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Abstract 

The neutrophil behaviour termed swarming is the coordinated recruitment of neutrophils 

towards a site of challenge where they form clusters around the injury or infection. Neutrophils 

are deployed against Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), 

but whether they employ swarming to fight this infection remains unclear. The alarming rise in 

TB antimicrobial resistance urgently necessitates development of new treatments. In this 

thesis, I investigate neutrophil swarming in response to mycobacteria in an in vivo zebrafish 

model and assess whether this neutrophil behaviour can be modulated for therapeutic benefit.  

 

Localised infection with Mycobacterium marinum (Mm), a close relative of human Mtb, in a 

muscle block was used to investigate and characterise neutrophil swarming in the zebrafish 

model. Neutrophil swarms initiated rapidly in response to live and heat-killed Mtb¸ and were 

stable for at least 3 hours on average. Swarms did not appear to increase reductions of 

bacterial burden over time. 

 

In other experimental models, such as mice and cell cultures, leukotriene B4 (LTB4) has been 

established as a crucial mediator in the swarming response. Signalling of LTB4 and other 

potential swarming mediators was modulated to investigate involvement in neutrophil 

swarming to Mm. Genetic knockdown of leukotriene A4 hydrolase (LTA4H) reduced swarm 

duration and area, but not neutrophil numbers within the somite, and inhibition of various other 

targets had no effect. These data show the swarming response in zebrafish can be modulated. 

 

Stabilisation of hypoxia-inducible factor (HIF)-1α can be induced to boost neutrophil killing of 

Mm and thereby reduce bacterial burden, but its involvement in swarming is unclear. The host-

protective effect of Hif-1α stabilisation was detectable in localised Mm infection and increased 

swarming prevalence. This research shows Hif-1α may exert its protective effect partially 

through neutrophil swarming. 

 

In conclusion, this marks the first in-depth investigation into neutrophil swarming to Mm 

infection and lays the foundation for its modulation as a potential therapeutic strategy. 
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1.  General Introduction 

Neutrophils are the most abundant phagocytes of the human immune system and make up 

around 50% to 70% of circulating leukocytes (Mayadas et al., 2014). They have a remarkably 

short turnover, with their release into circulation and elimination suggested to occur within the 

span of a single day (Rosales, 2018). However, more recent findings suggest the total lifespan 

of neutrophils is considerably higher at 5.4 days (Koenderman et al., 2022). Regardless, these 

short timespans requiretimely and abundant production of more neutrophils is to replenish the 

dead cells. This is done in the bone marrow, which produces around 1011 neutrophils per day, 

and up to 1012 in the presence of a bacterial infection (Mayadas et al., 2014). Neutrophil 

lifespan is increased considerably during immune challenge to allow them to perform their 

functions at sites of infection and injury, including clearance of bacteria and dead cells 

(Mayadas et al., 2014; McCracken & Allen, 2014). They also communicate with macrophages 

and cells of adaptive immunity, like dendritic cells, T cells, and B cells (Y. Li et al., 2019). After 

fulfilling their functions, neutrophils may die from apoptosis and are subsequently cleared 

through phagocytosis by macrophages, a process which is called efferocytosis (Rosales, 

2020). Additionally, a recently-described neutrophil behaviour called reverse migration is the 

movement of neutrophils away from the site of inflammation, and is dependent on a variety of 

largely undefined signals, which may include important neutrophil signals like leukotriene B4 

(LTB4) and the atypical chemokine receptor C-C motif chemokine receptor-like 2 (CCRL2) (Ji 

et al., 2024). 

 

1.1. Neutrophil production and release 

Two-thirds of haematopoiesis in the bone marrow is dedicated to myelopoiesis, the production 

of monocytes and granulocytes, which include neutrophils (Borregaard, 2010). They originate 

from haematopoietic stem cells that eventually differentiate into granulocyte-monocyte 

progenitors through a cascade of stimuli (Rosales, 2018). Release of granulocyte colony-

stimulating factor (G-CSF) results in the dedication of these cells to neutrophil generation 

(Rosales, 2018). Subsequent maturation into neutrophils is dependent on regulation by certain 

transcription factors, including STAT3, PU1, and C/EBP (Rosales, 2020). Mature neutrophils 

may be retained in the bone marrow in a population that is approximately 20 times the size of 

circulating neutrophils, and are ready for immediate release should the need arise (Bekkering 

& Torensma, 2013). Release of neutrophils into circulation eventually leads to initiation of 

negative feedback loops that curtail production of G-CSF (Borregaard, 2010; Mayadas et al., 

2014). For instance, senescent neutrophils are engulfed by macrophages or dendritic cells, 

which induces release of anti-inflammatory signals that results in a reduction in interleukin (IL)-
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23 production by macrophages (Borregaard, 2010; Mayadas et al., 2014). In turn, this causes 

a reduction in IL-17 production, which is induced by IL-23 release, subsequently leading to a 

decrease in production of G-CSF (Mayadas et al., 2014). 

 

The release of neutrophils into circulation is determined by a variety of signals, with c-x-c motif 

receptor 4 (CXCR4), CXCR2, and G-CSF as some of the key regulators (Furze & Rankin, 

2008). CXCR4 is expressed on the cell surface of mature neutrophils at low levels, and its 

primary ligand is stromal-derived factor 1 (SDF-1, also known as CXCL1), which is a 

chemokine that is constantly produced by stromal cells of the bone marrow (Summers et al., 

2010).  Expression of CXCR4 on bone marrow neutrophils is not able to initiate chemotaxis 

by itself, and is instead thought to act as a retention signal, as administration of a CXCR4 

antagonist in mice and humans induces egress of neutrophils out of the bone marrow (Furze 

& Rankin, 2008). G-CSF may indirectly affect neutrophil release from the bone marrow through 

CXCR4 by downregulating stromal cell SDF-1 production and neutrophil expression of CXCR4 

(Furze & Rankin, 2008; Rosales, 2018). G-CSF can also induce upregulation of CXCR2 

ligands on megakaryocytes located within the bone marrow, resulting in neutrophil release 

(Rosales, 2018). Bone marrow endothelial cells also express ligands of CXCR2, such as 

CXCL1 and CXCL2, and endothelial cells outside of the bone marrow express CXCR2 ligands 

when neutrophils need to be released, including CXCL1, CXCL2, CXCL5, and CXCL8, 

indicating the involvement of CXCR2 signalling in mature neutrophil release (Borregaard, 

2010; Rosales, 2018).  

 

1.2. Neutrophil recruitment and mobilisation 

Neutrophils are known as the first wave of response after tissue damage or infection (Fine et 

al., 2020). Recruitment of these cells towards the site of challenge is a complicated process 

that involves a complex web of signals, including damage-associated molecular patterns 

(DAMPs), pathogen-associated molecular patterns (PAMPs), CXCR2, and more (de Oliveira 

et al., 2016). Additionally, the location, such as the heart, liver, or brain, may affect the stimuli 

involved in neutrophil recruitment (Margraf et al., 2019). 

 

1.2.1. DAMPs 

DAMPs are self-derived structures that are released when tissue is damaged or stressed and 

are recognised by the immune system (Pittman & Kubes, 2013). The immune system can 

recognise these structures as being altered or relocated form their original cellular habitat and 

can therefore distinguish between healthy and unhealthy tissue (Pittman & Kubes, 2013). For 

instance, extracellular ATP or mitochondrial DNA may escape into the extracellular 
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environment and induce immune cell activation (Patel, 2018). Stressed cells may also actively 

release DAMPs, like the release of the highly conserved DNA chaperone called high mobility 

group box 1 (HMGB1) through cytoplasmic vesicles (Denning et al., 2019; Zhou et al., 2022). 

Recognition of DAMPs by neutrophils is facilitated by pattern recognition receptors (PRRs) 

such as Toll-like receptors (TLRs) and NOD-like receptors (NLRs) (de Oliveira et al., 2016). 

For instance, HMGB1 is recognised by TLR2, TLR4, and TLR9, in addition to the receptor for 

advanced glycation end products (RAGE), resulting in activation of the pro-inflammatory NF-

κB pathway (Roh & Sohn, 2018). This pathway may aid in neutrophil recruitment by inducing 

differentiation of T-helper (Th) 1 cells into IL-17-producing Th17 cells (T. Liu et al., 2017), or 

by generation of CXCL2 and CXCL8 by activated monocytes (Q. Guo et al., 2024). Another 

DAMP, extracellular ATP, binds to the P2X7 receptor on macrophages and endothelium, 

resulting in IL-1β production and, subsequently, recruitment of neutrophils through CXCL1 and 

CXCL2 production (Pittman & Kubes, 2013).  

 

1.2.2. PAMPs 

PAMPs are derived from non-self, microbial products, are commonly recognised by PRRs, 

and activate the same transcription machinery as DAMPs (Denning et al., 2019). 

Lipopolysaccharides (LPS), a common bacterial surface molecule (Bertani & Ruiz, 2018), and 

unmethylated cytosine phosphate guanosine motifs, prevalent in bacteria (Krieg, 2002), are 

some of the most well-known PAMPs. PAMPs and DAMPs can interact with each other and 

certain PAMPs, like CBM and PreSET, can induce DAMP generation (Patel, 2018). For 

instance, HMGB1 has been found to bind to PAMPs such as LPS to increase the inflammatory 

response (Denning et al., 2019). The ways in which PAMPs affect neutrophil recruitment are 

similar to those of DAMPs, as both DAMPs and PAMPs signal through many of the same 

receptors despite their structural differences (Pittman & Kubes, 2013). 

 

1.2.3. Chemokine signalling 

CXCR1 and CXCR2 are two of the most important receptors involved in neutrophil trafficking, 

and is the target for migration chemokines like CXCL1-3, and CXCL5-8 (de Oliveira et al., 

2016). All of these chemokines can bind to CXCR2, but only CXCL6 and CXCL8 (also known 

as IL-8) bind to CXCR1, despite the high sequence homology between the receptors 

(Capucetti et al., 2020). Activation of these receptors further direct neutrophil migration 

through, for instance, phosphoinositide 3-kinase (PI3K) and SRC family kinases (SFKs) (de 

Oliveira et al., 2016). Signalling through CXCR1 and CXCR2 may activate the NF-κB pathway, 

which may then induce cytokine transcription to further contribute to neutrophil recruitment 

(Capucetti et al., 2020). CXCR2 can also heterodimerise with a 7-transmembrane receptor 

called CCRL2, which is able to mediate neutrophil recruitment by affecting CXCR2 expression 
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and function (S. Cambier et al., 2023). For example, CCRL2 does not bind CXCL8 unlike 

CXCR2, and CCRL2-deficient neutrophils in mice showed reduced velocity towards a CXCL8 

gradient, indicating heterodimerisation aids CXCR2-mediated signalling of CXCL8 (Del Prete 

et al., 2017). The importance of CXCR1 and CXCR2 signalling in neutrophil trafficking is 

evident from studies in a variety of diseases, where targeting of these receptors is associated 

with a reduction in neutrophil-mediated disease progression (Cheng et al., 2021; Del Prete et 

al., 2017; Mattos et al., 2020; Nywening et al., 2018; Ritzman et al., 2010; W. Zhuang et al., 

2023). 

 

1.2.4. Calcium flux 

Calcium signalling in humans is required in the activation neutrophils by linking of chemokines 

to GPCRs (Dixit & Simon, 2012). This activation results in a rapid increase in calcium levels 

within the cytosol either from calcium release from intracellular storage, or by calcium influx 

from the extracellular milieu, which contains significantly higher levels of calcium during resting 

conditions (Immler et al., 2018). For example, extracellular calcium influx in zebrafish was 

partially required for calcium fluxes in neutrophils present at a wound site (Poplimont et al., 

2020). Furthermore, connexin43 was shown to be required for calcium fluxes in neutrophils at 

the wound site, and its inhibition reduced neutrophil accumulation at the wound (Poplimont et 

al., 2020). In other work, treatment of zebrafish with a calcium channel antagonist caused a 

significant loss of neutrophil recruitment and directionality towards a tail fin wound (Beerman 

et al., 2015). In this same model, calcium was also found to be enriched at the leading edge 

of migrating neutrophils (Beerman et al., 2015). Calcium signalling is also important for 

neutrophil extravasation, described further below, which is the migration of neutrophils from 

the bloodstream to surrounding tissue (discussed below) (Dixit & Simon, 2012). Adhesion of 

neutrophils during the extravasation process has been shown to be dependent on calcium 

signalling, which upregulates β2 integrins responsible for neutrophil arrest (Schaff et al., 

2008). 

 

1.2.5. LTB4 

Leukotriene B4 is a leukotriene that has been revealed to be of importance in recruitment of 

distant neutrophils towards a site of challenge (Kienle & Lämmermann, 2016). In response to 

an ear dermis wound in a mouse model, recruitment of relatively distant neutrophils from the 

wound site was stifled in neutrophils containing a knockout for one of the receptors of LTB4: 

LTB4 receptor 1 (LTB4R1) (Lämmermann et al., 2013). At the basis of this is an autocrine and 

paracrine signalling cascade, in which neighbouring neutrophils respond to LTB4 secretion of 

neutrophils and initiate directional migration towards the chemoattractant (Afonso et al., 2012). 
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More will be discussed about LTB4 and its involvement in a specific neutrophil behaviour 

further below. 

 

1.3. Extravasation 

Once neutrophils arrive near sites of inflammation or infection, they leave the blood stream to 

enter neighbouring inflamed or infected tissue in a process called extravasation (Schnoor et 

al., 2021). Endothelial cells are activated by stimuli like TNFα, IL-1β, and IL-17 that originate 

from sites of inflammation or infection, and they start production of P-selectin, E-selectin, and 

integrin members intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule 

(VCAM) (Borregaard, 2010). P-selectin glycoprotein ligand-1 (PSGL-1) is constitutively 

expressed around the tips of microvilli neutrophils and facilitates neutrophil rolling along the 

endothelial wall (Sundd et al., 2013). Subsequently, E-selectin ligand 1 (ESL-1) present on 

the sides of neutrophil microvilli bind to E-selectin, which slows down rolling of the cell along 

the endothelial wall (Borregaard, 2010). P-selectin rolling velocity is close to 40 µm/s, and E-

selectin rolling velocity is around 3-7 µm/s (Zarbock & Ley, 2009). Combined expression of P- 

and E-selectin is thought to be synergistic, with P-selectin being mainly responsible for the 

number of responding neutrophils and E-selectin mediating reduction of rolling velocity 

(Zarbock & Ley, 2009). In addition to E-selectin, rolling velocity is further reduced by a range 

of signalling proteins and actin-binding proteins, including Skap2 and Myosin-1e (Schnoor et 

al., 2021). Accumulation of chemokines, most notably of which being IL-8, results in the 

activation of the rolling neutrophil, which leads to upregulation of integrin molecules that firmly 

adhere to the endothelial cells (Mortaz et al., 2018). Other chemokines that initiate neutrophil 

activation are CXCL1, CXCL2, and CXCL5, which all interact with the CXCR2 receptor 

(Kolaczkowska & Kubes, 2013). After activation, neutrophils may either enter the surrounding 

tissue in a process called transmigration, or they may adapt elongated morphology and slowly 

move along the endothelial cell wall in a process called crawling (Kolaczkowska & Kubes, 

2013). This process is largely dependent on macrophage-1 antigen (Mac-1), but may also be 

influenced by other mediators, like CXCL1 (Schnoor et al., 2021). Afterwards, neutrophils may 

enter surrounding tissue either by migrating through an endothelial cell, called the transcellular 

process, or by squeezing through junctions between neighbouring endothelial cells, termed 

the paracellular process (Borregaard, 2010; Kolaczkowska & Kubes, 2013; Schnoor et al., 

2021). The latter is the route that is most frequently used by neutrophils and is relatively faster 

compared to the former (Kolaczkowska & Kubes, 2013). Following transmigration, neutrophils 

follow gradients of chemoattractants such as CXCL2 and N-formylmethionine-leucyl-

phenylalanine (fMLP) to initiate interaction with pathogenic threats or cell debris (Mortaz et al., 

2018; Rosales, 2018; Schnoor et al., 2021). 
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1.4. Basic neutrophil functions 

Once arrived at the site of inflammation or injury, neutrophils employ a number of functions 

that aid in clearance of dead or dying cells (Ramos & Oehler, 2024) or clearance of pathogenic 

threats (Rosales, 2018). 

 

1.4.1. Degranulation 

Degranulation is the release of pro-inflammatory substances that are contained within 

granules (Lacy, 2006). Granules can be arranged in four different groups: primary granules, 

also known as azurophil granules, secondary granules, also known as specific granules, 

tertiary granules, also known as gelatinase granules, and secretory vesicles (Liew & Kubes, 

2019). Key components of primary granules are myeloperoxidase (MPO) and neutrophil 

elastase (NE) (Chistiakov et al., 2015), and these components are relatively the most toxic 

mediators found in neutrophil granules (Lacy, 2006). MPO is responsible for killing of 

pathogenic bacteria by inducing production of cytotoxic agents and it inactivates proteins 

through irreversible modification of structures (Chistiakov et al., 2015). NE degrades important 

extracellular matrix proteins such as elastin, and degrades virulence factors of a number of 

well-known pathogens, including Shigella and Salmonella (Chistiakov et al., 2015). Secondary 

granules contain, most notably,  lactoferrin, which offers widespread microbicidal activity and 

is able to suppress virus replication by RNA hydrolysation of viruses (Chistiakov et al., 2015). 

Both secondary and, particularly, tertiary granules have contents that degrade the extracellular 

matrix (ECM) (Mollinedo, 2019). Matrix metalloproteinase-9 (MMP-9) present in tertiary 

granules is indeed known to break down the ECM, but also activates neutrophil stimulant IL-

1β (Liew & Kubes, 2019). Tertiary granules have many such important effects of neutrophil 

behaviour, including cell adhesion through adhesion molecules such as β2 integrin MAC-1 and 

neutrophil extravasation through MMP-9 and Rap1 (Mollinedo, 2019). Finally, secretory 

vesicles govern the delivery of membrane-associated receptors to the cell surface (Rawat et 

al., 2021). They have also been found to contain pre-formed cytokines, including IL-6, IL-12, 

and CXCL2 (Sheshachalam et al., 2014). The four groups of granules described above are 

arranged in order of formation during neutrophil maturation, but they are mobilised in reverse 

order (Rawat et al., 2021). This stepwise release is tightly regulated, in part by calcium 

signalling,  to prevent excessive toxicity to the host while combating infection (Liew & Kubes, 

2019). 
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1.4.2. Phagocytosis 

Phagocytosis is the engulfment of a particle into a phagosome, a vacuole derived from the 

plasma membrane, after which it further acquires particle-degrading properties through a 

process called maturation (W. L. Lee et al., 2003). A complicated pathway of signalling 

cascades and cytoskeletal rearrangements are required for engulfment of particles (Liew & 

Kubes, 2019). Phagocytosis of neutrophils differs from that of macrophages, as internalisation 

of particles in neutrophils is generally faster than in macrophages, and neutrophils rapidly fuse 

granules with the phagosome instead of the fusion process during macrophage phagosome 

maturation, in which the phagosome transforms into a phagolysosome (Nordenfelt & Tapper, 

2011). In addition to granules, reactive oxygen species (ROS) are inserted into the phagocytic 

vacuole and aid in killing phagocytosed microbes (Liew & Kubes, 2019). These ROS are a 

direct result of the production of a nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase of the NADPH oxidase (NOX) family in a process called respiratory burst, which 

deficiency is associated with compromised bacterial killing in anaerobic situations (W. L. Lee 

et al., 2003; Liew & Kubes, 2019). 

 

Generally, phagocytosis by neutrophils is described in an antimicrobial context, but they are 

also involved in efferocytosis of apoptotic or dead cells (Ramos & Oehler, 2024). Apoptotic 

cells release signals including CCL3, CXCL1, CXCL5, and CXCL8, which attract neutrophils, 

and express signals on their cell surface associated with eliciting efferocytosis, like annexin 

A1 and thrombospondin 1, which are recognised by neutrophil surface receptors (Ramos & 

Oehler, 2024). Neutrophils have been shown to phagocytose apoptotic cells and, in cancer, 

dead tumour cells (Ramos & Oehler, 2024). They have also been shown to efferocytose their 

own, described as neutrophil cannibalism (Rydell-Törmänen et al., 2006). Efferocytosis of 

apoptotic cells by neutrophils pushes them towards an anti-inflammatory phenotype (Ramos 

& Oehler, 2024). For instance, apoptosis of neutrophils by other neutrophils reduced the 

release of pro-inflammatory cytokines tumour necrosis factor alpha (TNF-α) and interferon-

inducible protein-10 (Esmann et al., 2010). However, apoptosis also increased secretion of 

neutrophil-recruiting IL-8 and oncogene-α (Esmann et al., 2010). The authors suggested this 

chemokine secretion may further recruit neutrophils and contribute to inflammation 

downregulation through their apoptosis, or that it recruits keratinocytes for rapid wound healing 

(Esmann et al., 2010). 

 

1.4.3. NETosis 

Neutrophil extracellular traps (NETs) are webs of extracellular DNA that contain microbicidal 

proteins originating from granules and are released in a process of neutrophil pro-inflammatory 

cell death called NETosis (de Bont et al., 2019; Jaboury et al., 2023). Bacteria, viruses, fungi, 
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and parasites can be captured in these web-like structures and are killed by the antimicrobial 

activity of DNA, histones, and granular proteins found in NETs (Stephenson et al., 2016). A 

variety of pro-inflammatory signals can trigger the release of NETs, including LPS, IL-8, TNF, 

fMLP, and calcium (Remijsen et al., 2011). ROS has also been described to initiate NETosis 

by initiating NE translocation from primary granules into the cytosol, and then into the nucleus 

(Poli & Zanoni, 2023). In the nucleus, NE degrades chromatin through cleavage of histones 

(Yipp & Kubes, 2013). Similarly, MPO breaks down chromatin and is also stimulated by ROS 

(Poli & Zanoni, 2023; Yipp & Kubes, 2013). NETs are able to directly kill pathogens by 

ensnaring them and neutralising them through their antimicrobial properties, but there is also 

evidence for indirect killing by NETs (Yipp & Kubes, 2013). For example, trapping of 

Staphylococcus aureus by NETs did not affect bacterial killing in isolation, but instead aided 

macrophage-mediated killing of the captured pathogen by inducing phagocytosis and thereby 

transferring neutrophil antimicrobial peptides to the macrophage phagosome (Monteith et al., 

2021). 

 

1.4.4. Oxidative burst 

Oxidative burst, also referred to as respiratory burst, is the production of ROS by NADPH 

oxidase (Nguyen et al., 2017). It can be directly triggered through activation of neutrophils by 

a variety of signals, including binding of fMLP to G protein-coupled receptors (GPCRs), binding 

of degraded bacterial products to Fc receptors after phagocytosis, and binding of bacterial 

ligands to integrin receptors (Nguyen et al., 2017). ROS production can also be primed by 

cytokines, meaning these cytokines do not elicit a ROS response by themselves, and instead 

boost the response initiated by a secondary response (El-Benna et al., 2016). Some of these 

priming agents can also directly induce ROS production if their concentration reaches a certain 

threshold, including fMLP and LTB4 (El-Benna et al., 2016). Other priming agents include 

TNFα, GM-CSF, IL-1β, IL-8, LPS, and zymosan (El-Benna et al., 2016). Priming of human 

neutrophils with TNFα or GM-CSF initiated a significantly higher ROS production response 

after secondary stimulation to fMLP compared to fMLP alone (El-Benna et al., 2016). 

Production of ROS is key in fighting bacterial and fungal infections due to their antimicrobial 

properties (Nguyen et al., 2017). They may both directly and indirectly aid in killing of 

pathogens, for instance by causing oxidative damage to biocompounds or by inducing 

pathogen-eliminating pathways such as NET formation (Paiva & Bozza, 2014). High 

concentrations of ROS are cell-deleterious, but at lower concentrations they may modulate 

cell growth, adhesion, differentiation, adhesion, senescence, apoptosis (Mittal et al., 2014), 

and migration (Hurd et al., 2012). Despite these important functions of ROS, their uncontrolled 

release can cause tissue damage which plays a role in many diseases, including rheumatoid 

arthritis (Mittal et al., 2014) and tuberculosis (Paiva & Bozza, 2014). 
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Figure 1.1 | The 5 steps of the neutrophil swarming response. 1) Danger signals originate 

from the site of tissue injury or infection. Nearby, randomly migrating neutrophils respond to 

these signals and migrate towards the source. 2) Neutrophils from more distal tissues are 

recruited to the site of challenge in an integrin-dependent manner. Recruitment is further 

amplified by release of unidentified chemoattractants originating from the developing swarm 
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centre. 3) Intracellular signal relay, largely mediated by an LTB4 gradient, recruits neutrophils 

from more distal tissues. 4) Neutrophils cluster in a process that is partially mediated by LTB4, 

remodel the ECM, and clear cell debris and pathogens. The LTB4 gradient decreases steadily. 

5) Swarm resolution occurs due to largely unknown mediators, and neutrophils migrate away 

(Lämmermann, 2016). Other mediators responsible for resolution may be lipoxin A4 and 

resolvin E3, two mediators of inflammation resolution involved in swarming (Reátegui et al., 

2017). Created using Biorender.com, adapted from (Lämmermann, 2016). 

 

1.5. Neutrophil swarming 

A neutrophil behaviour that has seen increasingly more attention in research over the last 

decade is neutrophil swarming (Brown & Yipp, 2023). Neutrophils can swarm around sites of 

tissue injury or infection in a behaviour resembling the swarming of insects, hence the term 

“neutrophil swarming” (Lämmermann, 2016). The swarming process involves coordinated 

migration of neutrophils towards a site of challenge that is mediated by an array of 

chemoattractants, such as chemokines and lipids, and intercellular signalling cascades, which 

results in the formation of stable neutrophil clusters over time (Lämmermann, 2016). 

Evolutionarily, neutrophil swarming is theorised to protect surrounding tissues by isolating the 

injury or infection, and is thought to increase effectiveness of antimicrobial activity by 

concentrating a collective neutrophil effort on neutralisation of the isolated microbes (Kienle & 

Lämmermann, 2016). There are subtle differences in phases involved in neutrophil swarming 

described in literature, but they generally describe recognition of individual neutrophils close 

to a site of challenge, further recruitment of neutrophils and initiation of swarming, followed by 

plateauing or stabilisation of swarming and, finally, resolution of swarming (Figure 1.1) (Isles 

et al., 2021, p. 20; Lämmermann, 2016; Lämmermann et al., 2013; Reátegui et al., 2017; 

Walters et al., 2019). The swarming process will be discussed in detail in accordance with 

work performed by Lämmermann and colleagues, who have pioneered and popularised 

investigation into the neutrophil swarming process (Lämmermann, 2016; Lämmermann et al., 

2013). 

 

1.5.1. Swarm initiation 

Tissue damage through either injury or infection causes release of chemotactic signals that 

are recognised by neutrophils patrolling relatively near the site of challenge. These pioneer 

neutrophils respond to these signals and adjust their random migration to direct migration 

towards the site of challenge. Functional GPCR signalling is required for a proper neutrophil 

response to these initial signals, but the exact chemoattractants involved are unclear 

(Lämmermann, 2016). For example, knockout of common mediators of neutrophil migration, 
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such as Ltb4r1, Cxcr2, and Ccr1, did not affect the initial neutrophil recruitment in a mouse 

ear dermis wounding model (Lämmermann et al., 2013). DAMPs and PAMPs are likely to be 

involved in the initial recruitment and are capable of inducing neutrophil swarming (Song et 

al., 2023). Recognition of these signals may cause upregulation of adhesion molecules on 

endothelium which promotes neutrophil recruitment (Pittman & Kubes, 2013). These studies 

show that the initial recruitment of randomly migrating neutrophils is a complex process that 

cannot be attributed to a single signalling pathway and instead is mediated by recognition of 

a multitude of signalling molecules.  

 

1.5.2. Swarm amplification through cell death 

Once the initial neutrophils have reached the site of challenge, cell death of a few of these 

cells is enough to initiate neutrophil recruitment from relatively distant sites. Neutrophils 

migrate through the most direct way towards the site of challenge in an integrin-dependent 

migration process. Like with swarm initiation, the exact signalling mediators required for the 

distant recruitment of additional neutrophils are unclear (Lämmermann, 2016). Knockdown of 

common chemokine receptors involved in neutrophil migration, such as Cxcr2 and Ccr1 did 

not affect recruitment of these neutrophils (Lämmermann et al., 2013). DAMPs and PAMPs 

may again play a role in this step of neutrophil swarming. Both DAMPs and PAMPs act through 

largely the same transcription machinery (Denning et al., 2019), which includes TLR4 (K.-M. 

Lee & Seong, 2009). Platelets activated by TLR4 may bind to neutrophils which may lead to 

NET formation (Mussbacher et al., 2019). In a zebrafish tailfin injury model, pioneer 

neutrophils were shown to release NET-like structures, and general inhibition of NETosis and 

inhibition of NET-component NE inhibited swarm formation (Isles et al., 2021).  

 

1.5.3. Swarm amplification through intercellular signalling 

A key player in the recruitment of neutrophils towards the swarm after the initiation phase is 

LTB4, a signal-relay molecule and signal amplifier for neutrophils (Lämmermann, 2016). More 

specifically, LTB4 is crucial for recruitment of more distant neutrophils (200-300 µm) towards 

the site of challenge (Kienle & Lämmermann, 2016; Lämmermann, 2016). There are two 

receptors for LTB4 that are classified as GPCRs: LTB4R1 (or BLT1) and LTB4R2 (BLT2), of 

which LTB4R1 is the main receptor to interact with LTB4 (Saeki & Yokomizo, 2017). Knockout 

of Ltb4r1 and disruption of GPCR signalling significantly impaired recruitment of more distant 

neutrophils towards the site of injury in a mouse ear dermis wounding model (Lämmermann 

et al., 2013). Neutrophils are the main producers of LTB4, as indicated by the lack of distant 

neutrophil recruitment after injection of Alox5 knockout neutrophils into Alox5 knockout mice, 

which are deficient in LTB4 production (Lämmermann et al., 2013). Injection of wildtype 

neutrophils into the same mouse line did result in functional distant neutrophil recruitment 
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(Lämmermann et al., 2013). This also indicates that neutrophils secrete LTB4, causing a 

signalling cascade that improves chemotaxis of a population of distant neutrophils 

(Lämmermann et al., 2013). This may in part be a result of calcium signalling, as activation of 

LTB4 biosynthesis was favoured in clustering, calcium-fluxing cells in a zebrafish wounding 

model (Poplimont et al., 2020). A study with mouse neutrophils showed similar results, as 

mouse pioneer neutrophils responding to zymosan particles displayed increased calcium 

levels (Khazen et al., 2022). These calcium signals triggered production of LTB4 and caused 

neutrophil clustering, which was abrogated after blocking of extracellular calcium entry or 

LTB4 signalling (Khazen et al., 2022). 

 

LTB4R may work in tandem with CXCR1 and CXCR2 in the recruitment of distant neutrophils 

as shown in microarray experiments with zymosan-induced neutrophil swarming (Reátegui et 

al., 2017). Antibody blocking of CXCR1 and CXCR2 alone did not affect neutrophil recruitment 

to zymosan particles, but when CXCR1 and CXCR2 were blocked in addition to antagonistic 

blocking of LTB4R1 and LTB4R2 there was an even bigger reduction in neutrophil recruitment 

compared to that seen with LTB4R1 and LTB4R2 blocking alone (Reátegui et al., 2017). Such 

a dependency of LTB4R4 signalling on CXCR2 has been displayed in an earlier study in a 

mouse model for rheumatoid arthritis (Grespan et al., 2008). Here, pharmacological inhibition 

of LTB4 production significantly reduced CXCL1- and CXCL-5-induced neutrophil recruitment 

(Grespan et al., 2008). Additionally, stimulation of neutrophils with these chemokines 

significantly increased LTB4 release, and pharmacological inhibition with a CXCR1/CXCR2 

inhibitor significantly decreased LTB4 levels (Grespan et al., 2008).  

 

1.5.4. Swarm aggregation and tissue remodelling 

The continued recruitment of neutrophils results in the formation of cell clusters at the site of 

challenge. Here, neutrophils slow down migration in favour of aggregation and initiate 

remodelling of the ECM (Lämmermann, 2016). Work in a mouse ear dermis wounding model 

suggests that a certain threshold in neutrophil numbers needs to be achieved for these cells 

to aggregate and further recruit other neutrophils, and that the cluster rapidly dissociates if this 

threshold is not met (Park, Choe, Park, et al., 2018). Collagen, which plays key roles in wound 

healing (Mathew-Steiner et al., 2021), is removed from the swarm centre, resulting in a 

collagen-free zone (Lämmermann et al., 2013). Deletion of talin and β2 integrins by targeting 

Tln1 and Itgb2 in neutrophils rendered them completely unable to enter into the collagen-free 

swarm centre, stressing the importance of integrins in neutrophil motility within this zone 

(Lämmermann et al., 2013).  
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GPCR signalling again plays a role in aggregation, as neutrophils with dysfunctional GPCR 

signalling are eventually excluded from neutrophil clusters (Lämmermann et al., 2013). 

Similarly, knockout of Ltb4r1 in neutrophils participating in early swarming eventually results 

in the exclusion of these cells from a neutrophil cluster in favour of wildtype neutrophils 

(Lämmermann et al., 2013). Genetic deletion of Cxcr2 and formyl peptide receptor 2 (Fpr2), 

which is important in host defence during inflammation and infection as well as neutrophil 

recruitment (C. Lee et al., 2023), resulted in impaired clustering as well (Lämmermann et al., 

2013). Further evidence for CXCR2-involvement in neutrophil aggregation comes from a study 

that investigated neutrophil recruitment and aggregation in response to  fat-associated 

lymphoid clusters, which were both significantly diminished in response to blocking of CXCR2 

chemokine CXCL1 (Jackson-Jones et al., 2020). This study also implicated NET formation in 

neutrophil aggregation, as inhibition of protein arginine deiminase 4 (PAD4), important for NET 

release, abrogated neutrophil aggregation (Jackson-Jones et al., 2020). Finally, genetic 

knockout of GPCR-kinase 2 (Grk2), which is responsible for GPCR desensitisation, in mouse 

neutrophils significantly increased neutrophil aggregation and knockout cells showed 

dominance over control cells in neutrophil clusters with direct competition (Kienle et al., 2021). 

 

1.5.5. Swarm resolution 

The stop signals that result in the resolution of swarming have not been studied as extensively 

as neutrophil recruitment or aggregation, and are therefore less well-understood 

(Lämmermann, 2016). Due to the heavy involvement of GPCR signalling (Lämmermann et al., 

2013), it stands to reason that GPCR desensitisation may play an important role in swarm 

resolution. Desensitisation of GPCRs is a negative feedback mechanisms that prevents 

excessive neutrophil stimulation and thereby can prevent neutrophils from entering a host-

destructive instead of host-protective state (Y. Wang et al., 2023). The GPCR-kinase GRK2 

appears to be a key player in GPCR desensitisation during the swarming response (Kienle et 

al., 2021). Knockout of GRK2, and not GRK3, GRK5, and GRK6, in mouse neutrophils 

resulted in significantly higher neutrophil displacement towards a CXCL2/LTB4 gradient, 

indicating GRK2 is the main GRK responsible for desensitisation (Kienle et al., 2021). It is 

important to note that knockout of GRK2 did not affect the initial recruitment of neutrophils 

towards the wound in vivo (Kienle et al., 2021), and GRK2 was therefore not discussed in the 

recruitment sections above. Grk2 knockout significantly increased neutrophil aggregation 

behaviour, but also left these cells responsive to signals from outside the swarm, which 

resulted in them rapidly leaving the neutrophil swarms (Kienle et al., 2021). Interestingly, 

persistent migratory behaviour of Grk2 knockout cells impaired their ability to ingest microbes 

and allowed bacteria to breach swarm barriers and subsequently escape (Kienle et al., 2021). 

No effects of GRK2 knockout on full swarm resolution were discussed (Kienle et al., 2021), 
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but it is clear that partial attenuation of certain swarming responses are imperative for a 

functional swarming response. 

 

LTB4 signalling may be an important target for stop signals due to its heavy involvement in 

multiple processes during the neutrophil swarming response (Lämmermann, 2016). 

Cathelicidin (LL-37) is a host defence peptide released by neutrophils through degranulation, 

NETosis, and necrosis (Minns et al., 2021). LL-37 is able to induce the release of LTB4 by 

neutrophils, and LTB4 induces LL-37 production in these cells (Wan et al., 2011). Treatment 

of human neutrophils with lipoxin A4 (LXA4) did not affect LTB4 production, but when both LL-

37 and LXA4 were used for treatment in tandem, there was a significant decrease in LTB4 

released from neutrophils (Wan et al., 2011). LXA4 has also been found to be produced in 

large amounts by human neutrophils in response to zymosan particles (Reátegui et al., 2017). 

LXA4 production in swarming neutrophils remained low until at least 1 hour after swarm 

initiation, and was significantly increased at 3 hours after swarm initiation (Reátegui et al., 

2017). Pre-treatment of neutrophils and subsequent continued treatment of swarming 

neutrophils with LXA4 significantly decreased swam size and growth rate compared to controls 

(Reátegui et al., 2017). This study also proposes the inflammation resolution mediator resolvin 

E3 (RvE3) as a swarming resolution mediator, which production remained constant at 30 

minutes, 1 hour, and 3 hours after swarm initiation, but its effect on swarm formation was not 

reported (Reátegui et al., 2017). RvE3 has been shown to significantly inhibit LTB4-induced 

activity of LTB4R1 in mouse dendritic cells, an effect that was consistently stronger than 

inhibition with RvE1 and RvE2 (Sato et al., 2019). Reports of the interaction between RvE3 

and LTB4 signalling in neutrophils were not found. However, another resolvin, RvE1, was 

found to abolish LTB4-induced calcium responses in human leukocytes, and significantly 

inhibited LTB4-induced neutrophil recruitment towards zymosan in mice (Arita et al., 2007). 

Finally, oxidation of LTB4 by omega-hydroxylase results in formation of ω-OH-LTB4, which 

binds to LTB4R1 in competition with LTB4 (Song et al., 2023). The neutrophil response elicited 

by ω-OH-LTB4 binding is markedly weaker than that of LTB4 binding, meaning ω-OH-LTB4 

can be considered a natural inhibitor of LTB4 signalling (Golenkina et al., 2022). This natural 

inhibition effect may have been displayed in a Salmonella enterica Typhimurium infection 

model, in which neutrophil stimulation with fMLP after infection increased the ratio of LTB4 in 

expense of ω-OH-LTB4 when the ratio of bacterial burden to human neutrophils increased 

(Golenkina et al., 2022). In short, there are a number of mechanisms that could be employed 

to attenuate neutrophil swarming, be it through inhibition of LTB4 or through another pathway. 
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1.6. Resolution of neutrophilic inflammation 

Some of the mediators involved in the resolution of neutrophil swarming are also part of 

inflammation resolution in general, including resolvins (Serhan et al., 2015). Resolution is an 

active process in which anti-inflammatory and pro-resolution lipid mediators are rapidly 

biosynthesised (Serhan et al., 2008). These mediators are resolvins, lipoxins, protectins, and 

maresins, which induce clearance of cell debris and apoptotic neutrophils and attenuate pro-

inflammatory cytokine signalling (Panigrahy et al., 2021). Macrophages are mainly responsible 

for the clearance of these apoptotic neutrophils and do so by efferocytosis, which triggers 

macrophage to switch to an anti-inflammatory phenotype (Ortega-Gómez et al., 2013). The 

return to homeostasis can be described in 4 steps: 1) the attenuation of further neutrophil 

recruitment by shutting down chemokine signalling, 2) a switch from neutrophil survival 

signalling to neutrophil apoptosis, 3) clearance of apoptotic neutrophils, and 4) the switch from 

a pro-inflammatory- to a pro-resolving macrophage phenotype (Ortega-Gómez et al., 2013; 

Sugimoto et al., 2016). Disruption of chemokine signalling can occur through a variety of 

mechanisms, like the truncation of chemokines, called proteolysis (Ortega-Gómez et al., 

2013). For example, macrophage-derived matrix metalloproteinase-12 (MMP-12) cleaves a 

specific motif called the ELR motive of CXC chemokines, which renders their receptor binding 

dysfunctional (Ortega-Gómez et al., 2013). Other methods of chemokine signalling disruption 

include chemokine sequestration by atypical receptors and removal of NETs, which 

components may act as pro-inflammatory mediators (Sugimoto et al., 2016). Next, signals 

inside the inflammatory environment switch from signals that enhance neutrophil survival to 

signals that induce neutrophil apoptosis (Ortega-Gómez et al., 2013). Neutrophils can 

contribute to this by secretion of inflammation-resolving signals, such as lipoxins and resolvins 

(Serhan et al., 2008). These signals include TNF and annexin A1 (AnxA1), the former of which 

promotes survival at lower concentrations, but induces apoptosis at higher concentrations 

(Ortega-Gómez et al., 2013). AnxA1 is secreted by dying neutrophils and promotes neutrophil 

apoptosis, inhibits neutrophil recruitment, and induces macrophages to clear dead neutrophils 

(Ortega-Gómez et al., 2013). Efferocytosis is further facilitated by the production of find-me 

and eat-me signals by apoptotic neutrophils (Loh & Vermeren, 2022). These find-me signals 

direct macrophages towards apoptotic neutrophils, and eat-me signals interact with receptors 

on macrophages to initiate efferocytosis (Loh & Vermeren, 2022). Additionally, find-me signals 

have also been shown to enhance macrophage phagocytic activity and to modulate cytokine 

production (Loh & Vermeren, 2022). Finally, efferocytosis of apoptotic neutrophils by 

macrophages causes a switch from a pro-inflammatory macrophage phenotype to an 

inflammation-resolving phenotype, which is reflected in the change in macrophage 

inflammation mediator production (Ortega-Gómez et al., 2013). For example, efferocytosis 
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results in the downregulation of pro-inflammatory TNF, IL-6, IL-12, and IL-1β (Jones et al., 

2016), and increases production of IL-10 and TFG-β (Jones et al., 2016; Ortega-Gómez et al., 

2013). Macrophages also secrete LXA4, which attenuates neutrophil recruitment and ROS 

formation, and promotes efferocytosis of apoptotic neutrophils (Ortega-Gómez et al., 2013). 

Proper functioning of these inflammation-resolving pathways is of utmost importance since 

uncontrolled inflammation can contribute to disease pathology in many diseases (Herrero-

Cervera et al., 2022; Serhan et al., 2008). 

 

1.7. Neutrophils in disease progression 

1.7.1. Inflammatory disease 

Failure to inhibit the signals that govern the pro-inflammatory environment, or the dysfunction 

of inflammation resolution, may result in chronic inflammation that leads to deadly diseases 

like diabetes mellitus and atherosclerosis (Herrero-Cervera et al., 2022). Rheumatoid arthritis 

(RA) is an autoimmune disease in which chronic inflammation causes erosion of bones and 

damage of cartilage (Riaz & Sohn, 2023). Neutrophil numbers are highly elevated in the 

synovial joint spaces of RA patients where they inflict damage through degranulation and 

release of ROS and NETs (H. L. Wright et al., 2014). Not only do they directly damage the 

tissue environment through these processes, they also produce a wide range of cytokines and 

chemokines that recruits additional immune cells towards the joints (H. L. Wright et al., 2014). 

Contributors to this disease feature many regulators of processes that have been discussed 

in this thesis so far, including LTB4, CXCL1, CXCL2, CXCL8, LL-37, MPO, and NE (Riaz & 

Sohn, 2023). Another very common inflammatory disease is diabetes mellitus, which can be 

categorised in type 1- and type 2 diabetes, the latter of which is the most prominent (Herrero-

Cervera et al., 2022). Glucose concentrations in patients with these diseases is elevated, 

causing a shift in neutrophil metabolism to avoid toxicity from intolerable, intracellular glucose 

levels, and resulting in the upregulation of pro-inflammatory genes like NF-κB (Dowey et al., 

2021). The subsequent upregulation of cytokine production further results in excessive 

recruitment of neutrophils (Dowey et al., 2021). Neutrophils contribute to disease progression 

in both types of the disease (Herrero-Cervera et al., 2022). In type 1 diabetes, neutrophils 

infiltrate into the pancreas where they contribute to destruction of insulin-producing β-cells by 

undergoing NETosis (Herrero-Cervera et al., 2022). In type 2 diabetes, neutrophils contribute 

to a state of chronic inflammation and contribute to insulin resistance in a NE-dependent 

manner (Keeter et al., 2021). Again, previously discussed neutrophil behavioural mediators 

like CXCL1, CXCL2, PAD4, MPO, and NE play a role in diabetes mellitus disease progression 

(Herrero-Cervera et al., 2022). 
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1.7.2. Infectious diseases 

Neutrophils play a key role in the defence against pathogens, and while defence mechanisms 

like oxidative burst and NET formation are of great importance in sequestering bacterial or 

viral threats, these mechanisms may become detrimental to the host if unregulated (Ma et al., 

2021). The recently discovered coronavirus disease 2019 (COVID-19) is one of these 

diseases where neutrophils have been designated as a major contributor to disease 

pathogenesis, even though their roles in fighting the virus are not clear (Rong et al., 2024). It 

has repeatedly been shown that neutrophilia indicates severe respiratory symptoms and poor 

disease prognosis (Cavalcante-Silva et al., 2021). Infection with this disease triggers high 

neutrophil activation, leading to tissue damage from uncontrolled ROS release and 

subsequent cytokine storms (Cavalcante-Silva et al., 2021), from degranulation (Rong et al., 

2024), and from the presence of an excessive amount of NETs (Ackermann et al., 2021). For 

example, sera of hospitalised COVID-19 patients contained elevated levels of NET-markers 

MPO-DNA and citrullinated histone H3 (Cit-H3), and treatment of control neutrophils with 

these sera triggered NET release (Zuo et al., 2020). While the exact mechanisms in which 

COVID-19 induces tissue damage have not yet been elucidated, there is clear evidence that 

neutrophils play a major part in disease progression that is perhaps most clearly indicated by 

the poor prognosis of high neutrophil counts paired with a low number of circulating 

lymphocytes (deKay et al., 2021; Rong et al., 2024; Shafqat et al., 2023). 

 

The dual role of neutrophils in fighting disease as well as progressing disease is well-

exemplified by the human immunodeficiency virus (HIV) (Hensley-McBain & Klatt, 2018). 

Neutrophils fight HIV infection in a variety of ways, most notably using defensins in granules 

and release of ROS. For instance, neutrophils have been shown to be viricidal towards HIV in 

a H2O2-dependent manner, H2O2 being a product of respiratory burst by neutrophils (Klebanoff 

& Coombs, 1992). Neutrophils of both healthy individuals and individuals with acquired 

immune deficiency syndrome (AIDS) were cytotoxic to HIV after stimulation with G-CSF and 

GM-CSF in cell cultures (Baldwin et al., 1989). Furthermore, neutropenia and decreased 

neutrophil function are associated with advanced disease progression and risk to secondary 

infections (Hensley-McBain & Klatt, 2018). However, neutrophils can also play a role in the 

pathogenesis of the disease by, for example, modulating T cell function (Bowers et al., 2014). 

T cells are important in the defence against many pathogens, but loss of their function is a key 

event in HIV disease progression (Bowers et al., 2014). Neutrophils are partially responsible, 

as they have an immunosuppressive effect on T cells by binding program death ligand 1 (PD-

L1) on T cells, which negatively impacts T cell function (Bowers et al., 2014). In infection with 

HIV/SIV, a subtype of HIV infection, neutrophils contribute to tissue damage and destruction 

of immune cells by release of NETs (Moreno de Lara et al., 2023). 
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A final example of neutrophil duality is their involvement in the bacterial infection tuberculosis 

(TB), caused by Mycobacterium tuberculosis (Mtb) (Kroon et al., 2018). The role of these cells 

in TB infection is controversial, as their recruitment can be both beneficial and detrimental to 

the host, depending on whether they are capable of handling the infection or not (Kroon et al., 

2018). Neutrophils are capable of killing Mtb in a number of ways, including phagocytosis, 

release of ROS, and release of nitric oxide (NO) synthase (NOS) (L. Zhuang et al., 2024). 

However, effectiveness of these killing mechanisms are controversial as they are not always 

effective against Mtb, and they may contribute to significant damage caused by neutrophils 

during late stage TB (Kroon et al., 2018). This makes TB a particularly interesting model to 

study neutrophil behaviour, and the knowledge obtained could potentially be of use in research 

of neutrophil behaviour in the context of different pathogens. 

 

1.7.3. Neutrophil swarming in disease 

It is difficult to observe neutrophil swarming in human diseases, but a variety of diseases show 

pathological evidence that is compatible with neutrophil swarming (Brown & Yipp, 2023). One 

of the main swarming mediators, LTB4, has been shown to contribute to disease progression 

in rheumatoid arthritis, atherosclerosis, and both types of diabetes mellitus (Brandt & Serezani, 

2017). For example, neutrophils of diabetic mice, which have poor antimicrobial functions, 

significantly increased non-healing skin lesions and bacterial burden following Staphylococcus 

aureus skin infections due to increased neutrophil migration dependent on LTB4 signalling 

(Brandt et al., 2018). Inhibition of LTB4 signalling reversed these effects (Brandt et al., 2018). 

In vivo studies have also found neutrophil swarming is involved in a number of other infectious 

diseases, like Candida albicans (Hopke et al., 2020; E. K. S. Lee et al., 2018) and 

Cryptococcus neoformans (D. Sun & Shi, 2016). Some studies report beneficial effects of 

neutrophil swarming, like a mouse model in which Pseudomonas aeruginosa bacterial 

clearance was shown to be aided by neutrophil swarming and neutrophil arrest within swarms 

(Kienle et al., 2021). This was also found in zebrafish model, where clearance of P. aeruginosa 

was rapidly initiated upon formation of neutrophil clusters around the bacteria (Poplimont et 

al., 2020). Neutrophil swarming has not been extensively reported in TB, but reports of 

important neutrophil-mediated killing of Mtb (Kisich et al., 2002; C.-T. Yang et al., 2012) 

indicate the potential of investigating neutrophil swarming in response to these bacteria. 

 

1.8. Tuberculosis 

TB is an infectious disease caused by airborne transmission of Mtb and is the leading cause 

of death in HIV-infected individuals (WHO, 2023). According to the Global Tuberculosis Report 
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of 2023 released by the World Health Organisation (WHO), 10.6 million people were estimated 

to be infected globally and 1.3 million succumbed to TB infection in 2022 (WHO, 2023). 

Infection with Mtb may not immediately result in active disease, and individuals may instead 

carry Mtb asymptomatically for years  (Pai et al., 2016). Such asymptomatic Mtb infections are 

classified as latent TB infection (LTBI) and are stipulated to affect around 2 billion people 

globally (Alsayed & Gunosewoyo, 2023). Reactivation of LTBI occurs in about 5% to 15% of 

infected individuals, but the underlying mechanisms that trigger active disease are unclear 

(Kiazyk & Ball, 2017). There are, however, certain conditions and risk factors that put the 

patient at risk of developing active TB (Kiazyk & Ball, 2017). The most dangerous comorbidity 

is HIV infection, which increases the risk of developing active disease by over 100-fold (Kiazyk 

& Ball, 2017). Symptoms of active TB include a cough, fever, weight loss (Pai et al., 2016), 

fatigue, night sweats, and loss of appetite (Alsayed & Gunosewoyo, 2023). Dissemination of 

the disease from the lungs to other parts of the body can also lead to development of 

symptoms such as chronic back pain (Smith, 2003). 

 

The TB infection cycle (Figure 1.2) starts with the transmission of Mtb within aerosol particles 

after, for example, coughing by an infected host (C. J. Cambier et al., 2014). These particles 

reach the lung of an uninfected individual where the particles are initially picked up by alveolar 

macrophages (Chandra et al., 2022a). Infected macrophages recruit more immune cells 

towards the infection, including tissue-resident macrophages, neutrophils, dendritic cells 

(DCs) (Chandra et al., 2022a), monocytes (Ernst, 2012), and natural killer cells (Ehlers & 

Schaible, 2013). This eventually results in the formation of a granuloma, one of the hallmarks 

of TB, which is a collection of macrophages and other immune cells that is meant to restrict 

spreading of the bacteria (Alsayed & Gunosewoyo, 2023). However, the bacteria can instead 

abuse the granuloma during its early stages and replicate within newly recruited macrophages 

(C. J. Cambier et al., 2014). In fact, the early innate immunity response to Mtb is ineffective in 

curtailing infection (Ehlers & Schaible, 2013), and an adequate response by T cells and B cells 

in cooperation with activated macrophages is required for bacterial control instead (Chandra 

et al., 2022a). For example, antigen priming of T cells by DCs in the lymph nodes results in T 

cell differentiation into T-helper 1 (TH1) cells, TH17 cells, and cytotoxic T effector cells, which 

are important for macrophage activation (Ehlers & Schaible, 2013). Recruitment of all these 

immune cells eventually results in a granuloma with a core of infected macrophages 

surrounded by lymphocytes, in which the bacterium is contained (Ehlers & Schaible, 2013). 

These macrophages may become necrotic, resulting in a caseating granuloma (Assari et al., 

2014), which allows the bacteria to further replicate (C. J. Cambier et al., 2014). Untenable 

replication of the bacteria causes the granuloma to rupture, thereby releasing the bacteria into 

the airways, rendering the host infectious to others (Alsayed & Gunosewoyo, 2023). 



41 
 

 

Figure 1.2 | The tuberculosis infection cycle. 1. Transmission of Mtb (red rods) in aerosol 

particles occurs after, for example, sneezing or coughing of an infected host. A new host 

inhales these particles containing the bacteria and relocates towards the lungs. 2. Alveolar 

macrophages (pink cell) are the first to encounter Mtb and subsequently phagocytose the 

bacteria. 3. Through cytokine release (orange orbs), infected macrophages recruit additional 

alveolar macrophages and, later, additional types of immune cells, including neutrophils, 

dendritic cells, monocytes, and more. 4. The continuous inability of immune cells to kill the 

bacteria, paired with continuous recruitment of immune cells, leads to formation of a collection 

of immune cells in which the bacteria are contained, termed a granuloma. 5. Uncontrolled 

replication within the granuloma leads to a necrotic core called the caseum and may eventually 

result in rupturing of the granuloma. This causes active disease in the patient and renders 
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them infectious to others. Created using Biorender.com. Adapted from (C. J. Cambier et al., 

2014). 

 

Treatment of active disease includes administration of multiple antibiotics and is challenging 

due to varying disease profiles and drug resistances (Dartois & Rubin, 2022). Diagnosis of 

LTBI includes measuring interferon(IFN)-γ release which is induced in T lymphocytes by Mtb, 

and active disease can be diagnosed through a variety of methods, including microscopy of 

sputum or bronchial secretion, sputum culture, and sputum PCR (Heyckendorf et al., 2022; 

Suárez et al., 2019). Individuals with LTBI may be treated preventatively, but this only occurs 

in those with significant predisposition to developing active TB, like people infected with HIV 

(Dartois & Rubin, 2022). Preventative therapy could reduce reactivation rates by up to 90% 

(Kiazyk & Ball, 2017). The standard treatment regimen employed here is a range of antibiotic 

treatments: three regimens based on rifampicin and two alternative monotherapy regimens 

supplied with daily isoniazid, provided that the Mtb strain carried by the patient is not resistant 

to these drugs (Dartois & Rubin, 2022).  For active disease, treatment can generally be divided 

into two steps: killing of the population of bacteria with a high replication rate in the initial 

phase, and killing of semi-dormant bacteria in the second phase (Sotgiu et al., 2015). 

Treatment duration may vary significantly depending on the type of infection and its 

susceptibility to treatment (Sotgiu et al., 2015). For example, 12% to 14% of TB patients in 

Germany between 2013 and 2017 showed resistance to at least one of the treatments (Suárez 

et al., 2019). Of these patients, those resistant to rifampicin had significantly higher increases 

in treatment duration compared to those with isoniazid (Suárez et al., 2019). The rise in drug 

resistance poses a significant issue by increasing treatment failure rates and increasing 

treatment costs of alternative, and potentially more toxic, alternatives (Dartois & Rubin, 2022). 

An alternative to targeting Mtb directly, thereby potentially circumventing the problem of drug 

resistance, is by targeting the host instead. This requires understanding of the immune 

response to Mtb and how Mtb affects the host cells in this response. 

 

1.8.1. Macrophages in tuberculosis 

A wide variety of immune cells are involved in the response to Mtb infection, as is evident from 

the range of cell types that respond to infection in the early stages and the cell types that end 

up as part of the granuloma (Chandra et al., 2022a; Ehlers & Schaible, 2013; Ernst, 2012). 

Alveolar macrophages are the first cells to encounter Mtb and are considered to be particularly 

permissible to infection establishment by the bacteria (Chandra et al., 2022a). These cells are 

able to recognize PAMPs of Mtb, partially through TLRs, which activates them without 

activating phagocytosis (Queval et al., 2017). Binding of PAMPs with TLR2 triggers NF-κB 

signalling and thereby release of pro-inflammatory cytokines (Chandra et al., 2022a). 
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However, Mtb has also been reported to mask PAMPs with a surface lipid called phthiocerol 

dimycocerosate (PDIM), which prevents the bacteria from being detected (C. J. Cambier et 

al., 2014). Instead, this induces macrophage production of the macrophage chemokine CCL2 

that recruits other macrophages that may be more permissible for Mtb growth (C. J. Cambier 

et al., 2014). Uptake of Mtb is likely regulated by the recognition of Mtb by the macrophage-

inducible C-type lectin (Mincle), and subsequently results in the activation of the NF-κB 

pathway by recognition of bacterial components by TLRs (Goldberg et al., 2014). This is 

another step where Mtb may affect the effectiveness of the immune system, as the structural 

characteristics of the bacteria inhibit acidification of the phagolysosome by decreasing 

vacuolar ATP and GTP accumulation (Zhai et al., 2019). Mtb may even replicate within 

macrophages by perforating the phagosomal membrane and moving the cytosol (Ahmad et 

al., 2022; Goldberg et al., 2014). This is done through the use of a component of its type VII 

secretion system (T7SS), with the name of early secretory antigenic target-6 (ESAT-6) 

secretion system-1 (ESX-1) (Goldberg et al., 2014). Other components of the T7SS are also 

capable of modulating macrophage apoptotic pathways through, for example, induction of 

ROS production to induce apoptosis, and inhibition of the ROS/JNK signalling pathway to 

curtail apoptosis (Ahmad et al., 2022). These examples show how Mtb abuses host 

macrophages to prevent its destruction and instead proliferate in a hostile environment. 

 

This does not mean macrophages are completely defenceless against Mtb infection. IL-1β is 

capable of killing Mtb within human and murine macrophages directly, but also indirectly by 

inducing TNF secretion (Xu et al., 2014). IL-1β is therefore a target of Mtb to facilitate its 

survival, which it may do by reducing production of IL-1β by triggering host signalling of type 

1 IFNs (Xu et al., 2014). IL-36γ, which is closely related to IL-1β, has been shown to suppress 

Mtb growth in macrophages by facilitating the formation of the autolysosome through WNT5A, 

which part of the WNT family of signal transducers (Gao et al., 2019). Furthermore, LPS-

stimulation of human macrophages was shown that TLR4-induced production of ROS was 

effective in killing Mtb (Lv et al., 2017). This bactericidal activity of ROS was also shown in a 

study investigating the role of peroxisomes in Mtb infection (Pellegrino et al., 2023). 

Peroxisomes are organelles responsible for regulation of important metabolic processes, 

including metabolism of ROS (Pellegrino et al., 2023). ROS derived from these peroxisomes 

was shown to be important for restriction of Mtb in macrophages (Pellegrino et al., 2023). 

Finally, apoptosis may serve as a mechanism to kill Mtb and deprive them from their growth 

environment, as TNF-α-induced apoptosis of infected macrophages reduced bacterial viability 

(Oddo et al., 1998). In conclusion, there is a clear dichotomy in the role that macrophages play 

in Mtb infection, and targeting specific processes in the macrophage response may be a viable 

way to target Mtb pathogenicity.  
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Figure 1.3 | Neutrophils in host-defence and disease pathology during early and late TB 

infection. Following infection with Mtb, immune cells are recruited to the lungs to kill the 

bacterium. Among these immune cells are neutrophils, which contribute to the killing of Mtb 

during early infection, but become pathogenic during late-stage TB through chronic 

neutrophilic inflammation and subsequent tissue damage. A) Neutrophils employ several 

defence mechanisms to kill Mtb, including phagocytosis, NET formation, degranulation, and 

release of ROS. Neutrophils produce several proinflammatory cytokines, such as IL-1β and 

IL-6, to initiate a stronger immune response and recruit more immune cells to fight infection. 

B) Initially, infected cells, usually macrophages, recruit more immune cells to the site of 

infection after internalisation of the bacteria. Inability to kill Mtb and prolonged immune cell 

recruitment ultimately results in formation of granulomas which may or may not contain Mtb. 

Depicted is a simplified schematic of a granuloma, which normally contains other cell types in 

addition to those shown, like dendritic cells and B cells. In immunocompetent individuals the 

bacterium is alive but contained within the granuloma and prevented from spreading further, 

termed latent TB. If the host becomes immunocompromised, the granuloma may rupture and 

release the bacteria into the surrounding tissue, leading to active, or “late stage” disease. C) 

Spread of the infection occurs when the immune cells lose control over the infection and 

succumb after internalisation of Mtb. This Mtb-induced necrosis leads to further spread of the 
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infection, and efferocytosis of necrotic neutrophils by macrophages results in necrosis of the 

macrophage as well. D) Mtb may also induce NET formation by upregulating ROS production, 

but NETs are only capable of capturing, not killing, Mtb. Release of granules and ROS after 

necrosis or NET formation may lead to damage of surrounding tissue. 

 

1.8.2. Neutrophils in tuberculosis  

Like with macrophages, neutrophil involvement in TB is controversial, as their uncontrolled 

deployment is a significant problem during late-stage TB (Gaffney et al., 2022). Recruitment 

of neutrophils towards Mtb infection occurs after macrophages release pro-inflammatory 

cytokines, such as TNF, IL-6, IL-8, and IL-1β, following their encounter with the bacteria (Kroon 

et al., 2018). Macrophages may also release IL-1, which promotes neutrophil production 

through the IL-17-G-CSF axis (Alcantara et al., 2023). Once arrived at the site of infection, 

neutrophils employ their entire bactericidal arsenal against Mtb, including degranulation, ROS 

release, and NET release (Kroon et al., 2018). Whether these neutrophil advances are 

successful appears to partially depend on the stage of the disease (Figure 1.3) (Alcantara et 

al., 2023). For example, IL-6- and IL-23-mediated production of IL-17 by neutrophils in 

response to Mtb infection was found to contribute to bacterial killing during early infection by 

increasing neutrophil recruitment towards the infection and by inducing ROS production (Hu 

et al., 2017). However, this production of ROS eventually also contributed to the development 

of collagen-induced arthritis in mice (Hu et al., 2017). Such a problematic effect of neutrophils 

during late Mtb infection is evident from research into the role of alarmins S100A8/A9 in the 

pathology of Mtb infection (Gopal et al., 2013; Scott et al., 2020). These proteins were found 

to be associated with lung inflammation in patients with active TB, and were responsible for 

excessive neutrophil recruitment towards TB infection in a mouse model (Gopal et al., 2013). 

This is potentially due to an increase in S100A8/A9 signalling, which increased as TB disease 

progressed in an Mtb mouse model (Scott et al., 2020). Furthermore, deficiency of S100A9 

significantly limited neutrophil accumulation during chronic infection and thereby improved Mtb 

control (Scott et al., 2020). In contrast, a rat model of Mtb showed neutrophilia induced by LPS 

in early stages of the disease significantly reduced infection levels, but this protective effect 

was lost when neutrophilia was induced 10 days after infection (Sugawara et al., 2004).  There 

is also evidence for neutrophil protectiveness in later stages, one example of which showed 

that neutrophils significantly decreased bacterial load in infected mice with deficiency for 

natural IFN-γ production 28 days after infection (Feng et al., 2006). In short, there is clear 

evidence for both a protective and damaging effect of neutrophils in Mtb infection, but the 

underlying mechanisms remain unclear. 
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The ability of neutrophils to kill Mtb also remains disputed (Gaffney et al., 2022). Like with 

macrophages, Mtb has developed several mechanisms that allow it to evade death through 

neutrophil phagocytosis (Borkute et al., 2021). One such mechanisms is preventing neutrophil 

granules from fusing with the phagosome, potentially through Rab5-mediated arrest of 

phagosome maturation (Borkute et al., 2021). Mtb has also been shown to induce neutrophil 

necrosis both actively and passively, as phagocytosis of both heat-killed Mtb and live Mtb 

induced necrosis in human cells, with increased levels of necrosis found after phagocytosis of 

live Mtb (Corleis et al., 2012). Neutrophils from patients with a disease called granulomatous 

disease that causes dysfunctional NADPH-oxidase, and therefore the inability to produce 

ROS, did not succumb to necrotic cell death after infection with Mtb, indicating that Mtb 

induces ROS production in neutrophils to cause necrotic cell death (Corleis et al., 2012). 

Uptake of such necrotic infected neutrophils by macrophages has been shown to exacerbate 

Mtb infection, and inhibition of ROS and necrosis restored the ability of macrophages to control 

growth of Mtb (Dallenga et al., 2017). However, there are reports of successful killing of Mtb 

by neutrophil phagocytosis (Kisich et al., 2002). Neutrophils of healthy human donors were 

able to phagocytose and subsequently kill Mtb in cell cultures, which was potentiated by 

treatment with TNF-α (Kisich et al., 2002). This appeared to be partially due to exposure of 

intracellular Mtb to neutrophil defensins, and did not appear to be affected by reactive nitrogen 

intermediates, reactive oxygen intermediates, or neutrophil apoptosis (Kisich et al., 2002). 

Neutrophils may even phagocytose dying, infected macrophages within the granuloma and 

kill their internalised Mtb through NADPH-oxidase-dependent mechanisms (C.-T. Yang et al., 

2012).  

 

Release of NETs during Mtb infection is another way for the innate immune system attempts 

to eradicate the bacterium (Cavalcante-Silva et al., 2023). Mtb can directly induce NET 

formation, which may directly damage host tissue or cause recruitment of additional 

neutrophils through stimulation of macrophage cytokine production (Cavalcante-Silva et al., 

2023). For example, ESAT-6 secreted by the ESX-1 T7SS expressed by Mtb was involved in 

NET formation following necrosis of neutrophils in a calcium-dependent manner (Francis et 

al., 2014). Another route of NETosis activation is through specific proteins produced by ESX5, 

a gene cluster that is only present in slow-growing mycobacteria species (García-Bengoa et 

al., 2023). Stimulation of human neutrophils with these proteins induced NET formation in a 

response that was potentially ROS-dependent (García-Bengoa et al., 2023). Such NET-

inducing effects of ROS were previously seen in cell cultures of neutrophils obtained from TB 

patients, where Mtb infection significantly increased neutrophil ROS levels and initiated NET 

release (Su et al., 2019). Blocking of ROS production abrogated the release of NETs (Su et 

al., 2019). Finally, treatment of neutrophils with conditioned medium derived from 
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macrophages stimulated with Mtb induced ROS production and NET formation, indicating Mtb 

may also indirectly induce NET formation by activating non-neutrophil immune cells (Murphy 

et al., 2024). 

 

These various ways in which Mtb induces NET may at first glance suggest that this may be a 

successful way in which neutrophils combat the bacterium, but the effectiveness of NETs in 

the killing of Mtb remains disputed (Cavalcante-Silva et al., 2023). NETs have been described 

to be microbicidal against a range of pathogens, but numerous studies suggest NETs are 

unable to eradicate Mtb and are only capable of capturing the bacteria (Cavalcante-Silva et 

al., 2023). One such study used human neutrophil cell cultures to describe the effect of NETs 

on two different strains of Mtb with different levels of virulence: a highly virulent Mtb strain and 

the low virulence Mycobacterium canettii strain (Ramos-Kichik et al., 2009). Exposure of 

neutrophils to these bacteria initiated NET release that was preceded by production of ROS,  

but these NETs were unable to kill bacteria or attenuate their multiplication in either of the 

strains of bacteria (Ramos-Kichik et al., 2009). Similarly, Mtb infection in the skin of guinea 

pigs induced NET formation as early as 30 minutes post inoculation, but these were 

unsuccessful in killing the bacteria (Filio-Rodríguez et al., 2017).   

 

Neutrophils may also affect the response of other, non-neutrophil immune cells through, for 

example, efferocytosis of apoptotic neutrophils or release of NETs (Cavalcante-Silva et al., 

2023). Macrophages have been shown to benefit by such an interaction in a model of HIV and 

Mtb co-infection (Andersson et al., 2020). Apoptotic neutrophils were added to human 

macrophages infected with HIV and Mtb, and efferocytosis of these neutrophils by the 

macrophages aided in Mtb bacterial killing in an MPO-dependent manner (Andersson et al., 

2020). Similarly, efferocytosis of apoptotic neutrophils by Mtb-infected macrophages 

decreased intracellular Mtb burden in human cell cultures (Tan et al., 2006). Granules of these 

apoptotic neutrophils entered macrophage endosomes after efferocytosis and exerted 

antimicrobial activity, as growth of Mtb was inhibited both extracellularly and intracellularly by 

these granules (Tan et al., 2006). It is important to note that these studies used induction of 

neutrophil apoptosis in a manner independent of Mtb, and may therefore not accurately reflect 

macrophage-neutrophil interactions in Mtb infection. This is a particularly important distinction 

due to the findings that Mtb may actively drive neutrophils away from apoptosis by inducing 

necrosis, which contributes to Mtb growth (Dallenga et al., 2017). NETs may also affect the 

response of dendritic cells, which were activated into producing type I IFNs when co-cultured 

with NET-producing, Mtb-infected neutrophils (A. M. Lee et al., 2023). Production of these 

IFNs is associated with Mtb disease progression (A. M. Lee et al., 2023). Finally, Mtb-induced 

NET formation was found to induce macrophage IL-6, TNF-α, IL-1β, and IL-10 cytokine 



48 
 

release after they bound to and phagocytosed NETs (Braian et al., 2013). Macrophages also 

internalised LL-37 complexes found on NETs, which localised towards the macrophage 

phagolysosome and aided in growth inhibition of intracellular Mycobacterium bovis (Stephan 

et al., 2016). This suggests that such an interaction may be present in Mtb infection, but this 

has not been shown in published literature.  

 

It is clear that neutrophils play a dual role in TB disease progression, and the general 

consensus appears to be that neutrophils are host-protective during the early granuloma 

stages, but develop a pathological role by damaging tissue during late granuloma stages 

(Alcantara et al., 2023). Neutrophil abundance was found to relatively highly correlate with 

severe tuberculosis, including pulmonary destruction and bacteria excretion (Panteleev et al., 

2017). Neutrophil mediators such as MMP-8, S100A8, IL-8, and TNF were significantly 

increased in TB patients with severe lung damage, and a majority of these mediators was 

decreased after TB therapy (Muefong et al., 2021). NETs are likely implicated in disease 

pathology, as plasma markers of NETs, such as MPO-DNA and MPO, were strongly 

associated with disease severity and decreased after antibiotic therapy (Schechter et al., 

2017). Furthermore, sera of TB patients contained significantly increased levels of NET 

parameters, including NE-DNA and MPO-DNA, and patients with extensive tissue damage 

had increased NET formation and NE activity compared to those with minor damage (Zlatar 

et al., 2024). Targeting of neutrophils instead of Mtb itself may therefore be a fruitful strategy 

in combating TB and reducing neutrophil-mediated tissue damage during active TB.  

 

1.9. Hypoxia and HIF 

Hypoxia is a state of low oxygen and is a hallmark of tissue inflammation, infection, or damage 

(Krzywinska & Stockmann, 2018). It is major contributor to the pathogenesis of wide variety of 

diseases, including cancer, chronic heart disease, inflammatory bowel disease, lung disease, 

and more (P.-S. Chen et al., 2020; Della Rocca et al., 2022). Hypoxia occurs when the 

requirement for oxygen exceeds the supply, and ultimately results in the death of cells if the 

hypoxic state is maintained for too long (Taylor & Colgan, 2017). For example, an immune 

challenge can lead to immune cell influx into the affected tissue, resulting in an increased 

demand for oxygen that may not be met by supply (Watts & Walmsley, 2018). Oxygen is 

required for oxidative phosphorylation (OXPHOS), a process that generates ATP in aerobic 

conditions, and is vital to cell survival (Taylor & Colgan, 2017). This does not necessarily imply 

that hypoxia harmful, as it is seen in normal processes unrelated to disease or harm, such as 

stem cell differentiation (Abdollahi et al., 2011). Additionally, it plays a key role in immune cell 

function, as these cells often encounter hypoxic environments in areas where they express 
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their functions (Krzywinska & Stockmann, 2018). Such effects of hypoxia on immune cells 

includes increasing neutrophil survival, enhancing macrophage phagocytosis, and increased 

B lymphocyte glycolytic metabolism (Krzywinska & Stockmann, 2018). 

 

One of the master regulators of hypoxia is hypoxia-inducible factor (HIF) (Figure 1.4), which 

targets many genes involved in a variety of processes, including angiogenesis, cell 

proliferation, and metabolism (Tirpe et al., 2019). There are three types of HIFs: HIF-1, HIF-2, 

and HIF-3 (Tirpe et al., 2019). HIF-1 is the most ubiquitously expressed and most well-

described HIF isoform (Krzywinska & Stockmann, 2018). It can affect target genes by binding 

to them either directly, which is associated with gene upregulation, or indirectly, which is 

associated with gene downregulation (Semenza, 2012). HIF-2 is less widely expressed, is not 

as well-described as HIF-1, and may affect a number of the same genes as well as different 

genes than HIF-1 (Krzywinska & Stockmann, 2018). During inflammation, HIF-1 is expressed 

at the early stages, while HIF-2 is seen at later stages (Watts & Walmsley, 2018). HIF-3 is 

poorly understood and has not been as extensively researched as the other HIF, and is 

suggested to play a role in mediating HIF-1- and HIF-2-mediated gene expression (S.-L. Yang 

et al., 2015). This thesis will focus on HIF-1 due to its well-described effects on neutrophil 

function (Krzywinska & Stockmann, 2018). 

 

The HIF transcription factor is heterodimeric and has two subunits called HIF-1α and HIF-1β 

(Masoud & Li, 2015). HIF-β is constitutively expressed in excess and translocates into the 

nucleus after its production (Masoud & Li, 2015). This means the protein levels of HIF-1α 

determine the transcriptional activity of HIF-1 (Semenza, 2012). HIF-1α is also constantly 

produced but is targeted for proteasomal degradation in normoxic conditions (Semenza, 

2012). This is a result of the hydroxylation of HIF-1α proline residues by prolyl hydroxylase 

domain (PHD) enzymes, which allows the von Hippel-Lindau (VHL) E3 ubiquitin ligase 

complex to bind to HIF-1α (Krzywinska & Stockmann, 2018; Semenza, 2012). VHL then 

ubiquitinates HIF-1α which targets it for proteasomal degradation (Krzywinska & Stockmann, 

2018). This reaction only occurs during normoxic conditions, as the hydroxylation of the prolyl 

residues requires oxygen (Masoud & Li, 2015). Hypoxia therefore results in the constitutive 

expression of HIF-1α, which allows it to translocate into the nucleus (Krzywinska & 

Stockmann, 2018). Here, HIF-1α forms a transcription complex with HIF-1β and subsequently 

recruits co-activator p300/CBP (Krzywinska & Stockmann, 2018). This complex binds to 

hormone response elements (HREs) within target genes, resulting in the transcription of target 

genes and subsequently affects target processes (Krzywinska & Stockmann, 2018). 
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Figure 1.4 | Overview of the HIF signalling pathway during normoxia and hypoxia. The 

master regulator of the hypoxia pathway is Hypoxia Inducible Factor (HIF), which consists of 

2 subunits called HIF-α and HIF-β. During normoxic conditions, prolyl hydroxylases (PHDs) 

continuously hydrolyse prolyl residues on HIF-α in an oxygen-dependent manner. This results 

in the binding of the von Hippel-Lindau (VHL) protein to HIF-1α, which recruits a ubiquitin 

ligase and targets HIF-α for proteasomal degradation. During hypoxia, PHD enzymes lose 

their oxygen-dependent function and are unable to hydroxylate HIF-α. HIF-α is therefore not 

targeted for proteasomal degradation, becomes constitutively expressed, and translates to the 

nucleus. Here, HIF-α can bind to its HIF-β subunit, which present in abundance within the 

nucleus. This transcription complex can then bind to co-activators like CBP/p300 and 

subsequently to hypoxia responsive elements (HREs), which results to transcription of HIF 

target genes. 

 

1.9.1. HIF and neutrophil function 

HIFs play a crucial role in immune cell adaptation to hypoxic conditions and therefore affects 

a wide range of immune cell effector functions, including those of neutrophils (Krzywinska & 

Stockmann, 2018). Survival of mouse-derived HIF-1α knockout neutrophils was significantly 

reduced in hypoxic conditions compared to normoxic conditions in cell cultures (Walmsley et 

al., 2005). This was dependent on NF-κB signalling, as inhibition of the pathway resulted in a 

loss of the hypoxic survival effect, and NF- κB transcript abundance during hypoxia was 

significantly reduced in HIF-1α knockout mice (Walmsley et al., 2005). This effect on neutrophil 

survival was also seen in human neutrophils from patients with hypoxia-inducing myocardial 

infarction, where neutrophil survival was accompanied by increased intracellular levels of HIF-

1α (Dölling et al., 2022). HIF also modulates the energy generation by facilitating the switch 

to anaerobic ATP generation through glycolysis (Cramer et al., 2003). Deletion of HIF-1α in 

mouse neutrophils significantly reduced their ATP generation in hypoxic conditions (Cramer 
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et al., 2003). This may have severe consequences for essential neutrophil processes, 

including migration, ROS production, and degranulation (Jeon et al., 2020). Indeed, production 

of NE and cathepsin G, two important neutrophil granule proteases, was significantly 

decreased in HIF-1α-null neutrophils, and significantly increased in VHL-null mutants in mouse 

cell cultures, indicating HIF-1α is important for granule protease production (Peyssonnaux et 

al., 2005). These reports show the wide range of effects of HIF on neutrophil function, which 

implicates it as a key regulator during immune challenges. 

 

1.9.2.  HIF in TB 

Stabilisation of HIF-1α during TB infection has been studied intensively and affects many 

processes involved in response to the disease, including inflammation and angiogenesis (C. 

Li et al., 2024). HIF-1α stabilisation has been described to enhance the bactericidal effect of 

macrophages against Mtb infection (Q. Li et al., 2021; Osada-Oka et al., 2019; Zenk et al., 

2021). Pharmacological stabilisation of Mtb-infected human macrophages significantly 

increased inhibition of Mtb in a growth-dependent manner (Zenk et al., 2021). Human tissues 

of pulmonary tuberculosis contained significantly higher expression of Hif-1α compared to 

healthy lungs, and a marker for autophagy, LC3B, was also increased in infected lungs (Q. Li 

et al., 2021). Autophagy is a process in which intracellular components, or pathogens outside 

of phagosomes, are encapsulated in a structure called the autophagosome, that fuses with a 

lysosome (Golovkine et al., 2023). This process has been shown to be host-protective in Mtb 

infection, partially by protecting macrophages from Mtb-induced apoptosis (Golovkine et al., 

2023). It was found that Hif-1α was responsible for enhanced macrophage autophagy, and 

induction of pro-inflammatory cytokines IL-6 and TNF-α (Q. Li et al., 2021). Stabilisation of Hif-

1α significantly increased macrophage killing of Mtb, and strengthened the bactericidal effect 

of rifampin treatment (Q. Li et al., 2021). In mice, HIF-1α was also shown to be host-protective 

by curtailing the intracellular replication of Mtb in macrophages by inducing glycolytic energy 

generation (Osada-Oka et al., 2019). Glycolysis-metabolite pyruvate is used by Mtb to 

facilitate its replication, but is reduced during glycolysis by conversion into lactate (Osada-Oka 

et al., 2019). Finally, HIF-1α stabilisation in mouse macrophages initiated a shift to aerobic 

glycolysis, which was imperative for IFN-γ-mediated control of Mtb infection in macrophages 

(Braverman et al., 2016). Deletion of Hif-1α resulted in a significant inability to control Mtb 

infection, and these knockout mice succumbed to infection months before wildtype mice 

(Braverman et al., 2016).  

 

Naturally, these pro-inflammatory functions of HIF-1α may be detrimental to the host during 

TB infection by facilitating Mtb growth and inducing neutrophil-mediated tissue damage (C. Li 

et al., 2024). For example, loss of VHL in T cells significantly increased susceptibility to Mtb 
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infection due to the loss of VHL-mediated accumulation of Mtb-specific T cells in mouse lungs 

(R. Liu et al., 2022). HIF-1α stabilisation in human cell cultures increased neutrophil production 

of MMP-8 and MMP-9, which contributed to collagen destruction during Mtb infection (Ong et 

al., 2018). In addition to these collagenases, production of MMP-1 by human macrophages 

and epithelial cells has also been shown to be increased in response to Mtb-driven 

stabilisation of HIF-1α (Belton et al., 2016). Finally, neutralisation of IL-17, which stabilises 

HIF-1α, in mice severely increased Mtb bacterial burden and pulmonary inflammation 

(Domingo-Gonzalez et al., 2017). Inhibition of HIF-1α reversed this increased susceptibility to 

Mtb in these mice (Domingo-Gonzalez et al., 2017). Evidently, HIF-1α stabilisation may induce 

both positive and negative effects in Mtb infection, and is therefore a promising target for 

further investigation. 

 

The effect of HIF-1α stabilisation on neutrophils in the context of Mtb infection is not as well-

studied as with macrophages, but shows clear potential for therapeutic interventions (Remot 

et al., 2019). HIF-1α and NO were shown to positively regulate each other in mice, but had 

opposing effects of pro-inflammatory cytokine production (Braverman et al., 2016). Production 

of IL-1α, IL-1β, which play a role in neutrophil recruitment, was significantly reduced in Hif-1α 

knockout macrophages, but was significantly increased in iNOS-deficient (Nos2 knockout) 

macrophages stimulated by IFN-γ (Braverman et al., 2016). NO production may therefore 

prevent host tissue damage afflicted by neutrophils, but iNOS-deficient mice did not have 

increased life spans and had slightly exacerbated Mtb infection (Braverman et al., 2016). This 

interplay between Hif-1α and NO signalling has been more extensively described in zebrafish, 

which are natural hosts to a close relative of Mtb called Mycobacterium marinum (Mm) (Elks 

et al., 2013). Stabilisation of Hif-1α both pharmacologically and genetically resulted in the 

significant reduction of Mm bacterial burden in systemic infections (Elks et al., 2013). NO 

production was increased in neutrophils after stabilisation of Hif-1α, indicating a potential role 

of iNOS in this process (Elks et al., 2013). This was confirmed by addition of a range of iNOS 

blockers to genetic stabilisation of Hif-1α, which abrogated the host-protective effect of Hif-1α 

stabilisation (Elks et al., 2013). Furthermore, Hif-1α stabilisation was not host-protective in 

infected zebrafish depleted of neutrophils, while it remained host-protective when only 

macrophages were depleted, indicating that neutrophils are the driving factor behind the host-

protective effect of Hif-1α stabilisation (Szkuta, 2020). Despite this, macrophages may still be 

important for the Hif-1α-driven neutrophil response to Mm, as they were shown to increase 

the neutrophil NO-driven destruction of Mm infection by producing IL-1β after stabilisation of 

Hif-1α (Ogryzko et al., 2019). These examples show the potential of modulating the neutrophil 

response in response to TB infection, and how the zebrafish is a suitable model to further 

explore such endeavours. However, much about the neutrophil response to TB and how 
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specific neutrophil behaviours like neutrophil swarming affect disease progression is still 

unclear and will require further research. 

 

1.10. The zebrafish model organism 

Zebrafish are a useful in vivo model that allows for studying of the combination of neutrophil 

swarming, tuberculosis, and Hif modulation. The zebrafish model has a variety of advantages 

over alternatives, including ease of maintenance, high fecundity, ease of genetic modification, 

and rapid development (Goldsmith & Jobin, 2012; Mastrogiovanni et al., 2024). They only 

become protected under the Animals (Scientific Procedures) Act 1986 at 5 days post 

fertilisation (dpf), when they become capable of independent feeding (Home Office, 2022), 

meaning any zebrafish-related work performed before this point effectively reduces the use of 

protected animals in research. Compared to other model organisms such as the mouse, 

zebrafish experimentation is relatively high throughput, less labour intensive, and less 

expensive (Goldsmith & Jobin, 2012). Drug treatment is an example of relatively easy labour, 

as it is applied by submersion through simply adding the drug to the fish media (Goldsmith & 

Jobin, 2012). Finally, the entire zebrafish genome has been sequenced and has high 

homology with the human genome, as around 70% of human genes have an orthologue in the 

zebrafish (Howe et al., 2013).  

 

Genome sequencing has also drastically increased the available toolbox for gene 

manipulation, including CRISPR-Cas9 gene editing (M. Li et al., 2016; K. Liu et al., 2019). 

CRISPR-Cas9 can be used to target a gene and knock it out by introducing a deletion into the 

DNA, which can result in stable lines in which all fish carry this homozygous deletion, provided 

it does not induce lethality (M. Li et al., 2016). Constructs carrying a fluorescent element can 

be inserted into the DNA, allowing for the generation of transgenic reporter zebrafish lines, 

which indicate the activation of a protein of interest (Sassen & Köster, 2015). This can be 

specifically applied to, for example, a single cell type, meaning migration of these cells can be 

followed using fluorescence microscopy (Sassen & Köster, 2015). This is a clear benefit of 

zebrafish over other models such as mice, which require injection of fluorescently labelled 

donor neutrophils for migration assays (Stackowicz et al., 2020). Migration assays are 

particularly easy during the early development, as they remain transparent for the first week 

after fertilisation (Goldsmith & Jobin, 2012). The transparent benefit has been further 

enhanced by the generation of the nacre and casper lines, which are distinguished by lack of 

pigmentation (Lister et al., 1999) and almost fully transparent adult zebrafish (White et al., 

2008) respectively. Transparency also lends well to infection experiments with fluorescent 
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bacteria, such as Mm, in which one can follow disease progression by quantifying bacterial 

burden using fluorescence microscopy (Davis et al., 2002). 

 

Zebrafish are a natural host to Mm, which is the closest genetic relative to Mtb (Tobin & 

Ramakrishnan, 2008). TB research is most often performed in mice, but this model lacks the 

formation of caseating granulomas seen in TB in humans (Tobin & Ramakrishnan, 2008). 

Aside from zebrafish, guinea pigs and rabbits form granulomas reminiscent of human TB 

granulomas, but these models show other disease dissimilarities and suffer from maintenance 

difficulties and restricted modulatory tools (Fonseca et al., 2017). Infection of Mtb in macaques 

most closely resembles the disease progression in humans, but this model comes with 

significant ethical considerations and monetary costs (Tobin & Ramakrishnan, 2008). A rightful 

criticism of the zebrafish model is the significant morphological difference with humans, 

particularly the lack of lungs where Mtb initially causes infection (Tobin & Ramakrishnan, 

2008). However, outside of the method of infection, Mm disease progression follows a very 

similar path to Mtb, with a significant macrophage response, macrophage-mediated Mm 

dissemination, and formation of granulomas (Speirs et al., 2024). In short, the zebrafish Mm 

model offers an alternative to available TB models with a genetically relevant alternative to 

Mtb, the ability to study neutrophil behaviours during Mm infection using imaging-based 

approaches, and the ability to examine the involvement of neutrophil swarming in the 

published host-protective effect of Hif-1α stabilisation during Mm infection (Elks et al., 2013). 

 

The zebrafish immune system, like that of humans, consists of both innate and adaptive 

immunity that develop at different points in time after birth (Speirs et al., 2024). Innate immunity 

develops rapidly, and phagocytic activity can be witnessed as early as a day after fertilisation 

(van der Vaart et al., 2012). Adaptive immunity develops around 3 dpf, which allows for 

studying of innate immunity in isolation while adaptive immunity remains undeveloped (van 

der Vaart et al., 2012). Vertebrate innate immunity in zebrafish in highly conserved, and 

consists of neutrophils, macrophages, TLRs, and other similarities (Harvie & Huttenlocher, 

2015). Both of these immune cells have similar morphology and functionality compared to 

mammalian neutrophils and macrophages (Varela et al., 2017). Many immune cell receptors 

in humans are also found on their zebrafish counterparts, but there are differences (van der 

Vaart et al., 2012). For example, the specificity of TLR2, TLR3, and TLR5 is conserved, but 

TLR4 is not activated by LPS like it is in humans (van der Vaart et al., 2012). 

 

Development of neutrophils is initiated at around 24 hours post fertilisation (hpf) in the 

definitive wave of haematopoiesis (Speirs et al., 2024). Haematopoietic stem cells migrate to 

an area called the caudal haematopoietic tissue (CHT) where they develop into mature 



55 
 

neutrophils that contain granule contents (Speirs et al., 2024). These granules can be divided 

into categories similar to those in humans, including primary, secondary, and tertiary granules 

(Speirs et al., 2024). One of the key antimicrobial agents in primary granules, MPO, is present 

in zebrafish as the homolog MPX and is expressed during embryonic development (van der 

Vaart et al., 2012). Zebrafish neutrophils have similar effector functions to human neutrophils, 

including phagocytosis, ROS production, degranulation, NET formation, and cytokine 

production (Speirs et al., 2024; van der Vaart et al., 2012). Many cytokines and their receptors 

are conserved in zebrafish, including IL-1β, IL-6, IL-8, and receptors CXCR1 and CXCR2 (van 

der Vaart et al., 2012). Neutrophil swarming has also been investigated in zebrafish (Coombs 

et al., 2019; Isles et al., 2021; Poplimont et al., 2020), and has been shown to be conserved 

(Isles et al., 2021). In conclusion, the zebrafish is a versatile model that can combine 

methodological procedures that will adequately serve the purpose of studying neutrophil 

swarming and its modulation in a Mm infection background. 

 

1.11. Hypothesis and aims 

Neutrophil swarming is a behaviour that is not well-understood in the context of infection. In 

addition, neutrophil contribution to TB disease progression is poorly understood and 

controversial (Gaffney et al., 2022). The behaviour of neutrophil swarming in response to Mm 

infection has not seen extensive investigation and its role in fighting the bacteria remains 

unclear. Considering that swarming is conserved in zebrafish (Isles et al., 2021), and that 

neutrophils can play a significant role in early clearance of Mm infection (Elks et al., 2013), 

there is a substantial possibility that neutrophil swarming is involved in the neutrophil response 

to Mm infection. Investigation of this phenomenon could further elucidate the inner workings 

of the neutrophil swarming response, and might present new avenues for host-targeted 

therapies in combating TB. 

 

I hypothesise that neutrophils swarm to mycobacterial infection in zebrafish, and that 

this behaviour can be manipulated to the benefit of the host. 

 

The following aims were addressed to test this hypothesis: 

 

1) Develop and characterise a zebrafish model that can be used to investigate neutrophil 

swarming in response to infection 

- Determine the optimal methodological procedures 

- Characterise the neutrophil swarming response to Mm 
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2) Investigate the dependency of Mm-initiated neutrophil swarming on LTB4 signalling and 

other swarming mediators 

- Achieve reliable and tractable knockdown of lta4h with CRISPR-Cas9 

- Determine the effect of lta4h knockdown on neutrophil swarming in response to Mm 

- Examine the effect of inhibition of potential swarming mediators on neutrophil 

swarming in response to Mm 

 

3) Examine if neutrophil swarming is involved in the host-protective effect of Hif-1α 

stabilisation during Mm infection 

- Determine if the host-protective effect of Hif-1α stabilisation is maintained in the somite 

infection model 

- Investigate the effect of Hif-1α stabilisation on neutrophil swarming 

- Evaluate the effect of Hif-1α stabilisation on infection outcome 
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2. Materials and Methods 

2.1. General Procedures 

2.1.1. Zebrafish husbandry and ethics 

All zebrafish lines used were maintained in the Bateson Centre at the University of Sheffield 

in facilities approved by the UK Home Office. Bacterial burden experiments were performed 

on nacre larvae and all clustering and swarming experiments used Tg(mpx:GFP)i114 

(Renshaw et al., 2006) larvae. Stabilisation of Hif-1α was confirmed using Tg(phd3:GFP)i144 

(Santhakumar et al., 2012) larvae. Adult fish were kept on a light/dark cycle of 14/10 hours at 

28°C and marbling of tanks was done up to a few hours before initiation of the dark cycle on 

the day before the scheduled lay. Eggs were collected and maintained in Petri dishes with E3 

medium (Cold Spring Harbor) containing a single drop of methylene blue. This E3 medium 

was replaced with clear E3 medium at 1 dpf. All larvae were kept up to a maximum of 124 

hours and were culled by immersion in bleach before this time point or conclusion of the 

experiment. All procedures were in accordance with the Animals (Scientific Procedures) Act 

1986 under project license PP7684817. 

 

2.1.2. Dechorionation and anaesthesia 

All embryos that were used in experiments were dechorionated at 1 or 2 dpf using tweezers 

(Sigma-Aldrich). The tweezer tips were pushed together, pressed against the chorion of the 

egg, and subsequently opened to rupture the chorion and remove the unharmed embryo from 

the chorion. Any procedures involving injections (excluding yolk and single cell injections), 

injury, and imaging involved anaesthesia of embryos with 0.168 mg/ml 3-amino benzoic acid 

ethyl ester (Tricaine, Sigma-Aldrich). This was achieved by immersion in E3 containing 5% 

Tricaine. 

 

2.2. Injections and Mm  

2.2.1. Preparation for injections 

Kwik-Fill Borosilicate Glass Capillary needles (World Precision Instruments) were pulled using 

a micropipette puller device to create two individual needles per capillary that were used for 

all injections. Injection mixtures were pipetted into the needles using extended length gel 

loading tips (Eppendorf), and the loaded needles were put into a micromanipulator (Manual 

Micromanipulator MM33, Wärzhäuser Wetzlar) for injections. Needles were broken using 

tweezers to allow for efflux of injection mixes. Broken needles were kept as slim as possible 

to avoid a potentially larger wound induced by a wider needle. A PV820 Pneumatic PicoPump 

(H. Saur Laborbedarf) and an SMZ 745 microscope (Nikon) were used to adjust the droplet 
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size. A graticule (Pyser-Sgi) was used to measure a droplet of 1 nl, which is the desired volume 

for injections. 

 

2.2.2. Yolk- and single cell injections 

Zebrafish eggs were lined against a microscope slide within a petri dish lid with a Pasteur 

pipette. Excess water from transferring the eggs to the petri dish lid was removed before 

injections. For yolk injections, all eggs were injected into the middle of the yolk. Only eggs with 

up to 4 cells were used for injection. For single cell injections, eggs were rotated with the tip 

of the needle until the single cell of the egg was visible. The single cell was then injected. Only 

eggs with a single cell were used for injection. Any eggs with an undesired number of cells 

were discarded or injected with an excess amount of inoculum to cause developmental issues. 

 

2.2.3. CRISPR-Cas9 injections 

CRISPR experiments were performed with single cell injections. Only experiments that 

combined CRISPR-mediated knockdown with genetic Hif-1α stabilisation were performed with 

yolk injections. When using a single CRISPR guide, injection mixes contained 1 µl Cas9 

protein (New England Biolabs), 1 µl TRACR RNA (Merck), and 1 µl 20mM sgRNA. A Cas9 

control contained 1 µl DEPC instead of Cas9 protein and was used as a mock injection. When 

using 3 sgRNAs at the same time, mixes contained 0.5 µl of each sgRNA instead of 1 µl of a 

single sgRNA.  

 

2.2.4. Preparation of Mm culture plates and culture media 

Growth agar plates were made using 3.8g of 7H10 Middlebrook agar powder (BD) in 180ml 

distilled water in a 200ml screw top bottle, followed by addition of 1ml glycerol (Sigma-Aldrich). 

The bottle was subsequently autoclaved to sterilise the contents. Before pouring plates, the 

bottle was microwaved until the contents were dissolved. The bottle was cooled to 50-55°C 

and 50 ml OADC (Scientific Laboratory Supplies) and 200µl hygromycin (Sigma-Aldrich) were 

added. The mixture was poured into petri dishes and was allowed to solidify before storage at 

4°C. 7H9 growth medium was prepared with 2.35 g 7H9 Middlebrook broth powder (BD 

Biosciences) added to 450ml distilled water in a 500 ml screw top bottle, followed by 1 ml 

glycerol (Sigma-Aldrich). The bottle was autoclaved before further use. Subsequently, 45ml of 

the media was transferred to a 50 ml falcon tube, and 5 ml ΔADC (Scientific Laboratory 

Supplies) and 50 µl hygromycin (Sigma-Aldrich) were added. 

 

2.2.5. Mm routine culture 

Glycerol stocks of Mm mCherry were used for routine Mm cultures. A single glycerol stock 

was pipetted onto a 7H10 culture plate and was streaked prior to incubation. Plates were kept 
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at 28°C and, after sufficient growth, the plate was re-streaked onto another 7H10 plate. Re-

streaking of the same glycerol stock was performed every 10 days up to 6 times after the initial 

re-streak. When this limit was hit, or when bacteria were visually unhealthy (discolouration, 

crustiness), a new glycerol stock was plated on a 7H10 plate. 

 

2.2.6. Mm mCherry culture preparation 

7H9 (BD Biosciences) bacterial growth media was used for culturing of Mm mCherry. 10 ml 

7H9 media containing Middlebrook ADC (Scientific Laboratory Supplies) and hygromycin 

(Sigma-Aldrich) was inoculated with Mm mCherry from streaked 7H10 plates and was cultured 

for 24 hours at 37°C in T25 culture flasks (Greiner Bio-One). The OD600 was measured using 

a Jenway 6300 spectrophotometer (Jenway) at both the time of inoculation and at the end of 

the culture. The OD600 at inoculation was aimed to be within range (±0.02) of 0.2 to ensure 

optimal conditions for the bacterium to grow and to prevent overgrowth at the end of the 

culture. The OD600 measured at the end of the culture was used to calculate the required 

volume for resuspension of the Mm mCherry pellet to obtain the desired CFU after various 

washing steps. Mm mCherry was resuspended in 2% PVP in PBS directly before injection to 

help prevent blocking of injection needles. 

 

2.2.7. Preparation of injection plates 

To make injection plates, agarose (Bioline) was added to E3 + methylene blue for a final 

concentration of 1% agarose. The bottle was microwaved until all agarose was dissolved. The 

mixture was allowed to slightly cool and was decanted into petri dishes until the bottom of 

each dish was covered with liquid. The mixture was allowed to set at room temperature and, 

after solidification, the dishes were maintained at 4°C until further use. 

 

2.2.8. Somite injections 

Mm mCherry was injected into the 23rd somite on the ventral side of the body at 2 dpf. The 

prepared Mm culture was pipetted into an injection needle which was loaded into a 

micromanipulator (Manual Micromanipulator MM33, Wärzhäuser Wetzlar) and was broken 

with tweezers to form a sharp edge and allow flow-through of the injection fluid. The target 

volume of 1 nl was obtained by calibrating the droplet size on a graticule (Pyser-Sgi). A PV820 

Pneumatic PicoPump (H. Saur Laborbedarf) and an SMZ 745 microscope (Nikon) were used 

to adjust the droplet size and inject into the somite. Experiments generally used a final CFU 

of 500, which was achieved by rapidly injecting 2 droplets of 1 nl containing 250 CFU. Any 

deviations from the standard injection volume of 500 CFU will be specified in the relevant 

results sections. All larvae were anaesthetised prior to injection and were loaded onto an 

injection plate. Larvae were oriented identically on the plate to ensure injection of the somite 
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on the same lateral plane for each fish. More specifically, fish were all injected on the left 

lateral side, meaning this side was facing up during injections. This side was facing down 

towards the bottom of the glass slide during microscopy. 

 

2.2.9. Caudal vein injections 

Systemic infections were achieved by injecting 200 CFU Mm into the caudal vein of zebrafish 

of at least 30 hours old. Fish were anaesthetised and were transported to an injection plate. 

Zebrafish were injected at the blood island of the caudal vein as described in published 

literature (Benard et al., 2012).  

 

2.3. CRISPR-Cas9 

2.3.1. Guide and primer design 

The guide RNA for lta4h CRISPR-mediated knockdown was available from a previous study 

(Isles et al., 2021). A forward primer was also available, but a reverse primer had to be 

designed. Ensembl was used to identify the gene code for lta4h in zebrafish: 

ENSDARG00000006029. This code was used in CHOPCHOP (https://chopchop.cbu.uib.no/) 

and a reverse primer was designed using this web tool. The guide RNA (IDT) and primers 

(IDT) used for knockdown of lta4h are described in Table 1. Injection of CRISPR mixes has 

been described in the “Injections and Mm” section above. 

 

Table 1 | lta4h CRISPR guide RNA and primer sequences. 

Gene Guide RNA (5’-3’) Forward primer (5’-3’) Reverse primer (5’-3’) Enzyme 

lta4h AGGGTCTGAAACTG

GAGTCATGG 

CGTGTAGGTTAAAAT

CCATTCGCA 

TGACAGCTTTTGATAA

ATCCGA 

HinfI 

 

2.3.2. Extraction of gDNA 

CRISPR-injected zebrafish and control-injected zebrafish were dechorionated at 1 dpi. Up to 

8 anaesthetised fish were collected per group for generation of gDNA, which was later used 

for genotyping. These fish were individually subjected to 20 minutes of 95°C in 100 µl NaOH. 

Afterwards, 10 µl 1M Tris-HCl (pH 8.0) was added to each fish and the mixture was stored at 

-20°C until further use. 

 

2.3.3. PCR 

The gDNA of lta4h knockdown fish and controls was used for PCR. The optimal annealing 

temperature used during the PCR protocol was first determined by running a temperature 

gradient for the annealing step of the PCR protocol, followed by gel electrophoresis to 

https://chopchop.cbu.uib.no/
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determine the strongest band. Each sample used in PCR contained 5 µl DEPC-treated water, 

1 µl forward primer, 1 µl reverse primer, 2 µl Firepol (Solis Biodyne), and 1 µl extracted gDNA. 

The PCR protocol can be found in Table 2 below. 

 

Table 2 | Standard PCR protocol. 

Step Temperature (°C) Time 

Initiation 95 2 min 

Cycle 95 30 sec 

Annealing 57 (lta4h only) 30 sec 

Extension 72 45 sec 

Final extension 72 10 min 

Hold 4 ∞ 

 

2.3.4. Digestion of CRISPR PCR products 

The PCR products obtained from the CRISPR PCR protocol were digested with the 

corresponding restriction enzyme. The lta4h CRISPR was digested with HinfI (New England 

Biolabs) at 37°C for a minimum of 3 hours. Up to 3 fish per group were left undigested to serve 

as digestion controls. Samples were stored at -20°C after digestion until further use. 

 

2.3.5. Gel electrophoresis and guide validation 

Digested PCR products and controls were used for gel electrophoresis to validate the efficacy 

of the lta4h CRISPR in knocking down of the gene. SYBR safe dye (Invitrogen) was added to 

2% agarose (Sigma-Aldrich) gels (w/v in 1x TAE buffer, Bioline), with 4 µl per 50 ml agarose 

solution. The solution was microwaved and poured into a mould until solidified. The gel was 

then put in a gel tray (Geneflow) and was submerged with 1x TAE buffer. The gel was loaded 

with 5 µl of each sample per lane. The gel was also loaded with 1x DNA ladders (Bioline) to 

allow for identification of sample band sizes. Gels were run at 100V until the bands were close 

to the lower edge of the gel. Gels were photographed using a Syngene U:Genius gel doc 

(Avantor). 

 

2.4. Imaging 

2.4.1. Mounting of fish for microscopy 

Fish were mounted on microscopy chambers (Thermo Fisher Scientific) using 1% low melting 

point agarose (LMP) (Sigma-Aldrich) for all experiments, excluding the systemic bacterial 

burden experiments. 0.1 g LMP agarose was dissolved in 10 ml clear E3 through vortexing 

after heating in a microwave. 420 µl LMP agarose was subtracted from the falcon tube and 
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was replaced with 420 µl Tricaine. A drop of E3 with up to 20 larvae for the clustering 

experiments or up to 6 for swarming experiments was transferred to a microscopy chamber. 

Roughly 500 µl LMP agarose + 4% Tricaine mixture was pipetted into the chamber and larvae 

were aligned using a pipette tip. All fish were oriented with their injected somite facing towards 

the bottom of the microscopy chamber to reduce the distance between the glass and the 

injected somite to as little as possible. For time-lapse experiments, all microscopy chambers 

were topped off with E3 containing Tricaine once the LMP agarose had solidified to ensure 

the fish would not dry out during imaging. For systemic bacterial burden experiments, fish 

were transferred onto a 50 mm glass bottom FluoroDishTM (Ibidi) and were maintained in E3 

containing Tricaine. 

 

2.4.2. Fluorescence screening 

Larvae of the Tg(mpx:GFP)i114 line were screened for fluorescent neutrophils at 1 or 2 dpf, 

prior to somite infections, tailfin injury, or drug treatments. Zebrafish were anaesthetised and 

a microscope with filter was used to visually inspect individual larvae. Larvae without apparent 

neutrophil fluorescence were discarded. 

 

2.4.3. Fluorescence microscopy 

A DMi8 microscope (Leica Microsystems) with an ORCA-flash4.0 digital camera (Hamamatsu) 

was used to image larvae at the specified time points. Leica Application Suite X (LAS X) (Leica 

Microsystems) was used for both widefield and confocal microscopy. Images of somites were 

acquired using either a 10x objective or a 20x objective (initial microscopy experiments only). 

Systemic bacterial burden was captured using a 2.5x objective. Mm mCherry was detected 

using a TRITC filter set and mpx:GFP was detected using a FITC filter set. All experiments 

used 2x2 binning, while clustering and bacterial burden experiments used 100% fluorescence 

intensity manager (FIM) compared to 30% for time-lapse experiments. Non-time-lapse 

experiments used 7.5 µm distance per z-stack, while 10 µm was used for time-lapses to 

reduce imaging time. 

 

2.4.4. Time-lapse microscopy 

Mark-and-find in LAS X software was used to designate locations to image during time-lapses. 

The sizes of the z-stacks were minimised per larva individually to reduce imaging time 

compared to a fixed range for the z-stacks for all larvae. After initiation of the time-lapse, the 

first cycle was monitored to ensure no mistakes were made during the set-up, and monitor if 

the cycle time did not exceed the expected standard 10 minutes. The latter was necessary 
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due to a lack of accuracy of the software in predicting the expected cycle time before initiation 

of the time-lapse. 

 

2.5. Analysis 

2.5.1. Processing of images and time-lapses 

Max projections of images and time-lapses, where necessary, were created in LAS X software. 

Images of bacterial burden were exported as Tiff files for further quantification using ZF4, as 

described in (Stoop et al., 2011) or FIJI (Schindelin et al., 2012). 

 

2.5.2. Imaging read-out: neutrophil counts 

Neutrophil counting was done in LAS X. The annotation tools were used to outline the somite 

for each larva using the Brightfield channel images. The lateral somite lines were drawn on 

the z-stacks where Mm mCherry was in focus, while the upper and lower somite lines were 

drawn on the max projection. Neutrophil numbers were counted within the designated somite 

area, with all neutrophils residing on these lines being included in the counts. Neutrophils seen 

within the somite area that resided on the other side of the fish could be excluded by their z-

stack displacement compared to somite-localised neutrophils and the somite infection. 

 

2.5.3. Imaging read-out: neutrophil clusters and swarms 

Neutrophil clusters were defined as: three or more neutrophils in close contact with each other 

at a single point in time. Neutrophil swarms were defined as: three or more neutrophils in close 

contact with each other for at least 30 minutes. Max projections were used to identify fish with 

potential clusters or swarms. Z-stack images of these fish were used to determine whether 

these neutrophils were indeed in close contact with each other, or if they were spatially 

separated in the z-plane. 

 

2.5.4. Imaging read-out: bacterial burden 

The Mm bacterial pixel count in the systemic bacterial burden experiments was calculated by 

loading the Mm mCherry max projections of each larva into ZF4 bacterial pixel counting 

software. Bacterial burden in somite experiments was done using the Color Pixel Counter 

plugin for FIJI. With this plugin, the somite area was outlined on the Mm mCherry max 

projection images using the ROIs from the neutrophil counts to only count pixels within the 

somite. The threshold (“Minimum intensity value (1-255)”) was set to 65 and the colour 

(“Color”) setting to “Red” to determine the number of pixels. This threshold was determined by 

comparing read-outs of a number of max projections to read-outs of the same pictures in ZF4. 
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The threshold that showed the closest results to the ZF4 read-outs was used in all clustering 

and time-lapse experiments.  

 

2.5.5. Statistical analysis 

Graphpad Prism 10 (GraphPad Software) was used for all statistical analyses. Unpaired, two-

tailed t-tests were performed on bacterial burden experiments, which are presumed to be 

normally distributed. Experiments with non-normally distributed data used the Mann-Whitney 

test. A Spearman correlation test was done to assess the correlation between two groups. A 

Fisher’s exact test was done on clustering/swarming prevalence between two groups. One-

way ANOVA and two-way ANOVA was used on experiments with more than two groups. The 

statistical analysis used for a specific dataset is mentioned in the corresponding Figure legend. 

P values shown are: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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3. Characterising neutrophil swarming to Mm infection 

3.1. Introduction 

3.1.1. In vitro approaches to investigating neutrophil swarming 

The neutrophil swarming process in disease has been studied in a variety of model systems 

since a revolutionary publication in 2013 (Lämmermann et al., 2013), both in vitro and in vivo. 

In vitro studies often make use of neutrophils isolated from humans or mice. Over multiple 

publications, Reátegui and colleagues have used bioparticle microarrays to investigate 

neutrophil swarming (Glaser et al., 2024; Reátegui et al., 2017; Walters et al., 2021; Walters 

& Reátegui, 2020). These arrays function by applying cationic polyelectrolyte spots on glass 

slides and then adhering anionic bioparticles to these spots through electrostatic interaction, 

forming bioparticle clusters. Only the anionic bioparticles are designed to attract neutrophils 

and elicit a swarming response. Adding wells around the clusters then allows for the addition 

of solutions containing neutrophils and subsequently to monitor their behaviour in response to 

the anionic bioparticles (Walters & Reátegui, 2020). Staphylococcus aureus was typically used 

as the neutrophil attractant in these studies, but alternatives included Saccharomyces 

cerevisiae and Escherichia coli (Glaser et al., 2024; Reátegui et al., 2017; Walters et al., 2019, 

2021). Microarray can also be utilised with fungi to study neutrophil swarming. Candida 

albicans, Candida auris, Candida glabrata, and Aspergillus fumigatus were successfully grown 

on microarrays and mimicked the growth of conventional fungus cultures (Hopke et al., 2020, 

2022; Hopke & Irimia, 2020). Finally, neutrophil swarming was investigated in Cryptococcus 

neoformans with cell cultures and live imaging (D. Sun & Shi, 2016). 

 

3.1.2. Examining neutrophil swarming in vivo in mice 

A majority of neutrophil swarming experimentation is done in vivo in mice or zebrafish. A 

popular technique to study neutrophil behaviours in mice is two-photon- or multi-photon 

microscopy (Jeong et al., 2019; Kreisel et al., 2010; Lämmermann et al., 2013; Lekkala et al., 

2024; W. Li et al., 2012; Liese et al., 2012; Uderhardt et al., 2019; Walters et al., 2021; Zhao 

et al., 2023). Two-photon microscopy uses a laser beam that generates a light spot of a 

micrometer in size by focusing the beam through a microscope objective (Helmchen, 2009). 

Compared to confocal microscopy, 2-photon microscopy is less susceptible to light scattering 

(Helmchen, 2009). A reduction in light scattering in biological tissue is a property of higher-

wavelength light used in this type of imaging and allows it to reach higher levels of tissue 

penetration (Helmchen, 2009; Ishii & Ishii, 2011). Intravital 2-photon imaging includes imaging 

of a tissue of a live specimen. Generally, this involves exposing the tissue surgically under 

anaesthesia and maintaining the body temperature of the mouse and preventing drying-out of 
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the tissue in a chamber (Park, Choe, Lee, et al., 2018). These techniques have been applied 

to investigate neutrophil swarming in response to primarily inflammation (Kreisel et al., 2010; 

Lämmermann et al., 2013; W. Li et al., 2012; Uderhardt et al., 2019; Walters et al., 2021), but 

also infectious agent such as Staphylococcus aureus (Kamenyeva et al., 2015; Lekkala et al., 

2024; F. Yang et al., 2023), Salmonella enterica Typhimirium, and Pseudomonas aeruginosa 

(Kienle et al., 2021). 

 

3.1.3. Examining neutrophil swarming in vivo in zebrafish 

The zebrafish is a common model organism for studying neutrophil behaviour (Bader et al., 

2021; Elks et al., 2013; Harvie & Huttenlocher, 2015; Henry et al., 2013; Isles et al., 2021), yet 

the area of neutrophil swarming is relatively unexplored in zebrafish. In recent work it was 

demonstrated that neutrophil swarming is conserved in zebrafish, with a similar LTB4-

dependent, bi-phasic response as seen in mice (Isles et al., 2021). This study used live 

imaging paired with transgenic neutrophil zebrafish lines and CRISPR-Cas9 knockouts to 

demonstrate dependency of injury-induced neutrophil swarming on lta4h (Isles et al., 2021). 

Similarly, a different wounding model, where a sterile wound was introduced near the CHT, 

was used to  investigate the interplay between LTB4 and calcium signalling using live imaging 

with transgenic lines for neutrophil calcium, connexin43, lta4h, and 5-LO expression 

(Poplimont et al., 2020). This showed neutrophils further promote swarming through calcium 

signalling, in part because of the positive effect of calcium alarm signals on LTB4 biosynthesis 

(Poplimont et al., 2020). These studies demonstrated that neutrophil swarming is conserved 

in the zebrafish, and exemplify ways to apply the toolbox of this model to further examine 

neutrophil behaviours. 

 

3.1.4. Neutrophil behaviour in response to injury and infection 

Despite a lack of studies that describe neutrophil swarming in zebrafish, many studies have 

been done on neutrophil responses that make up part of the swarming response, such as 

neutrophil recruitment and clustering. While LTB4 is a key player in the swarming response 

(Isles et al., 2021), other factors may also be at play. In a burn-induced tailfin injury model, 

inhibition of adenosine triphosphate and hydrogen peroxide significantly reduced neutrophil 

recruitment towards the wound and knockout of the IL-6 receptor in a mutant line similarly 

showed reduced recruitment towards the wound (Barros-Becker et al., 2020). Similarly, other 

wounding assays found evidence for involvement of Cxcr1 and Cxcr2 (Coombs et al., 2019), 

pan-histone deacetylase (Fan et al., 2023), and the circadian regulator Clock1a (A. Chen et 

al., 2023) in neutrophil recruitment towards injury. These examples show that neutrophil 

recruitment and, by extension, swarming is a dynamic response that is affected by many 

different factors. 
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In addition to signalling of relevant genes, the location of neutrophil swarming may also 

determine the time point at which swarming can be observed. A laser wound introduced in the 

ventral fin near the CHT initiated neutrophil recruitment within 5 minutes post wounding and 

showed swarming by 20 minutes (Poplimont et al., 2020). A wound introduced relatively 

caudal to this previous study, and therefore further away from the CHT, introduced a peak in 

neutrophil numbers recruited towards the wound as early as 1 to 2 hours post wounding 

(Coombs et al., 2019). Finally, neutrophil counts in the well-described zebrafish tail transection 

model generally assess neutrophils around 6 hours (Bader et al., 2021; Ellett et al., 2015; 

Kaveh et al., 2020; Petrie et al., 2014; Ren et al., 2017), which has been described as the 

peak of inflammation (Coombs et al., 2019; Ellett et al., 2015), which implies that swarming is 

likely to occur around this time as well. These findings indicate the possible effect of the 

location of inflammation on the time it takes for neutrophils start swarming, but it might not be 

fully translatable to neutrophil responses to infection. 

 

In zebrafish, swarming in response to infection is not well-understood, particularly in the case 

of Mm. There were no studies found that specifically investigate the swarming response to 

mycobacteria in zebrafish, but one study has utilised the pathogen Staphylococcus aureus to 

investigate swarming. The otic vesicle, where the main sensory components of the inner ear 

develop (Haddon & Lewis, 1996) was injected with Staphylococcus aureus and assessed for 

neutrophil swarming at 6 hours post infection (Isles et al., 2021). The clusters that formed were 

reminiscent of those found in mammalian swarming responses to infection (Isles et al., 2021), 

indicating that neutrophil swarming may be conserved in both injury and infection models. 

Similarly, the otic vesicle was infected with Mm and elicited a neutrophil response at 3 hours 

post infection (Benard et al., 2012). Wright and colleagues investigated the microRNA miR-

206 in its effect on neutrophil recruitment and retention after Mm infection into the trunk. 

Knockdown of miR-206 significantly increased recruitment to the site of infection, with 

recruitment peaking between 6 and 12 hours for the control, and retained neutrophils there for 

longer (K. Wright et al., 2021). A comorbid wound and infection model showed that 

stabilisation of Hif-1α increased neutrophil retention at the site of a localised infection near the 

tailfin would at 6 hours post wounding (Schild et al., 2020). These studies again illustrate the 

dynamic and variable nature of neutrophil behaviour in response to infection, and much is still 

unknown in terms of neutrophil swarming in response to Mm infection. 

 

3.1.5. Hypothesis and aims 

The zebrafish model has been used extensively in examination of the neutrophil swarming in 

both inflammation and a variety of infections, as outlined above. However, there is a general 
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lack of studies into neutrophil swarming and TB, and there are no studies on neutrophil 

swarming to Mm infections in zebrafish in particular. One of the main swarming mediators, 

LTB4, has been shown to be both host-protective (Peres et al., 2007; Tobin et al., 2010) and 

host-destructive (Bafica et al., 2005; Sorgi et al., 2020; Tobin et al., 2013) during Mtb or Mm 

infection. Considering neutrophils are involved in the immune response towards these 

infections (Alcantara et al., 2023; Elks et al., 2013), these findings highlight the potential of 

neutrophil swarming to occur in response to Mm infection.  

 

I hypothesise that neutrophils swarm to Mm infection in zebrafish.  

 

To investigate this hypothesis, localised Mm infection in transgenic zebrafish lines was paired 

with fluorescent imaging to address the following aims: 

 

- Determine a tractable zebrafish model for investigation of swarming 

- Characterise the neutrophil swarming response to Mm 
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3.2. Materials and Methods 

3.2.1. Heat-killing of Mm 

In experiments involving heat-killing (HK) of Mm, Mm in the HK-Mm group was subjected to 

30 minutes at 80°C in a heat block (brand). After injections, the injection mixes of the PVP 

control group, Mm group, and HK-Mm group were injected once (250 CFU) onto 7H10 

injection plates to confirm successful heat-killing of Mm. These plates were grown at 28°C for 

three days and were checked for bacterial growth under a fluorescence microscope. The Leica 

MZ10F stereo 14 microscope was fitted with a GXCAM-U3 series 5MP camera (GT Vision) 

and photos of the 7H10 plates were taken with GXCapture-T (GT Vision) software. 
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3.4. Results 

3.4.1. Visualisation and determination of neutrophil swarming to a localised 

Mycobacterium marinum infection site 

Neutrophil swarming in zebrafish has been investigated in injury models (Isles et al., 2021; 

Poplimont et al., 2020). but not in a Mm infection model specifically. Such an infection model 

would require a number of practical adjustments to ensure swarming events can be captured 

with live imaging without compromising the quality of imaging or the number of fish that can 

be imaged, and to allow for analysis of multiple parameters from the resulting time lapse 

movies. Therefore, the optimal site of infection and the most efficient microscopy had to be 

determined before doing any experiments. 

 

Firstly, the site of infection needs to be appropriate to visualise neutrophil swarming. Infection 

with Mm is most commonly performed systemically into the caudal vein (Benard et al 2012), 

however where infection foci and granuloma form in this model is not predictable. The somite, 

a muscle block of the zebrafish, is a suitable local infection site alternative as it generates a 

local infection at the injection site. The distance from the caudal haematopoietic tissue, where 

neutrophils develop, to infection would also remain relatively constant if the same somite is 

consistently injected in every fish. Imaging setup is also positively affected, as this consistent 

location is quick and easy to find in each larva. For these reasons, the 23rd-24th somite of the 

zebrafish was chosen as the preferred site of infection (Figure 3.1 A).  

 

Secondly, the day at which the fish are infected could impact results. At 2 days post fertilisation 

(dpf) the larvae are robust enough to withstand somite injections. Neutrophils are already 

present at this day, as they develop around 1 dpf (Speirs et al., 2024). At 3 dpf zebrafish 

generally have developed more neutrophils than at 2 dpf, but somite injections are harder to 

perform due to an increased thickness of the skin, which may induce excess wounding from 

injections. While a high number of neutrophils may be desirable, it could also hinder the ability 

to distinguish individual neutrophils from each other. As such, day 2 was chosen as a starting 

point for infection experiments that would not require any changing if recruitment and 

swarming levels were deemed sufficient. 

 

Thirdly, the optimal way to image the injected fish had to be established. Time lapse imaging 

requires a balance between image quality and speed of each imaging cycle, so movies are 

clear enough to be analysed for multiple parameters without compromising the number of 

organisms that can be imaged per experiment. Additionally, cycles should remain close 
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enough together to reduce the possibility of a swarm having disappeared and reformed 

between each subsequent image.  

 

Finally, our lab initially had two options to image the fish: line-scanning confocal microscopy 

and widefield microscopy. Line-scanning confocal microscopy reduces out of focus light and 

individual neutrophils are therefore more easily distinguishable. This imaging technique also 

offers high resolution but suffers from relatively slow imaging times per fish. For instance, 

imaging of a single fish using confocal imaging may take 3 minutes (Figure 3.1 B), while this 

same fish may only require 30 seconds of imaging time with widefield imaging (Figure 3.1 C). 

The absence of a brightfield image with our confocal imaging set-up also makes it difficult to 

determine the edges of the somite, which is problematic for analysis as discussed in the next 

section. While confocal microscopy would have provided an overall preferable image quality, 

the time restraints that come with this type of imaging are not suitable for time-lapsing 

experiments that require a statistically relevant number of fish to be imaged within short time 

windows and are the main reason that widefield imaging was henceforth used as the default 

image acquisition method. Finally, a 10x lens provided lower resolution of individual 

neutrophils (Figure 3.1 D) than a 20x lens (Figure 3.1 E), the latter of which was deemed the 

most appropriate for visualisation of both bacterial burden and neutrophils. 
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Figure 3.1 | Determination of the optimal neutrophil swarming imaging strategy. A) 

Zebrafish larvae were infected with Mm into the somite at the end of the yolk extension, the 

place where neutrophils develop. B) Confocal imaging was compared to C) widefield imaging 

at 20x magnification, and the latter technique was chosen as the more suitable method due to 

its inclusion of brightfield images and faster imaging speed. Widefield imaging with a E) 10x 

objective and F) 20x objective were compared to determine the preferential magnification of 
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the images. 20X imaging was chosen for its relatively high detail in infection levels and 

distinction of individual neutrophils. Scale bars in B, C, E are 200 µm, and 400 µm in D. 
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3.4.2. Analysis: Neutrophil numbers and clustering, and bacterial burden 

Parameters, including the number of neutrophils or bacterial burden, were assessed 

specifically within the somite area. The edges of the somite were approximated by using the 

brightfield images (Figure 3.2). The number of neutrophils was then determined by manual 

counting by scrolling through the z-stacks. Somite bacterial burden was quantified using max 

projections of the somite area and using the “color pixel counting” FIJI plugin to count bacterial 

pixels.  

 

 

Figure 3.2 | The analysis process of clustering and swarming imaging. A) To determine 

certain parameters such as the number of neutrophils within the somite, first the somite edges 

had to be outlined. Image brightness and contrast were adjusted for visual clarity. Scrolling 

through z-stacks reveals faint lines (red arrows) that indicate the approximate sides of the 

injected somite. The max projection can then be used to find the upper and lower bounds of 

the somite. 

  



75 
 

3.4.3. Mycobacterium marinum is primarily responsible for neutrophil accumulation 

within the somite 

Neutrophil swarming is a process that may occur in response to both inflammation and 

infection (Kienle & Lämmermann, 2016). Therefore, it stands to reason that the needle injury 

introduced while injecting pathogens may also cause neutrophils to be recruited towards the 

somite. To make sure that Mm, and not the needle injury, is responsible for neutrophil 

recruitment towards the somite, larvae were injected with 500 CFU Mm mCherry at 2 dpf. 

They were then imaged at 4 hpi, which time point is based on data from Isles and colleagues 

in which the neutrophil swarm area peaked at 4 hours post injury in a tailfin injury model (Isles 

et al., 2021) (Figure 3.3 A). Analysis showed that neutrophils are present after both PVP 

injections and Mm injections (Figure 3.3 B). However, injection with Mm had significantly 

increased neutrophil accumulation within the somite compared to the PVP injection (p < 

0.0001) (Figure 3.3 C). These results indicate that neutrophil accumulation in the somite is 

primarily orchestrated by the addition of the bacteria, and not because of the needle injury 

introduced while injecting. 
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Figure 3.3 | Neutrophils accumulate at localised Mm infections. A) Timeline of the 

experimental procedures. Zebrafish larvae were injected with Mm or PVP control at 2 dpf. The 

PVP control indicates whether or not the injury introduced from injections is enough to trigger 

neutrophil recruitment. The injected larvae were imaged at 4 hpi and were analysed for 

neutrophil counts within the somite. B) Neutrophil recruitment towards the injected somite. The 

lines indicate the edges of the somite. C) The number of neutrophils within the somite. Mm 

injection recruited significantly more neutrophils towards the somite than injection with PVP (p 

< 0.0001, Mann-Whitney test). Error bars depicted in B are mean + SEM, N = 21 and 25 for 

PVP and Mm respectively, taken from 3 experimental repeats. Scale bars are 100 µm. 
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3.4.4. Neutrophils cluster at sites of Mycobacterium marinum infection within the 

zebrafish somite 

Recruitment and clustering of neutrophils at the site of infection are indicators of potential 

neutrophil swarm formation (Isles et al., 2021). Neutrophil clustering was defined as the close 

contact of 3 or more neutrophils at the single point in time and was determined visually. 

Examining clustering allows for the use of larger sample sizes, as each fish only needs to be 

imaged once instead of multiple times in a pre-determined time frame for neutrophil swarming, 

and is less methodologically demanding compared to swarming. The presence of clustering 

serves as a means of identifying whether swarming has the potential to occur after Mm 

infection within the somite. To this end, the somite was injected with 500 CFU Mm at 2 dpf 

and imaging was performed 4 hours after injections (Figure 3.4 A). As mentioned above, this 

time point was based on data from a previous study that saw a peak in neutrophil swarm size 

at 4 hours post wounding (Isles et al., 2021). Neutrophil clusters were observed around sites 

of Mm infection within the zebrafish somite (Figure 3.4 B). In total, 22 out of 158 larvae showed 

neutrophil clusters within the somite, which equals to 13.9% of larvae (Figure 3.4 C). In one 

instance, two neutrophil clusters could be observed within the same somite. A PVP injected 

negative control was not included in these experiments to maximise the number of fish that 

could be imaged at the 4 hpi time point. These results indicate that neutrophils cluster around 

Mm infection.  
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Figure 3.4 | Neutrophils cluster around Mycobacterium marinum. A) Experimental 

overview. Zebrafish larvae were injected with Mm into the top half of the somite at 2 dpf, and 
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injected larvae were then imaged at 4 hpi. Images were then analysed, and clusters were 

defined as 3 or more neutrophils in close contact with each other at a single time point. B) 

Examples of clusters found in 3 different larvae. C) The number of clusters observed per larva. 

Accumulated from 3 repeats, 13.9% of larvae had at least 1 neutrophil cluster at the time of 

imaging. N = 49-53 larvae from 3 experimental repeats, and scale bars are 100 µm. 
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3.4.5. Infection levels and neutrophil numbers are consistent over multiple experiments 

For the experimental somite swarming model to work, it is important to remain as consistent 

with the experimental procedures as possible to prevent unnecessary variation in the data. 

Similarly, this should result in a consistent trend in the data over multiple experiments. Larvae 

were infected with Mm in the somite at 2 dpf and were imaged at 4 hp. Larvae showed similar 

levels of infection (Figure 3.5 A) over the 3 experiments, indicating the practical aspect of 

infecting fish was performed consistently. The number of neutrophils within the somite was 

also averagely equal between the experiments (Figure 3.5 B). Taken together, these results 

show that infection levels were consistent between experiments and that they lead to 

consistent neutrophil numbers.  

 

  

Figure 3.5 | Mm bacterial burden and somite neutrophil numbers remain consistent 

over multiple experiments. Zebrafish larvae were infected with Mm at 2 dpf and were 

imaged at 4 hpi. A) Bacterial burden within the somite for each experiment. B) Neutrophil 

numbers within the somite for each experiment. Both burden and neutrophil numbers 

remained consistent between experiments. 
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3.4.6. Neutrophil abundance correlates with Mm bacterial burden within the somite 

The previous set of data was combined to determine whether the bacterial load affects the 

number of neutrophils that are recruited to the somite. A Spearman correlation test showed 

the number of recruited neutrophils positively correlated significantly with the amount of 

bacterial burden within the somite (p = 0.009) (Figure 3.6 A). However, a spearman r of 0.2071 

indicates this correlation is weak. When comparing bacterial burden within the somite of fish 

without clusters and fish with clusters (Figure 3.6 B), no difference was found (p = 0.6619). In 

summary, this means an increase in bacterial burden is likely to be accompanied by an 

increase in neutrophil number and vice versa, but this increase will be minimal, and that the 

amount of bacterial burden does not affect clustering prevalence.  

 

  

Figure 3.6 | Neutrophil numbers within the somite weakly, positively correlate with Mm 

bacterial burden. A) A Spearman correlation test showed there is a positive correlation (p = 

0.009) between neutrophil numbers and bacterial burden within the somite. However, a 

spearman r of 0.2071 indicates this correlation is weak. N = 158 over 3 experimental repeats. 

B) There was no difference in bacterial burden pixel counts within the somite in fish with 

neutrophil clusters compared to fish without clusters (p = 0.6619, unpaired t-test). N = 91, 18, 

for the no cluster group and cluster group respectively, taken from 2 experimental repeats. 
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3.4.7. Localised infection with Mycobacterium marinum induces neutrophil swarming  

As mentioned above, injection with Mm into the somite induced neutrophil clustering in 15.33% 

of fish (Figure 3.4 C). Additionally, neutrophil numbers within the somite averaged 7 (Figure 

3.5 B), meaning that with the current set-up it would require nearly half the number of 

neutrophils found within the somite to be considered as clustering. In a zebrafish tailfin injury 

model, neutrophil swarming occurred in around 50% of injured fish (Isles et al., 2021). 

Together these results and the findings in other swarming models raise the question whether 

the time point chosen for clustering examination is viable. The fish were therefore imaged by 

time-lapse microscopy every 10 minutes for 10 hours to increase the likelihood of capturing 

both the formation, peak, and resolution of potential neutrophil swarming. First, neutrophil 

recruitment into the somite after mock injection and Mm injection was re-examined at the 

earliest time point, 1 hpi, to confirm the previous findings that needle injury is not responsible 

for a majority of the neutrophil recruitment (Figure 3.7 A). Consistent with the previous results, 

a mock injection with PVP recruited significantly fewer neutrophils into the somite compared 

to the Mm injection (p < 0.0001) (Figure 3.7 B, C, D). This confirms that Mm is primarily 

responsible for neutrophil recruitment towards the somite during the first hour of infection. 
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Figure 3.7 | Mm infection, not needle injury, is primarily responsible for neutrophil 

recruitment towards the somite during the first hour of infection. A) Experimental 

overview. Zebrafish were infected with Mm at 2 dpf, were imaged at 1 hpi, and were examined 

for neutrophil counts within the infected somite. B) Neutrophil recruitment towards the somite 

in PVP-injected larvae at 1 hpi, 2 dpf. Left: example of a larva with relatively minimal neutrophil 

recruitment in the PVP group. Right: example of a larva with relatively high neutrophil 

recruitment in the PVP group. C) Mm recruited significantly (p < 0.0001) more neutrophils 

towards to somite compared to the PVP control according to a Mann-Whitney test. N = 21 for 

both groups, taken from 3 experimental repeats. Scale bars are 100 µm. D) Neutrophil 

recruitment towards the somite in Mm-injected larvae. Left: example of a larva with relatively 

minimal neutrophil recruitment in the Mm group in C. Right: example of a larva with relatively 

high neutrophil recruitment in the Mm group in C. 
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After it had been determined that PVP injection recruits significantly fewer neutrophils towards 

the somite than Mm within the first hour of infection, two separate experiments were performed 

without PVP controls to maximise the number of fish that could be imaged. Neutrophil swarms 

were defined as three or more neutrophils in close contact with each other for at least 30 

minutes, determined visually. Fish were infected with Mm at 2 dpf and were imaged for 10 

hours afterwards (Figure 3.8 A). Time-lapse videos were assessed for neutrophil swarming. It 

is important to note that experiment 1 commenced imaging at 2 hpi, and experiment 2 

commenced at 1 hpi due to an improvement in experimental skill by the second attempt. Time 

lapse data of as early as 1 hpi and up to 12 hpi, up to a total of 10 hour per fish per experiment, 

showed neutrophil swarming in 18 out of 39 larvae (=46.15% of larvae) (Figure 3.8 B, C). All 

of the swarms were present at the start of imaging which suggests they start forming before 1 

hpi. These results confirm that the time point of 4 hpi used in the clustering experiments is 

substantially later than the onset of neutrophil swarms in this model.  

 

  

Figure 3.8 | Neutrophil swarming was found in ~46% of infected larvae. A) Zebrafish 

larvae were infected with Mm into the somite at 2 dpf, after which they were imaged from 2 

hpi to 12 hpi for experiment 1 and 1 hpi to 11 hpi for experiment 2, for a total of 10 hours per 

fish. Neutrophil swarms were defined as 3 or more neutrophils in close contact with each other 

for at least 30 minutes. B) Examples of neutrophil swarms (arrows). C) Prevalence of 
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neutrophil swarming in zebrafish larvae during 2 separate experiments. A total of 21 neutrophil 

swarms were found in 18 different fish out of 39 infected fish, which is equivalent to 46.15% 

swarming prevalence in infected fish. Scale bars are 100 µm. 
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3.4.8. Different somite injection sites may not be suitable for the swarming model 

As shown above, capturing the onset of swarming becomes difficult because it frequently 

occurs before the fish are being imaged. Injection sites away from the CHT may elicit a later 

neutrophil response (Coombs et al., 2019) than the standard injection site used so far in this 

thesis. Different sites of injection may therefore be more suitable if neutrophil recruitment and 

swarming is still plentiful despite moving away from the CHT, and if swarming onset occurs 

later than in the standard injection site. This would provide more time to inject and prepare the 

fish for imaging, making it easier to catch swarm formation in the larvae. Larvae were injected 

at 2 dpf in 3 different injection sites (Figure 3.9 A). In the first experiment, larvae were infected 

in the upper body and standard injection sites, and in the second experiment larvae were 

infected in the mid-body and standard injection site. It was hypothesised that choosing 

locations further away from the CHT would delay the onset of swarming while not impacting 

the frequency of swarming or the recruitment of neutrophils. Imaging was performed at 40 mpi 

for 6 hours and time-lapse videos were analysed for neutrophil numbers and the onset of 

swarming. Compared to the standard injection site, both alternative sites appeared to recruit 

fewer neutrophils towards the somite (Figure 3.9 B, C). In addition to the standard injection 

site, neutrophil swarming only occurred in the upper body injection site (Figure 3.9 B). Taken 

together, both experiments show a reduction in the amount of swarming and the number of 

neutrophils within the somite, and it was determined that the standard injection site would 

remain optimal for further experimentation. 
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Figure 3.9 | Testing different somite injection sites. A) Zebrafish larvae were injected with 

Mm at 2 dpf to examine differences in neutrophil recruitment and swarming onset. Larvae 

were injected in 2 separate experiments in 1: the upper body and the standard injection site, 

and in 2: the mid-body and the standard injection site. They were imaged 40 minutes after 

starting injections for 6 hours and were then analysed for neutrophil counts and swarming 

onset. B) Neutrophil counts within the infected somite and onset of neutrophil swarms in 

experiment 1. N = 6 fish per group. C) Neutrophil counts within the infected somite in 

experiment 2. No swarms were found in the mid-body group (data not shown). N = 5 fish per 

group. Error bars are mean ± SEM. 
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3.4.9. Neutrophil swarming occurs as early as 24 minutes post Mm infection 

The onset of neutrophil swarming had not been seen in any of the previous swarming 

experiments, which started as early as 1 hpi. For reference, the experiments outlined in the 

previous paragraphs started at 1 hpi, which does not take into account the 20 to 30 minutes 

that was spent injecting the larvae. To capture and analyse swarming onset, the number of 

fish per experiment was significantly decreased to a maximum of 8 to enable quicker 

experimental procedures and thereby lowering the amount of time between infections and the 

start of imaging. This resulted in time windows of a minimum of 24 minutes to a maximum of 

36 minutes in which all experimental procedures, from infections to preparing the time lapse, 

were carried out (Figure 3.10 A). The cycle time, the time between subsequent images of each 

fish, of the time lapses were also shortened to 6 minutes to more accurately pinpoint exact 

starting points of swarms without decreasing the sample size too significantly. Neutrophil 

swarming commenced at ~70 minutes after starting infections on average (Figure 3.10 B). 

Notably, 3 larvae contained swarms that were present at the start of imaging for their 

respective experiment: 2 swarms at 24 mpi and 1 at 30 mpi, indicated by green data points. 

These relatively early swarmers were all located closely towards the CHT where neutrophils 

develop (Figure 3.10 C). Figure 3.10 D and Figure 3.10 E show examples of swarms over 

time. Panel 1 shows the first frame of the time lapse, panel 2 shows the commencing of 

swarming, panel 3 shows the peak of swarming, and panel 4 shows the resolution of swarming 

if the swarm dispersed before the end of the time lapse. 
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Figure 3.10 | Neutrophil swarming can be observed as early as 24 minutes post 

infection. A) Zebrafish were infected with Mm at 2 dpf and were imaged as soon as possible 

to be able to capture the onset of neutrophil swarming. B) The time points at which neutrophil 

swarms started after infection with Mm. In total, 14 swarms were captured in 32 infected fish 

from 3 independent experiments. Of these swarms, 3 were already present at the start 

imaging, indicated by green data points and visualised in B. D, E) Visualisation of neutrophil 

swarms over time. Panel 1: First frame of the time lapse. Panel 2: Start of the neutrophil 
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swarm. Panel 3: Peak of the swarm. Panel 4: The end of the swarm, if this occurred within the 

time lapse. Scale bars are 100 µm. 
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3.4.10. Neutrophil swarms resolve after 4 hours and 17 minutes after infection on 

average 

Considering all swarms were already present at the start of imaging, the total duration that 

swarms were present could not be confirmed. However, all swarming resolution events, with 

the exception of 1, were captured within the 10-hour time lapses. Neutrophils were considered 

to have ended swarming once there were no longer 3 neutrophils in close contact with each 

other in the swarm area. Following infections at 2 dpf, fish were imaged for 10 hours at 1 hpi, 

and time lapse movies were analysed for neutrophil swarm resolution (Figure 3.11 A). 

Neutrophil swarm resolution occurred at 257 minutes after injections on average (Figure 3.11 

B, C). This offers an explanation for the low frequency of neutrophil clustering observed in the 

aforementioned clustering experiment (Clustering Figure), as 8 out of 18 swarms dissipated 

before 4 hours (240 minutes). Out of all observed swarms, a single neutrophil swarm lasted 

for the entire duration of the time lapse (Figure 3.11 D)  
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Figure 3.11 | Neutrophil swarms resolve at 257 minutes post infection on average. A) 

Zebrafish were infected with Mm into the somite at 2 dpf and were time-lapsed for 10 hours. 

Two experiments were performed, with the first commencing imaging at 2 hpi and the second 

starting imaging at 1 hpi. If a larva contained 2 swarms, the longest-lasting swarm was chosen 

for visualisation in these experiments. B) Examples of neutrophil swarms found during the 

time lapses. C) The time points at which neutrophil swarms dispersed, for a total of 18 swarms 

found in 39 fish. Neutrophil swarming events were considered to have ended once there were 

no longer 3 neutrophils in close contact with each other at the location of the swarm. On 

average, neutrophil swarming concluded at 257 minutes post infection. D) One infected larva 

showed a neutrophil swarm that was persistent throughout the time lapse from 2 hpi to 12 hpi. 

Scale bars are 100 µm. 
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3.4.11. Somites of infected zebrafish with swarms contain more neutrophils than those 

without 

From the previous results it is evident that the bacteria initiate recruitment of neutrophils 

towards the somite, but it is unclear if neutrophil swarming plays a role in additional 

recruitment. Studies have shown that recruitment of more distant neutrophils takes part in the 

secondary response of swarming (Lämmermann et al, 2013). This is difficult to examine, as it 

would be unclear if swarming itself induces more recruitment of neutrophils, or if a higher 

number of neutrophils within the somite increases the likelihood of swarm formation. Despite 

this, comparing neutrophil numbers within the somite between fish with swarms and those 

without swarms could give an indication that this interaction is worth investigating further. 

Zebrafish were infected with Mm at 2 dpf, and time-lapses were generated for 10 hours as of 

1 dpi (Figure 3.12 A). Time-lapse movies were analysed for neutrophil counts, and neutrophil 

numbers of fish with and without swarms were assessed at 190 minutes post infection, the 

point at which a majority of the neutrophil swarms started resolving (Figure 3.11 A). On 

average, 15 neutrophils were recruited towards the somite after infection with Mm (Figure 3.12 

B). Fish with neutrophil swarms had significantly more neutrophils within their infected somite 

on average compared to in fish without swarms (p = 0.0226), at respectively 17 and 13 

neutrophils on average (Figure 3.12 C). A different experiment will have to be performed to 

determine if neutrophil swarming initiates more recruitment towards the somite. 
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Figure 3.12 | Neutrophil numbers are increased in somites of fish with swarms. A) 

Zebrafish were infected with Mm at 2 dpf and neutrophil numbers within the somite were 

counted at 190 mpi. B) The number of neutrophils within the somite in both experiments. C) 

Neutrophil numbers in the somites of infected fish with swarms were significantly increased 

compared to neutrophil numbers in fish without swarms (p = 0.0226, unpaired t-test). Error 

bars are mean ± SEM. N = 22, 18 larvae, gathered over 2 experimental repeats. 
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3.4.12. Live Mycobacterium marinum is not required for neutrophil swarming to occur 

The previous results have shown that Mm induces neutrophil swarming towards the site of 

infection, but it is unclear if the bacteria actively modulate neutrophil recruitment or if the 

immune system drives swarming. To examine the role of Mm in swarming, both Mm and heat-

killed (HK) Mm were injected into the somite at 2 dpf and neutrophils were imaged over time 

as of 1 hpi. PVP injections were used as a negative control (Figure 3.13A). Both Mm and HK 

Mm induced a swarming response with stable swarms over time (Figure 3.13 B). There was 

no significant difference in swarming prevalence between Mm and HK Mm (p = 0.9936) (Figure 

3.13 C). In comparison with PVP, there was a higher swarming prevalence in Mm-injected fish 

(p = 0.0082) and HK Mm-injected fish (p = 0.0074). There was no difference in the swarming 

endpoints between any of the groups (Figure 3.13 D). In contrast with previous experiments 

PVP injections also induced 3 swarms, lasting 30, 70, and 440 minutes within the timeframe 

of the time lapse. Considering such responses after PVP injections were not seen previously, 

this anomaly is likely a result disproportionately large injuries caused during infection. 

Occasionally, neutrophil clusters could be observed in the PVP group, but these often 

dispersed before they could be classified as swarms (Figure 3.13 E). 

 

 

 

 



97 
 

 

Figure 3.13 | Heat-killed Mycobacterium marinum initiates a swarming response similar 

to live bacteria. A) Experimental overview. Prior to infection, the Mm culture was split into 2 
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tubes. The bacteria in one of the tubes were heat-killed at 95 °C for 30 minutes. Afterwards, 

PVP, Mm, or HK Mm were injected into the somite at 2 dpf and time-lapse imaging was 

performed at 80 mpi for 4 hours. B) Examples of neutrophil swarms seen in the Mm and HK 

Mm groups. C) There was no difference in swarming prevalence between live Mm and HK 

Mm (p = 0.9936). PVP-injected larvae had significantly lower swarming prevalence compared 

to the Mm group (p = 0.0082) and to the HK Mm group (p = 0.0074). Statistics of swarming 

prevalence were performed on the percentage of fish with swarms using a multiple 

comparisons one-way ANOVA. D) Endpoints of neutrophil swarms in fish injected with PVP, 

Mm, or HK Mm. A Kruskal-Wallis test showed there was no significant difference between any 

of the groups. E) Example of a neutrophil cluster in the PVP group that dissipates quickly over 

time. Error bars represent mean ± SEM. N = 20-21 fish per group from 3 experimental repeats. 

Scale bars in all images are 50 µm. 
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3.4.13. Heat-killing Mm does not affect neutrophil recruitment towards the somite 

To examine whether neutrophil recruitment is affected by heat-killing Mm, neutrophil numbers 

within the somite were evaluated over time (Figure 3.14 A). There was no significant difference 

between the 2 Mm groups over time (p = 0.5481) (Figure 3.14 B). In contrast, there was a 

significantly lower number of neutrophils present in the somite of PVP-injected fish compared 

to the Mm group (p < 0.0001) and the HK Mm group (p = 0.0005). Interestingly, the curve of 

the HK Mm group suggests the neutrophil response may have increased since the start of the 

time lapse until peaking at 200 minutes after starting injections, and then slowly decreasing. 

This pattern is not present in the Mm group.  

 

 

Figure 3.14 | Neutrophil numbers within the injected somite over time are not different 

between live or heat-killed Mm. Zebrafish were injected into the somite with PVP, Mm, and 

HK Mm at 2 dpf. Imaging started at 80 minutes post infection. A) Heat-killed bacteria still 

recruited neutrophils into the somite. All pictures were taken at the 80 mpi time point. In these 

images, PVP, Mm, and HK Mm injection recruited 6, 15, and 11 neutrophils towards the somite 
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respectively. B) Number of neutrophils in the injected somite per group over time. A repeated 

measures one-way ANOVA showed a significant difference in recruited neutrophils when 

comparing the PVP group to the Mm group (p < 0.0001) and the HK Mm group (p = 0.0005). 

There was no difference between the Mm group and the HK Mm group (p = 0.5481). Error 

bars represent mean ± SEM. N = 20-21 fish per group from 3 experimental repeats. 
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3.4.14. Neutrophils internalise Mm in both live Mm and heat-killed Mm 

Phagocytosis of Mm is one of the actions neutrophils may employ against Mm infection, but 

zebrafish studies have shown varying phagocytic activity depending on method of infection 

(Belon et al 2014). To assess if phagocytosis possibly occurs in the somite infection models, 

time-lapses of fish infected with either live Mm or HK Mm were assessed on colocalisation of 

Mm mCherry signal with mpx:GFP signal (Figure 3.15). Simultaneous colocalised movement 

of both signals suggests internalisation of Mm by a neutrophil has taken place. Figure 3.15 A 

shows a neutrophil with internalised, live Mm (white arrowhead). Movement of the neutrophil 

over time is indicated by a green circle (original position) and a white arrow (direction). In this 

example, the neutrophil migrates through the somite over time, and eventually dies at 410 

mpi. Figure 3.15 B shows a neutrophil with internalised HK Mm moving through the somite 

over time. At 400 mpi, the neutrophil appears to have died, leaving the bacteria behind (blue 

arrowhead). Interestingly, this colony of bacteria is later seen moving upwards, potentially due 

to being internalised by a macrophage. Bacteria were seen moving through the infected larvae 

without colocalisation of mpx:GFP in all analysed movies, 22 Mm-injected larvae and 21 HK 

Mm-injected larvae, again likely indicating uptake by macrophages. similarly, 22 Mm-injected 

larvae and 21 HK Mm-injected larvae, suspected internalisation of Mm by neutrophils could 

be observed at least once. In contrast with these observations, neutrophils with potentially 

internalised Mm and partaking in swarming near infections appear to meander near the site of 

infection (Figure 3.15 C). These results suggest that Mm, whether alive or heat-killed, is 

internalised by neutrophils and potentially macrophages, but further evidence is required to 

confirm the observed fluorescence colocalisation is indeed internalisation. 

 



102 
 

 

Figure 3.15 | Potential internalisation of (HK) Mm by neutrophils after somite infection. 

22 Mm-injected and 21 HK Mm-injected time-lapse movies of zebrafish were analysed for 

simultaneous colocalised movement of bacteria and neutrophils to examine if these cells 
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internalise Mm. A) A neutrophil (white arrowhead) is seen moving through the somite (green 

circle: starting position, white arrow: direction) over time, together with a live Mm colony. At 

410 mpi the neutrophil appears to have died. B) The movement of a neutrophil with 

internalised HK Mm over time. At 400 mpi the cell appears to have died, leaving behind the 

HK Mm colony (blue arrowhead). This colony (purple circle: starting position) is then seen 

moving upward in the absence of a neutrophil fluorescent signal, potentially indicating 

internalisation by a macrophage. C) Neutrophils with internalised Mm in swarms appear to 

meander close to the neutrophil swarm and the accompanying site of infection. A neutrophil 

is seen partaking in the swarm and has exited the swarm by 282 mpi. This cell is then seen 

moving slightly left and right until it re-enters the area of infection at 360 mpi, where it was 

originally partaking in swarming. N = 22, 21 for the Mm group and HK group respectively, 

taken from 3 experimental repeats. Scale bars are 30 µm.  
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3.4.15. Neutrophil swarming does not appear to increase their effectiveness in clearing 

Mm infection. 

Neutrophils have had a controversial role in fighting Mm infection, with reports of neutrophils 

both contributing to disease pathology (Lienard et al., 2023) and to clearance of the bacteria 

(Feng et al., 2006; Sugawara et al., 2004). Considering they can be seen internalising Mm 

both inside and outside of swarms, this suggests swarming neutrophils employ defensive 

mechanisms like phagocytosis during the swarming process. To assess whether neutrophil 

swarming affects bacterial burden, neutrophil swarms from experiments in Figure 3.10 were 

inspected for bacterial burden over time. In Figure 3.16 A, the bacteria at the depicted locus 

were in contact with up to 1 neutrophil for half the duration of 30 mpi until 282 mpi. At 282 mpi, 

2 neutrophils entered the infection area and rapidly started swarming. This swarm remained 

stable over time, until the end of the time lapse. Between 30 mpi and 282 mpi (=252 minutes 

total), bacterial burden reduced by 6.4% (18441 px to 17262 px). Between 282 mpi and 360 

mpi (=78 minutes total), bacterial burden reduced by 20.8% (17262 px to 13680 px), indicating 

the reduction in bacterial burden over time increased when neutrophils were actively 

swarming. In Figure 3.16 B, neutrophil swarming at the infection site started at 60 mpi and 

neutrophils were present there throughout the time lapse. The infection also appears to be 

cleared over time, indicating neutrophil swarming may play a host-protective role during early 

infection.  

 

To further examine these observations, bacterial burden within the entire somite of fish without 

swarms and fish with swarms was quantified. For fish with swarms, bacterial burden was 

assessed at the first frame of neutrophil swarming and at the last frame of the time lapse, 

which was 6 hours long. For the group of non-swarmers, 54 mpi was chosen as the starting 

point from which to quantify bacterial burden. This is based on Figure 3.10 B, in which the 

average initiation of neutrophil swarming was 54 mpi after exclusion of the upper time point 

(270 mpi), which was considered to be an outlier. The final frame of the time lapse was also 

analysed for the non-swarmers. Bacterial burden at the initiation of swarming was not 

significantly different between fish without swarms and fish with swarms (1650 px vs 2459 px 

respectively, p = 0.1017) (Figure 3.16 C), indicating the amount of initial bacterial burden did 

not affect the likelihood of neutrophil swarming to occur. The reduction in burden was 

quantified from the initiation of swarming until the end of the time lapse (Figure 3.16 D). There 

was no significant difference in the percentile reduction of bacterial burden in fish without 

swarms compared to fish with swarms (p = 0.4458). Considering this analysis included the 

reduction in bacterial burden of the entire somite, an additional analysis was performed on a 

more specific group of swarms (Figure 3.16 E). Swarms included in this analysis were those 

that surrounded an isolated colony of bacteria, like in Figure 3.16 A. Neutrophils were present 
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at these infections until the end of the time lapses. On average, bacterial burden decreased 

on average ~60% in the presence of these swarms. This is similar to the levels of reduction 

seen in Figure 3.16 D, indicating that swarming may not potentiate neutrophil clearance of 

Mm. In short, bacterial burden reduces over time in the presence of neutrophils, but neutrophil 

swarming does not appear to increase this reduction. 
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Figure 3.16 | Neutrophil swarming does not appear to potentiate bacterial clearance. 

The data used in this Figure originate from the experiment detailed in Figure 3.10. A) From 30 

mpi until 282 mpi, neutrophils are rarely seen interacting with this bacterial infection. At 282 

mpi, neutrophils started entering the infection area and eventually formed a swarm. Over the 

next 2 hours, the bacteria appear to be dispersing and are potentially being cleared by the 

neutrophils. Scale bars are 30 µm. B) A different infection where neutrophils start to swarm at 

60 mpi. Neutrophils are present at this infection throughout the remainder of the time-lapse, 

and burden appears to be decreasing steadily over time. Scale bars are 30 µm. C) Bacterial 

burden of fish with and without swarms in Figure 3.10 B was analysed at the first frame of 

swarming. If a fish had no swarm, the beginning time point was set to 54 mpi, based on the 

average swarm starting time in Figure 3.10 B. The upper time point was excluded in this 

decision on the grounds of being an outlier. There was no significant difference in bacterial 

burden between these groups (p = 0.1017, unpaired t-test). N = 15 non-swarmers and 13 

swarmers accumulated from 3 experimental repeats. D) Fish from Figure 3.10 were examined 

for bacterial burden reduction from the start of swarming until the end of the time lapse. There 

was no significant difference in the percentile decrease in bacterial burden within the entire 

somite between fish without swarms compared to fish with swarms (p = 0.4458, unpaired t-

test). N = 15 non-swarmers and 13 swarmers over 3 experimental repeats. E) Stable 

neutrophil swarms that surrounded an isolated infection, like in A, were analysed for the 

reduction in bacterial burden over time. The decrease in burden was examined from the start 

of swarming until the end of the time lapse, at which point there were still neutrophils 

interacting with the infection. On average, the reduction in bacterial burden in these swarms 

amounted to 60%. N = 7 from experimental repeats. Error bars are mean ± SEM. 
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3.5. Discussion 

Since an elaborate investigation in a mouse wounding model (Lämmermann et al., 2013), 

neutrophil swarming has emerged as an important mediator during infection with various 

diseases (Hopke et al., 2020; Kienle et al., 2021; Poplimont et al., 2020), yet much about this 

process in Mm infection remains unclear. Swarming in zebrafish has previously been shown 

to be conserved in zebrafish in an injury background (Isles et al., 2021; Poplimont et al., 2020), 

but neutrophils may respond differently to varying infections. This chapter explores the optimal 

methods and how to best visualise neutrophil swarming with the currently available tools in 

zebrafish, as well as characterising this behaviour in response to Mm with multiple parameters. 

This resulted in a localised infection model where Mm was injected into the somite close to 

the CHT. Injection with Mm was primarily responsible for neutrophil accumulation within the 

somite, and PVP mock injections rarely resulted in swarms. Neutrophil swarming was found 

to occur in around 50% of fish infected with Mm, and this response was similar to both live 

and HK Mm. This neutrophil behaviour was observed to occur as early as 24 minutes after 

starting infections, and swarms resolved close to 4 hpi on average. Additionally, a higher 

number of neutrophils was found in infected somites of fish with swarms compared to fish 

without swarms. Non-swarming and swarming neutrophils were seen internalising Mm and 

HK Mm, and neutrophil presence around bacteria reduced live Mm bacterial burden over time, 

but swarming did not appear affect the rate of this decrease. This marks the first in-depth 

investigation into neutrophil swarming in an Mm infection background, but the tools developed 

and provided may be applied to investigate other pathogens as well. 

 

This thesis presents a localised infection model to study neutrophil behaviour in response to 

infection in zebrafish. Zebrafish are a popular model for studies that utilise microscopy as they 

possess multiple properties that make them suitable for imaging, like transparent bodies and 

the availability of transgenic lines (Stream & Madigan, 2022). The zebrafish has also been 

used to show neutrophils are host-protective during early, systemic Mm infection after 

stabilisation of one of the hypoxia pathway modulators (Elks et al., 2013). This brought forth a 

clear avenue for manipulation of neutrophil behaviour and, therefore, neutrophil swarming in 

response to Mm infection, which will be further discussed in Chapter 4. I used a transgenic 

line that labels myeloperoxidase in neutrophils with GFP (Renshaw et al., 2006), to adequately 

allow for visualisation of neutrophils with live imaging. Fluorescent Mm, labelled with mCherry 

in this thesis, has frequently been used in the Elks lab to visualise Mm infections and can be 

paired with the transgenic neutrophil line (Elks et al., 2013).  

 



109 
 

Using these tools, it was determined that a 20x objective with cycle times, the amount of time 

between each subsequent image per fish, of 10 minutes would be optimal in the somite 

infection model. This higher magnification, as opposed to a 2.5x or 10x objective, was needed 

to be able to distinguish individual neutrophils from each other. Objective magnifications of 

10x and up to 40x have also been used in previous zebrafish swarming studies (Isles et al., 

2021; Poplimont et al., 2020). In contrast, a ventral fin wound used in one of these studies 

introduces a much smaller area in which swarms may occur (Poplimont et al., 2020) compared 

to the somite infection model, meaning higher magnifications are easier to implement. 

Additionally, the fin tissues where swarming occurs in these models (Isles et al., 2021; 

Poplimont et al., 2020) is considerably thinner than the somite, meaning the cells have less 

space to move within the z-plane. The somite allows for more movement of neutrophils within 

the z-plane, meaning a higher magnification makes it easier to distinguish individual cells from 

each other based on morphological changes. However, a 20x objective magnification is the 

highest magnification at which the somite can be observed in full, which is a necessary 

requirement for many of the parameters in this thesis. In short, this explains the disparity in 

methodological approach for imaging of swarming in the somite infection model compared to 

existing swarming literature. 

 

In order to first test the acquisition method and familiarise with the practical proceedings, 

neutrophil clustering was examined at a time point based on previous literature. In a 

collaboration between the Renshaw and Elks lab, tailfin amputation introduced neutrophil 

swarms with a peak in size at 4 hours post injury (Isles et al., 2021). This time point was 

applied to the somite infection model to investigate clustering as a starting point. This resulted 

in a neutrophil clustering prevalence of less than 15%. If, hypothetically, clustering prevalence 

is similar in both infection and injury, close to 50% of larvae should have shown clustering 

events like in the study of Isles and colleagues (Isles et al., 2021). Further experimentation 

showed that neutrophil swarms in the somite infection model form as early as 24 minutes after 

starting infections, and most swarms dissipated before 4 hpi. This discrepancy in the expected 

peak of swarming between the infection and injury models may stem from differences in 

neutrophil responses to infection and injury, and the distance in location of the site of challenge 

from the CHT (Coombs et al., 2019).   

 

An example to illustrate possible effects of injury versus infection on neutrophil recruitment is 

a study that investigated recruitment to a cutaneous wound in mice, which showed that 

infection of the wound with Staphylococcus aureus increased recruitment by 100% while 

increasing the systemic neutrophil count by 250% (Kim et al., 2008). Another study in zebrafish 

found that addition of a Pseudomonas aeruginosa infection to a laser wound in the ventral fin 
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did not alter the neutrophil swarming response compared to the response in presence of the 

wound only (Poplimont et al., 2020). While both studies imply that there is no additional effect 

of the infection on neutrophil recruitment, the former did introduce a significant increase in the 

number of circulating neutrophils at 2 dpi. This is unlikely to be found in the zebrafish study or 

this thesis, as recruitment was assessed shortly after infection. Neutrophils also have distinct 

subsets that behave differently between infection or immunity (Liew & Kubes, 2019), and may 

therefore have influenced when the peak of swarming was observed. In contrast with the 

uncertainty surrounding neutrophils in infection versus wounding, previous work in zebrafish 

has clearly shown that the location of wounding plays a role in determining when neutrophils 

can be found at the site of injury (Bader et al., 2021; Coombs et al., 2019; Ellett et al., 2015; 

Kaveh et al., 2020; Petrie et al., 2014; Poplimont et al., 2020; Ren et al., 2017). Therefore, the 

location of the somite infection used, which is close to the CHT, is likely to be at least partially 

responsible for the deviation in the observed time of clustering compared to the expectation, 

whereas the influence of Mm infection versus injury on recruitment remains unclear. 

 

Neutrophil accumulation in the somite at 4 hpi was found to have a statistically weak 

correlation with the amount of bacterial burden within the somite in a clustering experiment. 

Later, fish with swarms had close to 50% more bacterial burden around the time of swarm 

onset compared to fish without swarms, but this was not significant. This suggests that bigger 

infections may be more likely attract more neutrophils towards the somite and that they may 

be more likely to cause swarming events. An infection introduced by needle injury will likely 

feature danger signals that are both DAMPs and PAMPs, which contribute to the recruitment 

of neutrophils (de Oliveira et al., 2016). In inflammation, larger wounds correlate with an 

increase in swarm size and duration (Lämmermann, 2016). Additionally, knockout of the 

swarming mediator LTB4 significantly reduced neutrophil recruitment of distant neutrophils 

towards the site of injury, a phenotype that was exacerbated with smaller wounds 

(Lämmermann et al., 2013). It stands to reason that a bigger infection would elicit bigger 

signalling events and would therefore recruit more neutrophils. Moreover, zymosan particles 

only initiated neutrophil swarming on a microarray with human neutrophils after reaching a 

certain size (Reátegui et al., 2017), indicating a certain neutrophil number threshold needs to 

be reached in order for swarming to occur. Together, this implies that bigger infections can 

cause influx of additional neutrophils towards the site of infection compared to smaller 

infections, and that this, in turn, results in an increased likelihood of swarming to occur. 

However, further research will need to be conducted to examine if this is definitively the case 

in localised Mm infection. 
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Neutrophil swarming was defined as 3 or more neutrophils in close contact with each other for 

at least 30 minutes. While arbitrary, these cut-offs were chosen based on a number of reasons. 

Zebrafish larvae contain significantly fewer neutrophils throughout the body than mice, at 

around 115 cells per larva at 2 dpf (Isles et al., 2019). In contrast, neutrophil swarms in mice 

have been described to contain up to 300 neutrophils (Brown & Yipp, 2023). Visualisation of 

neutrophil behaviours in mice is often done by injection of reporter neutrophils into areas of 

interest such as the ear dermis, as described in a mouse wounding model used to examine 

swarming (Lämmermann et al., 2013). This study did not report the number of neutrophils 

found in swarms specifically, but these swarms were visually considerably larger than swarms 

reported in zebrafish (Isles et al., 2021; Lämmermann et al., 2013; Poplimont et al., 2020). 

Neutrophil swarms at mouse Pseudomonas aeruginosa footpad infections were reported to 

have a diameter of slightly below 60 µm on average (Lämmermann et al., 2013), which 

converts to slightly above 2800 µm2. In zebrafish, cluster sizes at a ventral fin wound infected 

with P. aeruginosa did not reach 1200 µm2 (Poplimont et al., 2020), and swarms areas towards 

a tailfin wound were not reported to be higher than 800 µm2 (Isles et al., 2021). Both these 

reports in zebrafish show that swarms are considerably smaller than reported in the mouse 

study. Due to the discrepancy in neutrophil numbers between mice and zebrafish, the number 

of neutrophils required to be considered for swarming in the somite model was set at a balance 

of being low enough to not undervalue neutrophil swarms, and high enough to decrease the 

likelihood of cells being close to each other by chance. Together, a minimum of neutrophil 

counts and time spent swarming significantly decreases the likelihood of the observed 

behaviour being the result of chance, rather than a coordinated response by the neutrophils.  

 

In the somite infection model, neutrophil swarming occurred in about 50% of fish, initiated as 

early as 24 minutes after the start of injections, and resolved at 257 mpi on average. Neutrophil 

swarm prevalence does not appear to be discussed often in literature. The experiments in 

these studies may be designed to avoid non-swarmers by, for example, injection of neutrophils 

near the site of challenge in mice (Lämmermann et al., 2013), the use of strong neutrophil 

recruiters like zymosan on microarrays (Reátegui et al., 2017), the addition of a large number 

of neutrophils to microarrays (500.000 in this example) (Hopke et al., 2020), or by introducing 

a laser wound directly next to the CHT in zebrafish (Poplimont et al., 2020). Nevertheless, a 

zebrafish tailfin injury model described swarming to be present in around 50% of injured fish. 

The initiation and duration of swarming is also highly dependent on the model and 

methodology. The mouse ear dermis injury model reported the initial neutrophil recruitment 

phase to take place between 1 and 15 minutes after laser wounding, but did not describe 

swarm resolution (Lämmermann et al., 2013). On microarrays, neutrophil swarming in 

response to zymosan initiated within a few minutes, and was stable for at least 2.5 hours 
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(Reátegui et al., 2017). Microarrays with Zymosan induced rapid neutrophil influx and 

swarming to Candida albicans  within 30 minutes, and these swarms were stable for over 12 

hours (Hopke et al., 2020). In zebrafish, a ventral fin laser wound induced stable neutrophil 

clusters by 20 mpw, but resolution was not assessed (Poplimont et al., 2020). Finally, a 

zebrafish tailfin injury model reported swarms to initiate from 40 mpw, which had to potential 

to remain stable until at least 4 hpw (Isles et al., 2021). In short, all these models show vast 

differences in swarming behaviour and therefore do not necessarily lend themselves well to 

comparison. However, characterisation of swarming in each of these models, including the 

somite infection model, lays the foundation for future examination into the neutrophil swarming 

response. 

 

In the somite infection model, neutrophil accumulation in the infected somite was significantly 

increased at 190 mpi in larvae that showed swarming compared to those that did not. It is 

difficult to discern whether this is a result of increased signalling originating from the neutrophil 

swarms themselves, or if higher neutrophil counts coincide with an increased likelihood of 

swarm formation, or a combination of both. After an immune challenge, neutrophils close to 

the site of challenge may respond to signals released from the affected tissue (Lämmermann, 

2016). A relatively high availability of neutrophils within this small, affected area may therefore 

increase the likelihood of swarm formation and subsequent neutrophil recruitment. For 

instance, in a mouse ear dermis injury model, neutrophil clusters at the wound site did not 

proceed to form stable swarms over time unless a certain threshold in neutrophil number within 

the cluster was reached (Park, Choe, Park, et al., 2018). Failure to reach this threshold 

resulted in migration away from the site of injury, while numbers above the threshold initiated 

recruitment of more neutrophils towards the swarm (Park, Choe, Park, et al., 2018). 

Conversely, swarming neutrophils produce LTB4 waves in order to recruit more neutrophils 

towards the swarm, but a self-extinguishing wave mediated by an NADPH-oxidase-based 

negative feedback mechanism may attenuate this process (Strickland et al., 2024). Similarly, 

knockout of GPCR kinase (GRK) 2 in neutrophils in of a skin injury mouse model resulted in 

improved aggregation and swarm-like behaviour compared to controls, indicating GRK2 plays 

a role in self-limiting of swarming (Kienle et al., 2021). These mechanisms of self-limitation 

may already have been initiated at the time of neutrophil counting, as this was done close to 

time window at which swarms generally started dissipating. Taken these mechanics together, 

it is likely that both neutrophil swarming and initial neutrophil numbers contribute to the 

observed higher neutrophil count in the somites of fish with swarms.  

 

Presence of additional neutrophils in fish with swarms also introduces the question if swarming 

contributes to bacterial clearance. Neutrophil swarming has been described to contribute to 
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clearance of Candida albicans (Hopke et al., 2020), Pseudomonas aeruginosa (Kienle et al., 

2021; Poplimont et al., 2020). In the somite infection model, the presence of neutrophils near 

infections resulted in a stable reduction of Mm bacterial burden over time, but swarming did 

not appear to increase this reduction. The initial neutrophils responding to- and swarming at a 

tailfin wound in zebrafish have been shown to release NET-like structures, and inhibition of 

NE and MPX, which are swarming components, reduced swarming prevalence (Isles et al., 

2021). This suggests NET release during neutrophil swarming contributes to bacterial 

clearance directly, as well as through recruitment of Neutrophils to the site of challenge. 

Neutrophils release NETs in response to Mtb, but are unsuccessful in killing Mtb, which 

employs several pathways that aid in evading this killing mechanisms (Cavalcante-Silva et al., 

2023; Chandra et al., 2022a). However, internalisation of these NETs by macrophages has 

been shown to aid these cells in internal killing of Mycobacterium bovis (Stephan et al., 2016), 

but it is unclear if this occurs in Mm infection. Further research will have to be conducted to 

examine the involvement of NETs in recruitment and swarming to Mm infection. 

 

Phagocytosis is another defence mechanism of neutrophils against pathogens (Alcantara et 

al., 2023) that may be responsible for the observed reduction in bacterial burden over time. 

However, its effectiveness in response to Mtb infection is controversial (Gaffney et al., 2022). 

Following Mm infection in the somite model, neutrophils were seen to have internalised Mm, 

possibly indicating neutrophils employed phagocytosis. Similarly, neutrophils with internalised 

Mm were seen at 2 hpi after a tailfin injection (Szkuta, 2020), and were also seen within 24 

hours in systemic infections (Elks et al., 2013). However, multiple studies have reported a 

distinct lack of Mm phagocytosis by neutrophils in early stages of systemic infections (Clay et 

al., 2007; Kenyon et al., 2017; C.-T. Yang et al., 2012). Only after phagocytosis of dying, 

infected macrophages by neutrophils were neutrophils seen internalizing Mm (C.-T. Yang et 

al., 2012). Another study showed both initial phagocytosis of Mm and efferocytosis of infected 

leukocytes by neutrophils after tailfin injection with Mm (Hosseini et al., 2016). Whether 

phagocytosis of Mm by neutrophils is host-beneficial remains disputed. However, neutrophils 

were able to rapidly kill internalised Mm after efferocytosis of infected macrophages through 

NADPH oxidase-dependent mechanisms (C.-T. Yang et al., 2012). Overall, it is unclear 

whether internalisation of Mm by neutrophils seen after somite infection is from direct 

phagocytosis of Mm, or if it is the result of efferocytosis of infected macrophages, and whether 

this contributes to the clearance of Mm. 

 

A drawback of the somite infection model is the requirement for long imaging cycle times 

during time lapses due to the number of fish per experiment and the long exposure time of, 

particularly, Mm mCherry. This meant different types of swarms could not be adequately 
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distinguished. A relatively long cycle time introduces the possibility of neutrophil swarms 

forming and dissipating multiple times between each image. These transient swarms are 

smaller than persistent swarms, and likely disperse due to a lack of neutrophil-derived, pro-

swarming signalling and recognition of other attractant signals (Lämmermann, 2016). 

Transient swarms were observed in response to tailfin transection in zebrafish (Isles et al., 

2021), and it is possible they exist in the somite swarming model when, for instance, small 

swarms disband upon recognition of signals derived from other loci of Mm infection. However, 

due to the time required to image each fish, it was difficult to justify lowering the cycle time 

any further than the 10 minutes maintained throughout most of the experiments, as this would 

drastically reduce the number of fish that could be imaged and, thereby, would substantially 

decrease statistical power.  

 

Other imaging techniques or improvements to available equipment may speed up the imaging 

process and could reduce cycle time or increase the sample size per experiment. The Wolfson 

Light Microscopy Facility at the University of Sheffield now possesses a spinning disk confocal 

microscope, which could be used instead of the laser scanning confocal microscope used in 

this thesis. This microscope could be used to decrease cycle times, as spinning disk 

microscopy has higher acquisition speed than laser scanning microscopy. It also brings other 

benefits, such as reduced photobleaching and increased resolution (Lam et al., 2014). 

Additionally, the spinning disk microscope can be used to generate three-dimensional images 

of the neutrophil swarms (Ahmadian et al., 2024), which would more accurately represent the 

morphology of these swarms than two-dimensional images could. However, the Elks Lab 

houses its own confocal microscope that is not limited in its availability and does not require 

additional payment for use, unlike the spinning disk microscope. The limitations of the somite 

infection model with the current equipment were not known beforehand, and only became to 

light after extensive use of this microscope. One of the reasons for continuation with this 

microscope was to not introduce variation by changing the image acquisition method. 

Furthermore, the Elks confocal microscope was adequate for the experiments performed in 

this thesis. However, certain experiments, such as identification of transient swarms, may 

necessitate a change in equipment, which should be considered in the experimental design. 

 

Analysis of the time lapses of neutrophil swarming is very time-consuming, and specialised 

software, like cell counters, could significantly decrease manual labour involved in the 

analyses. There are many options for automated cell counting available, and new alternatives 

to existing options are constantly being investigated. ImageJ offers a variety of free tools 

through downloadable plugins that could support cell counting. These plugins generally use 

thresholding of pixel intensity to distinguish individual cells from each other (Beretta et al., 
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2023; Handala et al., 2019; O’Brien et al., 2016). With swarms this might present an issue, as 

the cells that make up the swarm tend to blend together with high pixel brightness. Part of this 

effect may be offset by lowering the laser power or exposure time, but this would in turn 

decrease visibility of dimmer cells and push their pixel intensity value below the threshold. 

There is also variation in fluorescence intensity of neutrophils between fish, resulting in the 

same problem. Over the years, these difficulties with segmentation of overlapping cells has 

continued to be investigated, with new systems such as Cellpose and CellSAM offering 

improvements to segmentation accuracy (Han et al., 2023; Israel et al., 2024; Pachitariu & 

Stringer, 2022; Stringer et al., 2021). Unfortunately, automated three-dimensional cell count 

quantification methods are even further behind than two-dimensional options (Y. Guo et al., 

2022). Recent efforts, such as the segmentation algorithm CellSNAP, have made 

improvements to available cell segmentation methods, but still struggle accurately 

distinguishing clumped-up cells from each other (Raj et al., 2023). In the future, a combined 

effort of improved imaging acquisition methods with better segmentation algorithms may 

provide trust-worthy automated options for cell counting in swarms.  

 

To conclude, this chapter describes a new model to study neutrophil swarming dynamics in 

response to infection. Using live-imaging, neutrophil behaviours within the somite can be 

followed in real-time. This allowed for characterisation of the swarms observed in response to 

Mm infection, which has not been previously described in vivo in literature. While only used in 

conjunction with Mm infection in this thesis, this model may potentially be used in other 

diseases as well. The zebrafish toolbox comprises many possible approaches to altering gene 

expression and visualisation of cells and bacteria, which could be applied in the somite 

infection model to study genetic or pathogenic implications on the neutrophil swarming 

process. 
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4. Neutrophil swarming in zebrafish is partially dependent 

on lta4h signalling and can be modulated through 

knockdown of swarming mediators 

4.1. Introduction 

Neutrophil swarming is a complex behaviour that may involve many different regulators, but 

the full molecular mechanisms underpinning swarming remain unclear (Lämmermann, 2016). 

This thesis chapter explores a variety of potential swarming mediators extrapolated from 

existing literature and investigates the effect of their modulation on the swarming response to 

localised Mm infection. 

 

4.1.1. LTB4 

One of the most well-described swarming mediators is leukotriene B4 (LTB4), which has been 

shown to be particularly important in the secondary response during neutrophil swarming in 

mice, where distant neutrophils are recruited towards the swarm (Lämmermann et al., 2013). 

During swarming, neutrophils are the main producer of LTB4, as Alox5 knockout neutrophils, 

which are deficient in LTB4 production, significantly abrogates recruitment of distant 

neutrophils towards the swarm (Lämmermann et al., 2013). LTB4 signalling is also involved 

in different processes of the swarming response. The eventual exclusion of Ltb4r1 neutrophils 

from competitive swarms with wildtype neutrophils indicates this leukotriene plays a role in 

neutrophil aggregation during swarming as well (Lämmermann et al., 2013). Additionally, 

GPCR desensitisation during swarming is important for swarming neutrophil arrest at sites of 

infection and improves bacterial clearance (Kienle et al., 2021). This limits swarm size and 

prevents neutrophils from responding to persistent recruitment signals, including LTB4, and 

suggests attenuation of LTB4 signalling may be important during swarm resolution (Kienle et 

al., 2021). LTB4 signalling has since been confirmed to be involved in the neutrophil swarming 

response in zebrafish as well (Isles et al., 2021; Poplimont et al., 2020). Activation of LTB4 

signalling was shown to occur in clustering neutrophils at a ventral fin wound site (Poplimont 

et al., 2020), and late-stage neutrophil recruitment to a tailfin transection was significantly 

impaired in zebrafish with knockdown of leukotriene A4 hydrolase (lta4h), an LTB4-generating 

enzyme (Isles et al., 2021). Finally, LTB4 has been described as both host-protective (Peres 

et al., 2007) and host-destructive (Bafica et al., 2005; Sorgi et al., 2020) during Mtb infection. 

Investigation of LTB4 in the somite infection model may therefore further understanding of its 

functions in neutrophil swarming and its role in Mm infection. 
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4.1.2. CXCR2 

The CXC chemokine receptor 2 (CXCR2) is one of the major chemokine receptors expressed 

by neutrophils, and is one of the main receptors involved in neutrophil trafficking 

(Metzemaekers et al., 2020). CXCR2 can also activate the pro-inflammatory NF-κB pathway, 

which results in the production and release of additional neutrophil-recruiting cytokines 

(Capucetti et al., 2020). Binding of chemokines to the CXCR2 receptor on neutrophils activates 

the cell, which is required for subsequent extravasation out of the bloodstream into damaged 

or infected tissue (Kolaczkowska & Kubes, 2013). In swarming, CXCR2 is involved in 

recruitment of neutrophils, but is not the sole driving force behind this process (Lämmermann 

et al., 2013), and instead works in tandem with receptors such as LTB4R and CXCR1 

(Reátegui et al., 2017). Furthermore, knockout of cxcr2 was shown to significantly decrease 

neutrophil aggregation during swarming (Lämmermann et al., 2013). Similarly, inhibition of 

CXCR2 chemokine CXCL1 significantly abrogated neutrophil aggregation to fat-associated 

lymphoid clusters (Jackson-Jones et al., 2020). In TB, CXCR2 and its ligands are a key 

component of the response to infection (Slight & Khader, 2013). Inhibition of CXCR2 was 

shown to reduce neutrophil-mediated lethal inflammation in mice with a specific polymorphism 

that increases susceptibility to Mtb infection (Dorhoi et al., 2013). However, mice do not have 

a homolog for one of the most important CXCR2-specific cytokines called CXCL8 (Slight & 

Khader, 2013), although human CXCL8 is able to activate mouse CXCR2 (Del Prete et al., 

2017). In contrast, CXCL8 and CXCR2 are both conserved in zebrafish (van der Vaart et al., 

2012). CXCR2 is therefore an attractive target for modulation in the somite infection model. 

 

4.1.3. CXCR4 

Signalling involving the CXC chemokine receptor 4 (CXCR4) and its ligand cxc motif 

chemokine ligand 12 (CXCL12) play a key role in retaining neutrophils in the bone marrow 

(De Filippo & Rankin, 2018). There is also growing evidence of CXCR4 being responsible for 

neutrophil clearance, but this has only been substantiated in mouse models (De Filippo & 

Rankin, 2018). The CXCL12/CXCR4 signalling axis was also found to retain neutrophils at the 

site of inflammation in zebrafish (Isles et al., 2019), possibly implicating it in the neutrophil 

swarming process. Here, pharmacological inhibition of CXCR4 signalling with AMD3100 

reduced neutrophil numbers at the site of inflammation during inflammation resolution (Isles 

et al., 2019). CXCR4 expression has been shown to be increased in patients with TB, 

particularly on macrophages, and increased susceptibility to HIV during TB (Hoshino et al., 

2004). CXCR4 was also reported to promote granuloma formation through angiogenesis in 

zebrafish, but this was neutrophil-independent (Torraca et al., 2017). During early Mm 

infection, CXCR4 may instead contribute to neutrophil swarming by increasing neutrophil 

retention. 
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4.1.4. NETosis 

A previous study involving the Elks lab implicates NETosis as a potential player in neutrophil 

swarm formation, as pioneer neutrophils were found to release NET-like structures (Isles et 

al., 2021). Inhibition of NET component NE significantly reduced swarming prevalence in 

response to a tailfin wound (Isles et al., 2021). Such a reduction was also seen after inhibiting 

NET-formation with the drug LDC7559 (Isles et al., 2021), which was thought to inhibit 

NETosis dependent on the NADPH oxidase NOX2 through gasdermin D (Amara et al., 2021). 

However, more recently, this drug was found to inhibit NOX2-dependent NETosis 

independently from gasdermin D, and instead acts through inhibition of the glycolytic enzyme 

phosphofructokinase-1 liver type (PFKL) (Amara et al., 2021). Since then, a study using 

mouse neutrophils showed NET formation is independent of gasdermin D (Stojkov et al., 

2023). Regardless, LDC7559 inhibition does inhibit NET formation (Amara et al., 2021), and 

significantly reduced swarming prevalence in response to tailfin transection (Isles et al., 2021). 

Using cell cultures, NET release has been shown to occur more frequently in neutrophil 

clusters or neutrophil swarms (P. Deng et al., 2024). Additionally, NET release in neutrophil 

swarms in microarray experiments restricted fungal growth of Candida albicans (Hopke et al., 

2020). However, NETs have been reported to merely restrict Mtb, and are unable to kill the 

bacteria (Cavalcante-Silva et al., 2023; Filio-Rodríguez et al., 2017; Ramos-Kichik et al., 

2009). Targeting NET formation may further elucidate their involvement in the swarming 

response to Mm infection. 

 

4.1.5. Hypothesis and aims 

A zebrafish model to investigate neutrophil swarming in response to infection has now been 

successfully established (see Chapter 3), but much about the mechanisms that drive this 

response is still unclear. Investigation of available literature and previous work carried out by 

our labs has provided a number of targets which modulation may provide more insight in the 

mechanisms behind neutrophil swarming.  

 

I hypothesise that neutrophil swarming to Mm requires Ltb4 and other swarming mediators. 

 

To investigate this hypothesis, the selected swarming mediators were modulated in the somite 

infection model and the effect of their modulation was assessed in the context of neutrophil 

swarming to address the following aims: 

 

- Achieving knockdown of ltb4 using CRISPR-Cas9 

- Determining the effect of lta4 knockdown on neutrophil swarming in response to Mm 
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- Examining the effect of inhibition of potential swarming mediators on neutrophil 

swarming in response to Mm 
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4.2. Materials and Methods 

4.2.1. Drug treatment of swarming mediators 

Drug treatment of zebrafish differed slightly per experiment. For experiments that measured 

neutrophil clustering at 100 mpi, fish were pre-treated with the desired drug at 4 hours before 

infection (hbi), and were treated after infection until the time of imaging. For experiments that 

examined bacterial burden at 1 dpi or later, fish were treated with the desired drug immediately 

after infection. All drugs were administered in Costar 6-well plates (Corning) in 3 ml E3 with 

the desired drug concentration. Control treatments were done with an equal volume distilled 

water or DMSO (Sigma-Aldrich) to the volume of drug used. All drugs used in this Chapter can 

be found in Table 3. 

 

Table 3 | Swarming mediator drugs 

Drug target Drug name (Supplier) Treatment 

Concentration 

Control 

LTA4H Bestatin  100 µM DMSO 

CXCR2 SB225002 5 µM DMSO 

CXCR4 AMD3100 10 µM Distilled water 

Net Formation LDC7559 10 µM DMSO 

 

4.2.2. CRISPR targeting of cxcr2 

Preparation- and injection of CRIPSR-Cas9 mixes to target cxcr2 was performed as described 

in 2.2.3. CRISPR-Cas9 injections, and 2.3. CRISPR-Cas9. The guide RNA (IDT) and primers 

(IDT) used for knockdown of cxcr2 are described in Table 4. 

 

Table 4 | cxcr2 CRISPR guide RNA and primer sequences. 

Name 

CRISPR 

Guide RNA (5’-3’) Forward primer (5’-3’) Reverse primer (5’-3’) Enzyme 

Cxcr2 

original 

TACCCTTATGACT

CCTTGCCCGG 

GAGGTCCTGAATTTCT

GAGGTG 

GCAAGCTCAGGCAA

AAGACTAT 

BsaI 

Cxcr2 14 CATTAGCATCGAC

CGCTACATGG 

CATGTGCAAAATGATC

TCTGGT 

GCACCATAACCGGA

AGAGATAA 

MwoI 

Cxcr2 26 AAAGGATCCCGCT

CCATATCTGG 

ACATAGACGTGGCTT

TGTATGC 

CTTTAAACCTACCAC

ACCTGCC 

BamHI 

Cxcr2 

Start 

CAAGGAGTCATAA

GGGTAAATGG 

GTGTTTCTCCCTCCAC

AGCT 

CCAGGTGCATCAGG

TAAAGG 

HinfI 
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Cxcr2 

Middle 

GAGTATGACGGAT

AATGCGACGG 

TCTCTTCCGGTTATGG

TGCA 

TGATAAAAGCCAGC

ACCACG 

FokI 

Cxcr2 

End 

TTCAGAGCTCTGG

AAGCACTCGG 

CATCCTGTACGCCTT

CATCG 

ACTCTACCCTACCCT

CACACT 

SacI 
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4.3. Results 

4.3.1. Inhibition of LTA4H with bestatin does not affect neutrophil numbers and clusters 

The importance of LTA4H signalling in the recruitment of distant neutrophils towards the 

swarm during neutrophil swarming has been well-described in mice (Lämmermann, 2016; 

Lämmermann et al., 2013). In zebrafish, knockdown of lta4h did not affect early neutrophil 

recruitment at 3 hpw to a tailfin wound, but significantly reduced recruitment at 6 hpw (Isles et 

al., 2021). To examine if pharmacological knockdown of LTA4H could exert an effect on 

neutrophil swarming in the somite model, fish were treated with the drug bestatin or a DMSO 

control 4 hours before infection with Mm (Figure 4.1 A). Bestatin inhibits LTA4H, and thereby 

LTB4, in a dose-dependent manner (Orning et al., 1991). The drug has previously been used 

in zebrafish studies to study macrophage aggregation in response to Streptococcus iniae 

infection (Vincent et al., 2017), and to examine the effect of LTA4h inhibition on systemic Mm 

infection (Tobin et al., 2010). Fish were imaged at 100 mpi, when swarms are most likely to 

occur in this model (Figure 3.11), and were examined on neutrophil clustering and number 

within the somite. Clustering was defined as 3 or more neutrophils in close contact with each 

other at a single time point. Neutrophil clustering in bestatin-treated fish did not differ from 

those treated with DMSO (Figure 4.1 B). Additionally, there was no difference in neutrophil 

number within the somite between the treatments (Figure 4.1 C). This indicates knockdown of 

LTA4H with bestatin does not affect neutrophil clustering and numbers in response to Mm 

infection. 
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Figure 4.1 | Inhibition of LTA4H with Bestatin has no effect on neutrophil clusters and 

numbers within the somite. A) Zebrafish were pre-treated with DMSO and bestatin 4 hours 

before somite infection with Mm at 2 dpf. Fish were then imaged at 100 mpi and time lapses 

were analysed for neutrophil clustering and numbers within the somite. B) There was no 

difference in swarming prevalence between bestatin-treated fish and DMSO-treated fish (p = 

0.8800, Fisher’s exact test) at 100 minutes post Mm infection. C) Similarly, there was no 

difference in the number of neutrophils within the somite after LTA4H knockdown compared 

to the DMSO control (p = 0.7073, unpaired t-test). Error bars are mean ± SEM, N= 91, 97 fish 

in the DMSO group and bestatin group respectively from 2 experimental repeats. 
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4.3.2. Bestatin treatment does not reduce Mm bacterial burden in systemic infection 

Lta4h knockdown with bestatin did not appear to affect neutrophil clustering in the swarming 

model, which raises the question if Lta4h is not crucial for cluster formation in this model or if 

the drug is not functioning. Inhibition of LTA4H with bestatin in a systemic Mm infection model 

has previously been shown to increase bacterial burden at 4 dpi (Tobin et al., 2010). 

Therefore, zebrafish were treated with bestatin immediately after systemic Mm infection at 1 

dpf (Figure 4.2 A) to examine if the drug used here functions similarly to previously reported 

data. Fish were imaged at 4 dpi and analysed for bacterial burden (Figure 4.2 B and Figure 

4.2 C). There was no significant difference of bestatin and DMSO treatment on bacterial 

burden (p = 0.0674). However, both repeats showed a similar non-significant decrease in 

bacterial burden in the bestatin group compared to the DMSO control, which combined with a 

third repeat may have pushed into significance. Because these 2 repeats showed similar 

results that may not be in accordance with the finding that bestatin increases systemic Mm 

infection (Tobin et al., 2010), the drug was not used for further experimentation and genetic 

knockdown approaches were used instead. 
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Figure 4.2 | Pharmacological knockdown of LTA4H does not affect systemic Mm 

bacterial burden. A) Zebrafish were infected systemically with Mm through caudal vein 

injections at 1 dpf. Immediately after all fish were injected, they were pooled and distributed 

between DMSO and bestatin treatment. Fish were imaged at 4 dpi and bacterial burden was 

quantified. B) Representative images of Mm infections at 4 dpi for both the DMSO and bestatin 

group. Scale bars are 500 µm. C) There was no significant difference in bacterial burden 

between fish treated with DMSO and with bestatin (p = 0.0674). Statistics were performed with 

an unpaired t-test on 52 DMSO-treated and 53 bestatin-treated fish over 2 experimental 

repeats. Error bars are mean ± SEM. 
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4.3.3. Validation of CRISPR-mediated knockdown of lta4h 

Knockdown of lta4h with CRISPR-cas9 has previously been described (Isles et al., 2021). This 

study used a high-resolution melt (HRM) analysis to detect indels in the DNA created by 

successful CRISPR knockdown (Isles et al., 2021), a technique that requires special 

equipment. To avoid the requirement of using this equipment, successful knockdown of lta4h 

was validated with a gel electrophoresis-based approach instead. First, primers had to be 

designed to cut out a DNA fragment of ~250 bp around the CRISPR target site (Figure 4.3 A). 

The CRISPR target site (blue square) was already available from the previous study (Isles et 

al., 2021) and contains a HinfI restriction site. A temperature gradient was used to assess the 

optimal annealing temperature of the primers in the PCR protocol, and was determined to be 

57 °C (Figure 4.3 B). This was done for all primers in this thesis, but will not be individually 

discussed from hereafter. Zebrafish were injected with the lta4h CRISPR or Cas9 control into 

the cell at the single cell stage and gDNA was collected a day later (Figure 4.3 C). The PCR 

protocol, including the correct annealing temperature, was performed on the gDNA and part 

of the resulting PCR products were digested with the HinfI restriction enzyme. A few tubes for 

both the Cas9 control and the lta4h CRISPR group were left undigested. All PCR products 

were then used for gel electrophoresis (Figure 4.3 D). An undigested control and CRISPR 

band was expected to be 247 bp, and a digested control was expected to be 179 bp. 

Successful deletion of the CRISPR target site results in the loss of the HinfI restriction site, 

meaning a successful CRISPR procedure results in a band of similar size as the undigested 

control. In this case, the lta4h CRISPR appears to have successfully deleted the target site in 

4 out of 5 fish. One of these bands (white arrow) appears to indicate the PCR of the gDNA of 

this one larva was unsuccessful. Together, these results show that the target site in the lta4h 

gene can be successfully deleted through CRISPR-Cas9 and that this can be validated by 

restriction enzyme digestion and gel electrophoresis. 

 



127 
 

 

Figure 4.3 | lta4h CRISPR validation. A sequence targeting the lta4h gene has previously 

been described (Isles 2021), but a validation method using gel electrophoresis was not yet 

available. A) The PCR product that results from the primers paired with the crRNA used to 

target lta4h. The crRNA targets a sequence (Blue square) at the start of the first exon (big 

blue bar) and contains a restriction site for HinfI (dark blue line). Relative sizes are to scale. 

B) Gel showing PCR products when the annealing step in the PCR protocol was set to a 

gradient. “L” indicates the ladder. The primers fully lost effectiveness at temperatures of 

66.8°C and higher. Band size shows they were seen to anneal similarly effectively for 55.1°C 

and 57.1°C, and the latter was chosen as the preferred annealing temperature (black and 

white arrows) for this PCR. C) The process of validating the CRISPR. The lta4h CRISPR 

components and a Cas9 control missing the Cas9 protein were injected into the cell at the 

single cell stage of zebrafish eggs. gDNA was collected at 1 dpf according to the “Gradient 

PCR for primer testing and PCR protocol”. PCR was performed and the PCR products were 

digested with HinfI, with 3 products remaining undigested in both the control and CRISPR 

groups. All PCR products were then loaded on a gel for gel electrophoresis. D) Results of gel 
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electrophoresis on undigested and digested PCR products of the control and CRISPR groups. 

“L” indicates the ladder. Digestion of the control resulted in a 179 bp DNA band, compared to 

a 247 bp undigested band. Successful deletion of the HinfI restriction site by CRISPR results 

in a band of similar size compared to the undigested PCR products, indicating the CRISPR 

has been successful. This appeared to be the case in 4 out of 5 CRISPR-injected larvae. The 

PCR failed in the remaining larva (white arrowhead).  
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4.3.4. Genetic knockdown of lta4h significantly reduced swarming prevalence in a 

tailfin injury model 

With an easily accessible and reliable method to validate knockdown of lta4h, its effect could 

be assessed in the context of neutrophil swarming. Zebrafish were injected with the lta4h 

CRISPR or a Cas9 control into the cell at the single cell stage (Figure 4.4 A). Zebrafish tailfins 

were transected at 3 dpf like previously described (Isles et al., 2021) and were imaged until 6 

hours post wounding (hpw). Time lapse movies were analysed for neutrophil swarming. 

Neutrophils were present at the wound site from the start of the time lapse, and more 

neutrophils can be seen migrating towards the wound over time. Neutrophils in both lta4h 

knockdown (KD) larvae and Cas 9 controls were seen to form stable swarms over time (Figure 

4.4 B). When compared to the control group, neutrophil swarming in the lta4h CRISPants was 

found to occur significantly less (p = 0.0286) with 18 swarms found in the control fish and 10 

in the lta4h CRISPants (Figure 4.4 C). All of these swarms were initiated during the timeframe 

of the time lapses, with the earliest cases at 135 mpi (Figure 4.4 D). There was no difference 

in swarm starting points between the control and the lta4h CRISPR groups (p = 0.5464). 

Endpoints of swarms in the lta4h CRISPants (mean 295.8 minutes) did not differ from those 

in control fish (mean 343.6 minutes) (p = 0.0565) (Figure 4.4 E). Finally, total durations of 

swarms observed in the time-lapses was similar in both groups (mean 111.5 minutes vs mean 

149.4 minutes, p = 0.3113) (Figure 4.4 F). Taken together, these results indicate knockdown 

of ltb4 significantly reduced the number of swarms present in fish after tailfin transection, but 

no effect on swarming time points and durations was found. 
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Figure 4.4 | Knockdown of lta4h significantly reduced neutrophil swarming prevalence 

at the wound after tailfin transection. A) Timeline of the experimental procedure. Zebrafish 

were injected with the lta4h CRISPR or Cas9 control into the cell at the single cell stage. Tailfin 

transection was performed at 3 dpf as previously described (Isles et al., 2021). Imaging 

commenced at 1 hpw for the first and third repeats, but had to be delayed to 2 hpw for the 

second repeat due to microscope issues. The time lapse movies were analysed for neutrophil 

swarming at the tailfin wound. B) Examples of neutrophil swarms at the tailfin wound in both 

the control and lta4h CRISPants groups. C) There was a significant decrease in the 

prevalence of neutrophil swarming in the lta4h CRISPant group compared to the control (p = 

0.0286, Fisher’s exact test) after tailfin transection. D) There was no difference in the starting 

points of neutrophil swarms between the control group and the lta4h CRISPant (p = 0.5464, 

Mann-Whitney test). E) Knockdown of lta4h also did not affect endpoints of swarms compared 

to the control (p = 0.0565, Mann-Whitney test). F) There was no effect of lta4h knockdown on 

swarming durations compared to controls (p = 0.3113, Mann-Whitney test). Scale bars are 25 

µm and error bars are mean ± SEM. N = 53 and 65 for the control group and lta4h CRISPR 

group respectively from 3 experimental repeats.  

  



132 
 

4.3.5. Knockdown of lta4h did not affect neutrophil numbers at the wound area at 3 or 

6 hpw 

It was previously shown that neutrophil numbers in the wound area were significantly 

decreased after knockdown of lta4h compared to controls at 6 hpw (Isles et al., 2021). To 

examine if these data could be corroborated, neutrophils in a consistent area around the 

wound (Figure 4.5 A) were counted over time (Figure 4.5 B). This dataset was gained from 

tailfin transections performed at 2 dpf, but any other tailfin transection experiments were done 

at 3 dpf to utilise an increased number of whole-body neutrophils and to be consistent with the 

previous study (Isles et al., 2021). In control fish, neutrophil numbers present at the wound 

increased from 2 hpw until reaching a plateau at 5 hpw (Figure 4.5 B). Neutrophil counts in 

lta4h CRISPants appeared to be consistently lower than in the control group over time, but no 

statistics were performed on this single experimental repeat. From these data, 3 hpw and 6 

hpw were chosen as the time points at which to count neutrophil numbers present at the wound 

site. While the data show a marginally bigger difference in neutrophil counts between the 

experimental groups at 7 hpw, 6 hpw was chosen to remain fully consistent with the previous 

study (Isles et al., 2021).  

 

To properly assess neutrophil counts in the wound area at 2 separate time points, zebrafish 

were injected with the lta4h CRISPR or Cas9 control into the cell at the single cell stage (Figure 

4.5 C). Tailfin transection was performed at 3 dpf, followed by imaging as early as 1 hpw. Time 

lapse movies were analysed for neutrophil counts in the wound area (purple box) at 3 hpw 

and 6 hpw (Figure 4.5 D). Neutrophil counts increased significantly from 3 hpw to 6 hpw in 

both groups (p < 0.0001). There was no statistically significant difference between the groups 

at both 3 hpw (p = 0.8370) and 6 hpw (p = 0.1527). Taken together, these results show lta4h 

knockdown does not significantly reduce neutrophil numbers within the wound area at both 3 

hpw and 6 hpw. 
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Figure 4.5 | Knockdown of lta4h does not significantly reduce neutrophil numbers 

within the wound area. A) The area around the tailfin wound in which neutrophil counts were 

quantified. B) Neutrophil counts within the wound area over time in Cas9 control fish and lta4h 

CRISPR fish at 2 dpf. N = 19, 20 for the control group and CRISPR group respectively from 1 

experimental repeat. C) Schematic overview of the experimental procedure. Zebrafish were 

injected into the cell at the single cell stage with the lta4h CRISPR or a Cas9 control. Tailfin 

transection was performed at 3 dpf and imaging commenced as early as 1 hpw: 2 repeats at 

1 hpw and 1 repeat at 2 hpw due to microscope issues. Time lapse movies were assessed on 

neutrophil counts within the tailfin wound area. D) Neutrophil counts within the wound area at 

3 hpw and 6 hpw between the control group and lta4h CRISPants. In both groups, neutrophil 

counts increased from 3 hpw to 6 hpw (p < 0.0001). There was no significant difference in 

neutrophil numbers between the control group and lta4h CRISPants at 3 hpw (p = 0.8370) 

and 6 hpw (p = 0.1527). Statistics were performed with a multiple comparisons two-way 

ANOVA. N = 52, 61 for the control group and lta4h KD group respectively from 3 experimental 

repeats. 
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4.3.6. Genetic knockdown of lta4h reduced swarm duration and area, but not 

prevalence, in response to localised Mm infection 

The lta4h CRISPR was used in the somite infection model to investigate the effect of lta4h 

knockdown on neutrophil swarming in response to infection. Zebrafish were injected with the 

lta4h CRISPR or Cas9 control into the cell at the single cell stage (Figure 4.6 A). Imaging 

followed an hour after infection with Mm at 2 dpf and time lapses were analysed for neutrophil 

swarming. Mm injection into the somite resulted in formation of neutrophil swarms in both lta4h 

CRISPants and control-injected fish (Figure 4.6 B), with no difference in prevalence between 

both groups (p = 0.8025) (Figure 4.6 C). There also was no difference (p = 0.7708) in the 

swarming endpoints of the swarms that were observed (Figure 4.6 D). When examining swarm 

durations of swarms that can be seen commencing and resolving during the time-lapse, 10 for 

the control group and 8 for the lta4h CRISPant group, there was a significant reduction in 

swarm duration in the lta4h CRISPants compared to the controls (p = 0.0145) (Figure 4.6 E). 

Considering the endpoints of the swarms were not affected by lta4h knockdown, these 

reduced durations may indicate that swarms in the CRISPR group may start later, have 

reduced stability, or both. Swarm areas of swarms in lta4h CRISPants were decreased 

compared to those in control fish (p = 0.0145) (Figure 4.6 F), suggesting lta4h KD may result 

in smaller, less stable swarms. Together, these data show that lta4h does not appear to be 

involved in swarming prevalence in response to localised Mm, but that it may play a role in 

swarm stability. 

 



136 
 

 



137 
 

Figure 4.6 | CRISPR-mediated knockdown of lta4h reduced neutrophil swarm duration 

and swarm area. A) Zebrafish were injected with a Cas9 control or lta4h CRISPR into the cell 

at the single cell stage of zebrafish eggs. Mm was injected into the somite at 2 dpf and larvae 

were imaged from 1-11hpi. Time lapses were analysed for neutrophil swarming in response 

to infection. B) Examples of neutrophil swarms (white arrowheads) observed within the 

infected somite of both control fish and lta4h KD fish. C) There was no difference in swarming 

prevalence after lta4h knockdown compared to controls (p = 0.8025, Fisher’s exact test). D) 

There was no difference in swarming endpoints of larvae injected with the lta4h CRISPR (15 

swarms) compared to the control (16 swarms) (p = 0.7708, Mann-Whitney test). F) Durations 

of 10 swarms in control fish and 8 swarms in lta4h CRISPants that could be seen forming and 

resolving within the timeframe of the time lapse. Knockdown of lta4h resulted in a significant 

reduction of neutrophil swarm durations compared to swarms found in control fish (p = 0.0314, 

Mann-Whitney test). F) Areas of swarms in lta4h KD fish were significantly decreased 

compared to swarms in control fish (p = 0.0145, unpaired t-test). N = 32 per group, 3 repeats. 

Error bars are mean ± SEM and scale bars are 25 µm. 
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4.3.7. The number of neutrophils within the somite over time is not affected by 

knockdown of lta4h 

Considering lta4h knockdown resulted in reduced swarm duration and swarm area, a reduced 

neutrophil availability in the somite could be a cause of this. Therefore, in addition to analysis 

of neutrophil swarming in fish injected with the lta4h CRISPR or Cas9 control, neutrophil 

numbers in the somite were counted every hour from 1 to 8 hpi in both injection groups (Figure 

4.7 A, B, C). There was no significant difference in the number of neutrophils over time 

between the 2 groups (p = 0.5126), indicating the reduced swarm duration and area is not due 

to reduced neutrophil accumulation within the somite.  
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Figure 4.7 | Lta4h knockdown does not affect neutrophil numbers within the somite 

after Mm infection. A) Neutrophil numbers within the somite over time did not differ between 

the lta4h CRISPR group and the Cas9 control group (p = 0.4772, two-way ANOVA). B) Images 

of neutrophils within the somite over time in a single Cas9 control larva with neutrophil 

numbers close to the mean of the curve. C) Images of neutrophils within the somite over time 

in a single Lta4h CRISPR larva with neutrophil numbers close to the mean of the curve. Scale 

bars are 50 µm and N = 32 fish per group, 3 repeats. 
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4.3.8. Genetic knockdown of lta4h may increase Mm bacterial burden in the somite 

model 

As lta4h knockdown may have an effect on neutrophil swarming to Mm, this could mean it 

might also have an effect on clearance of bacteria. LTA4H inhibition with bestatin has 

previously been shown to significantly increase bacterial burden at 4 dpi in a systemic infection 

model (Tobin et al., 2010). To examine if a similar effect can be observed in the somite model, 

zebrafish were injected with the lta4h CRISPR or Cas9 control into the cell at the single cell 

stage (Figure 4.8 A). Larvae were then injected with 200 CFU, compared to 500 CFU for the 

other experiments, into the somite at 2 dpf to avoid overburdening the fish with an 

uncontrollable infection. Imaging was performed at 24 hpi and the images were analysed for 

bacterial burden within the somite (Figure 4.8 B). Pixel counts on the images showed there 

was a significant increase in the amount of Mm bacterial burden within the somite of fish in 

the Lta4h CRISPR group compared to the control (p = 0.0274, unpaired t-test) (Figure 4.8 C). 

These results indicate lta4h plays a role in the early defence against Mm infection. 
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Figure 4.8 | lta4h knockdown increases Mm bacterial burden in a localised infection. A) 

Timeline of the experiment. Zebrafish eggs were injected with the lta4h CRISPR or a Cas9 

control into the cell at the single cell stage. Larvae were injected with 200 CFU Mm at 2 dpf 

and were imaged at 24 hpi. The images were analysed for bacterial burden using pixel 

counting software. B) Representative images of Mm infections in the control group and lta4h 

CRISPants. Scale bars are 100 µm. C) Bacterial burden was significantly increased in the 

CRISPR group compared to the control (p = 0.0274, unpaired t-test). Error bars are mean ± 

SEM and N = 53, 55 for the control group and CRISPR group respectively over 3 repeats. 



143 
 

4.3.9. cxcr2 could not be inhibited by targeting individual CRISPR-Cas9 target sites 

Cxcr2 is a chemokine receptor that is prominent on neutrophils, and is involved in a variety of 

human diseases, such as asthma, cystic fibrosis (Stadtmann & Zarbock, 2012), and TB (Slight 

& Khader, 2013). Despite being a well-studied chemokine receptor, there is no available 

CRISPR for cxcr2 described in literature. CHOPCHOP (Montague et al., 2014) was used to 

develop a CRISPR to knock down cxcr2 genetically (Figure 4.9). In total, 6 different CRISPR 

target sequences were used in an attempt to knock down cxcr2 in this thesis (Figure 4.9 A-F). 

Figure a-f depicts the different target sites, their locations in the gene, the associated digestion 

site and enzyme, and the expected bp band size on a gel. All CRISPRs targeted the first exon 

of the gene, which is the only exon present in the cxcr2 gene. There were 2 target sequences 

chosen at the start of the exon (Figure 4.9 A, D), in the middle of the gene (Figure 4.9 B, E), 

and at the end of the exon (Figure 4.9 C, F). To test these CRISPRs, they were injected 

alongside a Cas9 control in the single cell during the single cell stage (Figure 4.9 G). gDNA 

was collected at 1 dpf and was followed by PCR. After digestion of the PCR products with the 

associated restriction enzyme, all PCR products were run on a gel. Figure 4.9 H shows 

representative bands of the tests done with the first batch of CRISPR targets, being Cxcr2 

Original, Cxcr2 14, and Cxcr2 26. Figure 4.9 I shows the representative bans of the second 

batch, being Cxcr2 Start, Cxcr2 Middle, and Cxcr2 End. Digested PCR products are indicated 

with a scissor icon. To reiterate the read-out of these gels as discussed before, the efficacy of 

the CRISPR can be determined by comparing the bands in a digested CRISPR PCR product 

to the control bands of both the undigested control and CRISPR band. If the band in the 

digested CRISPR matches the control bands, it indicates the CRISPR has high efficacy in 

creating an indel in the gene. If there is also a band present similar to the digested control, it 

indicates the CRISPR is less efficient. CRISPR Start, Middle, and End all seem to lack a band 

comparable to the undigested controls (Figure 4.9 I), indicating these CRISPRs are 

unsuccessful in creating an indel in the DNA. Cxcr2 Original, 14, and 26 appear to have a very 

faint band which is comparable to the undigested controls, indicating there is a low prevalence 

of indel induction present. All the CRISPR targets were tested thrice, but never showed any 

significant prevalence of indels. Taken together, these results indicate that none of the chosen 

CRISPR targets are successful in knocking down cxcr2 on their own. 
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Figure 4.9 | Design and validation of cxcr2 CRISPR targets. CRISPR target sequences 

and associated primers were designed using CHOPCHOP (Montague et al., 2014). A-F) The 

6 different target sequences in Exon 1 of the cxcr2 gene, the associated restriction site and 

enzyme, and their expected PCR product size. A and D target the start of the exon, B and E 

target the middle of the exon, and C and F target the end of the exon. G) Timeline of the 

injection and validation of the CRISPRs. Each CRISPR was injected alongside a Cas9 control 

group into the cell during the single cell stage. gDNA was collected at 1 dpf and was followed 

by PCR. These PCR products were digested with the appropriate restriction enzyme and all 

PCR products were subsequently put through gel electrophoresis. H) Representative bands 

of the Cxcr2 Original, Cxcr2 14, and Cxcr2 26 CRISPRs and their controls from 3 repeated 

tests. Digested PCR products are indicated by a scissor icon, “L” indicates the ladder. All 3 

digested CRISPR targets show a faint band similar to the undigested control bands, indicating 

these CRISPRs are inefficient at creating indels in the cxcr2 gene. I) Representative bands of 

the Cxcr2 Start, Cxcr2 Middle, and Cxcr2 End CRISPRs and their controls. Digested PCR 

products are indicated by a scissor icon, “L” indicates the ladder. A distinct lack of a band 

similar to the undigested controls in all of the digested CRISPR target PCR products indicates 

these CRISPRs are unsuccessful in creating indels in the cxcr2 gene.  
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4.3.10. Cxcr2 could not be inhibited by combining multiple CRISPR targets 

Individually, the CRISPR targets for cxcr2 were unable to reliably cause indels in the target 

gene. A potential way to increase the effectiveness of these CRISPRs is to combine them in 

a single mix and target the gene with multiple CRISPRs at the same time (Kroll et al., 2021). 

This is evident from previous literature, which described a significant increase in the efficacy 

of gene knockdown after combining 3 crRNAs that target a gene involved in eye pigmentation 

(Kroll et al., 2021). Therefore, the Cxcr2 Start, Middle, and End CRISPRs were injected 

together in a mix and were injected into the cell at the single cell stage. gDNA collection, PCR, 

and gel electrophoresis was performed as described above. The 3 different PCRs associated 

with the 3 CRISPR targets were performed on the gDNA of the same fish to assess the 

presence of indels close to any of the target sites. Cas9 controls can be found in Figure 4.9 

H, I, but were omitted from this Figure. There were no undigested control-like bands present 

in the digested PCR products of the Cxcr2 Start and Cxcr2 Middle CRISPRs (Figure 4.10 A, 

B). There appeared to be a variety band sizes present in both the undigested and digested 

Cxcr2 End PCR products (Figure 4.10 C). This could indicate that there has been a shift in the 

DNA present that is not necessarily caused by the Cxcr2 End CRISPR itself and, instead, may 

have been caused by a combination of the other 2 targets. Taken together, these results 

indicate that combination of the Cxcr2 CRISPRs does not result in significant gene disruption, 

and efforts to knock down cxcr2 with CRISPR-Cas9 were discontinued. 
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Figure 4.10 | Combination of CRISPR target sites does not increase cxcr2 knockdown 

efficacy. Zebrafish eggs were injected with a combination of the 3 CRISPRs Cxcr2 Start, 

Cxcr2 Middle, and Cxcr2 End into the cell at the single cell stage. PCR on the gDNA of each 

larva was performed 3 times, once per CRISPR target. A) Gel electrophoresis of PCR products 

of the Cxcr2 Start CRISPR, showing (un)digested PCR products. B) Gel electrophoresis of 

PCR products of the Cxcr2 Middle CRISPR, showing (un)digested PCR products. The bands 

seen in the undigested controls in both A and B do not appear in the digested PCR products, 

indicating there have been no deletions in the target sequences. C) Gel electrophoresis of 

PCR products of the Cxcr2 END CRISPR, showing (un)digested PCR products. A variety of 

bands are present in both the undigested and digested PCR products, indicating there may 

have been a range of deletions present outside of the target sequence, resulting in different 

sizes of the PCR products. 
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4.3.11. Pharmacological inhibition of CXCR2 with SB225002 significantly reduces 

neutrophil clustering and numbers within the somite after Mm infection 

Instead of CRISPR-Cas9 knockdown of cxcr2, the CXCR2 antagonist SB225002 may be used 

to examine the effect of CXCR2 signalling disruption on neutrophil swarming in the somite 

model. Fish were pre-treated with SB225002 and were subsequently infected with Mm into 

the somite (Figure 4.11 A). Analysis of images taken at 100 mpi revealed a significant 

reduction in the number of neutrophil clusters observed in the SB225002 group compared to 

the DMSO control (p = 0.0168) (Figure 4.11 B). There was also a significant reduction in the 

number of neutrophils within the somite in fish treated with SB225002 compared to those 

treated with DMSO (p < 0.0001) (Figure 4.11 C). Taken together, these results indicate that 

inhibition of CXCR2 signalling significantly impairs neutrophil clustering. However, this is 

paired with a reduction in neutrophil numbers within the somite, potentially meaning impaired 

neutrophil recruitment is implicated in the reduction in clustering. The objective of manipulating 

swarming mediators is to find genes that affect clustering without affecting recruitment towards 

the somite. Inhibition of CXCR2 signalling was therefore not pursued further. 



149 
 

 

Figure 4.11 | Inhibition of CXCR2 with SB225002 significantly reduces neutrophil 

clustering and neutrophil numbers in infected somites. A) Schematic of the experimental 

procedure. Zebrafish were pre-treated with DMSO or SB225002 4 hbi and Mm was injected 

into the somite at 2 dpf. Imaging was performed at 100 mpi and images were analysed for 

neutrophil clustering and numbers within the somite. B) There was a significant decrease in 

the number of clusters found in infected somites in the SB225002 group compared to DMSO 

controls (p = 0.0168, Fisher’s exact test) at 100 mpi. C) There were significantly fewer 

neutrophils found within infected somite of fish treated with SB225002 compared to fish treated 

with the DMSO control (p < 0.0001, unpaired t-test) at 100 mpi. N = 74, 62 for DMSO and 

SB225002 respectively over 2 repeats. 
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4.3.12. Pharmacological inhibition of CXCR4 with AMD3100 does not affect neutrophil 

clustering and numbers in response to Mm somite infection 

CXCR4 and its major ligand CXCL12 are involved in neutrophil signalling during inflammation, 

and inhibition of CXCR4 with AMD3100 has been shown to increase inflammation resolution 

and neutrophil reverse migration in a zebrafish tailfin injury model (Isles et al., 2019). Zebrafish 

were pre-treated with AMD3100 or a ddH2O control at 4hpi and were infected with Mm into 

the somite at 2 dpf to test the effect of CXCR4 inhibition on neutrophil clustering (Figure 4.12 

A). Images captured at 100 mpi were analysed for neutrophil clustering and neutrophil 

numbers within the somite. Prevalence of neutrophil clustering did not differ between larvae 

treated with AMD3100 compared to ddH2O (p = 0.5111) at 100 mpi (Figure 4.12 B). 

Additionally, there was no difference in neutrophil counts within the somite between the 

treatment groups (p = 0.4814) at this time point (Figure 4.12 C). Together, these results 

indicate there is no effect of pharmacological CXCR4 inhibition on neutrophil clustering and 

numbers within the somite, and AMD3100 was not used for further experimentation. 
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Figure 4.12 | CXCR4 inhibition with AMD3100 does not affect neutrophil clustering and 

numbers within the infected somite. A) Timeline of the experiment. Zebrafish were pre-

treated with AMD3100 or a ddH2O control and were injected with Mm into the somite at 2 dpf. 

Images captured at 100 mpi were analysed for neutrophil clusters and numbers within the 

infected somite. B) There was no significant difference in clustering prevalence between the 

AMD3100 group and the ddH2O group (p = 0.5111, Fisher’s exact test) at 100 mpi. C) There 

was no significant difference in neutrophil numbers within the infected somite between the 

treatment groups (p = 0.4814, unpaired t-test) at 100 mpi. N = 71, 78 for the ddH2O and 

AMD3100 group respectively from 2 experimental repeats. 
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4.3.13. Pharmacological inhibition of NET formation with LDC7559 does not affect 

neutrophil numbers and clusters in response to Mm infection 

Previously, inhibition of NETosis with LDC7559 resulted in a significant reduction of neutrophil 

swarming after a tailfin injury (Isles et al., 2021). Since then, this drug has been described to 

inhibit NET formation by inhibiting NOX2, rather than gasdermin D (Amara et al., 2021). 

LDC7559 was used in the somite model to examine if NETs contribute to neutrophil swarms 

that are observed after localised Mm infection. Larvae were pre-treated with DMSO or 

LDC7559 4 hours before infection and were injected into the somite with Mm at 2 dpf (Figure 

4.13 A). Imaging was performed at 100 mpi and images were analysed for neutrophil clusters 

and numbers in the somite. At 100 mpi, there was no difference in the prevalence of neutrophil 

clustering between DMSO-treated and LDC7559-treated larvae (p = 0.4173) (Figure 4.13 B). 

There was also no significant difference in neutrophil numbers (p = 0.6127), with a mean of 

15.46 neutrophil in the somite in the DMSO group and 16.00 in the LDC7559 group (Figure 

4.13 C). Taken together, inhibition of NETosis through inhibition of NOX2 has no effect on 

neutrophil clustering or numbers within the somite, and therefore the drug was not used for 

further experimentation.  
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Figure 4.13 | Inhibition of NETosis with LDC7559 does not affect neutrophil clusters or 

numbers in the infected somite. A) Experimental overview. Zebrafish were treated with 

LDC7559 or a DMSO control at 4 hbi and were infected with Mm into the somite at 2 dpf. 

Images taken at 100 mpi were analysed for neutrophil clustering and numbers within the 

infected somite. B) There was no significant difference between the LDC7559 group and the 

DMSO group (p = 0.4173, Fisher’s exact test) in terms of clustering prevalence at 100 mpi. 

Additionally, there was no significant difference found in neutrophil numbers within the infected 

somite between the treatment groups (p = 0.6127, unpaired t-test). N = 80, 72, for the DMSO 

group and LDC7559 group respectively from 2 experimental repeats. 
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4.4. Discussion 

Neutrophil swarming is a complex neutrophil behaviour that is affected by a variety of 

signalling pathways, including LTB4 (Lämmermann, 2016). This leukotriene has been shown 

to be essential for distant neutrophil recruitment towards the neutrophil swarm in the 

secondary swarming response (Lämmermann et al., 2013). Its involvement has also been 

confirmed in a tailfin injury model in zebrafish, contributing to the finding that neutrophil 

swarming is conserved in zebrafish (Isles et al., 2021). This chapter further expands on the 

involvement of LTB4 in the swarming response in zebrafish, and explores the effect of 

knockdown of swarming mediators on neutrophil swarming in response to infection. 

Knockdown of lta4h significantly reduced the prevalence of swarming in response to injury, 

but not infection. Knockdown of lta4h reduced swarm duration and area, but did not affect 

neutrophil numbers within the somite over time. Pharmacological knockdown of LTA4H, 

CXCR4, and NETosis did not affect neutrophil clustering and numbers within the infected 

somite. Lastly, genetic inhibition of cxcr2 was unsuccessful, and pharmacological inhibition 

significantly decreased neutrophil clustering and numbers within the infected somite. This 

establishes the swarming model as a means to investigate disruption of swarming mediator 

signalling on the neutrophil swarming process in response to infection as well as injury. 

 

LTB4 signalling has been shown to be an essential component of neutrophil swarming in both 

mice and zebrafish (Isles et al., 2021; Lämmermann et al., 2013). Pharmacological knockdown 

of LTB4 with bestatin in a zebrafish Mm infection model has previously been described (Tobin 

et al., 2010), and was applied to the somite model to investigate its effect on neutrophil 

clustering. Bestatin was not found to have an effect on neutrophil clustering and neutrophil 

numbers in the somite in response to infection. In contrast, knockdown of LTA4H signalling by 

targeting lta4h and blt1 significantly decreased neutrophil numbers at the tailfin wound at 6 

hpw in a zebrafish injury model, but its effect on swarming was not described (Isles et al., 

2021). Knockdown of LTA4H signalling in mice, both genetically and with bestatin, also 

showed a reduction in neutrophil accumulation towards the ear skin at 24 hpw (Oyoshi et al., 

2012). These results bring into question whether the drug used in the clustering experiments 

was functional. Therefore, fish were treated with bestatin after systemic infection to assess its 

effect on bacterial burden at 5 dpf, as previous work has shown that bestatin treatment 

significantly increased bacterial burden in systemic infections (Tobin et al., 2010). 

Remarkably, bestatin treatment did not significantly affect bacterial burden in the present 

study. Additionally, it potentially has the biological effect of reducing bacterial burden 

compared to DMSO-treated larvae, which directly opposes the findings in the previous study 

(Tobin et al., 2010). If this discrepancy can be explained by biological variation, it would imply 



155 
 

the drug had no effect. In the present study, the drug was applied at 1 dpf directly after 

infections and the water was not refreshed daily. The previous study used infections on 2 dpf 

and refreshed the water daily (Tobin et al., 2010), therefore providing a more constant flow of 

bestatin and reducing the possibility of the drug losing efficacy over time. However, there may 

also be a biological reason for the observed reduction in bacterial burden. Research in an Mtb 

mouse model showed that LTB4 production was induced by Mtb in a 5-lipoxygenase-

dependent manner, and that 5-lipoxygenase-deficient mice lungs contained significantly 

reduced Mtb bacterial burden (Bafica et al., 2005). This suggests LTB4 may play paradoxical 

roles in Mtb and Mm infections, and further complicates the interpretation of the results of 

bestatin treatment. For these reasons, bestatin treatment was not continued and LTB4 

signalling was targeted genetically instead. 

 

Genetic inhibition of lta4h to target LTB4 signalling in zebrafish has previously been described, 

but its effect on swarming prevalence was not discussed (Isles et al., 2021). A similar 

wounding experiment was carried out to further examine the role of LTB4 signalling in the 

neutrophil swarming response to injury, and found that swarming prevalence was significantly 

decreased in lta4h knockdown fish. Interestingly, this did not coincide with a statistically 

significant reduction in neutrophil numbers present at the wound site, indicating that the 

reduction in swarming prevalence did not result from a lack of neutrophil abundance near the 

wound. Increased swarming prevalence has also been described in other models, as an 

increase in neutrophil clustering prevalence in response to zymosan was shown to be 

dependent on LTB4 and BLT1 in a mouse cell culture model (Song et al., 2020). Another study 

described similar results, as photoactivation of calcium signalling in neutrophils induced 

neutrophil clustering, which was significantly abrogated after treatment with BLT1 and BLT2 

antagonists (Khazen et al., 2022). This may be due to increased directional migration of 

neutrophils towards the swarm, orchestrated by LTB4 signalling. In a mouse ear dermis wound 

model, recruitment of relatively distant neutrophils towards the wound was significantly 

impaired in Ltb4r1 knockout neutrophils compared to wildtype neutrophils (Lämmermann et 

al., 2013). Additionally, swarms with a higher number of neutrophils are more persistent than 

those with a relatively low number (Kienle & Lämmermann, 2016). A decrease in cluster size 

after disruption of LTB4 signalling has been described in response to a Pseudomonas 

aeruginosa footpad infection model with an Ltb4r knockout (Lämmermann et al., 2013), and a 

cell culture model of mouse neutrophils with pharmacological inhibition of 5-lipoxygenase with 

MK886 (Khazen et al., 2022). If a higher number of neutrophils in a swarm results in more 

stable swarms, and disruption of LTB4 signalling results in smaller swarms, this could in theory 

have contributed to the higher swarming prevalence found in the tailfin transection model. 
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Neutrophil recruitment towards the wound site at 6 hpw did not appear to be statistically 

affected by lta4h knockdown. This is not in accordance with previous results that showed a 

significant decrease in neutrophil numbers after disruption of LTB4 signalling with lta4h and 

blt1 knockdown (Isles et al., 2021). Disruption of Lta4h in mice has been shown to significantly 

increase neutrophil numbers in lungs of influenza-infected mice (Snelgrove et al., 2010). This 

is thought to result from the inability of Lta4h-deficient mice in degrading proline-glycine-

proline that is released from extracellular matrix collagen breakdown, which is aids in 

neutrophil chemotaxis (Snelgrove et al., 2010). In contrast, treatment with bufexamac, an 

LTB4 inhibitor, inhibited LTB4-release by neutrophils, inhibited neutrophil chemotaxis in a 

transwell assay, and constrained neutrophil infiltration into lungs of mice with acute lung injury 

(Xiao et al., 2016). Additionally, inhibition of Ltb4r1 in a mouse ear skin wounding model 

showed a significant reduction in neutrophil numbers near the wound (Oyoshi et al., 2012). 

Finally, neutrophil swarming to live Candida albicans clusters was absent altogether in 5-

lipoxygenase-deficient mice neutrophil cell cultures, which could not be rescued by LTB4 

treatment (Hopke et al., 2022). These findings exemplify how disruption of LTB4 signalling 

may affect neutrophil recruitment, but they do not explain the discrepancy in neutrophil 

numbers observed in the present study compared to the previous results (Isles et al., 2021). 

Instead, there may have been a methodological difference in performing the tailfin 

transections. Neutrophil recruitment can be initiated by DAMPs that originate from the wound 

area (de Oliveira et al., 2016). Tailfin transections can be done with or without including part 

of the zebrafish notochord, with the former introducing a stronger neutrophil response (Xie et 

al., 2021). It is possible that the tailfin injuries from the present study included transecting a 

larger part of the notochord, therefore introducing an even bigger initial neutrophil response 

that is dependent on DAMPs. 

 

Swarm duration in response to infection was significantly negatively impacted by knockdown 

of lta4h. This coincided with reduced swarm areas in lta4h CRISPants, yet neutrophil numbers 

within the somite remained unaffected over time. LTB4 signalling has been reported to be 

important for neutrophil cluster stability (Lämmermann et al., 2013). Knockout of ltb4r1 in mice 

significantly reduced neutrophil cluster persistence in response to a Pseudomonas aeruginosa 

footpad infection (Lämmermann et al., 2013). Additionally, swarms are more likely to persist 

when a relatively high number of neutrophils present within the swarm (Kienle & 

Lämmermann, 2016). The reliance on LTB4 for swarming persistence is further evidenced by 

the mechanisms of swarming stop signals. Both Lipoxin A4 (LXA4) and Resolvin E3 (RvE3) 

have been unearthed as stop signals for swarming (Reátegui et al., 2017). LXA4 inhibited 

LTB4 release in human neutrophil cell cultures (Conti et al., 1990), and was shown to be 

increasingly released by human neutrophils during late swarming (Reátegui et al., 2017). 
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RvE3 may antagonistically bind to BLT1 and thereby suppress activity of BLT1 induced by 

LTB4 (Sato et al., 2019). Unlike LXA4, RvE3 release by human neutrophils appears to peak 

early at 30 after the start of swarming, and is continuously released at a stable rate from 1 

hour until 3 hours after the start of swarming (Reátegui et al., 2017). Finally, ω-OH-LTB4 is a 

product of LTB4-oxidation by omega-hydroxylase and competes with LTB4 for binding to BLT1 

(Song et al., 2023). ω-OH-LTB4 elicits a much weaker neutrophil response and thereby acts 

as a natural inhibitor of LTB4  (Golenkina et al., 2022). In response to Salmonella enterica 

Typhimurium and subsequent fMLP stimulation, the ratio of LTB4 to ω-OH-LTB4 increased in 

the favour of LTB4 when the ratio of bacterial burden per present human neutrophil increased 

(Golenkina et al., 2022). This may suggest that LTB4 is instead inhibited through conversion 

to ω-OH-LTB4 in the event of a plentiful neutrophil response at the site of infection (Song et 

al., 2023). The reduction in swarm duration and swarm area in response to ltb4 knockdown, 

combined with the findings that ltb4 knockdown does not affect swarming prevalence and 

neutrophil numbers in the somite over time, suggests LTB4 signalling is required for swarm 

stability, and that other mediators are more important for the formation of swarms in the somite 

infection model. 

 

One such mediators is CXCR2, which is one of the main chemokine receptors involved in 

neutrophil trafficking (Metzemaekers et al., 2020), and which plays a pivotal role in neutrophil 

aggregation during swarming (Lämmermann et al., 2013). To knock down cxcr2, multiple sites 

within the singular exon of the gene were targeted for CRISPR-Cas9 gene editing. CXCR2 

has been extensively studied in decades of research, but there is a distinct lack of available 

CRISPRs targeting this gene in zebrafish in literature despite its popularity. In hindsight, it is 

not surprising that all 6 CRISPR targets were unable to cause considerable deletions in the 

gene. Even combination of multiple crRNAs in a single injection mix, which has been shown 

to increase knockdown efficiency (Kroll et al., 2021), did not appear to introduce heightened 

knockdown efficiency. The lack of CRISPR-mediated cxcr2 knockdown in existing literature 

despite the well-studied status of the gene may indicate that attempts to knock the gene down 

with CRISPR have been unsuccessful and therefore remained unpublished. It is unclear why 

these CRISPR targets were not able to be knocked down. It is possible that the crRNAs 

included protospacer adjacent motifs (PAMs) that targeted inaccessible regions of the DNA 

(Christie & Kleinstiver, 2021). These PAM sequences are added to the crRNA sequence and 

are required for proper functioning of the Cas9 protein (Christie & Kleinstiver, 2021). The gene 

may potentially reside within a nucleosome, which protects the target DNA from digestion by 

Cas9, instead of being located on the more easily accessible edge of a nucleosome 

(Handelmann et al., 2023). Regardless of the underlying mechanisms, the failure of the 
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multiple CRISPR targets to knock down cxcr2 indicated pharmacological knockdown may be 

a more successful avenue. 

 

The drug SB225002 has extensively been used to study the effect of CXCR2 knockdown in 

zebrafish (de Oliveira et al., 2013; Q. Deng et al., 2013; Gratacap et al., 2017; Kaveh et al., 

2020; Zuñiga-Traslaviña et al., 2017). In the somite infection model, pharmacological 

knockdown of CXCR2 resulted in a significant reduction in both neutrophil clustering 

prevalence and neutrophil counts within the infected somite. The latter is in accordance with 

previous results that show a significant reduction in the number of neutrophils that reach a 

tailfin injury after CXCR2 inhibition with SB225002 (Zuñiga-Traslaviña et al., 2017). A problem 

with the reduction in neutrophil numbers in the infected somite is that the reduction in 

swarming prevalence may be a direct consequence of the reduced neutrophil availability. It 

then becomes very difficult to examine the effect of CXCR2 knockdown during neutrophil 

swarming, as swarming in fish with CXCR2 knockdown becomes exceedingly rare. CXCR2 

was thus not considered for further examination.  

 

The significant reduction of clustering prevalence and neutrophil numbers within the somite 

after CXCR2 inhibition, and not lta4h knockdown, suggest non-LTB4 neutrophil recruitment 

signals may be more relevant than LTB4 during the initiation of the swarming response to 

infection in the somite model. Needle injury paired with infection induces both DAMPs and 

PAMPs that may in turn recruit neutrophils towards the somite (de Oliveira et al., 2016). LTB4 

signalling has been shown to be important for recruitment of more distant neutrophils, and its 

knockdown did not affect recruitment of neutrophils patrolling relatively close to the wound 

centre in a mouse ear injury model (Lämmermann et al., 2013). Ltb4r1 knockout also induced 

smaller clusters, which are associated with less stable swarms (Lämmermann et al., 2013). 

Investigations of zymosan-induced neutrophil swarming showed LTB4R works in tandem with 

CXCR1 and CXCR2 signalling in the recruitment of distant neutrophils towards the swarm 

(Reátegui et al., 2017). Blocking of CXCR1 and CXCR2 did not affect neutrophil recruitment, 

but blocking CXCR1, CXCR2, LTB4R1, and LTB4R2 significantly impaired neutrophil 

recruitment, which was an exacerbated effect compared to LTB4R1 and LTB4R2 blocking 

alone (Reátegui et al., 2017). Inversely, the CXCR2-dependent recruitment may be dependent 

on LTB4 signalling, as CXCR1/CXCR2 ligands CXCL1 and CXCL5 were not able to induce 

neutrophil recruitment to knee joints of mice with Rheumatoid Arthritis when only LTB4 was 

knocked down (Grespan et al., 2008). Considering inhibition of CXCR2, but not lta4h, in the 

somite infection model significantly abrogated initial neutrophil recruitment and clustering 

prevalence, it stands to reason that CXCR2 may be the more dominant factor in the initial 

recruitment to infection in this model. A potential explanation for this is the distance of the site 
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of challenge from the CHT, which is considerable smaller in the somite infection model 

compared to the tailfin injury model. CXCR2, and potentially DAMPs and PAMPs, may 

therefore be primarily responsible for consistent neutrophil influx into the somite over time, 

while LTB4 further directs neutrophils towards swarms and acts as a retention signal. In the 

somite infection model, neutrophils may not be as reliant on LTB4 signalling and instead are 

more influenced by DAMPs, PAMPs, and CXCR2 signalling. 

 

While CXCR2 was excluded from further examination in this thesis, it is of interest for future 

research. This may instead focus on knocking down CXCR2 signalling later during the 

swarming response instead of 4 hours before infection. For instance, infected fish can be 

assessed for neutrophil swarming at the same time point used here. The group of swarming 

fish could then be treated with SB225002 or with DMSO and subsequently used for time lapse 

imaging to examine how CXCR2 knockdown affects neutrophil swarming in response to Mm. 

CXCR2 was previously reported to significantly inhibit neutrophil recruitment to infection after 

1 hour of pre-treatment and 1 hour of treatment post infection (Q. Deng et al., 2013), 

suggesting the drug swiftly exerts its effect.  Unfortunately, these experimental changes may 

result in data with a substantial amount of variation, and the experimental procedure would 

have to be swiftly executed in order to apply treatments within the swarming window. A small 

window of time in-between subsequent images of each fish will also be required to properly 

assess swarm progression and potential early resolution, but this will significantly impact the 

maximum sample size per experimental repeat. Further experimentation with CXCR2 in the 

somite swarming model may therefore prove difficult. 

 

CXCR4 is another chemokine receptor that was of interest for its potential involvement in the 

swarming process. Pharmacological inhibition with AMD3100 did not lead to differences in 

neutrophil clustering prevalence and neutrophil numbers within the infected somite at 100 mpi. 

These data suggest that CXCR4 signalling does not play a role in neutrophil clustering and 

accumulation in response to Mm infection. However, previous research in a zebrafish tailfin 

injury model showed CRISPR-mediated knockdown of cxcr4b and cxcl12a led to significantly 

increased neutrophil inflammation resolution (Isles et al., 2019). This was also the case with 

pharmacological inhibition with AMD3100, which decreased the number of neutrophils at the 

wound during late inflammation and which increased reverse migration of neutrophils (Isles et 

al., 2019). Similarly, CXCR4 inhibition with AMD3100 in mice reduced neutrophil retention in 

mice lungs after inhalation of crystalline silica in dust (Q. Sun et al., 2022). In infection, miR-

206-depleted zebrafish infected with Mm into the trunk showed increased neutrophil numbers 

and longer-lasting neutrophil response at the site of infection (K. Wright et al., 2021). Finally, 

CXCR4 is important for neutrophil release from the bone marrow, but this can be circumvented 
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with the use of AMD3100, which was shown to not affect whole body neutrophil counts in 

zebrafish at 24 hours after administration (Isles et al., 2019). Taken together, these published 

findings offer strong evidence for potential involvement of CXCR4 signalling in neutrophil 

swarming, but evidence to support this was not found in the localised Mm infection model.  

 

The time point of observation for neutrophil clusters and counts was at 100 mpi based on 

previous experiments. Throughout the thesis, most swarms under normal conditions start 

resolution after 200 mpi, and it was theorised that a loss of CXCR4 signalling would bring this 

time forward. However, the effect may have been overestimated, resulting in an imaging time 

point that was too early to recognise any effect CXCR4 knockdown may have had on 

swarming resolution. These experiments may be redone with the inclusion of extra time points 

to further pinpoint the time at which swarm resolution occurs.  

 

Finally, inhibition of NETosis with LDC7559 was previously reported to significantly reduce 

swarming prevalence in a zebrafish tailfin transection model (Isles et al., 2021), but the drug 

had no effect on cluster prevalence and neutrophil numbers within the somite in response to 

Mm infection. NET release has been shown to increase with cell density in neutrophil cell 

cultures, and NETotic neutrophils in neutrophil plaques are able to induce NETosis in naïve 

neutrophils surrounding the plaque (P. Deng et al., 2024). Swarm-initiating pioneer neutrophils 

at zebrafish tailfin wounds were also found to release NET-like structures, and swarming 

neutrophils were seen expelling chromatin (Isles et al., 2021). Additionally, NET release in 

neutrophil swarms in microarray experiments restricted fungal growth of Candida albicans and 

contributed to swarm expansion (Hopke et al., 2020). It is unclear if NETosis occurred in 

response to Mm infection in the somite model, even less if swarming neutrophils perform 

NETosis. The virulent bacterial strain Mtb H37Rv elicited NET release in human neutrophil 

cell cultures by 180 mpi, and NET levels were further increased by 380 mpi (Ramos-Kichik et 

al., 2009). This indicates Mtb is capable of inducing rapid NET formation, but it is unclear how 

this translates to Mm infection in zebrafish.  

 

While the lack of effect of LDC7559 suggests NETs are not involved in neutrophil clustering 

and neutrophil accumulation in the Mm-infected somite, this cannot be ruled out completely. 

While this drug targets NADPH oxidase-dependent NET formation (Amara et al., 2021), there 

is another pathway that can activate NETosis independently of NADPH oxidase (Rosazza et 

al., 2020). This pathway instead occurs after activation of neutrophils and subsequent calcium 

fluxes, but the mechanisms of the remainder of the pathway are unclear (Rosazza et al., 

2020). Due to the involvement of multiple pathways of NET formation, future research should 

attempt to target multiple facilitators of NETosis to rule out its involvement in Mm in the somite 
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infection model. Additionally, transgenic zebrafish lines can confirm presence of NET-like 

structures in swarms or neutrophils near infection sites. One such line, 

Tg(mpx:GFP)i114;Tg(lyz:h2az2a-mCherry,cmlc2:GFP)sh530, labels neutrophils and 

neutrophil histone H2az2a (H2A) and has previously been used to determine swarming 

neutrophils release NET components (Isles et al., 2021). This line was used in conjunction 

with Mm Crimson to assess swarm formation in response to Mm infection (data not shown), 

but considerable fluorescence bleed-through issues caused by Mm massively complicated 

determination of NET formation, and further experimentation was suspended. Instead, 

knockdown of other NETosis mediators can be explored. NE is important in NADPH oxidase-

dependent NET release (Rosazza et al., 2020), and its inhibition with MeOSu-AAPV-CMK 

significantly reduced swarming prevalence in a zebrafish tailfin transection model (Isles et al., 

2021). MPX, called MPO in humans, inhibition in this model was achieved through CRISPR-

Cas9-mediated knockdown, but did not affect swarming prevalence (Isles et al., 2021). 

Nevertheless, this is still a target of interest as its inhibition or deficiency results in the 

abrogation of NET production during Candida albicans infection in human neutrophil cultures 

and mice (Guiducci et al., 2018; Metzler et al., 2011). Finally, DNase I treatment is used in 

mice and cell cultures to break down NETs (Ramos-Kichik et al., 2009; Veras et al., 2023), 

but DNase I treatment of zebrafish by submersion is toxic (Isles et al., 2021). In short, future 

research should explore NET inhibition through the mediators described above to fully 

examine the involvement of NET formation during neutrophil swarming to Mm in zebrafish. 

 

A limitation of the somite infection model to investigate neutrophil swarming that is evident in 

this chapter is the low statistical power resulting from low sample sizes. Many experiments 

performed here introduced up to 2 groups per experimental repeat, meaning the sample size 

per group was significantly reduced compared to the majority of experiments in Chapter 3. 

Additionally, swarming prevalence is around 50%, meaning the sample size is further reduced 

when examining swarm-specific parameters such as duration and area. Power calculations 

could not always be performed as the zebrafish somite infection swarming model and its 

mediation in response to Mm has not previously been described. Instead, post-hoc power 

calculations were done to assess power of the experiments. These calculations were done 

with the following formula: 2*7.9*(SD control group*SD control group)/(20% expected 

difference*20% expected difference). The swarm duration of the injury experiments in Figure 

4.4 F are used to serve as an example. The required sample size for 80% confidence is 135 

fish, calculated with an SD of 87.24 and 20% expected difference of 29.88. The sample sizes 

during these experiments were 53 and 65 for the groups individually, but only 18 swarms were 

present in control fish compared to 10 in CIRSPants. Statistical analyses involving swarm-
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specific parameters, like duration and area, therefore suffer additionally from limited sample 

sizes. 

 

This may be partially resolved by changing experimental procedures, but there are a variety 

of limiting factors in the experimental setup. Neutrophil swarming in response to Mm infection 

often commences within an hour after starting infections. In order to increase the likelihood of 

capturing all swarms during early infection, all experimental procedures must be finished within 

this hour. Increasing the sample size means increasing the time it takes to infect, mount, and 

prepare fish for imaging. It is unlikely that this process can be significantly improved without 

the addition of another person performing the methodology. Alternatively, the initiation of 

imaging could be pushed back if the experiment allows it, like in late swarming investigations. 

Unfortunately, the increased sample size resulting from these solutions means the time it takes 

for each to be imaged in a cycle is increased, which forces increasing the cycle time during 

time lapse imaging. Using the current hardware, transgenic neutrophil line, and fluorescent 

bacteria, a cycle time of 10 minutes guaranteed enough time to image about 24 fish in total. 

This would reduce the sample size per group to 6 if there were 4 groups present.  A possible 

solution to this problem would be to use better hardware with faster imaging speeds. 

Additionally, a brighter strain of Mm could significantly decrease the exposure time, as this 

fluorescent channel is responsible for the majority of the imaging time. The drug treatment 

experiments were performed with the low power of the neutrophil swarming time lapse 

experiments in mind and significantly increased the number of fish in each experiment, but 

they also reduced temporal resolution with a single time point. However, addition of a few 

extra time points with a 20-minute cycle time to these experiments may drastically improve 

accuracy of clustering neutrophils. Finally, increasing the prevalence of neutrophil swarming 

could significantly lower sample size requirements if investigating swarm-specific parameters. 

In the mouse ear dermis injury model, mice underwent skin trauma at 3 to 4 hours to recruit 

endogenous neutrophils to the dermal interstitium before focal laser injury and subsequent 

swarming assays (Lämmermann et al., 2013). Alternatively, exogenous neutrophils were 

injected into the ear dermis prior to swarming assays (Lämmermann et al., 2013). Both of 

these methods increase neutrophil presence close to the site used for the swarming, and 

prime the host for an optimal swarming response to subsequent laser injury (Lämmermann et 

al., 2013). In infection, neutrophils can be primed to enhance their functions, such as 

phagocytosis, chemotaxis, and granule release, during subsequent immune challenge 

(Miralda et al., 2017). One such priming agents is LPS, which has been used at low doses to 

prime neutrophils in a wide range of studies over the last few decades (Condliffe et al., 1998; 

Miralda et al., 2017). Treatment of zebrafish with Escherichia coli-derived LPS has been 

shown to be well-tolerated, as doses of 50 µg/ml and below did not kill zebrafish at 2 dpf 
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(Novoa et al., 2009). Low dose treatment of LPS may therefore prime neutrophils and 

subsequently potentiate the swarming response to Mm. In short, the current experimental 

procedures can be adapted to potentially improve sample sizes and, therefore, statistical 

power. 

 

In conclusion, this chapter shows the involvement of LTB4 in the neutrophil response to Mm 

infection in the somite infection model. These results further bolster the status of LTB4 as an 

important mediator in the swarming response and establish the zebrafish as a suitable model 

for investigation into swarming mediation by LTB4 and other signals. Future investigation into 

mediation of the swarming response should take into consideration the adaptations that can 

be made to the experimental setups to further increase their effectiveness.   
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5. Hif-1α stabilisation is protective against Mm and 

potentiates neutrophil swarming 

5.1. Introduction 

One of the main regulators of the hypoxia response, Hypoxia-Inducible Factor (HIF), is a 

transcription factor involved in the modulation of hundreds of genes (J. W. Lee et al., 2019) 

that target processes such as neutrophil survival and phagocytosis (Kling et al., 2021). The 

HIF transcription factor has 2 subunits called HIF-α and HIF-β that act as heterodimers, both 

of which are constitutively expressed (Masoud & Li, 2015). However, during normoxic 

conditions prolyl-4-hydroxylase (PHD) enzymes hydroxylate HIF-α, which targets HIF-α for 

proteasomal degradation (J. W. Lee et al., 2019). The activity of these PHD enzymes is 

suppressed during hypoxia, resulting in the stabilisation of HIF-α (J. W. Lee et al., 2019). It 

then translocates into the nucleus and bind to the HIF-β subunit to form a transcription complex 

(Vito et al., 2020). This complex then binds to co-activators and subsequent hypoxia 

responsive elements to affect activation of HIF target genes (Masoud & Li, 2015). 

 

HIF-1α, has been shown to be important for neutrophil function in inflammation (Tang et al., 

2023). Human peripheral blood neutrophils were shown to have increased survival in hypoxic 

conditions due to HIF-1α-dependent inhibition of apoptosis by NF-κB (Walmsley et al., 2005). 

Hypoxia was also shown to contribute to the phagocytosis of heat-inactivated streptococci by 

neutrophils (Walmsley et al., 2006). Increased phagocytosis was also seen in neutrophils from 

patients with VHL disease, a disease in which there are disruptions in a regulator of HIF-α 

proteasomal degradation (Walmsley et al., 2006). HIF-1α is essential for anaerobic generation 

of ATP, and HIF-1α deficiency has been shown to significantly impair myeloid functions such 

as aggregation, motility, and bacterial killing (Cramer et al., 2003). Such importance of HIF-1α 

signalling in neutrophils is clearly evidenced by studies examining HIF-1α in disease. Healthy 

human neutrophils and arthritic mouse neutrophils were shown to induce increased 

expression of macrophage migration inhibitory factor (MIF) and IL-23, which overexpression 

lead to arthritis (Nakamura et al., 2024). Inhibition of HIF-1α attenuated or prevented 

spondyloarthritis pathology in mice (Nakamura et al., 2024). In a mouse Aspergillus fumigatus 

infection model, knockout of myeloid Hif-1α significantly reduced granuloma size and 

increased fungal burden, which was associated with deficient neutrophil recruitment and 

survival (da Silva-Ferreira et al., 2022). Stabilisation of Hif-1α in zebrafish both 

pharmacologically and genetically decreased Mm bacterial burden in a systemic infection 

model in a process that was dependent on nitric oxide (Elks et al., 2013). Finally, HIF-1α 

stabilisation during Mm infection significantly increases IL-1β production, which was required 
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for the aforementioned host-protective effect of the HIF-1α NO response (Ogryzko et al., 

2019). These findings indicate manipulation of the HIF pathway can be used to potentiate 

neutrophil function and potentially aid the host in defending itself against pathogenic threats. 

 

Modulation of hypoxia signalling in zebrafish has previously been performed both 

pharmacologically and genetically (Elks et al., 2011, 2013). The drug dimethyloxalylglycine 

(DMOG) stabilises Hif-1α and can be used on zebrafish larvae via immersion (Elks et al., 

2011). Genetically, Hif-1α can be stabilised by microinjections at the one cell stage of hif-1α 

RNA that has undergone mutagenesis targeting its hydroxylation sites, resulting in a stable 

protein that cannot be targeted for hydroxylation (Elks et al., 2011). These methods have since 

been used in a number of studies to investigate the effect of Hif-1α stabilisation on a variety 

of neutrophilic behaviours, such as inflammation resolution (Elks et al., 2011; Schild et al., 

2020) and Mm bacterial clearance (Elks et al., 2013; Schild et al., 2020). Additionally, 

successful stabilisation of Hif-1α can be visualised with a transgenic zebrafish line that 

contains GFP-labelled PHD3, one of the PHD enzymes responsible for hydroxylation of Hif-

1α (Santhakumar et al., 2012). Visible GFP expression in the body of zebrafish larvae 

indicates the PHD3 enzyme is expressed in an effort to combat Hif-1α stabilisation, indicating 

pharmacological or genetic stabilisation of Hif-1α was successful (Santhakumar et al., 2012). 

 

5.1.1. Hypothesis and aims 

Stabilisation of Hif-1α has previously been shown to be host-protective in response to Mm 

infection in a zebrafish systemic infection model (Elks et al., 2013). It is unclear if this protective 

effect of Hif-1α stabilisation can be observed in the somite infection model that has been 

established in this thesis, and if this potential host-protective effect is dependent on neutrophil 

swarming.  

 

I hypothesise that Hif-1α stabilisation is protective against Mm by potentiating neutrophil 

swarming. 

 

To investigate this hypothesis, Hif-1α was stabilised both pharmacologically and genetically, 

and its effect on Mm bacterial burden and neutrophil swarming was observed. Knockdown of 

lta4h in conjunction with Hif-1α stabilisation was used to further examine the link between 

hypoxia pathway modulation and neutrophil swarming. This was done to address the following 

aims: 

 

- Examine if the host-protective effect of Hif-1α stabilisation is maintained in the somite 

infection model 
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- Investigate the effect of Hif-1α stabilisation on neutrophil swarming 

- Evaluate the effect of Hif-1α stabilisation on infection outcome 
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5.2. Materials and Methods 

5.2.1. Drug treatment 

For the bacterial burden experiments, injected larvae were transferred to a Costar 6-well plate 

(Corning) at 1 hpi. Each well contained 3 ml clear E3 with either 3 µl DMSO (Sigma-Aldrich) 

or 3 µl 100 µM DMOG (Enzo Life Sciences), depending on the experimental group. In 

experiments with FG-4592, fish were treated with a final concentration of 2.5 µM FG-4592 

(Selleckchem). Larvae were treated overnight and were transferred to clean petri dishes with 

clear E3 the morning after initiation of treatment. For time-lapse experiments, fish were pre-

treated with DMSO or DMOG at 4 hbi. Treatment continued immediately after infections until 

mounting. DMSO and DMOG were also added to the LMP agarose (Sigma-Aldrich) that was 

used to mount the fish, at the same final concentration as used during standard treatment. 

 

5.2.2. Genetic Hif-1α stabilisation 

Genetic stabilisation of Hif-1α was achieved by injecting PR or DA1 into the yolk of zebrafish 

eggs up to the 4 cell stage. DA1 (stock: ~4000 ng/µl) was diluted in 20 µl Phenol Red (1:10 

diluted in MiliQ, Sigma-Aldrich) for a final concentration of 50 ng/ml for injection. Combination 

of Hif-1α stabilisation with CRISPR-mediated knockdown of lta4h was done using 4 different 

mixes, as displayed in Table 5. 

 

Table 5 | Genetic Hif-1α stabilisation and lta4h knockdown mixes. 

Mix 1 Mix 2 Mix 3 Mix 4 

TRACR RNA, 1 µl TRACR RNA, 1 µl TRACR RNA, 1 µl TRACR RNA, 1 µl 

crRNA, 1 µl crRNA, 1 µl crRNA, 1 µl crRNA, 1 µl 

Cas9 Protein, 1 µl Cas9 Protein, 1 µl DEPC, 1 µl DEPC, 1 µl 

PR, 1 µl DA1 1 µl PR, 1 µl DA1 1 µl 
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5.3. Results 

5.3.1. Pharmacological stabilisation of Hif-1α is host-protective in the somite infection 

model 

Stabilisation of Hif-1α with the drug DMOG has previously been shown to be host-protective 

in a zebrafish systemic infection model, as it significantly decreased whole body bacterial 

burden compared to the DMSO control group (Elks et al., 2013). The somite infection model 

used throughout this thesis utilises a much smaller-scale infection and it was unclear if a host-

protective effect of Hif-1α stabilisation can be observed here as well. Therefore, fish were 

infected with Mm into the somite at 2 dpf (Figure 5.1 A). Infected fish were pooled, then split 

randomly into 2 groups treated with DMSO and DMOG overnight immediately after infection. 

They were imaged at 3 dpi and images (Figure 5.1 B) were analysed for bacterial burden. 

There was a significant reduction in bacterial burden after treatment with DMOG compared to 

DMSO (p = 0.0311), indicating Hif-1α stabilisation is host-protective in the somite infection 

model (Figure 5.1 C). However, the infections in these fish often grew substantially over the 

course of 3 days, resulting in big infections suggesting infection levels that could not be 

controlled by local leukocytes. The experiments were therefore repeated with at an earlier time 

point of 1 dpi to avoid extreme bacterial growth (Figure 5.2). 
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Figure 5.1 | Pharmacological Hif-1α stabilisation is host-protective in Mm somite 

infections at 3 dpi. A) Schematic overview of the experimental procedure. Fish were infected 

with Mm into the somite at 2 dpf. Infected fish were then pooled and immediately treated with 

DMSO or DMOG overnight. At 3 dpi, fish were imaged and these imaged were analysed for 

bacterial burden. B) Examples of infections found in DMSO- and DMOG-treated fish close to 

the mean in C. Scale bars are 200 µm. C) DMOG treatment significantly reduced Mm bacterial 

burden compared to DMSO treatment (p = 0.0311, unpaired t-test) at 3 dpi. Error bars are 

mean ± SEM, and N = 70 per group from 3 experimental repeats. 
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Fish were injected with Mm at 2 dpf and subsequently treated with DMSO or DMOG but were 

imaged at 1 dpi instead of 3 dpi (Figure 5.2 A). Images (Figure 5.2 B) were analysed for 

bacterial burden. At this time point, there was no significant reduction in bacterial burden after 

treatment with DMOG compared to DMSO (p = 0.1342) (Figure 5.2 C). Taken together, these 

results indicate that the host-protective effect of Hif-1α stabilisation found in systemic Mm 

infections can be observed in the somite infection model, but this effect is only substantial at 

a later time point.  

 

 

Figure 5.2 | Pharmacological Hif-1α stabilisation is host-protective in Mm somite 

infections at 24 hpi. A) Schematic overview of the experimental procedure. Fish were 

infected with Mm into the somite at 2 dpf. Infected fish were then pooled and immediately 

treated with DMSO or DMOG. At 24 hpi, fish were imaged and these imaged were analysed 

for bacterial burden. B) Examples of infections found in DMSO- and DMOG-treated fish close 
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to the mean in C. Scale bars are 200 µm. C) DMOG treatment did not reduce Mm bacterial 

burden compared to DMSO treatment (p = 0.1342, unpaired t-test) at 24 hpi. Error bars are 

mean ± SEM, and N = 52 per group from 3 experimental repeats. 
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5.3.2. Pharmacological stabilisation of Hif-1α does not affect neutrophil swarming in 

response to Mm infection 

Considering Hif-1α stabilisation with DMOG was host-protective in the somite infection model, 

it is possible that neutrophil swarming may be partially responsible for this. First, it was 

examined if DMOG treatment affects neutrophil swarming. Larvae were treated with DMOG 4 

hours before infection and were infected with Mm into the somite at 2 dpf (Figure 5.3 A). Time 

lapse imaging followed at 1 hpi and time lapse videos were analysed for neutrophil swarming. 

Swarms were present in both treatment groups (Figure 5.3 B) and there was no significant 

difference in swarming prevalence between the groups (p = 0.7994) (Figure 5.3 C). 

Additionally, there was no difference in swarming endpoints in DMOG-treated fish compared 

to DMSO-treated fish (p = 0.2197) (Figure 5.3 D). Finally, treatment did not affect swam 

durations of 13 DMSO swarms and 8 DMOG swarms that could be seen commencing and 

resolving within the time-lapses (p = 0.5567) (Figure 5.3 E). Taken together, these results 

indicate that DMOG treatment does not affect neutrophil swarming.  
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Figure 5.3 | Neutrophil swarming is not affected by pharmacological Hif-1α stabilisation. 

A) Timeline of the experimental procedures. At 4 hbi, fish were pre-treated with DMSO or 
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DMOG and were subsequently infected with Mm into the somite at 2 dpf. They were then 

imaged for 10 hours as of 1 hpi, and time lapse movies were analysed for neutrophil swarming. 

B) Examples of neutrophil swarms (white arrowheads) found in DMSO-treated fish and 

DMOG-treated fish. Scale bars are 50 µm. C) There was no significant difference in swarming 

prevalence between the DMOG group and DMSO group (p = 0.7994, Mann-Whitney test), 

with 22 and 21 swarms in these groups respectively. D) There was no significant difference in 

endpoints of neutrophil swarms found in DMSO- or DMOG-treated fish (p = 0.2197, Mann-

Whitney test). E) When only including neutrophil swarms that could be observed commencing 

and resolving within the time-lapses, there was no difference found in swarm durations 

between the DMSO group and the DMOG group (p = 0.5567). This included 13 swarms in the 

DMSO group and 8 swarms in the DMOG group. Error bars are mean ± SEM, and N = 31, 32 

accumulated from 3 repeats for the DMSO group and the DMOG group respectively. 
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5.3.3. DA1 achieves easily verifiable and reliable stabilisation of Hif-1α 

Injection of dominant active hif-1α (DA1) into the zebrafish yolk has previously been shown to 

stabilise Hif-1α, which decreased Mm bacterial burden in a systemic infection (Elks et al., 

2013). DA1 was first examined for its efficacy in achieving Hif-1α stabilisation so it could later 

be used to investigate its effect on neutrophil swarming. A Tg(phd3:GFP)i144 zebrafish line to 

validate Hif-1α stabilisation after DA1 injection as previously described (Santhakumar et al., 

2012). Mutation of proline hydroxylation sites of DA1 that are normally targeted by prolyl 

hydroxylases (PHDs) results in stabilisation of Hif-1α, as the PHD enzymes are unable to 

hydroxylate DA1 (Elks et al., 2011). Injection of DA1 will therefore lead to expression of 

phd3:GFP, which acts as a reporter of Hif-1α activity. Indeed, injection of DA1 into the yolk 

resulted in clear expression of phd3:GFP at 1 dpi, which indicates stabilisation of Hif-1α was 

successful (Figure 5.4 A). Of all DA1-injected, 12 fish showed no signs of GFP expression, 

comparable to uninjected fish, indicating a lack of Hif-1α stabilisation. Over 7 experiments, the 

success rate of Hif-1α stabilisation was 93.6%, which is equal to 175 out of 187 fish (Figure 

5.4 B). The lowest success rate in an individual experiment was 87.5% with the highest at 

100%. Taken together, these results show that injection of DA1 leads to highly efficient 

stabilisation of Hif-1α that is easily verifiable with microscopy. 

 

  



176 
 

 

Figure 5.4 | Stabilisation of Hif-1α with DA1 efficiently upregulated phd3:GFP. Hif-1α was 

stabilised by injecting dominant active hif-1α (DA1) into the yolk up until the 4 cell stage in 
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eggs of a phd3:GFP line. Fish were examined for GFP expression, which indicates successful 

Hif-1α stabilisation, at 1 dpi. A) Examples of uninjected, DA1-injected GFP-positive, and DA1-

injected GFP-negative fish. The middle panel shows clear GFP-expression that indicates Hif-

1α stabilisation (GFP+). This was clearly absent in uninjected fish and fish where DA1 did not 

successfully stabilise Hif-1α (GFP-). B) Efficiency of Hif-1α stabilisation induced by DA1 

injection over 7 separate experiments. The lowest percentage of GFP+ fish in a single 

experiment was 87.5%, with the highest at 100%. All experiments combined showed a 93.6% 

success rate in stabilising Hif-1α. N = 187 fish total. 
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5.3.4. Stabilisation of Hif-1α significantly increases swarming prevalence in response 

to localised Mm infection 

Stabilisation of the hypoxia mediator Hif-1α has previously been shown to increase neutrophil 

retention at both wound or infection sites (Schild et al., 2020). It also increased neutrophil life- 

spans and reduced their apoptosis in human neutrophil cell cultures (Walmsley et al., 2005). 

These findings suggest there may be a potential role of Hif-1α stabilisation in swarming 

mediation as well. To examine this, dominant hif-1α (DA1), dominant negative hif-1α (DN1), 

and a phenol red (PR) control were injected into the yolk before the 4-cell stage of zebrafish 

eggs (Figure 5.5 A). DN1 RNA is a truncated version of hif-1α that competitively inhibits hif-1α 

signalling  (Elks et al., 2011). Larvae were injected with Mm into the somite at 2 dpf and time 

lapse imaging followed shortly after from 1 hpi to 11 hpi. Time lapse movies were analysed for 

neutrophil swarming and neutrophil numbers within the infected somite over time. Stabilisation 

of Hif-1α significantly increased the prevalence of neutrophil swarming in response to Mm 

infection compared to the PR control (p = 0.0319) during the time lapse (Figure 5.5 B). There 

was no difference between the PR and DN1 groups (p = 0.2730), and the DA1 and DN1 groups 

(p = 0.2742). Stabilisation of Hif-1α did not affect swarm endpoints compared to the PR control 

(p = 0.9926) or the DN1 negative control (p = 0.4550) (Figure 5.5 C). There was also no 

difference between the PR group and the DN1 group (p = 0.5569). Swarm durations were not 

assessed due to the lack of swarms that started within the timeframe of the time-lapses. The 

increase in swarming prevalence after Hif-1α stabilisation suggests this may be due to 

increased neutrophil numbers within the somite, considering fish with swarms had increased 

neutrophil numbers within the somite as described in Chapter 3 (Figure 3.12). There was no 

significant increase in the number of neutrophils within the infected somite in the DA1 group 

compared to the PR control (p = 0.0533) and in the DN1 group compared to the PR control (p 

= 0.0583) over time (Figure 5.5 D). There was no difference between the DA1 and DN1 groups 

(p = 0.1571). Together, these results indicate that stabilisation of the hypoxia mediator Hif-1α 

increases neutrophil swarming prevalence, but swarm endpoints and neutrophil numbers 

within the somite remained unaffected. 
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Figure 5.5 | Genetic Hif-1α stabilisation significantly increased neutrophil swarming 

prevalence in response to localised Mm infection. A) Experimental overview. Zebrafish 

were injected into the yolk with phenol red (PR), dominant active hif-1α (DA1), or dominant 
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negative hif-1α (DN1) up until the 4-cell stage. The larvae were injected with Mm into the 

somite at 2 dpf and were imaged from 1 hpi until 11 hpi. Time lapse movies were analysed for 

neutrophil swarming and neutrophil counts within the somite over time in response to Mm 

infection. B) DA1 injection significantly increased swarming prevalence compared to the PR 

control (p = 0.0319). There was no difference in swarming prevalence between DN1-injected 

and PR-injected fish (p = 0.2730), and between the DN1-injected and DA-1 injected fish (p = 

0.2742). Statistics were performed on the percentages of fish with swarms observed per 

experiment using a one-way ANOVA. C) Endpoints of neutrophil swarms in response to Mm 

were not affected by Hif-1α stabilisation, as there was no significant difference between the 

groups (Mann-Whitney test). D) Neutrophil numbers within the somite over did not significantly 

differ between the DA1 group compared to the PR control (p = 0.0533), and in the DN1 group 

compared to the PR control (p = 0.0583). There was no difference in neutrophil numbers 

between the DA1 and DN1 groups (p = 0.1571). Statistics were performed with a repeated 

measures one-way ANOVA. N = 25 for the PR and DN1 groups, and 28 for the DA1 group 

from 3 experimental repeats. 
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5.3.5. Pharmacological Hif-1α stabilisation does not affect neutrophil numbers and 

bacterial burden 24 hpi 

Previously, it was shown that Hif-1α stabilisation increased retention of neutrophils at the site 

of a wound or infection at 4 hpw/hpi (Schild et al., 2020). Hif-1α stabilisation with DMOG was 

also shown to increase neutrophil numbers at the site of injury at 24 hpi in a zebrafish tailfin 

transection model (Elks et al., 2011). Endpoints of swarms of fish with pharmacological, but 

not genetic, stabilisation of Hif-1α showed a non-significant trend towards later swarming 

resolution. Additionally, neutrophils were still seen near Mm somite infections at 24 hpi in 

previous experiments (data not shown). This time point was therefore chosen to further 

investigate if Hif-1α stabilisation is associated with higher neutrophil numbers within the somite 

during the later neutrophil response to Mm. Fish were infected with Mm into the somite at 2 

dpf (Figure 5.6 A), and pooled infected fish were immediately treated with DMSO, DMOG, or 

FG4592, the latter of which also stabilises Hif-1α. Fish were imaged at 24 hpi and were 

analysed for neutrophil numbers within the somite and Mm bacterial burden. There was no 

significant difference in neutrophil numbers within the somite between any of the groups 

(Figure 5.6 B). There was also no significant difference in bacterial burden between the 

treatment groups (Figure 5.6 C). Taken together, this indicates that Hif-1α stabilisation with 

DMOG and FG4592 does not affect neutrophil numbers within the somite and bacterial burden 

at 24 hpi.  
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Figure 5.6 | Stabilisation of Hif-1α with DMOG and FG4592 does not affect neutrophil 

numbers within the somite and bacterial burden at 24hpi. A) Schematic overview of the 

experiment. Zebrafish were infected with Mm into the somite at 2 dpf. Infected fish were pooled 

and immediately treated with DMSO, DMOG, or FG4592. Imaging was performed at 24 hpi 

and images were analysed for neutrophil numbers within the somite and bacterial burden. B) 

Neutrophil numbers within the somite did not differ between any of the groups. C) There was 

no difference in Mm bacterial burden in any of the treatment groups. Error bars are mean ± 

SEM, and N = 35, 39, 43 in the DMSO, DMOG, and FG4592 group respectively. Statistics 

were performed with a Kruskal-Wallis test. 
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5.3.6. Neutrophil clustering does not affect Mm bacterial burden 

A more simplistic approach was used to investigate if neutrophil clustering affects Mm bacterial 

burden. This approach involved a clustering experiment, which allows for a bigger sample size 

as fish only need to be imaged at a single time point. The image acquisition process is also 

significantly shorter than during a time lapse experiment, which means the bacteria are in a 

28°C environment that is optimal for growth. Fish were infected with Mm into the somite at 2 

dpf and were imaged from 50 – 110 mpi to determine fish with neutrophil clusters (Figure 5.7 

A). Fish were split in a group without neutrophil clusters and a group with neutrophil clusters. 

These groups were imaged again at 1 dpi and images (Figure 5.7 B) were analysed for 

bacterial burden. There was no difference in bacterial burden in fish that showed neutrophil 

clustering compared to those that did not (p = 0.5918) (Figure 5.7 C). This indicates neutrophil 

clustering does not affect Mm bacterial burden. 

 

 

Figure 5.7 | Neutrophil clustering has no effect on Mm bacterial burden. A) Schematic 

overview of the experiment. Zebrafish were injected with Mm into the somite at 2 dpf. Fish 
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were imaged from 50 to 110 mpi to determine fish with neutrophil clustering. At 1 dpi, fish were 

imaged again and bacterial burden was calculated. B) Examples of infections seen in fish 

without clusters and with clusters around the means in C. Scale bars are 200 µm. C) There 

was no difference in bacterial burden found in fish with clusters compared to fish without 

clusters (p = 0.5918, Mann-Whitney test) at 1 dpi. Error bars are mean ± SEM, and N = 65, 

41 for the no cluster and cluster group respectively. 
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5.3.7. Hif-1α stabilisation and lta4h knockdown induce varying changes in Mm bacterial 

burden. 

Earlier, it was shown that Hif-1α stabilisation using DMOG was host-protective against Mm 

infection in the somite infection model. Stabilisation has also been shown to be host-protective 

in systemic Mm infections (Elks et al., 2013). To further investigate if this host-protective effect 

is dependent on lta4h signalling, and therefore potentially neutrophil swarming, zebrafish eggs 

were injected with combinations of PR, DA1, Cas9 Control, and the lta4h CRISPR (Figure 5.8 

A) into the yolk at the single cell stage. At 1 dpf, fish were infected systemically with Mm by 

injection into the caudal vein. Infected fish were imaged at 4 dpi and the images were analysed 

for bacterial burden. Unfortunately, the experimental repeats suffered from substantial 

variation, both in the effects of Hif-1α stabilisation and lta4h knockdown (KD) as well as overall 

infection level between repeats (Figure 5.8 B-F). Experimental repeats were not combined for 

statistical analysis due to this variability, and further experimentation was suspended.  
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Figure 5.8 | The effect of Hif-1α stabilisation and lta4h knockdown on Mm bacterial 

burden is highly variable. A) Timeline of the experiment. Fish were injected with 

combinations of PR, DA1 and Cas9 control, lta4h CRISPR into the yolk at the single cell stage. 

At 1 dpf, these fish were systemically infected with Mm into the caudal vein. Infected fish were 

imaged at 4 dpi and images were analysed for bacterial burden. B – F) Individual results of 5 

different repeats of the experiment. G) Merge of all experimental repeats. There was a 

significant reduction in bacterial burden in the Cas9 control+DA1 group compared to the Cas9 

control+PR group (p = 0.0176, Kruskal-Wallis test), and in the Cas9 control+DA1 group 

compared to the lta4h KD+PR group (p = 0.0059, Kruskal-Wallis test). There were no 

significant differences found between the other groups. N = 139-173 accumulated from 5 

experimental repeats. Error bars in B – G are mean ± SEM. 
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5.3.8. The host-protective effect of Hif-1α stabilisation was not linked to neutrophil 

swarming  

Since the host-protective effect of Hif-1α stabilisation at 3 dpi is maintained in the somite 

infection model, it was hypothesised that this effect was in part due to neutrophil swarming. 

While DMOG did not affect swarming prevalence or bacterial clearing at 1 dpi, it may affect 

the ability of swarming neutrophils to affect bacterial clearance, and comparing treated fish 

with swarms to those without swarms may answer these questions. To further examine these 

hypotheses, fish were treated with DMSO and DMOG 4 hours before infection and were 

subsequently infected with Mm into the somite (Figure 5.9 A). They were then imaged for 10 

hours from 1 hpi and the time lapse movies were analysed for neutrophil swarming. The next 

morning, the fish were put in an incubator at 28°C until 24 hpi, at which the fish were imaged 

again. Images of both 1 hpi and 24 hpi (Figure 5.9 B) were analysed for bacterial burden, and 

the difference between the 2 time points was calculated (Figure 5.9 C). Over the 24 hours of 

infection, bacterial burden appeared to increase over time, but there was no significant 

difference in growth between the DMOG-treated fish and DMSO-treated fish (p = 0.3553). 

Upon further inspection, the infection levels appeared to be remarkably low at 24hpi compared 

to experiments in Figure 5.2, suggesting that bacterial growth during imaging was slowed. To 

test this a few infected fish were left in the incubator while others were imaged. When imaging 

both these groups again at 24 hpi, fish left in the incubator appeared to have more developed 

infections and the fluorescence intensity appeared to be higher in general (Figure 5.9 D). 

Taken together, these data indicate that the conditions during image acquisition are not 

suitable for proper infection progression. Therefore, the current methods are not applicable to 

investigate the involvement of neutrophil swarming in the host-protective effect of Hif-1α 

stabilisation. 



189 
 

 

Figure 5.9 | Imaging conditions do not allow for optimal bacterial growth and prevent 

examination of the effect of neutrophil swarming on bacterial burden using the current 
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experimental approach. A) Experimental set-up. Zebrafish were treated with DMSO or 

DMOG 4 hours before infection and were injected with Mm into the somite at 2 dpf. Infected 

fish were imaged for 10 hours as of 1 hpi, and these movies were used to determine which 

fish contained neutrophil swarming events. After completion of the time lapse, on the next 

morning, fish were incubated at 28°C until further imaging at 24 hpi. These images were used 

to determine 24 hpi bacterial burden and were compared to burden at 1 hpi. B) Examples of 

Mm infections of a single DMSO group fish and a single DMOG group fish at 1 hpi and 24 hpi, 

close to the means in C. Scale bars are 100 µm C) Difference in the bacterial burden at 24 hpi 

compared to 1 hpi. There was no significant difference in the progression of bacterial burden 

from 1 hpi to 24 hpi between the DMSO group and the DMOG group (p = 0.3553, Mann-

Whitney test). D) Representative images of fish in the same experiment that were put in the 

incubator after injection until 24 hpi (left), or that were imaged under the microscope for a time 

lapse (right). The fish that had been imaged showed an overall decreased level of 

fluorescence intensity and stinted growth compared to the overall levels in fish that had been 

in the incubator (data not shown). Error bars are mean ± SEM, and N = 29, 28 for the DMSO 

and DMOG groups respectively. 
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5.4. Discussion 

Hypoxia signalling and its neutrophil-activating effect has been well-described in literature, 

such as increased neutrophil survival and increased phagocytic capabilities (Walmsley et al., 

2005, 2006). Stabilisation of one of the hypoxia regulators, Hif-1α, was shown to significantly 

boost neutrophil-mediated clearance of Mm in zebrafish (Elks et al., 2013). The current 

chapter explored whether Hif-1α affects bacterial clearance through the behaviour of 

neutrophil swarming. Pharmacological stabilisation of Hif-1α significantly decreased Mm 

bacterial burden in the somite model at 3 dpi, but not at 1 dpi. In contrast to genetic stabilisation 

with DA1, pharmacological Hif-1α stabilisation did not affect swarming prevalence. Swarming 

endpoints and durations were affected by neither pharmacological nor genetic stabilisation. 

Pharmacological stabilisation of Hif-1α with DMOG and FG4592 did not affect neutrophil 

numbers within the somite or Mm bacterial burden at 1 dpi. There was no effect of clusters on 

Mm bacterial burden. Further examination into the dependence of the protective effect of Hif-

1α stabilisation on neutrophil swarming was performed, but firm conclusions to these 

experiments could not be drawn due to issues with variability and disrupted Mm growth under 

prolonged imaging. 

 

Stabilisation of Hif-1α has previously been described to significantly decrease bacterial burden 

in a systemic infection in zebrafish in a NO-dependent manner (Elks et al., 2013). Considering 

neutrophils swarm in response to Mm, it was hypothesised that this host-protective effect is 

partially dependent on neutrophil swarming. Therefore, it first needed to be confirmed whether 

this host-protective effect of Hif-1α stabilisation could be detected on a smaller scale in a 

localised infection. Using DMOG, this host-protective effect was shown to be retained in the 

somite infection model, as Mm bacterial burden was decreased at 3 dpi, but not 1 dpi. This 

discrepancy between time points indicates that this protective effect is minor on the short term, 

but is increased to significance later during infection. It is unclear whether Hif-1α stabilisation 

decreases systemic Mm bacterial burden time points before 4 dpi, as this was not discussed 

in the previous study (Elks et al., 2013). Regardless, the host-protective effect of Hif-1α 

stabilisation on localised Mm was confirmed, which prompted further investigation into its 

effect on neutrophil swarming. 

 

During hypoxia, stabilisation of HIF-1α has been shown to increase neutrophil life-span 

through inhibition of neutrophil apoptosis in a NF-κB-dependent manner (Walmsley et al., 

2005). It also retains neutrophils at the site of the wound or infection in a comorbid zebrafish 

wounding and Mm infection model (Schild et al., 2020). It was theorised that manipulation of 

the hypoxia pathway may have an effect on neutrophil swarming due to its effects on 
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neutrophils during hypoxia. Stabilisation of Hif-1α through injection of dominant-active RNA, 

but not stabilisation through DMOG, significantly increased neutrophil swarming prevalence 

compared to the phenol red control. There was no effect on swarm endpoints or duration. 

Additionally, there was no difference in swarming prevalence after injection of dominant-

negative RNA compared to the Hif-1α stabilised group and the PR control. This DN1 RNA is 

a truncated version of Hif-1α and competitively blocks Hif-1α signalling (Elks et al., 2011). DN1 

injection blocked the effect of pharmacological Hif-1α stabilisation on neutrophil counts at a 

tailfin wound to numbers similar in DMSO-treated injured fish (Elks et al., 2011). The effect of 

DN1 on neutrophil swarming was therefore expected to be comparable to the effect of PR 

injection, but this was not the case. Over the span of many different experiments, Mm-infected 

fish in control treatment groups, which are expected to not be affected by their treatment, show 

a swarming prevalence of near 50% of fish with swarms. Injection with DN1 resulted in a 

swarming prevalence of slightly below 50%, which would not be unusual for a (negative) 

control group. Instead, the outlier in these experiments may be the PR-injected group, in which 

swarming was observed in about 25% of fish. Phenol red is frequently used as a vehicle for 

injection to allow for easy monitoring of injections (Houseright et al., 2020; Schoen et al., 2019; 

Zhang et al., 2017), and is not expected to have a biological effect. It stands to reason that the 

low swarming prevalence in the PR group may have been the result of an unlikely pattern of 

variation. Additionally, due to the low sample size, the impact of such unlikely variation can 

seriously impact the overall results in the group.  

 

If the DN1 group was selected as the more appropriate control, the conclusion of the 

experiment would shift to a lack of a statistically significant effect on neutrophil swarming by 

DA1 injection, which was also the result of the pharmacological Hif-1α stabilisation. The lack 

of statistical power in this experiment is again a problem here. However, there is evidence in 

literature that suggests there may indeed be a biological effect of Hif-1α stabilisation on 

neutrophil swarming involving neutrophil recruitment and retention. An increase in neutrophil 

recruitment facilitated by Hif-1α was previously described in an Aspergillus fumigatus mouse 

infection model (da Silva-Ferreira et al., 2022). Deletion of myeloid Hif-1α in mice significantly 

impaired neutrophil recruitment towards lungs infected with A. fumigatus at 3 dpi (da Silva-

Ferreira et al., 2022). In another mouse model at the earlier time point of 24 hpi, treatment 

with PHD-inhibitor ADK-4924, which stabilises HIF-1α, significantly enhanced neutrophil 

recruitment towards LPS skin injections (Leire et al., 2013). Additionally, Hif-1α increased 

neutrophil retention at the site of Mm infection in a comorbidity zebrafish model (Schild et al., 

2020). Pharmacological stabilisation with DMOG retained neutrophils at the site of the wound 

in a zebrafish tailfin injury model, and this delay in resolution of inflammation introduced by 

DMOG was blocked by DN1 injection (Elks et al., 2011). However, in the somite infection 
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model, neutrophil counts within the somite over time in response to Mm infection were not 

affected by genetic Hif-1α stabilisation, and neutrophil counts at 24 hpi were not affected by 

pharmacological Hif-1α stabilisation. Furthermore, injection of DA1 has been reported to have 

no effect on whole body neutrophil counts at 30 hpf and 120 hpf (Elks et al., 2013). In other 

models, a Streptococcus infection in HIF-1α-null mice did not appear to affect neutrophil 

recruitment towards the infection at 6, 12, and 24 hpi (Peyssonnaux et al., 2005). Similarly, 

treatment with HIF-1α agonist mimosine did not affect infiltrating neutrophil numbers in 

response to Staphylococcus aureus skin infection at 4 dpi (Zinkernagel et al., 2008). Together, 

this suggests changes in neutrophil recruitment or retention after Hif-1α stabilisation are not 

responsible for the decrease in burden. 

 

The host-protective effect of Hif-1α stabilisation may instead be a result of boosted neutrophil 

function. In zebrafish, nitrotyrosine, a marker for NO production, was significantly upregulated 

in neutrophils after Hif-1α stabilisation. Morpholino inhibition of inducible nitric oxide synthase 

(iNOS) significantly decreased NO-production in these neutrophils, and both pharmacological 

and genetic inhibition iNOS abrogated the host-protective effect of Hif-1α stabilisation on 

systemic Mm bacterial burden at 4 dpi (Elks et al., 2013). A follow-up study showed that 

nitrotyrosine was further significantly upregulated after systemic infection with heat-killed Mm 

in fish with DA1-mediated Hif-1α stabilisation at 1 dpi (Elks et al., 2014). Interestingly, this 

additional effect was abolished when live Mm was injected, indicating Mm may actively 

counteract NO production (Elks et al., 2014). DA1-induced NO production also appears to be 

partially il-1β dependent, as morpholino inhibition attenuated nitrotyrosine levels in a mock 

injection (Ogryzko et al., 2019). An il-1β knockout line and morpholino inhibition completely 

attenuates the host-protective effect of Hif-1α stabilisation on Mm bacterial burden (Ogryzko 

et al., 2019). However, nitrotyrosine levels of DA1-injected fish were significantly reduced after 

Mm injection compared to PVP injection, further indicating Mm reduces NO production 

(Ogryzko et al., 2019). Considering Hif-1α stabilisation is protective during Mm infection, yet 

Mm actively inhibits NO production, the authors suggest the protective effect results from pre-

infection Hif-1α stabilisation (Ogryzko et al., 2019). This essentially primes the immune system 

by upregulating IL-1β and, subsequently, NO, which primes the immune system to better fight 

infection when it occurs (Ogryzko et al., 2019).  

 

Other neutrophil processes may also be involved in Hif-1α-mediated killing of Mm. Cell 

cultures with neutrophils from patients with a disease that causes inactivation of VHL showed 

increased phagocytosis of Streptococcus pneumoniae compared to neutrophils from healthy 

volunteers, and matching that of healthy neutrophils in hypoxic conditions (Walmsley et al., 

2006). Expression of PHD3 was upregulated in VHL-deficient neutrophils, suggesting activity 
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of HIF-1α (Walmsley et al., 2006). Neutrophils may even potentiate phagocytosis by driving 

HIF-1α activation themselves, through a mechanism involving mitochondrial  ROS (mROS) 

(Willson et al., 2022). Neutrophils from healthy volunteers showed increased mROS 

production during hypoxia compared to normoxic conditions in cell cultures, and inhibition of 

mROS significantly reduced expression of HIF-1α during hypoxia (Willson et al., 2022). 

Inhibition of the glycerol 3-phosphate pathway, which links glycolysis to mROS release, 

significantly reduced both mROS and HIF-1α expression, and abrogated phagocytosis of HK 

Staphylococcus aureus (Willson et al., 2022). It has been suggested that mROS stabilises HIF 

by directly targeting PHD enzymes, but mROS did not regulate these enzymes in human cell 

cultures, and was not required for stabilisation of HIF-1α (Chua et al., 2010). Similarly, HIF-1α 

stabilisation in human neuroblastoma cells during hypoxia was not affected by antioxidant-

mediated ROS reductions in cell cultures (Kumar et al., 2021). Evidently, the role of ROS in 

HIF-1α stabilisation, and therefore phagocytosis, remains unclear. Nevertheless, there are 

clear reports that HIF-1α potentiates neutrophil phagocytosis and killing of pathogens. 

Phagocytosis of zymosan particles was significantly increased in human whole blood exposed 

to systemic hypoxia (Fritzenwanger et al., 2011). Phagocytosis of heat-killed Staphylococcus 

aureus by human neutrophils in cell cultures was also upregulated in hypoxic conditions 

compared to normoxia (Willson et al., 2022). In contrast, Hif-1α-deficient neutrophils were not 

hampered in their ability to phagocytose Aspergillus fumigatus conidia in mouse cell cultures 

(Shepardson et al., 2014). Regardless of these findings, it is unclear if phagocytosis of Mm by 

neutrophils would result in bacterial killing as the efficacy of neutrophils in killing Mtb through 

phagocytosis is controversial and has been shown to at times be ineffective (Hilda et al., 

2020). Instead, efferocytosis of infected immune cells by other immune cells may play a role, 

but this has already been discussed in the Discussion of Chapter 3. 

 

Other processes affected by Hif-1α stabilisation are neutrophil degranulation and NET 

formation (Lodge et al., 2020). HIF-1α stabilisation with DMOG significantly increased 

secretion of granule components MMP8 and MMP-9 in human cell cultures (Ong et al., 2018). 

Additionally, inhibition of Hif-1α significantly decreased NET formation in a human neutrophils 

stimulated with LPS (McInturff et al., 2012). However, NET formation is severely hampered 

under hypoxic conditions, even when stimulation is involved, suggesting that HIF-1α can only 

be harnessed for its NETotic effect in normoxic conditions (McGettrick & O’Neill, 2020). The 

granule populations of neutrophil elastase, myeloperoxidase, lactoferin, and MMP-9 were 

significantly increasingly released in neutrophil cultures after stimulation with GM-CSF and 

fMLP in hypoxic conditions compared to normoxia (Hoenderdos et al., 2016). However, this 

did not appear to be the case after treatment with DMOG, indicating this process was HIF-

independent (Hoenderdos et al., 2016). Granules have been shown to be effective in killing 
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Mtb (Jena et al., 2012; Tan et al., 2006). A study with human neutrophils uncovered a 

significant reduction in Mtb bacterial burden after incubation with a subset of neutrophil 

granules (Jena et al., 2012). Interestingly, macrophages with phagocytosed Mycobacterium 

smegmatis could internalise these granules into their phagosomes, which further aided 

bacterial killing (Jena et al., 2012). Similarly, another study with human neutrophils and 

macrophages found phagocytosis of apoptotic neutrophils by macrophages infected with Mm 

resulted in delivery of neutrophil granules to the phagosome, which coincided with increased 

bacterial killing (Tan et al., 2006). NETs, however, play a controversial role in Mtb disease 

progression. NETs may capture bacteria but they do not appear to result in the killing of Mtb 

(Cavalcante-Silva et al., 2023). Macrophages may again benefit from NET release through 

NET-mediated induction of cytokine release and internalisation of NET peptides that may 

assist in killing of Mtb (Cavalcante-Silva et al., 2023). In short, HIF-1α affects a wide range of 

processes that can be beneficial in fighting Mm infection, and many of which may be involved 

in the swarming response. However, it still remained unclear if swarming was instrumental in 

their exertion of the protective effect of HIF-1α stabilisation. 

 

Hif-1α stabilisation could be involved in neutrophil directional migration towards the swarm or 

neutrophil aggregation, perhaps through interaction with LTB4 signalling. Expression of 5-

lipoxygenase activating protein, important in LTB4 formation, was significantly increased in 

response to HIF-1α stabilisation in human cell cultures (Gonsalves & Kalra, 2010). 

Furthermore, this increase was completely abrogated by HIF-1α inhibition (Gonsalves & Kalra, 

2010), implicating HIF-1α signalling in regulation of LTB4 expression. Furthermore, HIF-1α-

depleted mice showed a significant reduction in LTB4 release after challenge with Aspergillus 

fumigatus (Caffrey-Carr et al., 2018). Production of LTB4 was also decreased in isolated 

mouse adipocytes with HIF-1α knockout (Y. S. Lee et al., 2014). Recruitment of relatively 

distant neutrophils towards swarms at the site of injury in a mouse ear dermis injury model 

was significantly impaired after Ltb4r1 knockout (Lämmermann et al., 2013). These relatively 

far distances appear to be around 100 µm and higher from the wound (Lämmermann et al., 

2013), but it is unclear how this translates into a zebrafish model. Regardless, this suggests 

that HIF-1α may increase directional migration towards the neutrophil swarm by inducing LTB4 

expression. In addition, LTB4 has been found to be involved in neutrophil aggregation (Song 

et al., 2020). Inhibition of 5-lipoxygenase and BLT1 significantly decreased neutrophil 

aggregation in mouse cell cultures, as it introduced a significant reduction in the number of 

neutrophil clusters per square millimetre compared to controls (Song et al., 2020). In mouse 

cell cultures,  HIF-1α null mouse macrophages showed complete inhibition of self-aggregation 

compared to wildtype macrophages, which the authors implied to function similarly for 

neutrophils (Cramer et al., 2003). Considering LTB4 inhibition and Hif-1α stabilisation 
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individually did not affect neutrophil numbers within the infected somite in the Mm somite 

infection model, Hif-1α stabilisation may have increased swarming prevalence through LTB4-

induced neutrophil aggregation. In conclusion, Hif-1α signalling may directly affect neutrophil 

aggregation, or may induce neutrophil aggregation and directional migration towards the 

swarm by mediating LTB4 signalling, resulting in increased swarming prevalence in Hif-1α-

stabilised fish. 

 

Considering the host-protective effect of Hif-1α stabilisation on Mm bacterial burden (Elks et 

al., 2013), the involvement of HIF-1α signalling in LTB4 signalling (Caffrey-Carr et al., 2018; 

Gonsalves & Kalra, 2010; Y. S. Lee et al., 2014), and the observed increase in swarming 

prevalence after Hif-1α stabilisation, multiple experimental setups were dedicated to further 

investigating if neutrophil swarming is protective. Unfortunately, there have been no reports 

discussing the effect of neutrophil clustering or swarming on Mtb or Mm infection, but it has 

been discussed in another zebrafish infection model. Clearance of Pseudomonas aeruginosa 

at a wound site near the CHT in zebrafish was previously described to rapidly ensue upon 

initiation of neutrophil clustering, with a peak in bacterial fluorescence intensity occurring within 

the first 20 minutes post wounding (Poplimont et al., 2020). There were 3 different set-ups 

dedicated to examine such an effect of neutrophil clustering and swarming on Mm bacterial 

burden. The first investigated bacterial burden outcome in the context of neutrophil clustering. 

Neutrophil clusters were determined shortly after infection and fish were divided in groups with 

and without clustering events. Neutrophil clustering was not found to affect bacterial burden. 

The second included calculating the difference in bacterial burden between 24 hpi and 1 hpi 

for each fish individually, and separating fish into groups with and without swarming events. 

Time lapse imaging was required to assess swarming occurrence in each fish and was done 

overnight. This meant fish were in suboptimal growth conditions for Mm, which has an optimal 

growth temperature of 30°C (Aubry et al., 2017), for the majority of the 24 hours post infection. 

Consequently, bacteria showed markedly reduced growth in fish that had been used for time 

lapse imaging compared to those that resided in the incubator from 1 hpi to 24 hpi. The results 

were therefore deemed untrustworthy. In the final experiment, the effect of simultaneous lta4h 

inhibition and Hif-1α stabilisation was examined to explore if DA1 exerts its host-protective 

effect on Mm bacterial burden through signalling of LTB4. As mentioned above, LTB4 

signalling has been shown to be affected by Hif-1α in mice (Gonsalves & Kalra, 2010). 

Unfortunately, this experiment suffered from large variability and conclusions remained open-

ended. 

 

Unfortunately, there was no further available time in this project to explore changes in the 

aforementioned experiments that could lead to more robust conclusions. In the future, a 
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microscope with temperature chamber can be used during imaging to maintain the zebrafish 

at a constant temperature of 28°C, which is the incubation temperature for zebrafish and Mm 

used in this thesis. This may solve the growth issues experienced during microscopy, as Mm 

grows optimally at temperatures surrounding 30°C (Aubry et al., 2017). Furthermore, 

temperature has effects on neutrophils as well, as neutrophil migration speed in cell cultures 

was increased at increased temperatures between 30°C and 42°C (Khachaturyan et al., 

2022). Neutrophil NET formation in cell cultures was also increased at 40°C compared to 

35°C, 37°C, and 42°C in response to both infectious and sterile stimuli, and phagocytosis of 

Staphylococcus aureus and Escherichia coli by neutrophils increased significantly at 40°C and 

42°C compared to lower temperatures (Janko et al., 2023). A temperature chamber may 

therefore not only resolve issues with bacterial growth, it may also boost neutrophil function, 

such as migration. Swarming prevalence may therefore also be increased, which would 

alleviate sample size issues. 

 

NO production in neutrophil swarms is another area of interest, particularly NO production in 

swarming neutrophils. Hif-1α stabilisation primes neutrophils by inducing IL-1β and 

subsequent NO production pre-infection (Ogryzko et al., 2019), allowing them to significantly 

reduce systemic Mm infection in an iNOS and NO-dependent manner (Elks et al., 2013). 

Furthermore, NO mediates neutrophil recruitment (Benjamim et al., 2000; Saini & Singh, 

2019), implicating it in neutrophil swarming. LTB4 installation into the nasal cavity of dogs 

initiated recruitment of neutrophils, which was abrogated upon inhibition of NO production 

(Cardell et al., 2008). In cell cultures, stimulation of neutrophils with LTB4 induced production 

of NO in a concentration-dependent manner (Lärfars et al., 1999). This further suggests NO 

may play a role in neutrophil swarming. NO production can be visualised by anti-nitrotyrosine 

staining (Elks et al., 2013; Ogryzko et al., 2019), but this involves fixating, and therefore killing, 

of the zebrafish embryos. Instead, diaminofluorophore 4-amino-5-methylamino-2′-7′-

difluorofluorescein diacetate (DAF-FM-DA) can be used to visualise NO in live zebrafish, and 

merely requires submersion and subsequent washing in E3 for administration (Lepiller et al., 

2007). Unfortunately, labelling with DAF-FM-DA inhabits the same excitation and emission 

wavelengths as mpx:GFP (Lepiller et al., 2007), requiring a different fluorophore for neutrophil 

labelling. Use of an Tg(mpx:mCherry) line (Davis et al., 2016) and Mm Crimson circumvents 

this issue. These methodological advances paired with stabilisation of Hif-1α, either 

pharmacologically or genetically, could further elucidate the role of Hif-1α and NO during 

swarming, and how these 2 players are interlinked in the swarming response. 

 

To conclude, this chapter shows the potential of Hif-1α modulation for application within the 

Mm somite infection model characterised in this thesis. In this model, Hif-1α stabilisation is 
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host-protective and increased swarming prevalence after genetic stabilisation. It was also 

shown how this model may be used to investigate the effect of different potential swarming 

mediators in tandem through co-injection. Unfortunately, a number of experiments were 

inconclusive due to unforeseen circumstances, but clear suggestions have been made for 

future research to re-evaluate these findings. With the groundwork provided in this chapter, 

further investigation could elucidate how Hif-1α stabilisation exerts its protective effect against 

Mm infection, and how it might possibly interact with neutrophil swarming. 
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6. General Discussion 

In this thesis I used the zebrafish model to investigate neutrophil swarming in response to 

localised Mm infection, and examined how modulation of potential swarming mediators 

affected this process. Neutrophils are the first line of defence against pathogens and are 

crucial to the killing of such invaders by the immune system, but their uncontrolled activation 

is associated with disease pathogenesis during later stages (Gaffney et al., 2022). The high 

incidence of drug resistance in TB warrants the search for other treatment avenues (Dartois 

& Rubin, 2022), one of which is targeting the host instead of the bacterium. Neutrophils are 

instrumental in host-defence against bacteria, fungi (Segal, 2005), and viruses (Ma et al., 

2021). These cells have been shown to reduce the level of infection of a variety of pathogens, 

including but not limited to: Pseudomonas aeruginosa (Kienle et al., 2021; Poplimont et al., 

2020), Candida albicans (Hopke et al., 2020), and Staphylococcus aureus (Payne et al., 

2021). Neutrophils can be manipulated for therapeutic benefit, as stabilisation of the hypoxia 

regulator Hif-1α in zebrafish increases neutrophil production and, thereby, reduces Mm 

bacterial burden during early infection (Elks et al., 2013). However, it remains unclear if 

neutrophil swarming is involved in the host-defence against mycobacterial infection and if the 

protective effect of Hif-1α stabilisation is dependent on this neutrophil behaviour. Therefore, I 

set up a model that can be used to reliably and reproducibly initiate and visualise neutrophil 

swarming in response to Mm infection, and combined this model with genetic and 

pharmacological means of targeting signalling cascades to examine their involvement in the 

swarming process. This model might well be suitable to investigate swarming in response to 

other infections as well. 

 

First, neutrophil swarming to Mm had to be characterised to understand how the process 

unfolds without any intervention of, for instance, inhibitory drugs. This understanding of the 

swarming response will also be vital to identify any possible treatment avenues. Following Mm 

injection into the somite of zebrafish, neutrophil numbers within the infected somite 

significantly increased compared to mock injections. Neutrophil swarming rapidly occurred 

within 60 mpi in 50% of fish, and swarms lasted over 4 hours on average. This may mark the 

first thorough investigation into neutrophil swarming in response to mycobacterial infections, 

as similar studies were not found in literature. In addition to swarming to sterile injury in mice 

and zebrafish (Isles et al., 2021; Lämmermann et al., 2013; Poplimont et al., 2020), neutrophils 

have also been shown to swarm to Pseudomonas aeruginosa in mice (Kienle et al., 2021) and 

a zebrafish wound/infection comorbidity model (Poplimont et al., 2020), Candida albicans on 

microarrays (Hopke et al., 2020) and in mice (E. K. S. Lee et al., 2018), Staphylococcus aureus 
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in mice (Kamenyeva et al., 2015) and zebrafish (Isles et al., 2021), and Cryptococcus 

neoformans in mouse cell culture (D. Sun & Shi, 2016). In these studies, neutrophil swarming 

was found to aid clearance of P. aeruginosa in mice (Kienle et al., 2021) and zebrafish 

(Poplimont et al., 2020), and C. albicans, but only on microarrays (Hopke et al., 2020). In mice, 

LTB4 was not required to effectively clear C. albicans infection, and LTB4-induced neutrophil 

swarming was associated with pulmonary haemorrhage and worse disease outcomes (E. K. 

S. Lee et al., 2018). Neutrophil swarming therefore does not appear to solely be protective 

against infections, and it is unclear how this process affects TB disease progression. 

Investigating these questions cannot be ethically done in humans, and therefore first requires 

studies using model organisms, such as the zebrafish, with similarities in, for instance, the 

innate immune system to further examine potential therapies that could later be applied to 

humans. 

 

The role of neutrophils in TB infections is controversial, as they may be host-protective in early 

infection but then contribute to pathology during late stage TB (Gaffney et al., 2022). 

Macrophages, either alveolar or monocyte-derived, are considered to be the main intracellular 

niche of Mtb (Lai et al., 2024). However, neutrophils have been shown to be involved in Mtb 

bacterial killing directly (Elks et al., 2013; Hu et al., 2017; Kisich et al., 2002; C.-T. Yang et al., 

2012) and indirectly through interaction with other immune cells (Andersson et al., 2020; Tan 

et al., 2006). This can result in a protective effect in early infection, which is exemplified by rat 

experiments in which neutrophilia was reduced Mtb bacterial burden when induced during 

early infection, but not when induced 10 days after infection (Sugawara et al., 2004). Another 

convincing case of evidence comes from zebrafish, in which pharmacological and genetic 

stabilisation of Hif-1α significantly reduced systemic Mm bacterial burden by upregulating 

neutrophil NO production (Elks et al., 2013). This protective effect was still detectable on a 

smaller scale in the somite infection model established in this thesis, and Hif-1α stabilisation 

increased swarming prevalence compared to a PR control. It was therefore hypothesised that 

Hif-1α stabilisation partially exerts its host-protective effect by boosting neutrophil swarming. 

Unfortunately, this could not be confirmed due to bacterial growth issues during time lapse 

imaging and Mm culture issues in a Hif-1 stabilisation and lta4h inhibition combination 

experiment. This could be solved in future work by using a microscope with a temperature-

controlled sample chamber. However, knockdown of Lta4h significantly increased Mm 

bacterial burden compared to the control at 24 hpi. LTB4 signalling is vital to the formation of 

a proper swarming response by recruiting relatively distant neutrophils to the site of challenge 

(Lämmermann et al., 2013), which was shown to be conserved in zebrafish (Isles et al., 2021). 

Previous work has shown that inhibition of Lta4h with bestatin significantly increased Mm 

bacterial burden in a systemic infection (Tobin et al., 2010). This suggests that neutrophil 
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swarming may be host-protective in an lta4h-dependent manner. Such a protective effect of 

LTB4 signalling has been described in mice, in which knockout of 5-lipoxygenase (5-LO) 

attenuated LTB4 production and significantly increased Mtb bacterial burden within the lungs 

(Peres et al., 2007). However, this is in exact opposition of another mouse study, in which 

knockout of 5-LO increased mouse survival (Bafica et al., 2005). This host-destructive effect 

of LTB4 during Mtb infection, and during infection with its close relative Mm, has also been 

described in other studies (Sorgi et al., 2020; Tobin et al., 2013). The exacerbation of infection 

after lta4h knockdown may therefore indicate that LTB4 signalling is protective during early 

infection. Taken together, these findings suggest that neutrophil swarming is likely to be 

protective against Mm infection, but further research will have to be done to investigate if the 

presence of swarms is host-protective and if the host-protective effect of Hif-1α stabilisation is 

dependent on neutrophil swarming. One way to examine this is combining stabilisation of Hif-

1α with knockdown of lta4h during Mm infection and imaging the fish in a temperature-

controlled chamber and investigating the reduction in bacterial burden over time between fish 

without swarms and fish with swarms. 

 

Neutrophil swarming is a complicated process with a wide range of signals that play a role at 

different stages of infection (Lämmermann et al., 2013), but it is unclear how modulation of 

these signals affect the swarming response. CXCR2, CXCR4, and NET formation were 

inhibited to investigate their potential roles in neutrophil swarming. Signalling of the well-

established swarming mediator LTB4 was also inhibited (Lämmermann et al., 2013). In this 

thesis, the lack of effect of lta4h, but not CXCR2, on neutrophil swarming and numbers may 

indicate that CXCR2 is more involved in the initial recruitment towards the infection than lta4h. 

Interestingly, such a disruption of the initial neutrophil recruitment after Cxcr2 knockout was 

not seen in a mouse injury swarming model (Lämmermann et al., 2013), meaning there may 

be a difference in neutrophil recruitment signals towards Mm infection compared to a sterile 

wound, or that there is a difference between neutrophil recruitment in zebrafish compared to 

mice. The latter may depend on a difference in CXCR2 signalling between zebrafish and mice, 

as the gene for CXCL2, the main CXCR2 ligand in humans, is only present in zebrafish and 

not in mice (Zuñiga-Traslaviña et al., 2017). The lack of apparent lta4h involvement in 

swarming may further be explained by the distance of the infection from the CHT, as sites of 

challenge away from the CHT generally elicit later responses than those close to the CHT 

(Coombs et al., 2019). LTB4 signalling was shown to be crucial in the recruitment of 

neutrophils at 200-300 µm distance from the swarm centre in a mouse injury model, while 

recruitment of relatively close neutrophils was unaffected (Lämmermann et al., 2013). The 

distance of the neutrophil swarms from the CHT in the somite infection model ranges from 

200-500 µm, which is equal to- or greater than in the aforementioned study. The signalling 
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range of neutrophil recruiters other than LTB4 may be higher in zebrafish than in mice, which 

might make LTB4 signalling at these distances redundant. Similarly, neutrophil recruitment as 

a consequence of NET release may be redundant in this model as well, even though inhibition 

of NET formation and NET-component NE significantly decreased swarming prevalence in a 

zebrafish tailfin injury model (Isles et al., 2021). This could explain the lack of effect on 

swarming prevalence and neutrophil counts within the infected somite at 100 mpi after 

inhibition of NET formation. Finally, CXCR4 inhibition also did not affect these parameters, 

which could be a consequence of the time of imaging. CXCR4 inhibition was shown to 

increase inflammation resolution in a zebrafish tailfin injury model (Isles et al., 2019). 

Neutrophil numbers and swarming prevalence were assessed at 100 mpi, which is 

considerably earlier than the average swarm resolution time of 257 mpi observed in Chapter 

3 (Figure 3.11), meaning the time point of 100 mpi may be too early to observe an effect of 

CXCR4 knockdown. The unresolved questions outlined in this paragraph can be addressed 

in future work by adapting the experimental procedures, which is discussed below. This work 

also shows the versatile application of the somite infection model and how it can be used to 

study neutrophil swarming. 

 

How does the zebrafish somite infection model compare to the more conventional mouse 

model? Investigation into the neutrophil swarming response has been spear-headed and 

primarily conducted in mice (Lämmermann et al., 2013), but use of the zebrafish has become 

recognised as a useful adjunct in studying this neutrophil behaviour (Song et al., 2023). For 

example, zebrafish studies have shown involvement of LTB4 signalling (Isles et al., 2021), 

calcium signalling (Poplimont et al., 2020), and CXCR1 and CXCR2 signalling (Coombs et al., 

2019). The model described in this thesis utilised a localised infection and imaging-based 

quantification to characterise the neutrophil swarming response in zebrafish. Similar 

visualisation of the swarming response in other models, like the mouse, require difficult 

imaging methods and likely the use of endogenous neutrophil injections (Stackowicz et al., 

2020), which may have additional, unwanted effects on the swarming response to, for 

example, a laser-induced wound by introducing further damage signals created by injections. 

Additionally, the number of injected neutrophils does not necessarily reflect a natural 

neutrophil response. These injected neutrophils may be more plentiful than the numbers seen 

in a natural response, thereby inflating the observed swarming response compared to realistic 

scenarios. The zebrafish avoids this problem with the use of transgenic lines, in this case 

particularly the Tg(mpx:GFP)i144 line (Renshaw et al., 2006), which allow for visualisation of 

endogenous neutrophils. However, the number of circulating neutrophils in zebrafish is 

considerable lower than in mice and humans, with up to 115 cells per larva at 2 dpf in zebrafish 

(Isles et al., 2019), and billions in mice (Strydom & Rankin, 2013) and humans (Mayadas et 
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al., 2014). The well-known study by Lämmermann and colleagues injected upwards of 300 

neutrophils for the swarming experiments (Lämmermann et al., 2013), further exacerbating 

the neutrophil count difference between the two animal models. The zebrafish may therefore 

be more representative of a naturally occurring swarming response compared to the mouse. 

The difference is well-illustrated by the number of neutrophils found within injected zebrafish 

somites, that averaged below 20, compared to a markedly larger number of injected swarming 

neutrophils in response to a mouse ear dermis wound (Lämmermann et al., 2013). The 

relatively low number of neutrophils in the zebrafish results in smaller swarms and increases 

the possibility of false positives, but this issue was tackled by introducing a minimum time for 

co-localising neutrophils to be designated as swarming. Work in the zebrafish has also well-

described a significant host-protective effect of Hif-1α stabilisation during early Mm infection 

(Elks et al., 2013), which has not been established in the mouse. Furthermore, none of the 

work performed in this thesis used animals protected by the ASPA, whereas similar work in 

mice would be classified under the use of protected animals (Home Office, n.d.). This also 

means that confirmation of Hif-1α stabilisation in the zebrafish using the Tg(phd3:GFP)i144 

line (Santhakumar et al., 2012) for individual experiments is permitted. In contrast, such 

confirmation in mice, which are protected from birth (Home Office, n.d.), would result in use of 

protected animals, even though methods of confirmation, like transgenic lines (Safran et al., 

2006) or injection of chimeric reporter neutrophils (Moroz et al., 2009), are available. In 

summary, the zebrafish model is a valuable addition to mice models for the studying of 

neutrophil swarming, and the somite infection model is a reliable instigator of neutrophil 

swarming that can be altered to study swarming dynamics in vivo. 

 

6.1. Potential avenues for treatment of TB through mediation of 

neutrophil swarming 

With the rise of drug resistance in TB (Dartois & Rubin, 2022), targeting the host immune 

response may present new treatment avenues for TB. More specifically, targeting neutrophil 

swarming and its mediators may improve disease outcomes. However, it will be important to 

tailor such advances to the stage of TB disease in the patient, as neutrophils play markedly 

different roles in early and late stage TB (Gaffney et al., 2022). In early infection, neutrophils 

have been described to aid in Mtb (Hu et al., 2017; Sugawara et al., 2004) and Mm bacterial 

killing (Elks et al., 2013). Hif-1α stabilisation increased swarming prevalence in the somite 

infection model, and may therefore exert its protective effect by potentiating the swarming 

response. HIF-1α has been shown to be crucial to Mtb infection control in mice, as HIF-1α 

knockout mice succumbed to infection months before wildtype mice (Braverman et al., 2016). 

A common clinical approach to HIF stabilisation is through the inhibition of prolyl hydroxylases, 
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which target HIF for proteasomal degradation by hydroxylation of HIF-α (Miao et al., 2022). 

One of these PHD inhibitors is roxadustat, which was approved for treatment of anaemia 

patients receiving dialysis in 2018, and for treatment of anaemia during chronic kidney disease 

in 2019 (Zhu et al., 2022). Since then, other drugs targeting PHD enzymes have either passed 

clinical trials or are currently undergoing clinical trials, including daprodustat, vadadustat, 

molidustat, and enarodustat (Miao et al., 2022). Molidustat has been used in a mouse study, 

showing that treatment with the drug reduced Mtb proliferation within human macrophages 

(Zenk et al., 2021). However, this exemplifies that HIF stabilisation may not exert a protective 

effect through neutrophil swarming. HIF regulates many target genes that are involved in many 

different processes, and may therefore have significant off-target effects (Miao et al., 2022). 

Fortunately, roxadustat treatment has thus far not seen severely dangerous off-target effects 

(Miao et al., 2022), but it is unclear if this would also be the case in TB patients. 

 

Another potential target for treatment is LTB4. As discussed above, inhibition of LTB4 

signalling has been shown to both positively (Peres et al., 2007) and negatively (Bafica et al., 

2005; Sorgi et al., 2020; Tobin et al., 2013) affect TB disease outcome. In the somite infection 

model, LTB4 inhibition resulted in a significant increase in somite bacterial burden, suggesting 

that LTB4 may be protective during early infection. However, there are no known stimulants 

of LTB4 production in literature. One way to stimulate LTB4-mediated neutrophil recruitment 

is through inhibition of LXA4 (Papayianni et al., 1996), but there again do not appear to be any 

LXA4 inhibitors on the market. Inhibition of NOX2 could also increase neutrophil swarm size 

through increased production of LTB4 and other pro-inflammatory cytokines (Song et al., 

2023). While there are inhibitors for NOX1/NOX4 undergoing clinical trials, this is not the case 

for NOX2 (Sylvester et al., 2022). Even if stimulants of LTB4 signalling were available, their 

application in TB might be difficult if their host-protective effects were time-dependent. For 

example, neutrophilia induced by LPS was host-protective against Mtb infection immediately 

after infection, but this effect was lost when neutrophilia was induced at 10 dpi (Sugawara et 

al., 2004). Such early detection of TB infection will be difficult in humans. The earliest time of 

diagnosis is during LTBI, in which granulomas with contained Mtb will already have developed 

(Muñoz et al., 2015). This may already be too late to repel the bacterium with a host-derived 

approach.  

 

In late stage TB neutrophils are often complicit in disease progression by damaging host 

tissues and contributing to chronic inflammation (Gaffney et al., 2022). Inhibition, rather than 

stimulation, of neutrophil swarming may therefore be the desired approach for host-derived 

therapies. As discussed above, inhibition of LTB4 signalling has been shown to be host-

protective in Mtb infection (Bafica et al., 2005; Sugawara et al., 2004; Tobin et al., 2013). Only 
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one drug that targets the LTB4 pathway has reached the market and is called ubenimex, also 

known as bestatin, and is used in chemotherapy in acute non-lymphocytic leukemia (Bhatt et 

al., 2017). Other drugs in clinical trials include etalocib, which was terminated due to a lack of 

benefit after phase 2 trials, amelubant, which was terminated due to a lack of benefit and due 

to side-effects after phase 2 trials, and moxilubant, which was terminated due to lack of effect 

after a phase 1 clinical trial (Bhatt et al., 2017). Bestatin has been found to significantly 

decrease bacterial burden and lesion in Mtb infected mice (Correa et al., 2017), but has not 

been used in any published TB clinical studies. The inhibition of another swarming mediator, 

CXCR2, was shown to partially reverse exacerbation of neutrophil-mediated lethal 

inflammation in TB in mice with a deletion of a noncoding RNA that increased susceptibility to 

TB (Dorhoi et al., 2013). There is a wide range of CXCR2 inhibitors that completed clinical 

trials or are currently in clinical trials for diseases like diabetes mellitus type 1 and a variety of 

cancers (Sitaru et al., 2023). However, none of these drugs have been approved for clinical 

use (Sitaru et al., 2023). Specific neutrophil phenotypes have been found in patients with 

severe TB (L. Wang et al., 2024), indicating phenotype-specific targeting of neutrophils may 

improve infection outcomes. In conclusion, treatment of TB by targeting host neutrophils may 

be a valid strategy, but requires further investigation into their involvement in different stages 

of the disease, as well as the approval of drugs that target swarming mediators for clinical use. 

 

6.2. Future prospects 

The initiation of neutrophil swarming in response to injury has been well-described 

(Lämmermann et al., 2013), but what drives swarm formation in response to TB is unclear. In 

injury, migration of a few individual neutrophils towards the site of challenge is sufficient to 

induce a large swarming response (Lämmermann et al., 2013). In zebrafish, a single 

neutrophil was shown to initiate swarming and to become the centre of this swarm after tailfin 

injury (Isles et al., 2021). However, studying of the early swarming response in the somite 

infection model proved difficult. A majority of the swarms initiated within an hour of starting 

Mm infections, therefore making it difficult to examine swarming onset of a single experimental 

group, and near impossible if more experimental groups were involved. Other locations for 

injection could be of interest for future swarming investigations if they generally result in later 

times of swarming onset. One such possibility is injection of the hindbrain ventricle, which is 

rarely occupied by neutrophils without any influence of injury or infection (Powell et al., 2018). 

Injection with Pseudomonas aeruginosa into the hindbrain was shown to have recruited 

neutrophils towards the somite by 90 mpi, with neutrophil numbers peaking at 180 mpi 

(Phennicie et al., 2010). Infection with Salmonella enterica recruited neutrophils towards the 

hindbrain within 1 hpi and peaking at 3 hpi (Du et al., 2017). At 6 hpi, recruitment of neutrophils 
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to both Cryptococcus neoformans yeast and spores showed neutrophil numbers comparable 

to those found in response to Mm infection in this thesis (Davis et al., 2016). No information 

on neutrophil recruitment towards an Mm hindbrain infection was found, but the studies 

mentioned above might indicate the suitability of the hindbrain as a place of infection for 

neutrophil swarming assays in an Mm context. Similarly, the otic vesicle has been used for 

Staphylococcus aureus infection, which recruited neutrophils to the site of infection and 

initiated swarming at around 6 hours post infection (Isles et al., 2021). While variable between 

infections, the observed neutrophil numbers suggest the peak of recruitment in these 

alternative models occurs later than in the Mm somite infection model, which could provide 

enough additional time to investigate the formation of swarms in response to Mm without 

sacrificing sample size. 

 

The involvement of LTB4 in neutrophil swarming is well-established, but how other mediators 

affect this neutrophil response remains unclear (Lämmermann et al., 2013). Therefore, in 

Chapter 4, a number of potential swarming mediators were investigated for their effects on 

neutrophil swarming in response to Mm. Inhibition of CXCR2 significantly reduced neutrophil 

numbers in the infected somite. It was theorised that this was due to decreased neutrophil 

recruitment towards the somite, and CXCR2 inhibition was therefore dropped from further 

investigation in favour of other targets. However, CXCR2 has been shown to be involved in 

neutrophil aggregation (Jackson-Jones et al., 2020), which could potentially be studied further 

by applying CXCR2 drug inhibition at around 100 mpi, when neutrophil swarming is likely to 

already have commenced. Another mediator that may be involved in neutrophil aggregation, 

as well as recruitment, is GRK2, which inhibition increased neutrophil recruitment and 

aggregation of mouse neutrophils (Kienle et al., 2021). The homolog of mammalian GRK2 in 

zebrafish is GRK3, and has recently been described to be successfully inhibited by CRISPR-

mediated targeting of grk3 (Casey et al., 2024). CXCR4 was also examined for its effect on 

neutrophil swarming in response to Mm, as it has been shown to be important for neutrophil 

retention during inflammation in zebrafish (Isles et al., 2019). Pharmacological inhibition of 

CXCR4 did not affect clustering prevalence in response to Mm infection, but it was 

hypothesised that the time of imaging at 100 mpi was too early to assess an effect on 

neutrophil retention during swarming. Repeating these experiments with a later time of 

imaging may therefore yield different results. A preliminary time lapse experiment may provide 

the necessary temporal resolution to select an appropriate time point to assess neutrophil 

clustering. These experiments can also be done with other potential swarming resolution 

mediators. For example, LXA4 was identified as a swarming resolution signal for swarming 

human neutrophils in response to zymosan (Reátegui et al., 2017). Exogenous LXA4 can be 

injected into the zebrafish (Loynes et al., 2018) after 100 minutes post Mm infection to assess 
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its effect on swarm resolution. The extensive zebrafish toolbox will allow for further 

investigation into other potential swarming mediators that have not been mentioned here. 

However, it is important to note that neutrophil swarming is a dynamic process with a range of 

mediators, and that individual knockdown of such mediators only indicates whether or not they 

uniquely mediate certain neutrophil behaviours during swarming (Lämmermann et al., 2013). 

 

Release of NETs has been implicated in onset of neutrophil swarming in a zebrafish tailfin 

injury model (Isles et al., 2021), but further research will need to be conducted to solidify NETs 

as one of the contributors to neutrophil swarming and whether they drive neutrophil swarming 

in response to Mm infection. A transgenic reporter line for NET release, which labels neutrophil 

histone H2az2a (H2A) (Isles et al., 2021), was used in the somite infection model to examine 

NET involvement in the neutrophil swarming response to Mm infection (data not shown). 

Unfortunately, a considerable amount of autofluorescence of Mm mCherry caused issues with 

the determination of H2A-derived fluorescent signal, and the reporter line was not used in any 

further experimentation. Inhibition of NET formation with LDC7559 did not affect neutrophil 

clustering prevalence in the somite infection model, but did significantly reduce swarming 

prevalence in a tailfin injury model (Isles et al., 2021). Inhibition of NET-component NE, but 

not mpx, in this model similarly significantly reduced swarming prevalence (Isles et al., 2021). 

Inhibition of these targets can be applied to the somite infection model to investigate NET 

involvement in neutrophil swarming in response to Mm infection. Furthermore, NETs can be 

inhibited by injection of DNase I (W. Chen et al., 2021), which could be co-injected with Mm 

to investigate NET involvement during swarming onset. However, treatment through 

submersion in water containing a range of DNase I concentrations was toxic to live zebrafish 

(Isles et al., 2021), indicating a potential risk in the injection of DNase I as well. There are 

numerous other agents that have been shown to inhibit NET formation in various experimental 

models (R. Liu et al., 2024), which could be tested in the zebrafish model as well. This includes 

PAD4 inhibitors like BMS-P5 and JBI-589, NE inhibitor sivelestat (R. Liu et al., 2024), and 

gasdermin D inhibitor disulfiram (Adrover et al., 2022). In short, there are numerous paths to 

affect NET formation, which can be utilised to examine NET involvement in swarming to Mm. 

 

It is unclear if macrophages are involved in neutrophil swarming in response to Mm infection. 

In humans, alveolar macrophages are the first immune cells to phagocytose Mtb, and their 

interaction with the bacteria causes recruitment of additional immune cells, including 

neutrophils (Chandra et al., 2022b). During Mtb infection, macrophages produce cytokines 

that recruit neutrophils towards the site of infection, including IL-8 and IL-1β (Kroon et al., 

2018), and they have been shown to promote neutrophil production through release of IL-1 

(Alcantara et al., 2023). Neutrophils are able to phagocytose dying, infected macrophages (C.-
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T. Yang et al., 2012) and, vice versa, macrophages may facilitate killing of Mtb by transporting 

granules of internalised apoptotic neutrophils to their infected endosomes (Tan et al., 2006). 

Finally, macrophages contribute to resolution of neutrophilic inflammation by clearance of 

apoptotic neutrophils (Ortega-Gómez et al., 2013). These studies indicate a high likelihood of 

macrophage involvement in potentially all of the stages of neutrophil swarming. Such 

interactions between these immune cell types can be investigated in a transgenic line that 

combines the transgenic lines Tg(mpx:EGFP) and Tg(mpeg1:mCherry), which fluorescently 

labels both macrophages and neutrophils with different fluorescent proteins (Ellett et al., 2011; 

Renshaw et al., 2006). Injections can be performed with Mm Crimson instead of Mm mCherry 

(Ogryzko et al., 2019) to avoid fluorophore overlap of the bacteria with the macrophages in 

the transgenic line. Unfortunately, Mm is autofluorescent and may introduce difficulty of 

imaging mpeg1:mCherry macrophages which are relatively dim compared to the mpx:EGPF 

neutrophils, which will need to be considered during the experimental procedures. In addition 

to imaging of neutrophils and macrophages during the swarming response, depletion of 

macrophages may be used to assess their effect on swarm progression. Lipo-C injected into 

the caudal vein at 24 hpf leads to significant depletion of macrophages within 24 hours (48 

hpf) and does not affect neutrophils (El Omar et al., 2024). These approaches can be 

combined with drug treatments or CRISPR to investigate if these potential neutrophil-

macrophage interactions during swarming are affected by swarming mediators such as LTB4. 

 

The zebrafish model used to examine neutrophil swarming in response to Mm in this thesis 

could be applied to investigate neutrophil swarming in the context of other diseases as well. 

As mentioned above, neutrophils have been shown to swarm to infections such as 

Pseudomonas aeruginosa in mice (Kienle et al., 2021) and a zebrafish wound/infection 

comorbidity model (Poplimont et al., 2020), Candida albicans on microarrays (Hopke et al., 

2020) and in mice (E. K. S. Lee et al., 2018), Staphylococcus aureus in mice (Kamenyeva et 

al., 2015) and zebrafish (Isles et al., 2021), and Cryptococcus neoformans in mouse cell 

culture (D. Sun & Shi, 2016). These studies have investigated roles of, for example, GRK2 

(Kienle et al., 2021) and calcium signalling (Coombs et al., 2019) in neutrophil swarming to 

different infectious agents. The somite infection model can be used to further examine 

potential drivers of neutrophil swarming, such as NETs and specific chemokines. In zebrafish, 

neutrophil swarming in response to Pseudomonas aeruginosa (Poplimont et al., 2020) and 

Staphylococcus aureus (Isles et al., 2021) has already been described, but further 

experimentation in the swarming infection model will allow for additional characterisation of 

neutrophil swarming in response to these infections. Neutrophil swarming in response to 

Candida albicans and Cryptococcus neoformans has not been investigated in zebrafish, but 

the zebrafish is a well-described model for both these diseases (Chalakova & Johnston, 2023; 
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Chao et al., 2010). Other diseases with a strong neutrophil response, such as Shigella 

infections (Arena et al., 2017), are also candidates for examination in the somite infection 

model. 

 

6.3. Conclusion 

In conclusion, in this thesis I have developed and characterised a model that allows for robust 

investigation into neutrophil swarming in response to Mm infection, which may be applicable 

to other infections as well. Potential neutrophil swarming mediators were investigated for their 

involvement in this neutrophil behaviour through modulation with drug treatments and 

CRISPR-Cas9 gene editing. Knockdown of lta4h negatively impacted swarming prevalence to 

injury and swarm duration to infection, indicating modulation of swarming mediators in this 

model is an effective tool to investigate their involvement in the swarming process. 

Additionally, the increase in Mm infection following knockdown of lta4h indicates that 

neutrophil swarming may be host protective against early mycobacterial infections. Genetic 

Hif-1α stabilisation, which is host protective, was found to increase swarming prevalence 

following Mm infection. This could not be linked to clearance of bacteria by neutrophils, but 

does indicate a potential avenue for host-directed therapies if neutrophil swarming is a host-

protective process.  

  



210 
 

7. Bibliography 

Abdollahi, H., Harris, L. J., Zhang, P., McIlhenny, S., Tulenko, T., & DiMuzio, P. J. (2011). The 

Role of Hypoxia in Stem Cell Differentiation and Therapeutics. The Journal of Surgical 

Research, 165(1), 112–117. https://doi.org/10.1016/j.jss.2009.09.057 

Ackermann, M., Anders, H.-J., Bilyy, R., Bowlin, G. L., Daniel, C., De Lorenzo, R., Egeblad, 

M., Henneck, T., Hidalgo, A., Hoffmann, M., Hohberger, B., Kanthi, Y., Kaplan, M. J., 

Knight, J. S., Knopf, J., Kolaczkowska, E., Kubes, P., Leppkes, M., Mahajan, A., … 

Herrmann, M. (2021). Patients with COVID-19: In the dark-NETs of neutrophils. Cell 

Death and Differentiation, 28(11), 3125–3139. https://doi.org/10.1038/s41418-021-

00805-z 

Adrover, J. M., Carrau, L., Daßler-Plenker, J., Bram, Y., Chandar, V., Houghton, S., Redmond, 

D., Merrill, J. R., Shevik, M., tenOever, B. R., Lyons, S. K., Schwartz, R. E., & Egeblad, 

M. (2022). Disulfiram inhibits neutrophil extracellular trap formation and protects rodents 

from acute lung injury and SARS-CoV-2 infection. JCI Insight, 7(5). 

https://doi.org/10.1172/jci.insight.157342 

Afonso, P. V., Janka-Junttila, M., Lee, Y. J., McCann, C. P., Oliver, C. M., Aamer, K. A., Losert, 

W., Cicerone, M. T., & Parent, C. A. (2012). LTB4 IS A SIGNAL RELAY MOLECULE 

DURING NEUTROPHIL CHEMOTAXIS. Developmental Cell, 22(5), 1079–1091. 

https://doi.org/10.1016/j.devcel.2012.02.003 

Ahmad, F., Rani, A., Alam, A., Zarin, S., Pandey, S., Singh, H., Hasnain, S. E., & Ehtesham, 

N. Z. (2022). Macrophage: A Cell With Many Faces and Functions in Tuberculosis. 

Frontiers in Immunology, 13, 747799. https://doi.org/10.3389/fimmu.2022.747799 

Ahmadian, S., Lindsey, P. J., Smeets, H. J. M., van Tienen, F. H. J., & van Zandvoort, M. A. 

M. J. (2024). Spinning Disk Confocal Microscopy for Optimized and Quantified Live 

Imaging of 3D Mitochondrial Network. International Journal of Molecular Sciences, 25(9), 

4819. https://doi.org/10.3390/ijms25094819 

Alcantara, C. A., Glassman, I., Nguyen, K. H., Parthasarathy, A., & Venketaraman, V. (2023). 

Neutrophils in Mycobacterium tuberculosis. Vaccines, 11(3), 631. 

https://doi.org/10.3390/vaccines11030631 

Alsayed, S. S. R., & Gunosewoyo, H. (2023). Tuberculosis: Pathogenesis, Current Treatment 

Regimens and New Drug Targets. International Journal of Molecular Sciences, 24(6), 

5202. https://doi.org/10.3390/ijms24065202 



211 
 

Amara, N., Cooper, M. P., Voronkova, M. A., Webb, B. A., Lynch, E. M., Kollman, J. M., Ma, 

T., Yu, K., Lai, Z., Sangaraju, D., Kayagaki, N., Newton, K., Bogyo, M., Staben, S. T., & 

Dixit, V. M. (2021). Selective activation of PFKL suppresses the phagocytic oxidative 

burst. Cell, 184(17), 4480-4494.e15. https://doi.org/10.1016/j.cell.2021.07.004 

Andersson, A.-M., Larsson, M., Stendahl, O., & Blomgran, R. (2020). Efferocytosis of 

Apoptotic Neutrophils Enhances Control of Mycobacterium tuberculosis in HIV-

Coinfected Macrophages in a Myeloperoxidase-Dependent Manner. Journal of Innate 

Immunity, 12(3), 235–247. https://doi.org/10.1159/000500861 

Arena, E. T., Tinevez, J.-Y., Nigro, G., Sansonetti, P. J., & Marteyn, B. S. (2017). The 

infectious hypoxia: Occurrence and causes during Shigella infection. Microbes and 

Infection, 19(3), 157–165. https://doi.org/10.1016/j.micinf.2016.10.011 

Arita, M., Ohira, T., Sun, Y.-P., Elangovan, S., Chiang, N., & Serhan, C. N. (2007). Resolvin 

E1 Selectively Interacts with Leukotriene B4 Receptor BLT1 and ChemR23 to Regulate 

Inflammation1. The Journal of Immunology, 178(6), 3912–3917. 

https://doi.org/10.4049/jimmunol.178.6.3912 

Assari, R., Ziaee, V., Ahmadinejad, Z., Vasei, M., & Moradinejad, M.-H. (2014). Caseous 

Granuloma: Tuberculosis or Chronic Recurrent Multifocal Osteomyelitis? Iranian Journal 

of Pediatrics, 24(6), 770–774. 

Aubry, A., Mougari, F., Reibel, F., & Cambau, E. (2017). Mycobacterium marinum. 

Microbiology Spectrum, 5(2), 10.1128/microbiolspec.tnmi7-0038–2016. 

https://doi.org/10.1128/microbiolspec.tnmi7-0038-2016 

Bader, A., Gao, J., Rivière, T., Schmid, B., Walzog, B., & Maier-Begandt, D. (2021). Molecular 

Insights Into Neutrophil Biology From the Zebrafish Perspective: Lessons From CD18 

Deficiency. Frontiers in Immunology, 12. https://doi.org/10.3389/fimmu.2021.677994 

Bafica, A., Scanga, C. A., Serhan, C., Machado, F., White, S., Sher, A., & Aliberti, J. (2005). 

Host control of Mycobacterium tuberculosis is regulated by 5-lipoxygenase–dependent 

lipoxin production. Journal of Clinical Investigation, 115(6), 1601–1606. 

https://doi.org/10.1172/JCI23949 

Baldwin, G. C., Fuller, N. D., Roberts, R. L., Ho, D. D., & Golde, D. W. (1989). Granulocyte- 

and Granulocyte-Macrophage Colony-Stimulating Factors Enhance Neutrophil 

Cytotoxicity Toward HIV-infected Cells. Blood, 74(5), 1673–1677. 

https://doi.org/10.1182/blood.V74.5.1673.1673 



212 
 

Barros-Becker, F., Squirrell, J. M., Burke, R., Chini, J., Rindy, J., Karim, A., Eliceiri, K. W., 

Gibson, A., & Huttenlocher, A. (2020). Distinct Tissue Damage and Microbial Cues Drive 

Neutrophil and Macrophage Recruitment to Thermal Injury. iScience, 23(11), 101699. 

https://doi.org/10.1016/j.isci.2020.101699 

Beerman, R. W., Matty, M. A., Au, G. G., Looger, L. L., Choudhury, K. R., Keller, P. J., & Tobin, 

D. M. (2015). Direct In Vivo Manipulation and Imaging of Calcium Transients in 

Neutrophils Identify a Critical Role for Leading-Edge Calcium Flux. Cell Reports, 13(10), 

2107–2117. https://doi.org/10.1016/j.celrep.2015.11.010 

Bekkering, S., & Torensma, R. (2013). Another look at the life of a neutrophil. World Journal 

of Hematology, 2(2), 44–58. https://doi.org/10.5315/wjh.v2.i2.44 

Belton, M., Brilha, S., Manavaki, R., Mauri, F., Nijran, K., Hong, Y. T., Patel, N. H., Dembek, 

M., Tezera, L., Green, J., Moores, R., Aigbirhio, F., Al-Nahhas, A., Fryer, T. D., Elkington, 

P. T., & Friedland, J. S. (2016). Hypoxia and tissue destruction in pulmonary TB. Thorax, 

71(12), 1145–1153. https://doi.org/10.1136/thoraxjnl-2015-207402 

Benard, E. L., van der Sar, A. M., Ellett, F., Lieschke, G. J., Spaink, H. P., & Meijer, A. H. 

(2012). Infection of Zebrafish Embryos with Intracellular Bacterial Pathogens. Journal of 

Visualized Experiments : JoVE, 61, 3781. https://doi.org/10.3791/3781 

Benjamim, C. F., Ferreira, S. H., & Cunha, F. d. Q. (2000). Role of Nitric Oxide in the Failure 

of Neutrophil Migration in Sepsis. The Journal of Infectious Diseases, 182(1), 214–223. 

https://doi.org/10.1086/315682 

Beretta, C. A., Liu, S., Stegemann, A., Gan, Z., Wang, L., Tan, L. L., & Kuner, R. (2023). 

Quanty-cFOS, a Novel ImageJ/Fiji Algorithm for Automated Counting of Immunoreactive 

Cells in Tissue Sections. Cells, 12(5), 704. https://doi.org/10.3390/cells12050704 

Bertani, B., & Ruiz, N. (2018). Function and biogenesis of lipopolysaccharides. EcoSal Plus, 

8(1), 10.1128/ecosalplus.ESP-0001–2018. https://doi.org/10.1128/ecosalplus.ESP-

0001-2018 

Bhatt, L., Roinestad, K., Van, T., & Springman, E. B. (2017). Recent advances in clinical 

development of leukotriene B4 pathway drugs. Seminars in Immunology, 33, 65–73. 

https://doi.org/10.1016/j.smim.2017.08.007 

Borkute, R. R., Woelke, S., Pei, G., & Dorhoi, A. (2021). Neutrophils in Tuberculosis: Cell 

Biology, Cellular Networking and Multitasking in Host Defense. International Journal of 

Molecular Sciences, 22(9), 4801. https://doi.org/10.3390/ijms22094801 

Borregaard, N. (2010). Neutrophils, from Marrow to Microbes. Immunity, 33(5), 657–670. 

https://doi.org/10.1016/j.immuni.2010.11.011 



213 
 

Bowers, N. L., Helton, E. S., Huijbregts, R. P. H., Goepfert, P. A., Heath, S. L., & Hel, Z. (2014). 

Immune Suppression by Neutrophils in HIV-1 Infection: Role of PD-L1/PD-1 Pathway. 

PLOS Pathogens, 10(3), e1003993. https://doi.org/10.1371/journal.ppat.1003993 

Braian, C., Hogea, V., & Stendahl, O. (2013). Mycobacterium tuberculosis-Induced Neutrophil 

Extracellular Traps Activate Human Macrophages. Journal of Innate Immunity, 5(6), 591–

602. https://doi.org/10.1159/000348676 

Brandt, S. L., & Serezani, C. H. (2017). Too much of a good thing: How modulating LTB4 

actions restore host defense in homeostasis or disease. Seminars in Immunology, 33, 

37–43. https://doi.org/10.1016/j.smim.2017.08.006 

Brandt, S. L., Wang, S., Dejani, N. N., Klopfenstein, N., Winfree, S., Filgueiras, L., McCarthy, 

B. P., Territo, P. R., & Serezani, C. H. (2018). Excessive localized leukotriene B4 levels 

dictate poor skin host defense in diabetic mice. JCI Insight, 3(17), e120220. 

https://doi.org/10.1172/jci.insight.120220 

Braverman, J., Sogi, K. M., Benjamin, D., Nomura, D. K., & Stanley, S. A. (2016). HIF-1α Is 

an Essential Mediator of IFN-γ–Dependent Immunity to Mycobacterium tuberculosis. The 

Journal of Immunology, 197(4), 1287–1297. https://doi.org/10.4049/jimmunol.1600266 

Brown, L., & Yipp, B. G. (2023). Neutrophil swarming: Is a good offense the best defense? 

iScience, 26(9), 107655. https://doi.org/10.1016/j.isci.2023.107655 

Caffrey-Carr, A. K., Hilmer, K. M., Kowalski, C. H., Shepardson, K. M., Temple, R. M., Cramer, 

R. A., & Obar, J. J. (2018). Host-Derived Leukotriene B4 Is Critical for Resistance against 

Invasive Pulmonary Aspergillosis. Frontiers in Immunology, 8. 

https://doi.org/10.3389/fimmu.2017.01984 

Cambier, C. J., Falkow, S., & Ramakrishnan, L. (2014). Host Evasion and Exploitation 

Schemes of Mycobacterium tuberculosis. Cell, 159(7), 1497–1509. 

https://doi.org/10.1016/j.cell.2014.11.024 

Cambier, S., Gouwy, M., & Proost, P. (2023). The chemokines CXCL8 and CXCL12: 

Molecular and functional properties, role in disease and efforts towards pharmacological 

intervention. Cellular & Molecular Immunology, 20(3), 217–251. 

https://doi.org/10.1038/s41423-023-00974-6 

Capucetti, A., Albano, F., & Bonecchi, R. (2020). Multiple Roles for Chemokines in Neutrophil 

Biology. Frontiers in Immunology, 11. https://doi.org/10.3389/fimmu.2020.01259 

Cardell, L.-O., Agustí, C., & Nadel, J. A. (2008). Nitric oxide-dependent neutrophil recruitment: 

Role in nasal secretion. Clinical & Experimental Allergy, 30(12), 1799–1803. 

https://doi.org/10.1046/j.1365-2222.2000.00984.x 



214 
 

Casey, M. J., Chan, P. P., Li, Q., Zu, J.-F., Jette, C. A., Kohler, M., Myers, B. R., & Stewart, 

R. A. (2024). A simple and scalable zebrafish model of Sonic hedgehog medulloblastoma. 

Cell Reports, 43(8). https://doi.org/10.1016/j.celrep.2024.114559 

Cavalcante-Silva, L. H. A., Almeida, F. S., de Andrade, A. G., Comberlang, F. C., Cardoso, L. 

L., Vanderley, S. E. R., & Keesen, T. S. L. (2023). Mycobacterium tuberculosis in a Trap: 

The Role of Neutrophil Extracellular Traps in Tuberculosis. International Journal of 

Molecular Sciences, 24(14), 11385. https://doi.org/10.3390/ijms241411385 

Cavalcante-Silva, L. H. A., Carvalho, D. C. M., Lima, É. de A., Galvão, J. G. F. M., da Silva, 

J. S. de F., Sales-Neto, J. M. de, & Rodrigues-Mascarenhas, S. (2021). Neutrophils and 

COVID-19: The road so far. International Immunopharmacology, 90, 107233. 

https://doi.org/10.1016/j.intimp.2020.107233 

Chalakova, Z. P., & Johnston, S. A. (2023). Zebrafish Larvae as an Experimental Model of 

Cryptococcal Meningitis. In R. A. Drummond (Ed.), Antifungal Immunity: Methods and 

Protocols (pp. 47–69). Springer US. https://doi.org/10.1007/978-1-0716-3199-7_4 

Chandra, P., Grigsby, S. J., & Philips, J. A. (2022a). Immune evasion and provocation by 

Mycobacterium tuberculosis. Nature Reviews Microbiology, 20(12), 750–766. 

https://doi.org/10.1038/s41579-022-00763-4 

Chandra, P., Grigsby, S. J., & Philips, J. A. (2022b). Immune evasion and provocation by 

Mycobacterium tuberculosis. Nature Reviews Microbiology, 20(12), 750–766. 

https://doi.org/10.1038/s41579-022-00763-4 

Chao, C.-C., Hsu, P.-C., Jen, C.-F., Chen, I.-H., Wang, C.-H., Chan, H.-C., Tsai, P.-W., Tung, 

K.-C., Wang, C.-H., Lan, C.-Y., & Chuang, Y.-J. (2010). Zebrafish as a Model Host for 

Candida albicans Infection. Infection and Immunity, 78(6), 2512–2521. 

https://doi.org/10.1128/IAI.01293-09 

Chen, A., Xue, M., Qiu, C., Zhang, H., Zhou, R., Zhang, L., Yin, Z., & Ren, D. (2023). Circadian 

clock1a coordinates neutrophil recruitment via nfe212a/duox-reactive oxygen species 

pathway in zebrafish. Cell Reports, 42(10), 113179. 

https://doi.org/10.1016/j.celrep.2023.113179 

Chen, P.-S., Chiu, W.-T., Hsu, P.-L., Lin, S.-C., Peng, I.-C., Wang, C.-Y., & Tsai, S.-J. (2020). 

Pathophysiological implications of hypoxia in human diseases. Journal of Biomedical 

Science, 27(1), 63. https://doi.org/10.1186/s12929-020-00658-7 

Chen, W., Zhao, J., Mu, D., Wang, Z., Liu, Q., Zhang, Y., & Yang, D. (2021). Pyroptosis 

Mediates Neutrophil Extracellular Trap Formation during Bacterial Infection in Zebrafish. 

The Journal of Immunology, 206(8), 1913–1922. 

https://doi.org/10.4049/jimmunol.2001335 



215 
 

Cheng, Y., Mo, F., Li, Q., Han, X., Shi, H., Chen, S., Wei, Y., & Wei, X. (2021). Targeting 

CXCR2 inhibits the progression of lung cancer and promotes therapeutic effect of 

cisplatin. Molecular Cancer, 20, 62. https://doi.org/10.1186/s12943-021-01355-1 

Chistiakov, D. A., Bobryshev, Y. V., & Orekhov, A. N. (2015). Neutrophil’s weapons in 

atherosclerosis. Experimental and Molecular Pathology, 99(3), 663–671. 

https://doi.org/10.1016/j.yexmp.2015.11.011 

Christie, K. A., & Kleinstiver, B. P. (2021). Making the Cut with PAMless CRISPR-Cas 

Enzymes. Trends in Genetics : TIG, 37(12), 1053–1055. 

https://doi.org/10.1016/j.tig.2021.09.002 

Chua, Y. L., Dufour, E., Dassa, E. P., Rustin, P., Jacobs, H. T., Taylor, C. T., & Hagen, T. 

(2010). Stabilization of Hypoxia-inducible Factor-1α Protein in Hypoxia Occurs 

Independently of Mitochondrial Reactive Oxygen Species Production. The Journal of 

Biological Chemistry, 285(41), 31277–31284. https://doi.org/10.1074/jbc.M110.158485 

Clay, H., Davis, J. M., Beery, D., Huttenlocher, A., Lyons, S., & Ramakrishnan, L. (2007). 

Dichotomous Role of the Macrophage in Early Mycobacterium marinum Infection of the 

Zebrafish. Cell Host & Microbe, 2(1), 29–39. https://doi.org/10.1016/j.chom.2007.06.004 

Condliffe, A. M., Kitchen, E., & Chilvers, E. R. (1998). Neutrophil Priming: Pathophysiological 

Consequences and Underlying Mechanisms. Clinical Science, 94(5), 461–471. 

https://doi.org/10.1042/cs0940461 

Conti, P., Reale, M., Barbacane, R. C., Bongrazio, M., & Panara, M. R. (1990). Lipoxins A4 

and B4 inhibit leukotriene B4 generation from human neutrophil leukocyte suspensions. 

Immunology Letters, 24(4), 237–242. https://doi.org/10.1016/0165-2478(90)90005-B 

Coombs, C., Georgantzoglou, A., Walker, H. A., Patt, J., Merten, N., Poplimont, H., Busch-

Nentwich, E. M., Williams, S., Kotsi, C., Kostenis, E., & Sarris, M. (2019). Chemokine 

receptor trafficking coordinates neutrophil clustering and dispersal at wounds in zebrafish. 

Nature Communications, 10(1), 5166. https://doi.org/10.1038/s41467-019-13107-3 

Corleis, B., Korbel, D., Wilson, R., Bylund, J., Chee, R., & Schaible, U. E. (2012). Escape of 

Mycobacterium tuberculosis from oxidative killing by neutrophils. Cellular Microbiology, 

14(7), 1109–1121. https://doi.org/10.1111/j.1462-5822.2012.01783.x 

Correa, A. F., Bastos, I. M. D., Neves, D., Kipnis, A., Junqueira-Kipnis, A. P., & de Santana, 

J. M. (2017). The Activity of a Hexameric M17 Metallo-Aminopeptidase Is Associated 

With Survival of Mycobacterium tuberculosis. Frontiers in Microbiology, 8, 504. 

https://doi.org/10.3389/fmicb.2017.00504 



216 
 

Cramer, T., Yamanishi, Y., Clausen, B. E., Förster, I., Pawlinski, R., Mackman, N., Haase, V. 

H., Jaenisch, R., Corr, M., Nizet, V., Firestein, G. S., Gerber, H.-P., Ferrara, N., & 

Johnson, R. S. (2003). HIF-1α Is Essential for Myeloid Cell-Mediated Inflammation. Cell, 

112(5), 645–657. https://doi.org/10.1016/S0092-8674(03)00154-5 

da Silva-Ferreira, S., Duarte-Oliveira, C., Antunes, D., Barbosa-Matos, C., Mendes-Frias, A., 

Torrado, E., Costa, S., Silvestre, R., Cunha, C., & Carvalho, A. (2022). Hypoxia inducible-

factor 1 alpha regulates neutrophil recruitment during fungal-elicited granulomatous 

inflammation. Frontiers in Cellular and Infection Microbiology, 12, 1005839. 

https://doi.org/10.3389/fcimb.2022.1005839 

Dallenga, T., Repnik, U., Corleis, B., Eich, J., Reimer, R., Griffiths, G. W., & Schaible, U. E. 

(2017). M. tuberculosis-Induced Necrosis of Infected Neutrophils Promotes Bacterial 

Growth Following Phagocytosis by Macrophages. Cell Host & Microbe, 22(4), 519-

530.e3. https://doi.org/10.1016/j.chom.2017.09.003 

Dartois, V. A., & Rubin, E. J. (2022). Anti-tuberculosis treatment strategies and drug 

development: Challenges and priorities. Nature Reviews Microbiology, 20(11), 685–701. 

https://doi.org/10.1038/s41579-022-00731-y 

Davis, J. M., Clay, H., Lewis, J. L., Ghori, N., Herbomel, P., & Ramakrishnan, L. (2002). Real-

Time Visualization of Mycobacterium-Macrophage Interactions Leading to Initiation of 

Granuloma Formation in Zebrafish Embryos. Immunity, 17(6), 693–702. 

https://doi.org/10.1016/S1074-7613(02)00475-2 

Davis, J. M., Huang, M., Botts, M. R., Hull, C. M., & Huttenlocher, A. (2016). A Zebrafish Model 

of Cryptococcal Infection Reveals Roles for Macrophages, Endothelial Cells, and 

Neutrophils in the Establishment and Control of Sustained Fungemia. Infection and 

Immunity, 84(10), 3047–3062. https://doi.org/10.1128/iai.00506-16 

de Bont, C. M., Boelens, W. C., & Pruijn, G. J. M. (2019). NETosis, complement, and 

coagulation: A triangular relationship. Cellular & Molecular Immunology, 16(1), 19–27. 

https://doi.org/10.1038/s41423-018-0024-0 

De Filippo, K., & Rankin, S. M. (2018). CXCR4, the master regulator of neutrophil trafficking 

in homeostasis and disease. European Journal of Clinical Investigation, 48(Suppl Suppl 

2), e12949. https://doi.org/10.1111/eci.12949 

de Oliveira, S., Reyes-Aldasoro, C. C., Candel, S., Renshaw, S. A., Mulero, V., & Calado, Â. 

(2013). Cxcl8 (Interleukin-8) mediates neutrophil recruitment and behavior in the 

zebrafish inflammatory response. Journal of Immunology (Baltimore, Md. : 1950), 190(8), 

4349–4359. https://doi.org/10.4049/jimmunol.1203266 



217 
 

de Oliveira, S., Rosowski, E. E., & Huttenlocher, A. (2016). Neutrophil migration in infection 

and wound repair: Going forward in reverse. Nature Reviews Immunology, 16(6), 378–

391. https://doi.org/10.1038/nri.2016.49 

deKay, J. T., Emery, I. F., Rud, J., Eldridge, A., Lord, C., Gagnon, D. J., May, T. L., Herrera, 

V. L. M., Ruiz-Opazo, N., Riker, R. R., Sawyer, D. B., Ryzhov, S., & Seder, D. B. (2021). 

DEspRhigh neutrophils are associated with critical illness in COVID-19. Scientific 

Reports, 11(1), 22463. https://doi.org/10.1038/s41598-021-01943-7 

Del Prete, A., Martínez-Muñoz, L., Mazzon, C., Toffali, L., Sozio, F., Za, L., Bosisio, D., 

Gazzurelli, L., Salvi, V., Tiberio, L., Liberati, C., Scanziani, E., Vecchi, A., Laudanna, C., 

Mellado, M., Mantovani, A., & Sozzani, S. (2017). The atypical receptor CCRL2 is 

required for CXCR2-dependent neutrophil recruitment and tissue damage. Blood, 

130(10), 1223–1234. https://doi.org/10.1182/blood-2017-04-777680 

Della Rocca, Y., Fonticoli, L., Rajan, T. S., Trubiani, O., Caputi, S., Diomede, F., Pizzicannella, 

J., & Marconi, G. D. (2022). Hypoxia: Molecular pathophysiological mechanisms in 

human diseases. Journal of Physiology and Biochemistry, 78(4), 739–752. 

https://doi.org/10.1007/s13105-022-00912-6 

Deng, P., Xu, A., Grin, P. M., Matthews, K., Duffy, S. P., & Ma, H. (2024). Auto-amplification 

and spatial propagation of neutrophil extracellular traps. Communications Biology, 7(1), 

1–9. https://doi.org/10.1038/s42003-024-06074-z 

Deng, Q., Sarris, M., Bennin, D. A., Green, J. M., Herbomel, P., & Huttenlocher, A. (2013). 

Localized bacterial infection induces systemic activation of neutrophils through Cxcr2 

signaling in zebrafish. Journal of Leukocyte Biology, 93(5), 761–769. 

https://doi.org/10.1189/jlb.1012534 

Denning, N.-L., Aziz, M., Gurien, S. D., & Wang, P. (2019). DAMPs and NETs in Sepsis. 

Frontiers in Immunology, 10. https://doi.org/10.3389/fimmu.2019.02536 

Dixit, N., & Simon, S. I. (2012). Chemokines, selectins and intracellular calcium flux: Temporal 

and spatial cues for leukocyte arrest. Frontiers in Immunology, 3. 

https://doi.org/10.3389/fimmu.2012.00188 

Dölling, M., Eckstein, M., Singh, J., Schauer, C., Schoen, J., Shan, X., Bozec, A., Knopf, J., 

Schett, G., Muñoz, L. E., & Herrmann, M. (2022). Hypoxia Promotes Neutrophil Survival 

After Acute Myocardial Infarction. Frontiers in Immunology, 13. 

https://doi.org/10.3389/fimmu.2022.726153 



218 
 

Domingo-Gonzalez, R., Das, S., Griffiths, K. L., Ahmed, M., Bambouskova, M., Gopal, R., 

Gondi, S., Muñoz-Torrico, M., Salazar-Lezama, M. A., Cruz-Lagunas, A., Jiménez-

Álvarez, L., Ramirez-Martinez, G., Espinosa-Soto, R., Sultana, T., Lyons-Weiler, J., 

Reinhart, T. A., Arcos, J., de la Luz Garcia-Hernandez, M., Mastrangelo, M. A., … Khader, 

S. A. (2017). Interleukin-17 limits hypoxia-inducible factor 1α and development of hypoxic 

granulomas during tuberculosis. JCI Insight, 2(19), e92973. 

https://doi.org/10.1172/jci.insight.92973 

Dorhoi, A., Iannaccone, M., Farinacci, M., Faé, K. C., Schreiber, J., Moura-Alves, P., 

Nouailles, G., Mollenkopf, H.-J., Oberbeck-Müller, D., Jörg, S., Heinemann, E., Hahnke, 

K., Löwe, D., Del Nonno, F., Goletti, D., Capparelli, R., & Kaufmann, S. H. E. (2013). 

MicroRNA-223 controls susceptibility to tuberculosis by regulating lung neutrophil 

recruitment. The Journal of Clinical Investigation, 123(11), 4836–4848. 

https://doi.org/10.1172/JCI67604 

Dowey, R., Iqbal, A., Heller, S. R., Sabroe, I., & Prince, L. R. (2021). A Bittersweet Response 

to Infection in Diabetes; Targeting Neutrophils to Modify Inflammation and Improve Host 

Immunity. Frontiers in Immunology, 12. https://doi.org/10.3389/fimmu.2021.678771 

Du, L. Y., Darroch, H., Keerthisinghe, P., Ashimbayeva, E., Astin, J. W., Crosier, K. E., Crosier, 

P. S., Warman, G., Cheeseman, J., & Hall, C. J. (2017). The innate immune cell response 

to bacterial infection in larval zebrafish is light-regulated. Scientific Reports, 7(1), 12657. 

https://doi.org/10.1038/s41598-017-12842-1 

Ehlers, S., & Schaible, U. E. (2013). The Granuloma in Tuberculosis: Dynamics of a Host–

Pathogen Collusion. Frontiers in Immunology, 3, 411. 

https://doi.org/10.3389/fimmu.2012.00411 

El Omar, R., Abdellaoui, N., Coulibaly, S. T., Fontenille, L., Lanza, F., Gachet, C., Freund, J.-

N., Negroni, M., Kissa, K., & Tavian, M. (2024). Macrophage depletion overcomes human 

hematopoietic cell engraftment failure in zebrafish embryo. Cell Death & Disease, 15(5), 

1–10. https://doi.org/10.1038/s41419-024-06682-x 

El-Benna, J., Hurtado-Nedelec, M., Marzaioli, V., Marie, J.-C., Gougerot-Pocidalo, M.-A., & 

Dang, P. M.-C. (2016). Priming of the neutrophil respiratory burst: Role in host defense 

and inflammation. Immunological Reviews, 273(1), 180–193. 

https://doi.org/10.1111/imr.12447 

Elks, P. M., Brizee, S., Vaart, M. van der, Walmsley, S. R., Eeden, F. J. van, Renshaw, S. A., 

& Meijer, A. H. (2013). Hypoxia Inducible Factor Signaling Modulates Susceptibility to 

Mycobacterial Infection via a Nitric Oxide Dependent Mechanism. PLOS Pathogens, 

9(12), e1003789. https://doi.org/10.1371/journal.ppat.1003789 



219 
 

Elks, P. M., van der Vaart, M., van Hensbergen, V., Schutz, E., Redd, M. J., Murayama, E., 

Spaink, H. P., & Meijer, A. H. (2014). Mycobacteria Counteract a TLR-Mediated 

Nitrosative Defense Mechanism in a Zebrafish Infection Model. PLoS ONE, 9(6), 

e100928. https://doi.org/10.1371/journal.pone.0100928 

Elks, P. M., van Eeden, F. J., Dixon, G., Wang, X., Reyes-Aldasoro, C. C., Ingham, P. W., 

Whyte, M. K. B., Walmsley, S. R., & Renshaw, S. A. (2011). Activation of hypoxia-

inducible factor-1α (Hif-1α) delays inflammation resolution by reducing neutrophil 

apoptosis and reverse migration in a zebrafish inflammation model. Blood, 118(3), 712–

722. https://doi.org/10.1182/blood-2010-12-324186 

Ellett, F., Elks, P. M., Robertson, A. L., Ogryzko, N. V., & Renshaw, S. A. (2015). Defining the 

phenotype of neutrophils following reverse migration in zebrafish. Journal of Leukocyte 

Biology, 98(6), 975–981. https://doi.org/10.1189/jlb.3MA0315-105R 

Ellett, F., Pase, L., Hayman, J. W., Andrianopoulos, A., & Lieschke, G. J. (2011). Mpeg1 

promoter transgenes direct macrophage-lineage expression in zebrafish. Blood, 117(4), 

e49–e56. https://doi.org/10.1182/blood-2010-10-314120 

Ernst, J. D. (2012). The immunological life cycle of tuberculosis. Nature Reviews Immunology, 

12(8), 581–591. https://doi.org/10.1038/nri3259 

Esmann, L., Idel, C., Sarkar, A., Hellberg, L., Behnen, M., Möller, S., van Zandbergen, G., 

Klinger, M., Köhl, J., Bussmeyer, U., Solbach, W., & Laskay, T. (2010). Phagocytosis of 

Apoptotic Cells by Neutrophil Granulocytes: Diminished Proinflammatory Neutrophil 

Functions in the Presence of Apoptotic Cells. The Journal of Immunology, 184(1), 391–

400. https://doi.org/10.4049/jimmunol.0900564 

Fan, S., Jiang, J., Zhang, H., Wang, C., Kong, S., Zhao, T., Meng, L., Liu, Y., Qin, J., Rong, 

X., He, Z., He, Q., He, K., Chen, K., Lei, L., Hai, X., Nie, H., & Ren, C. (2023). Identification 

of histone deacetylase inhibitors as neutrophil recruitment modulators in zebrafish using 

a chemical library screen. Disease Models & Mechanisms, 16(10), dmm050056. 

https://doi.org/10.1242/dmm.050056 

Feng, C. G., Kaviratne, M., Rothfuchs, A. G., Cheever, A., Hieny, S., Young, H. A., Wynn, T. 

A., & Sher, A. (2006). NK Cell-Derived IFN-γ Differentially Regulates Innate Resistance 

and Neutrophil Response in T Cell-Deficient Hosts Infected with Mycobacterium 

tuberculosis. The Journal of Immunology, 177(10), 7086–7093. 

https://doi.org/10.4049/jimmunol.177.10.7086 



220 
 

Filio-Rodríguez, G., Estrada-García, I., Arce-Paredes, P., Moreno-Altamirano, M. M., Islas-

Trujillo, S., Ponce-Regalado, M. D., & Rojas-Espinosa, O. (2017). In vivo induction of 

neutrophil extracellular traps by Mycobacterium tuberculosis in a guinea pig model. Innate 

Immunity, 23(7), 625–637. https://doi.org/10.1177/1753425917732406 

Fine, N., Tasevski, N., McCulloch, C. A., Tenenbaum, H. C., & Glogauer, M. (2020). The 

Neutrophil: Constant Defender and First Responder. Frontiers in Immunology, 11, 

571085. https://doi.org/10.3389/fimmu.2020.571085 

Fonseca, K. L., Rodrigues, P. N. S., Olsson, I. A. S., & Saraiva, M. (2017). Experimental study 

of tuberculosis: From animal models to complex cell systems and organoids. PLOS 

Pathogens, 13(8), e1006421. https://doi.org/10.1371/journal.ppat.1006421 

Francis, R. J., Butler, R. E., & Stewart, G. R. (2014). Mycobacterium tuberculosis ESAT-6 is 

a leukocidin causing Ca2+ influx, necrosis and neutrophil extracellular trap formation. Cell 

Death & Disease, 5(10), e1474. https://doi.org/10.1038/cddis.2014.394 

Fritzenwanger, M., Jung, C., Goebel, B., Lauten, A., & Figulla, H. R. (2011). Impact of Short-

Term Systemic Hypoxia on Phagocytosis, Cytokine Production, and Transcription Factor 

Activation in Peripheral Blood Cells. Mediators of Inflammation, 2011(1), 429501. 

https://doi.org/10.1155/2011/429501 

Furze, R. C., & Rankin, S. M. (2008). Neutrophil mobilization and clearance in the bone 

marrow. Immunology, 125(3), 281–288. https://doi.org/10.1111/j.1365-

2567.2008.02950.x 

Gaffney, E., Murphy, D., Walsh, A., Connolly, S., Basdeo, S. A., Keane, J., & Phelan, J. J. 

(2022). Defining the role of neutrophils in the lung during infection: Implications for 

tuberculosis disease. Frontiers in Immunology, 13. 

https://doi.org/10.3389/fimmu.2022.984293 

Gao, Y., Wen, Q., Hu, S., Zhou, X., Xiong, W., Du, X., Zhang, L., Fu, Y., Yang, J., Zhou, C., 

Zhang, Z., Li, Y., Liu, H., Huang, Y., & Ma, L. (2019). IL-36γ Promotes Killing of 

Mycobacterium tuberculosis by Macrophages via WNT5A-Induced Noncanonical WNT 

Signaling. The Journal of Immunology, 203(4), 922–935. 

https://doi.org/10.4049/jimmunol.1900169 

García-Bengoa, M., Meurer, M., Stehr, M., Elamin, A. A., Singh, M., Oehlmann, W., Mörgelin, 

M., & von Köckritz-Blickwede, M. (2023). Mycobacterium tuberculosis PE/PPE proteins 

enhance the production of reactive oxygen species and formation of neutrophil 

extracellular traps. Frontiers in Immunology, 14. 

https://doi.org/10.3389/fimmu.2023.1206529 



221 
 

Glaser, K. M., Doon-Ralls, J., Walters, N., Rima, X. Y., Rambold, A. S., Réategui, E., & 

Lämmermann, T. (2024). Arp2/3 complex and the pentose phosphate pathway regulate 

late phases of neutrophil swarming. iScience, 27(1), 108656. 

https://doi.org/10.1016/j.isci.2023.108656 

Goldberg, M. F., Saini, N. K., & Porcelli, S. A. (2014). Evasion of Innate and Adaptive Immunity 

by Mycobacterium tuberculosis. Microbiology Spectrum, 2(5), 

10.1128/microbiolspec.mgm2-0005–2013. https://doi.org/10.1128/microbiolspec.mgm2-

0005-2013 

Goldsmith, J. R., & Jobin, C. (2012). Think Small: Zebrafish as a Model System of Human 

Pathology. Journal of Biomedicine and Biotechnology, 2012, 817341. 

https://doi.org/10.1155/2012/817341 

Golenkina, E. A., Galkina, S. I., Pletjushkina, O., Chernyak, B., Gaponova, T. V., Romanova, 

Y. M., & Sud’ina, G. F. (2022). Gram-Negative Bacteria Salmonella typhimurium Boost 

Leukotriene Synthesis Induced by Chemoattractant fMLP to Stimulate Neutrophil 

Swarming. Frontiers in Pharmacology, 12, 814113. 

https://doi.org/10.3389/fphar.2021.814113 

Golovkine, G. R., Roberts, A. W., Morrison, H. M., Rivera-Lugo, R., McCall, R. M., Nilsson, H., 

Garelis, N. E., Repasy, T., Cronce, M., Budzik, J., Van Dis, E., Popov, L. M., Mitchell, G., 

Zalpuri, R., Jorgens, D., & Cox, J. S. (2023). Autophagy restricts Mycobacterium 

tuberculosis during acute infection in mice. Nature Microbiology, 8(5), 819–832. 

https://doi.org/10.1038/s41564-023-01354-6 

Gonsalves, C. S., & Kalra, V. K. (2010). Hypoxia-Mediated Expression of 5-Lipoxygenase–

Activating Protein Involves HIF-1α and NF-κB and MicroRNAs 135a and 199a-5p. The 

Journal of Immunology, 184(7), 3878–3888. https://doi.org/10.4049/jimmunol.0902594 

Gopal, R., Monin, L., Torres, D., Slight, S., Mehra, S., McKenna, K. C., Fallert Junecko, B. A., 

Reinhart, T. A., Kolls, J., Báez-Saldaña, R., Cruz-Lagunas, A., Rodríguez-Reyna, T. S., 

Kumar, N. P., Tessier, P., Roth, J., Selman, M., Becerril-Villanueva, E., Baquera-Heredia, 

J., Cumming, B., … Khader, S. A. (2013). S100A8/A9 Proteins Mediate Neutrophilic 

Inflammation and Lung Pathology during Tuberculosis. American Journal of Respiratory 

and Critical Care Medicine, 188(9), 1137–1146. https://doi.org/10.1164/rccm.201304-

0803OC 

Gratacap, R. L., Scherer, A. K., Seman, B. G., & Wheeler, R. T. (2017). Control of Mucosal 

Candidiasis in the Zebrafish Swim Bladder Depends on Neutrophils That Block Filament 

Invasion and Drive Extracellular-Trap Production. Infection and Immunity, 85(9), e00276-

17. https://doi.org/10.1128/IAI.00276-17 



222 
 

Grespan, R., Fukada, S. Y., Lemos, H. P., Vieira, S. M., Napimoga, M. H., Teixeira, M. M., 

Fraser, A. R., Liew, F. Y., McInnes, I. B., & Cunha, F. Q. (2008). CXCR2-specific 

chemokines mediate leukotriene B4–dependent recruitment of neutrophils to inflamed 

joints in mice with antigen-induced arthritis. Arthritis & Rheumatism, 58(7), 2030–2040. 

https://doi.org/10.1002/art.23597 

Guiducci, E., Lemberg, C., Küng, N., Schraner, E., Theocharides, A. P. A., & LeibundGut-

Landmann, S. (2018). Candida albicans-Induced NETosis Is Independent of 

Peptidylarginine Deiminase 4. Frontiers in Immunology, 9, 1573. 

https://doi.org/10.3389/fimmu.2018.01573 

Guo, Q., Jin, Y., Chen, X., Ye, X., Shen, X., Lin, M., Zeng, C., Zhou, T., & Zhang, J. (2024). 

NF-κB in biology and targeted therapy: New insights and translational implications. Signal 

Transduction and Targeted Therapy, 9(1), 1–37. https://doi.org/10.1038/s41392-024-

01757-9 

Guo, Y., Krupa, O., Stein, J., Wu, G., & Krishnamurthy, A. (2022). SAU-Net: A Unified Network 

for Cell Counting in 2D and 3D Microscopy Images. IEEE/ACM Transactions on 

Computational Biology and Bioinformatics, 19(4), 1920–1932. 

https://doi.org/10.1109/TCBB.2021.3089608 

Haddon, C., & Lewis, J. (1996). Early ear development in the embryo of the Zebrafish, Danio 

rerio. Journal of Comparative Neurology, 365(1), 113–128. 

https://doi.org/10.1002/(SICI)1096-9861(19960129)365:1<113::AID-CNE9>3.0.CO;2-6 

Han, S., Phasouk, K., Zhu, J., & Fong, Y. (2023). Optimizing Deep Learning-Based 

Segmentation of Densely Packed Cells using Cell Surface Markers. Research Square, 

rs.3.rs-3307496. https://doi.org/10.21203/rs.3.rs-3307496/v1 

Handala, L., Fiore, T., Rouillé, Y., & Helle, F. (2019). QuantIF: An ImageJ Macro to 

Automatically Determine the Percentage of Infected Cells after Immunofluorescence. 

Viruses, 11(2), 165. https://doi.org/10.3390/v11020165 

Handelmann, C. R., Tsompana, M., Samudrala, R., & Buck, M. J. (2023). The impact of 

nucleosome structure on CRISPR/Cas9 fidelity. Nucleic Acids Research, 51(5), 2333–

2344. https://doi.org/10.1093/nar/gkad021 

Harvie, E. A., & Huttenlocher, A. (2015). Neutrophils in host defense: New insights from 

zebrafish. Journal of Leukocyte Biology, 98(4), 523–537. 

https://doi.org/10.1189/jlb.4MR1114-524R 

Helmchen, F. (2009). Two-Photon Functional Imaging of Neuronal Activity. In R. D. Frostig 

(Ed.), In Vivo Optical Imaging of Brain Function (2nd ed.). CRC Press/Taylor & Francis. 

http://www.ncbi.nlm.nih.gov/books/NBK20230/ 



223 
 

Henry, K. M., Loynes, C. A., Whyte, M. K. B., & Renshaw, S. A. (2013). Zebrafish as a model 

for the study of neutrophil biology. Journal of Leukocyte Biology, 94(4), 633–642. 

https://doi.org/10.1189/jlb.1112594 

Hensley-McBain, T., & Klatt, N. R. (2018). The Dual Role of Neutrophils in HIV Infection. 

Current HIV/AIDS Reports, 15(1), 1–10. https://doi.org/10.1007/s11904-018-0370-7 

Herrero-Cervera, A., Soehnlein, O., & Kenne, E. (2022). Neutrophils in chronic inflammatory 

diseases. Cellular & Molecular Immunology, 19(2), 177–191. 

https://doi.org/10.1038/s41423-021-00832-3 

Heyckendorf, J., Georghiou, S. B., Frahm, N., Heinrich, N., Kontsevaya, I., Reimann, M., 

Holtzman, D., Imperial, M., Cirillo, D. M., Gillespie, S. H., Ruhwald, M., & on behalf of the 

UNITE4TB Consortium. (2022). Tuberculosis Treatment Monitoring and Outcome 

Measures: New Interest and New Strategies. Clinical Microbiology Reviews, 35(3), 

e00227-21. https://doi.org/10.1128/cmr.00227-21 

Hilda, J. N., Das, S., Tripathy, S. P., & Hanna, L. E. (2020). Role of neutrophils in tuberculosis: 

A bird’s eye view. Innate Immunity, 26(4), 240–247. 

https://doi.org/10.1177/1753425919881176 

Hoenderdos, K., Lodge, K. M., Hirst, R. A., Chen, C., Palazzo, S. G. C., Emerenciana, A., 

Summers, C., Angyal, A., Porter, L., Juss, J. K., O’Callaghan, C., Chilvers, E. R., & 

Condliffe, A. M. (2016). Hypoxia upregulates neutrophil degranulation and potential for 

tissue injury. Thorax, 71(11), 1030–1038. https://doi.org/10.1136/thoraxjnl-2015-207604 

Home Office. (n.d.). Animals (Scientific Procedures) Act 1986 [Text]. Statute Law Database. 

Retrieved 28 August 2024, from https://www.legislation.gov.uk/ukpga/1986/14/section/1 

Home Office. (2022, June). Guidance -Use of Standard Genetically Altered Animal Protocols. 

Hopke, A., & Irimia, D. (2020). Ex Vivo Human Neutrophil Swarming Against Live Microbial 

Targets. Methods in Molecular Biology, 2087, 107–116. https://doi.org/10.1007/978-1-

0716-0154-9_8 

Hopke, A., Lin, T., Scherer, A. K., Shay, A. E., Timmer, K. D., Wilson-Mifsud, B., Mansour, M. 

K., Serhan, C. N., Irimia, D., & Hurley, B. P. (2022). Transcellular biosynthesis of 

leukotriene B4 orchestrates neutrophil swarming to fungi. iScience, 25(10), 105226. 

https://doi.org/10.1016/j.isci.2022.105226 

Hopke, A., Scherer, A., Kreuzburg, S., Abers, M. S., Zerbe, C. S., Dinauer, M. C., Mansour, 

M. K., & Irimia, D. (2020). Neutrophil swarming delays the growth of clusters of pathogenic 

fungi. Nature Communications, 11(1), 2031. https://doi.org/10.1038/s41467-020-15834-

4 



224 
 

Hoshino, Y., Tse, D. B., Rochford, G., Prabhakar, S., Hoshino, S., Chitkara, N., Kuwabara, K., 

Ching, E., Raju, B., Gold, J. A., Borkowsky, W., Rom, W. N., Pine, R., & Weiden, M. 

(2004). Mycobacterium tuberculosis-Induced CXCR4 and Chemokine Expression Leads 

to Preferential X4 HIV-1 Replication in Human Macrophages1. The Journal of 

Immunology, 172(10), 6251–6258. https://doi.org/10.4049/jimmunol.172.10.6251 

Hosseini, R., Lamers, G. E. M., Soltani, H. M., Meijer, A. H., Spaink, H. P., & Schaaf, M. J. M. 

(2016). Efferocytosis and extrusion of leukocytes determine the progression of early 

mycobacterial pathogenesis. Journal of Cell Science, 129(18), 3385–3395. 

https://doi.org/10.1242/jcs.135194 

Houseright, R. A., Rosowski, E. E., Lam, P.-Y., Tauzin, S. J. M., Mulvaney, O., Dewey, C. N., 

& Huttenlocher, A. (2020). Cell type specific gene expression profiling reveals a role for 

complement component C3 in neutrophil responses to tissue damage. Scientific Reports, 

10(1), 15716. https://doi.org/10.1038/s41598-020-72750-9 

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., Collins, J. E., 

Humphray, S., McLaren, K., Matthews, L., McLaren, S., Sealy, I., Caccamo, M., Churcher, 

C., Scott, C., Barrett, J. C., Koch, R., Rauch, G.-J., White, S., … Stemple, D. L. (2013). 

The zebrafish reference genome sequence and its relationship to the human genome. 

Nature, 496(7446), 498–503. https://doi.org/10.1038/nature12111 

Hu, S., He, W., Du, X., Yang, J., Wen, Q., Zhong, X.-P., & Ma, L. (2017). IL-17 Production of 

Neutrophils Enhances Antibacteria Ability but Promotes Arthritis Development During 

Mycobacterium tuberculosis Infection. EBioMedicine, 23, 88–99. 

https://doi.org/10.1016/j.ebiom.2017.08.001 

Hurd, T. R., DeGennaro, M., & Lehmann, R. (2012). Redox regulation of cell migration and 

adhesion. Trends in Cell Biology, 22(2), 107–115. 

https://doi.org/10.1016/j.tcb.2011.11.002 

Immler, R., Simon, S. I., & Sperandio, M. (2018). Calcium signaling and related ion channels 

in neutrophil recruitment and function. European Journal of Clinical Investigation, 

48(Suppl 2), e12964. https://doi.org/10.1111/eci.12964 

Ishii, T., & Ishii, M. (2011). Intravital two-photon imaging: A versatile tool for dissecting the 

immune system. Annals of the Rheumatic Diseases, 70(Suppl 1), i113–i115. 

https://doi.org/10.1136/ard.2010.138156 

Isles, H. M., Herman, K. D., Robertson, A. L., Loynes, C. A., Prince, L. R., Elks, P. M., & 

Renshaw, S. A. (2019). The CXCL12/CXCR4 Signaling Axis Retains Neutrophils at 

Inflammatory Sites in Zebrafish. Frontiers in Immunology, 10, 1784. 

https://doi.org/10.3389/fimmu.2019.01784 



225 
 

Isles, H. M., Loynes, C. A., Alasmari, S., Kon, F. C., Henry, K. M., Kadochnikova, A., Hales, 

J., Muir, C. F., Keightley, M.-C., Kadirkamanathan, V., Hamilton, N., Lieschke, G. J., 

Renshaw, S. A., & Elks, P. M. (2021). Pioneer neutrophils release chromatin within in 

vivo swarms. eLife, 10, e68755. https://doi.org/10.7554/eLife.68755 

Israel, U., Marks, M., Dilip, R., Li, Q., Yu, C., Laubscher, E., Li, S., Schwartz, M., Pradhan, E., 

Ates, A., Abt, M., Brown, C., Pao, E., Pearson-Goulart, A., Perona, P., Gkioxari, G., 

Barnowski, R., Yue, Y., & Valen, D. V. (2024). A Foundation Model for Cell Segmentation. 

bioRxiv, 2023.11.17.567630. https://doi.org/10.1101/2023.11.17.567630 

Jaboury, S., Wang, K., O’Sullivan, K. M., Ooi, J. D., & Ho, G. Y. (2023). NETosis as an 

oncologic therapeutic target: A mini review. Frontiers in Immunology, 14. 

https://doi.org/10.3389/fimmu.2023.1170603 

Jackson-Jones, L. H., Smith, P., Portman, J. R., Magalhaes, M. S., Mylonas, K. J., Vermeren, 

M. M., Nixon, M., Henderson, B. E. P., Dobie, R., Vermeren, S., Denby, L., Henderson, 

N. C., Mole, D. J., & Bénézech, C. (2020). Stromal Cells Covering Omental Fat-

Associated Lymphoid Clusters Trigger Formation of Neutrophil Aggregates to Capture 

Peritoneal Contaminants. Immunity, 52(4), 700. 

https://doi.org/10.1016/j.immuni.2020.03.011 

Janko, J., Bečka, E., Kmeťová, K., Hudecová, L., Konečná, B., Celec, P., Bajaj-Elliott, M., & 

Pastorek, M. (2023). Neutrophil extracellular traps formation and clearance is enhanced 

in fever and attenuated in hypothermia. Frontiers in Immunology, 14. 

https://doi.org/10.3389/fimmu.2023.1257422 

Jena, P., Mohanty, S., Mohanty, T., Kallert, S., Morgelin, M., Lindstrøm, T., Borregaard, N., 

Stenger, S., Sonawane, A., & Sørensen, O. E. (2012). Azurophil Granule Proteins 

Constitute the Major Mycobactericidal Proteins in Human Neutrophils and Enhance the 

Killing of Mycobacteria in Macrophages. PLoS ONE, 7(12), e50345. 

https://doi.org/10.1371/journal.pone.0050345 

Jeon, J.-H., Hong, C.-W., Kim, E. Y., & Lee, J. M. (2020). Current Understanding on the 

Metabolism of Neutrophils. Immune Network, 20(6), e46. 

https://doi.org/10.4110/in.2020.20.e46 

Jeong, S., Park, S. A., Park, I., Kim, P., Cho, N. H., Hyun, J. W., & Hyun, Y.-M. (2019). PM2.5 

Exposure in the Respiratory System Induces Distinct Inflammatory Signaling in the Lung 

and the Liver of Mice. Journal of Immunology Research, 2019(1), 3486841. 

https://doi.org/10.1155/2019/3486841 



226 
 

Ji, J., Zhong, H., Wang, Y., Liu, J., Tang, J., & Liu, Z. (2024). Chemerin attracts neutrophil 

reverse migration by interacting with C–C motif chemokine receptor-like 2. Cell Death & 

Disease, 15(6), 1–10. https://doi.org/10.1038/s41419-024-06820-5 

Jones, H. R., Robb, C. T., Perretti, M., & Rossi, A. G. (2016). The role of neutrophils in 

inflammation resolution. Seminars in Immunology, 28(2), 137–145. 

https://doi.org/10.1016/j.smim.2016.03.007 

Kamenyeva, O., Boularan, C., Kabat, J., Cheung, G. Y. C., Cicala, C., Yeh, A. J., Chan, J. L., 

Periasamy, S., Otto, M., & Kehrl, J. H. (2015). Neutrophil Recruitment to Lymph Nodes 

Limits Local Humoral Response to Staphylococcus aureus. PLOS Pathogens, 11(4), 

e1004827. https://doi.org/10.1371/journal.ppat.1004827 

Kaveh, A., Bruton, F. A., Buckley, C., Oremek, M. E. M., Tucker, C. S., Mullins, J. J., Taylor, 

J. M., Rossi, A. G., & Denvir, M. A. (2020). Live Imaging of Heart Injury in Larval Zebrafish 

Reveals a Multi-Stage Model of Neutrophil and Macrophage Migration. Frontiers in Cell 

and Developmental Biology, 8. https://doi.org/10.3389/fcell.2020.579943 

Keeter, W. C., Moriarty, A. K., & Galkina, E. V. (2021). Role of neutrophils in type 2 diabetes 

and associated atherosclerosis. The International Journal of Biochemistry & Cell Biology, 

141, 106098. https://doi.org/10.1016/j.biocel.2021.106098 

Kenyon, A., Gavriouchkina, D., Zorman, J., Napolitani, G., Cerundolo, V., & Sauka-Spengler, 

T. (2017). Active nuclear transcriptome analysis reveals inflammasome-dependent 

mechanism for early neutrophil response to Mycobacterium marinum. Scientific Reports, 

7(1), 6505. https://doi.org/10.1038/s41598-017-06099-x 

Khachaturyan, G., Holle, A. W., Ende, K., Frey, C., Schwederski, H. A., Eiseler, T., Paschke, 

S., Micoulet, A., Spatz, J. P., & Kemkemer, R. (2022). Temperature-sensitive migration 

dynamics in neutrophil-differentiated HL-60 cells. Scientific Reports, 12(1), 7053. 

https://doi.org/10.1038/s41598-022-10858-w 

Khazen, R., Corre, B., Garcia, Z., Lemaître, F., Bachellier-Bassi, S., d’Enfert, C., & Bousso, 

P. (2022). Spatiotemporal dynamics of calcium signals during neutrophil cluster 

formation. Proceedings of the National Academy of Sciences, 119(29), e2203855119. 

https://doi.org/10.1073/pnas.2203855119 

Kiazyk, S., & Ball, T. (2017). Latent tuberculosis infection: An overview. Canada 

Communicable Disease Report, 43(3–4), 62–66. 

Kienle, K., Glaser, K. M., Eickhoff, S., Mihlan, M., Knöpper, K., Reátegui, E., Epple, M. W., 

Gunzer, M., Baumeister, R., Tarrant, T. K., Germain, R. N., Irimia, D., Kastenmüller, W., 

& Lämmermann, T. (2021). Neutrophils self-limit swarming to contain bacterial growth in 

vivo. Science, 372(6548), eabe7729. https://doi.org/10.1126/science.abe7729 



227 
 

Kienle, K., & Lämmermann, T. (2016). Neutrophil swarming: An essential process of the 

neutrophil tissue response. Immunological Reviews, 273(1), 76–93. 

https://doi.org/10.1111/imr.12458 

Kim, M.-H., Liu, W., Borjesson, D. L., Curry, F.-R. E., Miller, L. S., Cheung, A. L., Liu, F.-T., 

Isseroff, R. R., & Simon, S. I. (2008). Dynamics of Neutrophil Infiltration during Cutaneous 

Wound Healing and Infection Using Fluorescence Imaging. The Journal of Investigative 

Dermatology, 128(7), 1812–1820. https://doi.org/10.1038/sj.jid.5701223 

Kisich, K. O., Higgins, M., Diamond, G., & Heifets, L. (2002). Tumor Necrosis Factor Alpha 

Stimulates Killing of Mycobacterium tuberculosis by Human Neutrophils. Infection and 

Immunity, 70(8), 4591–4599. https://doi.org/10.1128/IAI.70.8.4591-4599.2002 

Klebanoff, S. J., & Coombs, R. W. (1992). Viricidal effect of polymorphonuclear leukocytes on 

human immunodeficiency virus-1. Role of the myeloperoxidase system. Journal of 

Clinical Investigation, 89(6), 2014–2017. 

Kling, L., Schreiber, A., Eckardt, K.-U., & Kettritz, R. (2021). Hypoxia-inducible factors not only 

regulate but also are myeloid-cell treatment targets. Journal of Leukocyte Biology, 110(1), 

61–75. https://doi.org/10.1002/JLB.4RI0820-535R 

Koenderman, L., Tesselaar, K., & Vrisekoop, N. (2022). Human neutrophil kinetics: A call to 

revisit old evidence. Trends in Immunology, 43(11), 868–876. 

https://doi.org/10.1016/j.it.2022.09.008 

Kolaczkowska, E., & Kubes, P. (2013). Neutrophil recruitment and function in health and 

inflammation. Nature Reviews Immunology, 13(3), 159–175. 

https://doi.org/10.1038/nri3399 

Kreisel, D., Nava, R. G., Li, W., Zinselmeyer, B. H., Wang, B., Lai, J., Pless, R., Gelman, A. 

E., Krupnick, A. S., & Miller, M. J. (2010). In vivo two-photon imaging reveals monocyte-

dependent neutrophil extravasation during pulmonary inflammation. Proceedings of the 

National Academy of Sciences, 107(42), 18073–18078. 

https://doi.org/10.1073/pnas.1008737107 

Krieg, A. M. (2002). CpG Motifs in Bacterial DNA and Their Immune Effects*. Annual Review 

of Immunology, 20(Volume 20, 2002), 709–760. 

https://doi.org/10.1146/annurev.immunol.20.100301.064842 

Kroll, F., Powell, G. T., Ghosh, M., Gestri, G., Antinucci, P., Hearn, T. J., Tunbak, H., Lim, S., 

Dennis, H. W., Fernandez, J. M., Whitmore, D., Dreosti, E., Wilson, S. W., Hoffman, E. 

J., & Rihel, J. (2021). A simple and effective F0 knockout method for rapid screening of 

behaviour and other complex phenotypes. eLife, 10, e59683. 

https://doi.org/10.7554/eLife.59683 



228 
 

Kroon, E. E., Coussens, A. K., Kinnear, C., Orlova, M., Möller, M., Seeger, A., Wilkinson, R. 

J., Hoal, E. G., & Schurr, E. (2018). Neutrophils: Innate Effectors of TB Resistance? 

Frontiers in Immunology, 9. https://doi.org/10.3389/fimmu.2018.02637 

Krzywinska, E., & Stockmann, C. (2018). Hypoxia, Metabolism and Immune Cell Function. 

Biomedicines, 6(2), 56. https://doi.org/10.3390/biomedicines6020056 

Kumar, A., Vaish, M., Karuppagounder, S. S., Gazaryan, I., Cave, J. W., Starkov, A. A., 

Anderson, E. T., Zhang, S., Pinto, J. T., Rountree, A. M., Wang, W., Sweet, I. R., & Ratan, 

R. R. (2021). HIF1α stabilization in hypoxia is not oxidant-initiated. eLife, 10, e72873. 

https://doi.org/10.7554/eLife.72873 

Lacy, P. (2006). Mechanisms of Degranulation in Neutrophils. Allergy, Asthma, and Clinical 

Immunology : Official Journal of the Canadian Society of Allergy and Clinical Immunology, 

2(3), 98–108. https://doi.org/10.1186/1710-1492-2-3-98 

Lai, R., Williams, T., Rakib, T., Lee, J., & Behar, S. M. (2024). Heterogeneity in lung 

macrophage control of Mycobacterium tuberculosis is modulated by T cells. Nature 

Communications, 15(1), 5710. https://doi.org/10.1038/s41467-024-48515-7 

Lam, P., Fischer, R. S., Shin, W. D., Waterman, C. M., & Huttenlocher, A. (2014). Spinning 

Disk Confocal Imaging of Neutrophil Migration in Zebrafish. Methods in Molecular Biology 

(Clifton, N.J.), 1124, 219–233. https://doi.org/10.1007/978-1-62703-845-4_14 

Lämmermann, T. (2016). In the eye of the neutrophil swarm—Navigation signals that bring 

neutrophils together in inflamed and infected tissues. Journal of Leukocyte Biology, 

100(1), 55–63. https://doi.org/10.1189/jlb.1MR0915-403 

Lämmermann, T., Afonso, P. V., Angermann, B. R., Wang, J. M., Kastenmüller, W., Parent, 

C. A., & Germain, R. N. (2013). Neutrophil swarms require LTB4 and integrins at sites of 

cell death in vivo. Nature, 498(7454), 371–375. https://doi.org/10.1038/nature12175 

Lärfars, G., Lantoine, F., Devynck, M.-A., Palmblad, J., & Gyllenhammar, H. (1999). Activation 

of Nitric Oxide Release and Oxidative Metabolism by Leukotrienes B4, C4, and D4 in 

Human Polymorphonuclear Leukocytes. Blood, 93(4), 1399–1405. 

https://doi.org/10.1182/blood.V93.4.1399 

Lee, A. M., Laurent, P., Nathan, C. F., & Barrat, F. J. (2023). Neutrophil-plasmacytoid dendritic 

cell interaction leads to production of type I IFN in response to Mycobacterium 

tuberculosis. European Journal of Immunology, 54(3), 2350666. 

https://doi.org/10.1002/eji.202350666 

Lee, C., Han, J., & Jung, Y. (2023). Formyl peptide receptor 2 is an emerging modulator of 

inflammation in the liver. Experimental & Molecular Medicine, 55(2), 325–332. 

https://doi.org/10.1038/s12276-023-00941-1 



229 
 

Lee, E. K. S., Gillrie, M. R., Li, L., Arnason, J. W., Kim, J. H., Babes, L., Lou, Y., Sanati-

Nezhad, A., Kyei, S. K., Kelly, M. M., Mody, C. H., Ho, M., & Yipp, B. G. (2018). 

Leukotriene B4-Mediated Neutrophil Recruitment Causes Pulmonary Capillaritis during 

Lethal Fungal Sepsis. Cell Host & Microbe, 23(1), 121-133.e4. 

https://doi.org/10.1016/j.chom.2017.11.009 

Lee, J. W., Ko, J., Ju, C., & Eltzschig, H. K. (2019). Hypoxia signaling in human diseases and 

therapeutic targets. Experimental & Molecular Medicine, 51(6), 1–13. 

https://doi.org/10.1038/s12276-019-0235-1 

Lee, K.-M., & Seong, S.-Y. (2009). Partial role of TLR4 as a receptor responding to damage-

associated molecular pattern. Immunology Letters, 125(1), 31–39. 

https://doi.org/10.1016/j.imlet.2009.05.006 

Lee, W. L., Harrison, R. E., & Grinstein, S. (2003). Phagocytosis by neutrophils. Microbes and 

Infection, 5(14), 1299–1306. https://doi.org/10.1016/j.micinf.2003.09.014 

Lee, Y. S., Kim, J., Osborne, O., Oh, D. Y., Sasik, R., Schenk, S., Chen, A., Chung, H., 

Murphy, A., Watkins, S. M., Quehenberger, O., Johnson, R. S., & Olefsky, J. M. (2014). 

Increased Adipocyte O2 Consumption Triggers HIF-1α, Causing Inflammation and Insulin 

Resistance in Obesity. Cell, 157(6), 1339–1352. 

https://doi.org/10.1016/j.cell.2014.05.012 

Leire, E., Olson, J., Isaacs, H., Nizet, V., & Hollands, A. (2013). Role of hypoxia inducible 

factor-1 in keratinocyte inflammatory response and neutrophil recruitment. Journal of 

Inflammation, 10(1), 28. https://doi.org/10.1186/1476-9255-10-28 

Lekkala, S., Ren, Y., Weeks, J., Lee, K., Tay, A. J. H., Liu, B., Xue, T., Rainbolt, J., Xie, C., 

Schwarz, E. M., & Yeh, S.-C. A. (2024). A semi-automated cell tracking protocol for 

quantitative analyses of neutrophil swarming to sterile and S. aureus contaminated bone 

implants in a mouse femur model. PLOS ONE, 19(6), e0296140. 

https://doi.org/10.1371/journal.pone.0296140 

Lepiller, S., Laurens, V., Bouchot, A., Herbomel, P., Solary, E., & Chluba, J. (2007). Imaging 

of nitric oxide in a living vertebrate using a diaminofluorescein probe. Free Radical Biology 

and Medicine, 43(4), 619–627. https://doi.org/10.1016/j.freeradbiomed.2007.05.025 

Li, C., Wang, J., Xu, J.-F., Pi, J., & Zheng, B. (2024). Roles of HIF-1α signaling in 

Mycobacterium tuberculosis infection: New targets for anti-TB therapeutics? Biochemical 

and Biophysical Research Communications, 711, 149920. 

https://doi.org/10.1016/j.bbrc.2024.149920 



230 
 

Li, M., Zhao, L., Page-McCaw, P., & Chen, W. (2016). Zebrafish genome engineering using 

the CRISPR-Cas9 system. Trends in Genetics : TIG, 32(12), 815–827. 

https://doi.org/10.1016/j.tig.2016.10.005 

Li, Q., Xie, Y., Cui, Z., Huang, H., Yang, C., Yuan, B., Shen, P., & Shi, C. (2021). Activation of 

hypoxia-inducible factor 1 (Hif-1) enhanced bactericidal effects of macrophages to 

Mycobacterium tuberculosis. Tuberculosis, 126, 102044. 

https://doi.org/10.1016/j.tube.2020.102044 

Li, W., Nava, R. G., Bribriesco, A. C., Zinselmeyer, B. H., Spahn, J. H., Gelman, A. E., 

Krupnick, A. S., Miller, M. J., & Kreisel, D. (2012). Intravital 2-photon imaging of leukocyte 

trafficking in beating heart. The Journal of Clinical Investigation, 122(7), 2499–2508. 

https://doi.org/10.1172/JCI62970 

Li, Y., Wang, W., Yang, F., Xu, Y., Feng, C., & Zhao, Y. (2019). The regulatory roles of 

neutrophils in adaptive immunity. Cell Communication and Signaling : CCS, 17, 147. 

https://doi.org/10.1186/s12964-019-0471-y 

Lienard, J., Munke, K., Wulff, L., Da Silva, C., Vandamme, J., Laschanzky, K., Joeris, T., 

Agace, W., & Carlsson, F. (2023). Intragranuloma Accumulation and Inflammatory 

Differentiation of Neutrophils Underlie Mycobacterial ESX-1-Dependent 

Immunopathology. mBio, 14(2), e02764-22. https://doi.org/10.1128/mbio.02764-22 

Liese, J., Rooijakkers, S. H. M., van Strijp, J. A. G., Novick, R. P., & Dustin, M. L. (2012). 

Intravital two-photon microscopy of host–pathogen interactions in a mouse model of 

Staphylococcus aureus skin abscess formation. Cellular Microbiology, 15(6), 891–909. 

https://doi.org/10.1111/cmi.12085 

Liew, P. X., & Kubes, P. (2019). The Neutrophil’s Role During Health and Disease. 

Physiological Reviews, 99(2), 1223–1248. https://doi.org/10.1152/physrev.00012.2018 

Lister, J. A., Robertson, C. P., Lepage, T., Johnson, S. L., & Raible, D. W. (1999). Nacre 

encodes a zebrafish microphthalmia-related protein that regulates neural-crest-derived 

pigment cell fate. Development, 126(17), 3757–3767. 

https://doi.org/10.1242/dev.126.17.3757 

Liu, K., Petree, C., Requena, T., Varshney, P., & Varshney, G. K. (2019). Expanding the 

CRISPR Toolbox in Zebrafish for Studying Development and Disease. Frontiers in Cell 

and Developmental Biology, 7. https://doi.org/10.3389/fcell.2019.00013 

Liu, R., Muliadi, V., Mou, W., Li, H., Yuan, J., Holmberg, J., Chambers, B. J., Ullah, N., Wurth, 

J., Alzrigat, M., Schlisio, S., Carow, B., Larsson, L. G., & Rottenberg, M. E. (2022). HIF-

1 stabilization in T cells hampers the control of Mycobacterium tuberculosis infection. 

Nature Communications, 13, 5093. https://doi.org/10.1038/s41467-022-32639-9 



231 
 

Liu, R., Zhang, J., Rodrigues Lima, F., Zeng, J., & Nian, Q. (2024). Targeting neutrophil 

extracellular traps: A novel strategy in hematologic malignancies. Biomedicine & 

Pharmacotherapy, 173, 116334. https://doi.org/10.1016/j.biopha.2024.116334 

Liu, T., Zhang, L., Joo, D., & Sun, S.-C. (2017). NF-κB signaling in inflammation. Signal 

Transduction and Targeted Therapy, 2(1), 1–9. https://doi.org/10.1038/sigtrans.2017.23 

Lodge, K. M., Cowburn, A. S., Li, W., & Condliffe, A. M. (2020). The Impact of Hypoxia on 

Neutrophil Degranulation and Consequences for the Host. International Journal of 

Molecular Sciences, 21(4), 1183. https://doi.org/10.3390/ijms21041183 

Loh, W., & Vermeren, S. (2022). Anti-Inflammatory Neutrophil Functions in the Resolution of 

Inflammation and Tissue Repair. Cells, 11(24), Article 24. 

https://doi.org/10.3390/cells11244076 

Loynes, C. A., Lee, J. A., Robertson, A. L., Steel, M. JG., Ellett, F., Feng, Y., Levy, B. D., 

Whyte, M. K. B., & Renshaw, S. A. (2018). PGE2 production at sites of tissue injury 

promotes an anti-inflammatory neutrophil phenotype and determines the outcome of 

inflammation resolution in vivo. Science Advances, 4(9), eaar8320. 

https://doi.org/10.1126/sciadv.aar8320 

Lv, J., He, X., Wang, H., Wang, Z., Kelly, G. T., Wang, X., Chen, Y., Wang, T., & Qian, Z. 

(2017). TLR4-NOX2 axis regulates the phagocytosis and killing of Mycobacterium 

tuberculosis by macrophages. BMC Pulmonary Medicine, 17(1), 194. 

https://doi.org/10.1186/s12890-017-0517-0 

Ma, Y., Zhang, Y., & Zhu, L. (2021). Role of neutrophils in acute viral infection. Immunity, 

Inflammation and Disease, 9(4), 1186–1196. https://doi.org/10.1002/iid3.500 

Margraf, A., Ley, K., & Zarbock, A. (2019). Neutrophil Recruitment: From Model Systems to 

Tissue-Specific Patterns. Trends in Immunology, 40(7), 613–634. 

https://doi.org/10.1016/j.it.2019.04.010 

Masoud, G. N., & Li, W. (2015). HIF-1α pathway: Role, regulation and intervention for cancer 

therapy. Acta Pharmaceutica Sinica. B, 5(5), 378–389. 

https://doi.org/10.1016/j.apsb.2015.05.007 

Mastrogiovanni, M., Martínez-Navarro, F. J., Bowman, T. V., & Cayuela, M. L. (2024). 

Inflammation in Development and Aging: Insights from the Zebrafish Model. International 

Journal of Molecular Sciences, 25(4), 2145. https://doi.org/10.3390/ijms25042145 

Mathew-Steiner, S. S., Roy, S., & Sen, C. K. (2021). Collagen in Wound Healing. 

Bioengineering, 8(5), 63. https://doi.org/10.3390/bioengineering8050063 



232 
 

Mattos, M. S., Ferrero, M. R., Kraemer, L., Lopes, G. A. O., Reis, D. C., Cassali, G. D., Oliveira, 

F. M. S., Brandolini, L., Allegretti, M., Garcia, C. C., Martins, M. A., Teixeira, M. M., & 

Russo, R. C. (2020). CXCR1 and CXCR2 Inhibition by Ladarixin Improves Neutrophil-

Dependent Airway Inflammation in Mice. Frontiers in Immunology, 11, 566953. 

https://doi.org/10.3389/fimmu.2020.566953 

Mayadas, T. N., Cullere, X., & Lowell, C. A. (2014). The Multifaceted Functions of Neutrophils. 

Annual Review of Pathology, 9, 181–218. https://doi.org/10.1146/annurev-pathol-

020712-164023 

McCracken, J. M., & Allen, L.-A. H. (2014). Regulation of Human Neutrophil Apoptosis and 

Lifespan in Health and Disease. Journal of Cell Death, 7, 15–23. 

https://doi.org/10.4137/JCD.S11038 

McGettrick, A. F., & O’Neill, L. A. J. (2020). The Role of HIF in Immunity and Inflammation. 

Cell Metabolism, 32(4), 524–536. https://doi.org/10.1016/j.cmet.2020.08.002 

McInturff, A. M., Cody, M. J., Elliott, E. A., Glenn, J. W., Rowley, J. W., Rondina, M. T., & Yost, 

C. C. (2012). Mammalian target of rapamycin regulates neutrophil extracellular trap 

formation via induction of hypoxia-inducible factor 1 α. Blood, 120(15), 3118–3125. 

https://doi.org/10.1182/blood-2012-01-405993 

Metzemaekers, M., Gouwy, M., & Proost, P. (2020). Neutrophil chemoattractant receptors in 

health and disease: Double-edged swords. Cellular & Molecular Immunology, 17(5), 433–

450. https://doi.org/10.1038/s41423-020-0412-0 

Metzler, K. D., Fuchs, T. A., Nauseef, W. M., Reumaux, D., Roesler, J., Schulze, I., Wahn, V., 

Papayannopoulos, V., & Zychlinsky, A. (2011). Myeloperoxidase is required for neutrophil 

extracellular trap formation: Implications for innate immunity. Blood, 117(3), 953–959. 

https://doi.org/10.1182/blood-2010-06-290171 

Miao, M., Wu, M., Li, Y., Zhang, L., Jin, Q., Fan, J., Xu, X., Gu, R., Hao, H., Zhang, A., & Jia, 

Z. (2022). Clinical Potential of Hypoxia Inducible Factors Prolyl Hydroxylase Inhibitors in 

Treating Nonanemic Diseases. Frontiers in Pharmacology, 13, 837249. 

https://doi.org/10.3389/fphar.2022.837249 

Minns, D., Smith, K. J., Alessandrini, V., Hardisty, G., Melrose, L., Jackson-Jones, L., 

MacDonald, A. S., Davidson, D. J., & Gwyer Findlay, E. (2021). The neutrophil 

antimicrobial peptide cathelicidin promotes Th17 differentiation. Nature Communications, 

12(1), 1285. https://doi.org/10.1038/s41467-021-21533-5 

Miralda, I., Uriarte, S. M., & McLeish, K. R. (2017). Multiple Phenotypic Changes Define 

Neutrophil Priming. Frontiers in Cellular and Infection Microbiology, 7, 217. 

https://doi.org/10.3389/fcimb.2017.00217 



233 
 

Mittal, M., Siddiqui, M. R., Tran, K., Reddy, S. P., & Malik, A. B. (2014). Reactive Oxygen 

Species in Inflammation and Tissue Injury. Antioxidants & Redox Signaling, 20(7), 1126–

1167. https://doi.org/10.1089/ars.2012.5149 

Mollinedo, F. (2019). Neutrophil Degranulation, Plasticity, and Cancer Metastasis. Trends in 

Immunology, 40(3), 228–242. https://doi.org/10.1016/j.it.2019.01.006 

Montague, T. G., Cruz, J. M., Gagnon, J. A., Church, G. M., & Valen, E. (2014). CHOPCHOP: 

A CRISPR/Cas9 and TALEN web tool for genome                     editing. Nucleic Acids 

Research, 42(Web Server issue), W401–W407. https://doi.org/10.1093/nar/gku410 

Monteith, A. J., Miller, J. M., Maxwell, C. N., Chazin, W. J., & Skaar, E. P. (2021). Neutrophil 

extracellular traps enhance macrophage killing of bacterial pathogens. Science 

Advances, 7(37), eabj2101. https://doi.org/10.1126/sciadv.abj2101 

Moreno de Lara, L., Werner, A., Borchers, A., Carrillo-Salinas, F. J., Marmol, W., 

Parthasarathy, S., Iyer, V., Vogell, A., Illanes, D., Abadía-Molina, A. C., Ochsenbauer, C., 

Wira, C. R., & Rodriguez-Garcia, M. (2023). Aging dysregulates neutrophil extracellular 

trap formation in response to HIV in blood and genital tissues. Frontiers in Immunology, 

14. https://doi.org/10.3389/fimmu.2023.1256182 

Moroz, E., Carlin, S., Dyomina, K., Burke, S., Thaler, H. T., Blasberg, R., & Serganova, I. 

(2009). Real-Time Imaging of HIF-1α Stabilization and Degradation. PLoS ONE, 4(4), 

e5077. https://doi.org/10.1371/journal.pone.0005077 

Mortaz, E., Alipoor, S. D., Adcock, I. M., Mumby, S., & Koenderman, L. (2018). Update on 

Neutrophil Function in Severe Inflammation. Frontiers in Immunology, 9, 2171. 

https://doi.org/10.3389/fimmu.2018.02171 

Muefong, C. N., Owolabi, O., Donkor, S., Charalambous, S., Mendy, J., Sey, I. C. M., Bakuli, 

A., Rachow, A., Geldmacher, C., & Sutherland, J. S. (2021). Major Neutrophil-Derived 

Soluble Mediators Associate With Baseline Lung Pathology and Post-Treatment 

Recovery in Tuberculosis Patients. Frontiers in Immunology, 12. 

https://doi.org/10.3389/fimmu.2021.740933 

Muñoz, L., Stagg, H. R., & Abubakar, I. (2015). Diagnosis and Management of Latent 

Tuberculosis Infection. Cold Spring Harbor Perspectives in Medicine, 5(11), a017830. 

https://doi.org/10.1101/cshperspect.a017830 

Murphy, D. M., Walsh, A., Stein, L., Petrasca, A., Cox, D. J., Brown, K., Duffin, E., Jameson, 

G., Connolly, S. A., O’Connell, F., O’Sullivan, J., Basdeo, S. A., Keane, J., & Phelan, J. 

J. (2024). Human Macrophages Activate Bystander Neutrophils’ Metabolism and Effector 

Functions When Challenged with Mycobacterium tuberculosis. International Journal of 

Molecular Sciences, 25(5), Article 5. https://doi.org/10.3390/ijms25052898 



234 
 

Mussbacher, M., Salzmann, M., Brostjan, C., Hoesel, B., Schoergenhofer, C., Datler, H., 

Hohensinner, P., Basílio, J., Petzelbauer, P., Assinger, A., & Schmid, J. A. (2019). Cell 

Type-Specific Roles of NF-κB Linking Inflammation and Thrombosis. Frontiers in 

Immunology, 10, 85. https://doi.org/10.3389/fimmu.2019.00085 

Nakamura, A., Jo, S., Nakamura, S., Aparnathi, M. K., Boroojeni, S. F., Korshko, M., Park, Y.-

S., Gupta, H., Vijayan, S., Rockel, J. S., Kapoor, M., Jurisica, I., Kim, T.-H., & Haroon, N. 

(2024). HIF-1α and MIF enhance neutrophil-driven type 3 immunity and chondrogenesis 

in a murine spondyloarthritis model. Cellular & Molecular Immunology, 21(7), 770–786. 

https://doi.org/10.1038/s41423-024-01183-5 

Nguyen, G. T., Green, E. R., & Mecsas, J. (2017). Neutrophils to the ROScue: Mechanisms 

of NADPH Oxidase Activation and Bacterial Resistance. Frontiers in Cellular and 

Infection Microbiology, 7. https://doi.org/10.3389/fcimb.2017.00373 

Nordenfelt, P., & Tapper, H. (2011). Phagosome dynamics during phagocytosis by 

neutrophils. Journal of Leukocyte Biology, 90(2), 271–284. 

https://doi.org/10.1189/jlb.0810457 

Novoa, B., Bowman, T. V., Zon, L., & Figueras, A. (2009). LPS response and tolerance in the 

zebrafish (Danio rerio). Fish & Shellfish Immunology, 26(2), 326–331. 

https://doi.org/10.1016/j.fsi.2008.12.004 

Nywening, T. M., Belt, B. A., Cullinan, D. R., Panni, R. Z., Han, B. J., Sanford, D. E., Jacobs, 

R. C., Ye, J., Patel, A. A., Gillanders, W. E., Fields, R. C., DeNardo, D. G., Hawkins, W. 

G., Goedegebuure, P., & Linehan, D. C. (2018). Targeting both tumour-associated 

CXCR2+ neutrophils and CCR2+ macrophages disrupts myeloid recruitment and 

improves chemotherapeutic responses in pancreatic ductal adenocarcinoma. Gut, 67(6), 

1112–1123. https://doi.org/10.1136/gutjnl-2017-313738 

O’Brien, J., Hayder, H., & Peng, C. (2016). Automated Quantification and Analysis of Cell 

Counting Procedures Using ImageJ Plugins. Journal of Visualized Experiments : JoVE, 

117, 54719. https://doi.org/10.3791/54719 

Oddo, M., Renno, T., Attinger, A., Bakker, T., MacDonald, H. R., & Meylan, P. R. A. (1998). 

Fas Ligand-Induced Apoptosis of Infected Human Macrophages Reduces the Viability of 

Intracellular Mycobacterium tuberculosis1. The Journal of Immunology, 160(11), 5448–

5454. https://doi.org/10.4049/jimmunol.160.11.5448 

Ogryzko, N. V., Lewis, A., Wilson, H. L., Meijer, A. H., Renshaw, S. A., & Elks, P. M. (2019). 

Hif-1α–Induced Expression of Il-1β Protects against Mycobacterial Infection in Zebrafish. 

The Journal of Immunology Author Choice, 202(2), 494–502. 

https://doi.org/10.4049/jimmunol.1801139 



235 
 

Ong, C. W. M., Fox, K., Ettorre, A., Elkington, P. T., & Friedland, J. S. (2018). Hypoxia 

increases neutrophil-driven matrix destruction after exposure to Mycobacterium 

tuberculosis. Scientific Reports, 8, 11475. https://doi.org/10.1038/s41598-018-29659-1 

Orning, L., Krivi, G., & Fitzpatrick, F. A. (1991). Leukotriene A4 hydrolase. Inhibition by bestatin 

and intrinsic aminopeptidase activity establish its functional resemblance to 

metallohydrolase enzymes. Journal of Biological Chemistry, 266(3), 1375–1378. 

https://doi.org/10.1016/S0021-9258(18)52303-6 

Ortega‐Gómez, A., Perretti, M., & Soehnlein, O. (2013). Resolution of inflammation: An 

integrated view. EMBO Molecular Medicine, 5(5), 661–674. 

https://doi.org/10.1002/emmm.201202382 

Osada-Oka, M., Goda, N., Saiga, H., Yamamoto, M., Takeda, K., Ozeki, Y., Yamaguchi, T., 

Soga, T., Tateishi, Y., Miura, K., Okuzaki, D., Kobayashi, K., & Matsumoto, S. (2019). 

Metabolic adaptation to glycolysis is a basic defense mechanism of macrophages for 

Mycobacterium tuberculosis infection. International Immunology, 31(12), 781–793. 

https://doi.org/10.1093/intimm/dxz048 

Oyoshi, M. K., He, R., Li, Y., Mondal, S., Yoon, J., Afshar, R., Chen, M., Lee, D. M., Luo, H. 

R., Luster, A. D., Cho, J. S., Miller, L. S., Larson, A., Murphy, G. F., & Geha, R. S. (2012). 

Leukotriene B4 driven neutrophil recruitment to the skin is essential for allergic skin 

inflammation. Immunity, 37(4), 747–758. https://doi.org/10.1016/j.immuni.2012.06.018 

Pachitariu, M., & Stringer, C. (2022). Cellpose 2.0: How to train your own model. Nature 

Methods, 19(12), 1634–1641. https://doi.org/10.1038/s41592-022-01663-4 

Pai, M., Behr, M. A., Dowdy, D., Dheda, K., Divangahi, M., Boehme, C. C., Ginsberg, A., 

Swaminathan, S., Spigelman, M., Getahun, H., Menzies, D., & Raviglione, M. (2016). 

Tuberculosis. Nature Reviews Disease Primers, 2(1), 1–23. 

https://doi.org/10.1038/nrdp.2016.76 

Paiva, C. N., & Bozza, M. T. (2014). Are Reactive Oxygen Species Always Detrimental to 

Pathogens? Antioxidants & Redox Signaling, 20(6), 1000–1037. 

https://doi.org/10.1089/ars.2013.5447 

Panigrahy, D., Gilligan, M. M., Serhan, C. N., & Kashfi, K. (2021). Resolution of inflammation: 

An organizing principle in biology and medicine. Pharmacology & Therapeutics, 227, 

107879. https://doi.org/10.1016/j.pharmthera.2021.107879 



236 
 

Panteleev, A. V., Nikitina, I. Y., Burmistrova, I. A., Kosmiadi, G. A., Radaeva, T. V., 

Amansahedov, R. B., Sadikov, P. V., Serdyuk, Y. V., Larionova, E. E., Bagdasarian, T. 

R., Chernousova, L. N., Ganusov, V. V., & Lyadova, I. V. (2017). Severe Tuberculosis in 

Humans Correlates Best with Neutrophil Abundance and Lymphocyte Deficiency and 

Does Not Correlate with Antigen-Specific CD4 T-Cell Response. Frontiers in 

Immunology, 8. https://doi.org/10.3389/fimmu.2017.00963 

Papayianni, A., Serhan, C. N., & Brady, H. R. (1996). Lipoxin A4 and B4 inhibit leukotriene-

stimulated interactions of human neutrophils and endothelial cells. The Journal of 

Immunology, 156(6), 2264–2272. https://doi.org/10.4049/jimmunol.156.6.2264 

Park, S. A., Choe, Y. H., Lee, S. H., & Hyun, Y.-M. (2018). Two-photon Intravital Imaging of 

Leukocytes During the Immune Response in Lipopolysaccharide-treated Mouse Liver. 

Journal of Visualized Experiments : JoVE, 132, 57191. https://doi.org/10.3791/57191 

Park, S. A., Choe, Y. H., Park, E., & Hyun, Y.-M. (2018). Real-time dynamics of neutrophil 

clustering in response to phototoxicity-induced cell death and tissue damage in mouse 

ear dermis. Cell Adhesion & Migration, 12(5), 424–431. 

https://doi.org/10.1080/19336918.2018.1471322 

Patel, S. (2018). Danger-Associated Molecular Patterns (DAMPs): The Derivatives and 

Triggers of Inflammation. Current Allergy and Asthma Reports, 18(11), 63. 

https://doi.org/10.1007/s11882-018-0817-3 

Payne, J. A. E., Tailhades, J., Ellett, F., Kostoulias, X., Fulcher, A. J., Fu, T., Leung, R., Louch, 

S., Tran, A., Weber, S. A., Schittenhelm, R. B., Lieschke, G. J., Qin, C. H., Irima, D., 

Peleg, A. Y., & Cryle, M. J. (2021). Antibiotic-chemoattractants enhance neutrophil 

clearance of Staphylococcus aureus. Nature Communications, 12(1), 6157. 

https://doi.org/10.1038/s41467-021-26244-5 

Pellegrino, E., Aylan, B., Bussi, C., Fearns, A., Bernard, E. M., Athanasiadi, N., Santucci, P., 

Botella, L., & Gutierrez, M. G. (2023). Peroxisomal ROS control cytosolic Mycobacterium 

tuberculosis replication in human macrophages. Journal of Cell Biology, 222(12), 

e202303066. https://doi.org/10.1083/jcb.202303066 

Peres, C. M., de Paula, L., Medeiros, A. I., Sorgi, C. A., Soares, E. G., Carlos, D., Peters-

Golden, M., Silva, C. L., & Faccioli, L. H. (2007). Inhibition of leukotriene biosynthesis 

abrogates the host control of Mycobacterium tuberculosis. Microbes and Infection / 

Institut Pasteur, 9(4), 483–489. https://doi.org/10.1016/j.micinf.2007.01.006 

Petrie, T. A., Strand, N. S., Tsung-Yang, C., Rabinowitz, J. S., & Moon, R. T. (2014). 

Macrophages modulate adult zebrafish tail fin regeneration. Development (Cambridge, 

England), 141(13), 2581–2591. https://doi.org/10.1242/dev.098459 



237 
 

Peyssonnaux, C., Datta, V., Cramer, T., Doedens, A., Theodorakis, E. A., Gallo, R. L., 

Hurtado-Ziola, N., Nizet, V., & Johnson, R. S. (2005). HIF-1α expression regulates the 

bactericidal capacity of phagocytes. Journal of Clinical Investigation, 115(7), 1806–1815. 

https://doi.org/10.1172/JCI23865 

Phennicie, R. T., Sullivan, M. J., Singer, J. T., Yoder, J. A., & Kim, C. H. (2010). Specific 

Resistance to Pseudomonas aeruginosa Infection in Zebrafish Is Mediated by the Cystic 

Fibrosis Transmembrane Conductance Regulator. Infection and Immunity, 78(11), 4542–

4550. https://doi.org/10.1128/IAI.00302-10 

Pittman, K., & Kubes, P. (2013). Damage-Associated Molecular Patterns Control Neutrophil 

Recruitment. Journal of Innate Immunity, 5(4), 315–323. 

https://doi.org/10.1159/000347132 

Poli, V., & Zanoni, I. (2023). Neutrophil intrinsic and extrinsic regulation of NETosis in health 

and disease. Trends in Microbiology, 31(3), 280–293. 

https://doi.org/10.1016/j.tim.2022.10.002 

Poplimont, H., Georgantzoglou, A., Boulch, M., Walker, H. A., Coombs, C., 

Papaleonidopoulou, F., & Sarris, M. (2020). Neutrophil Swarming in Damaged Tissue Is 

Orchestrated by Connexins and Cooperative Calcium Alarm Signals. Current Biology, 

30(14), 2761-2776.e7. https://doi.org/10.1016/j.cub.2020.05.030 

Powell, D., Lou, M., Barros Becker, F., & Huttenlocher, A. (2018). Cxcr1 mediates recruitment 

of neutrophils and supports proliferation of tumor-initiating astrocytes in vivo. Scientific 

Reports, 8(1), 13285. https://doi.org/10.1038/s41598-018-31675-0 

Queval, C. J., Brosch, R., & Simeone, R. (2017). The Macrophage: A Disputed Fortress in the 

Battle against Mycobacterium tuberculosis. Frontiers in Microbiology, 8, 2284. 

https://doi.org/10.3389/fmicb.2017.02284 

Raj, P., Paidi, S., Conway, L., Chatterjee, A., & Barman, I. (2023). CellSNAP: A fast, accurate 

algorithm for 3D cell segmentation in quantitative phase imaging. bioRxiv, 

2023.07.24.550376. https://doi.org/10.1101/2023.07.24.550376 

Ramos, C., & Oehler, R. (2024). Clearance of apoptotic cells by neutrophils in inflammation 

and cancer. Cell Death Discovery, 10(1), 1–8. https://doi.org/10.1038/s41420-024-

01809-7 

Ramos-Kichik, V., Mondragón-Flores, R., Mondragón-Castelán, M., Gonzalez-Pozos, S., 

Muñiz-Hernandez, S., Rojas-Espinosa, O., Chacón-Salinas, R., Estrada-Parra, S., & 

Estrada-García, I. (2009). Neutrophil extracellular traps are induced by Mycobacterium 

tuberculosis. Tuberculosis, 89(1), 29–37. https://doi.org/10.1016/j.tube.2008.09.009 



238 
 

Rawat, K., Syeda, S., & Shrivastava, A. (2021). Neutrophil-derived granule cargoes: Paving 

the way for tumor growth and progression. Cancer and Metastasis Reviews, 40(1), 221–

244. https://doi.org/10.1007/s10555-020-09951-1 

Reátegui, E., Jalali, F., Khankhel, A. H., Wong, E., Cho, H., Lee, J., Serhan, C. N., Dalli, J., 

Elliott, H., & Irimia, D. (2017). Microscale arrays for the profiling of start and stop signals 

coordinating human-neutrophil swarming. Nature Biomedical Engineering, 1(7), 0094. 

https://doi.org/10.1038/s41551-017-0094 

Remijsen, Q., Kuijpers, T. W., Wirawan, E., Lippens, S., Vandenabeele, P., & Vanden Berghe, 

T. (2011). Dying for a cause: NETosis, mechanisms behind an antimicrobial cell death 

modality. Cell Death & Differentiation, 18(4), 581–588. https://doi.org/10.1038/cdd.2011.1 

Remot, A., Doz, E., & Winter, N. (2019). Neutrophils and Close Relatives in the Hypoxic 

Environment of the Tuberculous Granuloma: New Avenues for Host-Directed Therapies? 

Frontiers in Immunology, 10. https://doi.org/10.3389/fimmu.2019.00417 

Ren, D., Ji, C., Wang, X.-B., Wang, H., & Hu, B. (2017). Endogenous melatonin promotes 

rhythmic recruitment of neutrophils toward an injury in zebrafish. Scientific Reports, 7(1), 

4696. https://doi.org/10.1038/s41598-017-05074-w 

Renshaw, S. A., Loynes, C. A., Trushell, D. M. I., Elworthy, S., Ingham, P. W., & Whyte, M. K. 

B. (2006). A transgenic zebrafish model of neutrophilic inflammation. Blood, 108(13), 

3976–3978. https://doi.org/10.1182/blood-2006-05-024075 

Riaz, B., & Sohn, S. (2023). Neutrophils in Inflammatory Diseases: Unraveling the Impact of 

Their Derived Molecules and Heterogeneity. Cells, 12(22), 2621. 

https://doi.org/10.3390/cells12222621 

Ritzman, A. M., Hughes-Hanks, J. M., Blaho, V. A., Wax, L. E., Mitchell, W. J., & Brown, C. R. 

(2010). The Chemokine Receptor CXCR2 Ligand KC (CXCL1) Mediates Neutrophil 

Recruitment and Is Critical for Development of Experimental Lyme Arthritis and Carditis. 

Infection and Immunity, 78(11), 4593–4600. https://doi.org/10.1128/iai.00798-10 

Roh, J. S., & Sohn, D. H. (2018). Damage-Associated Molecular Patterns in Inflammatory 

Diseases. Immune Network, 18(4), e27. https://doi.org/10.4110/in.2018.18.e27 

Rong, N., Wei, X., & Liu, J. (2024). The Role of Neutrophil in COVID-19: Positive or Negative. 

Journal of Innate Immunity, 16(1), 80–95. https://doi.org/10.1159/000535541 

Rosales, C. (2018). Neutrophil: A Cell with Many Roles in Inflammation or Several Cell Types? 

Frontiers in Physiology, 9, 113. https://doi.org/10.3389/fphys.2018.00113 

Rosales, C. (2020). Neutrophils at the crossroads of innate and adaptive immunity. Journal of 

Leukocyte Biology, 108(1), 377–396. https://doi.org/10.1002/JLB.4MIR0220-574RR 



239 
 

Rosazza, T., Warner, J., & Sollberger, G. (2020). NET formation – mechanisms and how they 

relate to other cell death pathways. The FEBS Journal, 288(11), 3334–3350. 

https://doi.org/10.1111/febs.15589 

Rydell-Törmänen, K., Uller, L., & Erjefält, J. S. (2006). Neutrophil cannibalism – a back up 

when the macrophage clearance system is insufficient. Respiratory Research, 7(1), 143. 

https://doi.org/10.1186/1465-9921-7-143 

Saeki, K., & Yokomizo, T. (2017). Identification, signaling, and functions of LTB4 receptors. 

Seminars in Immunology, 33, 30–36. https://doi.org/10.1016/j.smim.2017.07.010 

Safran, M., Kim, W. Y., O’Connell, F., Flippin, L., Günzler, V., Horner, J. W., DePinho, R. A., 

& Kaelin, W. G. (2006). Mouse model for noninvasive imaging of HIF prolyl hydroxylase 

activity: Assessment of an oral agent that stimulates erythropoietin production. 

Proceedings of the National Academy of Sciences of the United States of America, 

103(1), 105–110. https://doi.org/10.1073/pnas.0509459103 

Saini, R., & Singh, S. (2019). Inducible nitric oxide synthase: An asset to neutrophils. Journal 

of Leukocyte Biology, 105(1), 49–61. https://doi.org/10.1002/JLB.4RU0418-161R 

Santhakumar, K., Judson, E. C., Elks, P. M., McKee, S., Elworthy, S., van Rooijen, E., 

Walmsley, S. S., Renshaw, S. A., Cross, S. S., & van Eeden, F. J. M. (2012). A Zebrafish 

Model to Study and Therapeutically Manipulate Hypoxia Signaling in Tumorigenesis. 

Cancer Research, 72(16), 4017–4027. https://doi.org/10.1158/0008-5472.CAN-11-3148 

Sassen, W. A., & Köster, R. W. (2015). A molecular toolbox for genetic manipulation of 

zebrafish. Advances in Genomics and Genetics, 5, 151–163. 

https://doi.org/10.2147/AGG.S57585 

Sato, M., Aoki-Saito, H., Fukuda, H., Ikeda, H., Koga, Y., Yatomi, M., Tsurumaki, H., Maeno, 

T., Saito, T., Nakakura, T., Mori, T., Yanagawa, M., Abe, M., Sako, Y., Dobashi, K., 

Ishizuka, T., Yamada, M., Shuto, S., & Hisada, T. (2019). Resolvin E3 attenuates allergic 

airway inflammation via the interleukin-23–interleukin-17A pathway. The FASEB Journal, 

33(11), 12750–12759. https://doi.org/10.1096/fj.201900283R 

Schaff, U. Y., Yamayoshi, I., Tse, T., Griffin, D., Kibathi, L., & Simon, S. I. (2008). Calcium 

Flux in Neutrophils Synchronizes β2 Integrin Adhesive and Signaling Events that Guide 

Inflammatory Recruitment. Annals of Biomedical Engineering, 36(4), 632–646. 

https://doi.org/10.1007/s10439-008-9453-8 

Schechter, M. C., Buac, K., Adekambi, T., Cagle, S., Celli, J., Ray, S. M., Mehta, C. C., Rada, 

B., & Rengarajan, J. (2017). Neutrophil extracellular trap (NET) levels in human plasma 

are associated with active TB. PLOS ONE, 12(8), e0182587. 

https://doi.org/10.1371/journal.pone.0182587 



240 
 

Schild, Y., Mohamed, A., Wootton, E. J., Lewis, A., & Elks, P. M. (2020). Hif-1alpha 

stabilisation is protective against infection in zebrafish comorbid models. The FEBS 

Journal, 287(18), 3925–3943. https://doi.org/10.1111/febs.15433 

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, 

S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D. J., Hartenstein, V., 

Eliceiri, K., Tomancak, P., & Cardona, A. (2012). Fiji: An open-source platform for 

biological-image analysis. Nature Methods, 9(7), 676–682. 

https://doi.org/10.1038/nmeth.2019 

Schnoor, M., Vadillo, E., & Guerrero-Fonseca, I. M. (2021). The extravasation cascade 

revisited from a neutrophil perspective. Current Opinion in Physiology, 19, 119–128. 

https://doi.org/10.1016/j.cophys.2020.09.014 

Schoen, T. J., Rosowski, E. E., Knox, B. P., Bennin, D., Keller, N. P., & Huttenlocher, A. 

(2019). Neutrophil phagocyte oxidase activity controls invasive fungal growth and 

inflammation in zebrafish. Journal of Cell Science, 133(5), jcs236539. 

https://doi.org/10.1242/jcs.236539 

Scott, N. R., Swanson, R. V., Al-Hammadi, N., Domingo-Gonzalez, R., Rangel-Moreno, J., 

Kriel, B. A., Bucsan, A. N., Das, S., Ahmed, M., Mehra, S., Treerat, P., Cruz-Lagunas, A., 

Jimenez-Alvarez, L., Muñoz-Torrico, M., Bobadilla-Lozoya, K., Vogl, T., Walzl, G., du 

Plessis, N., Kaushal, D., … Khader, S. A. (2020). S100A8/A9 regulates CD11b 

expression and neutrophil recruitment during chronic tuberculosis. The Journal of Clinical 

Investigation, 130(6), 3098–3112. https://doi.org/10.1172/JCI130546 

Segal, A. W. (2005). How Neutrophils Kill Microbes. Annual Review of Immunology, 23, 197–

223. https://doi.org/10.1146/annurev.immunol.23.021704.115653 

Semenza, G. L. (2012). Hypoxia-Inducible Factors in Physiology and Medicine. Cell, 148(3), 

399–408. https://doi.org/10.1016/j.cell.2012.01.021 

Serhan, C. N., Chiang, N., Dalli, J., & Levy, B. D. (2015). Lipid Mediators in the Resolution of 

Inflammation. Cold Spring Harbor Perspectives in Biology, 7(2), a016311. 

https://doi.org/10.1101/cshperspect.a016311 

Serhan, C. N., Chiang, N., & Van Dyke, T. E. (2008). Resolving inflammation: Dual anti-

inflammatory and pro-resolution lipid mediators. Nature Reviews. Immunology, 8(5), 349–

361. https://doi.org/10.1038/nri2294 

Shafqat, A., Omer, M. H., Albalkhi, I., Alabdul Razzak, G., Abdulkader, H., Abdul Rab, S., 

Sabbah, B. N., Alkattan, K., & Yaqinuddin, A. (2023). Neutrophil extracellular traps and 

long COVID. Frontiers in Immunology, 14, 1254310. 

https://doi.org/10.3389/fimmu.2023.1254310 



241 
 

Shepardson, K. M., Jhingran, A., Caffrey, A., Obar, J. J., Suratt, B. T., Berwin, B. L., Hohl, T. 

M., & Cramer, R. A. (2014). Myeloid Derived Hypoxia Inducible Factor 1-alpha Is 

Required for Protection against Pulmonary Aspergillus fumigatus Infection. PLoS 

Pathogens, 10(9), e1004378. https://doi.org/10.1371/journal.ppat.1004378 

Sheshachalam, A., Srivastava, N., Mitchell, T., Lacy, P., & Eitzen, G. (2014). Granule Protein 

Processing and Regulated Secretion in Neutrophils. Frontiers in Immunology, 5, 448. 

https://doi.org/10.3389/fimmu.2014.00448 

Sitaru, S., Budke, A., Bertini, R., & Sperandio, M. (2023). Therapeutic inhibition of CXCR1/2: 

Where do we stand? Internal and Emergency Medicine, 1–18. 

https://doi.org/10.1007/s11739-023-03309-5 

Slight, S. R., & Khader, S. A. (2013). Chemokines shape the immune responses to 

tuberculosis. Cytokine & Growth Factor Reviews, 24(2), 105–113. 

https://doi.org/10.1016/j.cytogfr.2012.10.002 

Smith, I. (2003). Mycobacterium tuberculosis Pathogenesis and Molecular Determinants of 

Virulence. Clinical Microbiology Reviews, 16(3), 463–496. 

https://doi.org/10.1128/CMR.16.3.463-496.2003 

Snelgrove, R. J., Jackson, P. L., Hardison, M. T., Noerager, B. D., Kinloch, A., Gaggar, A., 

Shastry, S., Rowe, S. M., Shim, Y. M., Hussell, T., & Blalock, J. E. (2010). A critical role 

for LTA4H in limiting chronic pulmonary neutrophilic inflammation. Science (New York, 

N.Y.), 330(6000), 90–94. https://doi.org/10.1126/science.1190594 

Song, Z., Bhattacharya, S., Clemens, R. A., & Dinauer, M. C. (2023). Molecular regulation of 

neutrophil swarming in health and disease: Lessons from the phagocyte oxidase. 

iScience, 26(10), 108034. https://doi.org/10.1016/j.isci.2023.108034 

Song, Z., Huang, G., Chiquetto Paracatu, L., Grimes, D., Gu, J., Luke, C. J., Clemens, R. A., 

& Dinauer, M. C. (2020). NADPH oxidase controls pulmonary neutrophil infiltration in the 

response to fungal cell walls by limiting LTB4. Blood, 135(12), 891–903. 

https://doi.org/10.1182/blood.2019003525 

Sorgi, C. A., Soares, E. M., Rosada, R. S., Bitencourt, C. S., Zoccal, K. F., Pereira, P. A. T., 

Fontanari, C., Brandão, I., Masson, A. P., Ramos, S. G., Silva, C. L., Frantz, F. G., & 

Faccioli, L. H. (2020). Eicosanoid pathway on host resistance and inflammation during 

Mycobacterium tuberculosis infection is comprised by LTB4 reduction but not PGE2 

increment. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease, 1866(3), 

165574. https://doi.org/10.1016/j.bbadis.2019.165574 



242 
 

Sotgiu, G., Centis, R., D’ambrosio, L., & Migliori, G. B. (2015). Tuberculosis Treatment and 

Drug Regimens. Cold Spring Harbor Perspectives in Medicine, 5(5), a017822. 

https://doi.org/10.1101/cshperspect.a017822 

Speirs, Z. C., Loynes, C. A., Mathiessen, H., Elks, P. M., Renshaw, S. A., & Jørgensen, L. von 

G. (2024). What can we learn about fish neutrophil and macrophage response to immune 

challenge from studies in zebrafish. Fish & Shellfish Immunology, 148, 109490. 

https://doi.org/10.1016/j.fsi.2024.109490 

Stackowicz, J., Jönsson, F., & Reber, L. L. (2020). Mouse Models and Tools for the in vivo 

Study of Neutrophils. Frontiers in Immunology, 10, 3130. 

https://doi.org/10.3389/fimmu.2019.03130 

Stadtmann, A., & Zarbock, A. (2012). CXCR2: From Bench to Bedside. Frontiers in 

Immunology, 3, 263. https://doi.org/10.3389/fimmu.2012.00263 

Stephan, A., Batinica, M., Steiger, J., Hartmann, P., Zaucke, F., Bloch, W., & Fabri, M. (2016). 

LL37:DNA complexes provide antimicrobial activity against intracellular bacteria in human 

macrophages. Immunology, 148(4), 420–432. https://doi.org/10.1111/imm.12620 

Stephenson, H., Herzig, A., & Zychlinsky, A. (2016). Beyond the grave: When is cell death 

critical for immunity to infection? Current Opinion in Immunology, 38, 59–66. 

https://doi.org/10.1016/j.coi.2015.11.004 

Stojkov, D., Claus, M. J., Kozlowski, E., Oberson, K., Schären, O. P., Benarafa, C., Yousefi, 

S., & Simon, H.-U. (2023). NET formation is independent of gasdermin D and pyroptotic 

cell death. Science Signaling, 16(769), eabm0517. 

https://doi.org/10.1126/scisignal.abm0517 

Stoop, E. J. M., Schipper, T., Rosendahl Huber, S. K., Nezhinsky, A. E., Verbeek, F. J., 

Gurcha, S. S., Besra, G. S., Vandenbroucke-Grauls, C. M. J. E., Bitter, W., & van der Sar, 

A. M. (2011). Zebrafish embryo screen for mycobacterial genes involved in the initiation 

of granuloma formation reveals a newly identified ESX-1 component. Disease Models & 

Mechanisms, 4(4), 526–536. https://doi.org/10.1242/dmm.006676 

Stream, A., & Madigan, C. A. (2022). Zebrafish: An underutilized tool for discovery in host–

microbe interactions. Trends in Immunology, 43(6), 426–437. 

https://doi.org/10.1016/j.it.2022.03.011 

Strickland, E., Pan, D., Godfrey, C., Kim, J. S., Hopke, A., Ji, W., Degrange, M., Villavicencio, 

B., Mansour, M. K., Zerbe, C. S., Irimia, D., Amir, A., & Weiner, O. D. (2024). Self-

extinguishing relay waves enable homeostatic control of human neutrophil swarming. 

Developmental Cell. https://doi.org/10.1016/j.devcel.2024.06.003 



243 
 

Stringer, C., Wang, T., Michaelos, M., & Pachitariu, M. (2021). Cellpose: A generalist algorithm 

for cellular segmentation. Nature Methods, 18(1), 100–106. 

https://doi.org/10.1038/s41592-020-01018-x 

Strydom, N., & Rankin, S. M. (2013). Regulation of Circulating Neutrophil Numbers under 

Homeostasis and in Disease. Journal of Innate Immunity, 5(4), 304–314. 

https://doi.org/10.1159/000350282 

Su, R., Peng, Y., Deng, Z., Deng, Y., Ye, J., Guo, Y., Huang, Z., Luo, Q., Jiang, H., & Li, J. 

(2019). Mycobacterium tuberculosis Infection Induces Low-Density Granulocyte 

Generation by Promoting Neutrophil Extracellular Trap Formation via ROS Pathway. 

Frontiers in Microbiology, 10. https://doi.org/10.3389/fmicb.2019.01468 

Suárez, I., Fünger, S. M., Kröger, S., Rademacher, J., Fätkenheuer, G., & Rybniker, J. (2019). 

The Diagnosis and Treatment of Tuberculosis. Deutsches Arzteblatt International, 

116(43), 729–735. https://doi.org/10.3238/arztebl.2019.0729 

Sugawara, I., Udagawa, T., & Yamada, H. (2004). Rat Neutrophils Prevent the Development 

of Tuberculosis. Infection and Immunity, 72(3), 1804–1806. 

https://doi.org/10.1128/IAI.72.3.1804-1806.2004 

Sugimoto, M. A., Sousa, L. P., Pinho, V., Perretti, M., & Teixeira, M. M. (2016). Resolution of 

Inflammation: What Controls Its Onset? Frontiers in Immunology, 7. 

https://doi.org/10.3389/fimmu.2016.00160 

Summers, C., Rankin, S. M., Condliffe, A. M., Singh, N., Peters, A. M., & Chilvers, E. R. (2010). 

Neutrophil kinetics in health and disease. Trends in Immunology, 31(8), 318–324. 

https://doi.org/10.1016/j.it.2010.05.006 

Sun, D., & Shi, M. (2016). Neutrophil swarming toward Cryptococcus neoformans is mediated 

by complement and leukotriene B4. Biochemical and Biophysical Research 

Communications, 477(4), 945–951. https://doi.org/10.1016/j.bbrc.2016.07.005 

Sun, Q., Tao, X., Li, B., Cao, H., Chen, H., Zou, Y., Tao, H., Mu, M., Wang, W., & Xu, K. 

(2022). C-X-C-Chemokine-Receptor-Type-4 Inhibitor AMD3100 Attenuates Pulmonary 

Inflammation and Fibrosis in Silicotic Mice. Journal of Inflammation Research, 2022(15), 

5827–5843. https://doi.org/10.2147/JIR.S372751 

Sundd, P., Pospieszalska, M. K., & Ley, K. (2013). Neutrophil rolling at high shear: Flattening, 

catch bond behavior, tethers and slings. Molecular Immunology, 55(1), 59–69. 

https://doi.org/10.1016/j.molimm.2012.10.025 

Sylvester, A. L., Zhang, D. X., Ran, S., & Zinkevich, N. S. (2022). Inhibiting NADPH Oxidases 

to Target Vascular and Other Pathologies: An Update on Recent Experimental and 

Clinical Studies. Biomolecules, 12(6), 823. https://doi.org/10.3390/biom12060823 



244 
 

Szkuta, P. T. (2020). The role of neutrophils in mycobacterial infection in zebrafish. University 

of Sheffield. 

Tan, B. H., Meinken, C., Bastian, M., Bruns, H., Legaspi, A., Ochoa, M. T., Krutzik, S. R., 

Bloom, B. R., Ganz, T., Modlin, R. L., & Stenger, S. (2006). Macrophages Acquire 

Neutrophil Granules for Antimicrobial Activity against Intracellular Pathogens1. The 

Journal of Immunology, 177(3), 1864–1871. https://doi.org/10.4049/jimmunol.177.3.1864 

Tang, Y.-Y., Wang, D.-C., Wang, Y.-Q., Huang, A.-F., & Xu, W.-D. (2023). Emerging role of 

hypoxia-inducible factor-1α in inflammatory autoimmune diseases: A comprehensive 

review. Frontiers in Immunology, 13. https://doi.org/10.3389/fimmu.2022.1073971 

Taylor, C. T., & Colgan, S. P. (2017). Regulation of immunity and inflammation by hypoxia in 

immunological niches. Nature Reviews. Immunology, 17(12), 774–785. 

https://doi.org/10.1038/nri.2017.103 

Tirpe, A. A., Gulei, D., Ciortea, S. M., Crivii, C., & Berindan-Neagoe, I. (2019). Hypoxia: 

Overview on Hypoxia-Mediated Mechanisms with a Focus on the Role of HIF Genes. 

International Journal of Molecular Sciences, 20(24), Article 24. 

https://doi.org/10.3390/ijms20246140 

Tobin, D. M., & Ramakrishnan, L. (2008). Comparative pathogenesis of Mycobacterium 

marinum and Mycobacterium tuberculosis. Cellular Microbiology, 10(5), 1027–1039. 

https://doi.org/10.1111/j.1462-5822.2008.01133.x 

Tobin, D. M., Roca, F. J., Ray, J. P., Ko, D. C., & Ramakrishnan, L. (2013). An Enzyme That 

Inactivates the Inflammatory Mediator Leukotriene B4 Restricts Mycobacterial Infection. 

PLoS ONE, 8(7), e67828. https://doi.org/10.1371/journal.pone.0067828 

Tobin, D. M., Vary, J. C., Ray, J. P., Walsh, G. S., Dunstan, S. J., Bang, N. D., Hagge, D. A., 

Khadge, S., King, M.-C., Hawn, T. R., Moens, C. B., & Ramakrishnan, L. (2010). The 

lta4h Locus Modulates Susceptibility to Mycobacterial Infection in Zebrafish and Humans. 

Cell, 140(5), 717–730. https://doi.org/10.1016/j.cell.2010.02.013 

Torraca, V., Tulotta, C., Snaar-Jagalska, B. E., & Meijer, A. H. (2017). The chemokine receptor 

CXCR4 promotes granuloma formation by sustaining a mycobacteria-induced 

angiogenesis programme. Scientific Reports, 7(1), 45061. 

https://doi.org/10.1038/srep45061 

Uderhardt, S., Martins, A. J., Tsang, J. S., Lämmermann, T., & Germain, R. N. (2019). 

RESIDENT MACROPHAGES CLOAK TISSUE MICROLESIONS TO PREVENT 

NEUTROPHIL-DRIVEN INFLAMMATORY DAMAGE. Cell, 177(3), 541-555.e17. 

https://doi.org/10.1016/j.cell.2019.02.028 



245 
 

van der Vaart, M., Spaink, H. P., & Meijer, A. H. (2012). Pathogen Recognition and Activation 

of the Innate Immune Response in Zebrafish. Advances in Hematology, 2012, 159807. 

https://doi.org/10.1155/2012/159807 

Varela, M., Figueras, A., & Novoa, B. (2017). Modelling viral infections using zebrafish: Innate 

immune response and antiviral research. Antiviral Research, 139, 59–68. 

https://doi.org/10.1016/j.antiviral.2016.12.013 

Veras, F. P., Gomes, G. F., Silva, B. M. S., Caetité, D. B., Almeida, C. J. L. R., Silva, C. M. S., 

Schneider, A. H., Corneo, E. S., Bonilha, C. S., Batah, S. S., Martins, R., Arruda, E., 

Fabro, A. T., Alves-Filho, J. C., Cunha, T. M., & Cunha, F. Q. (2023). Targeting 

neutrophils extracellular traps (NETs) reduces multiple organ injury in a COVID-19 mouse 

model. Respiratory Research, 24, 66. https://doi.org/10.1186/s12931-023-02336-2 

Vincent, W. J. B., Harvie, E. A., Sauer, J.-D., & Huttenlocher, A. (2017). Neutrophil derived 

LTB4 induces macrophage aggregation in response to encapsulated Streptococcus iniae 

infection. PLoS ONE, 12(6), e0179574. https://doi.org/10.1371/journal.pone.0179574 

Vito, A., El-Sayes, N., & Mossman, K. (2020). Hypoxia-Driven Immune Escape in the Tumor 

Microenvironment. Cells, 9(4), Article 4. https://doi.org/10.3390/cells9040992 

Walmsley, S. R., Cowburn, A. S., Clatworthy, M. R., Morrell, N. W., Roper, E. C., Singleton, 

V., Maxwell, P., Whyte, M. K. B., & Chilvers, E. R. (2006). Neutrophils from patients with 

heterozygous germline mutations in the von Hippel Lindau protein (pVHL) display delayed 

apoptosis and enhanced bacterial phagocytosis. Blood, 108(9), 3176–3178. 

https://doi.org/10.1182/blood-2006-04-018796 

Walmsley, S. R., Print, C., Farahi, N., Peyssonnaux, C., Johnson, R. S., Cramer, T., 

Sobolewski, A., Condliffe, A. M., Cowburn, A. S., Johnson, N., & Chilvers, E. R. (2005). 

Hypoxia-induced neutrophil survival is mediated by HIF-1α–dependent NF-κB activity. 

The Journal of Experimental Medicine, 201(1), 105–115. 

https://doi.org/10.1084/jem.20040624 

Walters, N., Nguyen, L. T. H., Zhang, J., Shankaran, A., & Reátegui, E. (2019). Extracellular 

vesicles as mediators of in vitro neutrophil swarming on a large-scale microparticle array. 

Lab on a Chip, 19(17), 2874–2884. https://doi.org/10.1039/C9LC00483A 

Walters, N., & Reátegui, E. (2020). Bioparticle Microarrays for Chemotactic and Molecular 

Analysis of Human Neutrophil Swarming in vitro. JoVE, 156, e60544. 

https://doi.org/10.3791/60544 



246 
 

Walters, N., Zhang, J., Rima, X. Y., Nguyen, L. T. H., Germain, R. N., Lämmermann, T., & 

Reátegui, E. (2021). Analyzing Inter-Leukocyte Communication and Migration In Vitro: 

Neutrophils Play an Essential Role in Monocyte Activation During Swarming. Frontiers in 

Immunology, 12, 671546. https://doi.org/10.3389/fimmu.2021.671546 

Wan, M., Godson, C., Guiry, P. J., Agerberth, B., & Haeggström, J. Z. (2011). Leukotriene 

B4/antimicrobial peptide LL-37 proinflammatory circuits are mediated by BLT1 and 

FPR2/ALX and are counterregulated by lipoxin A4 and resolvin E1. The FASEB Journal, 

25(5), 1697–1705. https://doi.org/10.1096/fj.10-175687 

Wang, L., He, Y., Wang, P., Lou, H., Liu, H., & Sha, W. (2024). Single-cell transcriptome 

sequencing reveals altered peripheral blood immune cells in patients with severe 

tuberculosis. European Journal of Medical Research, 29, 434. 

https://doi.org/10.1186/s40001-024-01991-5 

Wang, Y., Zhu, C., Li, P., Liu, Q., Li, H., Yu, C., Deng, X., & Wang, J. (2023). The role of G 

protein-coupled receptor in neutrophil dysfunction during sepsis-induced acute 

respiratory distress syndrome. Frontiers in Immunology, 14, 1112196. 

https://doi.org/10.3389/fimmu.2023.1112196 

Watts, E. R., & Walmsley, S. R. (2018). Inflammation and Hypoxia: HIF and PHD Isoform 

Selectivity. Trends in Molecular Medicine, 25(1), 33–46. 

https://doi.org/10.1016/j.molmed.2018.10.006 

White, R. M., Sessa, A., Burke, C., Bowman, T., LeBlanc, J., Ceol, C., Bourque, C., Dovey, 

M., Goessling, W., Burns, C. E., & Zon, L. I. (2008). Transparent adult zebrafish as a tool 

for in vivo transplantation analysis. Cell Stem Cell, 2(2), 183–189. 

https://doi.org/10.1016/j.stem.2007.11.002 

WHO. (2023). Global Tuberculosis Report 2023. https://www.who.int/teams/global-

tuberculosis-programme/tb-reports/global-tuberculosis-report-2023/tb-disease-burden 

Willson, J. A., Arienti, S., Sadiku, P., Reyes, L., Coelho, P., Morrison, T., Rinaldi, G., Dockrell, 

D. H., Whyte, M. K. B., & Walmsley, S. R. (2022). Neutrophil HIF-1α stabilization is 

augmented by mitochondrial ROS produced via the glycerol 3-phosphate shuttle. Blood, 

139(2), 281–286. https://doi.org/10.1182/blood.2021011010 

Wright, H. L., Moots, R. J., & Edwards, S. W. (2014). The multifactorial role of neutrophils in 

rheumatoid arthritis. Nature Reviews Rheumatology, 10(10), 593–601. 

https://doi.org/10.1038/nrrheum.2014.80 



247 
 

Wright, K., Silva, K. de, Plain, K. M., Purdie, A. C., Blair, T. A., Duggin, I. G., Britton, W. J., & 

Oehlers, S. H. (2021). Mycobacterial infection-induced miR-206 inhibits protective 

neutrophil recruitment via the CXCL12/CXCR4 signalling axis. PLOS Pathogens, 17(4), 

e1009186. https://doi.org/10.1371/journal.ppat.1009186 

Xiao, Q., Dong, N., Yao, X., Wu, D., Lu, Y., Mao, F., Zhu, J., Li, J., Huang, J., Chen, A., Huang, 

L., Wang, X., Yang, G., He, G., Xu, Y., & Lu, W. (2016). Bufexamac ameliorates LPS-

induced acute lung injury in mice by targeting LTA4H. Scientific Reports, 6(1), 25298. 

https://doi.org/10.1038/srep25298 

Xie, Y., Meijer, A. H., & Schaaf, M. J. M. (2021). Modeling Inflammation in Zebrafish for the 

Development of Anti-inflammatory Drugs. Frontiers in Cell and Developmental Biology, 

8, 620984. https://doi.org/10.3389/fcell.2020.620984 

Xu, G., Wang, J., Gao, G. F., & Liu, C. H. (2014). Insights into battles between Mycobacterium 

tuberculosis and macrophages. Protein & Cell, 5(10), 728–736. 

https://doi.org/10.1007/s13238-014-0077-5 

Yang, C.-T., Cambier, C. J., Davis, J. M., Hall, C. J., Crosier, P. S., & Ramakrishnan, L. (2012). 

Neutrophils Exert Protection in the Early Tuberculous Granuloma by Oxidative Killing of 

Mycobacteria Phagocytosed from Infected Macrophages. Cell Host & Microbe, 12(3), 

301–312. https://doi.org/10.1016/j.chom.2012.07.009 

Yang, F., Suo, M., Weli, H., Wong, M., Junidi, A., Cummings, C., Johnson, R., Mallory, K., Liu, 

A. Y., Greenberg, Z. J., Schuettpelz, L. G., Miller, M. J., Luke, C. J., Randolph, G. J., 

Zinselmeyer, B. H., Wardenburg, J. B., & Clemens, R. A. (2023). Staphylococcus aureus 

α-toxin impairs early neutrophil localization via electrogenic disruption of store-operated 

calcium entry. Cell Reports, 42(11), 113394. 

https://doi.org/10.1016/j.celrep.2023.113394 

Yang, S.-L., Wu, C., Xiong, Z.-F., & Fang, X. (2015). Progress on hypoxia-inducible factor-3: 

Its structure, gene regulation and biological function (Review). Molecular Medicine 

Reports, 12(2), 2411–2416. https://doi.org/10.3892/mmr.2015.3689 

Yipp, B. G., & Kubes, P. (2013). NETosis: How vital is it? Blood, 122(16), 2784–2794. 

https://doi.org/10.1182/blood-2013-04-457671 

Zarbock, A., & Ley, K. (2009). Neutrophil adhesion and activation under flow. Microcirculation 

(New York, N.Y. : 1994), 16(1), 31–42. https://doi.org/10.1080/10739680802350104 

Zenk, S. F., Hauck, S., Mayer, D., Grieshober, M., & Stenger, S. (2021). Stabilization of 

Hypoxia-Inducible Factor Promotes Antimicrobial Activity of Human Macrophages 

Against Mycobacterium tuberculosis. Frontiers in Immunology, 12, 678354. 

https://doi.org/10.3389/fimmu.2021.678354 



248 
 

Zhai, W., Wu, F., Zhang, Y., Fu, Y., & Liu, Z. (2019). The Immune Escape Mechanisms of 

Mycobacterium Tuberculosis. International Journal of Molecular Sciences, 20(2), 340. 

https://doi.org/10.3390/ijms20020340 

Zhang, Q., Ding, A., Yue, Q., Li, W., Zu, Y., & Zhang, Q. (2017). Dynamic interaction of 

neutrophils and RFP-labelled Vibrio parahaemolyticus in zebrafish (Danio rerio). 

Aquaculture and Fisheries, 2(6), 269–277. https://doi.org/10.1016/j.aaf.2017.10.006 

Zhao, Z., Zhou, Y., Liu, B., He, J., Zhao, J., Cai, Y., Fan, J., Li, X., Wang, Z., Lu, Z., Wu, J., 

Qi, H., & Dai, Q. (2023). Two-photon synthetic aperture microscopy for minimally invasive 

fast 3D imaging of native subcellular behaviors in deep tissue. Cell, 186(11), 2475-

2491.e22. https://doi.org/10.1016/j.cell.2023.04.016 

Zhou, X., Jin, S., Pan, J., Lin, Q., Yang, S., Ambe, P. C., Basharat, Z., Zimmer, V., Wang, W., 

& Hong, W. (2022). Damage associated molecular patterns and neutrophil extracellular 

traps in acute pancreatitis. Frontiers in Cellular and Infection Microbiology, 12. 

https://doi.org/10.3389/fcimb.2022.927193 

Zhu, X., Jiang, L., Wei, X., Long, M., & Du, Y. (2022). Roxadustat: Not just for anemia. 

Frontiers in Pharmacology, 13, 971795. https://doi.org/10.3389/fphar.2022.971795 

Zhuang, L., Yang, L., Li, L., Ye, Z., & Gong, W. (2024). Mycobacterium tuberculosis: Immune 

response, biomarkers, and therapeutic intervention. MedComm, 5(1), e419. 

https://doi.org/10.1002/mco2.419 

Zhuang, W., Zhou, J., Zhong, L., Lv, J., Zhong, X., Liu, G., Xie, L., Wang, C., Saimaier, K., 

Han, S., Shi, C., Hua, Q., Zhang, R., Xie, X., & Du, C. (2023). CXCR1 drives the 

pathogenesis of EAE and ARDS via boosting dendritic cells-dependent inflammation. Cell 

Death & Disease, 14(9), 1–14. https://doi.org/10.1038/s41419-023-06126-y 

Zinkernagel, A. S., Peyssonnaux, C., Johnson, R. S., & Nizet, V. (2008). Pharmacologic 

Augmentation of Hypoxia-Inducible Factor—1α with Mimosine Boosts the Bactericidal 

Capacity of Phagocytes. The Journal of Infectious Diseases, 197(2), 214–217. 

https://doi.org/10.1086/524843 

Zlatar, L., Knopf, J., Singh, J., Wang, H., Muñoz-Becerra, M., Herrmann, I., Chukwuanukwu, 

R. C., Eckstein, M., Eichhorn, P., Rieker, R. J., Naschberger, E., Burkovski, A., Krenn, 

V., Bilyy, R., Butova, T., Liskina, I., Kalabukha, I., Khmel, O., Boettcher, M., … Herrmann, 

M. (2024). Neutrophil extracellular traps characterize caseating granulomas. Cell Death 

& Disease, 15(7), 1–12. https://doi.org/10.1038/s41419-024-06892-3 

Zuñiga-Traslaviña, C., Bravo, K., Reyes, A. E., & Feijóo, C. G. (2017). Cxcl8b and Cxcr2 

Regulate Neutrophil Migration through Bloodstream in Zebrafish. Journal of Immunology 

Research, 2017, 6530531. https://doi.org/10.1155/2017/6530531 



249 
 

Zuo, Y., Yalavarthi, S., Shi, H., Gockman, K., Zuo, M., Madison, J. A., Blair, C., Weber, A., 

Barnes, B. J., Egeblad, M., Woods, R. J., Kanthi, Y., & Knight, J. S. (2020). Neutrophil 

extracellular traps in COVID-19. JCI Insight, 5(11). 

https://doi.org/10.1172/jci.insight.138999 

 

 

 


