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Abstract
Neutrophil dysfunctions are a major cause of chronic inflammatory diseases like COPD, but
also infectious diseases such as COVID-19. Understanding neutrophil behaviour and pathways
can lead to new therapeutic approaches aiding to relieve the burden of neutrophil-associated
illnesses. Neutrophil swarming is a relatively recently described, neutrophil specific
behaviour. During swarming, neutrophils are recruited in a bi-phasic manner through initial
recruitment triggers followed by autocrine signalling of leukotriene B4, ultimately stabilising
into a cluster of neutrophils. Although pathways driving the formation of neutrophil swarms
have been increasingly understood, some initiating triggers remain undescribed and
pathways resulting in arrest or resolution of swarms are largely unknown. | hypothesise that
neutrophil swarming is a modulatory process that plays an essential role in the timescale of
the inflammatory response. | demonstrate the use of the zebrafish model of inflammation for
observing endogenous neutrophil swarm dynamics in vivo. Utilising a multitude of newly
developed, automated analyses, neutrophil swarming observed via time-lapse imaging was,
characterised, quantified and compared. Pharmacological modulation with TLR agonists via
immersion did not significantly influence neutrophil swarming. However, treatment with
prolyl-hydroxylase inhibitors by immersion suggested the HIF-1a pathway to play a role in the
swarming response, as a significant reduction in swarms was observed. Finally, through the
use of an mfap4:mCherry/mpx:GFP reporter line, | was able to show how interplay between
macrophages and neutrophils might change swarming dynamics in vivo. In conclusion, this
research demonstrates the use of the zebrafish model of inflammation to show innovative
approaches for in depth analysis of swarming dynamics, aiming to provide a deeper
understanding of neutrophil swarming, through which novel therapeutic approaches could

be identified for patients affected by chronic inflammatory diseases.
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Chapter 1: Introduction

1.1 The Innate Immune System

The innate immune system is our body’s first line of defence in regard to sterile inflammation
and pathogenic infection and is often involved in the first stages of the inflammatory
response. The innate immune system can be further divided into a cellular component and
humoral component (Turvey and Broide, 2010). The humoral component of the innate
immune system includes the complement system, antimicrobial peptides, Lipopolysaccharide
(LPS) binding proteins, C-Reactive proteins and mannose binding lectins (Turvey and Broide,
2010). The cellular component of innate immunity consists of neutrophils, macrophages, mast
cells, eosinophils, natural killer cells and dendritic cells (Turvey and Broide, 2010). Neutrophils
and macrophages act on a wide variety of immunological pathways. They can sense both
pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns
(DAMPs) (El-Zayat et al., 2019, Chen et al., 2009, Krysko et al., 2012). Common examples of
PAMPs are LPS, found on the cell surface of gram-negative bacteria and flagellin (El-Zayat et
al., 2019). Examples of DAMPs include cytokines associated with necroptosis and extracellular
ATP or DNA (Krysko et al., 2012). Recognition of PAMPs and DAMPs occurs through binding
with pattern recognition receptors (PRRs), including Toll-like and NOD-like receptors (TLRs,
NLRs) expressed on the cell surface (El-Zayat et al., 2019, Chen et al., 2009). Macrophages can
be further classified into M1 and M2 subsets in vitro (Galli et al., 2011). M1 macrophages are
activated through Interferon-gamma (IFN-y) signalling and elicit pro-inflammatory functions
like antitumoral immunity (Galli et al., 2011). In contrast, M2 macrophages are activated by
interleukin-4 and 13 (IL-4, IL-13) and are involved in anti-inflammatory pathways like wound

healing and the suppression of antitumoral immunity (Galli et al., 2011). While neutrophils
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can induce contrasting inflammatory functions like macrophages, clearly described subtypes
have yet to be characterised. However, there are studies exploring this, illustrating distinct
transcription, expression and phenotypes between neutrophil populations. (Khoyratty et al.,

2021, Grassi et al., 2018, Jitka et al., 2015, Ng et al., 2019).

1.2 The Adaptive Immune System

Compared to the innate immune system, the adaptive immune responses have increased
complexity, but also more specificity. In the adaptive immune system, an extra layer of
immunity is built on top of the innate immune system through a process called antigen
presentation (Pishesha et al., 2022). Presentation of antigens can be performed by
macrophages, dendritic cells or B-cells, however atypical antigen-presenting cells have also
been described (Kambayashi and Laufer, 2014). Antigens processed by the antigen
presenting cell (APC) are extracellularly exposed and bound to the major histocompatibility
complex (MHC) (Pishesha et al., 2022). These antigens can be subsequently recognised
through binding with the T-cell receptor (TCR) or B-cell receptor (BCR) (Kambayashi and
Laufer, 2014). The TCR and BCR can undergo variable-diversity-joining (V(D)J)
recombination, which results in perfect recognition of the presented antigen (Christie et al.,
2022). B-cells can then, through various steps, establish long-lived versions of themselves
resulting in an ‘immunological memory’, these long-lived cells are called memory B-cells
(Akkaya et al., 2020). In the scenario where the host encounters the exact same antigen
again, an immune response is quickly mounted by increasing T-cell proliferation, these T-
cells will then actively seek out the previously encountered pathogen or cellular threat and
initiate mechanisms to dispose of them (Raskov et al., 2021, Reina-Campos et al., 2021, St

John and Rathore, 2019). Ideally, this results in the inflammatory response being shorter
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and being less excessive compared to the first encounter. This process is well-documented

and forms the foundation of vaccination (Pollard and Bijker, 2021).

The adaptive immune system is present in all vertebrate animals including zebrafish,
however in zebrafish the adaptive immune system does not fully develop in the first days
after fertilisation (Miao et al., 2021). During these initial days, zebrafish will only possess an
innate immune system, which makes studying innate immune cell behaviour easier due to
exclusion of immunological processes introduced with adaptive immunity. This can be both
a blessing and a curse, since innate immune cell behaviour is easier to contextualise, but
cross-talk between the innate and adaptive immune system is missed, which could be
integral to some immunological responses. This limitation will always have to be considered

when using the zebrafish as a model system.

1.3 The Neutrophil

1.3.1 Origin

Neutrophils are an integral part of the innate immune system and often consist of the first
cells to migrate to a site of infection or inflammation (Kolaczkowska and Kubes, 2013).
Neutrophils in humans are continuously generated within the bone marrow from myeloid
precursors (Grassi et al., 2018). In humans a total of 2x10*! neutrophils is generated daily and
production can be influenced by granulocyte colony stimulating factor (G-CSF)(Borregaard,

2010, Lieschke et al., 1994).

During inflammation the production of neutrophils increases, resulting in an increased
number of neutrophils in all tissues (Kolaczkowska and Kubes, 2013). In humans, neutrophils

mature within the bone marrow via several stages, namely; myeloblast, promyelocyte,
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myelocyte, metamyelocyte, band cell, and, finally, polymorphonuclear cell (Hidalgo et al.,
2019). This maturation process is partially controlled by transcription factors, including PU.1
and CCAAT/enhancer-binding protein (C/EBP)a (Dahl et al., 2003, Nerlov and Graf, 1998).
Once fully mature, they are released from the bone marrow. However, they are incapable of
fully contributing towards innate immunity. For this to occur, a neutrophil must be primed,
by for example, interacting with inflammatory cytokines within the bloodstream (Miralda et
al., 2017). After a neutrophil is primed, it can fulfil its immunological role at a site of

inflammation or infection.

During excessive inflammation, other extramedullary sites like the liver and the spleen can be
triggered (Manz and Boettcher, 2014, Malengier-Devlies et al., 2021). This is especially
relevant in the context of neutrophil swarming which is often classed as excessive
inflammation (Brown and Yipp, 2023). This emergency granulopoiesis may directly interact
with neutrophil swarm formation through the release of additional G-CSF, as has been shown

in ex vivo models of neutrophil swarming (Hopke et al., 2020).

In zebrafish, several sites of haematopoiesis are present, namely the Rostral Blood Island (RBI)
and the Caudal Hematopoietic Tissue (CHT) (Garcia-Lopez et al., 2023). Towards adulthood,
this eventually shifts towards the pronephros (Stosik et al.,, 2022). In zebrafish, the
pronephros functions haematopoietically similar to bone marrow in mammals (Stosik et al.,
2022). In research specifically comparing neutrophils generated in the RBI to the CHT, the
authors found transcriptional differences, which may indicate that neutrophil subtypes could
already be present in zebrafish from as early as 34 hours post fertilisation (hpf) (Garcia-Lopez

et al.,, 2023).
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1.3.2 Neutrophil Recruitment

Whenever a tissue-resident or patrolling leukocyte binds a PAMP or a DAMP, it can secrete
chemotactic cytokines, sometimes called chemokines or chemo attractants, in order to recruit
additional nearby immune cells from the circulatory system (Prince et al.,, 2011,
Metzemaekers et al., 2020). The recruitment cascade can be described in the following
consecutive steps; recruitment, tethering, rolling, adhesion, crawling and, finally,

transmigration (Gronloh et al., 2021).

Neutrophils have been shown to be recruited by multiple factors, including selectins
expressed on tissues, extracellular ATP and chemotactic cytokines (Sadik et al., 2011, Shah et
al., 2014, Petri et al., 2008). The following steps of tethering, rolling and the initial phases of
adhesion, are mostly orchestrated via selectins including, P-selectin, E-selectin and L-selectin
(zarbock et al., 2011). Tissue specific selectin expression helps neutrophils to exclusively be
recruited to certain tissues, for instance the endothelium (P-selectin and E-selectin) or lymph
nodes (L-selectin) (Petri et al., 2008, Zarbock et al., 2011, Arbones et al., 1994). These selectins
can be bound by their glycosylated ligands, including P-selectin glycoprotein ligand 1 (PSGL1),
accessible on the neutrophil cell surface (Zarbock et al., 2011). Once a neutrophil is captured
by selectins, full adhesion is achieved through the binding of lymphocyte function-associated
antigen 1 (LFA1), an integrin expressed on the neutrophil cell surface, with intracellular
adhesion molecule 1 (ICAM-1), expressed on endothelial cells (Fisher et al., 1997). The
amount of ICAM-1 available for binding can be influenced by quantities of tumour necrosis
factor-a (TNFa) and interleukin 1 beta (IL-1B), which are regarded as common pro-

inflammatory cytokines (Myers et al., 1992, Sakurada et al., 1996, McHale et al., 1999, Bui et
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al., 2020). Alternatively, ICAM-1 expression can be induced via LPS, showing that a pathogenic

infection could directly alter neutrophil adhesion (Sawa et al., 2008, Myers et al., 1992).

During transmigration, neutrophils can transmigrate either between endothelial cells
(paracellularly) or through an individual endothelial cell (transcellularly) (Gronloh et al., 2021,
Xia et al., 2024). This process is controlled via integrins, CAMs (including ICAM-1 and vascular
cell adhesion molecule 1 (VCAM-1)) and junctional adhesion molecules (JAMs) (Gronloh et al.,
2021). The latter mediate cell-cell adhesion between endothelial or epithelial cells. Vascular
endothelial cadherin (VE-cadherin) and neural cadherin (N-cadherin) are examples of JAMs
expressed in multiple types of tissue, creating tight junctions between cells (Leckband and De
Rooij, 2014). For a neutrophil to cross the endothelial barrier in paracellular fashion, it needs
to disengage these cadherins. This is thought to be facilitated by small protrusions formed
from the neutrophil, which nestle between endothelial cells, to mechanically disrupt the JAMs
(Rabodzey et al., 2008). However, literature also describes an enzymatic component of
paracellular transmigration via vascular adhesion protein 1 (VAP-1) (Koskinen et al., 2004).
During transcellular transmigration, a neutrophil is entirely taken up by an endothelial cell
(Carman and Springer, 2004, Barreiro et al., 2002). This is arranged via the formation of so-
called transmigratory cups, formed by the endothelial cell (Jackson, 2022). These
transmigratory cups have been shown to be enriched in ICAM-1 and VCAM-1 and form around
the neutrophil in a LFA1 and very late antigen 4 (VLA4) dependent manner (Barreiro et al.,
2002, Carman and Springer, 2004). While this process shares similarities with phagocytosis, it
should not be mistaken for it, as internalised neutrophils will never enter the intracellular
compartment, making transcellular uptake a fundamentally different process (Xia et al.,

2024).
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After a neutrophil crosses the endothelial barrier, it utilises extracellular matrix (ECM)
remodelling enzymes to pave a path through the basement membrane, which consists of
different laminins, collagens and proteoglycans (Dekkers et al., 2021, Gronloh et al., 2021).
ECM remodelling enzymes include different proteases such as the well-described matrix
metalloprotease 9 (MMP9) and serine proteases such as neutrophil elastase (NE) (Zhu et al.,
2021, Chua, 2006). Once passed, neutrophils can use the same ECM remodelling to complete
the final step of migration towards the site of inflammation or infection through the

interstitial space.

1.3.3 Killing Mechanisms

When a neutrophil arrives at an inflammation or infection site, it can exert different
immunological functions. One example is phagocytosis, a process whereby neutrophils
recognize and engulf pathogens and cellular debris through PRRs on the cell surface (Lee et
al., 2020, Lee et al., 2003). Once particles are taken up within the neutrophil they are
encapsulated by another phospholipid bilayer, resulting in the formation of a phagosome
(Bonam et al., 2019, Lee et al., 2020) This phagosome is then fuses with early endosomes, late
endosomes and lysosomes respectively, in a process called phagosome maturation (Lee et al.,
2020). Lysosomes, the last intracellular vesicles to fuse to the phagosome, have a very low pH
of around 4,5 to 5 and contain hydrolases (Bonam et al., 2019, Lee et al., 2020). Once the
phagosome is fully matured, most of the contents captured within will be degraded and
consecutively transported to the Golgi apparatus for reuse or excreted through exocytosis

(Bonam et al., 2019).

When phagocytosis is unable to be used, a neutrophil can employ a different immunological

mechanism, called degranulation. Neutrophils use this mechanism to combat extracellular
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pathogens and increase immune cell recruitment through the release of cytokines (Lacy,
2006, Naegelen et al., 2015). The degranulation process can be triggered through a various
number of ways. For instance, studies have shown that neutrophil exposure to a hypoxic
environment may upregulate degranulation (McGovern et al., 2011, Hoenderdos et al., 2016).
Additionally, degranulation has been shown to be adhesion dependent, through binding of L-
selectin and the Src family kinases Fgr and Hck (Mocsai et al., 1999, Smolen et al., 2000). When
degranulation is triggered, intracellular vesicles (granules) are secreted via exocytosis.
Granules can be categorised into 4 different types: primary granules (azurophilic granules);
secondary granules (specific granules); tertiary granules; and secretory vesicles (Lacy, 2006).
The azurophilic granules contain potent proteases, which assist in breaking down proteins
into smaller polypeptides or amino acids, examples of common proteases are
Myeloperoxidase (MPO), Neutrophil elastases (NE), cathepsins, and defensins (Lacy, 2006,
Borregaard and Cowland, 1997). All these proteases fulfil different functions. Firstly, MPO
converts hydrogen peroxide (H20,) into hypochlorous acid (HOCI), which is highly microbicidal
and has been shown to play a critical role in the killing of several types of bacteria, including
Mycobacterium tuberculosis and Streptococcus pneumoniae (Hirche et al., 2005, Borelli et al.,
1999, Xiang et al., 2017, Winterbourn et al., 2006, Aratani, 2018). NE is a serine protease
which possesses ECM remodelling capabilities (Chua, 2006). Cathepsins are mostly restricted
to the azurophilic granules, where they assist with recycling intracellular proteins (Turk et al.,
2012). However, they have also been linked to ECM remodelling when secreted extracellularly
(Wang et al., 2023). Lastly, defensins are antimicrobial peptides which have been shown to

permeabilise membranes of bacteria and fungi (Fu et al., 2023).
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Degranulation of neutrophils is often paired with the release of reactive oxygen species. ROS
is a collective name for highly reactive molecules derived from O,. Within neutrophils ROS are
prominently produced via NADPH-Oxidase (NOX) however, more enzymes that fit into the
NOX family have been identified (Panday et al., 2015). NOX-mediated respiratory burst is one
of the innate immune defence mechanisms used to degrade internalised particles and
bacteria (Van Acker and Coenye, 2017, Dupré-Crochet et al., 2013). Additionally, the NOX-
mediated respiratory burst has been shown to play a role in several signalling pathways
through crosstalk between NOX and TLRs/NLRs (Panday et al., 2015). Lastly, H,0,, a member
of ROS, has been shown to have a direct chemotactic effect, attracting neutrophils towards a
H,0, gradient within the zebrafish model (Niethammer et al., 2009, Feng et al., 2010, Yoo et

al., 2011).

The final killing mechanism is the secretion of neutrophil extracellular traps (NETs), which
neutrophils can actively generate and secrete. This process, often referred to as NETosis,
enables neutrophils to ‘ensnare’ and subsequently degrade extracellular pathogens
(Brinkmann et al., 2004). Through experimentation with DNAse and protease using in vitro
models of S. flexneri and S. aureus infection, NETs were found to mainly consist of
extracellular DNA and chromatin (Brinkmann et al., 2004). However, many more proteins
associated with NET secretion have been described (Brinkmann et al., 2004). For instance,
proteins from primary, secondary and tertiary granules such as MPO, NE, lactoferrin and
gelatinase have been found to associate with NETs (Brinkmann et al., 2004). The generation
of NETs within neutrophils is triggered by stimulation of NOX-associated ROS production or
recognition of PAMPs by PRRs on the neutrophil surface (Jorch and Kubes, 2017). This can

activate protein-arginine deiminase 4 (PAD4), which converts arginine to citrulline on histones
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and promotes decondensation of chromatin within the nucleus, in a NE and MPO dependent
manner (Papayannopoulos et al., 2010, Jorch and Kubes, 2017). Two different forms of
NETosis have been postulated, firstly, vital NETosis and secondly, suicidal NETosis (Jorch and
Kubes, 2017, Yipp and Kubes, 2013). The latter results with the death of a neutrophil, while
vital NETosis promotes the secretion of chromatin through exocytosis of vesicles (Jorch and
Kubes, 2017, Yipp and Kubes, 2013). Current knowledge suggests that the difference lies
within the way NETosis is stimulated. This could be either through phorbol myristate acetate
(PMA) or bacterial components such as LPS, whereby LPS stimulates vital NETosis (Yipp and
Kubes, 2013, Zhao et al., 2015, Petretto et al., 2019). In contrast, PMA might promote suicidal
NETosis in a ROS dependent manner (Zhao et al., 2015, Yipp and Kubes, 2013, Berthelot et al.,
2017). Furthermore, it is postulated that vital NETosis might use mitochondrial DNA, which is
subsequently secreted as a NET (Yousefi et al., 2009). Vital NETosis can be beneficial since it
preserves further neutrophil functions, elicits a rapid response and release of NETs and has
lower toxicity compared to suicidal NETosis (Wang et al., 2022, Huang et al., 2022). Suicidal
NETosis can be beneficial too as it offers enhanced pathogen trapping and killing and a
stronger inflammatory response (Wang et al., 2022, Huang et al., 2022). However, both forms
have to be tightly regulated as dysregulations could cause autoimmune responses, or an
exacerbation of inflammation in the case of suicidal NETosis, which can be followed by tissue

damage (Wang et al., 2022, Huang et al., 2022).

1.4 Neutrophil Swarming

Neutrophil swarming was originally described in 2008 by Tatyana Chtanova in the lab of Ellen
Robey who saw swarming behaviour in mice lymph nodes following Toxoplasma gondii

infection (Chtanova et al., 2008).
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Subsequent elucidation was carried out by Tim LdAmmermann et al. (Limmermann et al.,
2013). It is identified as a form of highly coordinated neutrophil recruitment towards a site of
inflammation or infection (Limmermann et al.,, 2013). An important distinction between
regular neutrophil recruitment and recruitment resulting in neutrophil swarms is the bi-phasic
signalling response seen in swarming. During swarming, neutrophils are recruited in two
distinct steps. The first step is via classically described neutrophil recruitment, for instance,
CXCL12/CXCR4 signalling, CXCL2/CXCR2 signalling, CXCL8/CXCR1/2 signalling or towards a
H,0; gradient (Isles et al., 2019, Niethammer et al., 2009, Kienle et al., 2021, Reategui et al.,
2017). This recruits a so-called ‘pioneer’ neutrophil to the injury site, which is able to start the
second part of the signalling cascade (Limmermann et al., 2013, Isles et al., 2021). In this part,
release of Leukotriene B4 (LTB4), attracts more distant neutrophils in a highly coordinated
fashion, resulting in a neutrophil swarm (Figl.) The importance of LTB4 signalling has been
illustrated via knockout neutrophil lines, lacking the high-affinity receptor of LTB4 (LTB4R1)
(Lammermann et al., 2013). These knockout lines showed that cells at more distant sites were
poorly attracted, while cells nearby still performed swarm like behaviour (Limmermann et
al., 2013). These findings are corroborated by more recent findings in an ex vivo model of
neutrophil swarming where transcellular synthesis of LTB4 was shown to be essential for
swarming towards Candida albicans (Hopke et al., 2022). The LTB4 pathway has been shown
to be conserved in humans, mouse and zebrafish, where it was shown to be dependent on
calcium wave signalling via connexin 43 (Cx43) hemichannels (Poplimont et al., 2020, Isles et

al., 2021, Lammermann et al., 2013, Hopke et al., 2020).

The LTB4 molecule itself is part of the eicosanoid family of lipid mediators, which are all

formed from arachidonic acid released from phospholipids in cellular membranes by cytosolic
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phospholipase A2 (cPLA2) (Peters-Golden and Henderson, 2007, He et al., 2020). Arachidonic
acid is then converted to leukotrienes by 5-lipoxygenase (5-LO, 5-LOX, ALOX) together with 5-
lipoxygenase-activating-protein (FLAP) (Peters-Golden and Brock, 2003, Peters-Golden and
Henderson, 2007). The precursor molecule of LTB4, Leukotriene A4 (LTA4) can then be
hydrolysed to LTB4 by LTA4-Hydrolase (LTA4-H) (Peters-Golden and Henderson, 2007). The
LTB4 synthesis process has been visualised by creating a transgenic zebrafish reporter for 5-
LO which showed signal to become spatially organised close to the nuclear envelope, creating
a readout for LTB4 synthesis (Poplimont et al., 2020). Additionally, LTB4 signalling and
gradient propagation has been shown using a specialised receptor which is able to sense

bound LTB4, resulting in a fluorescent signal (Tamas et al., 2023).

Besides the release of chemokines, other pathways have also been identified to play a role in
neutrophil swarm formation. For instance, using the zebrafish model, a mechanistic link
between release of NETs by pioneer neutrophils and subsequent swarming was found (Isles
et al., 2021). Additionally, the pioneer neutrophil stained negative for propidium iodide, a
common marker for apoptosis, suggesting it utilised a form of vital NETosis to initiate
swarming (Isles et al., 2021). Furthermore, inhibition of NET-associated proteins such as
gasdermin D (GSDMD), NE and myeloid-specific peroxidase (mpx), either genetically or

chemically, showed a reduction in swarming events (Isles et al., 2021).

Signals triggering swarming can be divided into triggers of infection and sterile inflammation.
In both cases it is believed that secondary cell death and additional LTB4 signalling, increases
the size of the swarm (Kienle and Lammermann, 2016). Different types of physical injury
causing sterile inflammation to trigger swarming have been described, for instance a focal

laser burn, a sterile cut or a tissue puncture (Poplimont et al., 2020, Limmermann et al., 2013,
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Isles et al., 2019, Kienle and Lammermann, 2016, Ng et al., 2011). Infection with several
pathogens including, T. gondii, L. major, P. aeruginosa and S. aureus have also been shown to
induce swarming (Peters et al., 2008, Chtanova et al., 2008, Limmermann et al., 2013, Yipp

et al., 2012, Kamenyeva et al., 2015).

Swarming of neutrophils can be highly heterogeneous in their persistence, when swarms only
last up to one hour it is referred to as ‘transient swarming’ (Kienle and Lammermann, 2016).
Transient swarming is recognised by fast aggregation (10-15 minutes) of around 10-150
neutrophils, after which they quickly resolve (40min) (Lémmermann, 2016, Chtanova et al.,
2008). Often, multiple swarms can be observed during transient swarming, which are able to
fuse or compete for recruitment of neutrophils between them (Lammermann et al., 2013,
Chtanova et al., 2008). In contrast, ‘persistent swarming’ is characterised by a swarm which
rapidly grows in size, up to multiple thousand neutrophils and persists up to several hours at
the first place of recruitment (Chtanova et al., 2008, Braedon McDonald et al., 2010). The
initiation of either transient or persistent swarming is thought to be associated with the type
of swarming trigger. Persistent swarming is more commonly observed during sterile
inflammation, while transient swarming seems to be activated by pathogens, as they are
spread throughout the site of infection, creating multiple chemo-attractive gradients

(Ldmmermann, 2016).

Initial steps towards elucidating the physiological role of neutrophil swarming have been
made. For instance, using an in vitro model of neutrophil swarming against fungi, it was shown
that chemical inhibition of LTB4 had a detrimental effect in restricting C. albicans growth
(Hopke et al., 2020). Additionally, NETs were found to be essential in restricting C. albicans

growth and in promoting further accumulation of neutrophils in a swarm (Hopke et al., 2020).
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Finally, it was shown that NOX-mediated ROS production was able to significantly alter
neutrophil swarming dynamics (Hopke et al., 2020, Strickland et al., 2024). Inhibition of NOX
resulted in dysregulated relay signalling, which corresponded to a phenotype presented in
patients with Chronic Granulomatous Disease (CGD) (Strickland et al., 2024). Other research
using a mouse model for neutrophil swarming has shown how G protein-coupled receptor
(GPCR) desensitisation plays a role in self-limitation of neutrophil swarms. After generating
multiple G protein-coupled receptor kinase (GRK) knockout lines, Grk2”- mice showed distinct
neutrophil behaviour in vitro (Kienle et al., 2021). Further investigation concluded that GRK2
orchestrated desensitisation of GPCRs to LTB4 and CXCL2 signals, as Grk2”- neutrophils were
not attracted to a shift in the CXCL2/LTB4 gradient (Kienle et al., 2021). Additionally, Grk2”-
neutrophils were shown to have a detrimental effect in controlling bacterial infection of P.

aeruginosa within infected lymph nodes of mice (Kienle et al., 2021).
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Figure 1 An overview of neutrophil swarm formation in vivo

This figure shows an overview of the current understanding of neutrophil swarming in vivo in
mammals. In zebrafish embryos the process of tethering and rolling is less well established
and may not occur until later developmental stages. The top picture illustrates the first phase
of the bi-phasic signalling response where a pioneer neutrophil is recruited, gaining a circular
morphology and releasing a NET via ‘blebbing’. Important signalling molecules are
highlighted. The bottom shows the second phase of the bi-phasic signalling response, which
happens by neutrophils releasing LTB4 due to secondary cell death. Following this, an LTB4
gradient via autocrine signalling is established, recruiting more distant neutrophils. This
process is driven through calcium wave signalling via connexin 43 (Cx43) hemichannels.
Afterwards, a neutrophil swarm is formed which is shown to be self-limited through GPCR

desensitisation via GRK2.
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1.5 Resolution of Neutrophil Inflammation

Resolution of inflammation is an active process which is essential for achieving tissue
homeostasis (Bernut et al., 2020, Metzemaekers et al., 2020, Loynes et al., 2010). As such,
neutrophils involved in the inflammatory response have to leave the interstitial tissue. To
elucidate the resolution of neutrophil inflammation one must understand the biochemical
cues that; 1) cause neutrophils to stop ‘forward-migration’, 2) cause neutrophils to be
retained at the injury site and 3) cause neutrophils to be cleared from the injury site or begin
‘reverse-migration’, away from the injury site (de Oliveira et al., 2016, Starnes and

Huttenlocher, 2012, Huttenlocher and Poznansky, 2008).

Forward-migration can be seen as chemotactic signalling that recruits additional neutrophils
towards the site of injury, whereas reverse-migration can be seen as chemotactic signalling
causing neutrophils to migrate away from the site of injury (de Oliveira et al., 2016). Examples
of signalling leading to forward-migration, are the CXCL12/CXCR4, CXCL2/CXCR2,
CXCL8/CXCR1/2 signalling axes, as described in 1.3.2. Since all of these exemplified signalling
axes involve GPCRs, forward migration might be arrested through GPCR desensitisation by
GRKs and Arrestins (Kienle et al., 2021, Gurevich and Gurevich, 2019). Another cause of
reduction in forward-migration is through the release of chemorepellents, in which case cells
actively migrate away from a high concentration of certain chemokines (Huttenlocher and
Poznansky, 2008). After forward-migration is stopped, other chemotactic cues causing
neutrophils to be retained at the injury site are still present. For instance, the CXCL12/CXCR4
signalling axis was shown retain neutrophils at inflammation sites (Isles et al., 2019).
Alternatively, activation of Hypoxia-inducible factor-1a (Hif-1a), has been shown to reduce

apoptosis as well as reverse-migration of neutrophils (Elks et al., 2011). A classical view of

29



neutrophil inflammation resolution is one where most neutrophils undergo apoptosis and are
subsequently phagocytised by macrophages (Serhan and Savill, 2005, Grigg et al., 1991, Savill
et al.,, 1989, Cox et al., 1995, Loynes et al., 2010). However, other literature describes
neutrophils to be able to perform reverse-migration, a process in which neutrophils do not
undergo apoptosis, but actively migrate away from the injury site (Robertson et al., 2014,
Nourshargh et al., 2016, Huttenlocher and Poznansky, 2008, Starnes and Huttenlocher, 2012,
Colom et al., 2015, Buckley et al., 2006, Mathias et al., 2006). This was originally shown in
zebrafish and has since been confirmed in both mice and humans (Filippi, 2019, Owen-Woods
et al., 2020). This migration has been shown to be orchestrated in several ways which include,
competing chemoattractive or chemorepulsive gradients, receptor desensitisation, receptor
internalisation and degradation, transcriptional changes and the LTB4/NE signalling axis
(Starnes and Huttenlocher, 2012, Heit et al., 2002, Colom et al., 2015, Coombs et al., 2019,
Buckley et al., 2006). Reverse migration can be further classified as reverse interstitial
migration and reverse transmigration (Nourshargh et al., 2016). During reverse interstitial
migration neutrophils will stay within the interstitial tissue, but will actively move away from
foci of infection or injury (Nourshargh et al., 2016). During reverse transmigration, neutrophils
will actively disrupt tight junctions of endothelial tissues, often in an effort to enter back into
the bloodstream (Nourshargh et al., 2016). After swarming, neutrophils will show reverse

interstitial migration, which can then be followed by transmigration.

Neutrophils have been shown to have a hierarchical response to different chemokines
explaining how a new chemoattractive gradient could stimulate reverse-migration (Heit et al.,
2002). In contrast, chemorepulsive gradients can be generated by excessive amounts of

chemoattractants (Huttenlocher and Poznansky, 2008). Receptor desensitisation has been
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shown to be essential in the self-limitation of neutrophil swarms, through desensitisation of
one receptor, a contrasting chemoattractive gradient via another receptor might become
more favourable, causing reverse-migration (Kienle et al., 2021). Receptor internalisation and
degradation, also called receptor trafficking, often occurs rapidly after desensitisation
(Coombs et al., 2019). Differential trafficking of CXCR1 and CXCR2 has been proposed as a
mechanism which can cause neutrophils to switch cellular behaviour towards reverse-
migration (Coombs et al., 2019). Reverse-migrating neutrophils have also been shown to
undergo transcriptional changes as their phenotype and functionality differs from ‘freshly’
recruited neutrophils (Buckley et al., 2006). Finally, the LTB4/NE signalling axis is able to
influence the cleavage of JAMs expressed by endothelial cells, eventually resulting in
increased reverse transendothelial cell migration in vivo (Colom et al., 2015). Interestingly,
LTB4 signalling is also essential for promoting neutrophil swarming, illustrating a dichotomous
role (Limmermann et al., 2013, Kienle and Lammermann, 2016, Poplimont et al., 2020).
Neutrophil inflammation resolution in context of neutrophil swarming might be more
complex, as swarms are formed in feedforward manner and are able to persist for up to
multiple hours. While GPCR desensitisation has been shown to self-limit swarming via GRK2,
exact mechanisms that cause resolution of a swarm have yet to be found, possible pathways
that could be implicated are the Hif-1a pathway, the CXCL12/CXCR4 signalling axis and the

LTB4/NE signalling axis (Figure 2).
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Figure 2: Potential pathways involved in neutrophil swarm resolution
This figure shows potential molecular pathways which could be involved in neutrophil swarm resolution.

Potential pathways which could be interesting for inhibition are the Hif-1a and CXCL12/CXCR4 as both
have been shown to retain neutrophils at sites of inflammation. Potential pathways that might be
interesting to stimulate are the LTB4/NE pathway which has been shown to stimulate reverse
transendothelial migration and might also be involved in swarming. Other potential drivers of reverse

migration are also illustrated.
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Impaired resolution of neutrophillic inflammation is thought to play a pivotal role in the onset
of Chronic Obstructive Pulmonary Disease (COPD) (Hoenderdos and Condliffe, 2013). This
could potentially be further dysregulated whenever neutrophil swarming occurs and fails to
arrest and resolve. Besides COPD, neutrophils can play deterministic roles in COVID-19, as
increased neutrophil-to-leukocyte ratios found in the blood of patients corresponded with
more severe disease symptoms (McKenna et al.,, 2022). Finally, the cytokine storm
phenomenon which occurs in these more severe cases of COVID-19 were linked to elevated

neutrophil numbers as well (Vanderbeke et al., 2021, Chan et al., 2021).

1.5 Using the Zebrafish Model to Study Immunity and Neutrophil Swarming

The zebrafish was pioneered as a model system back in the 1980’s by George Streisinger
and has since been widely used to study both development and disease (Boueid et al., 2023,
Chia et al., 2022). Due to the optical translucency of zebrafish, countless transgenic reporter
lines using expression of fluorescent proteins behind promoters of target genes have been
created, enabling visualisation of immune cells in vivo without the use of any invasive
techniques (Renshaw et al., 2006, Nguyen-Chi et al., 2015, Phan et al., 2018, Poplimont et
al., 2020). This opened up many possibilities to study immune responses in high detail
(Speirs et al., 2024). Some findings that were first described in zebrafish, for instance, the
findings that neutrophils perform reverse migration and that neutrophils are attracted to a
H,0, gradient after sterile tissue injury, were later confirmed in other animal models
(Huttenlocher and Poznansky, 2008, Niethammer et al., 2009). The zebrafish model is also
widely adopted as a model for Mycobacterium tuberculosis infection, using Mycobacterium

marinum which is a natural pathogen of the zebrafish (Varela and Meijer, 2022, Meijer,
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2016). This shows the wide adaptability of the zebrafish model for investigating a large

range of different research topics.

Furthermore, zebrafish are exceptionally well-suited for high-throughput studies in vivo due
to the rapid development of zebrafish embryos and the high number of samples that can be
obtained when pairing adults. This has resulted in studies being able to find novel
compounds that regulate immunological functions, as well as large-scale toxicology studies
that have identified molecules used in everyday human life that can cause developmental

dysregulations (Robertson et al., 2014, Dasgupta et al., 2020, Britton et al., 2024).

As illustrated in section 1.4 Neutrophil Swarming, the zebrafish model has also been used to
study neutrophil swarming (Coombs et al., 2019, Poplimont et al., 2020, Isles et al., 2021). The
larval zebrafish model is especially well suited for more isolated study of neutrophil swarming
as the adaptive immune system does not fully mature until 3 weeks post fertilisation (Miao
etal., 2021). While this benefit is also preserved by the ex vivo models of neutrophil swarming,
the in vivo complexity is absent (Hopke et al., 2020, Strickland et al., 2024, Hopke et al., 2022).
Furthermore, neutrophil swarms are endogenously formed in zebrafish larvae compared to
mice, where a large amount of fluorescently labelled, exogenous neutrophils are introduced
into the system (Limmermann et al., 2013, Kienle and Lammermann, 2016, Limmermann,
2016). | have compiled a comprehensive comparison table of model systems for neutrophil

swarming that are currently used in Table 1.
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Table 1: Comparison of neutrophil swarming model systems

Clear imaging
and
modelling

Limited
external
factors

High-
throughput

Model Neutrophil | Model | Swarm Swarm Advantages Disadvantages
system origin type size (cell duration
number) (timescale)
Zebrafish | Endogenous | in vivo | 3-15? Minutes- in vivo Small scale
Hours? response
Clear non-
invasive Genetic separation
imaging from humans
Endogenous | Lacks fully
swarms developed adaptive
immune system to
Semi high- capture full
throughput interactive
landscape
Mouse Exogenous in vivo | 50-300, Minutes- in vivo Exogenous swarms
100-1000 | Hours-
depending | Days Large scale Low-throughput
on injury depending | response
type?* on injury Genetic separation
type Exogenous from humans
swarms
Invasive imaging
Cell Exogenous | ex 300-4000° | Minutes- Human Uses solely
culture vivo Hours neutrophils neutrophils,
potentially missing
Large scale immune
response interactions

2D cell culture
could show
different responses
due to missing
extracellular matrix

1 Data gathered during my thesis

2 (Ngetal., 2011)

3 (Strickland et al., 2024)

4 (Kienle and Lammermann, 2016)
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1.6 Aims and Objectives

1.6.1 Background

While the events initiating neutrophil swarming have become further elucidated, the
resolution of swarms have been poorly characterised. This research aims to address questions
regarding neutrophil swarm resolution and more general dynamics of neutrophil swarms in
the zebrafish model of inflammation, expanding upon a previously described model for

neutrophil swarming in zebrafish, (Isles et al., 2021).

1.6.2 Hypothesis

| hypothesise that neutrophil swarming dynamics can determine the outcome of

inflammation and that this can be manipulated therapeutically.

1.6.3 Aims and Objectives

The overarching aim of this project is to expand upon a previously described in vivo model of
neutrophil swarming for the observation and potential manipulation of neutrophil swarming

dynamics. This overarching aim can be broken down into the following specific objectives:

While many findings detail the formation of a neutrophil swarm and its associated molecular

cues, swarm resolution is still not very well understood. Thus, | aim to:

1. Define the dynamics of neutrophil swarm resolution in the zebrafish model of

inflammation.
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Although neutrophil swarms have been shown to play a role in how the immune system
combats infections, their purely physiological implications have not yet been described in

detail (Kienle et al., 2021). Therefore, | aim to:

2. Describe any physiological roles neutrophil swarms might have in the zebrafish model.

As neutrophil swarming in zebrafish has not been thoroughly described and characterised,

observational detection bias remains a concern. Because of this, | aim to:

3. Reduce observational bias when identifying neutrophil swarming in zebrafish.

To find potential therapeutic approaches for targeting neutrophil swarming, an INFLANET

collaborative effort with Acquifer at Heidelberg University was established. Here, | aim to:

4. Create a proof of concept for a novel high-throughput screening assay to identify small

molecule compounds affecting neutrophil swarming.

Neutrophil swarm formation and persistence might be influenced by a multitude of molecular
factors, some of which have been described in the literature, such as pathways involving
NADPH-Oxidase (Strickland et al., 2024). This led me to hypothesise that other ROS regulators,
specifically HIF-1a, may also be involved. Additionally, other inflammatory pathways might

not have been described yet. As such, | aim to:

5. Identify new molecular pathways that could affect neutrophil swarming.
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Neutrophils are not the only type of innate immune cell in the zebrafish; interactions with
macrophages have been illustrated by previous research (Tauzin et al., 2014, Loynes et al.,
2018). Within the INFLANET network, the group of Georges Lutfalla and Mai Nguyen-Chi are
experts in macrophage biology in zebrafish. Therefore, we established a collaboration to
investigate whether interactions between macrophages and neutrophils might influence

neutrophil swarming dynamics. Here, | aim to:

6. Describe the interactions of neutrophils with macrophages and how this influences

swarming
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Chapter 2: Methods

2.1 Zebrafish lines and husbandry

Zebrafish lines used in this research:

Table 2: Zebrafish lines used in this thesis

Line Acronym Reference

TgBAC (mpx:GFP)i114 mpx:GFP (Renshaw et al., 2006)
Tg(mpx:GAL4-VP16)sh267;Tg mpx:Kaede (Robertson et al., 2014)
(UAS:Kaede)i222

Tg (mfap4: mCherry-FJump6Tg mfap4:mCherry (Phan et al., 2018)

Tg (fms:GFP)sh377 fms:GFP (Dee et al., 2016)

Tg (lysC:EGFP) lysC:GFP (Hall et al., 2007)
Tg(mpeg1:Gal4FF) mpegl:NTR-mCherry (Davison et al., 2007)
Tg(UAS-E1b:Eco.NfsB-mCherry) (Ellett et al., 2011)

Zebrafish larvae were maintained in Petri dishes with approximately 60 larvae per dish, filled
with E3 media supplemented with methylene blue (20uL/1L) at 28°C in light-cycling

incubators (14h dark — 10h light).

Adult fish were maintained on a 14:10-hour light/dark cycle at 28°C in the UK Home Office
approved, Biological Services Aquarium at the University of Sheffield. Animal work was
performed conform to the Animals (Scientific Procedures) Act 1986 Amendment Regulations

2012 in any of the specified locations of this thesis.

2.2 Injuries and Neutrophil and Swarming Counts

2.2.1 Tail Fin Injuries

Tail fin injuries were performed on staged 3 days post fertilisation (dpf) zebrafish larvae.
Larvae were transferred to a petri dish with fresh E3 and anaesthetised with 2ml, 4.2%
tricaine. Using a surgical scalpel blade (size 10), a cut was made across the tail fin, inside of

the pigment gap, taking care not to cut the circulatory loop. This would usually result with
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larvae having small protrusions at the end of their tail consisting of cells from the notochord
(tail amputation). Tail fin injuries without injuring the notochord (fin fold) were also
performed for direct comparison (and for section 2.3 Tail Fin Regeneration Assay). After
performing tail fin injuries larvae were either used for in vivo time-lapse imaging or put back
in a new petri dish with fresh E3 to recover from the anaesthetic, ready for manual neutrophil

and swarm counts.

2.2.2 Ventral Fin Injuries

Ventral fin injuries were performed on staged 3 days post fertilisation (dpf) zebrafish larvae.
Larvae were transferred to a petri dish with fresh E3 and anaesthetised with 2ml, 4.2%
tricaine. Using a surgical scalpel blade (size 10), a small triangular cut was made close to the
hemopoietic tissue distally from the cloaca of the fish. After performing ventral fin injuries

larvae were used for in vivo time-lapse imaging.

2.2.3 Laser Injuries
Using a high intensity CryLaS ablation laser, injuries were made in the ventral fin or across the
entire tail fin. During ventral fin injuries either point or line injuries (approximately 200um by

20um) were made.

Settings were as follows:

Effective injury, promoting neutrophil swarms:
- Frequency: 250Hz, Laser power: 80-100%, Dwell time: 2500us.
Minimal injury, no neutrophil swarms:

- Frequency: 250Hz, Laser power: 20%, Dwell time: 2000us.
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Imaging was started directly after performing the laser injury. With the settings as defined in

Table 3.

2.2.4 Counting Neutrophils and Swarms

After performing tail fin injuries (as described in 2.2.1 Tail Fin Injuries), larvae were collected
and imaged using a Leica stereomicroscope, equipped with fluorescent filters connected to
an epi-fluorescent light source. Before counting, larvae were anaesthetised with 2ml, 4.2%
tricaine and transferred in groups to a petri dish containing a small layer of 2% agarose
(Meridian Biosciences, C# B10-41025) for easier handling and imaging. Counts of neutrophils
and swarms at the wound site were performed at the following hours post injury (hpi); Ohpi,
2hpi, 4hpi, 6hpi, 8hpi, 10hpi, 24hpi. In some earlier cases the 10hpi timepoint was not
recorded. Counts were done manually £500um around the tail fin wound. Swarms were

counted alongside neutrophils whenever they were observable.

2.3 Tail Fin Regeneration Assay

For the tail fin regeneration assay, tail fins of 3dpf zebrafish larvae were cut taking care not
to injury the notochord. Larvae were assessed at 4hpi for neutrophil swarms and split into
respective groups. Tissue regeneration and neutrophil counts were assessed at 24 and 48hpi.
For this, zebrafish larvae were anesthetised using 4.2% tricaine shortly transferred to a glass
bottom imaging dish (Nunc™ Glass Bottom Dishes, Thermo Scientific™, C# 150682) filled with

a minimal layer of 2% agarose gel (Meridian Biosciences, C# B10-41025).
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2.4 Time-lapses

2.4.1 Mounting zebrafish larvae

To keep zebrafish larvae stable over a prolonged period of time, a set up using an agarose
mould was prepared. A 2% agarose gel (Meridian Biosciences, C# B10-41025) was prepared
and poured in a petri dish, in which a small, rectangular stainless-steel block was set to create
a mould. The stainless-steel block was removed from the petri dish, the mould was cut out of
the petri dish and moved into a smaller (dry) glass imaging dish (Nunc™ Glass Bottom Dishes,
Thermo Scientific™, C# 150682) Larvae were anaesthetised with 4.2% tricaine and were taken
up in a small droplet containing up to 15 zebrafish larvae which was subsequently put
alongside the mould. Using a snapped off micropipette, larvae were moved into the slots of
the agarose mould. Excess E3 media was removed with a P1000 pipette. A 0,8% agarose gel
(low gelling temperature (LGT), SIGMA, C# A9414-25G) was slowly added on the side of the
mould and larvae positions were quickly adjusted in the slots. The rest of the dish was covered
in 0,8% LGT agarose gel. The dish was covered with a small layer tricaine solution (0,20mg/ml
in E3) to prevent the gel from drying out and to keep larvae stable over the course of the time-
lapse. For the experiments conducted on the Acquifer Imaging Machine, a 96-well plate
(Corning®, Merck, CLS3925) was filled with 150pl of regular E3 media supplemented with 4.2%
tricaine. No mounting was necessary as larvae would naturally fall onto their sides into a
lateral orientation and the microscopy stage was in a fixed position with the objectives

moving under the 96-well plate.
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Figure 3: Mounting of zebrafish in agarose moulds for long time-lapse imaging

This figure shows the mounting process whenever an agarose mould was used for long time-

lapse imaging.

A. An aluminium block with small notches was used to create the agarose mould by placing it
into 2% agar, letting it solidify, cutting around the block, extracting the mould, putting it in an

imaging dish, slotting in the zebrafish and securing them with 0.8% LMP agar.

B. A series of pictures illustrating how this looks in the lab. The first picture shows the block,
the second picture the mould with the fish held in place using 0.8% agar and the final picture

shows a x4 magnification of fish in the slots. Pictures were taken with a Samsung S10+.
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2.4.2 Acquiring time-lapses

For this research multiple microscopes with different set ups were used to fulfil specific
purposes. Most of the microscopes used were focused on long time lapse imaging
experiments. These experiments were performed on spinning disk microscopes (Table 3), as
these offer a lower amount of phototoxicity transferred into the sample over time, as well as
a faster acquisition rate compared to traditional laser scanning confocal systems. Besides this,
one of the proprietary systems used during a collaboration at Acquifer (Table 3), was more
focused on high-throughput scalability, as this system offered compatibility with 96 well
plates. Below will be given the exact microscope configuration together with objectives used

and an overview of the acquisition settings.
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Table 3: Comprehensive list of microscopes and image acquisition settings

Nikon Spinning

Nikon Disk, Wolfson
Epifluorescence Light Acquifer Andor/Nikon
Microscope, Microscopy Imaging Spinning Disk
Renshaw Lab, Facility, Machine (IM), MRI,
Feature Sheffield Sheffield Heidelberg Montpellier
Microscope | Nikon Ti Eclipse TE-| _ . . . Custom, . N
Body 9000-U Nikon Ti2 Eclipse Acquifer Nikon Ti Eclipse
Photometrics
Andor Zyla VSC- . Hamamatsu
Camera 02811 Prime 95B <CMOS 2k x 2k Andor Zyla 4.2
22mm
Obiective Nikon Plan Fluor |Nikon Plan Apo A | Nikon x20/0.75 | Nikon x20/0.75
J ELWD x20, 0.45NA x20, 0.75NA DIC DIC
Binning 2x2 No binning No binning No binning
Omicron LED-
H 0,

LED Intensity 50% N/A HUB 470: 50% N/A
Laser 488 o o
Intensity N/A 50% N/A 50%
Laser 561 of (i o/ [
Intensity N/A 75% (if used) N/A 50% (if used)

Exposure 488 70-100ms 20-50ms 50ms 50ms

Exposure 561 N/A 100ms N/A 300ms

Z Step 10um 2um 2um 2um
Z Stack 80um 100um 100pum 100um

Exper|n.1ent 6-16 hours 6-16 hours 6 hours 6 hours
Duration

Time Interval | Every 15 minutes EverY 2.5 02 Eyery > Ev¢.ery 2>

minutes minutes minutes

Multi-position Pepends on. De!;)er?ds on 20 fish imaged Deper.\ds on
Imagin achieving the time | achieving the every 5 achieving the

ging interval time interval minutes time interval
Cropped to the | Cropped to the | Cropped to the
. area of interest | area of interest | area of interest
Region of
N/A to speed up to speed up to speed up
Interest (ROI) L L .
acquisition and | acquisition and | acquisition and
limit data limit data limit data
Pixel size 0.325 pym 0.55 um 0.325 um 0.319 pm
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2.5 Image processing and analysis

Images obtained after microscopy were immediately transferred to google drive after which
they were downloaded locally and further processed using FlJI Image J. Pre-processing
consisted of creating a maximum intensity projection (MIP) which greatly reduced data size.
MIPs were chosen as | was unable to obtain high enough z-resolution during long time-lapse
imaging for detailed 3D investigation of cell motility. Images were split into their respective
channels, Brightfield, GFP and RFP (mCherry) when applicable. All code used for image
processing and analysis can be found in an online GitHub repository (Supplemental 5.2 Code).
A full flowchart of the analysis pipeline with steps where user input is needed is shown on the

following page (Fig 4).
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Figure 4: Flowchart of full image analysis pipeline

Data processing and full analysis resulted in a data size reduction from 250-300GB to 150-
190GB after full analysis occurred. Multiple copies of some images, are still present so data-
size could be pruned further, but this was disregarded in favour of dataset structure and

clarity.
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2.5.1 Cluster Analyser

With the use of FlJI (Imagel) an advanced image analysis macro was developed called the
‘cluster analyser’ (Schindelin et al., 2012). The cluster analyser macro was developed together
with Mr Sankeert Satheesan (Acquifer) and implements code that has previously been
published (Thomas and Gehrig, 2020, Sharma, 2018). Template matching analysis was
improved by using timepoints in the middle of time-lapses and by blurring images to improve
matching accuracy. HyperStackReg was then used to further stabilise the output regions of
interest (ROI). Using the cluster analyser, neutrophil clusters were extracted from user-
specified regions of the zebrafish and data was saved in .csv files. Using Knime (4.6.3), a node-
based workflow software, .csv files were merged and further analysed. Areas of clusters were
compared using a range of metrics that could help classify swarming responses and gain
insight into the data. Besides .csv files, the cluster analyser outputs ROI files and .tif files for

further cell specific analyses.

2.5.2 Cellpose

Cellpose is a previously published deep learning algorithm which can be used for
segmentation of fluorescent imaging data (Stringer et al., 2021). Cellpose was adapted and
novel models were trained on my own imaging data for accurate segmentation. A subset of
imaging data was taken for experiments that were conducted on different microscopes as
illustrated in Table 3. Data was split into a test set and a training set, where the training set
was used to train the model, and the test set was used for validation. Validation occurred
through manual cell counts of the test set, which was then compared to counts obtained from
the Cellpose model. Using filtering to exclude counts of smaller particles in Microsoft Excel,

output of counts and tracking of objects was tuned accurately per microscope set-up Table 3.
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2.5.3 TrackMate

The native FlJI Image J plug-in TrackMate, was used for tracking of cells (Tinevez et al., 2017).
Masks created by the Cellpose segmentation step were loaded as label images and
spatiotemporal settings were accurately set based on imaging interval and pixel size. Tracks
were filtered according to the filter settings obtained as described in 2.4.2 Cellpose. Tracks
were critically assessed by eye and filters for track length was finetuned per sample. Tracks
were coloured by their mean speed which for which the min-max range was kept consistent
per experiment. All TrackMate settings were exported as .xml files for re-analysis if necessary.
Data of Tracks, Edges and Spots were extracted as .csv files and used for downstream analysis

of cell motility and location.

2.5.4 Python Scripts for Neutrophil-Macrophage Interaction

Python scripts were created for analysis of interactions between neutrophils and
macrophages, and between neutrophils and macrophage debris. In general, this script aligns
macrophage and neutrophil positions based on timepoint, calculates the Euclidean distance
between them, and filters out pairs that are within 20um of each other from the centroid of
the cells, indicating interaction. It then computes the directional changes in neutrophil
positions, determines the movement magnitude, and filters out movements below a
minimum threshold. Next, it calculates the vector components from neutrophils to
macrophages and computes the dot product between these vectors and the neutrophil
movement vectors. The dot product was normalised by the movement magnitude to assess
the alignment of neutrophil movement towards macrophages or macrophage debris. Finally,
only the movements that show a positive alignment towards the macrophages or

macrophage debris, indicating directional movement towards the target, were plotted.
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2.6 TLR Agonist Treatments

The TLR agonist screen was performed by treating Tg(mpx:GFP)*14 with a range of selected

compounds via immersion.

- Lipopolysaccharide (LPS) (Invivogen C# tirl-eblps), 10pug/mL (Dissolved in E3)

- Polyinosinic:polycytidylic acid (Poly I:C) (Invivogen C# tirl-pic), 10ug/mL (Dissolved in
100% DMSO)

- resiquimod (R848) (Invivogen C# tirl-r848-1), 10ug/mL (Dissolved in 100% DMSO)

- imiquimod (R837) (Invivogen C# tlrl-imgs-1), 10ug/mL (Dissolved in 100% DMSO)

- high mobility group box 1 protein (HMGB1) (R&D Systems C# 1690-HMB), 2.5ug/mL
(Dissolved in 100% DMSO)

- Pam2CysSerLys4 (PAM2CSK4) (Invivogen C# tirl-pm2s-1), 10ug/mL (Dissolved in
100% DMSO)

- N-formylmethionyl-leucyl-phenylalanine (fMLP) (Sigma-Aldrich C# F3506), 100nM
(Dissolved in E3)

Tail fin injuries were performed as described in 2.2.1 Tail Fin Injuries. After tail fin injury,
larvae were put split into groups of 3 in a 96 wells plate (Thermo Scientific™, Nunc™
MicroWell™, C# 260860), 11 wells per condition, with 1100uL end volume per well.
Concentrations of each compound was x2 per well and was brought to the end concentration
by pipetting 3 larvae in 550 uL of E3. E3 media was used as control. At 4hpi larvae were
anaesthetised with 4.2% tricaine and assessed for neutrophil swarms using a fluorescent

stereomicroscope.

Further investigation into TLR 1/2 and 2/6 agonists was performed with:

- Pam2CysSerLys4 (PAM2CSK4) (Invivogen C# tIrl-pm2s-1) (Dissolved in 100% DMSO)

- Pam3CysSerLys4 (PAM3CSK4) (Invivogen C# tlrl-pms) (Dissolved in 100% DMSO)

- CU-T12-9 (Invivogen C# tlrl-cut129) (Dissolved in 100% DMSO)

- Staphylococcus aureus Cell Wall Prep (CWP) (Foster Lab, Sheffield) (Dissolved in
100% DMSO)
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Dilution series were as follows:

- PAM2CSK4: 0.005ng/mL, 0,05ng/mL, 0,5ng/mL, 5ng/mL, 50ng/mL

- PAM3CSK4: 0.005ng/mL, 0,05ng/mL, 0,5ng/mL, 5ng/mL, 50ng/mL

- CU-T12-9: 0.2ng/mL, 2ng/mL, 200ng/mL, 200ng/mL, 2000ng/mL

- S.aureus CWP: 1ng/mL, 10ng/mL, 100ng/mL, 1000ng/mL, 10000ng/mL
Tail fin injuries were performed as described in 2.2.1 Tail Fin Injuries. After tail fin injury,
larvae were put split into groups of 15 in a 6 wells plate (Thermo Scientific™, Nunc™ non-
treated C# 150239), 2 wells per condition, with 3000uL end volume per well. 1% DMSO was
used as control. End volume was reached by pipetting 1 embryo with 198 uL E3 clear medium
using a P200 pipette with a cut off tip to ensure transfer of larvae without additional

wounding. At 4hpi larvae were anaesthetised with 4.2% tricaine and assessed for neutrophil

swarms using a fluorescent stereomicroscope.

2.7 Prolyl-hydroxylase Inhibitor Treatments

Tail fin injury was performed as shown in 2.2.1 Tail Fin Injuries. Afterwards prolyl-hydroxylase
(PHD) inhibitor treatments were performed via immersion. Dimethyloxalylglycine (DMOG)
(Sigma-Aldrich C# D3695) and Roxadustat (FG-4952) (Selleckchem C# S1007) were used at
100uM and 5uM respectively (Elks et al., 2011, Schild et al., 2020). Zebrafish were split into
groups of 15 in a 6 wells plate (Thermo Scientific™, Nunc™ non-treated C# 150239) with
3000pL end volume. Swarm counts were assessed at 6hpi. Neutrophil counts were assessed
over time at 6hpi, 24hpi and 48hpi while being continuously exposed to DMOG and FG-4952,
media was refreshed once at 24hpi. Treatments including 100 uM Diphenyleneiodonium (DPI)
were performed precisely the same. Concentration of DPIl was determined by previous work

(Bernut et al., 2020).
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During timelapses larvae remained continuously exposed to DMOG and FG-4592 at 100uM

and 5uM respectively, supplemented into 0,8% LMP agarose gel and in E3 media on top.

2.8 CellROX Staining

To assess levels of reactive oxygen species (ROS), | used CellROX™ Deep Red (Thermo
Scientific™, C# C10422). Larvae were exposed to 5uM CellROX in E3 media for 30 minutes
prior to mounting for time-lapse imaging. Larvae were washed twice with E3 before
mounting. CellROX concentration was based on previously established work (Bernut et al.,

2019).

2.9 Macrophage depletion

2.9.1 Metronidazole treatment of Tg(mpegl:GAL4/UAS:NTR-mCherry) for depletion of
macrophages

Metronidazole was diluted in 0.1% DMSO (1pL/ml) and heated for 5 min at 37°C to fully
dissolve. Tg(mpegl:GAL4/UAS:NTR-mCherry) larvae were subsequently exposed to
metronidazole at a final concentration of 10mM to ensure efficacy (Nguyen-Chi et al., 2017).
Preparation of the compound as well as treatment of the zebrafish occurred in the dark by

wrapping Eppendorf tubes or petri dishes with aluminium foil.

2.9.2 Generation of irf8 crispants for macrophage depletion

For full depletion, two guides targeting irf8 expression were injected at a final concentration
of 50 uM each by creating an injection mix of 0.5 uL of each guide at 100 uM, 1 pL of 50 uM
tracer, and 1 pL Cas9 nuclease (Rutherford et al., 2024). For the control, scrambled crRNA was

used at 50 puM in the place of irf8-targeting guides. Embryos were injected with 2 nL of

52



injection mix into the yolk sac at the single cell stage. At 3dpf macrophage and neutrophil

numbers were assessed with a confocal fluorescent microscope.

Table 4: irf8 CRISPR guide sequences

Gene Guide name Sequences

irf8 irf8_crRNA_A 5' GCGGTCGCAGACTGAAACAGTGG 3'
irf8 irf8_crRNA_B 5' GTCTACAAGATGAACTCGGG 3'

n/a scrambled_crRNA | 5' GACCTGAGGGAGCAAGATCC 3'

(Rutherford et al., 2024)

2.10 Data visualisation and statistics

Data visualisation and statistical analysis were performed using GraphPad Prism 9.3.1 and

using matplotlib in Python (Supplemental 5.2 Code). Normally distributed data were checked

with a Shapiro-Wilk normality test. Nonparametric data were analysed with the respective

nonparametric tests. N-numbers, statistical tests and plotting settings are communicated

within graphs or in the figure description. For XY graphs obtained from time lapse imaging

linear regression was performed to assess statistical differences, unless stated otherwise.

Significance is shown as p-values above or beside data in graphs. Specific statistics used for

datasets are outlines in figure legends.
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Chapter 3: Results

3.1 Initial Investigation of Neutrophil Swarming in Zebrafish

3.1.1 Introduction

Previous research into the nature of neutrophil swarms has mainly investigated mechanisms
leading to swarm formation, which is defined as highly coordinated movement of
neutrophils towards a site of infection or inflammation. It has been shown that swarming
exhibits a clear biphasic response where neutrophils recruited towards the wound can
amplify further recruitment of more distant neutrophils (Limmermann et al., 2013, Kienle et
al., 2021, Isles et al., 2021). This second part of the response is largely regulated by the
release of LTB4, as illustrated across human neutrophils in vitro and mouse and zebrafish
neutrophils in vivo (Kienle et al., 2021, Isles et al., 2021, Strickland et al., 2024). Subsequent
literature has shown that part of this relay mechanism is controlled by calcium fluxes, which
are regulated via Cx43-hemichannels (Poplimont et al., 2020). Indications of self-regulation
of the continuous accumulation of neutrophils have been shown through the use of a Grk2-
/- mouse, where GRK2 significantly diminished cluster growth via GPCR desensitisation

(Kienle et al., 2021).

Multiple papers have used the zebrafish model for the investigation of the swarming
response, but have not thoroughly investigated the entire inflammatory time course which
includes resolution of neutrophils from the site of challenge (Isles et al., 2021, Poplimont et
al., 2020, Tamas et al., 2023). Here | aim to address this by performing long time-lapse
imaging experiments. With these time-lapses | want to determine when neutrophil swarms

take place and, more specifically, when they resolve. Further in-depth characterisation of
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the neutrophil swarming response in zebrafish is essential to establish a robust framework

for future research, which could help alleviate swarming related burden on patients.

Variation in immune genes has been associated with genetic differences between individual
zebrafish and between strains, potentially causing differences in inflammatory responses
(McConnell et al., 2023). This can be important in terms of variation in the neutrophil
swarming response, as such | utilised two different transgenic zebrafish lines and assessed

neutrophil swarm formation in each.

In the field of zebrafish research, there is no consensus on the optimal method for performing
tail fin injuries. Some researchers avoid injuring the notochord entirely, while others include
the notochord in the injury to elicit a more pronounced inflammatory response, typically
resulting in a higher number of neutrophils at the wound site (Nguyen-Chi et al., 2015, Loynes
et al., 2018). Thus, | determined whether the type of tail fin injury would have a significant

effect on neutrophil swarm formation.

One physiological implication of neutrophil swarming has been illustrated in mono-cultures
of human neutrophils. In an ex vivo model for chronic granulomatous disease, NADPH-
Oxidase was elaborately shown as regulator for a negative feed-back loop of calcium wave
propagation which corresponded with neutrophil over-recruitment found in human chronic
granulomatous disease (Strickland et al., 2024). However, in vivo physiological effects of
swarming remain relatively undescribed. As such, | used the zebrafish model of tail fin

regeneration to study whether swarming would lead to differences in tissue regeneration.
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3.1.2 Time Frame of neutrophil recruitment and swarming

As an approach to establish swarms within the zebrafish model, tail fin injuries were induced
in Tg(mpx:GFP)*1# zebrafish larvae at 3dpf (Figure 5A). Manual counts were performed for
neutrophils and swarms in close vicinity to the wound area. Within zebrafish, | defined
neutrophil swarms as 3 neutrophils or more in close contact over more than 15 minutes.
Neutrophillic inflammation showed a bell-shaped curve resembling a Gaussian distribution,
with a pronounced peak at the central value and symmetrically decreasing values on either
side (Fig 5B). This illustrates both the recruitment and resolution phase of neutrophils taking
place from 0-4 hours and 8-24 hours respectively, with peak inflammation occurring around
6hpi. In this initial experiment, a lack in swarming responses was observed (Figure 5C). Taken
together, these results confirm that the neutrophil response in zebrafish is quantifiable and

capable of generating neutrophil swarms, albeit with potentially low frequency of occurrence.
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Figure 5: Identifying the peak of neutrophil presence and swarming in
Tg(mpx:GFP)i114 larvae

A. lllustration of the experimental approach utilized for this study. Injury was performed on
3dpf zebrafish larvae.

B. Graph depicting the total neutrophil count at the wound site across various time points.
Counts were performed using a stereoscope, neutrophils were visualised by using the
Tg(mpx:GFP)i114 reporter line.

C. Graph showing the number of swarms formed in the examined zebrafish larvae at

different time points
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3.1.3 Genetic background unlikely to alter the neutrophil swarming response

To address whether any genomic variability causes considerable differences in neutrophil
swarming, | utilised Tg(mpx:GFP)** and Tg(mpx:GAL4)"%%7; Tg(UAS:Kaede)??? zebrafish
larvae (Figure 6). These data were obtained from two independent experiments and as such
cannot be directly compared. However, based on the data, we can infer that the genetic
background does not significantly impact the neutrophil swarming response, as the
neutrophil recruitment, resolution and the number of swarms observed over time did not
differ meaningfully. This assertion is supported by data presented later in this thesis (Figure
21-22), which illustrates swarming responses in the Tg(LysC:EGFP) line. This demonstrates
that, despite the use of several genetic backgrounds, neutrophil swarming remains a robust

and observable process across different genetic lines.
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Figure 6: Neutrophil recruitment and swarming in Tg (mpx:GFP)i114 and Tg
(mpx:GAL4/UAS:Kaede) zebrafish larvae
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A. Total neutrophil count at the wound site over 24 hours for 3dpf Tg(mpx:GFP)*14 zebrafish
larvae.

A’. Corresponding swarming events at different time points across 24 hours for
Tg(mpx:GFP)114 zebrafish larvae.

B. Total neutrophil count at the wound site over 24 hours for 3dpf
Tg(mpx:GAL4/UAS:Kaede)??? zebrafish larvae.

B’. Corresponding swarming events at different time points across 24 hours for

Tg(mpx:GAL4/UAS:Kaede)??? zebrafish larvae.

3.1.4 Tail fin injury type does not affect swarm formation

To compare two canonically used tail fin injury methods, | created two groups: one group had
tail fin injuries sparing the notochord (fin fold) and the other group had injuries that included
the notochord (tail amputation). | then assessed the number of neutrophil swarms at 4hpi
using a fluorescence stereomicroscope. There was no significant difference in swarm
formation between the two groups (Figure 7). This suggests that the swarming process is
more robustly dependent on the underlying signalling mechanisms rather than the severity

of tissue injury.
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Figure 7: Tail fin injury type does not affect swarm formation

This figure shows the % of larvae that developed a neutrophil swarm after either a tail fin
injury cutting the notochord (tail amputation) or tail fin injury sparing the notochord (fin fold).
Swarm formation was examined using a fluorescence stereomicroscope at 4hpi. Out of 3
experimental repeats consisting of a total of 198 and 203 zebrafish larvae for both groups
respectively, there was no significant difference in the number of swarms that formed. Data

was analysed by Wilcoxon matched-pairs signed rank test, P>0.9999.
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3.1.5 Peak swarming occurs between 2 and 8 hours after a tail fin injury

To investigate in further detail when swarms form and resolve | set out to do time-lapse
imaging. For successful in vivo imaging, existing protocols were optimised to keep zebrafish
larvae stable over long periods of time, in some cases up to 15 hours. After the time-lapse
was acquired, a FlJI Imagel macro was used to generate binary masks of the fluorescent data,
subsequential extraction of the maximum area per timepoint was performed, as a general
measurement of neutrophil swarms that occurred. When this is plotted against time, it shows
that the biggest areas are found between 2 and 8hpi of the tail fin, which is in line with the

peak of inflammation observed in earlier experiments (Figure 8).

A

w

Neutrophil Swarming Timelapse n=4

Average Maximum Area (pmz)

Figure 8: Swarm size peaks from 2 to 8 hours post-injury

A. Binary mask created from fluorescent data using an ImageJ) macro, default automatic
thresholding with analyse particles recognizing any object above 20um.

B. Graph showing the maximum swarm area extracted per time point, plotted over 15
hours, indicating the largest swarm size occurs between 2- and 8hpi. Data is averaged from

four different 3dpf Tg(mpx:GFP)**4 |arvae.
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3.1.6 Elevated neutrophil numbers correlate with swarming

To further understand how neutrophil swarming influences the progression of inflammation
in the zebrafish model, | conducted two separate time-lapse experiments focusing on the
recruitment and resolution phases of inflammation. Larvae were categorised into groups with
and without swarms based on careful observation of the time-lapses in FlJI Imagel post-
experimentation. In the first time-lapse, | observed the period from 1 to 7 hours post-tail fin
injury at 15-minute intervals. Larvae at 3dpf were injured, mounted in low-melting agarose
promptly, and imaging commenced at 1hpi (Figure 9B). Linear regression analysis revealed a
significant increase in neutrophil numbers in larvae with swarms compared to those without,
though the recruitment rate of neutrophils was not significantly different. In the second time-
lapse, | examined the resolution phase of 3dpf old larvae from 6 to 12hpi (Figure 9C). Larvae
were kept in a petri dish with E3 media and mounted later, with imaging starting 6hpi. Linear
regression analysis again showed a significant elevation in neutrophil numbers in larvae with
swarms. However, the rate of resolution, indicated by neutrophil clearance from the injury
site, did not differ significantly. These results indicate that, although the rates of recruitment
and resolution of neutrophils towards and away from the wound site do not differ
significantly, there is a significant elevation in neutrophil numbers in larvae exhibiting

neutrophil swarming events compared to those without.
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Figure 9: Neutrophil recruitment and inflammation resolution in larvae with
and without swarms
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A. Experimental timeline: Tail fin transection performed on 3dpf larvae followed by
mounting in 0.4% agarose for time-lapse imaging of the initial 6 hours of the inflammatory
response. In a separate experiment, tail fin transection was performed, and larvae were put
back in E3 media for 6 hours before mounting to assess the resolution phase.

B. Number of neutrophils at the wound over 6 hours (1 to 7hpi) with 15-minute intervals,
showing mean and SEM from 9 samples in both groups. Significant elevation difference
(P<0.0001, F=48.84, DFn=1, DFd=447) but no significant slope difference (P=0.1278,
F=2.328, DFn=1, DFd=446) analysed by linear regression.

C. Number of neutrophils at the wound over 6 hours (6 to 12hpi) with 5-minute intervals,
showing mean and SEM from 2 samples in the swarming group and 3 in the non-swarming
group. Significant elevation difference (P<0.0001, F=315.9, DFn=1, DFd=357) but no
significant slope difference (P=0.9616, F=0.002327, DFn=1, DFd=356) analysed by linear

regression.
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3.1.7 Time-lapse imaging reveals distinct phenotypic differences in the

swarming response

After acquiring the time-lapses in Figure 9, there were challenges in distinguishing a clear
swarming response from a more general inflammatory response due to individual detection
bias. | hypothesised that generating an average intensity projection of the entire time-lapse
would highlight differences by showing whether neutrophils are localised to specific regions
in the tail fin, indicative of potential swarming, or exhibit more motility, characteristic of a

general inflammatory response.

When the time-lapses from 6 to 12hpi (Supplemental Movie 1) were converted into average
intensity projections, a striking difference in neutrophil localisation and motility was revealed,
providing a visual representation of neutrophil swarming not previously visualised in this
manner (Figure 10). This method facilitated the creation of a parameter to easily assess
whether a zebrafish larva initiated a swarming response using time-lapse imaging. However,
it was necessary to double-check positive, high-intensity samples to confirm the presence of
a neutrophil swarm. As high-intensity signal would not always indicate swarms, but could also
indicate single, sessile neutrophils. This approach was a significant step towards reducing

individual detection bias in following experiments.
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Figure 10: Phenotypic differences in the swarming response in
Tg(mpx:GFP)*** larvae

A-B. Comparison of larvae with and without a neutrophil swarming response, showing
significantly lower signal in non-swarming larvae.

C-D. Images indicating swarm locations with white arrows. Where activity is seen low signal
indicates motile neutrophils, while high signal indicates sessile neutrophils. Signal obtained
from average intensity projections of all time points (6-12hpi), with the “Fire” LUT in Image)
applied for visualisation.
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3.1.8 Neutrophil swarming correlates with significant impairment in tissue

regeneration

As | previously observed significantly elevated levels of neutrophils during both the
recruitment and resolution phases when swarming was initiated, | aimed to investigate
whether this finding had a measurable physiological effect on the zebrafish larvae. To do this,
| performed an experiment where | anaesthetised and consecutively injured the tail fin of
3dpf zebrafish larvae, ensuring not to injure the notochord as this would severely slow down
tissue regeneration. These larvae were then allowed to recover from the anaesthetic in a new
petri dish filled with E3 media. At 4hpi, | examined the larvae for swarms and separated them
into groups with or without swarming. Subsequently, these groups were assessed for tail fin
regeneration at 24- and 48hpi (Figure 11). | also evaluated neutrophil numbers to confirm the

previously described elevated levels.

At 24 hours, there was no significant difference in the tail fin area regenerated between larvae
with and without swarms (Figure 11B). However, there was a significant increase in neutrophil
numbers at the tail fin wound, corroborating earlier results (Figure 11D). At the 48-hour
timepoint, the inverse was observed: the number of neutrophils present at the wound was
not significantly different (Figure 11E), but the amount of tail fin regeneration was
significantly greater in larvae without swarms (Figure 11C). These data suggest an interesting
correlation between delayed inflammation resolution after neutrophil swarming at 24hpi,

which could explain the impairment in tissue regeneration.
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Figure 11: Swarming is associated with reduced tissue regeneration
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A. Experimental timeline: Larvae were injured, screened at 4hpi, and sorted into swarming
or non-swarming groups. At 24 and 48hpi, larvae were anesthetised briefly and transferred
onto a glass imaging dish with a thin agarose layer for a single image. Images were used to
count neutrophils at the tail fin wound and measure tail fin regeneration using Imagel.
Images were obtained on a Nikon eclipse TE-2000U (Plan Fluor ELWD x20/0.45NA objective,
Andor Zyla VSC-02811 camera).

B. Measurement of tail fin area at 24hpi.

C. Measurement of tail fin area at 48hpi, showing significant impairment in larvae that
previously exhibited a swarming response.

D. Neutrophil count at 24hpi, indicating a significant increase in larvae with a swarming
response, suggesting impaired inflammation resolution.

E. Neutrophil count at 48hpi, showing no significant difference in neutrophil numbers

between larvae with or without a swarming response.
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Figure 12: Swarming is associated with reduced tissue regeneration

This figure shows the representative images of Figure 11, and the areas that were used for
measurements. Full regeneration of the tail fold injury after 48 hours has not occurred,
compared to what the tailfin should look like indicated by the control.
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3.1.9 Conclusion & Discussion

While previous studies have shown the use of the zebrafish model for researching initiation
of neutrophil swarming in vivo, resolution of inflammation remained unaddressed (Poplimont
et al., 2020, Isles et al., 2021). To determine when neutrophil swarms resolve, | performed
long time-lapse imaging experiments, where | observed swarms most often form between 2
and 8hpi. Suggesting most swarms resolve around 8hpi. However, neutrophil swarms can
form at later timepoints if autocrine LTB4 signalling and amplification are initiated, although

the likelihood of this occurring in a more resolutive state is expected to be low.

In general, | found considerable variability in individual swarming responses. While this
allowed me to easily classify a swarming from a non-swarming response using average
intensity projections of a time-lapse, it also caused issues for statistical analyses as statistical
power was diminished. A possible source of this variability could be genetic differences, which
have been implicated in many inflammatory genes, including those in the NLR family, part of

the innate immune system (McConnell et al., 2023).

This led me to question whether variability in the swarming response is stochastically
connected to the required signalling pathways or potentially due to genetic differences. | used
Tg(mpx:GFP)i114 and Tg(mpx:GAL4)"?67; Tg(UAS:Kaede)??? zebrafish larvae to test whether
different genetic compositions would affect neutrophil swarm formation. | found no
significant difference in the occurrence of neutrophil swarms between these two lines.
Although one might argue it is only a single gene difference, due to inbreeding and
outcrossing against different wildtype zebrafish backgrounds, these two lines should have
considerable genetic differences. Moreover, this finding is corroborated by results presented

later in this thesis where Tg(LysC:EGFP) larvae also showed formation of neutrophil swarms.
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Within zebrafish research, two types of tail fin injury are often used: one sparing the
notochord and one including injury to the notochord (Nguyen-Chi et al., 2015, Loynes et al.,
2018). To determine whether the type of injury affects the neutrophil swarming response,
larvae with injuries sparing the notochord were compared to those including it. | found no
significant difference in the number of neutrophil swarms formed. This may suggest the
reliance of swarming on the LTB4 pathway, which is essential, rather than on the severity of
the injury (Limmermann et al., 2013). Furthermore, it suggests that even though notochord
injuries generally lead to higher numbers of neutrophils moving towards the injury, this does

not necessarily correlate with increased swarming.

To explore whether neutrophil swarms have a measurable impact on the overarching
neutrophil response in zebrafish, | employed two different time-lapse approaches to monitor
neutrophil numbers during the recruitment and resolution phases at the tail fin wound. The
findings revealed that although the rate of neutrophil recruitment and resolution did not
significantly differ between larvae with or without swarms, there was a significant increase in
the number of neutrophils remaining at the wound site following swarming. This observation
was further supported by results from a tail fin regeneration assay. However, this raises a
complex question: do neutrophil swarms arise due to a higher number of neutrophils, or do
the swarms themselves trigger additional neutrophil recruitment and retention? This
limitation will have to be considered when interpreting future results and should be
addressed in future research, requiring a carefully designed approach, by for instance using

positive controls for swarming which have not yet been identified.

72



Previous literature investigating neutrophil swarming rely on time-lapse imaging paired with
highly detailed cell tracking for conveying differences between swarming responses
(Ldmmermann et al,, 2013, Kienle et al., 2021, Isles et al., 2021). While this has been
considered and will remain the gold standard for communicating results, | have found an
alternative to illustrate differences between swarming responses. Using the visual clarity of
the zebrafish compared to other in vivo models such as the mice, | was able generate high
guality, average intensity projections which show easily interpretable differences between a
swarming and non-swarming response. This approach revealed distinct phenotypic
differences in neutrophil movement and localisation, providing a valuable and less biased
readout of the swarming response. This method, proved crucial for subsequent analyses,

discussed in the following results chapter.

As of today, neutrophil swarms have been directly implicated in context of disease in two
ways. First, swarming is shown to help contain bacterial infections in lymph nodes of mice
infected with Pseudomonas aeruginosa (Kienle et al., 2021). Second, neutrophil swarms have
been shown to occur more frequently in an ex vivo mono-culture model of neutrophils, using
samples from CGD donors (Strickland et al., 2024). Thus, | wanted to explore whether
undescribed physiological effects of neutrophil swarms existed in the zebrafish model. Using
the tail fin regeneration assay, | illustrated that swarms caused a delay in inflammation
resolution, correlating with a decrease in the regenerated tail fin area following injury. These
findings are in accordance with earlier described results where elevated numbers of
neutrophils were observed after swarming, and is further corroborated by published
literature, which describes excessive neutrophil responses to be detrimental to tissue

regeneration (Bernut et al., 2020).
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Furthermore, other research has also presented distinct roles for neutrophils and
macrophages in tissue regeneration (Li et al., 2012). Neutrophils have been described to be
early responders that can hamper tissue regeneration, while macrophages arrive during later
stages of the inflammatory response and are essential for proper tissue regeneration (Li et
al., 2012). In the case of swarming, excessive neutrophilic inflammation and retention could
cause a hampered macrophage response, which could be interesting to investigate
experimentally. Further experiments into the correlation between tissue regeneration and
neutrophil swarming could further elucidate the point at which neutrophil swarming can
become a detrimental process. The cftr -/- mutant, described in previous research, could be
used to potentially link this to relevant disease phenotypes (Bernut et al., 2020). However, to
accurately assess how neutrophil swarming impacts this, positive or negative controls for
neutrophil swarming have to be designed. This could be done by pharmacologically
promoting or inhibiting neutrophil swarming, but at the time of writing this thesis, no clear
controls have been identified yet. | will further explore the idea of pharmacologically

manipulating neutrophil swarming in Chapter 3.3.

In conclusion, | presented an overview of basic methods employed for studying neutrophil
swarming in zebrafish. Using these methods, | determined a range when swarms typically
occur and resolve. | found that the genetic background of zebrafish larvae does not
significantly impact their ability to form neutrophil swarms. Additionally, different tail fin
injury types were assessed for their effect on swarming with similar outcomes. | described
how swarms might lead to impaired inflammation resolution from the wound site and
introduced a new method for showing differences in swarming and non-swarming responses

using average intensity projections of time-lapse imaging. Finally, | demonstrated that the
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occurrence of neutrophil swarms correlated with a small, yet significant decrease in tissue

regeneration using the tail fin regeneration model.
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3.2 Establishing a Proof of Concept for a High-Throughput Neutrophil
Swarming Assay

3.2.1 Introduction

As illustrated by results in Figure 9 and Figure 11, neutrophil swarming might play a significant
role in the impairment of inflammation resolution and possibly further inflammation
resolution during chronic inflammatory diseases. Chronic inflammatory diseases in which
neutrophils play a role, such as arthritis or Chronic Obstructive Pulmonary Disease (COPD)
could be influenced by the regulation of the swarming response within an individual. If this is
the case, understanding how the neutrophil swarming response is regulated could give rise
to new therapeutical approaches. However, these regulatory pathways remain largely
undescribed especially during resolution of neutrophil swarms. As such, the use of a high-
throughput assay for swarming might aid in finding new regulatory pathways by performing
small molecule screens. While neutrophil mono-culture assays have been developed for
screening neutrophil swarming responses, as of today, no large-scale in vivo screening assays
for neutrophil swarming are available (Strickland et al., 2024). This is where the use of the
zebrafish model might offer a solution, as zebrafish have been successfully used for in vivo

high-content screens in the past (Dasgupta et al., 2020).

As part of the INFLANET network, one of our objectives was to utilise Acquifer's expertise, to
conduct large-scale compound screens on various inflammatory processes, including
neutrophil swarming. Since there had not been any previous attempts to scale up the
investigation of the swarming response in zebrafish, we needed to carefully consider which
parameters to include and how to measure them. As mentioned in Chapter 3.1.7, swarming

is a process still subject to individual detection bias; some observers might classify a response
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as a swarm while others might not. This detection bias can be influenced by several factors,
including the temporal resolution of the time-lapses and the exposure settings, which can
alter the perception of a cluster or individual cells. Thus, in a collaboration with Acquifer at
the University of Heidelberg, | set out to develop a proof of concept for a high-throughput

screening assay for neutrophil swarms with minimised detection bias.

One of the challenges was identifying the appropriate tools to enable accurate readouts from
imaging. Widely available solutions were required to address a multitude of anticipated issues
for successfully establishing a high-throughput assay. Some of the anticipated issues were the
following; firstly, stabilising the time-lapse to correct for sample movement during imaging;
secondly, identifying the cells within the image; thirdly, tracking the cells within the image;
and finally, classifying a swarming versus a non-swarming response. For this, open access

software tools were preferred to align with the overall grant goal of open-access science.

In addition to computational and analytical challenges, other biological parameters needed
to be determined. In assay development it is essential to control variability as much as
possible to avoid false positives or false negatives. In terms of creating injuries, manual
injuries are susceptible to variability from individual technique as well as how controlled one
is to create small injuries. In comparison, laser injuries using a high-powered laser can be
controlled with micrometre precision and will use the same degree of laser power for each
injury, ensuring reproducible injuries. Thus, | hypothesised that laser injuries would be more
suitable than mechanical injuries performed by a researcher when developing the assay for
swarming. Acquifer’s Imaging Machine (IM) supports laser injuries, which have previously
been used to initiate swarming (Poplimont et al., 2020, Limmermann et al., 2013). Moreover,

we aimed to shorten the entire inflammatory response, if possible. Tail fin injuries sometimes
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take a long time to stabilise neutrophil recruitment and further inflammation resolution,
adding unwanted variability to a robust assay. This will be further illustrated by Chapter 3.2.6.
Therefore, | hypothesised that creating smaller injuries would produce shorter responses,
enabling the visualisation of both initiation and resolution of inflammation within a
reasonable time frame. Thus, we had to test different laser injury settings and locations to
find the optimal location to elicit a significant inflammatory response which will be explored

in Chapter 3.2.5-3.2.6.

Once all computational and biological decisions were made, proof of principle had to be
shown, illustrating the assay would be able to pick up differences in neutrophil swarming. To
this extent, treatments with immunomodulatory compounds were planned, however due to
unforeseen problems with cross-border transport of selected compounds, proof of principle
was demonstrated by comparing two previously described methods of generating neutrophil
swarms, namely sterile mechanical injury and laser injury (Poplimont et al., 2020, Isles et al.,

2021).

3.2.2 Optimising methods for recognition and stabilisation of image regions

When the development of the macro commenced, the primary objective was to minimise
data size to create datasets that would be easier to manipulate and navigate. To achieve this,
a template matching approach for region recognition was employed (Thomas and Gehrig,
2020). In template matching, a template image of the desired object or region is extracted
from the time-lapse and used to correlate with other images in the sequence. This method
facilitated both the reduction of data size, by selecting only specific regions of an image, and

the tracking of these regions throughout the sequence, serving as an initial stabilisation step.
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Since the original size of the template area is saved, regions of interest can be created around
the recognised area, allowing for cropping across different channels within an image. The
brightfield image was chosen as it contains the most information about any sample
movement that may have occurred. However, for time-lapse imaging of tail fin injuries,
template matching occasionally mismatched, resulting in inaccurate images for downstream
analysis (Supplemental Movie 2). To address this, various approaches were tested, ultimately
identifying two key parameters to optimise the template matching algorithm. The first
parameter involved selecting the middle of a time-lapse for template creation. | hypothesised
that creating the template image in the middle of the time-lapse would enhance matching
accuracy, as the beginning and end states of tail fin injuries often differ significantly, leading
to template matching failures towards the end. The second parameter was image blurring;
given the large input region for an entire tail fin and the pixel-based nature of template
matching, blurring was hypothesised to help recognise more variable structures by

generalising the image.

Indeed, combining these methods reduced template mismatching from an initial 12.5-37.5%
to 0% (Figure 12B). This improvement is corroborated by measurements of the centroid point
of the matched region on the X-axis, which showed significantly more movement without
blurring or timepoint selection (Figure 12C). Additionally, smaller movements of the
template-matched region were slightly reduced (Supplemental Movie 2). After template
matching, template ROIs were extracted and used to crop other channels accordingly.
However, as illustrated in Supplemental Movie 2, template matching still produced
movement artefacts. To eliminate these artefacts and further stabilise the image,

HyperStackReg was utilised with ‘Rigid Body’ transformation. Rigid body transformation was
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chosen as this preserves the image properties, by not introducing sheer or changing its size.
After HyperStackReg was applied to the brightfield image, the transformations were extended
to other channels within the time-lapse. This fully stabilised the image, but introduced slight
background noise in the fluorescent channel, which was removed by background subtraction
(Supplemental Movie 3). These results collectively demonstrate that the combination of
template matching and HyperStackReg can reduce data size, effectively recognise areas
within a larger sample, and stabilise the time-lapse for more accurate downstream analysis.

A full overview of the analysis pipeline can be found in Chapter 2: Methods, Figure 4.
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Figure 12: Template matching can be optimised by using blurred images and
selecting time points

A. The template matching region demonstrates how data can be significantly reduced by
retroactively selecting regions of interest within the original image or time-lapse.

B. This graph illustrates the frequency of mismatches in the dataset, which ranges from 12.5%
to 37.5% initially, reducing to 0%. N=21 larvae from 3 experimental repeats (5, 8, 8).

C. This graph depicts the movement of the centre of the template-matched region across the
image. Maximum movement is defined as the difference between the maximum and
minimum X-axis locations. Switching from the original template matching method to using
blurred images resulted in a significant reduction in this movement. P<0.0001, Wilcoxon

matched-pairs signed rank test, N=21 larvae from 3 experimental repeats (5, 8, 8).
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3.2.3 Creating data readouts to help minimise individual detection bias.

To track the development of neutrophil swarms after the time-lapse was cropped and
stabilised, the 'analyze particles' function in Imagel) was utilised. Small pre-processing steps
were introduced to reduce background noise from the stabilisation step and to make
neutrophils easier to detect. These steps included background subtraction followed by a light
Gaussian blur. Subsequently, a threshold was applied to create binary images for the analyze
particles function. Settings were optimised to discard small objects or background signals.
After running analyze particles, outlines were created and saved as regions of interest (ROIs).
ROIs were measured, after which both measurements and ROIs were saved in the user-

determined output destination.

For high-throughput data analysis, data pruning can be beneficial. Thus, an automatic
classifier for the swarming response was tested. Multiple parameters were selected based on
the area of the measured objects. Together with Sankeert | observed that the frequency
distribution of the area differed between zebrafish with a swarming response and those
without (Figure 13A-B). Due to this difference, various parameters were identified for
automatic classification. The following parameters were explored and tested: skewness,
indicating the asymmetry of a distribution; outliers, based on the number of large areas
detected; range, defined as the maximum area minus the minimum area measured in the
timelapse; and kurtosis, a measure of the 'tailedness' of the distribution which indicates an

increased number of measurements towards the extremities of a distribution (Figure 13A).

Using these parameters individually or in combination, K-means clustering into two groups
was performed. After clustering, true positive and true negative ratios (TPR, TNR) were

assessed. For obtaining the TPR and TNR, original timelapses were blinded, shuffled and
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assessed for swarming responses. The TPR ranged from 50% to 87.5% accuracy, while the TNR
ranged from 78.57% to 92.86% (Table 5). The TPR indicated accurate classification of a
swarming response, and the TNR indicated accurate classification of a non-swarming
response. Although the TPR was variable and less accurate, the TNR, with an accuracy of
92.86% when clustering based on skewness, could be used for automatic classification of non-
responders. This helps manage data size and provides an automated way of data filtering.
However, the automatic approach was abandoned as the prediction accuracy was not up to

the expected standard.

Consequently, other possibilities were explored, leading to the creation of an overview sheet
where data were visually represented for quick assessment by researchers (Figure 14). Here,
average intensity projections were used as a visual aid. Additionally, varying parameters are
plotted to further assist in classification. By performing simple filtering and formatting steps,

samples can be sorted by the best predictor of true negatives, in this case, skewness.

In conclusion, these data readouts fulfil different tasks, ranging from data pruning and
accessibility, to helping researchers classify inflammatory responses in regards to neutrophil
swarming, minimising individual detection biases that can be present. Furthermore, these
readouts include other parameters aside from the area measurement which can be used for

swarm tracking and counting as will be illustrated in following results.
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Figure 13: Frequency distributions of object areas reveal differences in
swarming and no swarming

A. This graph shows the distribution of frequencies relating to specific area sizes of detected
objects. Objects were obtained via analyse particles in Imagel and areas were binned. A small
shift towards the right can be seen in larvae that mounted a swarming response. Indicating
varying skewness in the frequency distributions between responses. Furthermore, a
difference in Kurtosis might be present, indicating an increased number of measurements
towards one of the extremities of the distribution (n=22, N=3, all frequencies totalled).

B. This graph is a magnification of the tail from the distribution plotted in A. Here the
difference in frequencies of large areas, likely swarms is observed, with more large areas

present in larvae with a swarming response (n=22 N=3, all frequencies totalled).
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Swarm Classification with K-

means clustering based on: TNR (Specificity) TNR (Sensitivity)

Skewness 92.86% 75.00%
Outlier count 85.71% 75.00%
Range 85.71% 50.00%
Skewness + Outlier count 85.71% 87.50%
Skewness + Range 78.57% 75.00%
Kurtosis 85.71% 75.00%
Kurtosis + Skewness 85.71% 75.00%

Table 5: Parameters extracted from imaging data can be used to classify
swarming responses automatically

To obtain the True Negative Rate (TNR) and True Positive Rate (TPR), previously acquired
time-lapses were blinded, shuffled and examined for their swarming response. Based on area
measurements from the 'analyse particles' function in ImagelJ, various parameters, as listed
in the first column, were extracted using a Knime Workflow. These parameters, either singular
or in chosen combinations, were then used to perform K-means clustering into two clusters.
Skewness was the most effective for identifying non-swarming responses, while a
combination of skewness and outlier count was the best for identifying swarming responses.
The highest combined TNR and TPR were also achieved using the latter parameter
combination. The parameters are defined as follows: skewness, the symmetry of the
distribution; outlier count, the number of outliers identified based on Z-score; range, the
difference between the maximum and minimum area measured; kurtosis, the 'tailedness' of

the distribution.
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Figure 14: Overview sheet produced through image analysis pipeline to help
reduce detection bias

A. A visual representation of the image analysis pipeline. Images were obtained using the
Acquifer Imaging Machine (IM), then image information was extracted using Fiji Imagel.
Finally, relevant extracted data was plotted using Knime.

B. The final output sheet produced with Knime aids researchers in correctly identifying
swarming responses, allowing quick access to and correlation of data with the original
samples and timelapses. Multiple parameters are included to highlight potential swarming
responses. (1) Examples of a clear swarming response indicated by green coloration of
parameters and a clear spot of neutrophil accumulation in the average intensity projection.
(2) Example of a response which could be a swarm indicated by green coloration of the
Mean(Area) as well as a clear spot of neutrophil accumulation in the average intensity
projection. (3) Examples of an inflammatory response without neutrophil swarming indicated
by yellow/orange/red coloration of parameters and a lack of neutrophil accumulation

indicated in the average intensity projection.
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3.2.4 Using a specially trained neural network for cell recognition and

counting.

The image pipeline discussed in Chapter 3.2.3 was primarily designed for recognising
neutrophil clusters, which could indicate swarms. However, when these clusters formed, the
number of cells within the cluster was lost due to overlapping signal which traditional
thresholding methods could not discern into singular neutrophils. Since neutrophil counts are
often used as indicator of inflammation resolution, a new method had to be identified for
accurate neutrophil counts to detect changes in swarm resolution (Bernut et al., 2020, Loynes
et al., 2018, Mathias et al., 2006). Moreover, obtaining accurate tracking and cell movement

information became nearly impossible when cells clustered.

To address this, a neural network based on Cellpose was trained to detect individual
neutrophils within clusters. Training followed a ‘human-in-the-loop’ approach, where manual
segmentation optimised cell detection, the model then ‘learned’ from manual corrections,
until the desired result was achieved (Wu et al., 2022). Input images for the Cellpose algorithm
were obtained using methods described in Chapter 3.2.2 to stabilise timelapse data. These
stabilised timelapses were split into individual images using a FlJI macro, then processed
through Cellpose for segmentation. Cellpose tended to over-segment and thus overcount
cells compared to manually counted validation data (Figure 14A). This was corrected by
filtering out smaller objects using the measured area, as these are unlikely to be cells,
resulting in counts nearly identical to manual counts (Figure 14A-B). Filters were optimised
for the validation set data and consequently applied for the entire dataset. Changes in cell
numbers were accurately tracked over time, indicating that automated counting could

replace manual counting, which is highly beneficial for high-throughput workflows (Figure
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14C). Additionally, this increased the assay's robustness, as cell counts became deterministic
using an algorithm. Using Cellpose for segmentation also allowed cells within clusters to be
extracted, enabling the number of cells within specific clusters to be identified (Figure 15,
Supplemental Movie 4). This also provided the opportunity for more accurate cell tracking
with Trackmate, where label images could be loaded and tracked using a Linear Assignment

Problem (LAP) tracker (Jagaman et al., 2008).

In summary, these results demonstrate how novel neural networks can be specifically trained
on specialised data, providing accurate cell counts comparable to manual analysis while
retaining the deterministic benefits of automated analysis. This enables in-depth investigation
of cellular behaviour within complex inflammatory responses such as neutrophil swarming,

as individual cells can be identified even within clusters.
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Figure 15: Cellpose is able to segment neutrophils within clusters

A. A ‘test set’ was extracted from the full dataset to train a novel Cellpose network. Output
data from the previously described Imagel analysis macro was used for generation of initial
Cellpose segmentation. During subsequential training, manual input was provided each cycle
to optimise cell segmentation.

B. The fully optimised Cellpose neural network was able to segment cells within clusters
automatically and accurately. Output was compared to a default thresholding approach which

significantly underperformed in the same task. This is further illustrated in Figure 16.
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Figure 16: Cellpose enables accurate cell counts with a specially trained
neural network

A. Within an isolated validation dataset, manual neutrophil counts were compared to those
obtained using a specially trained Cellpose neural network. This graph shows how Cellpose
over-segmented and thus overcounted cells when no filters for object size were applied, as
seen in the third column of datapoints. However, when a filter for the area (325pxI?) was
applied, counts became indistinguishable from manual assessment (Repeated measures one-
way ANOVA with Geissner-Greenhouse correction, Dunett’s multiple comparison test, N=5
n=37(9,5,8,8,7)).

B. Manual counts and Cellpose counts (with filter) were also compared to cell counts obtained
from Analyse Particles in Imagel, using the previously explained analysis macro (Repeated
measures one-way ANOVA with Geissner-Greenhouse correction, Dunett’'s multiple

comparison test, N=5 n=37 (9,5,8,8,7)).
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C. Cellpose counts accurately followed the inflammatory response, showing the same curve
in cell counts over time as manual assessment. This graph represents the entire response of
a single zebrafish larva, tested with linear regression; Slope: F = 0.2019, DFn = 1, DFd = 286,
P=0.6536; Intercept: F =0.004179, DFn = 1, DFd = 287, P=0.9485.
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3.2.5 Location of laser injuries is essential for measurable inflammatory

responses

To increase sensitivity in high-throughput assays, it is essential to reduce variance as much as
possible. Therefore, | investigated the use of laser injuries to elicit swarming responses in
zebrafish larvae. Laser injuries can be performed more deterministically and with less
individual bias compared to manual injuries. As the tail fin injury model of inflammation is
extensively used in zebrafish research, | assessed whether a sufficient response could be
initiated by performing a laser injury across the tail fin. | used a high-intensity ablation laser
to burn the tail fin tissue, resulting in a relatively small burn line (Figure 17). A clear retraction

of the tail fin tissue was also observed (Supplemental Movie 5).

While the wound creation was successful, a neutrophil response was not triggered (Figure
17). Only occasionally did a small number of neutrophils interact with the linear burn wound
(Figure 17, Supplemental Movie 5). | hypothesised that this could be due to the wound not
being severe enough to elicit a proper response or the wound's location being too far from
the hemopoietic tissue where neutrophils usually reside, resulting in the chemotactic gradient
not being able to reach far enough to recruit distant neutrophils. Burning the entire tail fin
with a laser was incredibly time-inefficient, taking up to a maximum of 2 minutes per larvae,
and unsuitable for high-throughput; thus, one parameter which could be changed was injury
location, as previous research has illustrated that laser injuries near the hemopoietic tissue

can cause neutrophil swarming (Poplimont et al., 2020).

The fin tissue around the cloaca of the zebrafish larva has previously been used to produce
neutrophil swarming responses with laser injuries (Poplimont et al., 2020). Therefore, |

investigated creating injuries in a similar area, more distally from the cloaca, in the thin
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transparent tissue on the ventral side of the larva. When laser injuries were induced with
enough power in this location, measurable inflammatory responses were triggered, some of
which included neutrophil swarms (Figure 18B). This aligns with previously published
literature which demonstrated that laser injuries in zebrafish can produce neutrophil swarms
and provided enough confidence for taking laser injuries forward in the assay (Poplimont et

al., 2020).

The aforementioned laser injuries used in literature were point wound injuries (Poplimont et
al., 2020). As such | determined whether a point wound injury would perform differently from
a more linear injury where more tissue was damaged by the laser. Point injuries seemed to
attract less neutrophils (Supplemental Movie 6), after which | decided to go forward with the

larger linear laser injuries (Figure 18A, Supplemental Movie 7).

Taken together, these results illustrate that laser injury can be used for the generation of
neutrophil swarms, albeit dependent on the location of the inflicted wound as well as

requiring high laser power to elicit a measurable response.

93



03:00 (hh:mm) Stimulations: 0 03:00 (hh:mm) Stimulations: 1 03:00 (hh:mm) Stimulations: 2

0 1

200 pm

03:00 (hh:mm) Stimulations: 4 4 03:00 (hh:mm) Stimulations: 8 8 083:00 (hh:mm) Stimulations: 16

Figure 17: Tail fin laser injuries show low neutrophil recruitment

This figure shows laser injuries made in the tail fin of 3dpf zebrafish larvae, 3 hours post-injury.
The top right indicates the number of stimulations with a high-intensity CryLa$S ablation laser
across the tail fin. Settings were: 250Hz, 20% power, 500us dwell time. An increasing amount
of tissue damage corresponding to the number of stimulations is visible. However, even at 16
stimulations, only a very small number of neutrophils were recruited to the wound when
compared to traditional tailfin injuries, where on average an estimated 15 neutrophils would
have arrived to the wound site (Figure 5). This suggests the injury was not severe enough to
trigger a proper response or that the wound was too far from the hemopoietic tissue where

neutrophils reside during homeostasis.
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Figure 18: Ventral laser injuries recruit neutrophils and generate neutrophil
swarms

A. A comparison of 3dpf zebrafish larvae without laser injury, point injury or linear injury 3
hours post-injury. It was observed that point injuries did not recruit a relevant number of
neutrophils compared to the larger and more severe linear laser injuries. Laser settings were:

250Hz, 20% laser power, 2000us dwell time.

B. Two 3dpf zebrafish larvae displaying a swarming response 3 hours post-laser injury. For
this experiment, laser power was increased to create more severe wounds. This illustrates
that with sufficient laser power and in a location close to the hemopoietic tissue, swarming
responses can be triggered via laser injury. Laser settings were: 250Hz, 80% laser power (left)

100% laser power (right), 2500us dwell time.
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3.2.6 Location of an injury affects the time course of a neutrophil response

To further investigate how changing the injury location affects the inflammatory response, |
compared sterile cuts in the ventral fin tissue to regular tail fin transection. | performed
smaller ‘notch’ cuts in the ventral tissue of the larva, approximately in the same location as
the laser wounds illustrated previously (Figure 18). | hypothesised that having the location
closer to the hemopoietic tissue of the zebrafish would cause more rapid recruitment of
neutrophils compared to tail fin injuries, potentially missing the opportunity to capture the
initial recruitment phases. However, since the wound is smaller and recruitment is faster, it
should also reduce the total time for inflammation resolution. This allows studying
inflammation resolution within a more practical time frame for time-lapse imaging compared
to tail fin injuries, where previous data suggested inflammation could still be present 24 hours

after injury in some cases (Figure 11D-E).

When comparing notch cuts in the ventral fin tissue to tail fin injuries, rapid recruitment is
apparent, resulting in neutrophils being present when imaging started approximately 1 hour
after injury (Supplemental Movie 8) (Figure 19). Comparing neutrophil counts over time
between both injury locations reveals a significant difference in cell numbers (Figure 19-21).
While neutrophil recruitment towards the tail fin injury increased until the end of the
timelapse, ventral fin injuries showed neutrophil recruitment saturating around 3.5 hours,

after which the average number began to slowly decrease (Figure 21A).

To assess the speed of resolution, the delta displacement of cells was measured. Cells were
tracked using a combination of Cellpose and Trackmate as previously explained. After
obtaining tracks, the distance of cells to the wound was measured for both tail fin and ventral

fin injuries (Figure 22A). This allowed calculation of the change (delta) in distance from one
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time frame to another, resulting in a measurement of active movement towards the injury
(negative value) or away from the injury site (positive value) suggesting resolution. Plotting
these values and performing linear regression provides an estimate of when a switch from
recruitment to resolution occurs (Figure 22B, E). However, neutrophils can also undergo
apoptosis or be cleared via efferocytosis, so cell counts need to be correlated. Changes in cell
counts were assessed similarly, taking counts from one time frame to another. A significant
switch in reduction of cells was not found (Figure 22C), suggesting neutrophils to exhibit
partial reverse migration and not total clearance away from the wounded area in which cells

were counted.

Overall, ventral fin injuries initiated inflammation resolution, measured as active migration
away from the wound, significantly earlier than tail fin injuries (Figure 22E). Initial recruitment
rate, measured as positive movement towards the wound, was significantly higher in tail fin
injuries due to the severity of the injury and the longer chemotactic distance compared to the
ventral fin injuries (Figure 22F). This went paired with a higher rate at which neutrophils

would decrease their acceleration towards the wound site (Figure 22D).

In summary, ventral fin injuries have a significantly earlier switch towards inflammation
resolution compared to tail fin injuries. This is paired with a significantly lower number of total
neutrophils recruited and a different recruitment rate. For a high-throughput assay, faster
inflammation resolution is preferred as it increases the throughput and reduces data volume.
This facilitates investigating differences in resolution timepoints of samples treated with

immunomodulatory compounds, in an accessible way.
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Figure 19: Ventral fin notch cut injuries show neutrophil swarms and
subsequent resolution

This figure shows 2 ventral fin ‘notch’ cut injuries in 3dpf Tg(mpx:GFP)*14 zebrafish larvae. A
large number of neutrophils are already present at the start of the timelapse which quickly
aggregate into neutrophil swarms around 40 minutes later. After neutrophil swarms resolve,
further inflammation resolution is initiated, illustrated by dispersed neutrophils at the wound

site at 6 hours, this is further analysed in (Figure 19-20).
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Figure 20: Tail fin injuries show neutrophil swarms and suggest continued
neutrophil recruitment at 6 hours post injury

This figure shows 2 tail fin injuries in 3dpf Tg(mpx:GFP)* zebrafish larvae. Cells slowly
aggregate into small neutrophil swarms either early on at 57 minutes (top) or later at 2 hours
and 30 minutes (bottom). After neutrophil swarms resolve, further inflammation resolution
is seemingly delayed compared to ventral fin injuries, illustrated by the increase in neutrophils

at 6 hours, this is further analysed in (Figure 19-20).
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Figure 21: Neutrophil numbers are significantly different depending on injury
location
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A. The average number of neutrophils present at the wound site over time. Neutrophils were
automatically counted using the image analysis macro and Cellpose as previously described.
A significant difference in neutrophil recruitment to tail fin or ventral fin injuries is shown. Tail
fin injuries exhibit a continuous increase in neutrophil recruitment until the end of the time-
lapse at 6 hours, while ventral fin injuries show a small increase in cell numbers until 4 hours,
after which neutrophil numbers slowly decline. Linear regression, Tail fin n = 7, ventral fin n =

6, F=374.8, DFn =1, DFd = 1881, P < 0.0001.

B. The maximum number of neutrophils at the wound site throughout the entire timelapse.
Tail fin injuries show a significant increase in neutrophil recruitment compared to ventral fin
injuries, due to the severity of the wound. Unpaired t-test with Welch’s correction, Tail fin n

=7, ventral finn =6, SEM 15.71 + 4.610.
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Figure 22: The neutrophil response changes between tail fin and ventral fin

injuries

A. The change in distance from the region of interest (ROI), or delta distance, was obtained
by subtracting the distance of a single tracked neutrophil at time point 2 (T=2) from time point
1 (T=1). When this is done for all tracked neutrophils, an overall vector of movement towards
or away from the wound can be generated. This is indicated by either a negative value, where

cells collectively accelerate towards the wound, or a positive value, where cells collectively

accelerate away from the wound.
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B. A plot of linear regression on the delta distance values, showing an approximation of the
rate of inflammation resolution via reverse migration of neutrophils. A difference can be
observed between both injury locations, further detailed in 20D-F. Tail fin n = 7, ventral fin n

=6.

C. The average change in cell numbers over time for both injury locations. There was no
significant difference found in the rate at which the number of neutrophils changed during
the response. Linear regression, slope; F =0.003619, DFn =1, DFd = 1868 P=0.9520, intercept;
F =2.595, DFn =1, DFd = 1869, P=0.1074

D. The rate of resolution (slope) was significantly different depending on the injury location.
Unpaired t-test with Welch’s correction, tail fin n = 7, ventral fin n = 6, SEM -0.005344 +
0.001273.

E. The estimated time before a switch towards active resolution (X-intercept) was significantly
different between both injury locations, with ventral fin injuries showing collective
acceleration away from the wound earlier than tail fin injuries. Unpaired Mann-Whitney test,

tail fin n = 7 median 348.8, ventral fin n = 6 median 240.7.

F. The initial recruitment rate (Y-intercept) was significantly higher in tail fin injuries,
indicating higher collective acceleration of neutrophils towards the wound compared to
ventral fin injuries. Recruitment rate was obtained by transformation of the resolution rate
(Y=Y*-1). Unpaired t-test with Welch’s correction, tail fin n = 7, ventral fin n = 6, SEM -2.205
+0.2916.
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3.2.7 Validation of a high-throughput assay for neutrophil swarming by
comparison of injury types

Once all previously described tools were developed and decisions were made, it was time to
validate whether a high-throughput assay would be feasible for investigating neutrophil
swarming. Due to unforeseen complications with shipping between the UK and Germany, |
was unable to obtain immunomodulatory compounds for investigating neutrophil swarm
resolution. However, while performing laser injuries alongside mechanical injuries (where
tissue was cut using a blade or needle), | anecdotally observed an increased number of
neutrophils and seemingly higher inflammatory responses for mechanical injuries. Therefore,
| decided to determine whether the semi-automated assay could detect this observational

difference, validating whether the approach and tools were functioning as intended.

To do this, automatic laser and manual mechanical injuries were made in the ventral fin of
3dpf zebrafish larvae as previously described. Due to limitations in the availability of zebrafish
lines in Heidelberg, some results were obtained from a Tg(lysC:GFP) transgenic neutrophil line
in addition to the Tg(mpx:GFP)'* transgenic neutrophil line | have used elsewhere in this
thesis . Timelapses always started 1 hour after the first mechanical injury was performed, with
laser injuries made 30 minutes before the timelapse started. This meant the response was
tracked from 60 minutes post-injury (mpi) to 420mpi for mechanical injuries and 30mpi to
390mpi for laser injuries. To increase the number of samples, a 5-minute imaging interval was
chosen, though this meant accurate cell tracking could not be performed due to the low

temporal resolution.

When laser injuries were compared to mechanical injuries, there was a significant difference

in the number of neutrophils recruited, which agreed with my hypothesis (Figure 23A). For
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mechanical injuries, there was a significant positive correlation between wound size and the
total number of neutrophils recruited over time; however, this was not the case for larvae
that underwent laser injury (Figure 23C). Moreover, wounds created mechanically were
significantly larger than those created by laser injury on average (Figure 24D). Further
investigation into neutrophil swarming showed a significant increase in the number of
neutrophil clusters detected in the timelapses (Figure 24A). Additionally, the maximum size
of these clusters was significantly larger, indicating a higher inflammatory response (Figure

24B).

Classification of swarming responses was performed post-experimentation. Neutrophil
swarms formed significantly more often in mechanically injured larvae, as indicated by the
percentage of larvae developing a swarming response (Figure 24C). Besides swarms occurring
more frequently in mechanically injured larvae, swarm dynamics, measured as the duration

of a swarm, showed a small but significant increase (Figure 24E).

Further analysis of swarming responses evaluated neutrophil numbers between larvae with
and without a swarming response to reassess whether earlier results could be replicated
under different conditions. Indeed, in this new experimental setup, inflammation resolution
was significantly delayed in larvae that initiated a swarming response (Figure 25). This delay
in inflammation resolution, indicated by heightened neutrophil levels at the wound site, was

found in both mechanically and laser-injured larvae (Figure 25).
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In summary, these data illustrate that the developed analysis tools and initial assay could
successfully detect an expected difference based on earlier observations, highlighting the
feasibility of a high-throughput swarming assay. Furthermore, in-depth analysis for different
injury types was conducted on swarm locations, swarm size, swarm duration and the impact

of swarms on inflammation resolution, measured by neutrophil numbers.
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Figure 23: Laser injuries recruit less neutrophils in total compared to
mechanical injuries
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A. The median number of neutrophils present at the wound site over time. A significant
increase in neutrophils over time is observed when larvae were mechanically injured
compared to laser injury. Data was compared using non-linear regression of a third-order

polynomial fit, P < 0.001. Laser injury, R? = 0.7278; Mechanical injury, R = 0.4894.

B. The total number of neutrophils recruited to the wound site over an entire timelapse.
Mechanical injuries recruited a significantly higher number of cells compared to laser injuries.
Unpaired t-test with Welch’s correction, SEM 83.81 + 40.89. Variance was significantly
different P<0.001, F-test; F, DFn, Dfd; 3.013, 58, 53.

C. Correlation between wound size and the total number of neutrophils recruited. No
significant correlation between wound size and neutrophil recruitment was found for laser
injuries. However, for mechanical injuries, a significant correlation was determined. Data was
fit via linear regression. Laser injury, P = 0.3534, slope = 0.003598, 95% ClI = -0.004136 to
0.01133, Y-intercept = 196.5, 95% Cl = -74.97 to 467.9. Mechanical injury, P < 0.001, slope =
0.005966, 95% Cl = 0.003671 to 0.008261, Y-intercept = 71.78, 95% Cl = -74.15 to 217.7.
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Figure 24: Laser injuries produce significantly less swarms compared to
mechanical injuries

A. Frequency distribution of the number of clusters according to binned cluster size. Clusters
were extracted by filtering for objects with an area greater than or equal to 735 pum?2.
Differences are suggested in the number and size of neutrophil clusters formed between laser
and mechanical injuries.
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B. Maximum cluster size was significantly different between injury types, with mechanical
injuries resulting in larger neutrophil clusters compared to laser injuries. Unpaired t-test with
Welch'’s correction, SEM 393.1 + 72.56. Variance was significantly different P<0.001, F-test; F,
DFn, Dfd; 4.952, 58, 53.

C. The percentage of larvae that developed swarms across 4 experimental repeats. A
significantly higher percentage of larvae initiated neutrophil swarming post-mechanical injury
compared to laser injury. Unpaired t-test with Welch’s correction, SEM 29.39 + 7.907.
Variance was not significantly different, P=0.7253, F-test; F, DFn, Dfd; 1.556, 3, 3.

D. The size of wounds created post-mechanical or laser injury. Mechanical injury resulted in
significantly larger wounds compared to laser injury. Unpaired t-test with Welch’s correction,
SEM 23033 + 3433. Variance was significantly different P<0.001, F-test; F, DFn, Dfd; 17.88, 58,
53.

E. Duration of neutrophil swarms post-laser or mechanical injury. When swarming was
initiated, the type of injury had a small but significant effect on swarm duration. Swarm
duration was measured by implementation of a python script which would recognise clusters
between frames within close proximity, after which these were linked to indicate whether a
swarm was occurring and for how long. Unpaired t-test with Welch’s correction, SEM 10.56 +
4.773. Variance was not significantly different, P=0.0928, F-test; F, DFn, Dfd; 3.273, 17, 8.
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Figure 25: Swarming delays inflammation resolution in both mechanical and
laser injuries

111



A. The mean number of neutrophils measured over time post-laser injury. Larvae that
developed neutrophil swarms exhibited a significant elevation in the neutrophil response,
resulting in delayed resolution. This is indicated by neutrophils being retained at the wound
site longer compared to larvae without swarms. Data was compared using non-linear
regression of a third-order polynomial fit, P < 0.001, Swarming, R? = 0.4090; No swarming, R?
=0.2813.

B. The mean number of neutrophils measured over time post-mechanical injury. Consistent
with the data shown in A, larvae that developed neutrophil swarms exhibited a significant
elevation in the neutrophil response, resulting in delayed resolution. This is indicated by
neutrophils being retained at the wound site longer compared to larvae without swarms. Data
was compared using non-linear regression of a third-order polynomial fit, P < 0.001,
Swarming, R? = 0.2889; No swarming, R? = 0.1036.
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3.2.8 Conclusion & Discussion

| aimed to establish a novel high-throughput assay for performing small molecule screens
related to the neutrophil swarming response. To achieve this, a collaboration with Acquifer,
a member of INFLANET, was established. They provided both expertise and the necessary
equipment for this part of the project. Together with Sankeert Satheesan, a PhD student at
Acquifer, we used Acquifer’s Imaging Machine (IM) to develop the new high-throughput

assay.

Before fully utilising the IM, a plan was drafted to reliably characterise neutrophil swarming
responses and process data robustly. A new Imagel) macro was developed to streamline data
processing, combining older methods like template matching and HyperStackReg to ensure
reliable data output (Thomas and Gehrig, 2020; Sharma, 2018). These methods stabilised
time-lapse imaging and cropped data to specific regions of interest (ROI). Modifying the
template matching program to use Gaussian blurred images greatly increased accuracy across

various time-lapse data.

A major issue in classifying swarming responses is individual detection bias, caused by
differences in experimental approaches, imaging settings and background knowledge. The
macro was partially designed to circumvent this issue by creating a more deterministic
classification approach. Various parameters were assessed using K-means clustering,
grouping data into swarming or non-swarming categories. Skewness, a measure of
distribution symmetry, was one of the best predictors for automatic classification. However,
| considered the accuracy of automated classification at 92,86% specificity and 75% sensitivity
to be too low, as | was looking for both specificity and sensitivity to be above 95%. Thus,

instead of relying solely on automatic classification, the choice was made to provide a solution
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combining deterministic and visual approaches. In the current solution researchers receive an
Excel sheet outputting various parameters based on neutrophil area measurements, along
with average intensity projections showing overall neutrophil motility. This visual output,
combined with the parameters, should assist researchers in accurately defining and
understanding the neutrophil swarming response. However, as of yet a blinded comparison
between classifications with and without the tool is not made and is recommended for future

assessment.

After choosing computational tools, biological parameters were determined, including injury
location, timelapse duration and the use of automatic laser injuries by the IM. Laser injuries
in the tailfin did not promote sufficient neutrophil recruitment to initiate swarms. This could
be due to the chemotactic signal not reaching the hemopoietic tissue or the lack of continuous
need for inflammatory cells, unlike in tailfin amputation. Neutrophils are known for matrix
remodelling through NE secretion alongside neutrophil derived MMP-8 and MMP-9 (Zhu et
al., 2021). Matrix remodelling can create Proline-Glycine-Proline (PGP), a potent neutrophil
chemotaxis regulator similar to CXCL8, causing neutrophil recruitment (Weathington et al.,

2006, Gaggar et al., 2008).

Ultimately, performing a laser wound on the entire tailfin was too time-intensive for the high-
throughput setup we envisioned. Instead, laser injuries were made in ventral fin tissue with
a varying range of laser intensities as illustrated in previous research (Poplimont et al., 2020).
This change resulted in the desired response for a high-throughput setup using the IM.
Furthermore, ventral fin injuries spatiotemporally differed from tailfin injuries, initiating
inflammation resolution significantly earlier. Previously described methods of high-

throughput screening for inflammation resolution using zebrafish, performed tail fin injuries
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and chose only one timepoint at 12hpi to assess inflammation resolution (Robertson et al.,
2014). To investigate the more intricate dynamics at play during neutrophil swarming this was
not an option for the assay presented in this chapter. Ventral fin injuries allowed for shorter
timelapses, capturing all aspects of the inflammatory response which was more suitable for

investigating neutrophil swarming in a high-throughput setting.

However, smaller injuries in the ventral fin lacked the linear structure of a tailfin injury, which
theoretically allows swarms to form anywhere. Nonetheless, non-swarming responses in the
ventral fin model suggested that underlying signalling mechanisms were still required for
swarming. This is likely to be LTB4 as LTB4 has been shown to be essential for the relay phase
of the bi-phasic swarming response where more distant neutrophils are attracted and
subsequent accumulation occurs (Strickland et al., 2024, Philippe et al., 2012, Limmermann
et al., 2013, Isles et al., 2021, Poplimont et al., 2020). After making all computational and
biological considerations, implementation into the IM followed. A planned treatment with
immunomodulatory compounds was cancelled due to customs issues, leading to another

experiment to be designed for validation of the assay.

Anecdotal observations suggested a difference between laser and mechanical wounds. Using
the novel swarming assay, an experiment was conducted to verify this observation, with 4
experimental repeats involving over 100 zebrafish larvae comparing mechanically induced
and laser-induced injuries. Data supported the observational difference, showing significant
differences in swarming responses between laser and mechanical injuries. Laser injuries
resulted in fewer and smaller swarms, with lower variances in neutrophil recruitment,
maximum cluster area and wound size compared to mechanical injuries. This is likely due to

increased wound size from mechanical injuries as well as the previously mentioned matrix
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remodelling that was triggered compared to laser injuries, which would stay relatively

contained and would evidently shrink in size after the initial swelling ceased.

In assay development, the Z-score is used for validation and optimisation (Zhang et al., 1999).

. 3(op+on)

Z-score is defined as follows; Z' = 1
lup—un|

, where o p,n = standard deviation of the

positive or negative control and u p,n = mean of positive or negative control. The Z-score
formula suggests that low variance in controls and a large difference between means result
in the best assay. ldeally, a Z-score would be calculated for the swarming assay, but due to
time constraints this could not be performed. While a negative control for swarming could be
provided in the form of an LTB4 inhibitor, positive controls for swarming have not yet been
clearly identified as of writing this thesis (Isles et al., 2021). One option could be localised
injection of LTB4, however LTB4 is the linchpin of the swarming response and identifying
pathways upstream of autocrine LTB4 production are exactly where | would hypothesise
therapeutic approaches to be found (Poplimont et al., 2020, Kienle et al., 2021, Isles et al.,
2021, Strickland et al., 2024). Performing no injury could be another control, but this would
compare inflammatory responses rather than swarm formation after inflammation and

recruitment of neutrophils is triggered.

Ultimately, using the Z-score suggests that automatic laser injuries are preferred for
generating swarms, as variances are smaller and more controllable than manual mechanical
injuries. However, laser injuries rarely generated clear swarming events. A higher intensity
laser could create more severe wounds, which may lead to increased neutrophil swarms to

be formed.
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In terms of the high-throughput nature of the assay, 20 zebrafish could be imaged per
experiment. This is relatively limited considering the system is built for screening 96-well
plates, but time-lapse data from 20 zebrafish would quickly grow into several hundred
gigabytes of data. This illustrates that even with more samples, data storage and processing

would become a rapidly growing problem.

Neutrophil swarming is a dynamic event requiring high temporal resolution to avoid missing
any occurrences. In this case, temporal resolution was set at 5-minute intervals, allowing
detection of swarming events, but insufficient for investigating cell motility or cell-cell
interaction. For this, an interval of 2.5 minutes would be needed, reducing the sample size to
10 zebrafish. Since neutrophil swarming is relatively stochastic when occurring endogenously,
this could result in insufficient statistical power. As such, if this assay and workflow are used
for future investigation of neutrophil swarming, considerations will need to be made
regarding experimental design and which measurements are essential for concluding
differences in swarm formation and resolution. Improvements could include creating a new
baseline where swarming is initiated using a positive control, increasing statistical power. This

idea will be further described in Chapter 3.3.

In future iterations of high-throughput neutrophil swarming | would recommend attempting
to increase the sample throughput. One way this could be achieved is by increasing the
number of larvae within a single well. With further development of image recognition and
stabilisation software one could image a single well with possibly up to 3 different larvae,
which can be recognised and stabilised during image analysis. This would increase sample size
while maintaining similar imaging times. In this case one would have to switch to a 10x

objective which will resultin a loss of image quality. This would result in the loss of cell-specific
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movements, but it would allow for a faster screening process to determine whether

neutrophil swarming has downstream phenotypic implications.

In summary, these data show the successful development of a novel proof-of-concept high-
throughput screening assay for investigating neutrophil swarming dynamics, including
formation and resolution. A tailored image analysis pipeline was created for detailed analysis
of large time-lapse data. This pipeline was then used to create a proof of principle by exploring
differences between laser and mechanical injuries, where a clear observational difference

was confirmed by detailed data after acquiring time-lapse imaging with Acquifer’s IM.
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3.3 Determining Avenues for Pharmacological Manipulation of Neutrophil
Swarming

3.3.1 Introduction

Neutrophils commence chemotaxis after extracellular molecules bind to cell surface
receptors (Metzemaekers et al., 2020). These molecules often consist of either PAMPs or
DAMPs that bind to PRRs, or smaller chemotactic molecules such as the CXCL family that bind
to the CXCR family of GPCRs (Li and Wu, 2021, Isles et al., 2019, Kienle et al., 2021, van der
Vaart et al.,, 2012). Previous literature indicates that TLRs play a role in activation of
neutrophils (Prince et al., 2011). Furthermore, a recent study found that zebrafish lacking the
TLR2 receptor showed decreased recruitment of neutrophils after wounding, illustrating
potential for modulation (Hu et al., 2021). As described in Chapter 3.2, variability in zebrafish
larvae exhibiting a neutrophil swarming response after injury remained a challenging aspect
of my experiments. | hypothesised that promoting a pro-inflammatory phenotype could
potentially reduce this variability and aid in increasing statistical power in experiments by
providing a higher baseline of samples with neutrophil swarms. Because of the relationship
between TLR signalling and neutrophil migration and activation, | selected a range of TLR
agonists, with the idea that treatment could upregulate neutrophil recruitment and activation

in an effort to increase the occurrence of neutrophil swarms.

Literature suggests a role for NOX in the relay signalling mechanism of neutrophil swarms,
which correlates to a disease phenotype found in samples from donors with CGD (Strickland
et al.,, 2024). NOX is known as a main regulator of ROS in neutrophils, which has been
previously shown to augment neutrophil swarming and help delay germination of Candida

albicans in an ex vivo model (Hopke et al., 2020, Panday et al., 2015). Another pathway that
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is directly interacting with ROS is the HIF-1a pathway (Taylor and Scholz, 2022, Willson et al.,
2022, Movafagh et al., 2015, Zheng et al., 2022). During hypoxia HIF-1a and HIF-1B subunits
dimerise to form a complex which then functions as a transcription factor, driving
downstream expression of target genes (Taylor and Scholz, 2022). Under normoxic
conditions, prolyl-hydroxylases (PHDs), hydroxylate proline residues located at P402 and P564
within the oxygen-dependent degradation domain (Masson et al., 2001). The hydroxylated
HIF-1a subunit is recognised by the von Hippel-Lindau (VHL) protein, which is an E3 ubiquitin
ligase (Hon et al., 2002, Min et al.,, 2002, Kubaichuk and Kietzmann, 2019). Following
ubiquitination, HIF-1a is targeted for proteasomal degradation, eliminating downstream
effector function (Kubaichuk and Kietzmann, 2019).

HIF-1a accumulation within neutrophils has been shown to occur after an increase in
mitochondrial ROS (Willson et al., 2022). | hypothesised that HIF-1a activation via ROS
production, could activate downstream signalling that changes neutrophil swarming
responses. Previous research has illustrated that HIF-1a activation can lead to increased
neutrophil retention at wound sites in the zebrafish model, which could affect the dynamics
of neutrophil swarming (Elks et al.,, 2011). Within mice, Hif-la has been shown to be
implicated in neutrophil recruitment during fungal-elicited granulomatous inflammation, as a
knockout line of Hif-1a showed impaired neutrophil recruitment to agarose beads containing
Aspergillus conidia (da Silva-Ferreira et al., 2022).

To test whether HIF-1a could be implicated in the onset of neutrophil swarming, experiments
utilising prolyl-hydroxylase (PHD) inhibitors were designed. PHD inhibitors prevent HIF-1a
from becoming hydroxylated, stabilising it within the cell and enabling dimerisation with HIF-
1B for nuclear localisation and expression of target genes (Zheng et al., 2022). DPI functions

as an inhibitor of NOX and mitochondrial ROS, effectively reducing the levels of intracellular
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ROS available for HIF-1a stabilisation (Prajsnar et al., 2021, Lodge et al., 2020). In this chapter
| discuss experiments using these inhibitors, which provided preliminary results regarding the

effect of HIF-1a and ROS on neutrophil swarming in vivo.

3.3.2 Screening TLR agonists for effects on neutrophil swarming

To determine whether the neutrophil swarming response could be upregulated via
pharmacological treatment, a selection of TLR agonists was chosen for their pro-inflammatory
effects (Cen et al., 2018, Kircheis and Planz, 2023). This included lipopolysaccharide (LPS), a
cell wall component of Gram-negative bacteria that binds to the TLR4 receptor; polyinosinic
acid (Poly 1:C), structurally similar to double-stranded RNA, which initiates an antiviral
response via binding to TLR3; resiquimod (R848), a TLR7/TLR8 agonist that also initiates an
antiviral response; imiquimod (R837), which causes the same response as R848 but only binds
to TLR7; high mobility group box 1 protein (HMGB1), which binds to TLR2/4; Pam2CysSerLys4
(PAM2CSK4), a synthetic diacylated lipopeptide binding to TLR2/6; and N-formylmethionyl-
leucyl-phenylalanine (fMLP), a peptide that binds to formyl peptide receptor 1 (FPR1) (Bao et

al., 1992).

Treatment of these compounds occurred in immersion to find potential candidates
upregulating neutrophil swarming, concentrations were chosen based on previous
experiments performed in Sheffield (KAMUYANGO, 2017). Tailfin injury was performed on
3dpf zebrafish larvae and neutrophil swarming was assessed at 4hpi. Out of all the compounds
chosen, only PAM2CSK4 seemed to elicit a response (Figure 26). However, the finding in
guestion was in contrast to my initial hypothesis, as | expected an increase in neutrophil

swarms rather than a reduction.
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In conclusion, these data show that immersion treatment with a range of TLR agonists as well
as fMLP, ultimately had no effect on the percentage of larvae that would develop a neutrophil
swarm, except for PAM2CSK4 which suggests a non-significant reduction in the number of
swarms that formed at 4 hours post tail fin injury. While this finding was not statistically
significant, due to high variability in this screen, it could still be biologically relevant and was

thus further investigated.
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% of larvae with swarms

Figure 26: PAM2CSK4 suggests a reduction in neutrophil swarming at 4hpi

This figure shows a curated selection of compounds, chosen for their pro-inflammatory
effects to upregulate the neutrophil swarming response. From left to right, the name of the
compound, abbreviation and respective receptor; Lipopolysaccharide (LPS) TLR4;
Polyinosinic:polycytidylic acid (Poly I:C) TLR3; resiquimod (R848) TLR7/TLRS8; imiquimod
(R837) TLR7; high mobility group box 1 protein (HMGB1) TLR2/4; Pam2CysSerlLys4
(PAM2CSK4) TLR2/6; N-formylmethionyl-leucyl-phenylalanine (fMLP) formyl peptide
receptor 1 (FPR1). Out of all compounds, PAM2CSK4 suggests a decrease in neutrophil
swarms at 4hpi. N=3 control; n=24,12,12 treatments; n=32,33,33. Data was analysed using a
Friedman-test with Dunn’s correction for multiple hypothesis testing. P values of all other
compounds except PAM2CSK4 were P>0.9999. Data is shown as mean # SD.
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3.3.3 TLR agonist treatment does not affect the neutrophil swarming

response

As PAM2CSK4 might have an inhibitory effect on the formation of neutrophil swarms (Figure
26), | aimed to further elucidate the mechanism through which this might occur. Therefore, |
expanded the selection of TLR agonists to include compounds binding to TLR1/2 and TLR2/6,
as PAM2CSK4 binds to TLR2 and dimerises with TLR6 at the cell membrane. | hypothesised

this would help discern whether this effect was dependent on TLR2/6 or TLR1/2.

The expanded selection of TLR agonists included Staphylococcus aureus cell wall preparate
which contains cell wall components of Staphylococcus such as peptidoglycan, which is able
to function as a PAMP (CWP), which binds to TLR2/6, PAM3CSK4, which is similar to
PAM2CSK4 but binds to TLR1/2, and CU-T12-9, a small molecule identified in previous
literature to bind to TLR1/2 (Guan et al., 2010, Cheng et al., 2015, Fournier, 2012, Parra-
Izquierdo et al., 2021, Chen et al., 2019, Sutton et al., 2021). All TLR agonist treatments
aimed to upregulate the inflammatory response by increasing the downstream Nfkb
expression levels which can lead to increased release of cytokines REF. This was then
hypothesised to lead to increased recruitment of neutrophils and a higher probability of

swarms to occur.

Tail fin injury was performed on 3dpf zebrafish larvae and neutrophil swarms were assessed
at 4hpi. For each compound, a dilution series was made to test for potential toxicity and to
find an EC50 at which an effect would occur. However, none of the selected TLR1/2 and
TLR2/6 agonists showed a significant response in either the number of neutrophils recruited
to the wound site or the percentage of larvae developing a neutrophil swarm at 4hpi (Figure

27, 28). This suggests that the finding in (Figure 26), which indicated a reduction in the
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number of neutrophil swarms, was likely due to other parameters and not the agonist

treatment as this finding could not be replicated.

In summary, these data illustrate that the reduction in neutrophil swarming initially caused
by PAM2CSK4 (Figure 26) was unlikely related to the agonist treatment, as experiments
using an expanded selection of TLR1/2 and TLR2/6 agonists were unable to reproduce the
result. Ultimately, this shows that immersion treatment of zebrafish larvae with TLR agonists

is insufficient to elicit a repeatable effect on the formation of neutrophil swarms.
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Figure 27: TLR 1/2 and TLR 2/6 agonists did not modulate neutrophil

recruitment via immersion

Tail fin injury was performed on 3dpf zebrafish larvae and neutrophil recruitment was
assessed at 4hpi. A dilution series was made and administered via immersion including 1%
DMSO to help with penetration of the compound into the larva. Data is plotted as mean *
SEM. All data was analysed using an Ordinary One-Way ANOVA with Dunnett’s correction for
multiple hypothesis testing. P values are shown in bold.

A. Neutrophil counts after treatment with PAM2CSK4 did not result in a measurable
difference in neutrophil recruitment across any of the administered dosages. N=3 n=10,10,10

B. Neutrophil counts after treatment with CU-T12-9 did not result in a measurable difference
in neutrophil recruitment across any of the administered dosages. N=3 n=10,10,10
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C. Neutrophil counts after treatment with PAM3CSK4 did not result in a measurable
difference in neutrophil recruitment across any of the administered dosages. N=3 n=10,10,10

D. Neutrophil counts after treatment with Staphylococcus Aureus cell wall preparate (CWP)
did not result in a measurable difference in neutrophil recruitment across any of the
administered dosages. N=3 n=10,10,10
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Figure 28: TLR 1/2 and TLR 2/6 agonists did not modulate neutrophil

swarming via immersion

Tail fin injury was performed on 3dpf zebrafish larvae and neutrophil swarming was assessed
at 4hpi. A dilution series was made and administered via immersion including 1% DMSO to
help with penetration of the compound into the larva. Data is plotted as mean + SEM. All data
was analysed using a Friedman-test with Dunn’s correction for multiple hypothesis testing. P
values are shown in bold.
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A. Neutrophil counts after treatment with PAM2CSK4 did not result in a measurable
difference in neutrophil swarming across any of the administered dosages. N=3 n=30,30,30

B. Neutrophil counts after treatment with CU-T12-9 did not result in a measurable difference
in neutrophil swarming across any of the administered dosages. N=3 n=30,30,30

C. Neutrophil counts after treatment with PAM3CSK4 did not result in a measurable
difference in neutrophil swarming across any of the administered dosages. N=3 n=30,30,30

D. Neutrophil counts after treatment with Staphylococcus Aureus cell wall preparate (CWP)
did not result in a measurable difference in neutrophil swarming across any of the
administered dosages. N=3 n=30,30,30
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3.3.4 Treatment with prolyl-hydroxylase inhibitors suggests a role for HIF-1a

in neutrophil swarm formation

To test whether HIF-1a might be implicated in the neutrophil swarming response, HIF-1a
was stabilised with the prolyl-hydroxylase inhibitors Dimethyloxalylglycine (DMOG) and
Roxadustat (FG-4592). Zebrafish larvae were injured via tail fin injury at 3dpf and immersed
in E3 media with DMOG or FG-4592. After 6 hours, larvae were assessed for swarm
formation using a fluorescent stereomicroscope. Additional experiments to determine
neutrophil recruitment and resolution were performed separately, counting neutrophils at

the tail fin at 6hpi, 24hpi, and 48hpi, replacing the treatment solution once at 24hpi.

For neutrophil recruitment and resolution, a small but significant difference was found at
6hpi (Figure 29). Larvae treated with DMOG showed a significantly lower number of
neutrophils at the wound site compared to the control. In these experiments, DMOG did not
affect neutrophil numbers at 24hpi and 48hpi. Treatment with the other PHD inhibitor FG-
4592, did not have any significant effect on neutrophil recruitment or resolution to a tail fin

wound (Figure 29).

Treatment with DMOG and FG-4952 resulted in a significant reduction in the number of
neutrophil swarms, suggesting that stabilisation of HIF-1a during normoxia through PHD

inhibition can decrease the swarming response (Figure 30).
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Figure 29: PHD inhibitors had no effect on neutrophil retention

This figure shows neutrophil counts of 3dpf zebrafish larvae post tail fin injury. Treatment
with the prolyl-hydroxylase inhibitors DMOG and FG-42592 were performed to stabilise HIF-
lain normoxic conditions, 1% DMSO was used as control. Results show a significant reduction
in the number of neutrophils present at the wound site at 6hpi post DMOG treatment.
However, this decrease is recovered at later timepoints. FG-4592 treatment suggests no
effect on neutrophil recruitment at 6hpi. Neither DMOG or FG-4592 treatment affected
neutrophil numbers at the 24hpi and 48hpi time points. Data was analysed per timepoint
using an Ordinary One-Way ANOVA with Bonferroni correction for multiple hypothesis
testing. N=2, DMSO 1%; 6,24,48hpi n=58,58,57 DMOG; 6,24,48hpi n=53,53,49 FG-4592;
6,24,48hpi n=56,57,57 Data is plotted as mean £ SEM
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Figure 30: PHD inhibitors decreased the number of swarms at 6hpi

This figure shows the number of neutrophil swarms in 3dpf zebrafish larvae post tail fin injury.
Treatment with the prolyl-hydroxylase inhibitors DMOG(A) and FG-42592(B) were performed
to stabilise HIF-1a in normoxic conditions, 1% DMSO was used as control. Results show a
significant reduction in the number of neutrophils swarms at the wound site at 6hpi post PHD
inhibitor treatment. Data was analysed per timepoint using a Paired T-test. N=10 and 9 for

DMOG and FG-4592 treatment respectively, n=30 per experiment.
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3.3.5 DPI treatment shows partial increase in neutrophil swarming after HIF-

1a stabilisation

Previous literature has shown that NOX is involved in the orchestration of the relay signalling
present in neutrophil swarming, which is tied to production of ROS (Strickland et al., 2024).
To determine whether the reduction in neutrophil swarms from HIF-1a stabilisation was
related to ROS, | used Diphenyleneiodonium chloride (DPI) to inhibit NOX and reduce
intracellular ROS. After DPI treatment, | found a statistically significant increase in the number
of swarms in larvae treated with DMOG but not with FG-4592. Furthermore, | observed a
small, but statistically insignificant, reduction in the number of swarms in the control
condition (Figure 31). This partially corroborates findings from literature, but | was unable to
find an increase in swarming in the control condition after DPI treatment, which | would have

expected based on said literature (Hopke et al., 2020, Strickland et al., 2024).
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Figure 31: DPI partially recovers reduction in neutrophil swarms post PHD

inhibitor treatment

This figure shows the number of neutrophil swarms in 3dpf zebrafish larvae post tail fin injury.
Treatment with the prolyl-hydroxylase inhibitors DMOG and FG-42592 were performed to
stabilise HIF-1a in normoxic conditions, 1% DMSO was used as control. Results show a
significant increase in the number of neutrophils swarms at the wound site post DPI
treatment combined with DMOG. Data was analysed per timepoint using a RM one-way
ANOVA using Bonferroni correction for multiple hypothesis testing. N=3 n=30,30,30 per
condition.
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3.3.6 Determining the relation between HIF-1a, ROS and neutrophil swarming

in further detail

To determine the relationship between ROS and HIF-1a in more detail, | performed time-
lapse imaging using CellROX™ Deep Red. This dye is non-fluorescent in its reduced state and
exhibits bright fluorescence following oxidation by ROS. In an initial experiment using
ventral fin injuries, data suggested a potential decrease in ROS levels post-PHD inhibitor
treatment (Figure 32), indicating interaction between the HIF-1a pathway and ROS
generated at injury sites. Interestingly, one of the larvae with the highest measured ROS
also had a neutrophil swarm (Figure 33, Supplemental Movie 9). However, the CellROX
signal was not as pronounced as expected (Bernut et al., 2020). | hypothesised that tail fin
injuries could provide a better readout, as these injuries encompass a larger area and
possibly yield better visualisation. However, the signal remained relatively weak and the
previous finding could not be replicated (Figure 34). Furthermore, DPI, which should have
functioned as a negative control by reducing the CellROX signal, showed no difference from
the control (Figure 34). Due to potential inaccuracies, CellROX was excluded from further

experiments.

| further investigated how PHD inhibitor treatment impacts neutrophil recruitment and
motility. | found that PHD inhibitor treatment did not have a significant effect on the
motility of neutrophils towards the site of injury, suggesting that the previously observed
reduction in swarming is more likely part of a process that does not impact chemotactic
migration (Figure 35, Supplemental Movie 10). However, | also found that treatment with

DPI suggested impaired recruitment of neutrophils and possibly reduced motility, which
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aligns with previously published research (Figure 35, Supplemental Movie 10) (Niethammer

et al., 2009).

In conclusion, these results suggest that HIF-1a could be implicated as an effector of the
neutrophil swarming response, possibly through the regulation of ROS. However, future

experiments are needed to further elucidate this intricate and complex process.
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Figure 32: CellROX staining indicates a potential reduction in ROS at the
injury site post HIF-1a stabilisation

Larvae were pre-treated with CellROX™ Deep Red for 30 minutes pre-injury, transferred to a
clean petri-dish for injury and quickly mounted for time-lapse imaging. PHD inhibitors were

added 2 hours pre-injury and larvae remained continuously exposed during the entire

experiment.
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A. Maximum intensity projections of the brightfield channel and sum projections of the
CellROX signal. Images were gathered with a 2-minute interval over the course of a 2-hour
timelapse after ventral fin wounding.

B. The CellROX signal was analysed using a macro in FlJI Image J. Background was measured
and subtracted from the measured CellROX signal. CellROX signal was averaged per larvae
and plotted as Average total fluorescent intensity (Arbitrary Units). Purple data points
represent the images shown in A. Data suggest a potential decrease in CellROX signal post
PHD inhibitor treatment. Data plotted as mean * SEM and analysed with an Ordinary one-way

ANOVA with Dunnett’s correction for multiple hypothesis testing. N=1 n=4 per group.
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Figure 33: One example of swarming co-localising with CellROX signal

This figure shows a panel of the time-lapse made to quantify cell ROX signal post PHD inhibitor
treatment (Figure 32). The panel shown above was 1% DMSO control with the highest CellROX
signal as quantified in Figure 32B. A swarm was observed to localise with CellROX signal,

furthermore this was the only swarm that was observed in this experiment.
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Figure 34: CellROX staining post tail fin injury was unable to recapitulate a

reduction in ROS post PHD inhibitor treatment
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Larvae were pre-treated with CellROX™ Deep Red for 30 minutes pre-injury, transferred to a
clean petri-dish for injury and quickly mounted for time-lapse imaging. PHD inhibitors were
added 2 hours pre-injury and larvae remained continuously exposed during the entire
experiment.

A. Maximum intensity projections of the brightfield channel and average projections of the
CellROX signal. Images were gathered with a 2-minute interval over the course of a 2-hour
timelapse after tail fin wounding. DPIl was used as a negative control, however, staining for
ROS still occurred.

B. The CellROX signal was analysed using a macro in FlJI Image J. Background was measured
and subtracted from the measured CellROX signal. CellROX signal was averaged per larvae
and plotted as Average total fluorescent intensity (Arbitrary Units). Purple data points
represent the images shown in A. Data suggests a potential decrease in CellROX signal post
PHD inhibitor treatment. Data plotted as mean + SEM and analysed with an Ordinary one-way

ANOVA with Dunnett’s correction for multiple hypothesis testing. N=1 n=3 per group.
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Figure 35: HIF-1a stabilisation via PHD inhibitors suggests no effect on

neutrophil recruitment or motility

A. Neutrophil counts obtained via Cellpose segmentation over the course of a 2-hour
timelapse suggests no difference in neutrophil recruitment post PHD inhibitor treatment,
however data do suggest potentially lower recruitment following DPI administration. Full
timelapses can be seen in Supplemental Movie 10

B. The mean speed of all neutrophils within single larvae was extracted and compared to

determine any effects of PHD inhibitor and DPI treatment on neutrophil motility. Data suggest
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no difference post PHD inhibitor treatment, but do suggest potentially impaired motility
following DPI administration. Data is shown as mean + SEM. Data was analysed using an
Ordinary one-way ANOVA with Dunnett’s correction for multiple hypothesis testing. N=1 n=3
per group.

C. The average number of neutrophils at the wound site was evaluated over the course of the
full time-lapse as shown in A. Data indicates no difference in the average number of
neutrophils following administration PHD inhibitors, but does suggest a potentially lower
number of neutrophils after treatment with DPI. Data is shown as mean * SEM. Data was
analysed using an Ordinary one-way ANOVA with Dunnett’s correction for multiple

hypothesis testing. N=1 n=3 per group
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3.3.7 Conclusion & Discussion

Previously published research found that TLR2 regulates neutrophil recruitment in zebrafish
in a MyD88-dependent manner (Hu et al., 2021). Furthermore, TLR signalling has been shown
to activate neutrophils (Prince et al., 2011). Due to the large variability in swarming responses
as indicated in Chapter 3.1 and 3.2, | aimed to upregulate neutrophil swarming via immersion
treatment of larvae with a range of TLR agonists. From the initial screen, PAM2CSK4 was
identified as a promising target, but unexpectedly reduced the number of neutrophil swarms
after treatment. However, further experiments could not replicate this finding, and it was
ultimately disregarded as a pharmacological approach for manipulating swarms. This suggests
that the experimental approach might have been inappropriate, as TLR signalling is widely
implicated in the regulation of innate immune responses in zebrafish (van der Vaart et al.,
2012). Possibly, immersion treatment with agonists had limited penetration into deeper
tissues due to low permeability in fish. DMSO, added at a relatively high concentration of 1%,
can enhance permeability, but might have been insufficient in this case (Jacob and Herschler,
1986).

Another approach could have been the localised injection of TLR agonists into the tail fin
tissue of the fish (KAMUYANGO, 2017). However, this procedure is complicated due to the
extremely thin tail fin tissue. Moreover, this would result in a localised chemoattractive point
to which neutrophils could potentially perform continuous migration, accumulating without
a swarming response. This could have been resolved by injection in multiple locations, giving
the opportunity to see clear swarming towards one of the points, but it would have
unnecessarily complicated the experimental approach.

Besides TLR agonists, other compounds could be considered. Previously published work has
shown that granulocyte colony-stimulating factors (G-CSF and GM-CSF) enhance swarming in
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an ex vivo model of neutrophil swarming (Hopke et al., 2020). Both G-CSF and GM-CSF have
been approved by the FDA for treatment of neutropenia in patients and could offer a
potential therapeutic approach for regulation of neutrophil swarming in patients, but further
research needs to elucidate the exact effects on neutrophil swarming in vivo (Mehta et al.,

2015).

Recent research indicated that inhibition of NOX causes dysregulation in the relay phase of
the bi-phasic swarming response (Strickland et al., 2024). This, along with other previously
published work, suggests a role for ROS in the swarming response, where an increase in ROS
correlates with controlled swarming, and the absence of ROS correlates with unregulated
swarming (Hopke et al., 2020, Strickland et al., 2024). Other research suggests that ROS,
specifically mitochondrial ROS in neutrophils is needed for generation of LTB4, which drives
subsequent neutrophil swarming (Golenkina et al., 2024, Ldmmermann et al., 2013).
However, the same research also suggests an increase of LTB4 after inhibition of NOX
dependent ROS production, which corroborates the finding in ex vivo models (Strickland et
al., 2024, Golenkina et al., 2024). This is because an increase in LTB4 could explain how relay

signalling has a significantly larger range after NOX inhibition (Strickland et al., 2024).

HIF-1a is an important regulator of gene expression during hypoxia, which is often present at
sites of prolonged injury or for instance in granulomas formed after mycobacterial infection
(Darby and Hewitson, 2016, Oehlers et al., 2015). During normoxia, HIF-1a is continuously
targeted for proteasomal degradation, however during hypoxia HIF-1a levels stabilise leading
to its activation as a transcription factor, driving downstream expression of target genes

(Taylor and Scholz, 2022, Hon et al., 2002). Besides hypoxia, HIF-1a accumulation can also
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occur through the production of ROS (Movafagh et al., 2015). Within neutrophils specifically,
accumulation has been shown to occur after an increase in mitochondrial ROS (Willson et al.,
2022). The interactions of ROS with swarming as well as HIF-1a led me to investigate HIF-1a
as a potential regulator of the swarming response, downstream of ROS. Furthermore,
activation of HIF-1la has been shown to retain neutrophils at wound sites, which could

influence neutrophil swarming (Elks et al., 2011).

To determine whether HIF-1a affects the swarming response, | used PHD inhibitors to
ubiquitously stabilise HIF-1a during normoxia (Elks et al., 2011, Schild et al.,, 2020).
Surprisingly, | was unable to replicate previously established results indicating increased
neutrophil retention after PHD inhibitor treatment (Elks et al.,, 2011). Exactly why this
happened remains unclear. It may suggest a potential error in the experimental setup
whereby pipetting during the media refresh step interfered with the inflammatory response
by damaging the larvae, which should be considered for future repeats. In another
experimental set up where no media refreshes were performed, ubiquitous HIF-1la
stabilisation via PHD inhibitor treatment significantly reduced neutrophil swarms at 6hpi,
indicating that HIF-1a is able to modulate the swarming response in a currently undescribed
manner. In further experiments using CellROX, | attempted to visualise how ROS and
ubiquitous HIF-1a activation may interact to drive this reduction in swarming (Bernut et al.,
2020). Initial results were encouraging, but further experiments suggested that the
visualisation of ROS might be inaccurate, meaning no conclusive results were found. If | were
to repeat this experiment, | would use another transgenic reporter line to enable the use of

CellROX green instead of CellROX deep red, which should provide a more pronounced signal.
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Using in vivo time-lapse data to elucidate the effect of PHD inhibitor treatment on individual
neutrophil motility, | found no effect on motility or recruitment of neutrophils towards the
wound site. However, treatment with DPI suggested impaired motility and recruitment
towards the wound site, which agrees with published literature (Niethammer et al., 2009). To

gain a conclusive view of these results, further repeats will be necessary.

One of the limitations in the pharmacological treatments | have performed is the lack of clear
positive and negative controls for neutrophil swarming. Ideally, positive and negative controls
would be present to correctly assess how the swarming dynamics change post-treatment of
my chosen TLR agonists or PHD inhibitors, however at the time of writing this thesis no known
positive or negative control for neutrophil swarming has been discovered. In essence, these
experiments aimed to gain more insights into precisely this issue and potentially identify novel
controls for neutrophil swarming, though none were identified.

Another potential limitation was the lack of pre-treatment with the PHD inhibitors DMOG and
FG-4592. If | were to repeat these experiments, | would include a 2-hour pre-incubation step
to ensure that the compound has sufficient time to exert its biological effect before
performing the tailfin injuries. This may have affected the experimental outcomes and should

be considered in future research.

Future experiments could incorporate G-CSF and DPI, as these have been shown to
significantly impact neutrophil swarming in ex vivo models (Hopke et al., 2020, Strickland et
al., 2024, Hopke et al., 2022). This aligns with data presented in this thesis where the use of

DPI resulted in an apparent albeit non-significant reduction in neutrophil movement and
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neutrophil accumulation at the tailfin injury. It would be interesting to determine whether

the effects of G-CSF can be recapitulated in an in vivo model.

In summary, TLR agonist treatment via immersion did not affect the formation of neutrophil
swarms following tail fin injury. However, | generated preliminary results suggesting a
potential role of HIF-1a in the swarming response via PHD inhibition. The intricate and
complex signalling orchestration between ROS, HIF-l1a, and swarming needs further
exploration in future experiments to solidify current data. Other methods, including the use
of dominant negative HIF-1a, could help further elucidate the precise regulation of HIF-1a

that contributes to the reduction in neutrophil swarms (Elks et al., 2011).
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3.4 Interactions Between Macrophages and Neutrophils During Neutrophil
Swarming

3.4.1 Introduction

Neutrophils are not the sole innate immune cells regulating inflammatory responses. Various
cell types collaborate, performing specialised tasks to control inflammation progression
without adverse effects (Théry and Amigorena, 2001, Raskov et al., 2021, Speirs et al., 2024).
In zebrafish, initial development of the adaptive immune system starts from 5dpf onwards
with arising pre-cursor T-cells (Dee et al., 2016). However, the adaptive immune system only
fully matures around 3 weeks post-fertilisation (Miao et al., 2021). Most research using the
zebrafish model occurs before day 5 post-fertilisation. Therefore, responses measured and
observed after injuries or infections are mainly governed by the innate immune system, which
includes neutrophils and macrophages (Li et al., 2012, Meijer, 2016, Nguyen-Chi et al., 2017,

Bernut et al., 2020).

Using the zebrafish model, macrophages have been shown to be involved in tissue
regeneration and play a major role in the onset of mycobacterial dissemination within the

zebrafish model of tuberculosis (Meijer, 2016, Nguyen-Chi et al., 2017).

Previous research showed how lyses and release of NETs occurred after a pioneer neutrophils
arrived at sites of injury (Isles et al., 2021). This process played a role in subsequent swarm
formation (Isles et al., 2021). However, what exactly drives the pioneer neutrophil to arrive

and start this process has remained undescribed.

Previous research has suggested that interactions between macrophages and neutrophils
partially shape the resolution of inflammation (Tauzin et al., 2014, Loynes et al., 2018, Loynes

et al., 2010). These studies describe how macrophage recruitment correlates with
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inflammation resolution from the wound site via reverse migration of neutrophils and how
the clearance of apoptotic cells is necessary for resolving neutrophilic inflammation (Loynes
et al., 2010, Tauzin et al., 2014). Based on these findings, | hypothesised that macrophages

may somehow play a role in directing the pioneer neutrophil and subsequent swarming.

Within the INFLANET network, | have access to the Laboratory of Host Pathogen Interactions
(LPHI) at Université de Montpellier. Colleagues Professor Georges Lutfalla and Dr Mai Nguyen-
Chi, experts in macrophage biology, agreed to a collaborative project where | aimed to obtain
preliminary results on how neutrophil-macrophage interactions may shape the neutrophil

swarming response.

| designed experiments where | crossed the Tg(mfap4:mCherry)“™P679 reporter line visualising
macrophages, with the Tg(mpx:GFP)'%4 line visualising neutrophils (Renshaw et al., 2006,
Phan et al., 2018). | investigated both ventral fin and tail fin injuries as described in Chapter
3.1-3.2 to determine which model would provide the best visualisation of neutrophil-

macrophage interaction.
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3.4.2 Macrophages coordinate themselves around neutrophils after ventral
fin injury

To observe the extent to which neutrophils and macrophages react during an inflammatory
response in zebrafish, | compared two methods of injury to asses which would provide the
best visualisation of any neutrophil-macrophage interactions. First, | performed an
experiment involving a ventral fin injury, as described in Chapter 3.2.6. The ventral fin injury
successfully induced a significant inflammatory response, evidenced by the recruitment of
numerous neutrophils before the time-lapse even started, at approximately 1hpi.
Interestingly, as time progressed, macrophages localised around neutrophils which remained
close to the wound edge, after which neutrophils performed reverse migration from the
wound (Figure 36A-B, Supplemental Movie 11). This finding aligns with previous observations
in mice, where myeloid cells are hypothesised to stabilise swarms in vivo and research
suggesting macrophage interactions drive inflammation resolution (Tauzin et al., 2014, Kienle

and Lammermann, 2016).

In conclusion, these data recapitulate that myeloid cell recruitment, particularly macrophages
in the zebrafish model, may occur around neutrophil swarms as previously suggested by

studies in mice (Kienle and Lammermann, 2016).
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Figure 36: Macrophages organise around a neutrophil swarm preceding

neutrophil swarm resolution

Notch cut injuries were made in the ventral fin of 3dpf zebrafish. An outcross between the
Tg(mpx:GFP)** and Tg(mfap4:mCherry)“"Pé9 lines was made to visualise both neutrophils
and macrophages.

A. Shows how macrophages configure themselves around a neutrophil swarm which is
occurring at the wound edge (black arrowhead). Shortly macrophages stabilise their position
around the neutrophils. At 50 min (~2hpi) neutrophil begin to leave the wound site. After 2
hours only macrophages remain at the wound site, however some neutrophils would still
approach the wound for short moments (Supplemental Movie 11).

B. Shows another example of macrophages arriving and stabilising their own positions after
which neutrophils begin leaving the wound site at 50min. After 1 hour and 30 minutes most
neutrophils have left the wound site. The full timelapse can be seen in Supplemental Movie

11.
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3.4.3 Neutrophil-macrophage interactions may spatially direct neutrophil

swarms

Besides the experiments involving ventral fin injury, as shown in Figure 36, | also performed
tail fin injuries to visualise neutrophil-macrophage interactions. Previous findings suggested
these injury types to trigger different inflammatory dynamics (Figure 22). Interestingly, an
unexpected dynamic was displayed. Fluorescent debris, likely from a cell death event as later
observed in other examples (Supplemental Movie 12), was the main point to which
neutrophils responded and swarmed (Figure 37, Supplemental Movie 12). Detailed analysis
of tracking data obtained from Cellpose and Trackmate, combined with a python script,
revealed that neutrophil swarming, indicated by cluster formation throughout the time-lapse,
visually colocalised with sites where neutrophil movement towards macrophages was
displayed, suggesting interactions (Figure 38, Supplemental Figure 1-3). Struck by the finding
that this swarm was apparently directed towards a site of potential macrophage cell death
(Figure 37), | further investigated whether neutrophil swarms preferentially form after
macrophage cell death. In total 50% of swarms were observed in close proximity of cellular
debris potentially generated from a cell death event (Figure 39). Using a python script, |
analysed neutrophil movement and interactions towards macrophage ‘debris’ specifically.
While visual overlap was found for macrophage debris and neutrophil clusters (Figure 40,
Supplemental Figure 4-6), quantification showed no significant difference between
interactions with living macrophages, macrophage debris, nor any difference in subsequent
neutrophil swarming (Figure 41). This could implicate that macrophage cell death may not be
a driver of neutrophil swarms. Further investigation suggested increased neutrophil

interactions with macrophage debris after macrophage cell death (Figure 42), indicating that
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neutrophils may be drawn to locations of macrophage cell death. From all swarms that
formed in these experiments, only a single swarm formed far from any detectable

macrophages (Figure 43, Supplemental Movie 12).

In summary, examples of neutrophil swarming, clustering, and interactions with macrophages
after tail fin injury indicate that macrophages potentially play a role in shaping neutrophil
responses, including swarming. However, it remains unclear whether this response is mainly
driven by macrophage cell death, interactions and signalling provided by active macrophages

at the wound site or from cell death events of other non-immune cells at the wound.
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Figure 37: A neutrophil swarm forms in proximity to macrophage debris

Tail fin injury was performed on 3dpf old zebrafish larvae. An outcross between the

Tg(mpx:GFP)** and Tg(mfap4:mCherry)“™°T9 lines was made to visualise both neutrophils
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and macrophages. A more detailed overview is provided in Supplemental Movie 12. Scalebar
= 100pm

1. Shows the location of cellular debris from a macrophage at the white arrowhead.

2. Shows the first neutrophil arriving at the cellular debris.

3. Shows the full neutrophil swarm that persists at this location.
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Figure 38: Heatmaps suggest overlap between neutrophil-macrophage

interactions and locations of swarms
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A python script was used to analyse tracking data obtained from Cellpose and Trackmate as
described in Chapter 3.2. Blue heatmaps show the location of all neutrophils. Red heatmaps
show neutrophils moving towards macrophages which were obtained by filtering for
movement towards macrophages present within a 20um radius of a neutrophil centroid.
Green heatmaps show the locations of neutrophil clusters filtered for areas bigger than 3x
the average area of a single neutrophil, as an indication of neutrophil swarms. Repeat 1-3,
indicate individual experimental repeats, samples indicate larvae. Only in the last
experimental repeat one can see that a swarm occurred away from neutrophil-macrophage
interactions towards the top of the tail fin. Heatmaps were created from all larvae within one
experimental repeat, n=5, 4, 5 for each respective repeat. Heatmaps of individual larvae can

be found in Supplemental Figure 1-3.

Overview of swarming events

B 5 Swarms to macrophage debris
B 5 Swarms to unknown trigger

N =9 Larvae over 4
experimental repeats

Figure 39: 50% of swarms formed in proximity of macrophage debris

This figure illustrates the distribution of swarms that would form towards macrophage cell
debris and of swarms that would form to an unknown trigger which could not be discerned
in this particular experiment. This data was manually analysed through careful visual

inspection of each time-lapse.
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Figure 40: Heatmaps suggest interactions of neutrophils with macrophage

debris and locations of swarms
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A python script was used to analyse tracking data obtained from Cellpose and Trackmate as
described in Chapter 3.2. Blue heatmaps show the location of all neutrophils. Red heatmaps
show neutrophils moving towards macrophage debris which were obtained by filtering for
movement towards macrophage debris present within a 20um radius of a neutrophil
centroid. Macrophage debris was obtained by creating a threshold and mask for small
particles and excluding large objects, in this case macrophages. Green heatmaps show the
locations of neutrophil clusters filtered for areas bigger than 3x the average area of a single
neutrophil, as an indication of neutrophil swarms. Repeat 1-3, indicate individual
experimental repeats, samples indicate larvae. Heatmaps were created from all larvae within
one experimental repeat, n=5, 4, 5 for each respective repeat. Heatmaps of individual larvae

can be found in Supplemental Figure 4-6.
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Figure 41: Quantification of interactions cannot conclude whether swarming
responses are driven by macrophage cell death

A. Shows the % of neutrophils that interacted either with macrophages that were alive or
with macrophage debris. No significant difference was found between these two types of

interactions. Data was analysed with an unpaired, two-tailed t-test. Data is visualised as mean

+ SEM.

B. Shows the % of neutrophils interacting with macrophages or macrophage debris
colocalising with the locations of swarms, indicated by the location at which clusters formed
throughout the time-lapse. No significant difference was found between these two types of
interactions and their colocalisation with neutrophil swarms. Data was analysed with an

unpaired, two-tailed t-test. Data is visualised as mean + SEM.
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Figure 42: Neutrophil interactions with macrophage debris increase after

macrophage cell death

This figure visualises the number of neutrophil interactions with macrophage debris that
occurs over time. Red lines indicate moments of macrophage cell death, determined by
careful observation of each time-lapse. This indicates a spatiotemporal response of

neutrophils to macrophage cell death.

159



mpx:GFP mfap4:mCherry
00:00 (hh:mm) 00:10 (hh:mm) 00:20 (hh:mm) 00:30 (hh:mm) 00:40 (hh:mm)

> <

00:50 (hh:mm) 01:00 (hh:mm) 01:10 (hh:mm) 01:20 (hh:mm) 01:30 (hh:mm)
1 g
| ¢ B 2

&
-

[
Ses LS
-~ e

'S

Figure 43: Neutrophil swarm outside the vicinity of macrophages

This figure shows the only example of a neutrophil swarm that occurred at considerable
distance from any macrophages in these datasets (white arrowhead). This illustrates that
while neutrophils and macrophages often got recruited to approximately the same area of
the tail fin (Figure 38, 40), swarms can still occur outside the range of neutrophil-macrophage

interactions.
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3.4.4 Metronidazole treatment of Tg(mpeg1:NTR-mCherry) significantly

reduced macrophage numbers

From the imaging data in Chapter 3.4.3, | hypothesised that swarming could be directed
towards sites of macrophage cell death. As quantification of imaging data proved challenging,
| explored techniques for biological intervention to test my hypothesis. One such intervention
involved significantly reducing or fully depleting macrophages from zebrafish larvae to
determine if neutrophil swarming differed in the absence of macrophages. A previously
described method for chemical ablation of cell types has been extensively used in zebrafish
research (Davison et al., 2007, Ellett et al., 2011, Nguyen-Chi et al., 2015). | applied this

technique to chemically ablate macrophages in 3dpf zebrafish larvae.

Chemical ablation resulted in a significant reduction of macrophages in the larvae (Figure 44),
but also rendered them vulnerable during long time-lapse imaging, with many larvae dying
during imaging (data not shown). Depletion was not entirely efficient as the negative control
remained significantly lower than the treated samples. This, along with potential side effects
of chemical treatment on the neutrophil response, led me to explore other techniques for

macrophage depletion.
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Figure 44: Significant reduction of macrophages following metronidazole
treatment in a chemical ablation system

This figure shows the use of the metronidazole-nitroreductase system for chemical ablation
of cell types. In this case the Tg(mpegl:Gal4FF) Tg(UAS-E1b:Eco.NfsB-mCherry) lines were
crossed for macrophage specific ablation following metronidazole treatment at 10mM.

Treatment was started at 2dpf for 24 hours and larvae were assessed for ablation at 3dpf.
A. Representative images of the quantified signal in B indicated by the coloured data points.

B. Quantification of the images shown in A, a significant reduction in fluorescent intensity can
be seen between the control and the treated group, however the negative control suggests
that ablation was not nearly 100% efficient. Metronidazole was added to the negative control
to check for additional signs of toxicity, but in this experiment, none was found. Later time-
lapse experiments of which data got corrupted, showed early death occurring compared to
experiments shown in Chapter 3.4.2. Data was analysed with an Ordinary one-way ANOVA

with Dunnett’s correction for multiple hypothesis testing. Data shown as mean + SEM.
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3.4.5 CRISPR-Cas9 knockdown of irf8 significantly reduced macrophage

numbers and increased neutrophil numbers

Besides the chemical ablation techniques described in Chapter 3.4.3.a, genetic techniques for
cell population depletion can be considered. These often result in a cleaner reduction of cell
population by fully inhibiting development, unlike the metronidazole nitroreductase system
where cell death occurs after cell development and maturation, resulting in accumulation of
cell debris (Nguyen-Chi et al., 2017). | used a recently published approach for macrophage
depletion through knockdown of irf8 via CRISPR-Cas9 in Tg(fms:GFP)s"377 zebrafish
(Rutherford et al.,, 2024). Because previous studies have reported that morpholino
knockdown of irf8 leads to an increase in neutrophil populations, irf8 knockdown was also
performed in Tg(mpx:GFP)*1* zebrafish to confirm these findings (Prajsnar et al., 2021, Li et
al., 2011). A striking reduction of macrophages was seen in Tg(fms:GFP)*"3’7 larvae at 3dpf
and 4dpf, confirming the efficacy of this approach; however, at the 4dpf timepoint,
macrophages slowly began to reappear (Figure 44-45) (Rutherford et al., 2024). In terms of
neutrophils, a small but significant increase in neutrophil numbers following irf8 knockdown

was observed, confirming published data (Figure 46-47).

In summary, using a genetic knockdown of irf8 via CRISPR-Cas9 was a successful approach for
full depletion of macrophages, in agreement with published literature(Rutherford et al.,
2024). This knockdown was less variable and had fewer side effects that could potentially
influence the neutrophil response. However, the observed increase in neutrophils must be
considered for future experiments, which were not performed as of writing this thesis due to

time constraint.
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Figure 45: Significant reduction of macrophages following knockdown of irf8

via CRISPR-Cas9

A. Representative images of the data quantified in C indicated by the coloured data point.
Scrambled control refers to the injection of randomised non-targeting guide RNA.

B. Representative images of the data quantified in C indicated by the coloured data point. A
combination of 2 RNA guide sequences against irf8 was used for effective, whole-body
depletion of macrophages.

C. Quantification of the number of macrophages in whole larvae. A complete depletion of
macrophage population can be observed at 3dpf. N=1 n=8 per group.
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Figure 46: Significant reduction in macrophages in irf8 crispants following tail
fin injury

Larvae from Figure 45 were further assessed for macrophage numbers and response at 4dpf
at 2hpi. The number of macrophages that were recruited to the wound was significantly
higher in the scrambled crispant as macrophages were not depleted in these samples,
however compared to the total depletion seen at 3dpf in Figure 45 a small number of
macrophages was seen to migrate towards the wound site at 4dpf, indicating that
macrophages mature in another irf8 independent manner. Background labelling of

xanthophores in the fms:GFP line can be observed, but these were excluded from
macrophage counts.

A. Representative images of the data quantified in C indicated by the coloured data point.
Scrambled control refers to the injection of randomised non-targeting guide RNA.
Macrophages indicated by highlighted circles.

B. Representative images of the data quantified in C indicated by the coloured data point. A
combination of 2 RNA guide sequences against irf8 was used for effective, whole-body
depletion of macrophages. However, at 4dpf macrophages slowly appeared to generate in an
irf8 independent manner. Macrophages indicated by highlighted circles.

C. Quantification of the number of macrophages responding to the tail fin wound at 2hpi. Still
a significant reduction in macrophage numbers can be observed at 4dpf. N=1 n=8 per group.
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Figure 47: Significant increase in neutrophils after knockdown of irf8 via

CRISPR-Cas9

A. Representative images of the data quantified in C indicated by the coloured data point.
Scrambled control refers to the injection of randomised non-targeting guide RNA.

B. Representative images of the data quantified in C indicated by the coloured data point. A
combination of 2 RNA guide sequences against irf8 was used for effective, whole-body
depletion of macrophages.

C. Quantification of the number of neutrophils in whole larvae. In contrast to Figure 45-46
where a decrease in macrophages was found, | find that irf8 knockdown leads to a significant
increase in neutrophils throughout the entire larva. This recapitulates previously published
studies using a morpholino approach (Prajsnar et al., 2021, Li et al., 2011). N=1 n=10 per
group. Data was analysed with an unpaired two-tailed t-test. Data was plotted as mean + SEM
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Figure 48: Significant increase in neutrophils in irf8 crispants following tail fin
injury

Larvae from Figure 47 were further assessed for neutrophils numbers and response at 3dpf
at 4hpi. The number of neutrophils that were recruited to the wound was significantly higher
in irf8 crispant.

A. Representative images of the data quantified in C indicated by the coloured data point.
Scrambled control refers to the injection of randomised non-targeting guide RNA.
Macrophages indicated by highlighted circles.

B. Representative images of the data quantified in C indicated by the coloured data point. A
combination of 2 RNA guide sequences against irf8 was used for effective, whole-body
depletion of macrophages. However, at 4dpf macrophages slowly appeared to generate in an
irf8 independent manner. Macrophages indicated by highlighted circles.

C. Quantification of the number of macrophages responding to the tail fin wound at 2hpi. Still
a significant reduction in macrophage numbers can be observed at 4dpf. N=1 n=10 per group.
Data analysed with an unpaired two-tailed t-test. Data was plotted as mean + SEM
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3.4.6 Conclusion & Discussion

As neutrophils are not the only type of innate immune cell regulating inflammatory responses
in zebrafish, | aimed to explore the potential role of macrophages in neutrophil swarming. In
collaboration with the Laboratory of Host Pathogen Interactions (LPHI) at Université de
Montpellier, | sought to obtain preliminary results on how neutrophil-macrophage

interactions may shape the neutrophil swarming response.

Experiments using an outcross of reporter lines visualising macrophages

(Tg(mfap4:mCherry)'™679) and neutrophils (Tg(mpx:GFP)*14) resulted in multiple findings.

First, | observed macrophages to localise to a ventral fin injury around neutrophils, these data
recapitulate that myeloid cell recruitment, particularly macrophages in the zebrafish model,
may occur around neutrophil swarms as previously suggested by studies in mice (Kienle and
Lammermann, 2016). | also observed that neutrophils may perform revere migration after
macrophage arrival, which agrees with previous research, however more experiments and
detailed quantification will have to be performed to fully conclude this (Tauzin et al., 2014).
The finding of macrophages seemingly shielding off the wound, aligns with previous research,
which found that resident tissue macrophages (RTMs) cloak microlesions, resulting in shorter
and less pronounced neutrophil responses in the mouse model (Uderhardt et al., 2019). This
could explain why the laser injuries illustrated in Chapters 3.2.5 and 3.2.6 were, in most cases,
unable to induce pronounced neutrophil swarming events. The threshold between what is
considered a microlesion and a macrolesion in zebrafish could influence macrophage cloaking

and alter neutrophil swarming dynamics.

| showed that 50% of the swarms | observed were spatiotemporally colocalised with locations

of macrophages and macrophage cell death, which contrasts previously published literature
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suggesting that macrophage and neutrophil interactions mainly drive neutrophil reverse
migration (Tauzin et al., 2014). However, there are indications that macrophages could
stimulate neutrophil recruitment, for instance during bacterial skin infection by perivascular
macrophages or by alveolar macrophages after nanoparticle stimulation of murine lungs

(Abtin et al., 2014, Liu, 2023).

Examples of macrophage cell death and swarming of neutrophils in close proximity were
striking, though further quantification could not determine any causative effect. Future
experiments using localised injection of clodronate liposomes, which can trigger macrophage
apoptosis, could shed more light on this (Nguyen-Chi et al., 2017, Moreno, 2018). Neutrophil
responses to clodronate injections could then be compared to control injections to see if the
number of neutrophil swarms change. However, | have not been able to discern whether
swarming of neutrophils following macrophage cell death is specific to certain types of cell

death.

Multiple types of cell death have been described in literature, including apoptosis,
necroptosis, and pyroptosis, each with distinct pathways (Bertheloot et al., 2021). Pyroptosis
is often described as the most pro-inflammatory type of cell death, caused by pore formation
via gasdermins and subsequent leakage of pro-inflammatory cytokines such as IL-1B and IL-6
(Liu et al., 2020, Yu et al., 2021). Necroptosis should also be considered, as both types of cell
death disrupt the cell membrane, facilitating the release of pro-inflammatory cytokines and
DAMPs such as extracellular ATP (Frank and Vince, 2019, Ye et al., 2023). The imaging data |
have obtained may suggest some form of lytic cell death rather than controlled cell death

such as apoptosis, but to definitively say this further research is required.
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Because of their pro-inflammatory nature, pyroptosis or necroptosis of macrophages are
likely candidates for triggering neutrophil swarming. However, to conclusively determine this,
future experiments will need to inhibit key molecules or knock out key genes associated with
each type of cell death: caspase-8 and caspase-9 for apoptosis; RIP1K for necroptosis, and
GSDMD for pyroptosis (Tummers and Green, 2017, Li et al., 2017, Mifflin et al., 2020, Burdette
etal., 2021). Additionally, approaches outside of the zebrafish model, such as a co-culture cell

model using the transwell system, could be considered (Patel et al., 2018).

Another interesting finding is that the locations of both macrophages and neutrophils, as well
as the subsequent neutrophil clusters, were mostly around the area of highest tissue damage,
the notochord. This made extracting cell-cell interactions difficult due to the high aggregation
of both cell types in a small spatial distance. Injuries sparing the notochord might allow
macrophages and neutrophils to respond in a more dispersed pattern, increasing the ability

to visualise close cell contact and potential swarm-implicated effects.

While my data suggest that neutrophil swarming can occur at sites of neutrophil-macrophage
interactions and macrophage cell death, this does not mean that the swarming process itself
depends on macrophages. It merely illustrates that macrophages may potentially act as a
potential trigger for neutrophil swarming, as neutrophil swarms have been extensively
studied in ex vivo models containing solely neutrophils (Hopke et al., 2020, Strickland et al.,

2024).

Depletion of macrophages might help in answering whether macrophages may potentially
influence neutrophil swarming. | tested two approaches for macrophage depletion within the
zebrafish model. The first approach was chemical depletion via the metronidazole-

nitroreductase system; the second approach was a recently described method of irf8
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knockdown via CRISPR-Cas9 (Davison et al., 2007, Rutherford et al., 2024). The irf8 gene
determines macrophage maturation during the transitory primitive wave in embryonic
development (Li et al., 2011). Researchers showed that influencing irf8 through knock-out or
overexpression could steer and attenuate the number of macrophages developing in
zebrafish (Li et al., 2011). While both methods significantly decreased macrophages, irf8
knockdown led to cleaner depletion and would thus be my suggestion for further

experimentation.
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Chapter 4: Conclusion

For this study | hypothesised that dynamics of neutrophil swarms could significantly impact
inflammation resolution. To determine whether this was the case, | aimed to identify novel
mechanisms and effects of neutrophil swarming in the zebrafish model, expanding our
understanding of neutrophil responses and providing a foundation for further research and

development of potential therapeutic approaches.

4.1 Neutrophil Swarming Time Frame

Compared to earlier research of neutrophil swarms in the zebrafish model that mainly
investigated initiating events, | aimed to observe and determine the entire swarming
response (Poplimont et al., 2020, Isles et al., 2021). Using long time-lapse imaging | was able
to discern that most neutrophil swarms would form between 2 and 8 hours and that there

were unique visual differences between swarming and non-swarming responses.

4.2 Injury Type and Swarming Response

| compared two methods of tail fin injury, one sparing the notochord and one injuring it, as
both methods have been used in zebrafish research (Loynes et al., 2018, Nguyen-Chi et al.,
2017). | found that both methods would result in the same number of neutrophil swarms
being formed, indicating that even though notochord injuries often coincide with increased
recruitment of neutrophils, it did not necessarily result in more swarms to be formed. This
suggests dependency on the underlying signalling mechanisms that cause neutrophil swarmes,

rather than the degree of tissue damage.

In Chapter 3.2 | discuss how temporal dynamics of neutrophil swarms and the overall

neutrophil response is different between two locations of injury, namely ventral fin and tail
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fininjuries. | found that tail fin injuries would form swarms at later timepoints and that overall

inflammation resolution was significantly slower than the smaller ventral fin wounds.

4.3 Impact of Swarming on Neutrophil Recruitment, Resolution and Tissue Regeneration

Using time-lapse imaging | could classify swarming from non-swarming responses and |
observed significant differences in neutrophil recruitment, as well as resolution. | found that
larvae with neutrophil swarms have impaired inflammation resolution, in part due to elevated
levels of neutrophils being recruited initially. To further investigate the impact of this impaired
resolution, | used a tail fin regeneration assay (Bernut et al., 2020). | was able to recapitulate
the impaired inflammation resolution after swarming, which | could then correlate to a small,
but significant decrease in tail fin regeneration at 48 hours after the injury. This suggests that
neutrophil swarms might play a detrimental role in tissue regeneration via impaired

inflammation resolution.

4.4 Novel Methodologies and High-Throughput Assay Development

In a collaborative effort with INFLANET partner Acquifer at the University of Heidelberg, we
developed novel image analysis pipelines for detailed quantification of neutrophil swarming.
Image analysis tools were developed to assist in classification of neutrophil swarms with
reduced individual detection bias. Ultimately, these tools were utilised to create a high-
throughput assay of neutrophil swarming in vivo. While high-throughput assays for swarming
have already been created, these assays are based on ex vivo techniques which cannot fully
recapitulate an in vivo setting. By using the zebrafish model these in vivo mechanisms and

interactions are retained.

From earlier observations | hypothesised that there could be a big difference in performing

laser injuries or sterile, mechanical injuries to trigger the neutrophil swarming response. As
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such, we decided to use these two different techniques to validate our assay. We were indeed
able to pick up a difference in swarming intensity and the general occurrence of neutrophil
swarms when larvae were injured in one of these ways. Data suggested smaller and less
swarming events post laser injury compared to mechanical injury, which agreed with my
initial observations. With this successful validation, we provided a novel approach to test for
new pharmacological compounds that could potentially alter neutrophil swarming responses

and be adapted into new therapeutic strategies.

4.5 Role of TLR Signalling, HIF-1a and ROS
With the tools designed in Chapter 3.2, | became interested in identifying potentially novel
pathways that play a role in neutrophil swarming as well as identifying ways to

pharmacologically modulate swarming responses.

Due to continuous challenges posed by the variability and stochasticity of neutrophil swarms,
| aimed to explore an approach to upregulate neutrophil swarming, reducing the overall
variability in my data. Previous literature illustrated that TLRs function to alter neutrophil
responses and migration (Prince et al., 2011, van der Vaart et al., 2012, Hu et al., 2021). |
hypothesised that immersion treatment of TLR agonists could lead to an increased pro-
inflammatory response which might result in the upregulation of neutrophil swarms, however
after screening a selection of TLR agonists and performing a multitude of experiments, | did
not discover any significant effect of TLR agonist treatment via immersion on neutrophil

swarming.

During this time a publication performed a detailed and elegant investigation into the role of

NOX in neutrophil swarming. They found that inhibition of NOX would lead to a severe defect
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in relay signalling during neutrophil swarming, causing a phenotype that could be directly

related to patients with CGD (Strickland et al., 2024).

NOX is one of the main sources of ROS within cells, which can be deterministic in neutrophil
migration and activation (Yan et al., 2014, de Oliveira et al., 2016). Because of this striking
finding | wanted to explore other pathways that closely interact with ROS and determine
whether these could have an effect on neutrophil swarming. Ultimately, | chose to investigate
the HIF-1a pathway which can be regulated by ROS (Willson et al., 2022, Movafagh et al.,
2015). Furthermore, the HIF-1la pathway has been implicated in neutrophil retention at

wound sites in zebrafish, which could affect swarming dynamics (Elks et al., 2011).

In experiments where | activated HIF-1a through the use of PHD inhibitors, | found a
significant decrease in the number of neutrophil swarms formed at 6hpi. However, further
experiments suggested that neutrophil migration and recruitment was not significantly
impacted. This potentially means that HIF-1a plays a direct role, likely downstream from ROS,
on neutrophil swarm formation, but not neutrophil recruitment. However, further
experimentation with for instance dominant negative HIF-1a should be undertaken to further

elucidate the precise mechanisms at play.

4.6 Interactions Between Neutrophils and Macrophages

In zebrafish larvae, there are multiple cell types that respond to inflammatory triggers. While
full adaptive immunity does not develop before 2 weeks post fertilisation, innate immune
cells are fully developed and present within the fish as soon as 2 days post fertilisation (Dee
et al., 2016, Speirs et al., 2024). To study whether other innate immune cells, specifically
macrophages, would have any effect on the dynamics of neutrophil swarming | collaborated

with Georges Lutfalla and Mai Nguyen-Chi in the Laboratory of Pathogen Host Interactions at
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Université de Montpellier. Using an outcross of Tg(mfap4:mCherry)"™?8'8 with Tg(mpx:GFP)*14

| was able to visualise both macrophages and neutrophils during neutrophil swarming.

| found that macrophages and macrophage cell death often localised in close proximity to
subsequential neutrophil swarming events. This finding may indicate a more pro-
inflammatory role of macrophages compared to what literature, specifically in the zebrafish
model, has described so far (Loynes et al., 2010, Tauzin et al., 2014, Loynes et al., 2018).
However, it has been suggested that macrophages can play a direct role in the recruitment of
neutrophils to tissues. For instance, alveolar macrophages after nanoparticle treatment of the
murine lung and perivascular macrophages during bacterial skin infection (Abtin et al., 2014,
Liu, 2023). | found that apparent macrophage cell death may be a trigger for neutrophils to
migrate, interact, and even form a swarm. However, | have so far been unable to demonstrate
a mechanistic link between macrophage cell death and swarming, and | have been unable to
define whether this phenomenon is tied to a specific type of cell death. This could be explored
in future experimentation by targeting key molecules of apoptosis, necroptosis and

pyroptosis, respectively.

Besides this, | was able to observe a similar phenomenon of macrophage recruitment towards
neutrophils described previously in mice, where neutrophil swarms are hypothesised to be
stabilised by myeloid cells arriving at a later timepoint (Kienle and Lammermann, 2016). In
zebrafish, | saw macrophages localise around areas of high neutrophilic inflammation post
ventral fin injury, however this phenotype did not last for long as neutrophils migrated away
from the wound site relatively rapidly at approximately 1-2 hours after the injury was made.
Macrophage arrival was associated with neutrophils leaving the wound site which may be in

agreement with literature (Tauzin et al., 2014). Interestingly, this is opposite from what may
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be occurring in tail fin injuries, which exemplifies that injury type should be considered when
investigating the neutrophil response. Furthermore, macrophages seemingly shielding off
ventral fin injuries, shared a lot of similarities with previously published research showing
RTMs to exhibit a cloaking mechanic to microlesions using the mouse model (Uderhardt et

al., 2019).

4.7 Macrophage Depletion Methods for Future Study

In an effort to further elucidate the effect of macrophages on neutrophil swarming | wanted
to explore methods for depletion of macrophages from the zebrafish model. Previously a
chemical system using metronidazole and nitroreductase has been successfully employed to
this extent (Davison et al., 2007). However, this method could have side effects due to the
metronidazole treatment and does not stop macrophages from developing entirely, instead,
once a macrophage fully matures, nitroreductase build up within the cell will cause cell
death (Davison et al., 2007). This creates a relatively messy system in which cellular debris
could be an issue in activating consistent neutrophil responses. As such, | pivoted to a
recently described CRIPSR-Cas9 technique, effective in reducing microglial population within
the zebrafish brain at 5dpf (Rutherford et al., 2024). This technique targets genetic
knockdown of irf8 which has previously been shown to regulate macrophage development
during the first transitional wave (Li et al., 2011). However, modulating irf8 has also been

shown to cause a change in neutrophil populations (Prajsnar et al., 2021, Li et al., 2011).

| found that irf8 knockdown via CRISPR-Cas9 was the most effective method of depleting
macrophages from the zebrafish model, however | was able to recapitulate an increase in

neutrophils, which has to be considered when contextualising future results. Nonetheless, |
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would suggest the irf8 CRISPR-Cas9 approach for future experimentation and elucidation of

the role of macrophages in the neutrophil swarming response.

4.8 Future Prospects

To build upon the research presented in this thesis, | will discuss some potential next steps
to consider. The first step is the implementation of image analysis with reduced individual
bias and higher reproducibility as presented in Chapter 3.2.3. The analysis methods
developed in this thesis will be condensed into a dedicated methods publication for
researchers to use in the future. Expanding these tools will help create a library of objective
measures for assessing neutrophil swarming responses in zebrafish, with potential

applicability to other models.

Additionally, one of the most striking findings of this thesis is the potential role of
macrophages and neutrophils in regulating the neutrophil swarming response in vivo. While
the underlying LTB4 signalling will remain the lead cause of amplified swarming signals,
other immune cells may upregulate or downregulate the LTB4 signalling response. My data
suggest that secondary cell death, particularly of macrophages, could play a role in shaping
a subset of neutrophil swarming responses, however several questions remain. For instance,
is this potential response dependent on the type of cell death that the macrophage
undergoes? It is also unclear whether this response is specific to macrophages or generally
influenced by the type of cell death. If this response is indeed dependent on the type of cell
death, it could be tested through visualisation or inhibition of key enzymatic drivers, such as
Caspase-3 for apoptosis or Receptor-interacting serine/threonine-protein kinases 1 and 3

(RIPK1 and RIPK3) for necroptosis. Alternatively, to investigate how macrophages shape the
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neutrophil swarming response, they could be ablated from the model system altogether.

This can be achieved through various techniques, as discussed in Chapter 4.7.

4.9 Conclusion

Neutrophils are implicated in many different diseases, ranging from chronic inflammatory
diseases such as COPD to infectious diseases such as COVID-19. Enriching our knowledge of
neutrophil specific behaviours is essential in shaping our understanding of neutrophils in
disease. One of these behaviours is neutrophil swarming. In this thesis | have shown how
neutrophil swarming dynamics in zebrafish may change due to a multitude of factors
including; injury type; injury location; pharmacological manipulation; and interactions of
neutrophils with macrophages. Furthermore, | developed and used novel image analysis tools
for in depth analysis of swarming which can be used more broadly on any type of fluorescent
imaging data, from any type of model system and has been validated in a high-throughput
assay of in vivo swarming. Taken together, this thesis provides a deeper understanding of
neutrophil swarming and enables further research to potentially find novel targets for

development of therapeutic approaches for patients affected by neutrophil related illnesses.
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Chapter 5: Supplementary

5.1 Movies

All movies can be found as a .zip file on Zenodo: https://doi.org/10.5281/zenod0.14853069

5.2 Code

All of the code used in this thesis can be found in the following online GitHub repository:
https://github.com/NilsOlijhoek/In-the-Eye-of-the-Swarm-Thesis-2024
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5.3 Annex

To validate the code used for generation of neutrophil heat plots in Chapter 3.4.3 | generated
synthetic data for 3 different scenarios using a new python script included in the GitHub
repository found in Chapter 5.2. This script generated a macrophage on a fixed spot in
location x=200 and y=200. Neutrophils were then randomly populated in a range from x=50-
450 and y=50-350. In the first scenario, neutrophils actively move away from the centred

macrophage by using these formulas:

X = x_start - (200 - (x_start) * (frame / frames)

y = y_start - (200 - (y_start) * (frame / frames)

In the second scenario, neutrophils remain fully static. Finally, in the third scenario

neutrophils actively move and converge towards the macrophage using these formulas:

X = x_start + (200 - (x_start) * (frame / frames)

y = y_start + (200 - (y_start) * (frame / frames)

In these formulas x and y are the current x and y coordinated of a neutrophil at a certain
timepoint (frame), x_start and y_start are the x and y coordinates of these neutrophils at t=0

(frame=1).

In total 10 neutrophils are generated that travel over 10 time points (frames). Using this set-
up the code should output 2 heatmaps that are one uniform colour, one for neutrophils
moving away from the centre macrophage and one for neutrophils remaining static over time.
Instead, the final scenario, where neutrophils are moving towards the macrophage, should

result in a distinct heatmap with neutrophils showing up.
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For the sake of handling of the data by the previously made heatmaps for swarms were also
synthetically generated, however these were not taken into consideration for the plotting of
the validation, as these are not representative swarming events. Looking at the plots
generated in Annex Figure 1. We can see that the aforementioned expectations for the
heatmaps are indeed met, indicating proper functioning of the analysis used for the heat plots

in Chapter 3.4.3.
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Annex Figure 1: Different scenarios for validation of code used to create heat

plots.
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This figure shows different scenarios of synthetically generated data, where neutrophils
either move actively away from a single centred macrophage at x=200 and y=200, are static
or move actively towards this macrophage. This is plotted as scenario 1, 2 and 3

respectively. And shows that only neutrophils moving towards the macrophage show up on

the heatmap, validating code used in Chapter 3.4.3.
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