the ability of rTEM neutrophils to mount an effective response to a 

secondary inflammatory stimulus101. Here, following a tail injury, photoconverted neutrophils 

(wound experienced) and naïve (non-wound experienced) neutrophils were tracked responding to 

a secondary Staphylococcus aureus infection. Interestingly, reverse-migrated and naïve neutrophils 

showed no difference in directionality or velocity. Furthermore, reverse migrated cells mounted an 

effective anti-microbial effector response with phagocytosis and ROS production being 

comparable to that of naïve recruited cells. Thus, the responses of reverse-migrated and naïve cells 

to a secondary insult were indistinguishable.  In the mouse, long-term tracking of cell fate revealed 

that reverse migrated neutrophils were found in two other main sites, the lung and the bone 

marrow26.  
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Mechanisms driving reverse interstitial migration 
Reverse migration is still a relatively new concept in the field of neutrophil migration and the 

underlying mechanisms are unclear. Whilst there is evidence that cells can migrate directionally 

away from attractants, e.g. via fugetaxis (meaning ‘to flee’ from) or chemorepulsion (analogous to 

the reverse of chemotaxis)102, the more supported view is that reverse migration occurs via random 

dispersal. Mathematical modelling of neutrophil responses in tail transections has shown that 

reverse migration lacks directionality and instead is achieved via random dispersal103,101,104. Thus, 

random dispersal from the target site seems to be an important mechanism but how cells decide to 

disperse or stay at the target site is unclear but remains an important question.  
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Figure 1.1. Schematic showing neutrophil recruitment and behaviour post-arrival at a tissue 
wound. 1) Neutrophils circulating around the body in the blood stream adhere to the blood vessel 
endothelium and extravasate into the interstitial tissue. 2) Once in the interstitial tissue neutrophils 
follow gradients of chemoattractants and migrate directionally towards the wound. 3) Neutrophils 
can self-amplify their response through secretion of secondary attractants which recruit further 
cells. 4) Neutrophils may perform apoptosis or may actively migrate away from the target site via 
reverse migration. 
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Subchapter 1.4 Model systems to study neutrophil interstitial 

migration 
The overarching aim of this thesis is to understand how chemoattractant interpretation within 

inflammatory sites might change over time to both drive recruitment but enable effective dispersal. 

This question is best addressed in vivo, as it requires the ability to visualize and manipulate the 

behaviour of both neutrophils and their interpretation machinery, i.e. the relevant cell surface 

receptors. Monitoring neutrophil migration in interstitial tissue is difficult owing to experimental 

limitations of available model systems and commonly employed methods lack the required 

spatiotemporal resolution as I will discuss below.  

 
1.4.1 In vitro model systems to study neutrophil migration 
Primary human neutrophils 
There are a range of in vitro and in vivo systems and tools commonly used to study neutrophil 

migration. Arguably, primary human neutrophils represent the ideal model when it comes to 

translating findings to human biology. However, in vitro studies in this system are severely 

restricted due to technical limitations in the manipulation of primary cells. These cells are 

inherently short-lived and spontaneously undergo apoptosis in vitro making them difficult to work 

with. Furthermore, human-derived neutrophils are terminally differentiated and cannot be 

transfected, making genetic manipulation of these cells difficult. Tracking of primary neutrophils 

in vitro is commonly performed using migration chambers and applied chemokine gradients. 

However, migration chambers cannot fully recapitulate the in vivo physiological environment. This 

is particularly limiting when studying reverse migration as the physiological determinants of this 

process are still unclear. Receptor expression in primary cells is usually monitored via antibody 

staining and flow cytometry. Whilst this offers the benefit of directly reflecting endogenous 

receptor levels, it is not compatible with dynamic live imaging and therefore offers very limited 

temporal resolution.  

 

Neutrophil-like cell lines 
Neutrophil-like differentiated cells (such as HL-60 and PBL-985) overcome many of the above 

caveats and therefore represent another popular in vitro model used to study neutrophil 
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biology105,106. A commonly used model is the HL-60 cell line, an immortal human-leukaemia line. 

Neutrophil-like HL-60 cells can be differentiated from HL-60 cells as and when required through 

use of dimethyl sulfoxide (DMSO) or retinoic acid107.  Differentiated HL-60 cells share many 

characteristics of primary human neutrophils and respond to chemotactic stimuli. Furthermore, 

unlike primary human cells, these cells can be transfected and can thus be genetically 

manipulated108. 

  

Human cell lines 
The study of receptor dynamics in response to ligand often involves expression in other cells such 

as HEK293T cells (Human embryonic kidney 293T cells). Such studies are particularly useful for 

understanding receptor biochemistry but in terms of understanding how receptors behave in 

neutrophils, they can be poorly predictive. For example, CXCR1 internalisation was shown to 

require co-expression of G protein-coupled receptor kinases 2 (GRK2) and b-arrestin in HEK293T 

cells109. 

 
1.4.2 In vivo model systems to study neutrophil migration 
The murine model 
As discussed above, a limitation of in vitro studies is that they are unable to fully recapitulate the 

complex endogenous environment. In vivo animal models overcome this caveat. The murine model 

is a popular immunological model system used to study neutrophil biology and, being a mammalian 

model, shares a high degree of homology with human biology. There are knockout lines and 

fluorescent reporter lines readily available in the mouse. For example, LyzM-eGFP mice which 

express eGFP under the neutrophil specific promotor Lyzozyme M have facilitated real-time 

visualisation of neutrophil migration in vivo86. However, in vivo imaging and thus live tracking of 

cell behaviour and dynamics can be limited in the mouse as fluorescent reporters cannot be 

visualised due to the depth of the tissue. As such, imaging and tracking are usually restricted to 

superficial regions such as the ear pinnae or alternatively invasive surgery is employed to access 

the area for imaging86. Ex vivo imaging is also a popular technique e.g. studying migration in 

excised lymph nodes. Recently, advances in imaging techniques such as 2-photon intravital 

microscopy has enabled imaging of neutrophils in deeper tissues in live mice such as in peripheral 

lymphoid organs, though imaging range is undoubtedly still limited86.  
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The zebrafish as a model of vertebrate immunity 
The zebrafish is an ever increasingly popular immunological model system and is ideally suited to 

the study of neutrophil migration110,111. The zebrafish vertebrate immune system draws many 

parallels to the mammalian vertebrate immune system with all major immune cells and molecules 

represented, including neutrophils which develop at 48 hours post fertilisation (hpf)112. Zebrafish 

neutrophils are morphologically and functionally similar to mammalian neutrophils possessing a 

segmented nucleus, a granule rich cytoplasm and are fully competent in effector mechanisms such 

as phagocytosis, the generation of ROS and the release of NETs113,114. This model is particularly 

well suited to studying innate immune processes given that the zebrafish adaptive immune system 

(i.e. T and B cells) does not mature until approximately 4-6 weeks post-fertilisation. Zebrafish are 

genetically tractable enabling the generation of transgenic and mutant lines and their many progeny 

allows for quick genetic screening. Arguably, the primary advantage of the zebrafish as a model is 

that zebrafish larvae are optically transparent and as such are highly amenable to non-invasive live-

imaging. This enables genetically labelled cells and sub-cellular molecules to be tracked in real 

time during inflammatory responses, providing better temporal resolution. Thus, the zebrafish 

provides the ideal model system to study neutrophil migration and receptor dynamics in response 

to in vivo gradients.  
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Subchapter 1.5 The zebrafish Cxcl8/Cxcr1/Cxcr2 axis as a 

model system to study neutrophil interstitial migration 

 
1.5.1 Zebrafish Cxcl8 homologues as a model system 
Zebrafish have two Cxcl8 lineages, Cxcl8a and Cxcl8b  
In humans, a major chemokine involved in neutrophil recruitment to inflammatory sites is 

CXCL8115. Whilst the murine model lacks a CXCL8 homologue, two orthologues referred to as 

Cxcl8a and Cxcl8b, have been characterised in the zebrafish 116,117. The Cxcl8a gene is located on 

zebrafish chromosome 1 and encodes an open reading frame of 288bp, corresponding to a protein 

of 98 amino acids. Cxcl8a is found in all teleosts whilst Cxcl8b is specific to zebrafish and carp. 

The Cxcl8b gene is located on chromosome 7 and encodes a protein of 118 amino acids. Both 

Cxcl8a and Cxcl8b have the four cysteines characteristic of CXC chemokines. However, unlike 

human CXCL8, they both lack the angiogenic ELR motif. Cxcl8a and Cxcl8b show 41.4% 

similarity in protein sequence (Fig. 1.2). Zebrafish Cxcl8a and human CXCL8 show 55% similarity 

in protein sequence (Fig. 1.3a). Zebrafish Cxcl8b and human CXCL8 shows 46% similarity in 

protein sequence (Fig. 1.3b).  

 

 

 

 
Figure 1.2. Cxcl8a and Cxcl8b protein alignment. Pairwise Sequence Alignment using 

EMBOSS needle118. 
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wrap;">########################################
# Program: needle
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# Commandline: needle
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#    -stdout
#    -asequence emboss_needle-I20200108-161326-0730-54124338-p2m.asequence
#    -bsequence emboss_needle-I20200108-161326-0730-54124338-p2m.bsequence
#    -datafile EBLOSUM62
#    -gapopen 10.0
#    -gapextend 0.5
#    -endopen 10.0
#    -endextend 0.5
#    -aformat3 pair
#    -sprotein1
#    -sprotein2
# Align_format: pair
# Report_file: stdout
########################################

#=======================================
#
# Aligned_sequences: 2
# 1: Cxcl8a
# 2: Cxcl8b
# Matrix: EBLOSUM62
# Gap_penalty: 10.0
# Extend_penalty: 0.5
#
# Length: 128
# Identity:      30/128 (23.4%)
# Similarity:    53/128 (41.4%)
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# Score: 104.0
# 
#
#=======================================

Cxcl8a             1 -----MTSKIISVCVIVFLAFLTIIEGMSLRGLAVDP--RCRCIETESR-     42
                          :::.::.:|....|.        :..|.|:.|  ||:||:|.|: 
Cxcl8b             1 MMKLSVSAFMLLICTTALLC--------ANEGEALPPPQRCQCIKTHSKP     42

Cxcl8a            43 RIGK-HIKSVELFPPSPHCKDLEIIATLMTTGQEICLDPSAPWVKKIIDR     91
                     .|.| .:..:::.|...||::.|||||| ..|| |||:|:..||..:.::
Cxcl8b            43 PIPKRQVLGLKVTPAGSHCRNEEIIATL-KKGQ-ICLNPTETWVISLKEK     90

Cxcl8a            92 IIVNRKP---------------------     98
                     ...:...                     
Cxcl8b            91 FAASATKLAATAAPAQTTTTFSTIMTTN    118

#---------------------------------------
#---------------------------------------
</pre></body></html>



 
 
 

36 

 

 

a 

 

 
b 

 
Figure 1.3.  Zebrafish Cxcl8 and human CXCL8 protein alignments. a) zCxcl8a and human 

CXCL8 protein alignment. b) zCxcl8b and human CXCL8 protein alignment. Pairwise Sequence 

Alignment using EMBOSS needle118.  

 

 

Upregulation of Cxcl8a and Cxcl8b expression following inflammatory insult 
Both Cxcl8a and Cxcl8b have been shown to be up-regulated during inflammatory responses, 

including during injury117,119, infection 120 and in the tumour initiating environment121. In a caudal 

fin wound injury model, both chemokines were found to be upregulated119. Interestingly, the 

number of neutrophils recruited to the injury site was significantly reduced following knockdown 

(via morpholino injections) of either Cxcl8a or Cxcl8b, suggesting that the absence of just one of 

the chemokines is sufficient to significantly reduce neutrophil recruitment to caudal tail fin 

transections119. However, it is worth noting that injection of Cxcl8b morpholino (MO) was shown 

to affect Cxcl8a expression, thus a specific role for Cxcl8b versus an indirect role through Cxcl8a 

cannot be ruled out.  Both chemokines were also found to be upregulated in response to S. 
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Typhimorium infection. Here, neutrophil accumulation and pathogen clearance were reduced in 

both Cxcl8a and Cxcl8b morpholino injected larvae, suggesting that both chemokines are important 

in this infection setting122. However, in certain contexts, differences in expression of the two 

chemokine lineages have been reported. For example, a study investigating whether the degree of 

wounding differentially affects expression of Cxcl8a and Cxcl8b found that Cxcl8a is upregulated 

in response to both ‘mild’ and ‘severe’ damage whilst Cxcl8b expression is upregulated in response 

to ‘severe’ damage only. Here, ‘mild’ damage refers an injury model in which the tip of caudal tail 

fin (excluding muscle) is transected, whilst the ‘severe’ damage refers to model in which a more 

extensive region (including muscle) is transected. In this study, injection of a Cxcl8a targeting MO 

significantly reduced neutrophil recruitment to both severe and mild wounds providing evidence 

that this chemokine plays an important role in neutrophil recruitment in both settings. In contrast, 

injection of a Cxcl8b targeting MO decreased recruitment to severe wounds but had no effect on 

recruitment to mild wounds123. Differential expression of the two chemokines has also been 

reported in certain infection settings. Sarris et al. found only Cxcl8a to be induced after non–

pathogenic Escherichia coli (E. coli) infection120. Thus, Cxcl8a appears to be expressed in all 

inflammatory contexts whereas cxcl8b is only expressed under certain conditions. Accordingly, 

studies of neutrophil migration in zebrafish have focused on Cxcl8a.  

 

Cxcl8a forms hypotactic gradients in vivo 
In vivo studies by Sarris et al. revealed that Cxcl8a establishes tissue-bound or ‘haptotactic’ 

gradients by binding extracellular components called heparan sulphate proteoglycans (HSPGs)120. 

This binding was shown to be important for gradient function as neutrophil recruitment was 

severely compromised upon inhibition of chemokine-HSPG binding, as assessed either through 

use of mutant chemokine that did not bind HSPGs or by local HSPG degradation (via heparinase 

treatment). Mutant Cxcl8a defective in binding HSPGs was not detected as a local gradient nor at 

the distal caudal vein plexus, providing further evidence that this chemokine is tissue bound in 

vivo.   

Cxcl8a biases neutrophil directional speed 
Cxcl8a imposes a directional bias on the neutrophil random walk120. Analysis of neutrophil 

trajectories revealed that Cxcl8a does not influence neutrophil turning or persistence but instead 

biases directional speed such that cells move faster when migrating up-gradient (<45° approach 
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angles) and slower movement when migrating down-gradient. The net result of this migration 

response is directionally biased motion towards the source. Furthermore, once at the target source, 

Cxcl8a acts as a ‘break’ on neutrophil movement by triggering local deceleration, further enhancing 

local retention at the site of infection. The molecular mechanisms that influence directional speed 

and thus govern these dynamic migration behaviours remain unknown.  

 
A distinct role for Cxcl8b in mobilising neutrophils into the bloodstream 
Recent work has reported differential roles for Cxcl8a and Cxcl8b in influencing neutrophil 

migration, with Cxcl8b regulating neutrophils entry into circulation. Whilst Cxcl8a MO-injected 

larvae had comparable neutrophils in the circulation to control, Cxcl8b MO had a significantly 

decreased number of neutrophils in the circulation123.  

 
1.5.2 Zebrafish Cxcr1 and Cxcr2 
CXCL8 signals through two receptors, CXCR1 and CXCR2. Orthologues of both receptors have 

been characterised in zebrafish and have been shown to be expressed in zebrafish neutrophils124. 

Zebrafish Cxcr1 and Cxcr2 are located, in tandem, on chromosome 9117. Zebrafish Cxcr1 and 

Cxcr2 show 57% similarity in protein sequence (Fig 1.4). Zebrafish Cxcr1 shares approximately 

58% sequence similarity to human CXCR1 (Fig. 1.5) and zebrafish Cxcr2 shares approximately 

63% sequence similarity to human CXCR2 (EMBOSS needle) (Fig 1.6). Phylogenetic comparison 

of Cxcr1 and Cxcr2 to their mammalian counterparts showed that Cxcr2 is more closely related to 

the mammalian receptors than Cxcr1117.  
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Figure 1.4. Cxcr1 and Cxcr2 protein alignment. Pairwise Sequence Alignment using EMBOSS 

needle118. 
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Figure 1.5. Human CXCR1 and zebrafish Cxcr1 protein alignment. Pairwise Sequence 

Alignment using EMBOSS needle118. 
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Figure 1.6. Human CXCR2 and zebrafish Cxcr2 protein alignment. Pairwise Sequence 

Alignment using EMBOSS needle118. 
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Functional role of Cxcr1 and Cxcr2 signalling  
To date, studies investigating the functional role of Cxcr1 and Cxcr2 in zebrafish have primarily 

utilised morpholino knockdown or pharmacological inhibition approaches. Morpholino 

knockdown of Cxcr2, but not Cxcr1, reduced the number of neutrophils recruited to a P. aeruginosa 

PAK strain otic infection124 and to Cxcl8a that was injected into the otic cavity of zebrafish larvae, 

suggesting that Cxcr2 specifically promotes neutrophil recruitment in these settings. Treatment 

with SB22005, an inhibitor of human CXCR2, suppressed neutrophil accumulation around Cxcl8a-

secreting transplants72 and to PAK otic infections124. This could provide evidence that recruitment 

to Cxcl8a depends on Cxcr2 signalling, assuming the SB22005 specifically inhibits Cxcr2. 

Interestingly, in the same model Cxcr2 signalling was shown to promote long range recruitment of 

cells from the CHT to distal infection sites124. Here, using neutrophils labelled with photo-

convertible Dendra2 protein, CHT-resident neutrophils were photo-converted and the number of 

converted cells that reached a PAK ear infection quantified. SB225002 treatment and injection of 

Cxcr2 targeting MO reduced the number of photo-converted neutrophils recruited to the PAK-

infected ear. Such long-distance effects of Cxcl8a/Cxcr2 signalling are supported by data by Sarris 

et al. 2012, showing that a fluorescently labelled Cxcl8a-mCherry secreted in the head is visible 

on the vasculature as far as the CHT. This suggests Cxcl8a enters the blood and is presented on 

endothelial cells, enabling systemic responses.  
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Subchapter 1.6: Thesis aim 
 
The aim of this thesis is to investigate how receptor trafficking influences chemoattractant 

interpretation at inflammatory sites to generate specific migration behaviours. The chemoattractant 

CXCL8, which signals through CXCR1 and CXCR2, plays an important role in neutrophil 

recruitment to target sites and thus represents an attractive model to address this question. 

Importantly, homologues of CXCL8, CXCR1 and CXCR2 have been identified in the zebrafish. 

This, together with the transparency of the zebrafish model and its amenability to genetic 

manipulation, makes the zebrafish an ideal model system to investigate how chemokine receptor 

dynamics act to influence interstitial migration behaviour in vivo.   
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Chapter 2: Methods 

Zebrafish maintenance and husbandry 
Zebrafish were maintained in accordance with UK Home Office regulations, UK Animals 

(Scientific Procedures) Act 1986. At the Wellcome Sanger Institute, zebrafish were maintained 

under project licence 70/7606, which was reviewed by the Wellcome Trust Sanger Institute Ethical 

Review Committee. At the University of Cambridge (Department of Physiology, Development and 

Neuroscience) zebrafish were maintained under project licence 70/8255, which was reviewed by 

the University Biomedical Services Committee. Zebrafish were bred and maintained under 

standard conditions at 28.5 ±0.5 °C on a 14 hr light: 10 hr dark cycle. Embryos were collected from 

natural spawnings at 4-5 hours post-fertilisation (hpf) and thereafter kept in a temperature 

controlled incubator at 28 °C. Embryos were grown at 28 °C in E3 medium (5mM NaCl, 0.17mM 

KCl, 0.33 mM CaCl2, 0.33mM Mg2SO4, 5 mM HEPES), bleached as described in the Zebrafish 

Book125 and then kept in E3 medium supplemented with 0.3 µg/ml of methylene blue and 0.003% 

1-phenyl-2-thiourea (Sigma-Aldrich) to prevent melanin synthesis. For live-imaging of neutrophils 

expressing fluorescent receptors, methylene blue was omitted from E3 medium to minimise tissue 

autofluorescence.  

 

Generation and screening of cxcr1 and cxcr2 knockout zebrafish lines 
Zebrafish carrying the mutant alleles cxcr1sa14414 (cxcr1 is otherwise annotated as si:ch73-54b5.2) 

and cxcr2sa6118 were generated in the Zebrafish Mutation Project and subsequently maintained at 

the Wellcome Trust Sanger Institute through natural matings and in vitro fertilisation using frozen 

sperm as previously published126. Heterozygous cxcr1sa14414 (cxcr1+/-) and cxcr2sa6118 (cxcr2+/-) 

embryos were transferred to University of Cambridge (PDN) for further screening and 

maintenance. For genotyping, cxcr1sa14414 and cxcr2sa6118 fish were anaesthetised in fish water 

containing 200 µg/ml tricaine and tissue samples were obtained via fin clipping. DNA was 

extracted using a ThermoScientific Phire Tissue Direct PCR Master Mix. Fish were genotyped 

using KASP genotyping chemistry126, using two allele-specific primers and a common reverse 

primer synthesised by LGC. For cxcr1sa14414 primers were as follows, primer_alleleFAM:  

AGTGAGAGCACTAAACCCAAAACC, primer_alleleHEX: 

CAGTGAGAGCACTAAACCCAAAACT, primer_common: 
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GTGGAGTCGCKTGCGGATTAGTTT.  For cxcr2sa6118, primers were as follows, 

primer_alleleFAM: ATCTGATTGGGTTTGTGTGTGCGTT, primer_alleleHEX: 

ATCTGATTGGGTTTGTGTGTGCGTA, primer_common: 

GGTGCACCATAACCGGAAGAGATAA. KASP genotyping assays were conducted according 

to the manufacturer’s instructions (https://www.lgcgroup.com/products/kasp-genotyping-

chemistry/#.W036CxjMzXQ). Briefly, 100 ng samples of extracted DNA were loaded onto a 384-

well PCR plate and left to dry overnight. KASP assays were assembled as follows: 2.5 µl, 0.07 µl 

primer mix and 2.43 µl water. Plates were read on a Roche LC480 LightCycler VII and genotypes 

were assigned to samples using cluster analysis. Fish screened positive for the desired mutation 

were outcrossed to a Tg(mpx:GFP)i114 transgenic line127 in order to visualize neutrophils during 

microscopy. Outcrosses were repeated to progressively remove additional mutations carried by the 

cxcr1 and cxcr2 mutant fish, followed by incrosses to generate ‘clean’ Tg(mpx:GFP)i114; 

cxcr1sa14414/sa14414 and Tg(mpx:GFP)i114; cxcr2sa6118/sa6118 homozygous knockout lines. 

Homozygous cxcr1-/- and cxcr2-/- mutant fish lines with non-fluorescent neutrophils (screened 

negative for GFP during the crossing process) were used for generating rescue lines.  

 

DNA constructs 
cDNA for zebrafish Cxcr1 (Entrez ID: 797181; Ensembl gene: ENSDARG00000052088) and 

Cxcr2 (Entrez ID: 796724; Ensembl gene: ENSDARG00000054975) was fused to a fluorescent 

timer cassette as described in Dona et al. 2013128 and cloned into a pCS2+ vector for mRNA 

production or a Tol2 backbone vector carrying a Lysozyme C promoter129 using KpnI-MfeI sites. 

pCS2+-ECFP was made by overlapping PCR. pCMV-Cxcl8a-mCherry was cloned previously by 

overlapping PCR120. mCFP (membrane ECFP) was amplified by PCR from the Clontech vector 

‘p-ECFP-Mem’ (cat no: 6918-1) and cloned into the Tol2-lyz vector using KpnI-MfeI sites. For 

generation of mutant receptors, the Cxcr1 or Cxcr2 ORF was inputted into TMpred. a programme 

which predicts membrane-spanning regions of proteins based on statistical analysis of the TMbase 

database of naturally occurring transmembrane proteins. The C-terminus was taken as the sequence 

following the final of the seven predicted transmembrane domains. The Cxcr1 C-terminus was thus 

assigned as the final 42 amino acid region (324à 364 inclusive) (see C-terminus sequence). The 

C-terminus of Cxcr2 was assigned as the 45 amino acid region (297à340). All mutant receptors 

(excluding Cxcr2-ala) were generated by overlapping PCR. Overlapping primers used for Cxcr1-



 
 
 

46 

trunc mutant: Fw: GGAGAGAAGTTCAGACGGAGGGACCCAGCTTTCTTGTACAAAGTGG 

and Rv:  CCACTTTGTACAAGAAAGCTGGGTCCCTCCGTCTGAACTTCTCTCC. 

Overlapping primers used for Cxcr1-ser mutant: Fw: 

AGTTGCTCCACAGGAAGGGAGTTCTGGAGCGGTTCGACCCAGCTTTCTTGTACAAAG

TGG and Rv: CCACTTTGTACAAGAAAGCTGGGTCGAACCGCTCCAGAACTCCCTT.  

Overlapping primers used for Cxcr1-ala mutant: Fw: 

CGCAGAGGTCCCTGCGGCGTTTCTGGACCCAGCTTTCTTGTACAAAGTGG and Rv: 

CAGAAACGCCGCAGGGACCTCTGCGGTCAGAGCAGCTGCCTTGGCGGCTTTAGCAA

GCGCGAACCGCTCCAGAACTCCCTT. Overlapping primers used for Cxcr1-chim-FT mutant: 

Fw: CGTCGGAGAGAAGTTCAGACGGAGGCGTAACCAGTTGCTGATTTCTCTC and Rv: 

GAGAGAAATCAGCAACTGGTTACGCCTCCGTCTGAACTTCTCTCC. Overlapping primers 

used for Cxcr2-chim mutant: Fw: 

CCATCCTGTACGCCTTCATCGGGAAGAAATTTTTTCTGCAGTTGCTCCACAGGAAGG

GAG and Rv: 

CTCCCTTCCTGTGGAGCAACTGCAGAAAAAATTTCTTCCCGATGAAGGCGTACAGGA

TGG. The Cxcr2-ala mutant was made by synthesis of the segment carrying the mutations 

(Genewiz) and this segment was cloned into the pCS2+-Cxcr2-FT construct using NheI and Bsu36I 

and further subcloned into the Tol2-lyz vector using Kpn-Bsu36I. Some of the mutant constructs 

were cloned into pCS2+ vector for mRNA production and all mutant constructs were cloned into 

the Tol2-Lyz backbone vector for transgenesis using the Fw 

GGGGGGGGGTACCGCCACCATGATGACTGATCCAAACAGCTCTAA and Rv 

GGGGGGGCAATTGTCTAGAGGCTCGAGTTAACCGGTGCTGCCCTTG. A pCS2+ plasmid 

containing Cxcl8a cDNA (XM_001342570)120 was used for in vitro transcription. 

 

Chemokine and chemokine receptor internalisation assays in early embryos 
For mRNA production, the pCS2+ plasmids containing the Cxcr1/2-wt, Cxcr1-trunc, Cxcr1-ser, 

Cxcr1-ala, mCFP and Cxcl8a constructs were linearised and transcribed with an SP6 message 

machine kit (Ambion) followed by polyA addition (Ambion). 100 pg of receptor-FT or mCFP was 

injected into the cell body of one-cell stage embryos. In some cases, 150 pg (or 30 pg for Cxcr1-

ala) Cxcl8a mRNA or 30 pg Cxcl8-ECFP mRNA was co-injected. Injected embryos were stored 

in petri dishes at 28 °C and imaged at about 8 hpf. For imaging, embryos were de-chorionated 
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using forceps and mounted on glass bottomed microwell dishes (MatTek) in 0.8% low melting 

point agarose covered with 2 ml E3. Embryos were imaged on an inverted Olympus Fluoview 

FV1000 confocal microscope and z-stacks were acquired using a 40x/1.25 NA silicon objective 

(Olympus). The mCFP, sfGFP and tagRFP were visualised using 480 nm, 488 nm and 559 nm 

excitation wavelengths respectively. Temperature was maintained at 28 °C throughout experiments 

using a digital temperature regulator (Biotronix Temperature Controller). Internalisation of 

receptors in gastrulating embryos was quantified in Fiji. For analysis, a binary membrane mask 

was made using the cyan channel of the mCFP control by thresholding. This mask was then applied 

to all three channels (sfGFP, tagRFP and mCFP) using the image calculator. Ratios of masked 

images were normalised to the corresponding ratios of the unmasked images. This normalised 

variation in expression levels across different embryos and allowed pooling of ratios from different 

samples.  

 

Generation of transgenic zebrafish lines  
1 nl solution containing 12.5 ng/µl Tol2 DNA construct and 17.5 ng/µl transposase mRNA was 

injected into the cell body of one-cell stage embryos (either in wild type AB embryos or cxcr1-/- or 

cxcr2-/- (GFP-negative) embryos for rescue lines). Transposase mRNA was synthesised from 

pCS2-TP130 by in vitro transcription (SP6 message machine, Ambion). Injected embryos were 

stored at 28 °C until 5 dpf and thereafter were raised in the fish nursery according to standard 

rearing protocols. At 3 months old, G0 Tg(lyz:Cxcr1-FT) and Tg(lyz:Cxcr2-FT) fish were 

outcrossed to a wildtype (TL) line in order to screen for germline transgenesis. G0 Tg(lyz:Cxcr1-

FT) and Tg(lyz:Cxcr2-FT) and all mutant lines were outcrossed to knockout lines. Offspring were 

kept as separate sub-strains due to differences in expression of the transgenic cassette used. F0 to 

F3 embryos were used for live imaging. 

 

Ventral fin wounds 
Larvae at 3 dpf were anaesthetised with 200 µg/ml tricaine and wounded in the ventral fin using a 

sterile surgical scalpel blade124 (Swann-Morton, 23). In some cases, 30 nM of LTB4 (Sigma) was 

added in E3 for 30 minutes, transferred to E3 medium (supplemented with tricaine) and wounded 

using a sterile blade as previously described124. In some cases, 1-2 nl of 1 mM solution of YM-
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254890 (Wako Chemicals) or FR900359 (prepared as previously described131) or equivalent 

DMSO dilution was injected in the duct of Cuvier 10 min prior to wounding 

 

Bacterial ear infections 
5 µl of CFP-or Crimson-expressing fluorescent K12 E.coli were cultured overnight in 2 ml of LB 

broth (Sigma-Aldrich) supplemented with 100µg/ml ampicillin at 37 °C. 100 µl of the overnight 

bacterial culture was pelleted by centrifugation (5000 rpm for 7 minutes). The pellet was re-

suspended in 40 µl sterile PBS and 10 µl phenol red and kept on ice. 3 dpf larvae were anaesthetised 

by immersion in 200 µg/ml tricaine (Sigma) and positioned with their ventral side against the 

vertical walls of an injection plate. Larvae were then injected into the left otic cavity with CFP- or 

crimson- marked E.coli at a pressure of 20 p.s.i and an injection time of 20 ms.  

Morpholino knockdown  
A previously validated morpholino targeting the ATG region of cxcr2 

(ACTCTGTAGTAGCAGTTTCCATGTT) was injected into the yolk of cxcr1-/-/ Tg(mpx:GFP)i114 

embryos (3nl of 100 µM solution). For Cxcl8a knockdown, morpholino oligonucleotides (Gene 

Tools) were injected in the yolk of one-cell stage embryos. A cxcl8a splice-blocking morpholino 

5’-ATTTATGCTTACTTGACAATGATC-3’ (12 ng) was used in combination with a cxcl8a 

translation-blocking morpholino 5’-TTTGCTGGTCATTTTGCCTAAGTGA-3’ (9 ng)72. For 

genotyping the splice-blocking morpholinos (genotyping conducted by Hazel Walker), RNA was 

prepared from pools of 10 injected or non-injected 3 dpf larvae using the RNeasy Mini Kit 

(Qiagen). cDNA was prepared using M-MLV reverse transcriptase (Invitrogen) and used for RT-

PCR. The following primers were used: cxcl8a forward: 5’-GCCACCTTGATGACAACTGGA-

3’, cxcl8a reverse: 5’-TGTCTGACGTATGAACATCATCAAAC–3’. The following primers were 

used for the housekeeping gene: ef1a forward: 5- GCTGATCGTTGGAGTCAACA-3’, ef1a 

reverse: 5’-ACAGACTTGACCTCAGTGGT-3’. For comparison of cxcl8a expression levels in 

wounded versus unwounded larvae, 3dpf larvae were wounded in the ventral fin and RNA was 

extracted from pools of 10 larvae at 30 minutes and 1.5 hours post wound. The following primers 

were used for RT-PCR: cxcl8a forward: 5’- ATGAGCTTGAGAGGTCTGGC-3’ cxcl8a reverse: 

5’- GTGATCCGGGCATTCATGG.  
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Live imaging of zebrafish neutrophils 
Wounded fish were mounted immediately after ventral fin wound onto a glass-bottom plate in 1% 

low melting agarose (Invitrogen) or a custom-built coverslip chamber (for when using an upright 

scope). Agarose-embedded embryos were covered with 2 ml E3 medium (supplemented with 

tricaine) and imaged either on i) an inverted PerkinElmer Spinning Disk UltraVIEW ERS, 

Olympus IX81 spinning disk confocal microscope with a 20x/0.45 NA air objective (Olympus), or 

30x/ NA silicon (Olympus) or 40x/1.25 NA silicon objective (Olympus) and 405nm for CFP 

excitation, 488 nm for GFP excitation and 561 nm for tagRFP or mCherry excitation, or ii) an 

upright Nikon E1000 microscope coupled to a Yokogawa CSU10 spinning disc confocal scanner 

unit with a 20x/0.75 NA air objective (Nikon) or 10x/0.5 NA air objective (Nikon) and illuminated 

using a Spectral Applied Research LMM5 laser module (491 nm for GFP excitation; 561 nm for 

tagRFP or mCherry excitation). Confocal stacks using a 2 µm z spacing were acquired every 30 

sec. Laser wounding of parabiotic fish and live imaging was performed on a two-photon scanning 

microscope (LaVision Biotec TriM Scope II). A tunable ultrafast laser (Insight DeepSee, 

SpectraPhysics) was tuned to 930 nm and the laser power adjusted to approximately 500 mW. A 

square region of interest (ROI) of ~40 µm in width was defined in one focal plane followed by 

single laser scan across the ROI at a pixel spacing of 240 nm and dwell time of 13 µs. Confocal 

stacks were acquired using a 25x/1.05 NA water-dipping lens. GFP was imaged with 930 nm and 

DsRed was imaged with a 1040 nm line.  

 

In vivo Cxcl8a response assay  
HEK293T cells were cultured in DMEM (Invitrogen) containing 10% FBS (Gibco ThermoFisher 

Scientific) and 1% Penicillin/Streptomycin (Sigma). HEK293T cells were transfected with Cxcl8a-

mcherry using Lipofectamine-2000 (Invitrogen). Transfected cells were incubated at 37 0C (with 

5% CO2) overnight, harvested the following morning and re-suspended in DPBS (Invitrogen) at a 

density of 30x106/ml. Cells were transplanted above the yolk as previously described8 into 48 hpf 

wildtype/Tg(mpx:GFP)i114, cxcr1-/-/ Tg(mpx:GFP)i114 or cxcr2-/-/ Tg(mpx:GFP)i114 larave. 

Transplanted larvae were incubated in E3 medium containing PTU (1-phenyl-2-thiouria) at 34 0C 

overnight. 18-24 hr post-transplantation, larvae were used for imaging and temperature was 

maintained at 32-35 0C using a built heated chamber (for the upright scope) or a heated stage (for 

the inverted scope). The on/off analysis was done by measuring the number of neutrophils in 
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contact with a Cxcl8a-secreting HEK293 cell and divided by the total number of cells in the field 

of view averaged across three time points. 

 

Optogenetic chemokine release assay 
HEK293T cells were transfected with Cxcl8a-YFP-2xUVR8 and were incubated at 37 0C (with 5% 

C02) overnight, harvested and transplanted into 2 dpf larvae as described above. Transplanted 

larvae were kept overnight at 32 0C in E3 medium. Larvae were mounted on 35 mm dishes in 1% 

low melting point agarose covered with E3 medium supplemented with 0.16 mg/mL tricaine 

(sigma) and imaged at approximately 15 hours post-transplantation. For UVR8 photo-activation 

larvae were exposed to a UVB source at a distance of 7 cm for 60 seconds.  

 

Generation of parabiotic larvae 
Tg(lyz:Dsred)nz50 were crossed to an Tg(Ath5:gapGFP)132 transgenic line in which GFP is 

expressed in the retina. This enabled identification of wild type fish in the parabiosis embryos.  

Tg(mpx:gfp)/cxcr1-/- embryos were fused to Tg(lyz:Dsred)nz50 as previously described133. Briefly,  

embryos were manually dechorionated at the 256-cell stage using forceps and transferred to 4% 

methylcellulose covered with high-calcium Ringers’ containing antibiotics (50 U/ml penicillin-

streptomycin, 50 U/ml ampicillin, 0.5 ug/ml kanamycin and 0.5 ug/ml gentamicin). Two embryos 

of different genetic background were fused by mechanically detaching some cells of the blastulae 

using the tip of a glass pipette and the wounds were pressed together to promote successful joining. 

Fusions were performed between the 512-cell-30% epiboly stage. Fused embryos were incubated 

overnight at 28 0C. The following morning the medium was replaced with embryo water containing 

PTU. 3 dpf parabiotic larvae that shared the circulation were mounted for laser wounding and 

imaging (see live-imaging methods section). 

 

Sudan black staining  
Wildtype/Tg(mpx:GFP), cxcr1-/-/Tg(mpx:GFP) and cxcr2-/-/Tg(mpx:GFP) 3 dpf larvae were 

wounded in the ventral fin with a scalpel blade and fixed 20-24 hours later in 1ml of 4% ethanol-

free formaldehyde (Thermoscientific) in phosphate-buffered saline (PBS; Sigma-Aldrich) 

overnight at 4 oC with agitation. Fixed larvae were rinsed in PBT (PBS with 0.1% Tween-20; 

Sigma-Aldrich) twice for 5 minutes and incubated in 1 ml Sudan Black (Sigma-Aldrich) for 15 
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minutes. Following staining, larvae were washed in 70% ethanol for several hours and passaged 

into 30% ethanol overnight at 4 oC with agitation. Larvae were washed in PBT for ten minutes, 

passaged into increasing concentrations of glycerol and stored in 80% glycerol at 4 oC.  

 

Statistics 
All error bars indicate S.E.M (Standard Error of the Mean). All p values were calculated with two-

tailed statistical tests and 95% confidence intervals. t-test (pairwise comparisons) and one-way 

ANOVA (multiple group comparisons) with Dunnet’s post-test were performed after distribution 

was tested for normality, otherwise non-parametric tests were performed (Mann-Whitney for two-

way comparisons and Kruskal-Wallis with Dunn’s post-test for multiple comparisons). Statistical 

tests were performed in Prism v8.0.2 (GraphPad Software Inc., La Jolla, CA). The statistical test 

and the n number are indicated in the figure legends. The error bars show S.E.M. either across 

individual embryos (i.e. analysis of neutrophil recruitment, cluster size, net reverse traffic) or 

individual neutrophils pooled from different embryos (i.e. track straightness, which is a track-based 

analysis, or speed versus distance or orientation, which are step-based analyses). Live imaging 

experiments were acquired in minimum two independent imaging sessions unless otherwise 

indicated. 

 

Automated image analysis (methods written and conducted by Antonios 

Georgantzoglou) 
Please note that the ‘Automated Image analysis’ methods below were both written and conducted 

by Anotonios Georgantzoglou. These methods are included for clarity.  

 
Extraction of Neutrophil Trajectories 

Analysis of neutrophil trajectories was performed in Imaris v8.2 (Bitplane AG, Zürich, 

Switzerland) on 2D maximum intensity projections of the 4D time-lapse movies. Unless otherwise 

indicated, analysed trajectories were extracted from the whole fin area to account for interstitial 

movement (movement in the CHT was excluded). A track duration threshold of 3 time-points was 

defined to exclude short-lived tracks. Manual track corrections were also applied where needed. 

Instantaneous neutrophil coordinates over time (x,y,t) were exported into Microsoft Excel 2016 

spreadsheets files (Microsoft Corporation, Redmond, WA).  



 
 
 

52 

 

Definition of Occupied Wound Area, Forward and Reverse Trajectories 

Exported Excel files were imported into MATLAB R2018b (The MathWorks, Inc., Natick, MA) 

using a custom-written script, for neutrophil trajectory analysis. For each experimental image 

dataset, the area of the wound occupied by the neutrophil cluster (owa; occupied wound area) was 

defined by a set of manually selected points (x,y). To define the owa, we used a maximum intensity 

time projection of the movies, in which high-density neutrophil areas could be distinguished based 

on intensity levels. Separation of trajectories into forward and reverse segments was done as 

follows: for forward trajectory segments, the first time point of the trajectory segment was defined 

as the first time point the neutrophil was detected in the fin and the last time point of the trajectory 

was defined as the time point before entering the owa. For reverse trajectory segments, the first 

time-point was defined as the last time-point the neutrophil was detected within the owa, whereas 

the last time-point was taken as the last time-point it was detected in the fin. In speed-distance and 

speed-cosine plots, forward tracks also included tracks that did not intersect with the owa, but 

whose direction of movement could be defined as forward, based on the end position of the track 

being located closer to the owa than the start position. In the ‘net reverse traffic’ plots, cells not 

intersecting the owa were not included, to exclude contribution of tracks that did not pass by the 

owa. For track straightness plots, no classification on forward/reverse tracks was performed. Data 

were binned using custom-written scripts. 

 

Calculation of speed in relation to distance from owa 

For analysis of speed versus distance from the owa, custom MATLAB scripts were modified from 

previously used scripts72. The instantaneous speed was calculated based on the distance travelled 

by a neutrophil between two successive time-points The distance from owa was defined as the 

distance between the position of a neutrophil centroid (x,y coordinates) and the nearest point of the 

owa perimeter. 

 

Calculation of speed in relation to orientation from the owa 

For analysis of speed versus orientation in relation to the owa, instantaneous speed was calculated 

as above. The angle θ was calculated as the angle between the vector of the neutrophil instantaneous 

speed and the vector that connects the neutrophil initial position with the nearest point in the owa 

perimeter. The migration orientation effect was calculated using the cosine of angle θ within a 
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range of 50 µm from the owa perimeter. A value of cosine θ closer to +1 shows directed migration 

towards the wound whereas a value closer to -1 shows migration away from the wound.  

 

Calculation of track straightness 

The track straightness was calculated as the distance that a neutrophil travelled between the first 

and last time-point of its trajectory, divided by the cumulative distance travelled in the same time-

window, using a MATLAB custom-written script. A track straightness value closer to 1 showed a 

direct migration while a track straightness value closer to 0 showed an arbitrary motion. For each 

track, data from neutrophil coordinates corresponding to positions inside a range of 50µm were 

included. Tracks of total length of less than 10 µm were eliminated to exclude neutrophils that did 

not show sufficient movement to calculate representative straightness. Data were binned using 

custom-written scripts. 

 

Calculation of Net Reverse Traffic 

The net traffic was calculated as the number of reverse neutrophil tracks, divided by the number of 

forward migrating neutrophil tracks. The higher the value the higher the net reverse traffic.  

 
Segmentation of neutrophils for receptor internalisation analysis 

Analysis of Cxcr1 or Cxcr2 receptor internalisation was performed in MATLAB using custom-

written scripts. Neutrophil or cluster outline definition was achieved with active contours using 

MATLAB’s built-in function for the Chan-Vese method134. To define the core of the neutrophil, a 

2D point (x,y) inside each neutrophil was selected manually and expanded for 5-15 pixels in each 

direction (-x,+x,-y,+y). The active contour algorithm expanded this core until the neutrophil 

boundary. For surface segmentation, all pixels inside the contour were included to define a binary 

surface mask that was applied on the sfGFP channel. In this segmentation process, a threshold on 

the size of objects (50 pixels) was applied to eliminate small false detected objects. For contour-

based membrane segmentation, the pixels comprising the outline of each neutrophil or cluster were 

used to define a binary membrane mask that was applied on the mCFP and sfGFP channels. 

Segmentation was carried out in a representative snapshot of neutrophil migration at around 1-1.5 

hpw, indicating the overall internalisation level after neutrophils clustered. Only cells that were 

entirely visible (and not partially) were segmented. Overly dim (not enough signal) or overly bright 
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cells (saturated) with unreliable intracellular signal distribution were not segmented for these 

analyses. 

 

Computation of contrast as a measure of receptor internalisation 

Neutrophil contrast, reflecting intracellular heterogeneity in signal distribution, was calculated in 

segmented neutrophils, using MATLAB’s built-in functions. The intensity matrix of each surface-

segmented neutrophil was transformed into a grey-level co-occurrence matrix135. The latter 

represents the intensity difference between neighbouring pixels. Contrast was calculated as the 

difference in intensity-relationships, based on the following equation 

(https://uk.mathworks.com/help/ images/ref/graycoprops.html ): 

 

 
where p(i,j) is the image co-occurrence matrix and i, j are the co-occurrence matrix coordinates. 

 

Contrast values of neutrophils at the wound were normalised to the contrast values of neutrophils 

in the CHT of the same time-point to account for image intensity fluctuations across embryos 

acquired with independent imaging settings. For datasets in Fig. 3.14, normalisation with the 

contrast of cells in the CHT was not applicable as neutrophils were induced to exit the CHT prior 

to imaging. In this case, the contrast of neutrophils was normalised to the maximum contrast value 

per individual embryo. For plotting the contrast over distance in Fig 3.14, the distance of the 

neutrophil centroid from the nearest point of the wound margin was calculated. 

 

Quantification of Cxcl8a chemokine uptake 

For calculation of Cxcl8a uptake, GFP-positive neutrophils were segmented based on active 

contours, as described above. The resulting GFP binary mask was applied on the mCherry images 

to obtain the intracellular mCherry signal. Neutrophil mean intensity was calculated per cell and 

normalised with the mean intensity of a 150×150 pixels of the transplant. This was to account for 

variation in levels of mCherry expression in the transplanted cells across independent embryos. 
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Calculation of Neutrophil Cluster Size 

Neutrophil cluster size at wound was calculated in Imaris. Neutrophils were tracked as a surface, 

rather than as neutrophil centroids, within a square area approximating the owa. The area of 

segmented objects (neutrophils) was computed in Imaris and imported in MATLAB for plotting. 

Surfaces with area below 60µm2 were excluded to minimise artefacts from erroneous surface 

detection. Cluster size per embryo was calculated as an average across an indicated time-window. 
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Chapter 3: Cxcr1 and Cxcr2 show differential 

trafficking dynamics in response to endogenous 

gradients in vivo 

3. Introduction 
Neutrophils are the first immune cells to be recruited to inflammatory sites, where they accumulate 

in large numbers to execute their effector function1. To reach target sites, neutrophils undertake an 

extensive migratory journey, a process which involves crossing multiple endothelial barriers and 

navigating through the complex 3D environment of the interstitial tissue. Neutrophil recruitment 

to inflammatory sites is guided by gradients of chemoattractants, often in the form of secreted 

molecules that are recognised by G-protein coupled receptors (GPCRs). GPCR signaling activates 

effectors of cytoskeletal dynamics that drive directed migration (chemotaxis). Whilst the early 

stages of neutrophil migration to target sites are well characterised, the mechanisms governing 

interstitial migration remain far less understood. Following arrival at the target site, neutrophils 

may stop and form focalised clusters of accumulated cells. On the other hand, neutrophils may 

remain motile displaying a more exploratory-like, bi-directional migration behaviour100. Recently, 

neutrophils have been shown to actively migrate through the interstitial tissue away from the target 

site in a process termed reverse interstitial migration (rIM)26,73. These differential post-arrival 

behaviours play an important role in dictating the outcome of an immune response. For example, 

focalised accumulation can act to concentrate local effector responses, but in excess can be 

detrimental leading to chronic inflammation (e.g. through release of toxic molecules such as ROS, 

granule contents or recruitment of additional immune cells)1. Focalised accumulation occurs at the 

expense of exploration and can thus limit detection of alternative ligands, compromising 

immunosurveillance and resolution via reverse migration. Thus, there is an important trade-off 

between focalisation and bi-directional exploration. However, the mechanisms that drive these 

opposing migration behaviours remain unknown.  

 

A potential mechanism that could drive these opposing migration behaviours is the duration of 

GPCR signalling which is influenced by receptor residency time at the plasma membrane. 

Following ligand binding, GPCRs have several possible trafficking fates that can influence 
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residency time and thus sensitivity to ligand.  For example, phosphorylated receptors can be 

sustained at the cell surface, promoting re-sensitisation to ligand136. On the other hand, 

phosphorylated receptors can be internalised and may be targeted to lysosomes and degraded. This 

reduces receptor availability at the cell surface and de-sensitizes the cell to subsequent signalling 

events. Alternatively, following internalisation, receptors may be recycled back to the surface. 

Receptor recycling acts to replenish receptor levels at the cell surface and re-sensitises the 

membrane. Thus, by dictating the number of receptors available for signalling events, receptor 

trafficking dynamics play an important role in modulating the amplitude and duration of signal. 

This can have important behavioural consequences on cell migration. For example, in vitro 

evidence suggests receptor down-regulation may act to limit signal range and prevent continued 

neutrophil migration along a gradient82. The trafficking patterns of chemoattractant receptors have 

not been characterised in vivo and thus how they influence neutrophil migration in the complex 

milieu of the interstitial tissue remains unclear.  

 

My aim in this chapter was to dissect the trafficking dynamics of Cxcr1 and Cxcr2 in response to 

Cxcl8a and endogenous gradients at inflammatory sites.  

 

3. Objectives 
• To visualise Cxcr1 and Cxcr2 via generation of fluorescent timer (FT) constructs of each 

receptor 

• Assess Cxcr1-FT and Cxcr2-FT responses to Cxcl8a in gastrulating zebrafish embryos 

• Generate new zebrafish transgenic lines in which neutrophils express Cxcr1-FT and Cxcr2-

FT  

• Assess Cxcr1-FT and Cxcr2-FT dynamics during neutrophil migration to endogenous 

gradients generated at infection and wound sites.  

 

Notes on contributions:  

Antonios Georgantzoglou (A.G) conducted most of the image analysis presented in the results 

section of this chapter. His contribution is noted throughout the text and figure legends. Any 

experimental and/or analysis contributions that were made by Hazel Walker (H.W) or Milka Sarris 

(M.S) are also referred to in the text and figure legends.   
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3. Results 
Generation of fluorescent timer construct to visualise Cxcr1 and Cxcr2 

To visualise Cxcr1 and Cxcr2 receptor trafficking, I first fluorescently labelled both receptors. 

Here, instead of using a single fluorophore, I used a fluorescent timer (FT) approach128 (Fig. 3.1). 

I tagged each receptor with a fast maturing (<10 minutes) superfolderGFP (sfGFP) in tandem with 

a slower maturing (>1.5hours), and therefore slower to fluoresce, tagRFP137. Owing to the different 

fluorescent properties of these two fluorescent proteins, newly synthesised receptors first fluoresce 

green and become progressively red with time. Using a fluorescent timer approach therefore not 

only visually labels the receptor, but also provides an additional layer of information relating to 

protein age. Thus, this approach can provide further insight into the rate of turnover and receptor 

trafficking. For example, the level of green (‘new’) or red (‘old’) receptor at the surface would be 

indicative of the receptor residency time at the membrane. Furthermore, given that sfGFP is 

quenched in acidic environments and tagRFP remains stable, this approach allows monitoring of a 

broad range of receptor fates. 

 

Cxcr1 is internalised in response to Cxcl8a  

As a preliminary experiment, to test receptor responses to Cxcl8a, I first expressed the fluorescent 

timer receptors in gastrulating zebrafish embryos. These early stage embryos provide an ideal 

sample to visualise the membrane distribution of the receptors and as experiments can be conducted 

in a single day offer a relatively quick method to gain a first insight into receptor responses. I first 

assessed the response of Cxcr1-FT to Cxcl8a. For this, I injected one-cell stage zebrafish embryos 

with Cxcr1-FT mRNA alongside mRNA for a membrane marker (mCFP). I imaged receptor 

distributions via confocal microscopy at approximately 8 hours post-injection. In the absence of 

Cxcl8a, both green (‘new’) and red (‘old’) Cxcr1-FT receptors were visible on the membrane, 

showing a comparable distribution to that of the mCFP membrane marker (Fig. 3.2, upper panels). 

However, when I co-injected Cxcl8a mRNA, Cxcr1-FT showed extensive internalisation with 

virtually no green or red receptor visible on the membrane (Fig. 3.2, lower panels). Instead, both 

green and red receptors accumulated in intracellular vesicles. As expected, the mCFP membrane 

marker remained on the membrane regardless of whether Cxcl8a was expressed. Subsequent 

quantification of Cxcr1-FT receptor levels normalised to the membrane marker confirmed 

significant levels of internalisation for Cxcr1-FT in the presence of Cxcl8a (Fig. 3.3).  
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Cxcr2 is not internalised in response to Cxcl8a 

I next assessed Cxcr2-FT responses to Cxcl8a using the same above experimental approach. I 

injected one-cell stage embryos with Cxcr2-FT mRNA alongside mRNA for the membrane marker 

(membrane ECFP, hereafter referred to as mCFP). In the absence of Cxcl8a, Cxcr2-FT showed a 

membranous distribution with both green (new) and red (old) receptors visible on the membrane 

(Fig. 3.4, upper panels). When Cxcl8a mRNA was co-injected, Cxcr2-FT remained membranous, 

showing a similar distribution to the membrane marker (Fig. 3.4, lower panels). Subsequent 

quantification of receptor levels normalised to the membrane marker confirmed that Cxcr2 remains 

membranous in response to Cxcl8a (Fig. 3.5). 

 

Cxcr1 and Cxcr2 show rapid constitutive turnover in unchallenged neutrophils 

Having gained an insight into receptor responses in gastrulating embryos, the next step was to 

characterise receptor responses during neutrophil migration by expressing Cxcr1-FT and Cxcr2-

FT constructs in zebrafish neutrophils. To this end, I utilised the Tol2 transposon system130,138,139,140 

to generate Tg(lyz:Cxcr1-FT) and Tg(lyz:Cxcr2-FT) transgenic zebrafish lines in which the FT-

receptors are expressed under the neutrophil-specific Lyzozyme C promotor (Fig. 3.6a). As a 

control, I assessed ‘steady state’ receptor distributions in neutrophils of unchallenged 

Tg(lyz:Cxcr1-FT) and Tg(lyz:Cxcr2-FT) larvae. For this I conducted live-imaging of neutrophils 

randomly patrolling the interstitial tissue in the head (Fig. 3.6b). Interestingly, under steady state 

conditions neutrophils showed a relatively high constitutive turnover of both Cxcr1-FT and Cxcr2-

FT, as reflected by predominantly green fluorescence at the plasma membrane (Fig. 3.6c). 

Although very little red receptor was visible on the membrane, red receptors, presumably targeted 

for degradation, accumulated in intracellular compartments. Given these results, for future 

experiments I explored ligand-induced receptor trafficking based on the rapid dynamics of the 

sfGFP-labelled receptor molecules.  

 

Cxcr1, but not Cxcr2, internalises in response to endogenous gradients at wound sites 

Having assessed receptor distributions under steady state conditions, I next investigated Cxcr1 and 

Cxcr2 receptor dynamics in neutrophils responding to endogenous gradients. I first assessed 

neutrophil receptor dynamics in a wound setting. To this end, I utilised a ventral fin wound assay 

in which an incision is made in the larval ventral fin at a site adjacent to the caudal hematopoietic 
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tissue (CHT)124. The CHT is a vascularised region that lies between the caudal artery and the caudal 

vein plexus and is the first site of definitive haematopoiesis in zebrafish (equivalent to the fetal 

liver in mammals). As such, the region is rich in neutrophils, providing a pool of neutrophils readily 

available for mobilisation141. The proximity of the CHT and ventral fin wound site confers the 

advantage of being able to image all stages of the inflammatory response (i.e. mobilisation, 

chemotaxis and post-arrival at the wound) in the same field of view. I wounded the ventral fin of 

Tg(lyz:cxcr1-FT) and Tg(lyz:cxcr2-FT) 3dpf larvae and imaged neutrophil and receptor responses 

at each stage of the migratory response via spinning disk microscopy (Fig. 3.7a). Cxcr1 underwent 

internalisation upon neutrophil mobilisation from the CHT (Fig 3.7b upper panels). Once in the 

ventral fin, neutrophils underwent chemotaxis and progressively further internalised Cxcr1 as they 

migrated to the wound (Fig 3.7b, lower panels). At the wound site, Cxcr1 displayed extensive 

internalisation (Fig. 3.8b-c, left panels). In contrast, Cxcr2 remained sustained at the cell membrane 

throughout the migratory response and as such only images taken at the wound site are shown (Fig. 

3.8b-c right panels).  

 

To facilitate quantification of receptor internalisation at wound sites, my aim was to utilise a 

neutrophil membrane marker to which Cxcr1-FT or Cxcr2-FT receptor levels on the membrane 

could be compared. For this, I generated a new Tg(lyz:mCFP) transgenic line in which neutrophils 

express membrane CFP under the lysozyme C promoter. I crossed Tg(lyz:Cxcr1-FT) to 

Tg(lyz:mCFP) fish and imaged neutrophils responding to a ventral fin wound. Quantification of 

receptor levels relative to the membrane marker were conducted by A.G. Using this method, 

neutrophil membranes were segmented based on the mCFP channel. As expected, cells in which 

Cxcr1-FT is down-regulated showed a lower ratio of sfGFP/mCFP. However, it was not always 

possible to segment the membrane of neutrophils in clustering cells. Thus, whilst mCFP is a useful 

for quantification of receptor internalisation in non-clustered regions this method of quantification 

does not facilitate measurement of internalisation in clustered regions. To overcome this, Cxcr1-

FT internalisation was instead quantified by measuring differences in intensity of sfGFP across 

neighbouring pixels of surface-segmented neutrophils (analysis conducted by A.G). In this method, 

vesicular areas in which high intensity regions are next to low intensity background regions in 

cytosol would have ‘high contrast’. On the hand, non-vesicular regions of segmented neutrophils 

(i.e. with a membranous receptor distribution) would have ‘low contrast’. As an internal reference, 

the contrast was computed relative to cells in the CHT, that do not internalise receptor. This enabled 
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comparison across embryos with different intensity levels. Quantification of ‘contrast’ of sfGFP 

signal in neutrophils that had accumulated at the wound site confirmed that Cxcr1 but not Cxcr2 is 

internalised at wound sites (Fig. 3.8d).  

 

Cxcr1 internalisation is not due to unspecific membrane dynamics 

Whilst the membrane marker was not useful for quantification of internalisation in clustered cells 

it was able to confirm that the vesicles quantified in the previous ‘contrast’ analysis were not due 

to unspecific membrane dynamics as Cxcr1-FT sfGFP was visible as distinct green vesicles within 

the cell whilst the CFP marker remained membranous (Fig. 3.09). 

 

Cxcr2 can show some internalisation in response to endogenous gradients 

It is worth noting that a degree of Cxcr2 internalisation was observed in some neutrophils when 

using a higher magnification (60x instead of 30x) (Fig. 3.10). This suggests that Cxcr2 can 

demonstrate a level of internalisation and thus its distribution is referred to as ‘relatively sustained’ 

throughout this thesis.  

 

Cxcr1, but not Cxcr2, internalises in response to endogenous gradients at infection sites 

I also assessed receptor responses during neutrophil responses to endogenous gradients formed 

during infection. For this, I conducted a bacterial infection assay by injecting non-pathogenic E.coli 

into the otic cavity of Tg(lyz:Cxcr1-FT) and Tg(lyz:Cxcr2-FT) 3dpf transgenic larvae (Fig. 3.11a). 

Using live-imaging I monitored the receptor distributions in neutrophils recruited to the infection 

site. Cxcr1-FT was extensively internalised at the infection site as seen by reduced membrane 

sfGFP fluorescence and increased intracellular sfGFP vesicularity (Fig. 3.11b left). In contrast, 

Cxcr2-FT remained predominantly membranous at the infection site (Fig. 3.11b right). Thus, 

similar receptor trafficking patterns were observed at both wound and infection sites.  

 

Cxcr1 is internalised in the presence of ‘pure’ Cxcl8a gradients 

In my experiments to this point, I had used infection and wound assays to test neutrophil receptor 

responses to endogenous gradients. During inflammatory responses many chemoattractants are 

generated (eg. damage-associated molecular patterns (DAMPs), pathogen-associated molecular 

patterns (PAMPs), leukotrienes)47. To confirm that Cxcr1 internalisation observed at wounds was 

due to Cxcl8a and not any other chemoattractant, I generated ‘pure’ Cxcl8a gradients. For this, I 
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transfected HEK293T cells with Cxcl8a-mcherry and transplanted the chemokine-secreting cells 

into Tg(lyz:Cxcr1-FT) 2dpf larvae into a region above the yolk sac (Fig. 3.12a). Zebrafish larvae 

tolerate transplants as they do not develop adaptive immunity until a later development stage (4-6 

weeks post-fertilisation). Transplanted larvae were imaged the following day to allow for 

resolution of any inflammatory response to the process of transplantation itself. Live-imaging 

revealed that all neutrophils in the same visual field as the transplant, corresponding to 

approximately 50-100 µm, had internalised Cxcr1-FT with no sfGFP receptor visible on the cell 

surface (Fig. 3.12b). This provided further evidence that Cxcr1 internalises in response to Cxcl8a.  

 

Optogenetic release of chemokine did not assist in capturing the initiation of Cxcr1 

internalisation 

Cxcl8a-secreting transplants offer the benefit of observing neutrophil and receptor responses to 

‘pure’ Cxcl8a gradients. However, the levels of Cxcl8a in transplanted larvae are presumably much 

higher and more chronic compared to physiological gradients. In the transplant with constitutive 

cxcl8a secretion, Cxcr1-FT was already fully internalised by the time neutrophils arrived at the 

transplant. This suggested that systemic levels of cxcl8a in this assay are high and/or that the cells 

might have already passed by the transplant in the interim between transplantation and imaging 

(approximately 24hours). To better establish the ability of local cxcl8a gradients to trigger cxcr1 

internalisation and capture initiation of internalisation in the cells as they migrate I trialled a 

technique for acute release of Cxcl8a that enables temporal control over the initial secretion of 

chemokine142. This approach would enable neutrophils and receptor dynamics to be imaged 

immediately prior to and immediately following the secretion of a ‘pure’ gradient. To this end, I 

used an optogenetic approach that exploits the photo-responsive protein UVR8, to enable light-

triggered release of chemokine from transplanted cells in situ. UVR8 is a plant photoreceptor 

protein that constitutively forms homodimers. However, when exposed to UV-B light, UVR8 

homodimers dissociate into monomers. Tandems of UVR8 protein fused to a membrane resident 

protein such as VSVG have been shown to spontaneously form clusters that are unable to traffic 

from the ER to the golgi. Upon photo-activation (PA) with UV-B light these clusters dissociate, 

and the UVR8-fusion protein can successfully traffic to the golgi109. This optogenetic trafficking 

technique has been further developed in our lab to enable photo-dependent secretion of proteins 

such as chemokines142. Here, tandems of UVR8 are fused to VSVG which is fluorescently tagged 

to enable visualisation of the protein’s trafficking fate. The secreted protein, in this case Cxcl8a, is 
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fused to the N-terminal (luminal part) of VSVG via a furin recognition sequence. Following 

photoactivation (PA), the membrane bound UVR8-fusion protein dissociates and successfully 

traffics to the Golgi. This trafficking is visible as a more diffuse fluorescent signal. The furin 

enzyme, which is resident to the golgi, can then cleave the recognition sequence releasing Cxcl8a 

which is subsequently secreted into the extracellular milieu without the UVR8 fusion protein. I 

transplanted UVR8-Cxcl8a transfected HEK293 cells into Tg(lyz:Cxcr1-FT) transgenic fish (Fig. 

3.13a). I imaged the transplanted region the following day, pre- and post-PA via spinning disk 

microscopy. However live-imaging revealed that, neutrophils in proximity to the transplant had 

already internalised Cxcr1-FT prior to photo-activation (Fig. 3.13c). This suggests that the 

transplant is itself ‘leaky’ or eliciting an inflammatory response and/or that the Cxcr1 receptor may 

be highly sensitive to even low levels of Cxcl8a.   

 

Cxcr1 down-regulation reports endogenous gradients at wound sites 

Endogenous Cxcl8a gradients cannot easily be measured given that there are no currently available 

antibodies. Even in the mouse, where antibodies are available, the detection is not sensitive enough 

to detect extracellular chemokine gradients. The only exception to this is the detection of gradients 

driving dendritic cell migration to lymph nodes143. As a result, chemokine gradients have not yet 

been measured in an inflammatory setting in any model system. I therefore used Cxcr1 

internalisation as a reporter, to indirectly measure the gradient. To enhance neutrophil presence in 

the fin prior to wounding and obtain more statistically powerful data, I forced their mobilisation 

from the CHT by applying an alternative chemoattractant to the water bath prior to wounding (Fig. 

3.14a). Leukotriene B4 is a potent neutrophil chemoattractant and when exogenously applied to 

the bath, causes neutrophils to migrate into the ventral fin124. As expected, following the addition 

of LTB4, neutrophils migrated outwards into the ventral fin (Fig. 3.14b top panel). Importantly, 

migrating neutrophils did not show any internalisation of Cxcr1-FT, the distribution of which 

remained membranous and directly comparable to resting cells in the CHT. Following a mechanical 

ventral fin wound, neutrophils present in the ventral fin migrated through the interstitial tissue 

towards the damaged region and progressively internalised Cxcr1-FT (Fig. 3.14b lower panel). 

Again, internalisation was quantified by the degree of vesicular receptor, as measured by contrast 

in sfGFP fluorescence intensity. Quantification of Cxcr1 internalisation over distance from the 

wound was used to obtain information regarding the endogenous interstitial Cxcl8a gradient. Here, 
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values were binned and plotted against distance from the wound (quantification performed by A.G) 

revealing a decaying gradient of Cxcl8a signalling in the range of 200 µm (Fig. 3.14c-d).  

 
 
Cxcr1 internalisation is specific to Cxcl8a 

As a further test to determine whether Cxcr1 internalisation was specific to Cxcl8a and not another 

ligand, I used knockdown of Cxcl8a and assessed Cxcr1-FT receptor responses at wound sites. To 

this end, I injected a previously validated cxcl8a-targeting morpholino into Tg(lyz:Cxcr1-FT) one 

cell stage embryos (Fig 3.15a)119,123,120. I wounded 3dpf morpholino-injected larvae in the ventral 

fin and assessed Cxcr1-FT receptor internalisation levels in recruited neutrophils. I found that 

cxcl8a knockdown markedly reduced Cxcr1-FT internalisation in neutrophils at the wound (Fig 

3.15b). Quantification of internalisation, as measured by ‘contrast’ of the sfGFP signal (conducted 

by A.G), confirmed significantly reduced Cxcr1 internalisation upon cxcl8a knockdown (Fig. 

3.16).  
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3. Discussion 
Summary of results 

In this chapter, I utilised a fluorescent timer approach to visualise Cxcr1 and Cxcr2 trafficking 

dynamics. When expressed in early embryos Cxcr1-FT showed extensive internalisation in the 

presence of co-expressed Cxcl8a, whilst Cxcr2-FT remained sustained on the membrane. I 

generated new zebrafish transgenic lines in which neutrophils express Cxcr1-FT or Cxcr2-FT, 

enabling visualisation of receptor dynamics in response to endogenous gradients in vivo. 

Neutrophil specific expression of the fluorescent timer constructs revealed that under steady state 

conditions neutrophils show rapid constitutive turnover of both receptors. Interestingly, the two 

receptors showed differential trafficking patterns in response to endogenous gradients at wound 

sites. Cxcr1-FT was extensively internalised whilst Cxcr2-FT remained relatively sustained at the 

membrane. Quantification of Cxcr1-FT internalisation revealed a decaying endogenous gradient in 

the range of 200 µm. 

 

Neutrophils show rapid constitutive turnover of Cxcr1 and Cxcr2 

Imaging of unchallenged neutrophils randomly patrolling in the head mesenchyme revealed rapid 

constitutive turnover of Cxcr1-FT and Cxcr2-FT even in the absence of inflammatory stimuli. 

Owing to this high rate of turnover, the fluorescent timer approach was not able to provide 

additional information relating to receptor dynamics as was originally intended. This is because 

the rate of turnover was faster than the maturation time of tagRFP. Therefore, green (‘new’) 

receptors are removed from the membrane before having the chance to fluoresce red. This contrasts 

with what I observed when expressing Cxcr1-FT and Cxcr2-FT in gastrulating embryos, where 

both green (‘new’) and red (‘old’) were visible on the membrane, reflecting a lower rate of turnover. 

This is also different to what was observed in zebrafish primordial germ cells where again both 

green and red receptors were visible at the cell membrane due to a lower rate of constitutive 

turnover128. Therefore, from previous studies utilising this tool and early gastrulating embryo work 

presented in this chapter the high rate of turnover in neutrophils could not have been predicted. 

However, the FT-approach did enable monitoring of fast receptor dynamics through the fast 

maturation of sfGFP. This enabled receptor fates to be followed from approximately 5 minutes 

after synthesis which is important when the turnover rate is so high. It is useful to know for any 

future studies in this cell type that using a slow maturing fluorescent protein would not resolve 



 
 
 

66 

chemokine receptor dynamics due to the rapid constitutive turnover. It remains unclear as to why 

neutrophils show such rapid receptor turnover relative to other cells. Indeed, constitutive non-

ligand induced trafficking of chemokine receptors has not been well studied. A possibility is that 

rapid constitutive turnover of chemokine receptors may act to counter ligand-induced down-

regulation and promote re-sensitisation to ligand.  

 

Cxcr1 is internalised in response to Cxcl8a generated at wound sites  

Co-expression of Cxcr1-FT and Cxcl8a in gastrulating embryos revealed that Cxcr1 shows 

extensive internalisation in response to Cxcl8a, providing evidence that Cxcr1 binds and signals 

through this chemokine. Live-imaging in wounded Tg(lyz:Cxcr1-FT) larvae revealed that 

neutrophils internalise Cxcr1 in response to endogenous gradients generated at wound sites, 

providing evidence for Cxcl8a being present at wound sites. Further evidence for the specificity of 

Cxcr1 for Cxcl8a came from Cxcl8a-secreting transplant experiments in which Cxcr1 was 

extensively internalised. However, a complete dataset would include a mock transplant that does 

not express chemokine. It is worth noting that in the absence of any transplant neutrophils in the 

same area (head region) showed a membranous distribution of Cxcr1. Finally, specificity of Cxcr1 

for Cxcl8a was tested via injection of a Cxcl8a-targeting morpholino into Tg(lyz:Cxcr1-FT) larvae. 

Cxcr1 internalisation was reduced in neutrophils of morpholino injected larvae. Thus, taken 

together, the data presented in this chapter provide strong evidence that Cxcr1 is internalised in 

response to Cxcl8a generated at wound sites.  

 

Cxcr2 is sustained in response to gradients present at infection and wound sites 

Co-expression of Cxcr2-FT and Cxcl8a in gastrulating embryos revealed that Cxcr2 is sustained in 

response to Cxcl8a. Live-imaging in wounded Tg(lyz:Cxcr2-FT) larvae revealed that Cxcr2 is 

relatively sustained at the cell membrane of neutrophils in response to endogenous gradients. From 

the data presented here, it remains unclear whether Cxcr2 remains membranous due to a lack of 

cognate ligand at the wound site or whether Cxcr2 remains membranous because it does not 

internalise in response to cognate ligand. Interestingly, when using a higher magnification during 

imaging, a degree of Cxcr2 internalisation was visible in some neutrophils. This could suggest that 

Cxcr2 binds to an alternative ligand at wound sites. This point is addressed and discussed further 

in the following chapter and in the final discussion of this thesis.  Regardless of ligand preference, 

Cxcr2 is relatively sustained in response endogenous gradients generated at wound sites.  
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Cxcr1 internalisation provides a read-out for endogenous gradients 

It is not possible to directly measure endogenous Cxcl8a via staining given that there are currently 

no available antibodies for zebrafish Cxcl8a. In this study, I instead measured the chemokine 

gradient indirectly via measuring the degree of internalisation of Cxcr1. The gradient range 

reported here is longer than those previously published for ectopically expressed Cxcl8a 

gradients120 and endogenous gradients of CCL21 in mouse ear skin144,143 and mouse lymph 

nodes145. This could be due to differences in ligand distribution in the different settings or due to 

higher sensitivity of the readout for chemokine levels used in this study.  

 

Zebrafish Cxcr1 and Cxcr2 show similarities and differences with CXCR1 and CXCR2 with 

respect to trafficking 

This thesis focuses on understanding the role of GPCR trafficking in generating specific cell 

migration behaviours. The aim was that the findings would have broad relevance given that many 

human GPCRs have been shown to have differential ligand induced trafficking in vitro146,147. To 

address this, I used zebrafish Cxcr1 and Cxcr2 receptors as a model system. Owing to the 

evolutionary distance between zebrafish and human receptors, it was not the intention of this study 

to draw functional comparisons to human CXCR1 and CXCR2. Nonetheless, I will briefly discuss 

how the results presented in this chapter relate to the human receptors. Based on in vitro evidence, 

human CXCR1 and CXCR2 display differential trafficking dynamics in response to CXCL8. 

CXCR1 is partially internalised (50% after 30 min) whilst CXCR2 is internalised more rapidly and 

thoroughly (95% after 5-10 mins) in response to CXCL8148. Thus, both human and zebrafish 

CXCL8 receptors show differential trafficking but their trafficking patterns appear inversed, with 

CXCR1 being more resistant to internalisation than CXCR2. This difference is perhaps not 

surprising given the evolutionary distance between the two species. Indeed, mice which are more 

closely related to humans, do not have an orthologue of human CXCL8. Seemingly, there is no 

perfect animal model and it is arguable that functional convergence is more meaningful for 

translating findings across species.  
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3. Figures 
 
 
 
 
 
 
 
 
 

 
 
Figure 3.1. Fluorescent timer constructs reveal information regarding protein age. Schematic 
depicting the fluorescent timer (FT) approach. Newly synthesised and rapidly recycling ‘young’ 
receptors fluoresce in green. ‘Old’ receptors fluoresce in red and green whilst lysosomal receptors 
targeted for degradation fluoresce in red only. 
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Figure 3.2. Cxcr1 is extensively internalised in response to Cxcl8a. 100pg of Cxcr1-FT mRNA 
was injected with or without 150 pg Cxcl8a mRNA into one-cell stage zebrafish embryos. 100pg 
of a control membrane marker mCFP mRNA was co-injected in all cases. Representative laser-
scanning confocal images showing distribution of Cxcr1-FT (sfGFP and tagRFP receptors shown 
in separate channels) in gastrulating embryos (at approximately 6-8hpf). Control membrane marker 
mCFP is shown in the blue channel. Scale bar = 20µm.  
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Figure 3.3 Quantification of Cxcr1 membrane distribution compared to distribution of 
memCFP. Ratio of red over blue (R/B), green over blue (G/B) and red over green (R/G) 
fluorescence at the cell membrane is shown. Mean ratios at the cell membrane were calculated 
from ratiometic images after global membrane segmentation. The membrane ratios were 
normalised to mean ratios of non-segmented ratiometic images of the corresponding source 
samples. n=10 embryos for Cxcr1 from four imaging sessions, n=6 embryos for Cxcr1+Cxcl8a 
from three imaging sessions, n=3 embryo. Mann-Whitney test. Quantification by myself and M.S.  
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Figure 3.4. Cxcr2 is sustained at the membrane in response to Cxcl8a a) 100pg of Cxcr2-FT 
mRNA was injected with or without 150pg Cxcl8a mRNA into one-cell stage zebrafish embryos. 
100pg of a control membrane marker mCFP mRNA was co-injected in all cases. Representative 
laser-scanning confocal images showing Cxcr2-FT receptor distribution (sfGFP and tagRFP 
receptors shown in separate channels) in gastrulating embryos (at approximately 6-8hpf). Control 
membrane marker mCFP is shown in the blue channel. Scale bar, 20um.   
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Figure 3.5. Quantification of Cxcr2 membrane distribution compared to distribution of the 
control membrane marker. Ratio of red over blue (R/B), green over blue (G/B) and red over 
green (R/G) fluorescence at the cell membrane is shown. Mean ratios at the cell membrane were 
calculated from ratiometric images after global membrane segmentation. The membrane ratios 
were normalised to mean ratios of non-segmented ratiometric images of the corresponding source 
samples. n=4 for Cxcr2 and n=3 for Cxcr2+Cxcl8a. Mann-Whitney test. Quantification by myself 
and M.S.  
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Figure 3.6. FT-constructs reveal constitutive turnover of Cxcr1 and Cxcr2 a) Schematic of 
constructs used for expression of Cxcr1-FT or Cxcr2-FT in neutrophils. b) Schematic showing 
region of larvae imaged (red box) c) Confocal images of neutrophils randomly patrolling in the 
head region of 3dpf Tg(lyz:Cxcr1-FT) (left) and Tg(lyz:Cxcr2-FT) (right) transgenic larvae. Scale 
bar, 20 µm. 
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Figure 3.7. Cxcr1 is progressively internalised during neutrophil migration to wound sites a) 
Schematic of 3 dpf larva showing the location of the caudal hematopoietic tissue (CHT), the venus 
circulation (VC, blue), the ventral fin (VF) and the wound site. b) Schemes (left) depicting the area 
of the wound with neutrophils getting mobilized from the CHT (top) or performing chemotaxis 
upon entering the ventral fin (bottom). Caudal Vein plexus (CVP) of the CHT tissue is drawn in 
blue. Dashed square indicates area imaged in confocal snapshots on the right. Neutrophils in 
Tg(lyz:Cxcr1-FT) larvae (sfGFP is shown) upon mobilization from the CHT (top panels) or 
chemotaxis towards the wound (bottom panels). Arrows show the same cells over time. Time points 
on the right image are minutes elapsed after image on the left. Scale bar, 10µm. 
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Figure 3.8. Cxcr1, but not Cxcr2, is internalised at wound sites. a) Schematic depicting area of 
larvae wounded (red line) and imaged (red box). b) Confocal images of Cxcr1-FT neutrophils (left) 
and Cxcr2-FT neutrophils (right) responding to a ventral fin wound Scale, 10µm c) Magnified 
Cxcr1-FT neutrophil (left) and Cxcr2-FT neutrophil (right) at the wound. Green receptor is shown 
in grey. Scale, 5µm. d) Quantification of degree of internalisation per cell as measured by contrast 
normalised to mean intensity of green receptor per cell. Cells were measured at the wound and at 
the CHT (Kruskall-Wallis wih Dunn’s multiple comparison test, n=39 cells for Cxcr1-CHT, n=30 
cells for Cxcr1-wound cells, n=25 for Cxr2-CHT, n=24 for Cxcr2-wound. Quantification (d) by 
A.G. 
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Figure 3.9. Cxcr1-FT internalisation shows vesicular distribution compared to membrane 
marker. Left panel shows confocal image of a neutrophil expressing membrane CFP (shown in 
blue) and Cxcr1-FT (sfGFP fluorophore shown only, in green). Middle panel shows mCFP channel 
only (shown in grey). Right panel shows Cxcr1-FT sfGFP channel only (shown in grey). Scale, 
10µm. 
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Figure 3.10. Cxcr2 can show internalisation in response to endogenous gradients at wounds. 
Confocal images of Cxcr2-FT neutrophils responding to a ventral fin wound. Left panel shows a 
typical Cxcr2-FT neutrophil with no internalisation of the receptor. Right panel shows a Cxcr2-
FT neutrophil displaying internalisation. Scale bar, 10µm.  
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Figure 3.11. Cxcr1, but not Cxcr2, is internalised at infection sites. a) Schematic showing 
injection of bacteria into the otic cavity b) Confocal images of Cxcr1-FT neutrophils (left) and 
Cxcr2-FT neutrophils (right) responding to an otic infection (non-pathogenic E.coli). Arrows point 
to representative neutrophils, B=bacteria. Scale bar, 20µm 
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Figure 3.12. Cxcr1 internalises in response to pure Cxcl8a gradients. a) Schematic showing 
transplanted region (red dashed circle). b) Confocal image showing Cxcr1-FT neutrophils 
responding to a Cxcl8a-secreting HEK cell transplant (large red cells). Arrows point to example 
neutrophils. Scale bar, 50µm.  
 
 
 
 
 
 
 
 

 



 
 
 

80 

 
 
 

 
 
 
Figure 3.13. Using light-triggered Cxcl8a release to assess Cxcr1 receptor responses a) 
Schematic depicting optogenetic transplant approach b) Confocal images of transplanted UVR8 
and Cxcl8a transfected HEK293 cells pre-PA and post-PA (left and right panel respectively) 
Scale,10µm c) Confocal projections of Cxcr1-FT neutrophils responding to a UVR8 and Cxcl8a 
transfected transplant, pre-PA and 50 mins post-PA (left and right panel respectively). Scale, 50µm  
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Figure 3.14 Cxcr1 internalisation reports endogenous gradients a) Schematic depicting 
neutrophils mobilised from the CHT into the ventral fin in response to an exogenously applied 
LTB4 gradient. b) Confocal projections of Cxcr1-FT neutrophils 30 min after LTB4 addition, 
immediately prior to- and 1h post- wounding. Scale bar, 50µm. c) Same larva as in b, at 10 mpw. 
Orange dashed line shows the wound margin. d) Graph shows normalised contrast as a function of 
distance from the center x. n=4 embryos in four imaging sessions. Orange dashed line denotes an 
area of radius 80 µm from a chosen center x of the wound area.  Quantification (d) by A.G.  
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Figure 3.15. Cxcr1 internalisation at wound sites is specific to Cxcl8a. a) RT-PCR results 
showing detection of cxcl8a levels in the presence or absence of Cxcl8a targeting morpholino 
(splice blocking and translation-blocking) treatment in 3 dpf larvae. Results from ef1a expression- 
detection are shown for comparison. Conducted by H.W. b) Confocal images of neutrophils in non-
injected (left) and Cxcl8a morpholino injected (right) Tg(lyz:Cxcr1-FT) larvae responding to a 
ventral fin wound. sfGFP shown only. Images taken at 2hpw. Scale bar, 30um.  
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Figure 3.16 Quantification of Cxcl8a-specific Cxcr1 internalisation. Normalised contrast 
(contrast per individual neutrophil normalised to the mean contrast of non-mobilised cells in the 
CHT). For Tg(lyz:Cxcr1-FT): n=24 cells (CHT), n=47 cells (wound) from 8 larvae. For 
Tg(lyz:Cxcr1-FT) with morpholinos: n=28 cells (Cxcl8a-MO) from 5 larvae. Data were pooled 
from independent larvae acquired in 1-5 imaging sessions. Kruskal-Wallis test with Dunn’s 
multiple comparisons test for Tg(lyz:Cxcr1-FT). Quantification by A.G. 
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Chapter 4: Cxcr1 and Cxcr2 make distinct functional 

contributions to neutrophil interstitial migration 

4. Introduction 
In the previous chapter I investigated the receptor trafficking dynamics of Cxcr1 and Cxcr2 and 

showed that the two receptors show differential trafficking in response to endogenous gradients 

generated at wound sites. Cxcr1 is progressively internalised whilst Cxcr2 is relatively sustained 

at the neutrophil cell membrane throughout the response. My next aim, and the focus of this 

chapter, was to determine how Cxcr1 and Cxcr2 functionally contribute to neutrophil migration at 

wound sites, with a view to linking receptor trafficking behaviour with receptor function. To this 

end, my aim was to generate zebrafish knockout receptor lines and assess forward and reverse 

traffic defects in real-time trajectory data. Please note that a detailed background of previous work 

on these receptors is given together with my result discussion at the end of this chapter. 

 

4. Objectives 
• Generate cxcr1-/- and cxcr2-/- lines to investigate the function of Cxcr1 and Cxcr2 in gradient 

sensing.  

• Determine cxcr1-/- and cxcr2-/- migration phenotypes  

• Conduct detailed trajectory analyses to determine mechanism underlying any phenotypic 

differences  

 

Notes on contributions:  

Antonios Georgantzoglou (A.G) conducted most of the analysis presented in the results section of 

chapter. His contribution is noted throughout the text and figure legends. Any experimental or 

analysis contributions made by Hazel Walker (H.W), Milka Sarris (M.S) or Christina Kotsi (C.K) 

are also referred to in the text and figure legends.  
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4. Results 
Generating cxcr1-/- and cxcr2-/- knockout mutants 

To investigate the functional contribution of Cxcr1 and Cxcr2 in gradient sensing, I obtained 

mutant receptor zebrafish lines from the Zebrafish Mutation Project, a large-scale mutagenesis 

screen in which mutations are induced via exposure to the mutagenic chemical ENU (N-ethyl-N-

nitrosourea)149. The mutant fish I received carried a single nucleotide polymorphism (SNP) 

heterozygous nonsense mutation in the cxcr1 or cxcr2 gene resulting in a premature STOP codon. 

In the case of cxcr1 mutants, the point mutation (G>A) introduces a stop codon after amino acid 

173 (full length WT protein is 364 amino acids) (Fig. 4.1). This mutation is predicted (TMpred) to 

lie in the 4th transmembrane domain of the receptor150. In the case of cxcr2 mutants, the point 

mutation (T >A) introduces a stop codon after amino acid 145 (full length WT protein is 340 amino 

acids) (Fig.4.2). Again, this mutation is predicted (TMpred) to lie in the 4th transmembrane domain 

of the receptor150. As founder fish carried multiple additional mutations, I first carried out 

outcrosses for three generations to progressively eliminate the unwanted mutations whilst selecting 

for the desired Cxcr1 or Cxcr2 mutations via KASP genotyping. In the outcrossing process, fish 

were crossed to a Tg(mpx:GFP)i114 transgenic line in which neutrophils express GFP under the 

myeloperoxidase promotor. Once unwanted mutations had been eliminated, Tg(mpx:GFP)i114; 

cxcr1+/- and Tg(mpx:GFP)i114; cxcr2+/- heterozygote lines were incrossed to generate 

Tg(mpx:GFP)i114; cxcr1-/-(cxcr1-/- hereafter) and Tg(mpx:GFP)i114; cxcr2-/- (cxcr2-/- hereafter) 

homozygote lines with GFP positive neutrophils that could be easily visualised during live-

imaging.  

 

Developmental neutrophil distribution in cxcr1-/- and cxcr2-/- is comparable to WT 

Prior to conducting any neutrophil migration experiments in these knockout lines, it was first 

important to assess whether the cxcr1-/- and cxcr2-/- mutations had developmental implications in 

terms of neutrophil number and distribution. To assess developmental differences in my knockout 

lines, fluorescent microscopy images of whole 3dpf WT, cxcr1-/- and cxcr2-/- larvae were acquired 

and the number of neutrophils in the whole larva and the CHT were counted (Imaging and counts 

conducted by Hazel Walker) (Fig. 4.3a). Cell counts revealed that cxcr1-/- and WT larvae had 

comparable number of neutrophils across whole larvae (Fig. 4.3b). However, cxcr1-/- larvae had 

fewer neutrophils in the CHT compared to WT, though this did not quite reach significance (Fig. 
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4.3c). Whilst cxcr2-/- larvae had slightly more neutrophils overall compared to WT, this did not 

quite reach significance (Fig 4.3d). The number of neutrophils in the CHT of cxcr2-/- larvae was 

comparable to WT (Fig 4.3e). Thus, whilst slight developmental differences were observed in both 

knockout lines, none reached statistical significance.  

 
 
Cxcr1-/- neutrophils show a defect in recruitment and are more dispersed at the wound  

I used high resolution spinning disk microscopy to image neutrophil migration to wounds in real 

time. For these live-imaging experiments, I used a ventral fin wound assay which, as discussed in 

the previous chapter, is particularly amenable to live-tracking of neutrophil migration behaviour 

(Fig 4.4a). I first compared neutrophil migration to ventral fin wounds in WT and cxcr1-/- larvae. 

Following wounding, WT neutrophils exited the CHT and migrated directionally to the wound. At 

the target site WT neutrophils displayed a balanced response with some cells stopping and 

focalising at the wound margin and others showing a level of dispersal (Fig 4.4b left panel). In the 

case of cxcr1-/- larvae, neutrophils showed reduced recruitment and cluster size (Fig 4.4b, middle 

panel, c-d), suggesting a role for Cxcr1 in forward migration. For a more in depth analysis which 

could distinguish chemotaxis from reverse migration, ‘whole’ neutrophil trajectories were split into 

‘forward’ and ‘reverse’ trajectories respectively (Fig 4.5). ‘Forward’ neutrophil trajectories 

included all those prior to neutrophil arrival at the ‘occupied wound area’ (owa), assigned as the 

area occupied by clustering neutrophils. ‘Reverse’ neutrophil trajectories included only those after 

neutrophils depart the owa. Both forward- and reverse- trajectories were taken 50 µm from the owa 

margin. Analysis of ‘entire’ cell trajectories revealed that neutrophils in cxcr1-/- larvae had lower 

straightness compared to those of WT neutrophils (Fig 4.6a). Furthermore, analysis of ‘forward’ 

trajectories revealed that cxcr1-/- and WT neutrophils were comparable in terms of overall speed 

and directional speed (Fig 4.6b-c). Taken together, these results suggest that cxcr1-/- neutrophils 

show no defect in directional sensing. Reverse migration was quantified by measuring the total 

number of reverse tracks over the total number of forward tracks. Quantification using the ‘net 

reverse traffic’ metric revealed no difference in reverse migration of WT and cxcr1-/- neutrophils 

(Fig 4.6d).   
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Cxcr2-/- neutrophils show defective dispersal  

Next, I assessed neutrophil migration to ventral fin wounds in cxcr2-/- larvae. Live-imaging 

revealed that cxcr2-/- neutrophils formed concentrated and persistent clusters at the wound margin, 

with cells displaying next to no motility or exploration at all (Fig 4.4b right panel). Quantification 

revealed that cxcr2-/- neutrophils showed no defect in early recruitment to the ventral fin (Fig 4.4 

c) and had similar cluster sizes to WT neutrophils (Fig 4.4d). Furthermore, analysis of ‘whole’ 

trajectories showed similar track straightness to WT (Fig. 4.6a). Analysis of ‘forward’ trajectories 

revealed no defect in directional sensing but did show that cxcr2-/- neutrophils are significantly 

slower at all distances measured and independent of orientation, suggesting a general role for Cxcr2 

in promoting motility (Fig. 4.6b and c). As suspected, analysis of ‘reverse’ trajectories showed that 

cxcr2-/- neutrophils display reduced net reverse traffic, reflective of reduced dispersal from the 

wound (Fig. 4.6d). Taken together, these results suggest that Cxcr2 powers neutrophil motility and 

promotes dispersal.  
 

Cxcr2 promotes resolution 

To assess the impact of the cxcr2-/- mutation on resolution, we (myself and C.K) transected the tails 

of 3dpf WT, cxcr1-/- and cxcr2-/- larvae and fixed injured larvae at 24 hpw, a time point at which 

the response should have largely resolved. Neutrophil accumulation was visualised using Sudan 

Black staining, a lipid stain which labels the granules of neutrophils enabling them to be counted 

(Fig. 4.7a) (neutrophil counts conducted by C.K). Neutrophil counts revealed that cxcr1-/- larvae 

had less neutrophils present at the wound 24hpw compared to WT larvae, suggesting efficient 

resolution of the response (Fig. 4.7b). In contrast, cxcr2-/- larvae showed significantly enhanced 

neutrophil accumulation at 24 hpw when compared to WT larvae (Fig. 4.7b). Taken together, the 

results from live-imaging and fixed cell analysis suggest that Cxcr2 sustains neutrophil motility, 

and that this motility is crucial for timely resolution of the response. 

 

Both Cxcr1 and Cxcr2 play a role in initial recruitment 

Live-imaging of cxcr2-/- neutrophils at a ventral fin wound had revealed no defect in 

cxcr2-/- neutrophil accumulation at early time points. However, analysis of cell speeds had revealed 

that cxcr2-/- neutrophils were slower overall suggesting some level of contribution in signalling 

during forward migration. It remained possible that the highly-related receptor Cxcr1 could 

functionally compensate in the absence of Cxcr2 and that any such compensation could mask 
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potential cxcr2-/- forward migration defects. To directly test whether both Cxcr1 and Cxcr2 play a 

role in forward migration I sought to target both receptors simultaneously and assess effects on 

neutrophil behaviour.  However, it was not possible to generate double knockouts via fish crossing 

given that the Cxcr1 and Cxcr2 genes lie in tandem on the same chromosome. Therefore, I instead 

targeted both receptors by injecting a previously validated morpholino against Cxcr2 into 

cxcr1-/- larvae. Morpholino-injected cxcr1-/- larvae showed a significant defect in neutrophil 

mobilisation to ventral fin wounds compared with cxcr1-/- larvae (Fig. 4.8a-c). This suggests that 

Cxcr2 also contributes to forward migration but that it is compensated by Cxcr1. Furthermore, 

trajectory analysis of the few neutrophils that were mobilised revealed that neutrophils in 

morpholino-injected larvae displayed no directional bias on speed and exhibited reduced speed 

during forward traffic (Fig. 4.8d-e). Importantly, injection of the Cxcr2 morpholino reduced the 

overall accumulation of neutrophils in tail fin wounds in cxcr1-/- but not in cxcr2-/- larvae, 

confirming its specificity of action (Fig. 4.9). Thus, Cxcr1 and Cxcr2 show a level of redundancy 

at early stages of the response but have differential non-redundant roles in clustering and dispersal 

at wound sites.  

 

Cxcr1 is important for Cxcl8a mediated chemotaxis 

To investigate which ligands are responsible for the cxcr1-/- and cxcr2-/- phenotypes observed, I 

used Cxcl8a-secreting transplants to assess the specificity of Cxcr1 and Cxcr2 for the chemokine. 

For this, I transplanted Cxcl8a-secreting HEK293T cells into 3 dpf WT, cxcr1-/- and cxcr2-/- larvae 

and analysed neutrophil migration behaviour at the transplant (Fig.4.10a). Wildtype neutrophils 

successfully accumulated at the transplant, forming interactions with the chemokine secreting 

HEK293T cells (Fig.4.10b). Quantification of the percentage of cells ‘on target’ revealed that 

cxcr1-/- neutrophils had a defect in accumulation compared to WT cells (Fig 4.10c), supporting the 

idea that Cxcr1 is important for Cxcl8a mediated chemotaxis. Whilst accumulation was found to 

be slightly enhanced in cxcr2-/- neutrophils, this did not reach statistical significance. Thus, from 

these results the role of Cxcr2/Cxcl8a binding in neutrophil recruitment remains less clear.   

 

Cxcr1 sequesters Cxcl8a 

I next considered non-cell autonomous implications of Cxcr1 trafficking. To address this I assessed 

intracellular accumulation of Cxcl8a in WT and cxcr1-/- neutrophils. For this, I repeated the above 

transplant experiment (transplanting Cxcl8a-mcherry secreting HEK293 cells, into WT and 
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cxcr1-/- larvae) but imaged at a higher magnification such that intracellular accumulation of 

fluorescent chemokine could be visualised (Fig. 4.11a). Interestingly, accumulation of 

fluorescently labelled Cxcl8a could be seen in WT neutrophils at the transplant (Fig. 4.11 b, upper 

panels). In contrast, no fluorescently labelled chemokine was visible inside cxcr1-/- neutrophils 

(Fig. 4.11 b, lower panels). Quantification of the levels of Cxcl8a-mcherry inside neutrophils 

(performed by A.G) confirmed Cxcr1 specific internalisation of the chemokine (Fig. 4.11 c). 

Furthermore, this assay provided an indirect confirmation of endogenous Cxcr1 internalisation in 

response to Cxcl8a. This is particularly useful as currently there are no available antibodies to 

enable visualisation of endogenous Cxcr1 and Cxcr2 receptor levels in zebrafish.  

 

Cxcr1 mediated sequestration can significantly affect extracellular chemokine levels 

Having shown that Cxcr1 internalisation sequesters Cxcl8a, I next asked whether cxcr1 

internalisation can significantly affect the external chemokine gradient. This is an interesting 

question given that any such modification of the external chemokine gradient could affect 

behaviour of other locally migrating cells. An ideal experiment would be to assess Cxcl8a levels 

at wounds in WT and cxcr1-/- larvae. However, there are currently no available antibodies to enable 

visualisation of endogenous Cxcl8a gradients in vivo. As an alternative approach, I tested whether 

the levels of exogenous Cxcl8a can be significantly affected by Cxcr1 internalisation through 

expression in gastrulating embryos. I expressed Cxcl8a-eCFP in gastrulating embryos, with or 

without Cxcr1 receptor. In the absence of the receptor, Cxcl8a-CFP accumulated in the 

extracellular space as expected (Fig 4.12, left panel). When the receptor was co-injected, the 

chemokine was extensively internalised and the extracellular levels were significantly reduced 

(Fig. 4.12, right panel). This suggests that Cxcr1 internalisation can significantly affect Cxcl8a 

levels, though the extent at which this plays a role in vivo remains unknown.  

 

Preliminary data suggests that cxcr1-/- neutrophils show no marked cell-autonomous 

differences 

To further investigate cell autonomous vs non-cell autonomous effects of Cxcr1 internalisation I 

used a ‘parabiosis’ technique which enables two distinct populations of neutrophils to be compared 

in the same tissue. Parabiosis is a recently developed method in which two genetically distinct 

zebrafish blastulae are surgically fused such that they develop to be conjoined133. Importantly, 

parabiotic larvae can develop to share their circulation enabling blood cells from the two genetic 
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lineages to distribute between the fused larvae. This strategy therefore enables behavioural 

responses of genetically distinct immune cells experiencing the same signals to be directly 

compared in vivo.  

 

I utilised a parabiosis technique to compare WT and cxcr1-/- neutrophil migration to the same 

inflammatory stimulus. I used differential fluorescence of cxcr1-/- and WT neutrophils to identify 

the two genetically distinct cells in the same larvae. Neutrophils in the cxcr1-/- line 

(cxcr1-/-/Tg(mpx:GFP) fluoresce green. To visualise WT neutrophils that have endogenous Cxcr1 

receptors, I therefore utilised a Tg(lyz:Dsred)nz50 line151 in which neutrophils fluoresce red. My aim 

was to conduct a wound in the WT larvae which would have WT tissue with a mixture of WT and 

cxcr1-/- neutrophils. However, in parabiotic larvae that share the circulation it is common for the 

blood cells to distribute evenly throughout the two con-joined larvae.  As such, following fusion, 

it is not possible to use the colour of the neutrophils to identify which of the two fish has WT body 

tissue and which has cxcr1-/- tissue. To overcome this issue, I crossed a Tg(lyz:Dsred)nz50 to a 

Tg(ath5:gap-GFP)132 transgenic line in which GFP is expressed in the retina. The fluorescent retina 

acted as a marker and enabled identification of the WT fish post-fusion. To generate the parabiotic 

larvae, I performed a small surgical wound in Tg(lyz:Dsred)nz50/ Tg(ath5:gap-GFP)  and 

cxcr1-/- embryos between the 256-cell stage and 30% epiboly and fused the embryos at the wounded 

sites (Fig. 4.13 a-b). I conducted a laser wound in the WT (as identified by the green retina) head 

region of successfully joined 3 dpf parabiotic larvae and imaged WT and cxcr1-/- neutrophil 

responses to the wound (Fig. 4.13 c). An in-depth analysis was not conducted due to time 

constraints, but there were no clear phenotypic differences between the two neutrophil populations 

by visual inspection. 
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4. Discussion 
Summary of results 

The work presented in this chapter focused on understanding the functional contribution of Cxcr1 

and Cxcr2 to neutrophil migration behaviour at wounds through use of receptor knockout lines. 

Live-imaging of neutrophil responses to ventral fin wounds in receptor knockout lines revealed 

that Cxcr1 and Cxcr2 show a level of redundancy at early stages of the response with both receptors 

contributing to forward migration. However, the two receptors have differential non-redundant 

roles thereafter with Cxcr1 promoting focalisation and Cxcr2 driving dispersal which promotes 

resolution of the response.  
 

Disclaimer 

Here I would like to note that another lab, also investigating the functional role of Cxcr1 and Cxcr2 

through receptor knockouts, published their work during the time frame of my PhD. Given that 

much of my receptor knockout work was completed prior to their publication there is a degree of 

overlap in the results presented in this chapter and those published by Powell et al. Accordingly, 

the Powell el al study is referred to throughout this discussion. It is important to highlight that 

receptor dynamics were not addressed in the Powell et al. study and the mechanisms underlying 

their published knockout phenotypes remain unknown.  

 

Roles for Cxcr1 and Cxcr2 in neutrophil homeostasis/development 

Prior to conducting neutrophil migration assays in knockout larvae, I first determined whether the 

mutations affected the developmental distribution of neutrophils in WT, cxcr1-/- and cxcr2-/- larvae. 

This was an important consideration, as any differences in starting cell number could affect the 

interpretation of results in subsequent analyses. Previous studies have reported slight differences 

in neutrophil number in Cxcr1 and Cxcr2 knockdowns124,152,153. A study by Deng et al. 2013 found 

the number of neutrophils in the head mesenchyme of WT, Cxcr1-MO and Cxcr2-MO injected 

larvae to be comparable124. However, when quantification was restricted to the CHT region, the 

number of neutrophils in the CHT was found to be significantly lower in Cxcr1-MO injected larvae 

(approximately 33% less than WT). The number of neutrophils in the CHT of Cxcr2-MO injected 

larvae was higher than WT but this did not reach significance124. Powell et al. reported no 

difference in the total number of neutrophils in cxcr1-/- but found a slight increase (20%) in total 
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number in their TALEN-based cxcr2-/- line152. Thus, slight differences in neutrophil development 

and distribution have been reported in Cxcr1 and Cxcr2 deficient lines. Given that Deng et al. had 

reported differences specific to the CHT, the quantification was also split in my study and 

neutrophil counts were assessed both across the whole larvae and in the CHT region specifically. 

Neutrophil counts in fixed larvae revealed no significant difference in the CHT or in the total 

number of neutrophils across WT, cxcr1-/- and cxcr2-/- larvae. However, it is worth noting that there 

was a trend for cxcr1-/- larvae to have fewer neutrophils in the CHT, a trend which was also 

noticeable during live-imaging experiments. Indeed, during quantification it was difficult to 

distinguish neutrophils from one another at the magnification used and thus using a higher 

magnification would be accurate. Nonetheless, the small differences in starting cell density are 

insufficient to account for the differences in cell migration observed in this study.  

 

Cxcr1 promotes accumulation 

In my study, live-imaging of cxcr1-/- neutrophils revealed a defect in accumulation at ventral fin 

wounds at 1-2hpw. This is consistent with data published by Powell et al. assessing 

cxcr1-/- neutrophil migration to tail transections using Sudan Black staining in fixed larvae. In their 

study, cxcr1-/- larvae showed a defect in neutrophil accumulation with less neutrophils present in 

the fin at 1-6 hpw. Thus, both studies agree that Cxcr1 has a role in promoting neutrophil 

accumulation early in the response.  

 

Cxcr2 has a specific role in reverse migration 

In my study, fixed cell analysis of neutrophil responses in cxcr2-/- larvae 24 hpw revealed increased 

neutrophil accumulation compared to WT larvae. This result is consistent with Powell et al. who 

also reported enhanced accumulation of cxcr2-/- neutrophils in stained fixed-larvae at later time 

points. Therefore, both studies agree that Cxcr2 promotes resolution of the response. Through live-

imaging of cxcr2-/- neutrophils at wound sites, both my study and that of Powell et al. show that 

Cxcr2 promotes resolution by driving reverse migration. However, the analytical approaches used 

to reach this shared conclusion were different. To track reverse migration, Powell et al. utilised a 

technique in which cxcr2-/- neutrophils expressed the photo-convertible protein, Dendra. 

Photoconversion of dendra-expressing neutrophils that have arrived at the wound facilitates 

subsequent tracking of these specific cells and thus serves as a method to track reverse migration. 

In my study, an alternative computational approach was used to track reverse migration (conducted 
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by A.G). Here, neutrophil trajectories were split into ‘forward’ and ‘reverse’ tracks. ‘Forward’ 

neutrophil trajectories included all those prior to neutrophil arrival at the ‘occupied wound area’ 

(owa), whilst ‘reverse’ neutrophil trajectories include only those after neutrophils depart the owa. 

Thus photo-conversion of dendra and subsequent tracking can be considered analogous to the 

‘reverse’ trajectory analysis conducted in this project. Importantly, both approaches reached the 

same conclusion acting to validate the computational approach used here to score reverse migration 

without need of photo-activation. Furthermore, this validated the use of this approach for the 

analysis of reverse migration in future experiments that are presented in subsequent chapters of this 

thesis.   

 

 

Cxcr1 and Cxcr2 both contribute to forward traffic 

Whilst the data presented in my study revealed that cxcr2-/- neutrophils had no defect in directional 

sensing, they were slower at all distances suggesting a general role for Cxcr2 in promoting motility 

throughout the response. Interestingly, when I injected a Cxcr2-targeting MO into cxcr1-/- larvae, 

neutrophils showed a defect in recruitment when compared to cxcr1-/- neutrophils. This suggests 

that as well as having a role in reverse migration, Cxcr2 also contributes to forward migration. 

Thus, the two receptors are, at least to some degree, redundant with regards to driving forward 

migration but Cxcr1 can compensate for Cxcr2 in its absence. These results are in line with previous 

studies, where use of a chemical inhibitor (SB225002) of human CXCR2 also revealed a role for 

Cxcr2 in recruitment to wounds123. In these studies, fewer neutrophils were recruited to SB225002 

treated tail wounds. It is worth noting that it remains unclear whether SB225002 is specific to 

Cxcr2 in zebrafish or whether Cxcr1 is also inhibited154.  

 

Ligands responsible for Cxcr1-/- and Cxcr2-/- phenotypes 

To investigate which ligands are responsible for the cxcr1-/- and cxcr2-/- phenotypes observed, I 

used Cxcl8a-secreting transplants to assess the specificity of Cxcr1 and Cxcr2 for the chemokine. 

Neutrophils in cxcr1-/-  larvae showed a defect in the percentage of cells ‘on target’ at Cxcl8a-

secreting transplants providing further evidence that Cxcr1 binds Cxcl8a. Given that there was no 

difference in the number of cells on target in WT and cxcr2-/- larvae, it remains less clear whether 

Cxcr2 is specific to Cxcl8a. A complication in the interpretation of migratory behaviours when 

using the above Cxcl8a-secreting transplant assay is that neutrophils are imaged responding to a 
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chronic chemokine gradient instead of an acute gradient. This is because larvae are imaged one day 

post transplantation to allow for the resolution of any inflammatory response to the process of 

transplantation itself. Given the HEK293T cells constantly secrete chemokine, the shape, reach and 

physiological relevance of the gradient is unclear. To further address this question in knockout 

larvae, it would be interesting to knockdown Cxcl8a by injection of morpholino and assess 

cxcr1-/- and cxcr2-/- neutrophil responses at ventral fin wounds. Whilst my studies in cxcr2-/- larvae 

did not confirm specificity for Cxcl8a, the knockout phenotype did confirm that the ligand for 

Cxcr2 is present at the wound site. This is an important point given that, from the data presented 

in the previous chapter, it remained unclear whether Cxcr2 is sustained at the membrane in response 

to its ligand or whether it is sustained because the ligand is not present. Thus, Cxcr2 is relatively 

sustained in response to its ligand present at wound sites.  

 

Endogenous neutrophil Cxcr1 sequesters Cxcl8a  

Having shown that Cxcr1 exhibits extensive internalisation in response to Cxcl8a, I next asked 

whether internalisation led to concurrent sequestration of the bound chemokine. Through 

transplantation of Cxcl8a-mcherry secreting HEK293T cells I show that neutrophils internalise the 

chemokine and that, more specifically, this is dependent on Cxcr1. Through expression of Cxcr1 

in gastrulating embryos I showed that Cxcr1 internalisation can significantly affect extracellular 

chemokine levels. Thus Cxcr1-driven Cxcl8a consumption could play a role in the decay of the 

chemoattractant signal, promoting resolution of the response or it may have other implications155. 

In other systems, receptor internalisation-mediated chemokine consumption has been shown to 

pattern extracellular gradients and affect the migration of cells experiencing the modified gradient. 

For example, a group of receptors known as ‘atypical chemokine receptors’ bind and internalise 

chemokine, modifying external chemokine levels and regulating the responses of other GPCRs that 

bind the same ligand. The formation of functional physiological gradients of CCL21 in the murine 

lymph node was found to be dependent on the expression of the atypical receptor CCRL1 (also 

known as ACKR4) which also binds CCL21145. Receptor internalisation and associated chemokine 

sequestration has also been linked to the migration behaviour of the lateral line primordium during 

development. Here it was shown that internalisation of Cxcr7 shapes the Cxcl12 gradient and drives 

Cxcr4 mediated migration of the primordium128. It would be interesting to confirm to what extent 

WT and cxcr1-/- neutrophils differentially affect endogenous Cxcl8a gradients in vivo and to further 

investigate how this functionally affects neutrophil responses. Owing to a lack of Cxcl8a 
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antibodies, I was not able to test this during my project. Future studies could aim to address this by 

injecting recombinant Cxcl8a protein into WT and cxcr1-/- larvae and testing (by western blot) how 

the levels of Cxcl8a change over time.  

 

Chemokine sequestration in cxcr1-/- neutrophils confirms internalisation of endogenous 

receptor 

In the previous chapter I investigated how exogenously expressed Cxcr1-FT and Cxcr2-FT respond 

to physiological gradients in vivo. The results I presented showed that exogenously expressed 

Cxcr1-FT exhibits extensive internalisation. However, it could be argued that this may not fully 

reflect the behaviour of the endogenous receptor. For example, endogenous membrane levels could 

be affected by transcriptional or translational regulation and these regulatory sequences were not 

included in my construct. However, monitoring endogenous Cxcr1 and Cxcr2 levels is not a trivial 

task given that there are currently no knock-in fluorescent reporter lines and no available antibodies 

for either of these zebrafish receptors. In this chapter I addressed this question using the 

cxcr1-/- line. I transplanted Cxcl8a-secreting HEK293T cells into WT and cxcr1-/- and used 

intracellular sequestration of chemokine as an in-direct read-out for endogenous Cxcr1 

internalisation. The presence of fluorescently-labelled Cxcl8a within WT but not 

cxcr1-/- neutrophils provided strong evidence for internalisation of endogenous Cxcr1. To further 

test endogenous Cxcr1 receptor levels, fluorescently-labelled Cxcl8a (recently obtained in our lab) 

could be used in combination with cxcr2-/- neutrophils to indirectly monitor endogenous Cxcr1 

levels upon exposure to chemokine in vitro. As far as we know, cxcr2-/- neutrophils only have one 

Cxcl8a binding receptor, Cxcr1. This knockout line could therefore be used to study Cxcr1 receptor 

independently/specifically. Given the results from this study, pre-incubation of cxcr2-/- neutrophils 

with non-labelled chemokine (priming) would be expected to induce Cxcr1 internalisation. 

Subsequent staining of these cells with fluorescently labelled chemokine (on ice) would enable the 

change in levels of endogenous Cxcr1 to be indirectly measured via the fluorescently tagged 

receptor-bound chemokine.  

 

Approaches to elucidate cell autonomous from non-cell autonomous functions of Cxcr1 and 

Cxcr2  

To investigate whether the observed cxcr1-/- phenotype was due to cell-autonomous effects on 

neutrophil migration, I performed parabiosis experiments. These experiments in which two larvae 
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are fused facilitate the direct comparison of genetically distinct cells responding to the same wound. 

My initial aim was to compare migration of the two cell types at ventral fin wounds however, given 

that parabiotic larvae tended to develop such that their ventral fin was not accessible for wounding 

this was not possible. Thus, I instead utilised a laser wound technique targeted to the head region 

which was consistently accessible across larvae. Transition to the laser wound assay in the head 

was not ideal given that the ventral fin wound assay is used throughout the rest of this study. It 

remains unclear how consistent neutrophil responses are across the two assays. Indeed, there 

appeared to be less recruitment overall to a head laser wound and many of the early recruited cells 

tended to ‘stick’ at the laser wound margin which was not the typical response observed in ventral 

fin wounds. Whilst I did not observe any noticeable difference in migration behaviour, it is worth 

highlighting that these videos were not quantified and it remains possible that an in-depth trajectory 

analysis could identify differences between the two cell types. It would be possible and interesting 

to conduct this experiment using the ventral fin wound assay in suitable parabiotic larvae that 

develop with access to the ventral fin.  

 

Validation of cxcr1-/- and cxcr2-/- lines 

It is often not straightforward to validate protein knockouts in the zebrafish given the lack of target-

specific antibodies currently available in this model. Indeed, there are currently no available 

antibodies targeting Cxcr1 or Cxcr2 in zebrafish. I was therefore unable to directly assess protein 

levels and confirm protein knockout via western blot in this study. An alternative approach to 

validate protein knockout could be to assess WT transcript levels. For example, RT-PCR could be 

performed in WT and receptor knockout fish using primers that bind to the truncated region of the 

transcript. Here, PCR product would be predicted to be present in WT fish but not in receptor 

knockout fish. A lack of WT transcript in knockout fish would provide indirect evidence for the 

presence of the mutant truncated transcript. It remains unclear as to whether the mutant transcript 

is degraded via the nonsense mediated RNA decay surveillance pathway156 or whether the mutant 

transcript is translated, either into a functional or non-functional truncated protein. It is worth 

noting that data presented later in this thesis (Chapter 5, Fig 5.2) suggests that a significantly less 

severe truncation of the Cxcr1 C-terminus (Cxcr1-trunc mutant truncated at amino acid 330/364) 

results in translation of a protein that is unable to be integrated into the membrane, strongly 

suggesting that the more substantial truncations in the knockout mutants would, if successfully 

translated, result in non-integrated and thus non-functional receptors. It is important to highlight 
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that from my data presented in this chapter, I do show that there is strong phenotypic support for 

cxcr1-/- and cxcr2-/- being true null mutant lines. 

 

  



 
 
 

98 

4. Figures 
 
 
 
 
 
 

 
 
 
Figure. 4.1. Nucleotide alignment of wildtype cxcr1 and the cxcr1 mutant allele (cxcr1Sa14414). 
Sequences aligned using Basic Local Alignment Search Tool (BLAST). 
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Figure 4.2. Nucleotide alignment of wildtype cxcr2 and the cxcr2 mutant allele (cxcr2sa6118). 
Sequences aligned using Basic Local Alignment Search Tool (BLAST).  
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Figure 4.3. Neutrophil distribution and neutrophil counts in wild type, cxcr1-/- and 
cxcr2-/- Tg(mpx:GFP)i114 larvae. a) Fluorescent microscopy images of non-challenged 3dpf wild-
type/ Tg(mpx:GFP)i114 (top), cxcr1-/-/Tg(mpx:GFP)i114 (middle) and cxcr2-/-/Tg(mpx:GFP)i114 
(lower) larvae. Acquired by H.W. b) Number of neutrophils in whole wild-type and cxcr1-/- larvae. 
c) Number of neutrophils in CHT of WT and cxcr1-/- larvae. d) Number of neutrophils in whole 
WT and cxcr2-/-  larvae. e) Number of neutrophils in CHT of WT and cxcr2-/- larvae. Unpaired t 
test (b-e). n=18 wild type, n=31 cxcr1-/- (b,c) and n=21 wildtype n=21 cxcr2-/- (d,e). Error bar 
represents SEM. Neutrophil counts by H.W. 
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Figure 4.4. Differential contributions of Cxcr1 and Cxcr2 in neutrophil migration at wounds 
a) Schematic of larva indicating area wounded (red line) and area imaged (red box). b) Confocal 
projection images showing distribution of neutrophils at the wound in WT/Tg(mpx:GFP) (left), 
cxcr1-/- /Tg(mpx:GFP) (middle) or cxcr2-/-/Tg(mpx:GFP) (right) larvae at 2 hpw. CHT=caudal 
hematopoietic tissue. VF= ventral fin. Dashed line shows outline of ventral fin and CHT. Scale 
bar=25µm. c) Number of recruited neutrophils at 2hpw, within a square area of 200µm length 
around the wound. One-way ANOVA with Tukey’s multiple comparisons test. n=12 (WT), n=17 
(cxcr1-/-) and n=11 (cxcr2-/-) larvae. Larvae shown in panel a are represented with a red dot in these 
plots.  d) Average neutrophil cluster size per larva. n=12 (WT), n=17 (cxcr1-/-) and n=11 (cxcr2-/-) 
larvae. Kruskal-Wallis test with Dunn’s multiple comparisons test. Quantification (c,d) by A.G. 
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Figure 4.5. Forward and reverse trajectory analysis. Schematic depicting trajectory parameters 
measured. Wound-occupied area (woa) is the area of the neutrophil cluster. Forward (purple) and 
reverse (red) segments of cell trajectories are defined as the path of neutrophils prior to entering 
and after entering leaving the woa respectively. The angle ⍬ is defined as the angle of the neutrophil 
vector in relation to the closest point of the woa. dt, vt and ⍬t refer to distance, velocity, and cosine⍬ 
over time respectively.  
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Figure 4.6. Cxcr2 promotes motility and reverse migration a) Neutrophil track straightness. 
Track data within the owa and an area extending 50 µm beyond. n=680 tracks (WT), n=603 tracks 
(cxcr1-/-) and n=319 tracks (cxcr2-/-) larvae. Kruskal-Wallis test with Dunn’s multiple comparisons 
test. b) Neutrophil speed in relation to cosine of the angle ⍬ from the owa. Track data within a zone 
of 0-50 µm from the owa are shown. n=131-2423 steps per bin (WT), n=11-3008 steps per bin 
(cxcr1-/-), n=88-2823 steps per bin (cxcr2-/-) larvae. c) Neutrophil speed in relation to distance from 
the owa. Average speeds per cell step per distance bin are n=133-1227 steps per bin (WT), n=231-
1436 steps per bin (cxcr1-/-), n=202-1382 steps per bin (cxcr2-/-) larvae. d) Neutrophil traffic as 
measured by number of reverse tracks over number of forward tracks. For all panels error bars 
represent standard error of either pooled cell means across n=12 wild-type larvae, n=17 
cxcr1-/- larvae from 6 and 10 imaging sessions respectively. Cells were analysed for two hours from 
the start of the movie. Quantificaton by A.G. 
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Fig 4.7. Cxcr1 knockdown facilitates resolution whilst Cxcr2 knockdown compromises 
resolution of inflammation. A) Bright field images of fixed, sudan black-stained embryos at 24h 
post tail fin wound. Arrows point to examples of neutrophils. Neutrophil number within the 
proximal ventral, dorsal and tail fin were counted. For consistency, neutrophils were counted within 
a distance corresponding to about 250-300µm from the end of the notochord (dashed line). b) 
Quantification of neutrophil number. Error bars represent standard error of the mean (SEM). 
Kruskal-Wallis test with Dunns multiple comparison test. n=95 for WT/Tg(mpx:gfp), n=69 for 
Cxcr1 -/-/mpx:gfp and n=104 for cxcr2-/-/Tg(mpx:gfp). Pooled from 4 experiments. Neutrophil 
staining and counts performed by myself and C.K. 
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Figure 4.8. Cxcr2 morpholino knockdown in cxcr1-/- larvae inhibits recruitment to wound. a) 
Schematic showing region wounded (red line) and imaged (red box). b) Confocal projection image 
of neutrophil recruitment to a ventral fin wound at 1hrpw in Cxcr2 morpholino injected 
Cxcr1-/- larvae. CHT=caudal hematopoietic tissue. VF=ventral fin. Scale bar 25um. c) Neutrophil 
recruitment to the ventral fin at 1hpw and 2hpw within a sample square field of 200µm length 
around the wound. n=17 (cxcr1-/-) and n=8 (cxcr1-/- + MO) larvae, from 10 and 3 imaging sessions 
respectively. Two-tailed Mann-Whitney test d) Neutrophil speed in relation to cosine of angle ⍬ 
(cos⍬). Average speeds per cell per cos⍬ bin shown. n=231-1436 steps per bin (cxcr1-/-) and 
n=24-213 steps per bin (cxcr1-/- + MO) larvae. Track data within a zone of 0-50 µm from the owa 
are shown.  e) Neutrophil speed in relation to distance from wound. Average speeds per cell per 
distance are shown. n=19-2922 steps per bin (cxcr1-/-) and n=41-603 steps per bin (cxcr1-/- + MO) 
larvae. c,d) Data are from 17 (cxcr1-/-) and 8 (cxcr1-/- + MO) larvae from 10 and 3 imaging sessions 
respectively. Quantification (b-e) by A.G. 
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Figure 4.9. Cxcr2 morpholino specifically targets Cxcr2. Quantification of neutrophil number 
at tail wound of fixed, sudan black stained 3dpf larvae at 4 hours post-wound. Mann Whitney test. 
Error bars represent standard error of the mean from n=57 cxcr1-/-, n=69 morpholino injected 
cxcr1-/- larvae, n=64 cxcr2-/- larvae and n=68 morpholino-injected cxcr2-/- larvae.  
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Figure 4.10. cxcr1-/- neutrophils show defective accumulation at Cxcl8a secreting transplant. 
a) Schematic of larva depicting area of transplantation of Cxcl8a- mCherry secreted cells. Confocal 
projections of neutrophils (green) in WT (mpx:gfp) or cxcr1-/- Tg(mpx:gfp) or cxcr2-/-/Tg(mpx:gfp) 
larvae, transplanted with Cxcl8a-mCherry-expressing cells (red). Scale bar, 50µm. c) 
Quantification of percentage of neutrophils in contact with chemokine-expressing cells (‘on 
target’). n=12,10,5 embryos for WT, cxcr1-/- and cxcr2-/- acquired in 3, 3 and 2 imaging sessions 
respectively. ANOVA with Bonferroni multiple comparison test. 
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Figure 4.11. Cxcr1 consumes extracellular Cxcl8a. a) Schematic of larva indicating the area of 
transplantation of Cxcl8a-secreting cells. b) Confocal projections of wild-type (mpx:gfp) or 
cxcr1-/- /Tg(mpx:gfp) responding to Cxcl8a-secreting cells. Arrows point to internalised chemokine 
in GFP+ neutrophils. Scale bar, 50µm. c) Quantification of levels of Cxcl8a-mCherry inside 
neutrophils. Pixel contrast within segmented neutrophils normalised to mean intensity of transplant 
in the same image. Levels in the cxcr1-/- condition correspond to background signal detection by 
the segmentation algorithm. n=33 cells from 3 embryos for cxcr1-/-, n=29 from for 2 embryos for 
WT, from 2 imaging sessions. Unpaired t test. Quantification (c) by A.G. 
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Fig 4.12. Cxcr1 internalisation can modify external chemokine levels. 30pg Cxcl8a-ECFP 
mRNA was injected without (left) or with (right) 100pg Cxcr1 mRNA. Laser scanning confocal 
slices of gastrulating embryos showing Cxcl8a-ECP tissue distribution. Scale bar, 25µm. 
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Figure 4.13. Use of parabiosis approach to investigate cell-autonomous receptor roles. a) 
Schematic of parabiosis approach. Fusion was performed at the blastula stage between WT 
Tg(Lyz:Dsred) and cxcr1-/-/Tg(mpx:GFP) larvae b) Confocal image showing an example of a 
parabiotic fish with both red (wt) and green (cxcr1-/-) neutrophils at 3 dpf. c) Snapshots from two-
photon movie showing wt (red) and cxcr1-/- (green) neutrophil responses to a laser wound in a 
representative parabiotic WT fish. Timepoint following laser wound is indicated in minutes. 
Dashed circle indicates position of laser wound. 
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Chapter 5: Differential trafficking of Cxcr1 and Cxcr2 

balances neutrophil clustering and dispersal at wounds 

 
5. Introduction 
The focus of this chapter was to determine whether the differential trafficking of Cxcr1 and Cxcr2 

(internalisation vs sustenance) is responsible for the distinct functional contributions of the two 

receptors (i.e. clustering versus dispersal). To investigate this, my aim was to manipulate receptor 

trafficking through the generation of mutant receptors and analyse the effects on cell migration 

behaviour at target sites. 

 

The role of receptor trafficking in generating specific cell migration behaviours has been studied 

in other systems. For example, the role of receptor desensitisation has been studied in neutrophil 

migration in WHIM syndrome, an immunodeficiency disorder characterised by warts, 

hypogammaglobulinemia (low antibody count), recurrent bacterial infection and myelokathexis 

(increased number of mature myeloid cells in bone marrow and concurrent peripheral blood 

neutropenia) 5,157. In most cases, WHIM syndrome results from mutations in the C-terminus of 

CXCR4 which leads to the synthesis of a truncated CXCR4 receptor that is unable to be 

phosphorylated and is not able to desensitise65. CXCR4 binds the chemokine CXCL12 (also known 

as SDF1a), a signalling pathway that is important in regulating homeostatic neutrophil release from 

the bone marrow. In WHIM syndrome, the defect in receptor desensitisation has been shown to 

result in persistent CXCR4-CXCL12 signalling65. This ‘over-engagement’ of neutrophils to 

CXCL12 prevents neutrophils from responding to other sources of alternative attractants that would 

usually draw them out of the bone marrow. Consequently, neutrophils are retained in the bone 

marrow and normal homeostasis is disrupted5. Thus, in this setting, blocking of receptor 

desensitisation (through receptor truncation) prevents cells from moving towards other sources of 

alternative attractants. The behavioural implication of receptor desensitisation has also been studied 

during developmental processes and has been shown to play an important role in fine-tuning 

migration of primordial germ cells (PGCs)158. PGCs, the progenitors of germline cells, express the 

receptor Cxcr4b which binds to the chemokine Cxcl12 (Sdf1a). During development, PGCs follow 

gradients of Cxcl12 and migrate to what will become the gonad where they then differentiate. 
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Interestingly, when Cxcr4b desensitisation was blocked through truncation of the C-terminal 

domain, cells were found to overshoot their target and failed to accumulate at the target site. 

Instead, cells were found to migrate to alternative ectopic sites of Cxcl12 production. In this setting, 

blocking desensitisation through receptor truncation led to cells overshooting their target. The 

behavioural impact of desensitisation differs in the examples studied so far. Thus, it is difficult to 

predict how receptor trafficking might regulate neutrophil migration during inflammatory 

responses. Indeed, the implication of receptor trafficking on neutrophil inflammatory responses in 

vivo has not been studied. 

 

5. Objectives 
• Generate mutant receptors and identify those defective in internalisation/desensitisation 

• Generate zebrafish transgenic rescue lines in which mutant receptors are expressed 

specifically in neutrophils 

• Conduct live-imaging to investigate behavioural implications of receptor desensitisation on 

neutrophil migration behaviour at wounds 

 
Notes on contributions:  

Antonios Georgantzoglou (A.G) conducted most of the image analysis presented in the results 

section of this chapter. His contribution is noted throughout the text and figure legends. Any 

contribution to analysis made by Milka Sarris (M.S) is also referred to in the text and figure legends.  
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5. Results 
Generation of Cxcr1 mutant receptors  

I generated internalisation-deficient Cxcr1 receptors by targeting mutations to the serine-rich 

region of the C-terminus (Fig. 5.1). Serine residues in the C-terminus are substrates for GRK 

phosphorylation and have been shown to regulate receptor internalisation136159. I generated 

multiple different mutant receptors, by PCR, which each carried different mutations in this region. 

I generated a ‘Cxcr1-trunc’ mutant in which the Cxcr1 receptor was truncated through deletion of 

the entire C-terminus (including the serine-rich region). I also generated a more conservative 

‘Cxcr1-ser’ mutant in which only the serine-rich region of the Cxcr1 C-terminus was deleted. I 

generated a ‘Cxcr1-ala’ mutant in which all serine residues in the C-terminus were substituted for 

alanine residues which cannot be phosphorylated. Finally, I generated a chimeric ‘Cxcr1-chim’ 

receptor in which the Cxcr1 C-terminus was substituted for that of Cxcr2. Given the receptor 

trafficking results presented in chapter 3, the Cxcr2 terminus was expected to bear the motifs 

necessary for membrane sustenance. This was deemed a more physiologically relevant method of 

enforcing membrane sustenance. Despite the limited used of tagRFP in this system, I retained usage 

of the FT-cassette when generating mutant receptors. This was to maintain consistency in analysis 

and to facilitate screening of transgenic embryos based on the brighter signal of tagRFP.  

 

Effect of receptor mutagenesis on plasma membrane distribution 

Following generation of the above mutant receptors, the first step was to determine which, if any, 

of the mutations resulted in a receptor that is unable to internalise in response to Cxcl8a. To this 

end, I expressed mutant receptors in zebrafish gastrulating embryos and assessed receptor 

responses to co-injected Cxcl8a. The complete C-terminus truncation mutation (Cxcr1-trunc) 

resulted in a receptor that was unable to traffic to the membrane even when expressed in the absence 

of Cxcl8a (Fig. 5.2). Therefore, these images were not quantified and this mutant receptor was not 

used in any further experiments. Both the Cxcr1-ser (Fig. 5.3) and Cxcr1-ala mutant receptors (Fig 

5.4) appeared membranous (i.e. did not internalise) in the presence of Cxcl8a. Interestingly, above 

a certain concentration of Cxcl8a (40 pg), Cxcr1-ala receptor expression proved to be lethal, whilst 

the Cxcr1-ser receptor had no toxic effect at any concentrations tested. This suggested that the 

Cxcr1-ala receptor retained its ability to signal and, through its enforced membrane sustenance, 

transmitted excessive signalling that was toxic to the embryo. Given that these results suggested 
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that Cxcr1-ala retained its ability to signal, I selected this receptor for future experiments. For this 

reason, Cxcr1-ser expressing embryos were not quantified. Quantification of Cxcr1-ala receptor 

distribution in gastrulating embryos confirmed that this mutant receptor is sustained in response to 

Cxcl8a (Fig. 5.5). Due to time restraints, I did not test internalisation of the Cxcr1-chim receptor 

in gastrulating embryos. Instead, I expressed this receptor, and observed the response to 

endogenous ligand, directly in neutrophils (see following section).  

 

Cxcr1-ala and Cxcr1-chim expressed in neutrophils remain membranous in response to 

endogenous chemokine 

Having identified which of the generated mutant receptors were unable to internalise, the next step 

was to express the internalisation deficient receptors in neutrophils and confirm that they are not 

internalised in response to endogenous gradients at wound sites. To this end, I generated new 

Tg(lyz:Cxcr1-FT); cxcr1-/-, Tg(lyz:Cxcr1_ala-FT); cxcr1-/-, and Tg(lyz:Cxcr1_chim-FT); cxcr1-/- 

fish lines in which Cxcr1-wt, Cxcr1-ala or Cxcr1-chim receptors were expressed in neutrophils in 

a cxcr1-/- background. Expressing mutant receptors in a knockout background would exclude any 

contribution of endogenous Cxcr1 receptors. To assess receptor responses in response to 

endogenous gradients, I conducted a ventral fin wound in Tg(lyz:Cxcr1-FT); cxcr1-/-, 

Tg(lyz:Cxcr1_ala-FT); cxcr1-/-, and Tg(lyz:Cxcr1_chim-FT); cxcr1-/- larvae and analysed receptor 

responses during neutrophil migration to the target site. As expected, consistent with earlier 

observations in Tg(Lyz:Cxcr1-FT) neutrophils, the Cxcr1-wt receptor was progressively 

internalised as neutrophils approached the wound site (Fig. 5.6a left panel, and b). Importantly, 

neither the Cxcr1-ala (Fig. 5.6a middle panel, and b) or Cxcr1-chim (Fig. 5.6 a right panel, and b) 

mutant receptors were internalised at the target site. This confirmed that when expressed in 

neutrophils, both Cxcr1-ala and Cxcr1-chim are unable to internalise in response to endogenous 

gradients present at wound sites. Given that both receptor mutants showed a gain of plasma 

membrane sustenance it was expected that any shared gain of function behaviors would point to 

the functional importance of plasma membrane sustenance. 

 

Cxcr1-WT rescues Cxcr1-/- clustering defect 

I next assessed the behavioural implications of the Cxcr1 internalisation deficient mutant receptors 

at a ventral fin wound. As a control, I first assessed neutrophil behaviour in Cxcr1-wt rescue larvae. 

Importantly, when expressed in a cxcr1-/- background, the Cxcr1-wt receptor rescued the clustering 
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defect of cxcr1-/- neutrophils, confirming that this defect in focalisation was, at least in part, due to 

lack of neutrophil expression of Cxcr1 and not due to other factors such as other cell types or the 

tissue environment (Fig.5.7a-c and Fig. 5.8, left panel). 

 

Cxcr1-ala show enhanced motility and focalisation 

Interestingly, the behaviour of Cxcr1-ala mutant neutrophils was strikingly different to that of 

Cxcr1-wt neutrophils. At the wound site, Cxcr1-ala neutrophils formed focalised ‘tornado-like’ 

swarms forming unusually large and motile clusters where cells circled around each other (Fig. 5.8, 

middle panel). Quantification confirmed increased cluster size compared to Cxcr1-wt (Fig. 5.9a) 

and a gain of function with regards to motility, with Cxcr1-ala neutrophils showing increased 

speeds both inside the owa as well as throughout forward migration to the owa (Fig 5.9b-d). 

Quantification of ‘net reverse traffic’, confirmed that Cxcr1-ala mutant neutrophils showed less 

reverse interstitial migration representative of their over-attentive engagement with the wound 

(Fig. 5.9e). 

 

Cxcr1-chim show enhanced motility and dispersal 

I next assessed the behavioural implication of the Cxcr1-chim mutation on neutrophil migration 

behaviour at ventral fin wounds. As for Cxcr1-ala neutrophils, Cxcr1-chim neutrophils were visibly 

quicker than Cxcr1-wt cells. However, in contrast to Cxcr1-ala, Cxcr1-chim neutrophils showed 

enhanced dispersal compared to cxcr1-wt neutrophils (Fig. 5.8, right panel). Quantification (by 

A.G) confirmed that Cxcr1-chim neutrophils showed a gain of function with regards to motility, 

with neutrophils showing increased speeds both inside the owa (Fig. 5.9a) as well as throughout 

forward migration to the owa (Fig 5.9b-c). Cxcr1-chim neutrophils showed less directionality, 

indicative of a more random-like migration behaviour (Fig. 5.9d).  Quantification of overall ‘cell 

traffic’ confirmed that Cxcr1-chim neutrophils showed increased reverse migration, reflective of 

their bidirectional and dispersive behaviour (Fig. 5.9e).  

 

Generation of Cxcr2 mutant receptors  

Following generation of the Cxcr1 mutants I generated analogous Cxcr2 mutant receptors. I 

generated a Cxcr2-ala mutant receptor in which all serine residues in the C–terminus were replaced 

with alanine residues and I also generated a Cxcr2-chim receptor in which the C-terminus of Cxcr2 

was substituted for that of Cxcr1 (Fig. 5.10). The Cxcr2-chim receptor was expected to possess the 
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ligand binding characteristics of Cxcr2 but bear the C-terminus amino acid residues (from Cxcr1) 

necessary for internalisation/desensitisation.  Due to time restraints Cxcr2-mutant constructs were 

not expressed in gastrulating embryos but were instead directly expressed in neutrophils under the 

Lyz promoter. I generated new Tg(lyz:Cxcr2-FT); cxcr2-/-, Tg(lyz:Cxcr2_ala-FT); cxcr2-/-, and 

Tg(lyz:Cxcr2_chim-FT); cxcr2-/- rescue lines in which Cxcr2-wt, Cxcr2-ala and Cxcr2-chim 

receptors were expressed in a cxcr2-/- background to exclude any contribution of endogenous 

Cxcr2.  

 

Cxcr2-wt and Cxcr2-ala are sustained at the membrane in response to endogenous wound 

gradients whilst Cxcr2-chim is internalised 

I conducted ventral fin wounds in Tg(lyz:Cxcr2-FT); cxcr2-/-, Tg(lyz:Cxcr2_ala-FT); cxcr2-/-, and 

Tg(lyz:Cxcr2_chim-FT); cxcr2-/- larvae and assessed receptor trafficking dynamics in response to 

endogenous gradients generated at wound sites. As expected, Cxcr2-wt remained predominantly 

membranous at the wound site (Fig 5.11a, left panel and b). Cxcr2-ala also had a membranous 

distribution (Fig. 5.11a, middle panel and b). In contrast, Cxcr2-chim showed a gain in 

internalisation at wound sites confirming that it is the Cxcr1 C-terminus that confers internalisation 

(Fig 5.11a, right panel and b).  

 

Cxcr2-WT and Cxcr2-ala rescue cxcr2-/- dispersal defect whereas Cxcr2-chim does not 

Importantly, the Cxcr2-wt construct rescued both the slow forward motility defect and the dispersal 

defect observed in cxcr2-/- larvae (Fig. 5.12a-b). This confirmed that neutrophil specific expression 

of Cxcr2 promotes dispersal. I next assessed the implication of the Cxcr2-chim mutation on 

neutrophil migration behaviour at ventral fin wounds. Like Cxcr1-wt, the Cxcr2-chim construct 

rescued the slow forward motility defect of cxcr2-/- neutrophils (Fig. 5.12a). Interestingly, Cxcr2-

chim neutrophils migrated to the wound but, concurrent with receptor internalisation, suddenly 

stopped and appeared less motile at the wound. Quantification of net reverse traffic confirmed that 

Cxcr2-chim neutrophils were less dispersive (Fig 5.12b). Thus, in contrast to the Cxcr2-wt 

receptor, the Cxcr2-chim receptor was unable to rescue the dispersal defect of cxcr2-/- neutrophils. 

This shows that sustained residence of Cxcr2 at the plasma membrane is required for Cxcr2-

mediated dispersal. The Cxcr2-ala construct also rescued the slow forward motility defect of 

cxcr2-/- neutrophils. Cxcr2-ala neutrophil migration behaviour at wound sites was comparable to 

that of Cxcr2-WT neutrophils with quantification of net reverse traffic revealing no significant 
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difference between the two neutrophil populations (Fig. 5.12b). Thus, mutating the serine residues 

in the Cxcr2 terminus did not confer the same behavioural phenotype as mutating serine residues 

in the Cxcr1 C- terminus (Cxcr1-ala). This may suggest that desensitisation of Cxcr2 plays a more 

negligible role in generating specific migration behaviours at wound sites.  

 

Exploring differential signalling of Cxcr1 and Cxcr2  

Cxcr1-ala and Cxcr1-chim neutrophils showed a qualitative difference in behaviour, being 

focalised and dispersed respectively. I therefore reasoned that a possible explanation for the 

phenotypes of Cxcr1-ala and Cxcr1-chimera could be differential signalling. For example, it is 

possible that the Cxcr1 alanine mutations merely block desensitisation and that the transplantation 

of Cxcr2 C-tail changes both the signalling and the trafficking. A key component of chemokine 

receptor signalling is the associated trimeric G protein complex (consisting of Ga, Gb and Gg 

subunits) which transduces the external signal to intracellular signalling molecules. Eukaryote 

genomes have multiple genes that encode several different types of Ga, Gb and Gg proteins. For 

example, there are four main Ga protein subclasses, Ga(i/o), Ga(q), Ga(s), Ga(12/13), which can 

activate distinct signalling cascades. While many chemoattractant receptors couple to Gi, Gq 

coupling has been reported for some receptors in leukocytes, for example in dendritic cells and 

neutrophils160. To investigate potential differences in Ga protein coupling between Cxcr1 and 

Cxcr2, the amino acid sequence was inputted into an algorithm (performed by Milka Sarris) that 

predicts G protein coupling partners (ie. Gai, Gaq, Gas, etc.). Interestingly, Cxcr1 and Cxcr2 were 

predicted to have differential Ga coupling. Whilst Cxcr2 was predicted to couple to Gi, as is 

common for chemokine receptors, Cxcr1 was predicted to couple to Gaq. To investigate Cxcr1 

receptor coupling to Gaq subunits, I used two Gaq pharmacological inhibitors, YM-254890 and 

FR900359, to assess whether they could inhibit the focalised and highly motile behaviour seen in 

Cxcr1-ala mutants. However, quantification of speed, directional sensing and cluster size revealed 

no difference between DMSO and Gaq inhibitor-treated Cxcr1-alanine neutrophils (Fig. 5.13).  
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5. Discussion 
Summary of results 

The results presented in this chapter focused on understanding the role of Cxcr1 and Cxcr2 receptor 

trafficking in generating specific neutrophil migration behaviours (focalisation vs bi-directional 

movement) during wound responses. I addressed this through generation of desensitisation-

deficient (Cxcr1-ala, Cxcr2-ala) and chimeric (Cxcr1-chim, Cxcr2-chim) mutant receptors. 

Interestingly, Cxcr1-ala and Cxcr1-chim neutrophils had qualitatively different, contrasting 

behaviours with Cxcr1-ala neutrophils showing enhanced focalisation whilst Cxcr1-chim 

neutrophils showed enhanced bidirectional motility. The excess focalisation observed in Cxcr1-ala 

neutrophils suggests that Cxcr1 desensitisation is essential to prevent an overly focalised response. 

Internalisation of Cxcr2-chim receptor and the concurrent defect in dispersal showed that Cxcr2 

sustenance is required for dispersal.  

 

Cxcr1 desensitisation is required for dispersal 

Cxcr1-ala neutrophils displayed strikingly enhanced focalisation suggesting that Cxcr1 receptor 

internalisation is required for neutrophil dispersal. It is tempting to speculate that Cxcr1 signalling 

acts as a molecular sign-post, keeping cells highly directed and targeted towards the source. Indeed, 

during live-imaging neutrophils were often seen to make U-turns when migrating away from the 

wound and were quickly drawn back to the target. Interestingly, even when the Cxcr1-ala receptor 

was expressed in a cxcr1+/- heterozygote background (data not shown) neutrophils still exhibited a 

highly motile and focalised swarming behaviour. Thus, even in the presence of endogenous Cxcr1 

receptor, which is capable of internalisation, the non-desensitising Cxcr1-ala receptor provides 

adequate excess signal to generate the swarming phenotype.  

 

Sustained Cxcr2 residence at the plasma membrane is required for dispersal 

I showed that Cxcr2-wt is largely sustained at the membrane in response to endogenous ligands 

present at wound sites. When the C-terminus of Cxcr2 was substituted with that of Cxcr1 the 

receptor internalised at the wound site. This suggests that the Cxcr1 terminus carries the residues 

necessary for internalisation in response to endogenous ligands present at the wound site. 

Importantly, neutrophils expressing Cxcr2-chim showed reduced reverse migration, suggesting 

that sustenance of Cxcr2 is required for dispersal. It remains unclear whether the endogenous ligand 
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responsible for Cxcr2-chim internalisation is Cxcl8a or another ligand. To verify this, a possible 

future experiment would be to suppress the expression of Cxcl8a (e.g. via morpholino) or other 

candidate ligands and assess the effect on Cxcr2-chim internalisation.   

 

Blocking desensitisation of Cxcr1 is not sufficient to mediate dispersal, in contrast to 

cytoplasmic domain swapping with Cxcr2 

Enforced membrane sustenance of Cxcr1-ala resulted in enhanced focalisation whilst enforced 

sustenance of Cxcr1-chim resulted in an overly dispersive behaviour. Given that both mutant 

receptors are sustained at the membrane, it seems unlikely that membrane sustenance alone 

accounts for this qualitative difference. One possibility is that the C-terminus of Cxcr2 used in the 

Cxcr1-chim receptor confers different signalling properties to that of Cxcr1 and that this results in 

a qualitatively different dispersive migration behaviour. I therefore reasoned that a possible 

explanation for the phenotypes of Cxcr1-ala and Cxcr1-chimera could be differential G protein 

coupling conferred by the different C-tails. For example, Cxcr1 and Cxcr2 could have different G 

protein and down-stream signalling effectors. While the Cxcr1 alanine mutations merely block 

desensitisation, the transplantation of the Cxcr2 C-tail changes both the G protein-binding and the 

trafficking. Interestingly, based on their amino acid sequence Cxcr1 and Cxcr2 were predicted to 

couple to Gq and Gi respectively. In my study, pharmacological inhibition of Gq signalling by 

YM-254890 and FR900359 had no observable effect on Cxcr1-ala migration behaviour. However, 

it is unclear whether this drug is able to inhibit all zebrafish Gq proteins expressed in neutrophils. 

Indeed, ongoing work from collaborators indicates that the drug does not inhibit all neutrophil Gqs. 

Therefore, more systematic work is required to characterise Cxcr1 and Cxcr2 signalling profiles 

and their roles in focalisation versus dispersal. Ongoing work in the lab aims to genetically inhibit 

the Gq proteins expressed in zebrafish neutrophils that are not targeted by FR900359, via CRISPR 

gene editing technology.  
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5. Figures 
 
 

 
 
 
Figure 5.1.  Mutagenesis of Cxcr1 C-terminus. Schematic showing Cxcr1 mutagenesis approach. 
Amino acid sequence of Cxcr1-wt C-terminus is shown with candidate phosphorylation (serine) 
residues underlined. Cxcr1-trunc mutant with truncated C-terminus, truncated region crossed out 
with red line.  Cxcr1-ser with truncated serine rich region crossed out with red line. Cxcr1-ala 
mutant receptor with all serines substituted for alanines, substitutions indicated in blue. Cxcr1-
chim receptor has C-terminus of Cxcr1 replaced by that of Cxcr2, substituted region indicated in 
blue. 
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Figure 5.2. Cxcr1-trunc expression in gastrulating embryos. 100pg of Cxcr1-trunc mRNA was 
injected into in one-cell stage zebrafish embryos either in the absence or presence of 150pg Cxcl8a 
mRNA. A control membrane marker (cyan) was co-injected in all cases. Laser scanning confocal 
slices of gastrulating embryos expressing Cxcr1-trunc without (top panels) or with Cxcl8a (lower 
panels). sfGFP and tagRFP receptors are shown in separate channels. Control membrane marker is 
shown in the blue channel. Representative images from 4 embryos from 1 imaging session (Cxcr1-
trunc), and from 6 embryos from 1 imaging session (Cxcr1-trunc +Cxcl8a). Scale bar, 50 µm. 
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Figure 5.3. Cxcr1-ser is not internalised in response to Cxcl8a. 100pg of Cxcr1-ser mRNA was 
injected into in one-cell stage zebrafish embryos either in the absence or presence of 150pg Cxcl8a 
mRNA. A control membrane marker (cyan) was co-injected in all cases. Laser scanning confocal 
slices of gastrulating embryos expressing Cxcr1-ser without (top panels) or  with Cxcl8a (lower 
panels). Green and red receptors are shown in separate channels. Control membrane marker is 
shown in the blue channel. Representative images from 16 embryos from 3 imaging experiments 
(Cxcr1-ser), and 14 embryos from 3 experiments (Cxcr1-ser + Cxcl8a). Scale bar, 50 µm. 
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Figure 5.4. Cxcr1-ala is not internalised in response to Cxcl8a. 100pg of Cxcr1-WT or Cxcr1-
ala mRNA was injected with or without 40pg Cxcl8a mRNA in one-cell stage embryos. a) Laser 
scanning confocal slices of gastrulating embryos expressing Cxcr1-WT in the absence and presence 
of Cxcl8a. b) Laser scanning confocal slices of gastrulating embryos expressing Cxcr1-ala receptor 
in the absence and presence of Cxcl8a. sfGFP and tagRFP receptors are shown in separate channels. 
Control membrane marker is shown in the blue channel. Scale bar, 20µm. 
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Figure 5.5. Cxcr1-ala remains membranous in response to Cxcl8a. Quantification of wild type 
Cxcr1-wt and Cxcr1-ala membrane expression as a function of a control membrane marker 
(mCFP). Ratio of red over blue fluorescence (R/B) at the cell membrane is shown. Ratios at the 
cell membrane were normalised to corresponding mean intensity ratios in the whole image. Mann 
Whitney test, n=12 embryos for Cxcr1 from nine imaging sessions, n=4 embryos for Cxcr1+Cxcl8a 
from two imaging sessions, n=6 embryos for Cxcr1-ala from two imaging sessions, n=9 embryos 
for Cxcr1+Cxcl8a from two imaging sessions. Quantification by M.S. 
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Figure 5.6. Cxcr1-wt is internalised at wound sites, whilst Cxcr1-ala and Cxcr1-chim remain 
membranous a) Confocal images showing Cxcr1-wt (left), Cxcr1-chim (middle) and Cxcr1-ala 
(right) receptor distribution in neutrophils at wounds, Scale bar, 15µm b) Quantification of contrast 
in cxcr1-/- or cxcr1-/+ neutrophils rescued by the different Cxcr1-FT receptor variants. n=23 cells 
(WT) from 7 larvae, n=26 cells (Cxcr1-ala) from 6 larvae, n=19 cells (Cxcr1-chim) from 5 larvae. 
Kruskal-Wallis test with Dunn’s multiple comparison test. Error bars represent S.E.M across cells. 
Quantification (b) by A.G. 
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Figure 5.7. Neutrophil expression of Cxcr1-FT rescues Cxcr1-/- clustering defect a) Average 
neutrophil neutrophil cluster size per larva throughout the first 2 hpw. Mann Whitney test. b) 
Neutrophil speed in relation to distance from wound. Average speeds per cell per distance bin are 
shown. c) Neutrophil speed in relation to cosine of angle ⍬. Average speeds per cell per cos⍬ bin 
are shown. Error bars represent standard error of either pooled cell means (b-c) or embryo means 
(a) across n=17 cxcr1-/- larvae and  n=9 Tg(lyz:cxcr1-FT)/cxcr1-/- from 12 and 4 imaging sessions 
respectively. Quantification by A.G.  
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Figure 5.8. Cxcr1-ala neutrophils form focalised clusters whilst Cxcr1-chim neutrophils are 
dispersed. Confocal images showing distribution of Cxcr1-wt (left), Cxcr1-ala (middle) and 
Cxcr1-chim (right) neutrophils (green) at a ventral fin wound, approximately 2hrpw. Due to 
bleaching issues during imaging, the distribution of Cxcr1-chim (right) neutrophils is shown via 
the tgRFP fluorophore of the fluorescent timer, not sfGFP, but is shown here pseudo-coloured as 
green. Scale bar, 30µm. 
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Figure 5.9. Cxcr1-ala neutrophils form focalised clusters whilst Cxcr1-chim neutrophils are 
dispersed. a) Quantification of neutrophil cluster size, n=8 (WT), n=6 (ala) and n=4 (chim) larvae 
from 3 imaging sessions per condition. One-way ANOVA test with Tukey’s multiple comparisons 
test. b) Quantification of speed within the owa. n=9 (WT), n=6 (ala) and n=7 (chim) larvae. One-
way ANOVA test with Tukey’s multiple comparisons test. c) Quantification of speed within the 
owa. N=.test. c) Neutrophil speed in relation to distance from the owa. Average speeds per cell step 
per distance bin are shown. n=316-1942 steps per bin (WT), n=105-706 steps per bin (ala), n=83-
896 steps per bin (chim). d) Neutrophil speed in relation to cosine of angle ⍬. Average speeds per 
cell per cos⍬ bin are shown. n=128-849 steps per bin (WT), n 22-445 steps per bin (ala), n=44-417 
steps per bin (chim). e) Net reverse traffic. n=9 (WT), n=6 (ala) and N=7 (chim) larvae. Kruskal-
Wallis test with Dunn’s multiple comparisons test. Quantification by A.G. 
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Figure 5.10.  Mutagenesis of Cxcr2. Schematic showing Cxcr2 mutagenesis approach. From top 
to bottom: Amino acid sequence of Cxcr2-WT C-terminus is shown with candidate 
phosphorylation targets (serines) underlined. Cxcr2-ala mutant with all serine residues substituted 
for alanine residues, shown in blue.  Cxcr2-chimera receptor has C-terminus of Cxcr2 replaced by 
that of Cxcr1, substituted region indicated in blue. 
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Figure 5.11. Cxcr2-WT and Cxcr2-ala are sustained at the cell membrane, whilst Cxcr2-chim 
is internalised. Confocal images of receptor distribution in Cxcr2KO-WT rescue (left), Cxcr2KO-
ala (middle) and Cxcr2KO-chim (right) responding to a ventral fin wound. Scale bar, 20µm. b) 
Quantification of contrast in cxcr2-/- neutrophils rescued by the different Cxcr2-FT receptor 
variants. n=33 cells (WT) from 5 larvae, n=18 cells (ala) from 5 larvae, n=33 cells (chim) from 8 
larvae. Data are from independent larvae in 3-5 imaging sessions. Kruskal-Wallis test with Dunn’s 
multiple comparisons test. Error bars represent standard error of means across cells. Quantification 
by (b) A.G. 
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Figure 5.12. Cxcr2 membrane sustenance is required for dispersal. a) Neutrophil speed in 
relation to distance from the owa. Average speeds per cell per distance bin are shown. n=558-2651 
steps per bin (WT), n=95-1266 steps per bin (ala), n=494-2000 steps per bin (chim), n=1168-2823 
steps per bin for cxcr2-/- larvae. b) Net reverse traffic. n=6 (WT), n=9 (ala), n=8 (chim), n=11 larvae 
for cxcr2-/- (-). Kruskal-Wallis test with Dunn’s multiple comparisons test. In b and c, data are from 
6 (WT), 9 (ala), 8 (chim) and 11 cxcr2-/- (-) larvae from 3, 4, 3 and 8 imaging sessions respectively. 
Cells were analysed from the start of the movie (approximately 15 mpw) up to 2 hpw. 
Quantification by A.G.  
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Figure 5.13. Analysis of neutrophil behaviour in Cxcr1-ala larvae treated with Gq inhibitors. 
a) Pre-arrival trajectory straightness. Kruskall-Wallis with Dunn’s post-test. n=46 tracks, n=88 
tracks, n-217 tracks from 6 DMSO-treated, 7 YM254890-treated and 8 FR900359-treated larvae 
respectively. b) Average cluster size. One way ANOVA. n=6 DMSO-treated, n=7 YM254890-
treated larvae and n=8 FR900359-treated larvae. c) Neutrophil speed in relation to distance from 
wound (pre-arrival trajectory segment). Average speeds per cell per distance bin are shown. d) 
Neutrophil speed in relation to cosine of angle ⍬. Average speeds per cell per cos⍬ bin are shown 
(pre-arrival trajectory segment). Error bars represent SEM. Cells were imaged and analysed 1-2 
hpw. Quantification by A.G.  
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Chapter 6: Concluding remarks and future directions 

Subchapter 6.1: Concluding remarks 
The overarching aim of this thesis was to understand how GPCR trafficking in neutrophils 

influences the interpretation of endogenous chemokine gradients to generate specific migration 

behaviours at inflammatory sites. Here I used zebrafish Cxcr1 and Cxcr2 as a model system to 

address this in vivo.  

 

In chapter 3, my aim was to dissect the trafficking dynamics of Cxcr1 and Cxcr2 during neutrophil 

migration in vivo. For this, I fluorescently labelled each receptor using a fluorescent timer (FT) 

approach in which receptors were tagged to a fast maturing sfGFP in tandem with a slower 

maturing tagRFP. Through expression of FT-receptors in gastrulating embryos I showed that Cxcr1 

internalises in response to Cxcl8a whilst Cxcr2 is relatively sustained. To test receptor trafficking 

in neutrophils, I generated new Tg(lyz:Cxcr1-FT) and Tg(lyz:Cxcr2-FT) transgenic lines in which 

the FT-receptors are specifically expressed in neutrophils. Live-imaging of neutrophil responses in 

Tg(lyz:Cxcr1-FT) and Tg(lyz:Cxcr2-FT) larvae revealed that under steady state conditions 

neutrophils show rapid constitutive turnover of the two receptors.  My study reveals that whilst 

sfGFP is a suitable marker to resolve receptor dynamics in neutrophils, tagRFP is not given its 

maturation time is greater than the residence time at the plasma membrane. Thus, selection of 

appropriate fluorophores is an important consideration for future studies investigating receptor 

dynamics in immune cells.  Live-imaging of neutrophil responses to wounds in Tg(lyz:Cxcr1-FT) 

and Tg(lyz:Cxcr2-FT) larvae  revealed that the two receptors show differential trafficking dynamics 

in response to endogenous gradients. Cxcr1 was progressively internalised as neutrophils migrated 

to the wound site whilst Cxcr2 was sustained on the cell membrane throughout the response. To 

my knowledge, this study is the first to observe receptor trafficking in neutrophils in vivo. 

Quantification of Cxcr1 internalisation was used to indirectly report endogenous gradients and this 

could be used in other systems where direct visualisation of the gradient is difficult.  

 

Having shown that Cxcr1 and Cxcr2 display differential trafficking in response to endogenous 

gradients at wound sites, my next aim and the focus of chapter 4 was to determine whether Cxcr1 

and Cxcr2 have differential functional contributions to neutrophil interstitial migration at 
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inflammatory sites. For this, I generated Cxcr1 and Cxcr2 receptor knockout lines and analysed 

neutrophil responses to ventral fin wounds. Live-imaging and quantitative detailed trajectory 

analysis showed that Cxcr1 plays a role in forward migration and promotes focalisation at the 

wound site whilst Cxcr2 drives dispersal at wound sites and promotes resolution of the response. 

Importantly, these differential phenotypes are consistent with a parallel study using independently 

generated TALEN-based knockout mutants152, supporting a robustness in these phenotypes.  

Interestingly, injection of a Cxcr2 targeting morpholino into cxcr1-/- larvae provided evidence for 

both receptors contributing to forward migration. Thus, the receptors are somewhat redundant in 

forward migration but have non-redundant roles thereafter.  

 

In chapter 5 my aim was to determine whether the differential trafficking dynamics of Cxcr1 and 

Cxcr2 (internalisation vs sustenance) are responsible for the distinct functional contributions of 

each receptor to neutrophil migration (clustering vs dispersal). To address this, I manipulated 

receptor trafficking through generation of mutant Cxcr1 and Cxcr2 receptors. By blocking Cxcr1 

desensitisation in neutrophils (Cxcr1-ala), I show that Cxcr1 signalling drives focalisation and it is 

the progressive internalisation of Cxcr1 that is required to enable neutrophil dispersal at later time 

points. By enforcing Cxcr2 internalisation (Cxcr2-chim), I show that Cxcr2 sustenance at the 

plasma membrane accounts for the ability of Cxcr2 to sustain bi-directional motility and promote 

dispersal. Whilst blocking Cxcr1 desensitisation (Cxcr1-ala) promoted focalisation, enforcing 

sustenance through cytoplasmic domain swapping with Cxcr2 (Cxcr1-chim) resulted in a 

qualitatively different, overly dispersive, behaviour. This suggests the C-terminus of Cxcr2 confers 

different signalling properties to that of Cxcr1.  

 

Model recapitulating how Cxcr1 and Cxcr2 coordinate neutrophil clustering and dispersal  

The results presented in this thesis can be brought together to generate a model of how Cxcr1 and 

Cxcr2 coordinate clustering and dispersal at wound sites (Fig 6.1). During initial chemotaxis 

towards the wound, Cxcr1 and Cxcr2 both contribute to forward migration and can compensate for 

each other. Thus, during the early recruitment phase the two receptors are, at least to some extent, 

functionally redundant. However, at the target site Cxcr1 and Cxcr2 make differential functional 

contributions to neutrophil behaviour. Cxcr1 acts to focalize the cells but is progressively 

internalised to give way to Cxcr2 signalling. Cxcr2 is sustained at the cell surface throughout the 

response and drives bidirectional motility in the wounded tissue which facilitates departure from 
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the site at later stages of the response.  

 

In conclusion, I show that the differential trafficking of Cxcr1 and Cxcr2 in response to endogenous 

ligands facilitates the transition from neutrophil clustering to reverse migration and resolution. 

Given that many chemoattractant receptors are GPCRs, similar mechanisms may regulate the 

migration behaviour of other cell types. 
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Subchapter 6.2: Future directions 
Ligand preferences of Cxcr1 and Cxcr2  

In this study, I assessed Cxcr1 and Cxcr2 trafficking patterns in response to in vivo gradients 

generated at wound sites. However, the ligand preferences of Cxcr1 and Cxcr2 remain unclear. 

Through expression in gastrulating embryos, I have shown that Cxcr1 internalises in response to 

Cxcl8a whilst Cxcr2 remains predominantly membranous. Through neutrophil specific expression 

of the receptors I have shown that Cxcr1 is extensively internalised whilst Cxcr2 is relatively 

sustained. Thus, Cxcr1 internalisation at wounds provided strong evidence for Cxcr1/Cxcl8a 

signalling.  In addition, injection of a Cxcl8a morpholino blocked Cxcr1 internalisation, further 

supporting that Cxcr1 binds Cxcl8a at the wound in vivo. However, my studies did not provide 

evidence for Cxcr2/Cxcl8a signalling. Given that Cxcr2 remains predominantly membranous in 

response to endogenous ligands in vivo, it is unclear whether Cxcr2 binds to Cxcl8a and is sustained 

or whether it instead binds an alternative endogenous ligand present at the wound and is sustained. 

It is worth commenting that in gastrulating embryos I saw no internalisation of Cxcr2 in response 

to co-injected Cxcl8a and whilst Cxcr2 was relatively sustained in neutrophils a degree of 

internalisation was visible when using a higher magnification. This could indicate that Cxcr2 binds 

to another non-Cxcl8a ligand. Importantly, I do provide evidence that a Cxcr2 ligand is present at 

the wound given the phenotype observed in cxcr2-/- is rescued by expression of the WT receptor. 

Thus, the ligand preferences of Cxcr1 and Cxcr2 remain to be clarified. There are two CXCL8 

homologues expressed in zebrafish, Cxcl8a and Cxcl8b. Both chemokines have been shown to be 

up-regulated during inflammatory responses but differential expression has been reported 

depending on the inflammatory setting121,119,124,117,72. It remains unknown whether both 

chemokines are upregulated in the ventral fin wound and to what degree. It would be interesting to 

confirm via RT-PCR whether both Cxcl8a and Cxcl8b are upregulated at ventral fin wounds and 

to also determine the kinetics of expression. Receptor responses to Cxcl8b could be assessed 

through expression in gastrulating embryos as was done for Cxcr1/Cxcr2 and Cxcl8a in this study. 

It remains unclear whether Cxcr1 is specific to Cxcl8a or also internalises to Cxcl8b. Given that 

Cxcr2 showed no internalisation to Cxcl8a in gastrulating embryos it would be particularly 

interesting to determine whether Cxcr2 internalises in response to Cxcl8b. As mentioned 

previously, injection of a Cxcl8a targeting morpholino blocked Cxcr1 internalisation, providing 

strong evidence that Cxcr1 binds Cxcl8a at the wound in vivo. This approach could be extended to 
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test receptor ligand preferences of each receptor for Cxcl8a and Cxcl8b in neutrophils in vivo. For 

example, if Cxcr1 is specific for Cxcl8a, injection of a Cxcl8b targeting morpholino would not be 

expected to affect receptor internalisation. Given that Cxcr2 shows little internalisation in response 

to endogenous ligands, the Cxcr2-chimeric transgenic line, in which Cxcr2 internalisation is forced 

through the Cxcr1 c-terminus, could prove particularly useful in addressing this question. For 

example, if injection of a Cxcl8a or Cxcl8b targeting morpholino blocked internalisation of the 

Cxcr2-chim receptor, this would support the idea that Cxcr2 binds Cxcl8a or Cxcl8b respectively. 

In addition to this approach, we have recently collaborated with another lab with the aim of 

clarifying the ligand preferences of Cxcr1 and Cxcr2. This ongoing work uses Dynamic Mass 

Redistribution (DMR) assays in HEK293T cells transfected with Cxcr1 or Cxcr2 and exposed to 

recombinant Cxcl8a or supernatant from Cxcl8b-transfected HEK293T cells to assess signalling 

responses in response to each ligand. It is important to highlight that, regardless of the ligand 

preferences of Cxcr1 and Cxcr2, the conclusions regarding the role of receptor trafficking in 

neutrophil migration at wounds presented in this thesis stand. These receptor trafficking responses 

and cell migration behaviours in response to endogenous ligands hold true regardless of whether 

the receptors bind to Cxcl8a, Cxcl8b or any other ligand. 

 

Further elucidation of Cxcr1 and Cxcr2 trafficking patterns 

To my knowledge my study is the first to visualize and link receptor trafficking patterns with 

neutrophil migration behaviour in vivo. Whilst internalisation vs membrane sustenance formed the 

focus of this project, further elucidation of additional trafficking steps would improve our 

understanding of how these receptors contribute to neutrophil migration. For example, it remains 

unclear whether either receptor demonstrates recycling. Receptor recycling could play an important 

role in promoting re-sensitivity to ligand. Given that Cxcr1 remained extensively internalised 

throughout the response at wound sites, it seems unlikely that this receptor is rapidly recycled. For 

Cxcr2 it is less clear and would be an interesting point to address in future studies. It is possible 

that Cxcr2 appears to show little internalisation in neutrophils because it is rapidly recycled back 

to the membrane. My intention at the start of the project was to utilise the fluorescent timer 

approach to add temporal resolution that would enable me to determine whether a receptor was 

being recycled. However, due to the unforeseen rate of constitutive turn over I was unable to 

elucidate this point. Receptor recycling could be investigated by testing whether Cxcr2 co-localises 

with recycling markers such as Rab4 or Rab11, small GTPases associated with recycling 
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endosomes161162. A dominant negative Rab11transgenic zebrafish line163 could be used to assess 

the effects of Cxcr2 recycling on neutrophil migration behaviour at wound sites. If Cxcr2 is rapidly 

recycling, here it would be predicted that Rab11 dominant negative neutrophils would display a 

less dispersive phenotype.  

 

Further elucidation of cxcr1 and cxcr2 receptor biochemistry 

Whilst this study focused on understanding how receptor trafficking influences neutrophil 

migration behaviour, further elucidation of Cxcr1 and Cxcr2 receptor biochemistry would enhance 

our understanding of how these receptors functionally contribute to migration. For example, the 

affinity of Cxcr1 and Cxcr2 for their cognate ligands was not addressed here. Different 

receptor/ligand binding affinities could play an important role in generating the migration 

behaviours observed at wound sites. Such protein interactions can be tested using binding assays 

with fluorescent chemokine164. The differences in migration pattern between Cxcr1-ala and Cxcr1-

chim observed in this study suggested that the C-terminus of Cxcr2 confers different signalling 

properties to that of Cxcr1. Ongoing work with collaborators aims to test this by assessing receptor 

coupling to Gi or Gq subunits through application of pharmacological treatments (pertussis toxin 

and FR900359 respectively). It remains unknown whether Cxcr1 and Cxcr2 can dimerise. Indeed, 

many GPCRs can oligomerise to form homodimers or heterodimers and this can affect signalling 

responses165,166. It remains unclear whether Cxcr1 and Cxcr2 can oligomerise and what functional 

consequence this would confer. GPCR oligomerisation can be studied using FRET-based analysis 

where dimerisation is shown by fluorescent resonance energy transfer between fluorophores167.  

 

Presentation state of the endogenous chemokine gradient 

In vivo studies by Sarris et al. have shown that Cxcl8a establishes tissue-bound or ‘haptotactic’ 

gradients by binding extracellular components called heparin sulphate proteoglycans (HSPGs)72. 

Such interactions were found to be required both for directing neutrophils towards the source and 

for restricting motility at the source. It remains unknown whether Cxcl8b forms interactions with 

HSPGs.  Chemokine presentation state has also been linked to specific migration behaviours in in 

vitro systems. In a study by Schumman et al., soluble CCL19 gradients were shown to drive 

directional, non-adhesive, migration of (murine) dendritic cells whereas, immobilised CCL21 

gradients drove haptokinesis (random migration) and triggered adhesion168. Interestingly, when 

incubated with CCL21, dendritic cells were shown to truncate the anchoring residues of 



 
 
 

139 

immobilised CCL21 rendering it soluble.  It would be interesting to investigate whether the 

presentation state of Cxcl8a/b gradients influences receptor trafficking patterns. Receptor 

responses to soluble and immobilised chemokine could be addressed using HEK293 transplants 

secreting immobilised Cxcl8a (Cxcl8-DM) that is incapable of binding HSPGs72. An alternative 

experiment would be to locally inject heparinase III at the wound site and assess receptor 

internalisation and behaviour. Endogenous gradients could also be studied through use of CRISPR 

technology to generate transgenic knock-in lines expressing fluorescently labelled soluble or 

immobilised chemokine in the endogenous locus. It would be interesting to test whether neutrophils 

themselves can modify the ligand. This could be tested by performing western blot analysis of 

fluorescently labelled Cxcl8a before and after incubation with WT and cxcr1-/- neutrophils. The 

presence of additional smaller Cxcl8a fragments would be indicative of neutrophil specific 

modification of the chemokine.  

 
 
The role of neutrophil priming on the decision of chemotaxis versus chemokinesis and a link 

with desensitisation 

The chemokine CXCL8 can induce both directed migration and random migration in human 

neutrophils in vitro.  Human neutrophils were shown to migrate both away and toward a gradient 

of CXCL8 in a microfluidic device169. Neutrophils migrating towards the gradient showed 

increased persistence and increased speed when compared to those migrating away. This suggests 

that in some settings CXCL8 can induce both chemotaxis and chemokinesis, though the 

mechanisms driving these differential responses to the same ligand remained unclear. A later study 

by Powell et al. indicated a role for neutrophil priming in such behavioural differences152. Here, as 

expected, naïve non-primed neutrophils exposed to a uniform concentration of CXCL8 exhibited 

non-directional chemokinesis and when exposed to a CXCL8 gradient they exhibited highly 

directional chemotaxis. Interestingly however, when neutrophils were pre-exposed to a uniform 

concentration of CXCL8 and then subsequently exposed to a CXCL8 gradient, neutrophils instead 

displayed chemokinesis. Here, the degree of chemokinesis was significantly enhanced compared 

to that of cells treated with a uniform concentration of CXCL8, with cells exhibiting increased 

velocity and distance. This suggests that the pre-exposure to chemokine somehow primed the cells 

to drive chemokinesis upon subsequent exposure to a gradient, though the mechanisms of such 

priming remain unclear. My results using zebrafish neutrophils could support the idea that such 
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priming may occur by receptor desensitisation. In this model, it would be predicted that in zebrafish 

neutrophils pre-exposure to chemokine would induce Cxcr1 internalisation, leaving predominantly 

Cxcr2 to signal, which drives dispersal. In vitro assessment of the migration behaviour of ligand-

primed vs non-primed zebrafish neutrophils in Cxcl8a/b gradients could provide a link between 

receptor trafficking and the priming effects observed in human neutrophils. 
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6. Figures 

 
 
Figure 6.1. Model recapitulating how Cxcr1 and Cxcr2 coordinate neutrophil clustering and 
dispersal. (Top) Cxcr1 and Cxcr2 can partly compensate for each other during initial chemotaxis 
to the wounded tissue. At wound sites Cxcr1 focalizes the cells but this contribution is transient 
due to rapid Cxcr1 internalisation. Conversely, Cxcr2 is sustained at the cell surface throughout 
the response and drives bidirectional motility in the wounded tissue, promoting dispersal. This 
facilitates exploration and departure from the site. (Bottom Left) In the absence of the down-
regulating receptor (Cxcr1 loss of function) neutrophils show a transient gain in dispersal and 
enhanced motility. (Bottom Right) In the absence of Cxcr2 (Cxcr2 loss of function), reduced 
motility/chemokinesis input leads to prolonged clustering. 
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