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Abstract
Toxoplasma gondii is an obligate intracellular parasite and paradigm for the
study of the host immune response to infection at the cellular and molecular
level. The zebrafish larva is a well-established model for the study of bacterial,
viral and fungal infections in vivo. In this thesis, I use the zebrafish larva to set
up a novel in vivo infection model for Toxoplasma. I use this model to explore
innate leukocyte dynamics and function, and investigate the cell-intrinsic
immune response to Toxoplasma infection. I also develop new tools for the indepth study of cell-intrinsic mechanisms involved in parasite restriction.

Recent studies have revealed fundamental differences in the innate host
response to Toxoplasma infection between human and mice suggesting that
another animal model could provide new insights into Toxoplasma control. In
Chapter 1, I develop a zebrafish larval model to study Toxoplasma infection
in vivo.

Macrophages and neutrophils make up the cellular innate immune response,
and are the first cells to respond to pathogen invasion. Studies using mice
have shown that both macrophages and neutrophils are crucial for the in vivo
control of Toxoplasma. However, different reports suggest that Toxoplasma
can exploit macrophage and / or neutrophil biology to promote their survival.
In Chapter 2, I use the Toxoplasma-zebrafish infection model developed in
Chapter 1 to reveal that macrophages significantly contribute to Toxoplasma

2

clearance in vivo. Moreover, I test for strain-specific differences in establishing
infection, and show that type II and III strains establish a higher parasite
burden than type I strains in vivo.

Guanylate binding proteins (GBPs) are important mediators of IFN-γ-induced
cell-intrinsic restriction of Toxoplasma. GBPs have been implicated in multiple
cell-intrinsic pathways, including host cell death. Recent developments have
highlighted key differences in GBP-mediated immunity between the human
and mouse and how human GBPs restrict Toxoplasma remains poorly
understood. In Chapter 3, I discover that macrophages induce host cell death
to promote parasite clearance, and also reveal parasite restriction occurs
independently of host cell death. Finally, I generated a zebrafish GBP2
knockout line by CRISPR/Cas to explore the role of GBPs in cell-intrinsic
Toxoplasma control.

Overall, the findings in this thesis highlight zebrafish larva as a useful model
for the study of Toxoplasma infection. I use this model to reveal important
roles for macrophages in Toxoplasma clearance in vivo.
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1. Introduction
1.1

Toxoplasma gondii

Toxoplasma gondii is a protozoan parasite that belongs to the Apicomplexa
phylum, together with other prominent parasites including Cryptosporidium
parvum and members of the genus Plasmodium (Arisue & Hashimoto, 2015).
Although the majority of Toxoplasma infection remains asymptomatic in
immunocompetent individuals, immunocompromised individuals and the
growing foetus remain at risk (Ho-yen & Joss, 1992; Fuentes et al., 2001).
Acute infection of the expectant mother leads to vertical transmission of
Toxoplasma to the foetus, the consequences of which can vary in severity
from spontaneous abortion to neurological disorders and blindness (Hill &
Dubey, 2002; Pappas et al., 2009). In contrast, severe toxoplasmosis in adults
predominantly results from a chronically infected individual becoming
immunocompromised in their lifetime. While spontaneous reactivation of
parasites occurs normally within a chronically infected individual, uncontrolled
reactivation within an immunocompromised host can result in toxoplasmic
encephalitis, which can be fatal (Luft et al., 1984; Blanchard et al., 2015).
Toxoplasma is also an opportunistic pathogen in patients with acquired
immunodeficiency syndrome (AIDS), clinical manifestations of which are
characterised by infection and necrosis of brain tissue (Luft & Remington,
1992; Hill & Dubey, 2002; Basavaraju, 2016).

On the other hand,

Toxoplasma strains identified in South America have been associated with
severe ocular disease in immunocompetent individuals (Carme et al., 2009;
de-la-Torre et al., 2013).
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Toxoplasma can reside in a range of warm-blooded vertebrates, and its
highly complex life cycle makes it one of the most widespread and successful
parasites in the world (Dubey & Su, 2009). The lack of effective drugs that
target the encysted form of Toxoplasma, together with the toxic side effects
current drugs have on the patient, emphasises the need to further understand
parasite biology and host response to discover new drug targets and
vaccination strategies (Alday & Doggett, 2017).
1.1.1 Toxoplasma life cycle
Widespread infection of the human population comes from the ability of
Toxoplasma to invade any mammalian or avian nucleated cell (Wong &
Remington, 1993; Dubey et al., 1998; Black & Boothroyd, 2000). The
complete life cycle of Toxoplasma comprises two parts: the asexual and
sexual cycle (Figure 1.1). The latter can only occur within the definitive host
(the feline), and results in the production and shedding of oocysts in the
faeces from infected cats (Black & Boothroyd, 2000; Petersen & Dubey,
2001). The asexual cycle consists of the acute and chronic phase of infection,
and occurs within all non-feline intermediate hosts. The asexual cycle also
presents two forms of Toxoplasma: the tachyzoite (from the Greek word for
speed, tachos) and bradyzoite (from the Greek word for slow, brady) stage
(Frenkel, 1973; Dubey et al., 1998; Sibley et al., 2013).
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Figure 1.1 The life cycle of Toxoplasma gondii.
The Toxoplasma life cycle can be divided into two stages: the sexual and asexual
cycle. The sexual cycle (top section) exclusively occurs within the definitive host, the
feline. After infection, oocysts are shed into the environment in the faeces 3-18 days
after infection (Dubey, 2005). Oocyst maturation is activated upon excretion making
them highly infectious and persistent. The asexual cycle (bottom section) occurs in
any warm-blooded intermediate host upon direct ingestion of these infectious
oocysts. In the gut, sporozoites are released and differentiate into the highly
replicative tachyzoite form. Tachyzoites disseminate throughout the host during the
acute infection, eventually converting into tissue cysts containing the slower
replicative bradyzoite form. In humans, Toxoplasma transmission from mother to
foetus can occur during the acute phase of a primary infection. Tissue cysts formed
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during chronic infection persist throughout the lifetime of the host and can be
transmitted through ingestion of raw or undercooked meat or organ transplantation.
Once within the new host, bradyzoites are released and convert back into tachyzoites
to continue the asexual cycle. Ingestion of tissue cysts or oocysts by felines allows
Toxoplasma to re-enter the sexual cycle, however the asexual cycle is sufficient for
ensuring continued Toxoplasma survival.

The sexual cycle of Toxoplasma is not the focus of this thesis, however
oocysts shed into the environment are key for the spread of Toxoplasma to
new intermediate and definitive hosts. Intermediate hosts are not limited to
terrestrial mammals and avian hosts, but also marine mammals including
seals, manatees and dolphins (Cole et al., 2000; Smith et al., 2016; Bigal et
al., 2018). Oocysts can sporulate and become infective in seawater, and
remain viable for > 6 months (Lindsay et al., 2003; Lindsay & Dubey, 2009).
Studies confirmed sporulated oocysts accumulated within bivalves (such as
mussels and oysters) and filter-feeding fish, where they retained their
infectivity (Arkush et al., 2003; Lindsay et al., 2004; Lindsay et al., 2005;
Massie et al., 2010). This suggests that infection of marine mammals occurs
through passive ingestion from the marine environment and directly from their
food source.
The acute lytic cycle revolves around the tachyzoite stage. Rapid
invasion, replication and egress of tachyzoites lead to the dissemination of
Toxoplasma throughout the host (Blader et al., 2015). Pressure from both the
innate and adaptive immune response ultimately controls the infection without
eliminating it. Tachyzoites under immune pressure evade clearance by
differentiating into slower replicating bradyzoites and form tissue cysts
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predominantly within the central nervous system and muscle tissues rich in
mitochondria (Sullivan & Jeffers, 2012). Similar to oocysts shed into the
environment by felines, cysts maintain their infectivity in undercooked meat,
and so Toxoplasma is unique in its ability to infect intermediate hosts and live
on within the asexual cycle.

Figure 1.2 The asexual life cycle of Toxoplasma gondii.
The lytic cycle consists of tachyzoite invasion and attachment, replication and
egress, which encompass the acute phase of infection. Below the lytic cycle is a
schematic depicting the level of parasitaemia in the host during the course of
infection in an immunocompetent individual. Parasitaemia increases during acute
infection until the host immune response clears and controls tachyzoite numbers.
Toxoplasma avoids complete clearance by encysting in the host tissue in the
presence of immune pressure to establish a chronic infection. Spontaneous
reactivation of the chronically residing cysts in the absence of immune pressure can
prove fatal to the host.
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1.1.2 The three main clonal lineages of Toxoplasma
The three main clonal lineages of Toxoplasma are closely related and differ
genetically only by 2% or less (Xiao & Yolken, 2015). They have historically
been categorised by genotyping a number of markers, and by their lethality in
mice where type I is highly virulent, while type II and III are avirulent (Sibley &
Boothroyd, 1992; Saeij et al., 2005b; Saeij et al., 2005a; Saeij et al., 2006).
Although the difference in murine virulence between the three clonal lineages
is not necessarily an indication of how these parasites behave in other hosts,
it has been hypothesized that rodents (as the natural prey for the domestic cat
and thus the primary target host for the parasite life cycle) have evolved
distinct mechanisms for parasite control (Gazzinelli et al., 2014). Moreover, as
an obligate intracellular parasite, mortality of the host during acute infection is
viewed to be damaging to the long-term survival of Toxoplasma. Considering
this, the type I lineage (highly virulent in mice) may have evolved outside the
canonical rodent to domestic feline life cycle, and may have evolved in a
different animal reservoir.
Data regarding strain abundance in the infected human population, as
a whole, does not exist. Studies have shown that within the 3 categories of
patients that show clinical manifestations of toxoplasmosis (congenital
infections of newborns, immunocompromised adults or immunocompetent
adults with severe ocular toxoplasmosis) only the latter strongly suggests a
bias towards the type I strain or other atypical / exotic strains (e.g. South
American strains) (Glasner et al., 1992; Burnett et al., 1998; Grigg et al.,
2001; Switaj et al., 2006; Carme et al., 2009; de-la-Torre et al., 2013).

26

Congenital infections and immunocompromised individuals show a tendency
(but not exclusivity) towards the type II lineage, which could be a phenomenon
of strain-dependent disease, but also could be a result of the abundance of
type II in the global human population (Boothroyd & Grigg, 2002). The latter is
supported by the abundance of type II strains in the animal reservoir (de
Sousa et al., 2006; Montoya et al., 2008; Richomme et al., 2009; Aubert et al.,
2010; Herrmann et al., 2012; Calero-Bernal et al., 2015).

1.1.3 Establishing the intracellular niche for Toxoplasma
The host cell can be a hostile environment for obligate intracellular pathogens
(Blader & Koshy, 2014). Toxoplasma evades this hostility by residing in a
non-fusogenic parasitophorous vacuole (PV) in the host cell cytoplasm that
cannot be acidified, thus making it distinct from phagosomal compartments
(Black & Boothroyd, 2000). The PV is largely formed from the host cell plasma
membrane and requires the active invasion of tachyzoites into the host cell
(Suss-Toby et al., 1996). During the process of PV formation, a protein
complex, termed the moving junction, forms the entry site in the plasma
membrane, through which parasite invasion occurs (Sweeney et al., 2010).
The moving junction also plays a critical role in excluding host proteins to
prevent recognition and degradation via the endolysosomal pathway (Mordue
et al., 1999; Charron & Sibley, 2004).
The PV provides a crucial interface through which Toxoplasma acquire
key nutrients (Blader & Koshy, 2014). Pores in the PV membrane (PVM) allow
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the passage of small molecules (such as glucose and amino acids) to the
parasite (Schwab et al., 1994). Direct recruitment of host mitochondria and
endoplasmic reticulum to the PVM is associated with acquisition of
phospholipids (Sinai & Joiner, 2001). Therefore, the PV forms a unique
compartment within which tachyzoites can survive and replicate (Clough &
Frickel, 2017; Khan & Grigg, 2017).

Further details on the intracellular characteristics and replication strategy of
Toxoplasma will be discussed in Chapter 1.

1.2

The immune response to Toxoplasma gondii

1.2.1 Cytokine-driven control of Toxoplasma in mice and humans
The conversion of the highly replicative tachyzoite stage of Toxoplasma
(which encompasses the acute phase of infection) into the chronic bradyzoite
phase is driven by the host immune response (Pittman & Knoll, 2015). Mice
deficient in interferon (IFN)-γ or IFN-γ-receptor succumb to acute Toxoplasma
infection, highlighting IFN-γ as a major cytokine responsible for controlling
Toxoplasma infection in mice (Suzuki et al., 1988; Scharton-Kersten et al.,
1996; Yap & Sher, 1999). In humans, the definitive cytokine-driven antiToxoplasma response remains undefined. However, it can be argued that
IFN-γ is important as individuals with IFN-γ-lowering immunodeficiencies (e.g.
HIV) exhibit uncontrolled tachyzoite replication (Meira et al., 2014).
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T cells, together with natural killer cells and neutrophils produce IFN-γ
(Gazzinelli et al., 1993b; Hunter et al., 1994; Dupont et al., 2012). In mice,
recognition of the Toxoplasma protein profilin by dendritic cells (DCs) via Tolllike receptors 11 (TLR11) and TLR12 induce production of interleukin 12 (IL12), which in turn stimulate IFN-γ production by natural killer cells (Andrade et
al., 2013; Koblansky et al., 2013; Raetz et al., 2013; Sturge & Yarovinsky,
2014). IL-12 is therefore critical in enhancing IFN-γ production, but cannot
control Toxoplasma infection in the absence of IFN-γ (Gazzinelli et al., 1994;
Scharton-Kersten et al., 1996). In addition, IFN-γ production by mouse
neutrophils may be stimulated by IL-1β and tumour necrosis factor (TNF)
secreted by Toxoplasma-infected macrophages / monocytes (Sturge &
Yarovinsky, 2014).
In contrast to the murine system, humans lack the functional
orthologues of mouse TLR11 and TLR12 genes (Roach et al., 2005), and so
until recently the molecular mechanism for Toxoplasma recognition remained
largely unknown. A biochemical screening approach identified the release of
the damage-associated molecule alarmin S100A11 by infected cells, which
promoted the secretion of CCL2, a chemokine that regulates monocyte
recruitment to the infection site (Safronova et al., 2019). Moreover, while both
IL-12 and CCL2 are essential for controlling Toxoplasma during acute
infection in mice (Dupont et al., 2012; Neal & Knoll, 2014; Yarovinsky, 2014),
CCL2 chemokine secretion, but not IL-12, predominates in the human system
(Safronova et al., 2019), suggesting an important role for alarmin-mediated
macrophage recruitment in Toxoplasma control.
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TNF-α is an important mediator of inflammation and cell death (Sedger
& McDermott, 2014). Early on, studies established a synergistic role of TNF-α
in IFN-γ mediated toxoplasma control (Chang et al., 1990; Beaman et al.,
1994; Andrade et al., 2003). TNF-α neutralisation led to attenuation of IFN-γmediated Toxoplasma restriction (Langermans et al., 1992a; Langermans et
al., 1992b). Mice lacking the TNF-α receptor succumbed to infection and
showed higher cyst burden and uncontrolled Toxoplasma replication in the
brain (Yap et al., 1998). Excessive TNF-α production during toxoplasmosis
has been linked to abortion during early pregnancy (Raghupathy, 1997; Daher
et al., 2004; El-Sherbini et al., 2019). In addition to its synergistic role with
IFN-γ, human patients with IFN-γ receptor deficiencies have shown TNF-α
can also act as an immune compensatory system for Toxoplasma control in
the absence of IFN-γ signaling (Janssen et al., 2002).

Together, these seminal reports summarise key pathways used by cells of the
innate immune system for efficient Toxoplasma recognition and control via
cytokine and chemokine production. Interestingly, they also highlight
important differences in host defence pathways employed by the murine and
human hosts.
1.2.2 Innate immune control of Toxoplasma by leukocytes
T cells of the adaptive immune system are largely considered as the primary
population in IFN-γ-mediated Toxoplasma resistance, important in inhibiting
parasite reactivation and host mortality during chronic infection (Gazzinelli et
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al., 1992). However, recent studies have revealed the innate immune
response in mice can respond independently of T cells, and is essential in the
early control of Toxoplasma (Hou et al., 2011; Sturge & Yarovinsky, 2014).
Therefore in this thesis, we strictly focus on the innate immune response to
Toxoplasma infection.
1.2.2.1 Neutrophils in Toxoplasma control
Neutrophils are the most abundant leukocyte population in the innate immune
system (Kobayashi & DeLeo, 2009). Initially thought to be short-lived, studies
have shown neutrophils have an immunoregulatory role in addition to
pathogen

control

by

coordinating

macrophage

recruitment

and

the

subsequent inflammatory response (Biswas et al., 2017). Neutrophils
phagocytose and eliminate pathogens through the production of reactive
oxygen species (ROS i.e. respiratory burst) and the release of antimicrobial
peptides and proteases (Kobayashi & DeLeo, 2009). Neutrophils were also
shown to target extracellular pathogens such as Staphylococcus aureus,
Mycobacterium tuberculosis and Listeria monocytogenes by trapping them in
neutrophil extracellular traps (NETs) made up of DNA, histones and
antimicrobial agents (Brinkmann et al., 2004; Ramos-Kichik et al., 2009;
Munafo et al., 2009). NET formation has been shown to occur in response to
infection by protozoan pathogens Leishmania amazonensis and Toxoplasma
gondii (Guimarães-Costa et al., 2009; Abi Abdallah et al., 2012).
The importance of neutrophils in control of acute Toxoplasma infection
has been highlighted by several in vivo studies (Sayles & Johnson, 1996;
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Scharton-Kersten et al., 1997; Bliss et al., 2001; Del Rio et al., 2001; Khan et
al., 2001). Reports have shown that human neutrophils are able to lyse
extracellular tachyzoites in vitro (Erbe et al., 1991), and undergo rapid NET
formation in response to tachyzoite presence, suggesting a role for
neutrophils in preventing invasion in both the mouse and human hosts (Abi
Abdallah et al., 2012). On the other hand, Toxoplasma proliferation has been
reported in both human and mouse neutrophils in vitro (Nakao & Konishi,
1991; Channon et al., 2000), as well as in vivo in the small intestines and
lymph nodes of infected mice (Chtanova et al., 2008; Coombes et al., 2013).
Furthermore, although the replication of tachyzoites inside human peripheral
neutrophils was slowed, the neutrophils were ultimately unable to clear the
infection (Channon et al., 2000). Together, these observations suggest that
neutrophils have both anti- and pro-parasitic roles in Toxoplasma infection.
Neutrophil-depletion in mice results in reduced IFN-γ response (Sturge
et al., 2013). Similarly, CXCR2-deficient mice show impaired neutrophil
recruitment and reduced IFN-γ (Del Rio et al., 2001), thus highlighting
neutrophils as a crucial source of IFN-γ during early Toxoplasma infection in
mice. The importance of neutrophil IFN-γ also extends to chronic Toxoplasma
infection, as observed by increased cyst numbers in the brain of CXCR2deficient and neutrophil-depleted mice (Del Rio et al., 2001; Biswas et al.,
2017). Importantly, even in the absence of TLR11, mouse neutrophils were
able to produce IFN-γ and confer resistance to Toxoplasma infection,
highlighting the possibility of a similar mechanism for IFN-γ production by
human neutrophils.
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In contrast to the overarching role of neutrophil IFN-γ in host survival
described in vivo, neutrophils recruited to the small intestines in mice upon
Toxoplasma infection quickly become motile reservoirs for promoting luminal
spread and dissemination of live Toxoplasma (Chtanova et al., 2008;
Coombes et al., 2013). In agreement with this, Toxoplasma has been
suggested to promote parasite spread and survival in humans by inhibiting the
release

of

IL-1β

(a

key

inflammatory

mediator)

in

response

to

lipopolysaccharides (LPS) (Lima et al., 2018), and by attenuating neutrophil
apoptosis through the release of granulocyte colony-stimulating factor (GCSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) from
infected cells (Channon et al., 2002). By making human neutrophils less
responsive to LPS, Toxoplasma shapes the immune response in the gut to
prevent further stimulation of neutrophils by the gut microbiota and facilitating
its survival (Lima et al., 2018).
1.2.2.2 Dendritic cells in Toxoplasma control
Although not the focus of this thesis, DCs form a crucial link between the
adaptive and innate immune system by presenting antigens specific to an
invading pathogen to T cells (Banchereau & Steinman, 1998). In agreement
with this, adoptive transfer of DCs pulsed with Toxoplasma antigens reduced
mortality and cyst burden in mice (Bourguin et al., 1998; Dimier-Poisson et al.,
2003; Lakhrif et al., 2018). DCs are also major producers of IL-12 in response
to Toxoplasma infection via TLR-11 (Reis e Sousa et al., 1997; Yarovinsky et
al., 2005; Liu et al., 2006; Pepper et al., 2008; Hou et al., 2011; Mashayekhi et
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al., 2011), and therefore critical in coordinating the innate immune response to
Toxoplasma infection in mice (Hou et al., 2011).
Preferential infection of DCs by Toxoplasma is thought to promote host
survival (by triggering an immune response) and also to promote parasite
dissemination (Channon et al., 2000; Diana et al., 2004; Courret et al., 2006;
Sanecka & Frickel, 2012). By inducing hypermotility in Toxoplasma-infected
DCs, Toxoplasma promotes dissemination (Lambert et al., 2006; Lambert et
al., 2009; Collantes-Fernandez et al., 2012) and transport through the blood
brain barrier (Courret et al., 2006; Lachenmaier et al., 2011). Furthermore, by
infecting immature DCs, Toxoplasma is able to force DCs to remain in a
functionally inactive form, thereby subverting further DC-mediated immune
responses to infection (McKee et al., 2004).
1.2.2.3 Monocytes/macrophages in Toxoplasma control
Macrophages comprise a major part of the innate immune system by
responding efficiently to tissue damage and infection, and also maintaining
tissue homeostasis (Lavin & Merad, 2013; Kapellos & Iqbal, 2016). Central in
coordinating the inflammatory response to infection through the release of
cytokines and chemokines, macrophages have diverse roles including
phagocytosis of foreign bodies, secreting anti-microbial factors and antigen
presentation (Ross, 2002; Murdoch et al., 2004).
Key studies showed mice deficient in macrophage chemokines CCR2
and MCP-1 failed to recruit inflammatory monocytes to the infection, and
failed to control parasite burden (Robben et al., 2004). This resulted in acute
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mortality to Toxoplasma infection, suggesting inflammatory monocytes are
essential in early parasite control (Sturge & Yarovinsky, 2014). Reports have
shown tachyzoites phagocytosed by macrophages are degraded by
phagosome acidification (Sibley et al., 1985). Macrophages are also able to
mediate lysis of extracellular tachyzoites, a phenotype that is enhanced upon
antibody opsonisation (Erbe et al., 1991). Unlike mouse macrophages, only
the phagocytosis of live parasites by human monocytes induces IL-12 and
TNF-α production and the subsequent secretion of IFN-γ (Robben et al.,
2004; Tosh et al., 2016). IFN-γ priming of human macrophages prior to
Toxoplasma infection induces ROS and nutrient restriction pathways that
make macrophages less permissive for parasite replication (Anderson &
Remington, 1974; Murray & Cohn, 1979; Murray et al., 1979; Murray et al.,
1985; Delemarre et al., 1994; Channon et al., 2000).
Similar to DCs, macrophages have been implicated in promoting
Toxoplasma dissemination (Courret et al., 2006). In agreement with this,
Toxoplasma showed a preference for infecting monocytes during low infection
in human peripheral blood (Channon et al., 2000) and in vivo in mice (Jensen
et al., 2011). Moreover, cell death by apoptosis in Toxoplasma-infected
macrophages was inhibited (Goebel et al., 1999; Goebel et al., 2001; Hwang
et al., 2010; Cai et al., 2014), thereby increasing the likelihood of parasite
dissemination while avoiding clearance by the cellular immune response
(Lima & Lodoen, 2019). Although a single paper has reported the ability of
Toxoplasma of active invasion out of the phagosomal compartment to form its
PV in vitro (Zhao et al., 2014), it is thought that in the majority of cases the
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survival of parasites in professional phagocytes is directly dependent on
active invasion. Reports have also shown macrophages facilitate the breaking
of the oocyst wall after ingestion, thus aiding differentiation of sporozoites /
bradyzoites back into tachyzoites and initiating the process of Toxoplasma
infection (Freppel et al., 2016).

Taken together, both neutrophils and macrophages are recruited to the
infection site but have distinct roles in Toxoplasma control. Reports suggest
that while neutrophils are implicated in cytokine-driven Toxoplasma control,
macrophages are essential for parasite elimination during acute Toxoplasma
infection (Sturge & Yarovinsky, 2014).

The distinct cell-intrinsic pathways of IFN-γ-mediated Toxoplasma control of
the mouse and human system will be discussed further in Chapter 3.

1.2.2.4 The role of the central nervous system in Toxoplasma infection
The clinical manifestations of toxoplasmosis in immunocompromised
individuals, the most severe being toxoplasmic encephalitis, shows bias
towards the host central nervous system (CNS) (Mendez & Koshy, 2017;
Wohlfert et al., 2017). The CNS is made up a network of neuronal cells
supported by glial cells, which include oligodendrocytes, astrocytes and
microglia (Mendez & Koshy, 2017). Of these, Toxoplasma invades both
neurons and astrocytes, but ultimately reside within neurons since neurons
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fail to efficiently clear intracellular parasites (Ferguson & Hutchison, 1987;
Cabral et al., 2016).
Although studies show mouse neurons stimulated with IFN-γ or TNF-α
were unable to restrict parasite invasion and replication, treatment did induce
neuronal cytokine production that contributed to the recruitment and
coordination of the inflammatory response to Toxoplasma infection (Schlüter
et al., 2001). Neurons also process and present tachyzoite-derived antigens
to drive the adaptive immune response essential for restricting brain cyst load
during chronic infection (Salvioni et al., 2019). This illustrates that although
neurons are the favoured niche in the CNS, they remain actively involved in
pathogen control and therefore could possess an as-of-yet unknown strategy
for parasite restriction and clearance.

1.3

The zebrafish larva as a model organism to study vertebrate
biology

Zebrafish first became noticed in the 1930s as a suitable model in the field of
developmental biology (Creaser, 1934; Lieschke & Currie, 2007). The ex utero
and transparent nature of the embryo and early larval stages allowed ease of
manipulation and detailed monitoring of the rapid events from fertilization to
embryogenesis (Laale, 1977). Zebrafish were sporadically used in the 1950s
to study development, behaviour and neurobiology (Battle & Hisaoka, 1952;
Marrable, 1965; Endo & Ingalls, 1968). However, it was only in the 1980s that
George Streisinger and colleagues developed the necessary tools (i.e. for
gene mutation and clonal analysis) for studying zebrafish biology (Streisinger
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et al., 1981; Walker & Streisinger, 1983). Finally, the “Big Screen” undertaken
across 1993 to 1995 described >4000 mutations and their effects in
embryonic development and behaviour (Haffter et al., 1996; Meyers, 2018).
This importantly marked the start up of multiple zebrafish-based research labs
and the widespread recognition of zebrafish model for studying vertebrate
biology (Meyers, 2018).
Sequencing of the genome revealed zebrafish harboured ~26 000
genes across 25 chromosomes (Johnson et al., 1996; Howe et al., 2013), a
highly comparable number to the human genome (Meyers, 2018). In addition,
this revealed that zebrafish had undergone gene duplication (known as
teleost-specific genomic duplication, TSD) resulting in the presence of protein
duplicates. Nevertheless, zebrafish were found to possess orthologues to
approximately 70 % of the human genome (Howe et al., 2013). Notably, a
significant 82 % of human genes identified to cause disease have a zebrafish
orthologue (Howe et al., 2013; Howe et al., 2017). This strong genetic
conservation from zebrafish to human led to the adoption of the zebrafish as a
model for a wide variety of health disorders including kidney disease
(Poureetezadi

&

Wingert,

2016),

neurodegenerative

diseases

(e.g.

Parkinson’s) (Matsui & Takahashi, 2018) and epilepsy (Cunliffe, 2016).
Zebrafish also held a powerful advantage over other animal models in
therapeutic discovery, as screening of novel pharmacological agents only
required the submersion of zebrafish larvae in a solution of the test compound
(Wiley et al., 2017). Furthermore, the wide variety of techniques for transient
(i.e. morpholino oligonucleotides or mRNA injection (Hogan et al., 2008)) or
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permanent gene editing manipulation (i.e. clustered regularly interspaced
short palindromic repeats and CRISPR-associated gene 9 (CRISPR/Cas9)
and transcription activator-like effector nucleases (TALENs) (Sertori et al.,
2016)), has significantly contributed to the rise of zebrafish as a model
organism to study vertebrate biology (Meyers, 2018; Torraca & Mostowy,
2018; Gomes & Mostowy, 2019).
1.3.1.1 The zebrafish cellular innate immune system
The zebrafish adaptive immune system becomes fully functional ~30 days
post fertilisation (Renshaw & Trede, 2012). This means that zebrafish larvae
provide a unique platform in which the innate immune response can be
studied in isolation (Lam et al., 2004; Novoa & Figueras, 2012). The zebrafish
innate immune system is comprised mostly of macrophages and neutrophils
(Mathias et al., 2009). In the absence of an adaptive immune system,
zebrafish larvae are completely dependent on these phagocytic cells during
the first 4-6 weeks post fertilisation to fight infection. This necessitates the
rapid development of innate immune cells, progenitors of which can be
observed as early as 20-24 hours post-fertilisation (hpf) (Herbomel et al.,
1999; Le Guyader et al., 2008).
Zebrafish macrophages retain morphological and functional similarities
with their mammalian counterparts and exhibit scavenging, phagocytic
tendencies (Herbomel et al., 1999). Although best know for their antimicrobial
functions, macrophages can also be exploited for intraphagocytic replication
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and pathogen dissemination during infection by Mycobacterium marinum and
Staphylococcus aureus (Davis & Ramakrishnan, 2009; Prajsnar et al., 2012).
Zebrafish neutrophils maintain their phagocytic capabilities and, similar
to human neutrophils, are the most abundant leukocyte population in
circulation (Harvie & Huttenlocher, 2015). Furthermore, zebrafish neutrophils
retained their ability to generate respiratory burst (Hermann et al., 2004) and
release NETs (Palić et al., 2007), The identification of lysozyme C (lyz) and
myeloid-specific peroxidase (mpx), both neutrophil-specific markers, as well
as macrophage-expressed gene 1 (mpeg1), a macrophage-specific marker,
enabled

the

development

of

transgenic

zebrafish

lines

harbouring

fluorescently labelled leukocyte populations (Lieschke et al., 2001; Renshaw
et al., 2006; Hall et al., 2007; Ellett et al., 2011). Infection of these transgenic
lines

with

fluorescently

tagged

pathogens

therefore

allows

in-depth

characterisation of pathogen-leukocyte interactions, and highlights the
potential of zebrafish as a vertebrate model for the non-invasive study of host
response to infection in vivo.
1.3.1.2 Insights into pathogen-leukocyte interactions in vivo using the
zebrafish larva
The ability of zebrafish macrophages to phagocytose and control Escherichia
coli and Bacillus subtilis (a Gram-negative and Gram-positive bacteria
respectively) infection was first characterised by Phillip Herbomel and
colleagues (Herbomel et al., 1999). In the case of neutrophils, the recruitment
of these granulocytes to the site of acute inflammation (i.e. after tail
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transection) was first characterised by Lieschke and colleagues (Lieschke et
al., 2001). Since then, the zebrafish larva has been used to study the
leukocyte response to numerous bacterial, viral and fungal pathogens in vivo,
including Mycobacterium marinum, Listeria monocytogenes, Aspergillus
fumigatus and Cryptococcus neoformans (Davis et al., 2002; Levraud et al.,
2009; Knox et al., 2014; Bojarczuk et al., 2016).
Pioneering work using zebrafish larvae to study Mycobacterium
marinum, a close relative of the human pathogen Mycobacterium tuberculosis
(the causative agent of human tuberculosis), provided important insight into
disease progression (Cronan & Tobin, 2014). Studies identified virulence
factors important for the formation of granulomas (Volkman et al., 2004;
Volkman et al., 2010), and selective enhancement of phagocytosis by
macrophages to promote persistence (Cambier et al., 2014). Real-time
visualisations of zebrafish infection with Listeria monocytogenes showed
phagocytosis of blood-borne bacteria and phagosomal escape in vivo
(Levraud et al., 2009). Furthermore, infection of zebrafish larvae with Shigella
flexneri revealed macrophages succumb to infection while neutrophils have a
crucial role in bacterial clearance (Mazon Moya et al., 2017). Similar to human
neutrophils, zebrafish neutrophils were also shown to efficiently phagocytose
surface associated E. coli, as opposed to fluid-borne E.coli (i.e. in the
bloodstream) (Colucci-Guyon et al., 2011; Renshaw & Trede, 2012). Finally,
zebrafish-fungal infection models revealed that neutrophils were unable to
phagocytose the spores of Aspergillus fumigatus (Knox et al., 2017), and
macrophages were exploited by Cryptococcus neoformans as a replicative
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niche (Bojarczuk et al., 2016). Moreover, Cryptococcus neoformans was
shown to evade clearance by enlarging their capsule thereby limiting
macrophage phagocytosis (Bojarczuk et al., 2016). On the other hand,
macrophages were shown to limit dissemination by the non-lytic expulsion
(vomocytosis) of Cryptococcus neoformans (Bojarczuk et al., 2016; Gilbert et
al., 2017), and were also shown to restrict the germination of Candida
albicans (Brothers et al., 2011; Brothers et al., 2013).

Taken together, these reports highlight advantages of zebrafish larva as a
useful in vivo model to further our understanding of host-pathogen interactions
and therapeutic intervention.

For a direct comparison of some of the aspects of the innate immune
responses to different bacterial infections between human, mouse and
zebrafish, see Table 1.
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Pseudomonas
aeruginosa

Burkholderia
cenocepacia
complex (Bcc)

Pathogen
ET12 lineage strains are highly virulent in
larvae (Vergunst et al., 2010).
Bcc predominantly phagocytosed and
associated with macrophages, little
association with neutrophils upon i.v.
infection, persistent neutrophil infiltration
upon
subcutaneous
Bcc
infection
(Vergunst et al., 2010; Mesureur et al.,
2017).
Bcc use macrophages as a replicative
niche, macrophages contribute to hostdamaging inflammation (Vergunst et al.,
2010; Mesureur et al., 2017).

Macrophages and neutrophils rapidly
engulf and clear P. aeruginosa, phagocyte
depletion leads to increased susceptibility
to infection (Brannon et al., 2009).

T3SS
mutant
is
attenuated
in
immunocompetent larvae (Brannon et al.,
2009).

Deletion of sadC and warA (involved in
LPS biogenesis) in P. aeruginosa
increased neutrophil recruitment and
increased survival of larvae (McCarthy et
al., 2017; Clay et al., 2008; Torraca et al.,
2015).

Bcc detected inside phagocytes and
epithelium in lung (Chiu et al., 2001;
Sajjan et al., 2001b; Sousa et al., 2007),
infection leads to enhanced neutrophil
infiltration in Cftr-/- mice (Sajjan et al.,
2001b).
Bcc delays phagolysosomal maturation
(Lamothe et al., 2007).
Neutrophils are recruited to the lung and
actively participate in bacterial clearance
while alveolar macrophages are not
important (Cheung et al., 2000); but
macrophages in corneal infection restrict
bacterial growth and regulate neutrophil
recruitment (McClellan et al., 2003).

T3SS is important for virulence in burn
and pneumonia infection models (Holder
et al., 2001; Smith et al., 2004; Tobin et
al., 2010).

LPS profile (i.e. O antigen) is critical for
evading host detection and establishing
infection (Goldberg et al., 1995), but O
antigen is not required for infection of the
lung and cause severe pneumonia and
mortality (Priebe et al., 2004).

Bcc detected inside phagocytes and
epithelium in lung of CF patients (Sajjan et
al., 2001a), massive neutrophil infiltration
and Bcc predominantly present in
macrophages (Mesureur et al., 2017).

Bcc
evade
endosome-lysosome
degradation to replicate in macrophages
(Sajjan et al., 2008).

Immunocompromised/immunosuppressed
individuals are at increased risk of P.
aeruginosa infection (Sadikot et al., 2005).

Chronically-infected CF patients show
defects in T3SS to reduce toxicity to host
and establish chronic infection (Lee et al.,
2005), T3SS is associated with morbidity
and mortality in patients with pneumonia
and lower respiratory tract infections (RoyBurman et al., 2001).

Pseudomonas isolates from chronic CF
patients frequently have an altered LPS
profile and lack O antigen to facilitate
immune evasion (Hancock et al., 1983;
Varga et al., 2015).

CF

ET12 strain persist in lung and Cftr-/enhances inflammation (Sajjan et al.,
2001b).

ET12
strain
hypervirulent
in
populations (Nunvar et al., 2017).

Zebrafish

Mouse

Human

Table 1.1 Comparison of aspects of the innate immune response to bacterial pathogens between humans, mice and zebrafish

44

Mycobacterium
tuberculosis
/marinum

Listeria
monocytogenes

Pathogen

Multinucleated giant cells (of monocytic
origin) are prominent in M. tuberculosisinfected lung tissue, borders of mature
human tuberculous granulomatous tissues
are comprised of macrophages and T
lymphocytes (Tsai et al., 2006).

Protection
against
tuberculosis
is
associated with heterozygosity of LTA4H
polymorphisms, and lowers mortality in
patients with severe disease (Tobin et al.,
2010; Hauser et al., 2002).

Anti-TNF
treatment
is
associated
development of active tuberculosis in
patients (Keane et al., 2001).

ActA mutant attenuated and early
immunogenicity in human volunteers
[Angelokopoulos et al., 2002], LLO
mutants
showed
reduced
invasion
capability (Yin et al., 2019).
Inflammasome in human monocytes do
not respond to flagellin (Reyes Ruiz et al.,
2017), but is activated by LLO
(Meixenberger et al., 2010).
Listeria infection induces LLO-dependent
redistibution of Gp96, which regulates
plasma membrane blebbing to preserve
membrane integrity against LLO-mediated
damage (Mesquita et al., 2017).

Human

Gp96 depletion reduced protection
against
LLO-dependent
killing
and
increased zebrafish mortality (Mesquita et
al., 2017).
Loss of TNF signalling increases
mortality, bacterial growth, granuloma
formation and macrophage necrosis; TNF
is required for maintaining granuloma
integrity (Clay et al., 2008).

Listeria infection induces LLO-dependent
redistibution of Gp96, which regulates
plasma membrane blebbing to preserve
membrane integrity against LLO-mediated
damage (Mesquita et al., 2017).
Loss of TNF signalling increases
mortality,
reduce
reactive
nitrogen
production in macrophages and increases
necrosis (Flynn et al., 1995).

Macrophages are essential in granuloma
initiation, depletion of macrophages
results
in
uncontrolled
bacterial
replication, reduction of macrophage
recruitment limits bacterial dissemination
and granuloma expansion (Davis et al.,
2002).

lta4h depletion results in reduced TNF
induction, increased bacterial burden and
accelerated granuloma formation (Tobin
et al., 2010).

Lm-pyro activates inflammasome in
macrophages in vivo and is attenuated
compared to wildtype (Vincent et al.,
2016).

Lm-pyro activates inflammasome in
macrophages and is attenuated compared
to wildtype (Sauer et al., 2011).

Inhibition of LTA4H redirect leukotriene for
lipoxin production thereby increasing
lipoxin (Rao et al., 2007), mice lacking
lipoxin are resistant to M. tuberculosis
(Bafica et al., 2005; Clatworthy et al.,
2009).
Neutrophils
and
macrophages
predominate in granulomatous tissue
during early acute infection (Tsai et al.,
2006), reduction of macrophages protects
against pulmonary tuberculosis (Leemans
et al., 2001), VEGF inhibition reduces
macrophages recruitment and granulomaassociated pathologies (Harding et al.,
2019).

LLO and ActA mutants are attenuated in
vivo (Levraud et al., 2009).

Zebrafish

LLO mutants are avirulent, ActA mutants
are attenuated but induced long-lasting
protective effects (Barry et al., 1992).

Mouse
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Irg1
silencing
in
macrophages
decrease itaconic acid levels and
microbicidal activity, itaconic acid
inhibit Salmonella growth (Michelucci
et al., 2013; Goossens & Milon, 1992).

Human primary macrophages express
IRG1 and itaconic acid in response to
LPS, but lower levels compared to
mouse (Michelucci et al., 2013).
Itaconic
acid
expression
upon
Salmonella infection requires IFN-g
stimulation in THP-1 cells (Hersch &
Navarre, 2019).

Respiratory burst in neutrophils is
enhanced by flagella motility and
T3SS-1 of Salmonella (Westerman et
al., 2018).

Salmonella survive within luminal
neutrophils in the gut (Loetscher et al.,
2012).
Neutrophils
promote
Salmonella clearance by eliciting an
inflammasome pathway that does not
cause neutrophil pyroptosis (Chen et
al., 2014).
Neutrophils and monocytes utilise
bactericidal oxidative burst to kill
Salmonella, but sublethal oxidative
burst leads to bacterial dissemination
(Burton et al., 2014).

Blocking
VEGF
receptor
reduces
mycobacterial growth and impaired
dissemination from lung (Polena et al.,
2016).

Human macrophages upregulate genes
involved angiogenesis including VEGF,
which aids M. tuberculosis dissemination
in SCID mice; VEGF is present in serum
of TB patients and induce mobilisation of
EPCs from bone marrow to be
incorporated into new blood vessels
(Polena et al., 2016).

Salmonella pathogenicity island 2
subverts inflammasome activation and
pyroptosis in human macrophages
(Bierschenk et al., 2019); neutrophils
express
inflammasome
scaffold
proteins (Chen et al., 2014).

Mouse

Human

Macrophages produce mROS in
response to infection in an Irg1dependent
manner,
which
is
enhanced by fatty acid uptake (Hall et
al., 2013).

Neutrophils clear Salmonella in GBP4dependent manner via inflammasome
activation (Tyrkalska et al., 2016).

Irg1
induction
in
macrophages
augments ROS production and
bactericidal activity, Irg1 depletion
increases Salmonella burden in
macrophages (Hall et al., 2013).

Macrophages
mediate
new
vessel
formaiton, VEGF inhibition suppresses
granuloma-associated
angiogenesis,
mycobacterial burden and dissemination
(Oehlers et al., 2015).

Zebrafish

N.B. This table was compiled using (Torraca & Mostowy, 2018) as a guide
Abbreviations: Bcc, Burkholderia cenocepacia complex; CF, cystic fibrosis; cftr, cystic fibrosis transmembrane conductance
regulator; T3SS, type III secretion system; LPS, lipopolysaccharide; ActA, Actin assembly-inducing protein; LLO, listeriolysin O;
Lm-pyro, Listeria strain ectopically expressing flagellin; TNF, tumour necrosis factor; LTA4H, leukotriene A4 hydrolase; VEGF,
Vascular endothelial growth factor; SCID, severe combined immune deficient; TB, tuberculosis; IRG, immune-response gene; IFN,
interferon; ROS, reactive oxygen species; GBP, guanylate binding protein; mROS, mitochondrial ROS.

Salmonella
Typhimurium

Mycobacterium
tuberculosis
/marinum
(continued)

Pathogen

1.3.1.3 The zebrafish hindbrain ventricle
A commonly used infection route for zebrafish larvae is the hindbrain ventricle
(Torraca & Mostowy, 2018). The brain ventricles lie between the two brain
hemispheres and can be divided into the forebrain, midbrain and hindbrain
ventricles (Lowery & Sive, 2005). These ventricles make up an essential
circulatory system in the brain through which the cerebral spinal fluid flows
(Lowery & Sive, 2005). Cerebral spinal fluid contains ions, proteoglycans and
hormones and is essential for the formation of the ventricle space and normal
brain function (Novak et al., 2000; Lowery & Sive, 2005; Olstad et al., 2019).
Ependymal cells line the ventricle space and are early producers of cerebral
spinal fluid during brain ventricle development and continue to produce fluid at
later stages (Fame et al., 2016). Importantly, ependymal cells harbour long
motile cilia, which extend into the ventricle space and beat to aid flow of
cerebral spinal fluid through the brain ventricles (Olstad et al., 2019).
The structure of the brain tissue can be divided into 3 zones. Progenitor
cells reside within the ventricular zone i.e. the brain tissue immediately
adjacent to the ventricular surface, which lie above the marginal and mantle
zones (Lyons et al., 2003). A subset of these progenitor cells are composed of
radial glial cells, which lie with their cell bodies in the ventricular zone and
their radial processes extending from the ventricular surface to the pial
surface (Lyons et al., 2003). These radial glial cells and processes also
function as a scaffold for the migration of differentiated neurons away from the
ventricular zone to the marginal and mantle zones (Johnson et al., 2016).
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The hindbrain model has been useful for characterising leukocyte
recruitment in response to infection. However, as in the mammalian system,
zebrafish larvae also possess microglia (tissue resident macrophages of the
central nervous system). Microglia are derived from the same primitive
macrophages that form the macrophage population and are capable of
responding to infection / tissue damage and efficiently phagocytose
pathogens / cell debris (Oosterhof et al., 2015). It is therefore important to
note that in the absence of a double transgenic line to exclude the microglial
population (i.e. mpeg1 as a pan macrophage marker together with a
microglia-specific marker Apolipoprotein Apo-E (Peri & Nusslein-Volhard,
2008)), recruitment assays that utilise a pan macrophage marker alone will
not distinguish between macrophages and microglial responses to infection in
the hindbrain.

Taken together the ease at which the hindbrain can be visualised, as
well as the accessibility of the hindbrain ventricle as an infection site has
proved advantageous for the study of host-pathogen interaction.
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1.4

Project aims

In this thesis, I establish the zebrafish larva as a novel infection model for
Toxoplasma and show macrophages are crucial in parasite control in vivo. I
further generate CRISPR knockout zebrafish for GBP2, which will enable
studies of cell-intrinsic pathogen control in the future. The specific aims of my
thesis are as follows:

1. Develop and optimise a novel Toxoplasma-zebrafish infection model
(Chapter 1).
2. Use my novel infection model to investigate the role of leukocytes in
Toxoplasma infection control in vivo (Chapter 2).
3. Use my novel infection model, and generate GBP2-deficient zebrafish,
to investigate the role of cell-intrinsic immunity in Toxoplasma control in
vivo (Chapter 3).
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2. Material and methods
2.1

Zebrafish maintenance

2.1.1 Ethics statement
Animal experiments were in accordance with the Animals (Scientific
Procedures) Act 1986. Experiments conducted at Imperial College London
and London School of Hygiene and Tropical Medicine were fully approved by
the Home Office under Project Licenses: PPL 70/7446 and PPL P4E664E3C.
2.1.2 Zebrafish husbandry
Wildtype (WT) A/B zebrafish were obtained from the Zebrafish International
Resource Centre (Eugene, OR, USA). Details of the transgenic zebrafish lines
are provided in Table 2.1. Embryos were collected by natural spawning, and
bleached with 0.003 % sodium hypochlorite for 5 min and reared in 10 cm
Petri dishes containing 0.5x Embryo medium, E2 (15 mm NaCl, 1 mM MgSO4,
500 μM KCl, 150 μM KH2PO4, 50 μM NA2HPO4, 0.3 μg/ml methylene blue).
Bleaching was carried out to eliminate any pathogens present in the adult
zebrafish aquaculture that may have been passed on to the surface of the
fertilised eggs. Methylene blue is an antifungal agent added to the Embryo
medium during development to reduce fungal outbreaks that can affect
zebrafish development. Embryos were maintained at 28.5°C up to 3 days
post-fertilisation (dpf). The chorion can act as a barrier during treatment with
pharmacological agents (Henn & Braunbeck, 2011). Therefore in cases where
administration of drugs prior to 3 dpf was required embryos were manually
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dechorionated. All image-based experiments were carried out on the TraNac
background, which carry mutations on two genes tra and nacre and so do not
develop any pigmentation (Lister et al., 1999; White et al., 2008; Krauss et al.,
2013; D'Agati et al., 2017). This subsequently reduced misrepresentation of
fluorescence-based quantification of the input dose at 0 hpi and the parasite
burden at later time points through obstruction by the development of
pigmentation. The macrophage and neutrophil transgenic lines were crossed
onto the TraNac background. WT A/B line was used for the generation of the
CRISPR/Cas9 gbp2-/- line.

Table 2.1 Details of transgenic zebrafish lines

Transgenic line

Specificity

Ref.

TraNac

Pigmentation

White et al., 2008

Tg(mpeg1:Gal4-FF)gl25/Tg(UASE1b:nfsb.mCherry)c264

Macrophages

Ellett et al., 2011

Tg(lyz:dsRed)nz50

Neutrophils

Hall et al., 2007

2.2

Parasite work

2.2.1 Parasite culture and maintenance
Details of parasite strains are provided in Table 2.2.
Toxoplasma tachyzoites were maintained in vitro by serial passage on human
foreskin fibroblast (HFF) cultures (ATCC). Cultures were maintained at 37°C,
5 % CO2 and grown in Dulbecco’s Modified Eagle’s Medium – high glucose
(Sigma, Life Technologies) supplemented with 10% FBS (Life Technologies).
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Tachyzoite numbers were expanded in preparation for experiments in T175
cm2 or up to four T12.5 cm2 HFF flasks and grown to confluency.

Table 2.2 Details of parasite strains

Strain

Clonal lineage

Used for:

RH colourless

type I

Apoptosis assay (flow cytometry)

RH GFPLuc

type I

Burden/leukocyte dynamics/qPCR

RH Tomato

type I

Cell death (AO staining)

Pruniaud GFPLuc

type II

Burden/leukocyte dynamics/qPCR

Pruniaud Tomato

type II

Cell death (AO staining)

CEP GFP

type III

Burden/leukocyte dynamics/qPCR

2.2.2 Parasite preparation
Parasite tachyzoites were lysed out of the HFFs by passing through a 25G
needle followed by a 27G needle. Excess HFF material was removed by
centrifugation at 50 x g for 10 min. The supernatant was centrifuged to pellet
down the parasites at 170 rpm for 7 min. To remove traces of culture media,
the parasite pellet was washed in 10 mls sterile PBS and counted. Live
parasites were counted using Trypan Blue. After centrifugation at 1700 rpm
for 7 min, live parasites were resuspended at 2x106 tachyzoites/μl and
maintained at room temperature. For control infections uninfected HFF
cultures were syringe-lysed, washed and prepared as described above.
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2.2.3 Infection of zebrafish larvae
Parasite suspension was delivered into the hindbrain ventricle (HBV) using
borosilicate glass capillaries (Harvard Bioscience, Holliston, MA, USA) pulled
with a P-87 Micropipette Puller (Sutter Instrument Co., Novato, CA, USA). At 3
dpf, larvae were anaesthetised and manipulated using a hair-loop paintbrush
on a 2 % agarose (Bioline Reagents, London, UK) mould ready for injection.
Any excess anaesthetic solution was removed. Prior to microinjection the
parasite suspension was passed through 29G myjector insulin needle
(Terumo) 20-30 times to disperse any clumps and create a single-cell
suspension. Up to 2 nl of parasite suspension or control solution was injected
into the HBV using an IM-300 Microinjector (Narishige, London, UK) and an
M-152 micromanipulator (Narishige). Zebrafish larva injection was carried out
as previously described (Mazon Moya et al., 2014). Infected larvae were
transferred into 0.5 % E2 media supplemented with methylene blue prewarmed to 33°C. Larvae were individually housed or grouped as deemed
appropriate for the experiments. Input and burden quantification is described
in Section 2.2.4. Please note, type II and III tachyzoites prepared at this
density for infection were found to rapidly form clumps (within seconds) during
the loading of the needle making back-loading of the glass capillary needle
impossible. In comparison, type I tachyzoites remained dispersed throughout
the injection process. For further optimisation, consider using ~2 %
polyvinylpyrrolidone (PVP) to reduce clumping.
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2.2.4 Quantification of parasite input and burden
Parasite input was assessed by fluorescent stereomicroscopy. Z-stack
images of the infected hindbrain were taken within 5-10 minutes post-infection
using the Leica M205FA fluorescent stereomicroscope (Leica Microsystems,
Nussloch Gmb, Nussloch, Germany) on a 130x magnification using a 1x
objective. Two methodologies of image analysis were utilised (Figure 2.1). For
Method 1, the z-stack and area was minimised to those containing tachyzoites
in focus. The maximum projection of the infection areas was then converted
into a binary image before analysing using the particle analysis function in the
Fiji (Just ImageJ) software. For Method 2, z-stacks were converted into
Rainbow RGB format. A single z-plane with the greatest signal was selected
and converted into a binary image and analysed as before using the particle
analysis function in the Fiji (Just ImageJ) software. The average area of a
single tachyzoite punctae (calculated from >3 measurements of single
tachyzoite punctae in the experiments groups) was measured and used to
divide the total area to obtain the parasite input.
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Figure 2.1 Methodologies for parasite input image analysis
Schematic of the two methodologies utilised for the quantification of parasite input at
the 0 hour time point. Method 1 (top) utilises a maximum intensity projection of the zstack to create a binary image from which the total fluorescence area is measured
and plotted as pixel area (pixel2). Method 2 (bottom) utilises a single z-slice as a
rainbow RBG image prior to conversion into a binary image. The average area of
fluorescence for a single tachyzoite was used to divide the total fluorescence area
and the value plotted as the parasite input.

We showed that the parasite input measured across the three clonal lineages
were equal using both methodologies (Figure 2.2A and B). Although the 2
methodologies ultimately show dosage input is equal across the three strains,
Method 2 was predominantly used in data analysis that compared across the
three strains. This allowed for more accurate representation of the actual
number of parasites injected, allowing for more reliable comparison of dose
input of different parasite strains. Method 1 gives a more broad fluorescent
area of parasites and so was deemed appropriate to use only when
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comparing larvae treated / untreated (e.g. macrophage ablated versus controltreated) infected with the same clonal strain.

Figure 2.2 Parasite input quantification using the two methodologies
Parasite input dose quantified from images taken by fluorescent stereomicroscopy at
0 hpi of type I- (open circle), type II- (semi-closed circle) or type III- (closed circle)
infected zebrafish larvae presented as infection area (pixel2) (A) or parasite input (B).
Method 1 or method 2 was utilised for parasite input quantification shown in (A) and
(B) respectively. Each circle represents a single larva. Pooled data from 3
independent experiments with at least 10 larvae per time point. Significance
calculated using one-way ANOVA, ns, p≤>0.05. Mean ± SEM shown.

For parasite burden at 6, 24 and 48 hpi, z-stack images of the infected HBV
were taken using the Leica M205FA fluorescent stereomicroscope (Leica
Microsystems) on a 130 x magnification using a 1 x objective. GFP-positive
punctae were manually quantified using the multi-point tool in the Fiji (Just
ImageJ) software.
For computer-vision driven automated quantification of fluorescent
particles in a three-dimensional (3D) space, we used the ImageJ plugin
developed by Artur Yakimovich, ZedMate (Yakimovich et al., 2019). Default
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parameters were: radius 4 and threshold 0.5, which correlates with the size
and fluorescent intensity respectively of the fluorescent particle being
detected.

A comparison of manual and ZedMate counts from a single

experiment was used to optimise the parameters (detailed in Section 3.1.4.2).
Final parameters for automated parasite burden quantification were: radius 2
and threshold 2.0 for 6 hpi, radius 4 and threshold 0.5 for 24 hpi.
2.2.5 Zebrafish survival assays
Single larvae were maintained in 12- or 24-well plates and monitored by light
stereomicroscopy at 6, 24 and 48 hpi. Larvae were also lightly stimulated with
a brush or hair loop to monitor their reflexes.
2.3

Zebrafish methodology

2.3.1 Construction of CRISPR/Cas9 Δgbp2 line
Single-guide RNAs (sgRNAs) targeting the regions containing the G1-G4
motifs

essential

for

the

GTPase

activity

of

the

GBP2

protein

(ENSDART00000143562.2) were designed using the chopchop web tool
found here: https://chopchop.cbu.uib.no/ (Montague et al., 2014; Labun et al.,
2016; Labun et al., 2019). The protocol up to injection of the embryos with the
sgRNA can be divided into 4 steps. 1st is the initial amplification of the 81-mer
DNA template (GBP2gRNA1) using a primer with a 40 complementary
nucleotide region (sgRNAunivRv) followed by a 2nd further amplification step
of the DNA template using the short amplification primers sgRNAamplFw and
sgRNAamplRv. Details of the polymerase chain reaction (PCR) protocols
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used are described in Section 2.3.1.1. The resulting DNA template was
purified as described in Section 2.3.1.1 and confirmed by agarose gel
electrophoresis as described in Section 2.3.1.3. Target sgRNA was
synthesised and purified as described in Section 2.3.1.2. The quality of the
purified RNA was confirmed by agarose gel electrophoresis as described in
Section 2.3.1.3. The resulting F0 and F1 generations were genotyped as
described in Section 2.3.1.4. All the oligomer sequences used for the
construction of the gbp2-/- zebrafish line are reported in Table 2.3.

Table 2.3 Primers and oligos used for the construction of the Δgbp2 zebrafish
line

Oligo name
sgRNAamplFw
sgRNAamplRv

Sequence (5’-3’)
GATCCGCACCGACTCGGT
GCGTAATACGACTCACTATAG

sgRNAunivRv

GATCCGCACCGACTCGGTGCCA
CTTTTTCAAGTTGATAACGGACT
AGCCTTATTTTAACTTGCTATTT
CTAGCTCTAAAAC
GCGTAATACGACTCACTATAGG
GGATGAGAGGCATGACACAGT
TTTAGAGCTAGAAATAGCAAGTT
AAAATAAGGCTAGTC
AGCTTTTCCAGTGCCATGTTAT
CATGTGCTTGTGCTTTCACTTT

GBP2sgRNA1

GBP2crispr1_gFw
GBP2crispr1_gRv

Length
18 bp
21 bp

Step
2
2

81 bp

1

81 bp

1

22 bp
22 bp

Genot.
Genot.

2.3.1.1 Polymerase chain reaction (PCR)
For the 1st step, 50 μl reactions using the OneTaq DNA polymerase (BioLabs,
New England) were run on ARKTIK thermal cycler (ThermoFisher Scientific)
on the following PCR program: initial denaturation at 94°C for 30 sec; 5 cycles
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of denaturation at 94°C for 30 sec, annealing at 57°C for 1 min and elongation
at 68°C for 30 sec; followed by a final elongation step at 68°C for 5 min. For
the 2nd step, the reaction mix from step 1 was supplemented with a 5 μl
cocktail of the short amplification primers mixed at 1:1 ratio. The reaction was
run on the following PCR program: initial denaturation at 94°C for 30 sec; 5
cycles of denaturation at 94°C for 30 sec, annealing at 57°C for 1 min and
elongation at 68°C for 30 sec; followed by a final elongation step at 68°C for 5
min. The reaction mix between step 1 and 2 was maintained at room
temperature. The details of the primers added into the reactions are further
indicated in Table 2.3. The PCR product was purified using PureLinkTM Quick
Gel Extraction & PCR Purification Combo Kit (Invitrogen, ThermoFisher
Scientific) according to the manufacturer’s instructions, and the concentration
and quality confirmed by nanodrop (Nanodrop Spectrophotometer ND-100).

2.3.1.2 sgRNA synthesis and purification
The sgRNA was generated using the MEGAshortscriptTM T7 Transcription kit
(ThermoFisher Scientific). A total of 250-300 ng of DNA template was utilised
for sgRNA synthesis. The RNeasy MiniKit (Qiagen) clean up was used to
purify the products as per the manufacturer’s instructions. RNA quality prior to
injection was confirmed by nanodrop (Nanodrop Scpectrophotometer ND100). Cas9 mRNA was kindly provided by Vincenzo Torraca and prepared
as previously described (Sommer et al., 2019). Briefly, mRNA for the
zebrafish optimised NLS-Cas9-NLS was transcribed using mMACHINE SP6
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Transcription Kit (AM1340, ThermoFisher Scientific) from the Cas9 plasmid
(39312, Addgene). Purification of the RNA product and quality testing was
carried out as described above.
2.3.1.3 Gel electrophoresis
PCR and RNA products were separated in 2 % agarose Tris-acetate EDTA
buffer (TAE) gels by electrophoresis. PCR product size was confirmed by
using a 1kb Hyper Ladder (Bioline BIO-33053). DNA and RNA was visualised
using the SYBR Safe DNA Gel Stain (Thermo Fisher Scientific S33102) at
1:20 000 dilution. Gels were visualised using a Geneflash UV transilluminator
(Syngene, Bangalore, IND).
2.3.1.4 sgRNA/mRNA injection of zebrafish embryos
Cas9 mRNA was kindly provided by Vincenzo Torraca. Target sgRNA and
Cas9 mRNA was maintained on ice at all times and mixed with RNase-free
phenol red at a 1:1:1 ratio. ~2 nl of the solution (250 pg sgRNA and 300 pg of
Cas9 mRNA) was microinjected into WT A/B embryos at the 1-2 cell stage
using
2.3.1.5 Genotyping
The F0 founders were outcrossed to the TraNac line. The offspring were
pooled (10 larvae at 4 dpf) or fin clipped (adults) and DNA extracted using the
Hot Sodium Hyproxide and Tris (HotSHOT) protocol adapted from (Truett et
al., 2000). Briefly, 50 μl of lysis reagent (25 mM NaOH, 0.2 mM disodium
EDTA, pH 12) containing the larvae / fin clip were heated to 95°C for 30 min.
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Samples were immediately cooled to 4°C and dissociated by vortexing. 50 μl
of neutralising reagent (40mM Tris-HCL, pH 5) was added and mixed prior to
storage at -20°C. For genotyping 40 μl reactions using the OneTaq DNA
polymerase (BioLabs, New England) were run on ARKTIK thermal cycler
(ThermoFisher Scientific) on the following PCR program: initial denaturation at
95°C for 5 min; 40 cycles of denaturation at 95°C for 30 sec, annealing at
57°C for 1 min and elongation at 68°C for 1 min; followed by a final elongation
step at 68°C for 5 min. The details of the primers used for genotyping are
further indicated in Table 2.3. The PCR product was purified using PureLinkTM
Quick Gel Extraction & PCR Purification Combo Kit (Invitrogen, ThermoFisher
Scientific) according to the manufacturer’s instructions. The purified products
were

then

sent

for

sequencing

at

Eurofins

Genomics

(www.eurofinsgenomics.eu). The chosen mutation consisted of a 2-nucleotide
deletion and a 7-nucleotide deletion downstream of the G3 motif resulting in a
frame shift that introduced two consecutive stop-codons or one stop codon
respectively. Sequences were aligned using Clustal alignment in JalView
(Waterhouse et al., 2009).
2.3.2 Pharmacological manipulation of zebrafish larvae
2.3.2.1 NAC – ROS scavengers
N-acetyl

cysteine (NAC)

was

resuspended in

DMSO

at 200

mM

concentration. Larvae were placed in 200 μM NAC in 0.5 % E2 with
methylene blue supplemented with 0.1 % DMSO from 6 hpf. Control-treated
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larvae were maintained in embryo media supplemented with 0.1 % DMSO.
Both NAC and control solutions were exchanged daily.
2.3.2.2 Q-VD-OPh – pan caspase inhibition
Q-VD-OPh irreversible pan-caspase inhibitor was resuspended at 10 mM
stock concentration in DMSO. Larvae were placed in 50 μM Q-VD-OPh in 0.5
% E2 media supplemented with methylene blue and 0.5 % DMSO
immediately after infection. Control-treated larvae were placed in 0.5 % E2
supplemented with methylene blue and 0.5 % DMSO.
2.3.2.3 BAPTA-AM – calcium chelator
BAPTA-AM was resuspended in DMSO at 100 mM concentration. 15
dechorionated,

TraNac-Tg(mpeg1:Gal4-FF)gl25/Tg(UAS-

pre-screened

E1b:nfsB.mCherry)c264 larvae were placed 24 hours prior to infection in 2 mls
100 μ M BAPTA-AM in 0.5 % E2 media without methylene blue. Upon
completion of injection and 0 hour imaging, 5 larvae were placed
simultaneously in 1 ml of fresh 100 μM BAPTA-AM or 1 % DMSO control in
0.5% E2 media without methylene blue.
2.3.2.4 Metronidazole-mediated macrophage ablation
Metronidazole

(Sigma-Aldrich)

concentration.

This

was

transgenic

resuspended

line

in

DMSO

at

1M

(Tg(mpeg1:Gal4-FF)gl25/Tg(UAS-

E1b:nfsB.mCherry)c264) utilises the nitroreductase-mediated ablation system
to ablate the macrophage population (Curado et al., 2008). Here,
nitroreductase (nfsB) is fused to the mCherry fluorophore under the
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macrophage-specific mpeg1 promoter. Nitroreductase then breaks down
metronidazole into a cytotoxic metabolite, which leads to the death of the
nitroreductase-expressing cell (in this case, the macrophages). Dechorionated
TraNac-Tg(mpeg1:Gal4-FF)gl25/Tg(UAS-E1b:nfsB.mCherry)c264 larvae were
placed in metronidazole at a working concentration of 10 mM 1 % DMSO in
embryo media 2 dpf. Larvae were placed in fresh 10 mM metronidazole 1 %
DMSO prewarmed to 33°C immediately after injection. Control-treated larvae
were maintained in embryo media supplemented with 1 % DMSO.
2.3.3 Real-time quantitative polymerase chain reaction (RT-qPCR)
For each biological replicate 15 larvae were snap-frozen in liquid nitrogen and
immediately placed at -80°C until further processing. RNA was extracted by
using the RNAqueous-Mini Kit (Qiagen). First strand cDNA synthesis was
carried out using QuantiTect® Reverse Transcription Kit (Qiagen 205311)
Quantitative PCR reactions as per manufacturer’s instruction. Quantitative
PCR reactions were performed in technical duplicate in a MicroAmp® Fast
Optical 394-well Reaction Plate with Barcode (Applied Biosystems) on the
QuantStudio 7 machine and using SYBR Green Reaction Master Mix (Applied
Biosystems 4309155). The program used for amplification was: 95°C for 10
min; 45 cycles of 95°C for 15 sec, 95°C for 40 sec; followed by melting curve
analysis. Expression levels were normalised using the housekeeping gene
ef1a1l1 and the mock-injected controls using the 2-ΔΔCT method (Livak &
Schmittgen, 2001). All primer sequences used are reported in Table 2.4.
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Table 2.4 Details of real-time qPCR primers

Target
eef1a1a_fw
eef1a1a_rv
Ifn-γ1_fw
Ifn-γ1_rv
Ifn-γ2_fw
Ifn-γ2_rv

Sequence (5’-3’)
AAGCTTGAAGACAACCCCAAGAGC
ACTCCTTTAATCACTCCCACCGCA
GCTGAATTCTAAGCCAACCTGC

Ref
(Herbst et al.,
2015)

This study

CCTGGAGCTCCCTCCATAAT
CTCGCATGCAGAATGACAGC
TCGTTTTCCTTGATCGCCCA

(Cheng et al.,
2019)

Il-1β_fw

GAACAGAATGAAGCACATCAAACC

(Stockhammer et

Il-1β_rv

ACGGCACTGAATCCACCAC

al., 2009)

Il-12a_fw

TCTAACTTCAGCGCAGTGGA

(Watkins et al.,

Il-12a_rv

ATGCGGTGGTGTAGTGAGTG

2012)

Il-12ba_fw

TCCCGAAGGAAAGAGTATCAC

(Ito et al., 2008)

Il-12ba_rv

ACAGAATTCATCCYYCGCTCT

tnf-α_fw

AGACCTTAGACTGGAGAGATGAC

(Stockhammer et

tnf-α_rv

CAAAGACACCTGGCTGTAGAC

al., 2009)

cxcl18b_fw

TCTTCTGCTGCTGCTTGCGGT
(Xie et al., 2019)

cxcl18b_rv

GGTGTCCCTGCGAGCACGAT

cxcl8a_fw

TGTGTTATTGTTTTCCTGGCATTTC

(ZuñigaTraslaviña et al.,

cxcl8a_rv

GCGACAGCGTGGATCTACAG
2017)

ccl2_fw

GTCTGGTGCTCTTCGCTTTC

(Cambier et al.,

ccl2_rv

TGCAGAGAAGATGCGTCGTA

2014)

ccr2_fw

TGGCAACGCAAAGGCTTTCAGTGA

(Nguyen-Chi et
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ccr2_rv

TCAGCTAGGGCTAGGTTGAAGAG

al., 2015)

2.3.4 Acridine orange (AO) staining
Larvae were bathed 6 and 24 hpi in 2 μg/ml acridine orange (AO) in embryo
media for 30 min at 33°C. Larvae were washed 3x in embryo media prior to
anaesthetizing. Larvae were then embedded in 1 % low melt agarose made
with embryo media without methylene blue in 35mm glass-bottomed dishes
(MatTek) for imaging at 20x objective at the confocal microscope (Zeiss Invert
LSM 710).
2.3.5 MitoTracker staining
MitoTracker® DeepRed (Life Technologies) was resuspended at 1 mM
concentration in DMSO. Larvae were prepared for injection 4-6 hpi as
described in Section 2.2.4 and injected with 1 nl of 250 μM MitoTracker
supplemented with 25 % DMSO. Larvae were incubated for 30 min at 33°C
prior to embedding in 1 % low-melt agarose and prepared for live microscopy
as described in Section 2.4.1.2. Confocal imaging was carried out after a total
incubation time of 40 min.
2.3.6 Detection of apoptosis by flow cytometry
Heads of euthanised TraNac larvae infected with a high dose of type I RH
colourless were collected 6 hpi in 24-well plates on ice and cells were
dissociated using an adapted version of the method for dissociating zebrafish
cells for culture (Westerfield, 2000). Briefly, 20 heads were collected per
sample and rinsed with calcium-free Ringer solution. As much of the solution
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as possible was removed prior to adding dissociation solution pre-warmed to
28°C. Samples were incubated at 28°C for 10 min and cells were
mechanically dissociated by pipetting up and down. CaCl2 and FBS were
added to a final concentration of 1mM and 10 % respectively to quench the
reaction. Cell suspension was passed through a 70 μm cell strainer and
washed with PBS supplemented with 10 % FBS before centrifugation for 3
min at 800 x g. Cells were washed once in PBS supplemented with 10 % FBS
and counted before centrifugation for 3 min at 800 x g. Cells were
resuspended in Live/Dead near-IR fluorescence reactive dye (1:2000 dilution;
Invitrogen, ThermoFisher Scientific) in PBS and incubated on ice for 10 min.
After centrifugation for 3 min at 800 x g, apoptotic cells were stained using the
Annexin V-FITC Apoptosis Staining / Detection Kit (AbCam) as per the
manufacturer’s instructions. Briefly, cells were resuspend in 500 μl Binding
Buffer supplemented with 5 μl Annexin V-FITC and incubated at room
temperature for 5 min in the dark. Cells were centrifuged for 3 min at 800 x g
and washed in Binding Buffer. After centrifugation, cells were fixed in 3 %
paraformaldehyde (PFA) made up in Binding Buffer for 10 min. After
centrifugation, cells were resuspended in 200 μl of Binding Buffer ready for
flow cytometry. Immediately prior to running the samples through the flow
cytometry analyser, samples were strained into a polystyrene round-bottomed
tube with cell-strainer cap (Falcon, Corning, 352235). Samples were run
through Flow Cytometry Analyser LSRII and results acquired using the FACS
Diva software and analysed using the FlowJo software.

65

2.3.7 Wholemount immunostaining
Up to 6 larvae were fixed in PBS supplemented with 4 % paraformaldehyde
(PFA) and 0.4 % Triton X-100 (Sigma-Aldrich) for 2 hrs at room temperature
or overnight at 4°C. Samples were washed 3x for 5 min in PBS supplemented
with 0.4 % Triton X-100 followed by a 20 min wash in PBS supplemented with
1 % Triton X-100. Larvae were blocked overnight in blocking buffer (PBS
supplemented with 10 % foetal bovine serum (FBS), 1 % DMSO and 0.1 %
Tween) overnight at 4°C. Blocking buffer supplemented with primary antibody
at 1:1000 dilution and applied to samples at a density of 3-5 larvae/200 μl of
antibody solution and incubated overnight at 4°C. Samples were washed 4x
at room temperature in PBS supplemented with 0.1 % Tween for 15 min.
Samples were incubated overnight in blocking buffer supplemented with
secondary antibody at 1:500 dilution at a density of 3-5 larvae/200 μl at 4°C.
Samples were washed 4x at room temperature in PBS supplemented with 0.1
% Tween for 15 min. Where necessary samples were stained with Hoechst
33342 (1:500 dilution) for 10 min in PBS at room temperature and
subsequently washed 3x with PBS supplemented with 0.1 % Tween. Larvae
samples were finally cleared prior to confocal imaging by sequentially
incubating in increasing glycerol solutions: 15 % glycerol for 1 hr at room
temperature, 30 % glycerol overnight at 4°C, 60 % glycerol overnight at 4°C,
80 % overnight at 4°C.
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2.3.8 Antibodies
The primary and secondary antibodies used were monoclonal mouse α-Gra2
Toxoplasma gondii Clone TG 17.179 (#BIO.018.5 Biotem, France) - kind gift
of Moritz Treeck, The Francis Crick Institute, UK) and goat α-mouse AF647
(Molecular Probes Alexa Fluor®) respectively.
2.4

Microscopy

2.4.1 In vivo microscopy
For all live in vivo microscopy, larvae were anaesthetised in 0.5x E2 solution
supplemented with ethyl 3-aminobenzoate methanesulfonate (Tricaine/MS222, Sigma Aldrich) at a final concentration of 20 μg/ml.
2.4.1.1 Stereomicroscopy timepoints
Anaesthetised larvae were manipulated on 2 % agarose moulds using hair
loops to allow clear imaging of the hindbrain ventricle. 15 z-stack images
taken at 8.55 μm intervals through the HBV were taken using the Leica
M205FA fluorescent stereomicroscope (Leica Microsystems) on a 130x
magnification using a 1x objective. For imaging of the whole larva,
anaesthetised larvae were manipulated so they were laying flat on their side.
3 z-stack images taken at 39 μm intervals through the larval body were taken
using the Leica M205FA fluorescent stereomicroscope (Leica Microsystems)
on a 3x magnification using a 1x objective.
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2.4.1.2 Time-lapse stereomicroscopy microscopy
To minimise autofluorescence during live imaging, 0.5 x E2 solution was not
supplemented with methylene blue solution. Anaesthetised larvae were
immobilised in 1.5 % low melting point agarose supplemented with Tricaine to
a final concentration of 20 μg/ml in a 150 mm x 25 mm Petri dish preprepared with a layer of 2 % agarose. Three larvae were embedded per
experiment and manipulated with tweezers to allow clear visualization of the
infected HBV. Once solidified, the petri dish was placed on the heat pad prewarmed to 33°C and 100 mls of E2 supplemented with Tricaine pre-warmed
to 33°C was layered on top. 40 z slices were taken at 15 min intervals using
the Leica M205FA fluorescent stereomicroscope (Leica Microsystems) at
110x magnification using a 1x objective. Imaging was started 15-20 minutes
post-infection and ended 24 hpi.
2.4.1.3 Live / fixed confocal and widefield microscopy
To minimise autofluorescence during live imaging 0.5 x E2 solution was not
supplemented with methylene blue solution. Anaesthetised larvae were
immobilised in 1.5 % low melting point agarose supplemented with Tricaine to
a final concentration of 20 μg/ml in 35 mm glass-bottomed dishes (MatTek
Corp., Ashland, USA). Once solidified, 2 mls of E2 supplemented with
Tricaine was layered on top. For widefield microscopy, larvae were imaged at
10 min intervals using the 40x objective, 60 z slices of 2 μm sections. For live
confocal imaging, microscopy was performed using the Zeiss Invert LSM 710
(Carl Zeiss AG, Oberkochen, Germany) using a 40x or Plan-Apochromat
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63x/1.4 Oil DIC lens and captured with a CCD camera. Z-stacks were
acquired at 8-minute intervals at 0.6 μm intervals. For live confocal
microscopy using LSM 880 (Carl Zeiss, AG), images were taken using a PlanAprochromat 63x/1.4 Oil DIC M27 objective and captured with a CMOS
camera. Z-stacks of 20 slices (at 17.1 μm intervals) were taken 280-second
intervals. Each z-slice has a frame time of ~15 s.
For wholemount immunostained samples, fixed larvae were embedded
as described above. Confocal microscopy images were taken using the LSM
880 Axio Observer (Carl Zeiss, AG) using a Plan-Aprochromat 63x/1.4 Oil
DIC M27 objective and captured with a CMOS camera. This was run by ZEN
2.3 (black) software (version 14.0.14.201, Carl Zeiss). Z-stacks were obtained
at intervals of 0.46 μm at 134.9 μm x 134.9 μm. Regions of interest were
identified and imaged at 20.64 μm x 20.64 μm, using the Airyscan super
resolution (SR) mode on the LSM 880 (Carl Zeiss).
2.4.2 3D correlative light and electron microscopy
For serial blockface scanning electron microscopy (SBF SEM),
euthanized larvae were fixed overnight at 4°C in 4% formaldehyde (TAAB
Laboratories Equipment Ltd, Aldermaston, UK). Hoechst 33342 staining of
larvae

was

carried

out

at

room

temperature

for

10

min

without

permeabilization and larvae were subsequently washed 3x10 min with 0.1 M
phosphate buffer (PB). Larvae were embedded in 3 % low-melt agarose
(ThermoFisher Scientific) in 35 mm glass-bottomed dishes (MatTek Corp.).
Larvae were covered in 0.1 M PB for high-resolution confocal microscopy
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(Zeiss LSM 710). Larvae were maintained in 1 % formaldehyde in 0.1 M PB
until further processing. All further sample processing and optimization steps
described below were carried out by Marie-Charlotte Domart (The Francis
Crick Institute).
The larvae in agarose were then sectioned using a Leica VT1000 S
vibrating blade microtome (Leica Biosystems). 50 μm sections were collected
and stored in 0.1 M PB in a 24-well glass-bottomed plate (MatTek Corp.). The
sections were then imaged again using a Zeiss Invert 710 LSM confocal (Carl
Zeiss AG) and a 20x Ph2 objective. The sections containing Toxoplasma
were then processed following the method of the National Centre for
Microscopy and Imaging Research (Deerink et al., 2010). In brief they were
post-fixed in 2.5% (v/v) gluteraldehyde / 4 % (v/v) formaldehyde in 0.1 M PB
for 30 min at room temperature, stained in 2 % osmium tetroxide/1.5%
potassium ferricyanide for 1 h on ice, incubated in 1 % w/v thiocarbohydrazide
for 20 minutes before a second staining with 2 % osmium tetroxide, and then
incubated overnight in 1 % aqueous uranyl acetate at 4˚C. Sections were
stained with Walton’s lead aspartate for 30 minutes at 60°C and dehydrated
stepwise through an ethanol series on ice, incubated in a 1:1 propylene
oxide/Durcupan resin mixture and embedded in Durcupan ACM® resin
according to the manufacturer's instructions (Sigma Aldrich). Blocks were
trimmed to a small trapezoid, excised from the resin block and attached to a
SBF SEM specimen holder using conductive epoxy resin (Circuitworks
CW2400). Prior to commencement of a SBF SEM imaging run, the sample
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was coated with a 2 nm layer of platinum to further enhance conductivity using
a Q150R S sputter coater (Quorun Technologies Ltd., Guelph, Canada).
SBF SEM data was collected using a 3View2XP (Gatan Inc.,
Pleasanton, CA, USA) attached to a Sigma VP SEM (Zeiss). Inverted
backscattered electron images were acquired through the entire extent of the
region of interest. For each 50 nm slice, a low-resolution overview image
(pixel size of ~50 nm using a 1.5 μs dwell time) and several high-resolution
images of the different regions of interest (indicated magnification ~5000x,
pixel size of 6-7 nm using a 1.5 μs dwell time) were acquired. The overview
image was used to relocate the region of interest defined by the confocal
images of the sections. The SEM was operated in variable pressure mode at
5 Pa. The 30 μm aperture was used, at an accelerating voltage of 2 kV.
Typically, between 300 and 1000 slices were necessary for an entire region of
interest.
As data was collected in variable pressure mode, only minor
adjustments in image alignment were needed, particularly where the field of
view was altered in order to track the cell of interest. All the images were
converted as tiff in Digital Micrograph (Gatan Inc.), and the tiff stacks were
automatically aligned using TrakEM2, a plug-in of the Fiji framework (Cardona
et al., 2012). The manual segmentations were also done in TrakEM2. For
Figure 3.4, labels were exported as tiff to be visualized in 3D in ClearVolume,
a plug-in of the FIJI framework (Royer et al., 2015). For Figure 3.13A and B,
they were exported as Amira labels to be visualized in 3D in Amira Software
(Thermo Fisher Scientific).

71

2.4.3 Image processing and analysis
Images, acquired using Airyscan inverted confocal microscope, were
processed using the ZEN software. Images were processed using Fiji
(ImageJ) (Schindelin et al., 2012).
For manual quantification of leukocyte recruitment to the site of
infection, images of the hindbrain were taken using the Leica M205FA
fluorescent stereomicroscope (Leica Microsystems, Nussloch Gmb, Nussloch,
Germany). All z-stacks were normalised adjusted to 15 z-slices taken at 8.55
μm intervals from the top of the hindbrain. Larval head images were
superimposed on to a schematic depicting a “recruitment zone” (Figure 2.3A).
All leukocytes within the pre-defined area were quantified manually using the
multi-point tool in the Fiji (Just ImageJ) software. This recruitment zone was
classified in this way to cover the area immediately next to the whole
ventricular space (hindbrain to forebrain), not just the hindbrain ventricular
space. Due to the volume and density of tachyzoites injected, it was
commonly observed that tachyzoites disperse across the whole ventricular
space. Furthermore, tachyzoites at 6 and 24 hpi favoured invasion of cells
immediately adjacent to the ventricular space and so any further recruitment /
interaction with macrophages and neutrophils was concentrated in this area.
For manual quantification of total leukocytes in the larvae, images of
the whole larva positioned on its side were taken using the Leica M205FA
fluorescent stereomicroscope (Leica Microsystems, Nussloch Gmb, Nussloch,
Germany). All leukocyte cells were quantified manually using the multi-point
tool in the Fiji (Just ImageJ) software.
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For pixel volume quantification confocal images were, where
appropriate, scaled down to 512 x 512 pixels before processing using the Fiji
(Just ImageJ) software. Z-stacks were converted into a 3D image using the
3D projection tool and the volume of each punctae quantified using the 3D
objects counter tool. The threshold was adjusted between different larvae to
maximise punctae separation and values were manually confirmed postanalysis.
For manual quantification of AO-positive cells, images were taken by
confocal microscopy Zeiss Invert LSM 710 (Carl Zeiss) and the LSM 880 (Carl
Zeiss). AO-positive cells were quantified manually using the multi-point tool in
the Fiji (Just ImageJ) software in a predefined area by utilising the AO-positive
neural masts as a guide (Figure 2.3B). This area was utilised as AO also
stained the neuromasts (utilised by zebrafish to sense changes in the
environment (Hernandez et al., 2006)) and so created a self-restricting zone
that would be the same across all larvae for quantification.

Figure 2.3 Defining the areas for leukocyte and AO-positive cell enumeration
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(A) Schematic of the zebrafish head used to define a “recruitment zone” (red) for
quantifying macrophage and neutrophils recruited to Toxoplasma infection.
(B) Schematic of the zebrafish head used to define a counting zone (yellow dotted
line) for AO-positive cell enumeration upon Toxoplasma infection.

2.5

Statistics

Significance testing was performed by Student t-test for parasite input
comparison, one-way ANOVA or by 2-way ANOVA with/without repeated
measures. For volume pixel and host mitochondrial recruitment data i.e.
comparing proportions of a population categorized into different groups, Chisquare test was used. The level of significance is shown as ns, p > 0.05; *, p
≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001.
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3. Results
3.1

Chapter 1: Establishing a zebrafish model for the in vivo
study of Toxoplasma infection

3.1.1 Intracellular characteristics of Toxoplasma tachyzoites
3.1.1.1 Parasitophorous vacuole formation
During invasion of host cells by tachyzoites, Toxoplasma forms its
parasitophorous vacuole (PV) by invaginating the host cell plasma membrane
(Sweeney et al., 2010). Toxoplasma possesses three secretory protein types,
which are secreted from different secretory organelles at different times during
the invasion process. These are the microneme proteins, rhoptry proteins and
dense granule proteins (Phelps et al., 2008). While the first two are important
in mediating invasion, the dense granules constitutively secrete GRA proteins
into the PV once it is established (Mercier et al., 2005; Dubremetz, 2007;
Carruthers & Tomley, 2008). GRA proteins are a family of >40 secretory
proteins (confined to the vacuole lumen or exported to the host cell
cytoplasm/nucleus), which manipulate host cell signalling (Nam, 2009;
Bougdour et al., 2014; Rommereim et al., 2016; Bai et al., 2018). Of the 9
GRA proteins present in the PV lumen (Nam, 2009), GRA2 promotes the
formation of tubules, which is viewed to promote tachyzoite organisation
during replication (Sibley et al., 1995; Mercier et al., 2002; Magno et al.,
2005). Hence, GRA2 has routinely been used as a marker of PV
establishment (Sibley et al., 1995; Beraki et al., 2019).
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3.1.1.2 Host mitochondrial association (HMA) – for or against the
parasite?
Mitochondria association factor MAF1, a dense granule protein secreted into
the host cell cytoplasm, is responsible for recruiting host cell mitochondria to
the PV of type I and type III tachyzoites (Pernas et al., 2014). This process is
called host mitochondrial association (HMA). PV membrane (PVM)association to host mitochondria has been linked to the acquisition of
metabolites and perturbation of the host immune response (Nelson et al.,
2008; MacRae et al., 2012; Pernas et al., 2014; Syn et al., 2017). Recent
work has shown that the infected host cell can induce mitochondrial fusion to
increase host fatty acid metabolism thereby restricting fatty acid uptake by
parasites and inhibiting replication (Pernas et al., 2018). Taken together,
these findings highlight that HMA can both promote or restrict parasite
replication.
3.1.1.3 Tachyzoite replication
Unlike cell division mechanisms typically used by mammalian cells,
Toxoplasma

has

an

atypical

mechanism

for

replication

known

as

‘endodyogeny’ (Blader et al., 2015). Endodyogeny involves the formation of
two daughter cells inside a mother cell, which eventually buds to form two
mature tachyzoites (Francia & Striepen, 2014). This doubles the number of
tachyzoites inside the PV every 6-9 hours at 37°C in vitro (Khan & Grigg,
2017), and accounts for the rapid expansion of tachyzoites observed during
acute infection in vivo (Saeij et al., 2005a). Tachyzoites undergo 5-7 division
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cycles (i.e. 64 to 128 parasite in the PV) before the parasite bursts the cell to
infect neighbouring cells (Radke & White, 1998; Black & Boothroyd, 2000).
Toxoplasma replication at lower temperatures is slower and thought to cease
under

32°C

(Jeoroen

Saeij,

unpublished

observation

and

personal

communication). Furthermore, mechanisms of host defence have been shown
in vitro and in mice in vivo to control not only Toxoplasma elimination, but also
the kinetics of replication (Degrandi et al., 2013; Selleck et al., 2015; Foltz et
al., 2017). Therefore tachyzoite replication can be viewed as a temperaturedependent indicator of Toxoplasma invasion and a marker of parasite
restriction.
3.1.2 The use of zebrafish for studying parasite infection
The zebrafish larva has contributed significantly to understanding the host
immune response to bacterial, viral and fungal infections (Kanther & Rawls,
2010; Yoshida et al., 2017; Torraca & Mostowy, 2018; Gomes & Mostowy,
2019). In the case of parasites, the majority of zebrafish infection models have
focussed on pathogens such as the eukaryotic parasite Pseudoloma
neurophilia, and the intestinal helminth Pseudocapillaria tomentosa, both a
common pathogen of fish (Sanders et al., 2013; Kent et al., 2018). More
recently, the zebrafish infection model has been used to study the human
parasite that causes Chagas disease, Trypanosoma cruzi (Akle et al., 2017),
as well as its close relative and fish-specific pathogen, Trypanosoma carasii
(Dóró et al., 2019). Together, these studies highlight the zebrafish larva as an
emerging model for studying parasitic infection.
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3.1.3 Zebrafish: a model to study Toxoplasma infection in vivo
Whilst toxoplasmosis has been studied in sheep, goats and chickens (Buxton,
1998; Dubey et al., 2002; Weissmann, 2003; Que et al., 2004; Dubey, 2010a;
Sroka et al., 2017), the mouse remains the most widely used infection model
(Szabo & Finney, 2017). Interestingly, Toxoplasma infection of marine
mammals has been reported (Mikaelian et al., 2000; Conrad et al., 2005; van
de Velde et al., 2016), but Toxoplasma proliferation in wild fish populations
has not (Dubey, 2010b). Studies looking at Toxoplasma in fish have focussed
on fish as transient carriers of oocysts, and not as hosts for proliferative
Toxoplasma (Arkush et al., 2003; Lindsay et al., 2004; Massie et al., 2010).
So far, two studies have looked at fish as a permissive host for
Toxoplasma infection and proliferation. Omata and colleagues described that
Toxoplasma were not able to proliferate in vivo in goldfish (Carassius auratus)
at 37°C, but were able to proliferate in vitro in goldfish cells at 37°C (Omata et
al., 2005). In contrast, another group showed Toxoplasma were able to
proliferate in vivo in zebrafish adults at 37°C (Sanders et al., 2015). In this
case, tachyzoites could disseminate to the heart and brain, and retained their
ability to develop into cysts in the brain of zebrafish adults in vivo.
The report of Toxoplasma proliferation in zebrafish adults is promising
for establishing Toxoplasma infection in zebrafish larva. Together with the
advantages of the optically accessible zebrafish larva for non-invasive
imaging, we hypothesised that the zebrafish larva may represent a promising
animal model that can significantly contribute to our understanding of
Toxoplasma biology. In this chapter, I establish a Toxoplasma hindbrain
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infection model of zebrafish larvae. I show (by tachyzoite replication, PV
formation, and visualisation of HMA) that Toxoplasma can invade and
replicate inside zebrafish cells in vivo. Therefore, zebrafish larva can be used
as an important animal model to investigate Toxoplasma infection in vivo.

3.1.4 Results
3.1.4.1 Establishment of localised Toxoplasma gondii infection in the
zebrafish hindbrain ventricle using the type I strain
For the optimisation of zebrafish infection, type I (RH) strain Toxoplasma
tachyzoites were first used because it has a higher replication rate than type II
(Pru) and type III (CEP) strains (as observed in vitro using tissue culture cells
and in vivo using mice) (Radke et al., 2001; Sibley et al., 2002; Hitziger et al.,
2005). Moreover, type I strains remain viable for longer extracellularly (after
forced syringe lysis) than type II and III strains (Saeij et al., 2005b).
A major consideration is the difference in optimal growing temperature
of zebrafish larvae (28.5°C) and Toxoplasma (37°C) (Khan & Grigg, 2017;
Meyers, 2018). However, the natural habitat of zebrafish can vary from 638°C (Long et al., 2012; Lee et al., 2016), and Toxoplasma has been reported
to infect opossums (Didelphis virginiana) which have a body temperature of
~33°C (Torres-Castro et al., 2016; Haro et al., 2018). Therefore to determine
a suitable temperature for establishing Toxoplasma infection of zebrafish,
larvae 3 dpf were maintained at 33 or 37°C immediately after hindbrain
ventricle (HBV) injection with a low (~1 x 103 tachyzoites) or high (~3 x 103
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tachyzoites) dose of type I Toxoplasma expressing GFP (Figure 3.1A and B).
The HBV cavity was chosen because it is the only infection route in zebrafish
larvae capable of withstanding a larger needle opening and higher liquid
volumes required for tachyzoite infection. Input dose was quantified using
area of fluorescent (GFP) signal at the 0 hpi (Figure 3.1C).
In this case, Toxoplasma infection did not cause any mortality in
zebrafish larvae irrespective of dose or temperature (Figure 3.1D). For both
low and high dose of infection, >95 % of the tachyzoites injected at 0 hpi failed
to persist to 6 hpi. However, tachyzoites that successfully established
infection at 6 hpi was significantly increased (~10 fold) upon infection with a
high dose as compared to a low dose (Figure 3.1E). Maintaining larvae at 33
or 37°C showed no significant effect on parasite burden at 6 or 24 hpi.
Throughout

the

24

hours

of

monitoring,

parasites

also

remained

compartmentalised in the HBV irrespective of dose or temperature, making
this localised infection model ideal for the study of Toxoplasma interaction
with leukocytes.
Although mortality was not observed, ~40 % of zebrafish larvae
maintained at 37°C did present a slight curve in the spine at 24 hpi as
compared to those maintained at 33°C (Figure 3.1F). Therefore, to minimise
developmental changes in larvae due to an increase in temperature, I chose
33°C for our Toxoplasma-zebrafish infection model (Figure 3.1G).
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Figure 3.1 Temperature optimisation for the establishment of the Toxoplasma
infection model in the zebrafish hindbrain ventricle

81

Non-pigmented mutant zebrafish line (TraNac) was utilised throughout this project to
minimise disrupting the fluorescent signal of the Toxoplasma tachyzoites. Larvae
were infected and maintained at 33 or 37°C for this optimisation step and monitored
up to 24 hours post-infection (hpi) by fluorescence stereomicroscopy.
(A) Cartoon of a zebrafish larva (3 days post-fertilisation, dpf) showing the site of
Toxoplasma tachyzoites expressing GFP injection in the hindbrain ventricle (HBV).
(B) Representative fluorescence stereomicroscopy images taken at 0, 6 and 24 hpi
(from left to right) of the HBV infected with low (top panels) or high dose (bottom
panels) of type I Toxoplasma-GFP. Scale bar, 100 μm.
(C) Quantification of parasite input (using Method 1) in the HBV at 0 hpi of larvae
infected with a low (top) or high (bottom) dose of type I Toxoplasma-GFP maintained
at 33°C (blue) or 37°C (red). Mean ± SEM shown. Pooled data from at least 3
independent experiments with at least 6 larvae per condition per experiment.
Significance calculated using Student’s t-test (paired, two-tailed), ns, p>0.05.
(D) Survival curves of infected larvae maintained at 33°C (blue) or 37°C (red)
followed up to 24 hpi upon a low (top) or high (bottom) dose in the HBV. Pooled data
from at least 3 independent experiments with at least 6 larvae per condition per
experiment.
(E) Manual enumeration of GFP-positive punctae in the HBV of larvae at 6 and 24
hpi maintained at 33°C (blue) or 37°C (red) followed up to 24 hpi upon a low (top) or
high (bottom) dose in the HBV. Mean ± SEM shown. Pooled data from at least 3
independent experiments with at least 6 larvae per condition per experiment.
Significance calculated using 2-way ANOVA, ns, p>0.05.
(F) Brightfield stereomicroscopy images of the whole larvae maintained at 28.5, 33 or
37°C for 24 hours immediately after infection to visualise any temperature-dependent
morphological changes. Scale bar, 500 μm.
(G) Schematic of the Toxoplasma-zebrafish infection model utilised for the rest of this
project after optimisation. Larvae were maintained at 33°C immediately after injection
at 3 dpf. From this point, a high Toxoplasma infection dose was used for all
experiments unless stated otherwise. Larvae were monitored up to 48 hpi.
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3.1.4.2 Optimisation of ZedMate for a high-throughput automated
quantification pipeline
The manual quantification of image-based data remains a time-consuming
and limiting step in the production of accurate, unbiased data. Considering
that the zebrafish larva is well suited for the high-throughput study of hostpathogen interactions in vivo, we wanted to apply innovative analysis software
for the automatic quantification of zebrafish infection. Here, we used an image
analysis plugin for the ImageJ-Fiji software developed by Artur Yakimovich,
for the automated quantification of fluorescent particles in a three-dimensional
(3D) space (Yakimovich et al., 2019). To optimise parameters required for the
detection of fluorescent particles (i.e. GFP-positive Toxoplasma particles) in
the HBV, manual and automated (ZedMate) quantifications of GFP-positive
particles obtained at 6 and 24 hpi using a high infection dose were compared.
ZedMate uses a Laplacian of Gaussian (LoG) spot detector, which assemble
particles in 3D by linking the detected spots in the Z-dimension. The LoG spot
detector uses two parameters (radius and threshold), which correlates to the
cut-off point for the size and fluorescence intensity of the spot detected. Initial
quantifications using ZedMate with the default parameters radius 4 and
threshold 0.5 showed a significant increase in parasite burden from 6 to 24
hpi, as opposed to manual quantifications, which showed a significant
decrease in parasite burden (Figure 3.2A). A direct comparison of manual and
ZedMate counts showed a significant underestimation (~20 %) in automated
GFP-positive particle counts at 6 hpi. Considering that the fluorescence of
GFP-positive particles positively correlates with the number of replication
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rounds occurring within the vacuole, the detection cut-off needs to be more
sensitive at 6 hpi to account for the lower fluorescence intensity and smaller
punctae size of replicating parasites. I therefore increased the detection
sensitivity by adjusting the parameters to radius 2 and threshold 2.0. In this
case, automated quantifications no longer showed an increase in parasite
burden over time, and most importantly manual and automated counts were
not significantly different from each other at both 6 and 24 hpi (Figure 3.2B).
Taken together, we have begun to explore the zebrafish infection
model for high-content imaging, and have optimised parameters for the
automated detection of parasites in the HBV in 3D (Yakimovich et al., 2019).
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Figure 3.2 Parasite burden established upon type I Toxoplasma infection can
be quantified in 3D using ZedMate.
(A) Comparison of manual (black) and automated (ZedMate, magenta) counts of
GFP-positive punctae in the HBV of larvae infected with type I (open circle)
Toxoplasma-GFP

at

6

and

24

hpi.

Images

were

taken

by

fluorescent

stereomicroscopy. Each dot represents a single larva followed over time. Comparing
the changes in parasite burden over time between manual and automated counts
(left), and directly comparing punctae counts obtained by manual and automated
analysis at 6 and 24 hpi (right). Parameters used were: radius, 4 and threshold 0.5.
Each circle represents a single larva followed over time. Data from 1 independent
experiment with 12 larvae per experiment. Significance calculated using 2-way
ANOVA ns, p>0.05, **, p≤0.01,***, p≤0.001.
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(B) Comparison of manual (black) and automated (ZedMate, magenta) counts of
GFP-positive punctae in the HBV of larvae infected with type I (open circle)
Toxoplasma-GFP at 6 and 24 hpi. Comparing the changes in parasite burden over
time between manual and automated counts (left), and directly comparing punctae
counts obtained by manual and automated analysis at 6 and 24 hpi (right).
Parameters used for 6 hpi were: radius, 2 and threshold 2.0, for 24 hpi: radius 4 and
threshold 0.5. Each circle represents a single larva followed over time. Data from 1
independent experiment with 12 larvae per experiment. Significance calculated using
2-way ANOVA ns, p>0.05, **, p≤0.01,***, p≤0.001.
Experimental data was collected by N Yoshida. ZedMate was developed by A
Yakimovich.

3.1.4.3 Toxoplasma is intracellular and replicates in the zebrafish
hindbrain ventricle
To study the host response to Toxoplasma infection, I first required evidence
of successful tachyzoite invasion into cells surrounding the zebrafish HBV.
This was carried out by fluorescence-based visualisation of parasite
replication and PV formation.
To investigate Toxoplasma replication, type I-GFP-infected larvae were
fixed at 6, 24 and 48 hpi and imaged by confocal microscopy. Outlines of
individual tachyzoites clearly show increasing tachyzoite number within a
single membrane-bound entity over time (Figure 3.3A). To quantify the rate of
parasite replication in vivo, confocal z-stack images of replicating type I
tachyzoites were converted into a 3D volume and the pixel volume of each
vacuole was measured using the 3D objects counter tool in Fiji (Just ImageJ)
software. Here the pixel volume corresponded to the number of tachyzoites,
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where 1 tachyzoite/vacuole was <100 pix3, 2 tachyzoites/vacuole was 100200 pix3 and >4 tachyzoites/vacuole was >200 pix3. Pixel volume
quantification of the replicating type I tachyzoites revealed an increasing
number of tachyzoites per vacuole over time (Figure 3.3B).
To ensure the visualisation of ≥2 tachyzoites within a single
membrane-bound entity was due to replication within a PV, and not due to
multiple tachyzoites in close proximity invading the same host cell, type Iinfected larvae were placed at 28.5 or 37°C for 18 hours (after allowing
invasion for the first 6 hours at 33°C). At 24 hpi, larvae maintained at 28.5°C
harboured significantly more vacuoles containing single tachyzoites as
compared to those kept at 37°C (Figure 3.3C). In contrast, significantly more
tachyzoites underwent at least one round of replication in larvae maintained at
37°C compared to 28.5°C. These data show that tachyzoite replication in
larvae maintained at 28.5°C occurs at ~1/3 of the rate of those maintained at
37°C. At 48 hpi, no significant difference is observed in vacuoles containing 1,
2 or >4 tachyzoites between infected larvae maintained at 28.5 or 37°C
(Figure 3.3D). These data suggest that tachyzoites in larvae maintained at
37°C have undergone a round of egress and re-invasion of neighbouring cells
in the same time that it takes tachyzoites in larvae maintained at 28.5°C to
achieve a single round of replication. Taken together, pixel volume
quantification showed that tachyzoite replication (i.e. the increase in
tachyzoite number per vacuole with time) is temperature dependent.
To capture Toxoplasma replication in real time, type I-GFP-infected
larvae were embedded in agarose for time-lapse widefield fluorescent
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microscopy.

Here I observed a tachyzoite undergoing division by

endodyogeny (Figure 3.3E).
To test if replicating tachyzoites are inside a PV as opposed to a
phagosome, infected larvae fixed at 0, 6, 24 and 48 hpi were stained for
GRA2 and imaged by confocal microscopy. GRA2 is constitutively expressed
by tachyzoites (Cleary et al., 2002) and is therefore secreted throughout the
preparation process. The high levels of GRA2 can be observed as aggregates
in areas devoid of type I parasites in the HBV at 0 and 6 hpi (which is cleared
by 24 hpi; Figure 3.3F). GRA2 staining around single and replicating
tachyzoites at 6, 24 and 48 hpi confirm PV formation.
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Figure 3.3 Type I parasites are intracellular and replication rate is temperaturedependent
(A) TraNac larvae infected at 3 dpf with type I Toxoplasma-GFP (green) were
maintained at 33°C before fixing and staining for DNA (Hoechst, blue) at 6, 24 and 48
hpi (from left to right). Representative images showing tachyzoite number within a
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membrane-bound entity increasing over time. Individual tachyzoites are outlined by a
white dotted line within the inset images. Scale bar, 50 μm and 10 μm.
(B) Pixel volume quantification of GFP-positive punctae in larvae infected with type I
Toxoplasma-GFP at 6, 24 and 48 hpi. Presented as percentage of total vacuoles
imaged in the HBV by confocal microscopy that have 1 tachyzoite/vacuole (<50 pix3,
black), 2 tachyzoites/vacuole (50<100 pix3, light grey) or >4 tachyzoites/vacuole
(>100 pix3, dark grey). Pooled data from 3 independent experiments with at least 3
larvae per time point. Significance calculated using Chi-square test, 24hpi Χ24 =
119.9, p<0.001. Mean ± SEM shown.
Representative images of larvae infected with type I Toxoplasma-GFP (green) was
incubated at 33°C for the initial 6 hpi. Larvae were then transferred to 28.5 (left) or
37°C (right) and fixed at 24 (C) and 48 hpi (D) before staining for DNA (Hoechst,
blue). Scale bar 50 μm and 10 μm. Rate of replication was compared between larvae
kept at 28.5 or 37°C by pixel volume quantification of GFP-positive punctae at the
given time points, where 1 tachyzoite/vacuole (<50 pix3, black), 2 tachyzoites/vacuole
(50<100 pix3, light grey) or >4 tachyzoites/vacuole (>100 pix3, dark grey). Data from 1
independent experiment with at least 2 larvae per condition per time point.
Significance calculated using Chi-square test, 24 hpi Χ22 = 47.02, p<0.001, 48 hpi Χ22
= 8.304, p=0.0157. Mean ± SEM shown.
(E) Representative frames extracted from in vivo widefield time-lapse imaging of
larvae infected with type I Toxoplasma-GFP (green). Showing a single z plane out of
60 slices taken at 2 μm optical sections every 10 min. White arrowhead shows a type
I tachyzoite dividing into two daughter cells over three consecutive frames and the
white dotted line outlines the individual tachyzoites and morphology of daughter cells
as they under replication by endodyogeny. Scale bar, 20 μm.
(F) Representative confocal images of larvae infected at 3 dpf with type I
Toxoplasma-GFP (green) maintained at 33°C before fixing and staining for GRA2
(red) at 0, 6, 24 and 48 hpi (from left to right). Scale bar, 20 μm and 10 μm.
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3.1.4.4 In vivo visualisation of host mitochondrial association (HMA) to
intracellular, replicating Toxoplasma tachyzoites
HMA to type I Toxoplasma PVs is considered a marker for PV formation as
opposed to parasite engulfment into a phagosome. To investigate if HMA to
intracellular type I Toxoplasma can be observed in zebrafish, we carried out
correlative light and electron microscopy (CLEM) at the EM facility of the
Francis Crick Institute in collaboration with Marie-Charlotte Domart. For this,
Tg(mpeg1:Gal4-FF)gl25/Tg(UAS-E1b:nfsb.mCherry)c264

zebrafish

larvae

(herein referred to as mpeg1:G/U:mCherry) which harbour mCherryexpressing macrophages (Ellett et al., 2011) were infected with type I
Toxoplasma-GFP tachyzoites and fixed at 6 hpi. Tachyzoites were imaged in
their full volume to accurately categorise their replicative state. Strikingly, we
were able to categorise and capture single, replicating and doublet
tachyzoites by CLEM. All tachyzoites captured by CLEM (at the different
replicative states) showed clear recruitment and elongation of host cell
mitochondria (Figure 3.4).
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Figure 3.4 Intracellular type I Toxoplasma exhibit host mitochondrial
recruitment to the PV
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Transgenic TraNac-mpeg1:G/U:mCherry larvae harbouring red macrophages were
infected with type I Toxoplasma-GFP before fixing at 6 hpi and processing for CLEM.
Showing a total of 12 representative images out of 36 Toxoplasma tachyzoites
visualised in zebrafish host cells. Tachyzoites were imaged in their whole volume at
50 nm SBF SEM slices to accurately determine their replicative state. Four
representative images are shown of each of the three replicative states: single
tachyzoites (green), replicating tachyzoites (red) and tachyzoite doublet (blue). Host
mitochondria recruited to the parasitophorous vacuole is indicated by yellow
arrowheads. Scale bar 1 μm. Samples were prepared by N Yoshida. Samples were
processed and data collected by MC Domart.
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3.1.5 Discussion
3.1.5.1 Summary of Chapter 1
Current in vivo Toxoplasma-infection models are largely restricted to
mammalian models (Szabo & Finney, 2017). While the development of new
techniques such as 2-photon microscopy allows for live ex vivo and in vivo
imaging (Coombes et al., 2013; Luu & Coombes, 2015; Drewry et al., 2019),
surgical intervention or the sacrifice of the animal is required and imaging
remains limited in deep tissue. In contrast, because of optical accessibility, the
zebrafish larva is highly suited for the non-invasive study of host-Toxoplasma
infection in vivo, and enables visualisation of the host-parasite interactions
from the level of the single cell level to the whole organism.
To assess the successful invasion of Toxoplasma into zebrafish cells
surrounding the HBV, the following four criteria were used:
(i) Persistence of parasite burden over time: a subpopulation (< 5 %) of
the parasite input was observed to successfully persist in vivo. As
Toxoplasma needs to be intracellular in order to survive, this strongly
suggests that Toxoplasma can invade zebrafish host cells.
(ii) Parasite replication over time: the number of Toxoplasma tachyzoites
within a single PV increases with time and is temperature-dependent.
(iii) PV formation: staining for GRA2 showed accumulation around
replicating tachyzoites at 6, 24 and 48 hpi, which indicates that
Toxoplasma tachyzoites are intracellular.
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(iv) HMA: as observed using CLEM, type I Toxoplasma presented HMA
upon invasion of zebrafish host cells, which is strong evidence of PV
formation.
3.1.5.2 Toxoplasma infection is non-lethal
As an obligate intracellular parasite, Toxoplasma requires the host to survive
in order to increase the likelihood of the infected host transmitting infection
back to the definitive feline host (through predation). In agreement with this,
Toxoplasma infection did not cause any mortality in zebrafish larvae
irrespective of dose or temperature (Figure 3.1). Interestingly, a significant
reduction (>95 %) in parasite burden occurs between the initial input dose and
the number of tachyzoites that persist to establish an infection at 6 hpi.
Parasite control by zebrafish leukocytes may significantly contribute to this
(explored in Chapter 2). Alternatively, the HBV is a large cavity filled with
cerebrospinal fluid, which could be hindering efficient invasion of tachyzoites
into the surrounding host cells. The reduction observed will be further
discussed and explored in Chapter 2 together with the differences in
behaviour of the three clonal lineages and structure of the hindbrain ventricle.
3.1.5.3 Rapid automated quantification of parasite burden in 3D using
ZedMate
The advancement of high content imaging platforms has driven the
development of automated high throughput analysis pipelines with machinelearning capabilities to cope with the production of large data sets (Fisch et
al., 2019b; Yakimovich et al., 2019). Unlike in vitro-based studies, image95

based data acquired in studies using zebrafish larvae require analysis in a 3D
volume, which may discourage the widespread adoption of zebrafish larvae
on to the high-content imaging platform. To begin to address this, we used
ZedMate, an ImageJ plugin designed for the automated batch-quantification of
fluorescent particles in a 3D volume (Yakimovich et al., 2019). Here we
showed that automated quantifications are highly comparable to manual
quantifications of parasite burden over time (Figure 3.2). In the future,
ZedMate could therefore be key in enhancing the quality and efficiency of data
production for driving artificial neural network (ANN-) and deep-learning-based
automated analysis of 3D datasets obtained using zebrafish larvae
(Yakimovich et al., 2019).
3.1.5.4 Toxoplasma is intracellular and replicates in zebrafish host cells
Tachyzoite replication can be viewed as a strong indicator of parasite invasion
and intracellular localisation of the parasite (Black & Boothroyd, 2000). Here,
visualisation by confocal microscopy showed increasing tachyzoite numbers
within a membrane-bound vacuole (Figure 3.3). At 24 and 48 hpi, Toxoplasma
exhibited a rapid increase in tachyzoite number within the PV. After promoting
the attachment and invasion of Toxoplasma by maintaining larvae at 33°C, I
showed intracellular tachyzoites can replicate at temperatures as low as
28.5°C (albeit at a rate 0.3x slower than in larvae maintained at 37°C; Figure
3.3). Strikingly, I was able to capture, for the first time, tachyzoite replication in
real-time in vivo. Furthermore, accumulation of GRA2 around replicating
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tachyzoites at 6, 24 and 48 hpi indicates invasion into a host cell and PV
formation.
Elongation, enlargement and association of host cell mitochondria to
the PVM immediately follows invasion of a cell by type I Toxoplasma
tachyzoites (Pernas et al., 2014). For the first time, we were able to visualise
using CLEM tachyzoites at different stages of replication all exhibiting host
mitochondria-PVM interaction in zebrafish host cells (Figure 3.4). This
suggests zebrafish larvae could also be used to visualise strain-specific HMA
characteristics in real-time in vivo.

In summary, my results shows that type I Toxoplasma tachyzoites are able to
invade and replicate within zebrafish host cells. Here, they maintain host
mitochondrial-PVM interactions (previously only characterised in vitro in
human and mouse cells). I have therefore developed a useful system for the
in vivo investigation of host-Toxoplasma interactions. It will therefore be of
great interest to characterise the zebrafish leukocyte response to the three
main clonal lineages of Toxoplasma (type I, II and III) in vivo.

97

3.2

Chapter 2: Strain-specific characteristics and leukocyte
dynamics during Toxoplasma infection in vivo

3.2.1 Strain-specific characteristics of Toxoplasma
Three main clonal lineages encompass the Toxoplasma strains isolated in
North America and Europe (Howe & Sibley, 1995). Although differentially
virulent in mice (type I are highly virulent, while type II and III are avirulent),
the three clonal lineages only differ by <2 % in their genetic makeup (Xiao &
Yolken, 2015). Rhoptry (ROP) and GRA proteins (including ROP5, ROP16,
ROP18 and GRA15) have been shown to contribute to the observed virulence
differences in mice (Saeij et al., 2006; Taylor et al., 2006; Melo et al., 2011).
Type I strains have a faster growth rate in vitro (Radke et al., 2001;
Sibley et al., 2002) and in vivo (Hitziger et al., 2005), as compared to type II
and III strains. Coupled with this, extracellular type I tachyzoites remain
infectious for longer (Saeij et al., 2005b). Taken together, these characteristics
of type I strains are viewed to account for the significant increase in parasite
burden and lethality observed in mice (Gavrilescu & Denkers, 2001; Mordue
et al., 2001; Nguyen et al., 2003; Saeij et al., 2005a).
However, the mortality caused by type I parasites in mice can be
viewed as detrimental to its long-term survival. In this way, type II and III
strains are evolutionarily superior as they establish a chronic infection,
suggesting that parasite-driven modulations in the immune response are used
to promote their dissemination, proliferation and survival.
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3.2.2 Cytokines during Toxoplasma infection in vivo
IL-12 is a cytokine that promotes IFN-γ production, which in turn is
indispensible for Toxoplasma control in mice (Suzuki et al., 1988; Gazzinelli et
al., 1994; Scharton-Kersten et al., 1996; Yap et al., 2000). However, the role
of these two cytokines in parasite control in humans remains poorly
understood (Pifer & Yarovinsky, 2011). In mice, high IL-12 production
enhances IFN-γ-mediated parasite control (Gazzinelli et al., 1994; SchartonKersten et al., 1996). This facilitates the long-term survival of parasites, as
increased immune pressure will force the conversion to the bradyzoite stage
and establish a chronic infection (Jensen et al., 2011). In addition, TNF-α can
facilitate IFN-γ-independent restriction of Toxoplasma (Andrade et al., 2003),
and act as an immune compensatory system in humans with IFN-γ receptor
deficiencies (Janssen et al., 2002). Similarly in mice, TNF-α is a cytokine
required for Toxoplasma killing (Langermans et al., 1992a; Langermans et al.,
1992b; Yap et al., 1998).
3.2.3 Neutrophil response to Toxoplasma infection in vivo
As a major producer of IL-12, neutrophils are essential for protecting the host
during the initial stages of Toxoplasma infection (Bliss et al., 1999a; Bliss et
al., 1999b; Bliss et al., 2000; Bliss et al., 2001; Del Rio et al., 2001). Although
data comparing neutrophil recruitment to different strains in vivo are limited,
one study (comparing type I and II strains) has suggested recruitment is
strain-specific or parasite burden-dependent (Mordue & Sibley, 2003). More
recently, oral infection of mice with type II cysts showed tachyzoites in the
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small intestines were preferentially associated with neutrophils, and were
critical in promoting luminal spread and migration (Coombes et al., 2013).
Taken together, neutrophils have an important role in mediating the cytokine
response to Toxoplasma, which in turn promotes establishment of a chronic
infection and long term Toxoplasma survival.
3.2.4 Macrophage response to Toxoplasma infection in vivo
Macrophages are well known to remove foreign bodies in the host through
phagocytosis and degradation by phagolysosome acidification (Hirayama et
al., 2017). In mice, macrophage recruitment is crucial in promoting parasite
clearance and host survival (Dunay et al., 2008). In vivo studies have also
suggested macrophage recruitment is strain-dependent (Mordue & Sibley,
2003). In this case, parasites harboured in mouse macrophages were shown
to have entered by active invasion and not by phagocytosis. Interestingly,
human in vitro studies showed macrophage cytokine production (IL-12 and
TNF-α) was dependent on phagocytosis and phagolysosome acidification of
live tachyzoites (Tosh et al., 2016). However, the importance of phagocytosis
and degradation of tachyzoites by macrophages in Toxoplasma clearance in
vivo is mostly unexplored.
Work performed in vitro has shown that type II strains can exploit
phagocytosis

by

macrophages,

and

escape

from

the

phagosomal

compartment into the macrophage cytoplasm (Zhao et al., 2014). More
recently, engulfment of oocysts by macrophages showed that acidification
initiated bradyzoite differentiation, suggesting that macrophages are crucial in
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promoting Toxoplasma infection (Freppel et al., 2016). Consistent with this,
macrophages have also been implicated as reservoirs to promote
Toxoplasma survival, propagation and dissemination (Courret et al., 2006;
Leng et al., 2009).

The precise role of macrophages in Toxoplasma infection is mostly unknown.
Current mouse models for visualising Toxoplasma-leukocyte interactions in
vivo remain highly invasive and limited by tissue depth. The zebrafish larva
model therefore offers an exciting approach for investigating strain-dependent
parasite immunology at the cellular level. In this chapter, I use my
Toxoplasma-zebrafish infection model to compare the behaviour of the three
main clonal lineages of Toxoplasma, and to explore the role of macrophages
in parasite control.
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3.2.5 Results
3.2.5.1 Type II and type III strains establish infection in zebrafish more
efficiently than the type I strain
To compare infection by type I, II and III strains, larvae were injected in the
HBV with a high dose (~3 x 103 tachyzoites) of Toxoplasma expressing GFP
at 3 dpf and imaged by fluorescent stereomicroscopy (Figure 3.5A, Appendix
Figure 1A).
To follow the progression of infection over time, inoculated larvae were
imaged at 0, 6 and 24 hpi by fluorescent stereomicroscopy (Figure 3.5A).
Parasite burden was quantified as GFP-positive punctae count at 6, 24 and
48 hpi (Figure 3.5B, Appendix Figure 1B-D). Irrespective of strain, a large
proportion of parasites (~ 95%) visualised at 0 hpi failed to invade and persist
within the hindbrain until 6 hpi (Figure 3.5A and B). Strikingly, type II and type
III strains established a significantly higher (~ 3x) infection burden by 6 hpi in
comparison to type I parasites (Figure 3.5B, Appendix Figure 1B-D). Together
these results show the type II and type III strains hold an advantage over type
I in the establishment of infection in vivo.
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Figure 3.5 Type II and III Toxoplasma strains establish a higher infectious
burden in the zebrafish hindbrain than type I strains
(A) Representative images of TraNac larvae infected with type I (top panels), type II
(middle panels) or type III (bottom panels) Toxoplasma-GFP (green) at 0, 6, 24 and
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48 hpi. For each strain, the same larva was followed and imaged by fluorescent
stereomicroscopy over time. Scale bar, 100 μm.
(B) Manual time-course enumeration of GFP-positive punctae in the HBV of larvae
infected with type I (open circle), type II (semi-closed circle) or type III (closed circle)
Toxoplasma. Each circle represents a single larva followed over time. Pooled data
from 3 independent experiments with 10 larvae per time point. Significance
calculated using 2-way ANOVA, *, p≤0.05, ***, p≤0.001. Mean ± SEM shown. For
automated time-course enumeration of GFP-positive punctae using ZedMate see
Appendix Figure 1B-D.

To compare the growth rate of the three clonal lineages in the zebrafish HBV,
larvae were infected with type I, II or III Toxoplasma-GFP and fixed at 6, 24
and 48 hpi and imaged by confocal microscopy. The rate of replication was
quantified by converting z-stacks into a 3D volume and measuring the pixel
volume of the vacuole. Data revealed increasing vacuole size over time
across all three clonal lineages, and the number of type II and III tachyzoites
within a single vacuole was significantly lower at 6 and 24hpi, as compared to
type I strains (Figure 3.6A). In agreement with in vitro data (Sibley et al.,
2002), our zebrafish infection model demonstrates that type II and III
tachyzoites undergo replication at a slower rate than type I parasites.
To verify PV formation, larvae infected with type I, II or III ToxoplasmaGFP were fixed at 0, 6, 24 and 48 hpi and stained for GRA2 before imaging
by confocal microscopy. GRA2 accumulation around the tachyzoites at 6, 24
and 48 hpi clearly indicate PV formation around intracellular parasites (Figure
3.6B and C). In agreement with the association of GRA2 with tubular networks
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that promote tachyzoite organisation in the PV, Airyscan confocal microscopy
shows GRA2 surrounding the tachyzoite (Figure 3.6C).

Figure 3.6 Strain-dependent parasite replication rate is conserved in zebrafish
host cells and is temperature-dependent
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(A) Pixel volume quantification of GFP-positive punctae in larvae infected with type I,
II or III Toxoplasma-GFP at 6, 24 and 48 hpi (from left to right). Presented as
percentage of total vacuoles imaged in the HBV by confocal microscopy that have 1
tachyzoite/vacuole (<50 pix3, black), 2 tachyzoites/vacuole (50<100 pix3, light grey) or
>4 tachyzoites/vacuole (>100 pix3, dark grey). Pooled data from 3 independent
experiments with at least 2 larvae per time point. Significance calculated using Chisquare test, 6 hpi Χ24 = 26.12, p<0.001, 24 hpi Χ24 = 28.95, p<0.001, 48 hpi Χ24 =
0.6785, p=0.954. Mean ± SEM shown.
(B) Representative Airyscan confocal images of larvae infected at 3 dpf with type I, II
or III Toxoplasma-GFP (green) maintained at 33°C before fixing and staining for
GRA2 (red) at 0, 6, 24 and 48 hpi (from left to right). Scale bar, 20 μm and 5 μm.
(C) Representative Airyscan confocal images of GRA2-positive tubular networks in
the PV lumen around intracellular GFP-positive tachyzoites at 6 hpi in the HBV.
Showing single z-plane of the GRA2 structure (red, left panel), type II ToxoplasmaGFP (green, middle panel) and maximum projected of the two merged channels
(right panel). Scale bar 2 μm.

To characterise HMA in real-time in vivo across the three major clonal
lineages, larvae infected with type I, type II or type III Toxoplasma-GFP were
injected with MitoTracker Deep Red 3-6 hpi. In vivo confocal imaging revealed
clear mitochondrial recruitment to type I and type III tachyzoites, but not to
type II tachyzoites (Figure 3.7A). A minority of visualised type I, II and III
tachyzoites were associated with rounded / fragmented host mitochondria,
which could be an indicator of increased ROS production and / or host cell
death (Nagdas & Kashatus, 2017; Ježek et al., 2018) (Figure 3.7B). To
quantify this, host mitochondrial recruitment to tachyzoites were defined in
three categories: HMA-negative (no recruitment), HMA-positive / rounded
(recruitment but mitochondria are fragmented/rounded) or HMA-positive /
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elongated (recruitment and mitochondria are elongated and enlarged).
Confocal z-stack images of tachyzoites were used to manually classify
parasites into these three categories (according to the recruitment and
morphology of the host mitochondria). The majority of intracellular type I and
type III tachyzoites (~70 %) exhibited association with elongated and enlarged
host mitochondria (Figure 3.7C). Type II strains do not express MAF1 and do
not exhibit HMA (Pernas et al., 2014). Consistent with this, the majority of type
II tachyzoites (~70 %) showed no HMA in vivo (Figure 3.7C). ~11 % of
tachyzoites (irrespective of strain) exhibited association with rounded
mitochondria

(Figure

3.7C).

Unexpectedly,

the

remaining

tachyzoite

population (~18 %) exhibited HMA phenotypes the opposite of the one
defined for the strain (i.e. HMA-negative for type I and III and HMA-positive
with elongated enlarged mitochondria for type II). These results suggest that
strain-specific HMA characteristics are largely conserved in zebrafish host
cells.
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Figure 3.7 Strain-dependent host mitochondrial recruitment to intracellular
tachyzoites are conserved in zebrafish host cells
Larvae infected with type I, type II or type III Toxoplasma-GFP (green) were
subsequently injected with MitoTracker Deep Red (white) 3-6 hpi.
(A) Showing four representative confocal images of HMA-positive type I (left panels),
HMA-negative type II (middle panels) and HMA-positive type III (right panels)
intracellular tachyzoites. Scale bar, 5 μm.
(B) Showing two representative confocal images of HMA where mitochondria
associated with intracellular tachyzoites are rounded / fragmented. Scale bar, 5 μm
(C) Quantification of type I (left), type II (middle) or type III (right) tachyzoites
exhibiting HMA characteristics in the zebrafish hindbrain 3-6 hpi. The graph
represents % of HMA-negative (no recruitment, white), HMA-positive, rounded
(recruitment but rounded/fragmented mitochondria, grey) or HMA-positive, elongated
(recruitment with clear mitochondrial elongation, black) out of total tachyzoites.
Pooled data from 3 independent experiments with at least 3 larvae per time point. At
least 20 tachyzoites were characterised per larvae. Total tachyzoites counted per
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strain were: n=81 (type I), n=179 (type II) and n=302 (type III). Significance
calculated using Chi-square test, Χ24 = 163.8, p≤0.001. Mean ± SEM shown.

3.2.5.2 Cytokine and chemokine response to Toxoplasma infection
Cytokines and chemokines play a key role in coordinating the immune
response to Toxoplasma infection (Del Rio et al., 2001; Gaddi & Yap, 2007;
Aviles et al., 2008; Dunay et al., 2008; Bonfá et al., 2014). To investigate the
cytokine and chemokine response, real-time quantitative-PCR analysis was
carried out on larvae injected with mock, type I, II or III Toxoplasma-GFP at 6
hpi.
I first looked at the cytokine response to Toxoplasma infection. Here I
tested for IFN-γ (present in duplicate in zebrafish, ifn-γ1 and ifn-γ2), shown to
be crucial in Toxoplasma control in mice (Scharton-Kersten et al., 1996); the
two subunits that make up IL-12 (il12a and il12ba), an important inducer of
IFN-γ production in mice (Gazzinelli et al., 1993b; Gazzinelli et al., 1994; Yap
et al., 2000); and tnf-α, a key pro-inflammatory mediator important in
facilitating IFN-γ-dependent Toxoplasma control in mice (Langermans et al.,
1992a; Langermans et al., 1992b). However, our results showed no significant
increase in ifn-γ1, ifn-γ1, il12a, il12ba or tnf-α expression at the whole animal
level, irrespective of strain type tested (Figure 3.8A).
Next I tested for zebrafish chemokines important for coordinating
neutrophil recruitment (cxcl18b and cxcl8a) (de Oliveira et al., 2013; Torraca
et al., 2017) and macrophage recruitment (ccl2) (Cambier et al., 2014). The
neutrophil chemokine cxcl18b was significantly upregulated at the whole
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animal level at 6 hpi upon infection with type II Toxoplasma, but not with type I
or III strains (Figure 3.8B). These data suggest that neutrophil recruitment to
Toxoplasma infection in the zebrafish larva may be strain-dependent (Shastri
et al., 2014). No significant increase in the neutrophil chemokine cxcl8a was
detected at the whole animal level, irrespective of strain type tested (Figure
3.8B).
The macrophage chemokine ccl2 was significantly upregulated at the
whole animal level at 6 hpi upon infection with type II and III Toxoplasma, but
not with the type I strain (Figure 3.8B). This suggests that macrophage
recruitment to Toxoplasma infection may be strain-dependent (Shastri et al.,
2014). No significant increase in ccr2 (the receptor of the CCL2 chemokine)
was detected at the whole animal level, irrespective of strain type tested
(Figure 3.8B).
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Figure 3.8 Macrophage and neutrophil chemokines expression is increased
upon Toxoplasma infection
TraNac larvae infected with type I (white), type II (grey) or type III (black)
Toxoplasma-GFP were snap frozen at 6 hpi for RNA extraction and analysis for
cytokine (A) and chemokine (B) expression by real-time quantitative-PCR. Presented
as fold change normalised to the housekeeping gene (elongation factor, eef1a1a)
and normalised to the mock-injected control. Red dotted line depicts the expression
level in mock-injected controls. Pooled data from 3 independent experiments. Each
biological replicate consists of 15 larvae pooled per condition. Samples were
analysed in duplicate. Significance shown relates to expression of type I, II and IIIinfected larvae as compared to mock-injected controls. Significance calculated using
2-way ANOVA Dunnett’s multiple comparisons test, *, p=0.0367, **, p=0.0023. Mean
± SEM shown.
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3.2.5.3 Neutrophil response to Toxoplasma infection in vivo
I next used our Toxoplasma-zebrafish infection model to explore the role of
neutrophils in Toxoplasma control. For this, I used the Tg(lyz:dsRed)nz50
larvae (herein referred to as lyz:dsRed) which harbour dsRed-expressing
neutrophils (Hall et al., 2007). Larvae were infected with a high dose (~3 x 103
tachyzoites) of the three Toxoplasma-GFP strains and imaged by fluorescent
stereomicroscopy at 0, 6 and 24 hpi (Figure 3.9A).
First I quantified recruitment of neutrophils to the HBV upon injection
with mock or Toxoplasma-GFP. Type I, II and III strains all showed ~5 fold
increase in neutrophil recruitment from 0 to 6 hpi in comparison to mockinjected controls, which showed an increase of <1.5 fold (Figure 3.9B).
However, neutrophil numbers at the infection site was not retained over time,
and in all cases decreased by ~50 % back to levels of mock-injected controls
from 6 to 24 hpi.
Next I tested if the reduction in neutrophil numbers in the HBV from 6 to
24 hpi upon Toxoplasma infection correlated with changes in total neutrophil
counts in the whole larva. Quantifications showed no significant difference in
total neutrophil numbers in the whole larva between mock-injected controls
and Toxoplasma-infected larvae at 0, 6 and 24 hpi, irrespective of strain type
tested (Figure 3.9C). This suggests the reduction in neutrophil recruitment
from 6 to 24 hpi is not due to reduced neutrophil numbers in the whole larva
as a result of Toxoplasma infection.
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Taken together, these results show the neutrophil response to
Toxoplasma infection in zebrafish larvae is short-lived, and does not
significantly discriminate between the three different clonal lineages tested.

Figure 3.9 Neutrophil recruitment to the HBV is significantly increased upon
Toxoplasma infection but is transient
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(A) Representative images of TraNac lyz:dsRed larvae harbouring red neutrophils
infected with type I (top panels), type II (middle panels) or type III (bottom panels)
Toxoplasma-GFP (green) at 0, 6 and 24 hpi. For each strain, the same larva was
followed and imaged by fluorescent stereomicroscopy over time. Scale bar, 100 μm.
(B) Manual time-course enumeration of neutrophil recruitment to the HBV of larvae
injected with mock (HFF lysate, open circle, grey), type I (open circle, black), type II
(semi-closed circle, black) or type III (closed circle, black) Toxoplasma. Each circle
represents a single larva followed over time. Pooled data from 2 independent
experiments with 10 larvae per time point. Significance calculated using 2-way
ANOVA, ***, p≤0.001. Mean ± SEM shown.
(C) Manual time-course enumeration of total neutrophil in the larvae injected with
mock (HFF lysate, open circle, grey), type I (open circle, black), type II (semi-closed
circle, black) or type III (closed circle, black) Toxoplasma. Each circle represents a
single larva followed over time. Data from one experiment with 10 larvae per time
point. Significance calculated using 2-way ANOVA, ns, p>0.05. Mean ± SEM shown.

3.2.5.4 Macrophage response to Toxoplasma infection in vivo
I next investigated the macrophages response by infecting Tg(mpeg1:Gal4FF)gl25/Tg(UAS-E1b:nfsb.mCherry)c264 zebrafish larvae (herein referred to as
mpeg1:G/U:mCherry) which harbour mCherry-expressing macrophages in the
HBV with Toxoplasma-GFP (Ellett et al., 2011). Larvae were infected with a
high dose (~3 x 103 tachyzoites) of the three Toxoplasma-GFP strains and
imaged by fluorescent stereomicroscopy at 0, 6 and 24 hpi (Figure 3.10A).
First I quantified recruitment of macrophages to the HBV upon injection
with mock or Toxoplasma-GFP. Imaging by fluorescence stereomicroscopy at
0, 6 and 24 hpi revealed a significant increase (~2.4 fold) in macrophage
recruitment from 0 to 6 hpi upon Toxoplasma infection irrespective of strain,
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while a significantly lower increase (~1.5 fold) was observed in mock-injected
larvae (Figure 3.10 B). Interestingly, macrophages numbers (unlike neutrophil
numbers) in the HBV at 24 hpi did not return to baseline levels irrespective of
strain type tested (Figure 3.10B).
Next I investigated if the macrophage numbers retained in the HBV
from 6 to 24 hpi upon Toxoplasma infection affected the total macrophage
population in the whole larva. Quantifications showed no significant difference
in total macrophage numbers at the whole larva level between mock-injected
controls and Toxoplasma-infected larvae at 0, 6 and 24 hpi, irrespective of
strain (Figure 3.10C). This suggests macrophage retention in the HBV does
not increase total macrophage numbers in the whole larva in response to
Toxoplasma infection.

In summary, these results show that macrophage recruitment to Toxoplasma
infection does not differ between the three different clonal lineages per se, but
remain at the infection site in response to the parasite burden established at 6
hpi.
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Figure 3.10 Macrophage recruitment to Toxoplasma in the HBV is retained with
further recruitment induced upon type II and III infection at 24 hpi
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(A) Representative images of TraNac mpeg1:G/U:mCherry larvae harbouring red
macrophages infected with type I (top panels), type II (middle panels) or type III
(bottom panels) Toxoplasma-GFP (green) at 0, 6 and 24 hpi. For each strain, the
same larva was followed and imaged by fluorescent stereomicroscopy over time.
Scale bar, 100 μm
(B) Manual time-course enumeration of macrophage recruitment to the HBV of larvae
injected with mock (HFF lysate, open circle, grey), type I (open circle, black), type II
(semi-closed circle, black) or type III (closed circle, black) Toxoplasma. Each circle
represents a single larva followed over time. Pooled data from 3 independent
experiments with at least 7 larvae per time point. Significance calculated using 2-way
ANOVA, **, p≤0.01, ***, p≤0.001. Mean ± SEM shown.
(C) Manual time-course enumeration of total macrophages in the larvae injected with
mock (HFF lysate, open circle, grey), type I (open circle, black), type II (semi-closed
circle, black) or type III (closed circle, black) Toxoplasma. Each circle represents a
single larva followed over time. Data from one experiment with 10 larvae per time
point. Significance calculated using 2-way ANOVA, ns, p>0.05. Mean ± SEM shown.

3.2.5.5 Macrophages clear Toxoplasma tachyzoites in vivo
Studies in vitro using heat-killed or live tachyzoites have shown that
macrophages can clear Toxoplasma by phagocytosis (Biggs et al., 1995;
Tosh et al., 2016) and provide a niche for replication in vitro (Marshall et al.,
2011). Studies in vivo using mice have shown that macrophages are critical in
Toxoplasma control (Robben et al., 2005; Dunay et al., 2008), but also may
be hijacked by parasites for replication and / or dissemination (Courret et al.,
2006; Jensen et al., 2011). To examine the precise role of macrophages in
vivo, mpeg1:G/U:mCherry larvae were infected with a high dose (3 x 103
tachyzoites) of type I Toxoplasma-GFP and imaged by confocal microscopy.
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In this case, macrophages were recruited to the infection site as early as 30
minutes post-infection (mpi) and were captured to phagocytose GFP-positive
type I tachyzoites (Figure 3.11A). Within ~24 minutes of engulfment the GFP
signal was lost, suggesting active degradation of the tachyzoites.
To test if the loss of GFP signal corresponds to type I tachyzoite
degradation within zebrafish macrophages, mpeg1:G/U:mCherry larvae were
infected with type I Toxoplasma-GFP and fixed at 6 hpi for processing and
CLEM at the EM facility of the Francis Crick Institute in collaboration with
Marie-Charlotte Domart. The vast majority of macrophages recruited to the
HBV captured by CLEM showed evidence of harbouring tachyzoites at
varying levels of degradation (Figure 3.11B). The level of Toxoplasma
degradation was assessed according to their shape, fragmentation of
organelles and loss of GFP fluorescence. Here, we observed increasing loss
of GFP fluorescence by tachyzoites correlated with the increasing loss of
structural integrity of the tachyzoite membrane / organelles. All macrophages
that contained degrading tachyzoites were imaged in their full volume and
showed no loss in red fluorescent signal and harboured intact nuclei and
mitochondria, indicating that these macrophages are alive.

Consistent with data obtained in vivo using mice (Robben et al., 2005), these
results using the HBV infection of zebrafish larvae highlight the important role
of macrophages in Toxoplasma clearance in vivo.
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Figure 3.11 Zebrafish macrophages actively phagocytose and degrade type I
Toxoplasma
(A) Representative frames extracted from in vivo confocal time-lapse imaging of
TraNac mpeg1:G/U:mCherry larvae harbouring red macrophages infected with type I
Toxoplasma-GFP (green). Showing a maximum projection of 24 z frames from 60
taken at 2 μm optical sections at 8-min intervals. Showing seven consecutive frames
from 2 h 12 minutes post-infection (mpi). Scale bar, 10 μm. White arrowhead shows
a type I tachyzoite being phagocytosed at 2 h 20 mpi, loss of GFP signal at 2 h 36
mpi, followed by a second phagocytosis event at 2 h 44 mpi and degradation by 3 h 8
mpi.
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(B) Representative images of dead/dying tachyzoites in the HBV of TraNac
mpeg1:G/U:mCherry (red) larvae infected with type I Toxoplasma-GFP (green) at 6
hpi processed by CLEM. Fixed larvae were stained for DNA (Hoechst, blue) without
permeabilization prior to CLEM processing to aid correlation. Six representative
images extracted from confocal z-stacks of a full vibratome section (inset) and the
corresponding SBF SEM segment extracted from consecutive 50 nm SBF SEM
slices. Dead/dying parasites still harbouring full or partial GFP signal is indicated by
white arrowheads (inset). Green dashed lines outline tachyzoites captured within the
macrophages (red) at varying levels of degradation. Scale bar, 1 μm. Samples were
prepared by N Yoshida. Samples were processed and data collected by MC
Domart.

3.2.5.6 Alternative roles for macrophages during Toxoplasma infection
in vivo
The role of macrophages revealed thus far by real-time and CLEM imaging is
in Toxoplasma clearance. However, in the HBV of type I Toxoplasma-infected
mpeg1:G/U:mCherry larvae fixed and imaged by CLEM (in collaboration with
Marie-Charlotte Domart), a subpopulation of macrophages harboured
tachyzoites that retained their GFP fluorescence and structural integrity
(Figure 3.12). CLEM imaging of this macrophage subpopulation showed they
harboured intact nuclei and mitochondria, which suggests these macrophages
are healthy. Furthermore, the type I tachyzoites exhibited HMA characteristics
suggesting

that

these

HMA-positive

tachyzoites

actively

invaded

a

subpopulation of zebrafish macrophages to establish their intracellular niche
through PV formation.
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Figure 3.12 Type I Toxoplasma can invade zebrafish macrophages
CLEM of intraphagocytic parasites inside macrophages in the HBV of TraNac
mpeg1:G/U:mCherry (red) larvae infected with type I Toxoplasma-GFP (green) at 6
hpi. Fixed larvae were stained for DNA (Hoechst, blue) without permeabilization prior
to CLEM processing to aid correlation. Three confocal z planes extracted from 44
confocal z-slices of a full vibratome section (top panels). Macrophage of interest
harbouring live Toxoplasma are depicted by yellow boxes and inset. Corresponding
localisation of the macrophage of interest harbouring live Toxoplasma in the SBF
SEM segment (middle panels) and the respective high-resolution SBF SEM images
(bottom panels) are denoted with yellow boxes. Host mitochondrial recruitment to the
parasitophorous vacuole indicated by yellow arrowheads. Scale bars, 20 μm (top and
middle panels) and 1 μm (bottom panels). Samples were prepared by N Yoshida.
Samples were processed and data collected by MC Domart.
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The rarity of active invasion of zebrafish macrophages by type I
Toxoplasma suggested that either macrophage numbers are too few for
parasites to target as an intracellular niche, or that macrophages are an
unsuitable niche in vivo. A single event captured by CLEM of type I-infected
mpeg1:G/U:mCherry larvae (in collaboration with Marie-Charlotte Domart)
showed an HMA-positive replicating tachyzoite within a macrophage (Figure
3.13A and B). 3D modelling of the replicating tachyzoites shows the
orientation of these tachyzoites within the macrophage in its whole volume
(Figure 3.13B). In this case, one of the tachyzoites is undergoing a further
round of replication, depicted by the presence of 2 nuclei within one
tachyzoite, which suggests this particular macrophage is being used as a
replicative niche (Figure 3.13A).
To investigate the role of zebrafish macrophages being used as a
niche for tachyzoites, type I Toxoplasma-infected mpeg1:G/U:mCherry larvae
harbouring red macrophages were injected with MitoTracker Deep Red before
imaging by live confocal microscopy. Here I captured an HMA-positive type I
tachyzoite inside a macrophage, suggesting active invasion into the
macrophage by the parasite and PV formation (Figure 3.13C and D). In this
case, the macrophage harbouring the HMA-positive tachyzoite retained its red
fluorescent signal and showed movement through the brain tissue, which
suggests this particular macrophage is being used for parasite trafficking
through host tissues.
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Collectively, these data suggest a subpopulation of macrophages can provide
a niche for Toxoplasma in vivo. Live confocal imaging also captured the
movement of these Toxoplasma-infected macrophages through brain tissue,
suggesting that macrophages can be hijacked by Toxoplasma to promote the
spread of infection.
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Figure 3.13 Zebrafish macrophages can serve as a replicative niche for type I
Toxoplasma and can be utilised for movement through tissue
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(A) CLEM of intraphagocytic parasite replication inside a macrophage in the HBV of
TraNac mpeg1:G/U:mCherry (red) larvae infected with type I Toxoplasma-GFP
(green) at 6 hpi. Fixed larvae were stained for DNA (Hoechst, blue) without
permeabilization prior to CLEM processing to aid correlation. Showing a single slice
extracted from a total of 44 confocal z-slices of a full vibratome section (FM, top left)
and the corresponding single slice extracted from 1662 consecutive 50 nm SBF SEM
slices through a segment of the vibratome section (bottom left), together with the
respective orthogonal view. The green and yellow boxes show the localisation of the
macrophage of interest in the confocal (top right) and SBF SEM images (bottom
right) respectively. The individual tachyzoites of the type I replicating tachyzoite
doublet (green and light green) and macrophage (red outline) were manually
segmented in the SBF SEM image (bottom right). Blue arrowheads show the two
nuclei present within the light green Toxoplasma tachyzoites and yellow arrowheads
show host mitochondria recruited to the PV. Scale bars, 20 μm (left panels) and 5 μm
(right panels).
(B) A 3D model of the replicating Toxoplasma shown in (A) created by manual
segmentation, overlaid on a single slice extracted from 373 consecutive 50nm SBF
SEM slices (top) together with the respective orthogonal view. A 3D representation of
the localisation of the replicating Toxoplasma tachyzoites within the orthoslices. Red
arrowhead indicates where in the 3D view the 2 Toxoplasma tachyzoites (light green
and green) are still joined. Scale bars, 5 μm.
Samples for (A) and (B) were prepared by N Yoshida. Data obtained Samples were
processed and data collected for (A) and (B) by MC Domart.
(C) Frames extracted from in vivo confocal time-lapse imaging of TraNac
mpeg1:G/U:mCherry larvae harbouring red macrophages infected with type I
Toxoplasma-GFP (green) injected with MitoTracker (white) at 6 hpi. Showing a single
z plane from 20 slices taken at 0.855 μm optical sections at 4 min 20 sec intervals.
Showing ten consecutive frames from the start of the imaging process at 6 hpi. Scale
bar, 10 μm.
(D) The fluorescent intensity profile through the dashed line spanning the width of the
macrophage (red) harbouring the HMA-positive parasite (green) at 28 min from (C).
Gaussian blur filter of 0.75 was applied to the image. Scale bar, 10 μm.
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3.2.5.7 Investigating the primary role of macrophages in Toxoplasma
infection in vivo
To test if the primary role of macrophage in Toxoplasma infection is parasite
clearance, macrophages were ablated prior to infection with type I
Toxoplasma through metronidazole treatment of mpeg1:G/U:mCherry larvae
(Figure 3.14A and B). In this mpeg1:G/U:mCherry transgenic line, zebrafish
macrophages express bacterial nitroreductase, which converts metronidazole
into a cytotoxic product that induces cell death, resulting in macrophagespecific ablation (Curado et al., 2008). Macrophage ablation did not cause any
mortality up to 24 hpi in zebrafish larvae upon infection with a high dose of
type I (Figure 3.14C).
To

test

if

macrophage

ablation

affects

parasite

burden

mpeg1:G/U:mCherry larvae pre-treated with metronidazole were infected with
a high dose (3 x 103 tachyzoites) of type I Toxoplasma-GFP and imaged by
fluorescent stereomicroscopy at 6 and 24 hpi (Figure 3.14D, Appendix Figure
2A). In this case, type I parasite burden was significantly increased (~2.0
fold) upon macrophage ablation at both 6 and 24 hpi (Figure 3.14D and E,
Appendix Figure 2B). To test if the GFP-positive punctae enumerated was of
live, viable parasites, infected larvae were fixed at 6 and 24 hpi and the
vacuole volumes compared between control and macrophage-ablated larvae.
Here, results show no significant difference in tachyzoite replication between
control-treated and macrophage-ablated larvae (Figure 3.14F), suggesting
that tachyzoites cleared by macrophages are viable and replicating.

126

To test if macrophage-ablation can increase parasite burden upon type
II and type III infection, mpeg1:G/U:mCherry larvae pre-treated with
metronidazole were infected with a high dose (3 x 103 tachyzoites) of type II
and type III Toxoplasma and imaged by fluorescent stereomicroscopy at 6
and 24 hpi (Appendix Figure 2C and D). Similar to the increased parasite
burden observed upon type I Toxoplasma infection, macrophage ablation
significantly increased parasite burden by ~3.0 fold and ~1.8 fold upon type II
and type III infection, respectively (Figure 3.14G and H).
Taken together, these results demonstrate that macrophages play a
key role in parasite clearance for type I, II and III Toxoplasma strains in vivo.
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Figure 3.14 Zebrafish macrophages predominantly aid clearance of viable
parasites in a strain-independent manner
(A) Schematic of the Toxoplasma-zebrafish infection model utilised for macrophageablation experiments. Larvae were pre-treated with DMSO (control, Ctrl) or
metronidazole (macrophage-ablated, Mtz) from 2 dpf. Larvae were injected at 3 dpf
and maintained at 33°C. Larvae were monitored up to 24 hpi.
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(B) Representative images of Ctrl or Mtz treated TraNac mpeg1:G/U:mCherry larvae
(red) injected with type I Toxoplasma-GFP (green) at 0 hpi. Dashed line outlines the
whole fish and yolk sac. Scale bar 200 μm.
(C) Survival curves of Ctrl (open circle) or macrophage-ablated (Mtz, closed circle)
larvae infected with type I Toxoplasma-GFP. Pooled data from at least 3 independent
experiments with at least 7 larvae per condition per time point.
(D) Representative fluorescent stereomicroscopy images of Ctrl (top panels) or Mtz
treated (bottom panels) TraNac mpeg1:G/U:mCherry larvae (red) injected with type I
Toxoplasma-GFP (green). The same larva was imaged and monitored at 6 and 24
hpi. Scale bar, 100 μm.
(E) Manual time-course enumeration of GFP-positive punctae in the HBV of Ctrltreated (open circle, grey) or macrophage-ablated (open circle, black) larvae infected
with type I Toxoplasma-GFP. Each circle represents a single larva followed over
time. Pooled data from 3 independent experiments with at least 7 larvae per
condition per time point. Significance calculated using 2-way ANOVA, *, p≤0.05, **,
p≤0.01. Mean ± SEM shown. For automated time-course enumeration of GFPpositive punctae using ZedMate see Appendix Figure 2B.
(F) Pixel volume quantification of GFP-positive punctae in larvae infected with type I
Toxoplasma-GFP at 6 (left) and 24 hpi (right). Presented as percentage of total
vacuoles imaged in the HBV by confocal microscopy that have 1 tachyzoite/vacuole
(<50

pix3,

black),

2

tachyzoites/vacuole

(50<100

pix3,

light

grey)

or

>4

tachyzoites/vacuole (>100 pix3, dark grey). Pooled data from 3 independent
experiments with at least 4 larvae per time point. Significance calculated using Chisquare test, Χ22 = 1.248 (6hpi), Χ22 = 5.4 (24hpi), ns, p>0.05. Mean ± SEM shown.
Quantification of parasite burden in the HBV of Ctrl (grey) or macrophage-ablated
(black) larvae at 6 and 24 hpi infected with type II (G) or type III (H) ToxoplasmaGFP. Presented as parasite burden calculated using Method 2.

Showing one

representative experiment of 3 independent experiments with at least 10 larvae per
condition per experiment.

Significance calculated using 2-way ANOVA, ns,

p>0.05. Mean ± SEM shown.
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3.2.6 Discussion
3.2.6.1 Summary of Chapter 2
Both neutrophils and macrophages have been shown in mice to be essential
for Toxoplasma control in vivo (Del Rio et al., 2001; Robben et al., 2005;
Dunay et al., 2008). On the other hand, Toxoplasma tachyzoites have also
been shown to use leukocytes to promote parasite survival in the host
(Butcher & Denkers, 2002; Leng et al., 2009; Coombes et al., 2013).
However, techniques to capture parasite-leukocyte interaction in vivo remain
highly invasive. Here, using our Toxoplasma-zebrafish infection model, I
report that type II and type III Toxoplasma tachyzoites establish a higher
parasite burden compared to type I parasites in vivo. Characterisation of
leukocyte dynamics shows that neutrophil recruitment is transient. In contrast,
macrophages remain at the infection site and recruitment correlates to the
infectious burden established at 6 hpi. CLEM, real-time microscopy and
macrophage ablation studies all show that macrophages are primarily
responsible for the clearance of viable tachyzoites for all three clonal lineages.
This zebrafish model provides the platform for the future investigation of the
precise mechanism by which zebrafish macrophages clear Toxoplasma
infection in vivo.
3.2.6.2 A comparison of the three clonal lineages in vivo
The parasite burden established at 6 hpi by type II and III strains was
significantly higher than that of the type I strain (Figure 3.5). This could be the
result of more efficient attachment and invasion of cell types found in the HBV
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by type II and III parasites. In agreement with this, type II parasites are known
to produce many small cysts in the brain during chronic infection (Gross et al.,
1997; Fuentes et al., 2001). Lining the ventricular space are ependymal cells
that aid production of cerebral spinal fluid that have motile cilia that encourage
flow of cerebral spinal fluid (Fame et al., 2016; Olstad et al., 2019).
Considering this, the behavior of extracellular tachyzoites may significantly
influence their ability to invade cells and establish infection in the hindbrain.
Type II and III tachyzoites during egress form large aggregates in culture
(from personal observation) in comparison to type I, which tend to disperse to
form a uniform suspension. This phenotype of rapid aggregation is also
observed during parasite preparation for infection. The aggregates of
tachyzoites (type II and III) could therefore have an advantage over uniformly
distributed single tachyzoites (type I) at moving against the flow of cerebral
spinal fluid to invade host cells and establish a higher infectious burden as
observed in this model. Type I parasites have been shown to survive
extracellularly for up to 12 days in media (Kalani et al., 2016). Considering
this, the significant loss of ~95 % of viable tachyzoites suggest the induction
of anti-parasitic mechanisms. Furthermore, the high parasite burden
established by type II and III parasites could also be a result of the protective
effect of tachyzoite aggregation have against anti-parasitic factors released
into the hindbrain ventricular space. Future work could therefore investigate
earlier time points, to identify when the majority of tachyzoites are lost and to
determine whether the effect is predominantly against extracellular or
intracellular tachyzoites. The role of neutrophils or macrophages in the ~95 %
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loss of viable parasites in the first 6 hours of infection is discussed in
Sections 3.2.6.4 and 3.2.6.5 respectively.
Recent studies performed in vitro using tissue culture cells have
described HMA to the PVM as both favorable and detrimental to intracellular
Toxoplasma (MacRae et al., 2012; Pernas et al., 2014; Syn et al., 2017;
Pernas et al., 2018). Here I demonstrated that HMA phenotypes in vivo are
largely consistent with in vitro data, with type II-Toxoplasma showing a
significant lack of HMA-positive tachyzoites as compared to type I and type III
strains (Figure 3.7). Unexpectedly, ~11 % of type II tachyzoites do show HMA
in line with the hypothesis that MAF1 gene expression could be induced in
type II strains in certain conditions (Pernas et al., 2014). Tachyzoites from all
three strains also exhibit close association with rounded / fragmented host
mitochondria, which could indicate increased ROS production or induction of
host cell death (Nagdas & Kashatus, 2017; Ježek et al., 2018). The
investigation of the role of ROS and host cell death in Toxoplasma infection
will therefore be of great interest.
3.2.6.3 The cytokine response to Toxoplasma
Pro-inflammatory cytokines are key in coordinating the immune response and
mediating parasite control (Gaddi & Yap, 2007; Aviles et al., 2008). Overall, I
report no significant difference in cytokine expression at the whole animal
level (Figure 3.8). Work performed at the whole animal level could mask a
more localised cytokine response in the HBV and a positive control is lacking
which severely limits the interpretation of the data presented, and so future
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work could combine transgenic lines and quantitative analysis (with reliable
positive controls) to more precisely define the cytokine response to
Toxoplasma infection.
3.2.6.4 The neutrophil response to Toxoplasma
The role of neutrophils in Toxoplasma infection is poorly understood, but it is
thought the gut microbiota may influence neutrophil recruitment during oral
Toxoplasma infection (Heimesaat et al., 2006; Denkers et al., 2012).
Therefore, by using our HBV compartmentalised infection model (i.e. in the
absence of gut microbiota) we can carefully examine the role of neutrophils in
Toxoplasma control. Here, neutrophil numbers recruited to the HBV at 6 hpi in
response to Toxoplasma infection is ~3 fold higher in comparison to mockinjected controls (Figure 3.9). However, no significant difference in straindependent neutrophil recruitment is observed. Interestingly, neutrophil
numbers are similar to mock-injected levels at 24 hpi. This in contrast to
neutrophils observed in foci of Toxoplasma infection in the intestinal villi,
where it was concluded neutrophils are required for the spread of the
tachyzoites (Coombes et al., 2013). The lack of dissemination from the
hindbrain suggests that the neutrophils are not being utilised for dissemination
in this case. Their absence in the hindbrain at 24 hours, suggests once
intracellular, neutrophils have little / no role in Toxoplasma control. This lack
of neutrophils in the HBV at 24 hpi could also be due to a macrophage-driven
repression in neutrophil recruitment (Hoeksema et al., 2015). Their presence
observed during the first 6 hours is reminiscent of transient swarming
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behaviour (Lammermann, 2016), and could suggest neutrophils have a role in
the loss of ~95 % of viable parasites observed from 0 to 6 hpi. Taking both the
contrasting behaviour of neutrophils at 6 and 24 hpi, this suggests that
neutrophils could be exerting their effect on extracellular tachyzoites. This
could be through the release of reactive oxygen or extracellular traps and so
future studies could explore the role of neutrophils in the clearance of
extracellular viable tachyzoites during the first 6 hours of infection as well as
the consequences of macrophage-ablation on neutrophil recruitment to
Toxoplasma infection.
3.2.6.5 Macrophages in Toxoplasma control
In vivo studies using mice have shown that macrophages are essential for
controlling acute Toxoplasma infection (Robben et al., 2005; Dunay et al.,
2008). CCL2 induction for macrophage recruitment to Toxoplasma infection
has been shown in vivo using mice and in vitro in human macrophages
(Robben et al., 2005; Safronova et al., 2019).

Although no significant

difference in zebrafish macrophage recruitment was observed across the
three strain types at 6 hpi (Figure 3.10), ccl2 expression was significantly
induced upon type II and III infection (but not type I infection) (Figure 3.8).
This suggests ccl2 expression may be enhanced in response to the higher
parasite burden established. This is supported by the continued increase in
macrophage number in the hindbrain from 6 to 24 hpi upon type II and III
infection, which establish a 3x higher parasite burden than the type I strain. In
comparison, the number of macrophages recruited to the type I strain (i.e. to a
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lower parasite burden) plateaus from 6 to 24 hpi. We report phagocytosis and
clearance of viable parasites by macrophages using real-time imaging and
CLEM (Figure 3.11 and 3.12). Macrophage ablation significantly increased
parasite burden established irrespective of Toxoplasma strain used (Figure
3.14). This suggests that in the presence of macrophages, a significant
population of live parasites that are able to establish an infection are cleared
in vivo. Even in the absence of macrophages, the burden established upon
type I infection was not able to equal those of type II or type III parasites. This
supports our hypothesis that type II and type III strains are able to survive and
/ or evade clearance more effectively than type I during the first 6 hpi.
3.2.6.6 A role for macrophages in promoting Toxoplasma infection
Macrophages from human peripheral blood have been shown to be
preferentially infected over neutrophils upon low Toxoplasma infection
(Channon et al., 2000), and have been implicated in transporting tachyzoites
to the brain in mice (Courret et al., 2006). In the zebrafish larvae, the role of
macrophages is predominantly skewed towards parasite clearance. However,
rare evidence obtained by CLEM and real-time imaging has shown that
macrophages can also promote parasite replication (Figure 3.13). This
indicates that a subpopulation of macrophages is permissive to Toxoplasma
invasion. A recent report has observed that Toxoplasma strain influences
macrophage activation and polarisation in mice (Jensen et al., 2011),
Considering this, in the future one could investigate how the polarisation of
macrophages affects their permissiveness to Toxoplasma infection in real-

135

time using our zebrafish infection model. Furthermore, only a minority of
tachyzoites was observed to be actively invading zebrafish macrophages, as
evidenced by the rarity of the event captured by CLEM. CLEM data could not,
however, be used to determine which cells neuronal/ependymal or otherwise
were predominantly being infected. Neuronal cells are thought to be the
preferred niche in mice for establishing chronic infection (Ferguson &
Hutchison, 1987; Cabral et al., 2016). Therefore to test whether neuronal cells
are indeed favored in this model, future work could combine the
Tg(elavl3:GCaMP6s)jf4 (which labels post-mitotic neuronal cells green (Park et
al., 2000)) together with immunostaining for acetylated tubulin (which labels
the radial glial tracts as well as neuronal cell bodies) and for cell nuclei. This
will allow labeling of the majority of the tissue structures that surround the
ventricular space to broadly characterise the favored niche of Toxoplasma
during hindbrain infection of zebrafish.
3.2.6.7 Conclusions
The susceptibility of mice to Toxoplasma infection is determined by the innate
immune response (Hou et al., 2011; Pifer & Yarovinsky, 2011; Sturge &
Yarovinsky, 2014). However, real-time visualisation of parasite clearance by
leukocytes in vivo is limited. Using our zebrafish infection model,
macrophages are shown to primarily promote parasite clearance and actively
phagocytose and degrade parasites. In a small number of cases,
macrophage-parasite
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interaction

may

promote

parasite

invasion

and

replication. Therefore, as of yet unknown factors may make macrophages
more susceptible to Toxoplasma invasion and replication.

Interestingly, parasite burden is significantly reduced over time in vivo,
irrespective of strain. A similar decrease in parasite burden is observed upon
macrophage ablation, which suggests a mechanism of macrophageindependent parasite clearance. Therefore, as a next step, it will be of great
interest to use our zebrafish model to explore the role of macrophagedependent and –independent cell-intrinsic immunity in Toxoplasma control.
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3.3

Chapter 3: Studying cell-intrinsic control of Toxoplasma in
vivo in zebrafish

3.3.1 Introduction
The cell-intrinsic immune response is the intracellular defence mechanism of
immune and non-immune cells to recognise and control invading pathogens
(Kim et al., 2012; MacMicking, 2012; Randow & Münz, 2012; Randow et al.,
2013). These include constitutively active pathways such the autophagic
control of bacteria in epithelial cells, and pathways that require host cell
stimulation with cytokines for the upregulation of host defence proteins (e.g.
host GTPase-mediated pathogen control and host cell death). Broadly, cellintrinsic immunity leads to pathogen killing, pathogen restriction and / or host
cell death (Randow et al., 2013). The precise consequence of cell-intrinsic
pathogen control varies in different cell types and depends on the pathogen.
In the case of Toxoplasma, cell-intrinsic immunity has mostly been studied in
vitro in murine cells, or in vivo in mice (Szabo & Finney, 2017). The limited
studies that have addressed the host defence pathways in human cells have
found that human and mouse cells use different pathways for Toxoplasma
control (Clough & Frickel, 2017). Therefore to further our understanding of
cell-intrinsic mechanisms of Toxoplasma control, an alternative in vivo model
would be highly beneficial.
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3.3.2 IFN-γ-dependent mechanisms of Toxoplasma control
IFN-γ is a crucial cytokine in mediating Toxoplasma control in vivo in mice
(Suzuki et al., 1988; Scharton-Kersten et al., 1996; Yap & Sher, 1999). IFN-γ
production by NK cells and T cells is dependent on IL-12 induction, which in
turn is produced by monocytes/macrophages, dendritic cells and neutrophils
(Gazzinelli et al., 1993b; Hunter et al., 1994; Khan et al., 1994). In vitro, IFN-γ
stimulation of innate immune cells (particularly macrophages) has been
shown to strongly induce antimicrobial effector mechanisms for the intrinsic
control of Toxoplasma (Butcher et al., 2005; Hunter & Sibley, 2012; Fox et al.,
2019).
3.3.2.1 Reactive oxygen / nitrogen species in Toxoplasma control
A highly effective branch of IFN-inducible cell-intrinsic pathways includes the
production of cytotoxic gases: reactive oxygen species (ROS) and reactive
nitrogen species (RNS), which confer an antimicrobial effect by damaging
microbial DNA, proteins and lipids (MacMicking, 2014). The precise role of
RNS in Toxoplasma control is poorly understood, considering their antiparasitic effects observed in mice versus the pro-parasitic effects observed in
human cells (Jun et al., 1993; Bando et al., 2018). In mice, RNS is essential in
the control of persistent Toxoplasma in vivo (and not during the acute phase)
(Gazzinelli et al., 1993a; Khan et al., 1996; Khan et al., 1997; SchartonKersten et al., 1997; Suzuki, 2002). In comparison, ROS production is crucial
for the elimination of parasites in vitro and has a protective effect in vivo
(Arsenijevic et al., 2001; Corrêa et al., 2010; Moreira-Souza et al., 2017). This

139

is further highlighted by evasion mechanisms used by Toxoplasma to
neutralise and reduce ROS to evade clearance (Ding et al., 2004; Choi et al.,
2011; Xue et al., 2017; Pang et al., 2019).
3.3.2.2 Mouse Guanylate Binding Proteins (GBPs) and ImmunityRelated GTPases (IRGs) in Toxoplasma PVM destruction
Mice harbour 23 immunity regulated GTPases (IRGs) and 13 guanylate
binding proteins (GBPs) that are highly expressed upon IFN-γ stimulation
(Howard et al., 2011). Several members of the IRG and GBP families have
been shown to be essential in controlling Toxoplasma infection in mice in vivo
(Ling et al., 2006; Yamamoto et al., 2012; Degrandi et al., 2013; Selleck et al.,
2013). Of the 23 IRG genes encoded in the mouse genome, 3 carry the GMS
amino acid motif in the nucleotide binding site (Irgm1, Irgm2, Irgm3) (Howard
et al., 2011). The other IRGs carry a GKS amino acid motif in the nucleotide
binding site, and are first to target the Toxoplasma PV (Khaminets et al.,
2010). During this process, the IRGM proteins are key in preventing GKS
IRGs from targeting “self” organelles. IRGM proteins residing on “self”
organelles bind GKS IRGs and render them inactive in the guanosine diphosphate (GDP)-bound form (Hunn et al., 2008; Papic et al., 2008; Haldar et
al., 2013; Maric-Biresev et al., 2016). Only in the active guanosine triphosphate (GTP)-bound form can GKS IRGs target the PVM (Papic et al.,
2008). IRGM proteins (i.e. the “self” marker) are absent from the PVM, which
makes the PVM prone to targeting by GKS IRGs and mouse GBPs (mGBPs)
(Haldar et al., 2013; Kravets et al., 2016). Importantly, Irgm1 / 3 knockout
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prevented targeting of host defence molecules to the Toxoplasma PVM
(Haldar et al., 2013; Foltz et al., 2017). Therefore, the GMS IRGs are the
upstream regulators of the host defence pathways in murine cells. However,
the precise mechanism by which mGBPs target the PV, and how the
combined recruitment of GKS IRGs and mGBPs result in PVM destruction,
remains unknown (Clough & Frickel, 2017).
A total of 13 mGBPs are encoded in the mouse genome and studies
using multiple GBP knockout mice have all shown increased susceptibility to
Toxoplasma infection (Yamamoto et al., 2012; Degrandi et al., 2013; Selleck
et al., 2013). Several autophagy proteins have also been shown to be
essential in mediating the recruitment of GKS IRG and mGBP to the PVM
(Zhao et al., 2008; Khaminets et al., 2010; Haldar et al., 2014; Park et al.,
2016). Further, mGBP deletion reduced IRG recruitment, and GKS IRGs
depletion resulted in parasite survival within an intact PV (Yamamoto et al.,
2012; Selleck et al., 2013). This suggests both IRGs and GBPs are dependent
on each other for coordinating their recruitment to the PVM (Clough & Frickel,
2017). To counteract IRG and GBP-mediated restriction, several Toxoplasma
virulence factors including rhoptry proteins ROP17 and ROP18 and the IST
protein (inhibitor of STAT1 transcriptional activity) have been identified to
directly inhibit IRG recruitment to the PV (Fentress et al., 2010; Steinfeldt et
al., 2010; Hunter & Sibley, 2012; Etheridge et al., 2014), and inhibit the host
response to IFN-γ signalling (Gay et al., 2016; Olias et al., 2016). Taken
together, this highlights the dependence of Toxoplasma control in mice on the
IRG and GBP proteins.
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3.3.2.3 Inflammasome-mediated control of Toxoplasma in mice
Destruction of the intracellular niche can occur as a consequence of
programmed cell death or, in the case of Toxoplasma, as a by-product of
forced or natural parasite egress (Lavine & Arrizabalaga, 2008; Saeij &
Frickel, 2017; Caldas & De Souza, 2018). Alternatively, host cell death can be
pathogen-driven to promote parasite survival (Bannai et al., 2008; Bannai et
al., 2009; Ngô et al., 2017; Zhu et al., 2019). Highly inflammatory programmed
cell death includes neutrophil-specific NETosis (during NET release), as well
as necroptosis and pyroptosis (Brinkmann et al., 2004; Yang et al., 2015), and
is important in shaping the inflammatory response to aid parasite clearance.
Both mouse and human GBPs have been implicated in IFN-induced
inflammasome activation for controlling bacterial infections by exposing
pathogen-associated molecular patterns (PAMPs) for detection by pattern
recognition receptors (PRRs) (Meunier & Broz, 2015; Kim et al., 2016; Man et
al., 2016; Saeij & Frickel, 2017). The inflammasome complex activates
caspase-1, which in turn mediates the maturation of pro-inflammatory
cytokines IL-1β and IL-18 for secretion (Kim et al., 2016). Pyroptosis can
occur as a result of inflammasome activation and involves the formation of
pores in the cell wall by gasdermin D, followed by the uncontrolled swelling
and rupture of the host cell (Kovacs & Miao, 2017). Upon oral Toxoplasma
infection of rodents, NLRP1 and NLRP3 inflammasome activation controlled
parasite burden and dissemination and protected the host (Ewald et al., 2014;
Gorfu et al., 2014; López-Yglesias et al., 2019).
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3.3.2.4 Human cell-intrinsic control of Toxoplasma
In comparison to mGBPs, the role of human GBPs (hGBPs) in Toxoplasma
control is less understood. Humans have 7 GBPs, however only carry one
complete IRG gene (IRGC), which is not IFN-γ-inducible and have no
discernable role in host defence, and a truncated IRGM gene in its genome
(Bekpen et al., 2005; Lima & Lodoen, 2019). The presence of CaaX
prenylation motifs in hGBP1, 2 and 5 suggests that hGBPs can be recruited to
vacuolar membranes of intracellular pathogens in a similar manner to mGBPs
(Britzen-Laurent et al., 2010). Supporting this, hGBP1 are recruited to
Chlamydia trachomatis and type I and II Toxoplasma PVs in IFN-γ-stimulated
macrophages (Tietzel et al., 2009; Al-Zeer et al., 2013; Fisch et al., 2019a).
hGBPs did not restrict Toxoplasma in human haploid (HAP1) cells (Ohshima
et al., 2014), but did restrict type I and II Toxoplasma in macrophages (Fisch
et al., 2019a). hGBP1 depletion in mesenchymal stromal cells showed
reduced Toxoplasma restriction upon IFN-γ stimulation (Qin et al., 2017).
Additionally, a previously unknown strategy showed hGBP1 do not require
direct GBP-pathogen interaction to restrict type II Toxoplasma replication in
human epithelial cells (Johnston et al., 2016). Taken together, these data
suggest that the mechanism of Toxoplasma control exerted by GBPs is highly
variable and dependent on the host cell type (Saeij & Frickel, 2017).
Apoptosis is an immunologically silent form of host cell death that
occurs as a result of extrinsic or intrinsic signalling via death receptors or host
mitochondria culminating in the activation of apoptotic caspases 3, 6 and 7
(Jorgensen et al., 2017). Cells undergoing apoptosis expose phosphatidyl
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serine to promote efficient clearance by resident phagocytes and do not have
inflammatory consequences (Mammari et al., 2019). A recent study
demonstrated Toxoplasma infection of macrophages resulted in hGBP1dependent apoptosis (Fisch et al., 2019a). Evidence also suggests that IFN-γinduced host cell death in human fibroblasts can occur in a GBP- and
caspase-independent manner (Niedelman et al., 2013). Together with this, the
evolution of inhibitory mechanisms used by Toxoplasma to prevent apoptosis
underscores the crucial role of host cell death in parasite control (Nash et al.,
1998; Molestina et al., 2003; Payne et al., 2003; Carmen et al., 2006;
Mammari et al., 2019).
3.3.2.5 The role of calcium in the early egress of Toxoplasma
The lytic egress of tachyzoites from the host cell is a crucial step prior to
dissemination to neighbouring cells, and in cell culture systems this occurs
after 5-7 division cycles (Radke & White, 1998; Black & Boothroyd, 2000). In
contrast, in vivo systems predominantly exhibit tachyzoite egress after 0-2
divisions in inflammatory cells (Tomita et al., 2009).
During natural egress, the host cell becomes permeable and potassium
ions are lost from the host cell cytoplasm. This potassium efflux in turn
activates phospholipase C and increases calcium ion concentrations in the
parasite cytoplasm (Moudy et al., 2001), and coordinates the switch of the
parasite to the highly motile extracellular state (Heaslip et al., 2011). In vitro
studies have shown increase of calcium ion concentrations can induce early
egress (Stommel et al., 1997; Black et al., 2000; Moudy et al., 2001; Caldas et
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al., 2007), which suggests this is a host- or environmentally-driven
mechanism (Tomita et al., 2009). In agreement with in vitro data, early egress
of tachyzoites from infected inflammatory macrophages in vivo was shown to
be dependent on intracellular calcium (Tomita et al., 2009). Furthermore,
macrophages were predominantly responsible for driving this phenomenon
(Tomita et al., 2009). Calcium release has also been shown to be an
important mediator in death receptor-mediated tachyzoite egress resulting in
host cell death (Persson et al., 2007), and IFN-γ / TNF-α-induced parasite
egress in mice (Melzer et al., 2008; Yao et al., 2017). Taken together, this
suggests calcium is an environmental trigger for Toxoplasma to escape from
a non-permissive environment, as well as a host-driven mechanism to restrict
Toxoplasma replication (Niedelman et al., 2013).
3.3.3 Zebrafish as a model for studying cell-intrinsic immunity
In recent years, the zebrafish has gained recognition as an in vivo model for
studying cell-intrinsic mechanisms in infection (Mostowy et al., 2013; Hosseini
et al., 2014; Meijer & van der Vaart, 2014; Mohanty et al., 2015; Li et al.,
2016; Wu et al., 2016; Mathai et al., 2017). Studies revealed the behaviour of
endogenous inflammasome components upon stimulation in vivo (Kuri et al.,
2017),

and

showed

inflammasome-mediated

clearance

of

Listeria

monocytogenes by macrophages is essential for pathogen control (Vincent et
al., 2016). Conversely, inflammasome activation-induced pyroptotic cell death
promoted granuloma expansion and disease during Mycobacterium marinum
infection (Varela et al., 2019). Zebrafish infection with Escherichia coli has
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also demonstrated ROS-dependent clearance by neutrophils (Phan et al.,
2018). Finally, killing of phagocytosed bacteria in macrophages was linked to
the production of mitochondrial ROS (West et al., 2011; Hall et al., 2013), and
components of the autophagy machinery were visualised to associate with
phagosomal compartments upon Salmonella infection to mediate pathogen
control in a ROS-dependent manner (Masud et al., 2019).
3.3.4 Zebrafish as a model for studying GBP-mediated immunity
Zebrafish harbour 11 IRG genes (irge) that are placed in a separate clade
from the mammalian IRG genes (Bekpen et al., 2005). However, similar to
humans, zebrafish completely lack the regulatory GMS IRG genes and
harbour no discernible homologue for human IRGC (Bekpen et al., 2005).
Therefore, as an evolutionarily IRGM-deficient model, zebrafish are perfectly
positioned to contribute to the understanding of GBP-dependent cell-intrinsic
responses to Toxoplasma infection. Importantly, this in vivo model has the
potential to provide insights into these mechanisms that are divergent from
the murine host response, and potentially closer to the human host response.
A recent study showed that clearance of Salmonella Typhimurium by
zebrafish neutrophils was mediated via a GBP4-inflammasome pathway
(Tyrkalska et al., 2016). My study therefore aims to decipher novel aspects of
GBP function using the zebrafish larval model.
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3.3.5 Genome editing in zebrafish
In addition to transient knockdown of gene expression (i.e. injection of
morpholino oligonucleotides) in zebrafish, a wide variety of genome-editing
techniques are available. These approaches include zinc finger nuclease
(ZFNs) (Miller et al., 2007), transcription activator-like effector nucleases
(TALENs) (Christian et al., 2010; Cade et al., 2012) and clustered regularly
interspaced short palindromic repeats (CRISPR) (Horvath & Barrangou, 2010;
Hwang et al., 2013). Here, we will discuss the pros and cons of these
approaches in genomic editing.
ZFNs act as artificial restriction enzymes made up of zinc finger
domains that recognise a single nucleotide triplet (Kim et al., 1996). Each ZFN
can be designed to recognise three to six nucleotide triplets i.e. 9-18 bps of
the DNA sequence (Doyon et al., 2008). However, DNA cleavage can only
occur when a second ZFN recognises the complement DNA strand in a way
that allows the two nuclease domains to dimerise (Sertori et al., 2016). The
major limitation of ZFNs is the high failure rate of the method employed to
engineer the ZFNs (Ramirez et al., 2008). Furthermore, ZFN-mediated
cleavage has low efficacy (<33 %) and can occur at sites harbouring 1-4 bp
mismatches leading to a high frequency of off-target cleavage (Sertori et al.,
2016).
Similar to ZFNs, TALENs act as artificial restriction enzymes that work
in pairs made up of TAL effectors (TALE) (Joung & Sander, 2013; Sertori et
al., 2016). In this case, each TALE recognises a single nucleotide (Joung &
Sander, 2013). Each TALEN can be designed to recognise 12 to 31 single
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nucleotides of the DNA sequence (Bedell et al., 2012). TALEN-mediated
cleavage occurs with 10-98 % efficacy and produces few off-target effects
(Sertori et al., 2016). TALENs therefore provide a more reliable approach to
genome editing, compared to ZFNs.
In comparison, CRISPR/CRISPR-associated 9 (Cas9) system is based
on the bacterial adaptive defence system against bacteriophage infection
(Loureiro & da Silva, 2019). This system relies on a single-guide RNA
(sgRNA) that harbours a 20 bp sequence, which is complementary to the DNA
target site, guiding the Cas9 endonuclease to the target site (Jinek et al.,
2012). Compared to ZFNs and TALENs which uses restriction enzymes, the
sgRNA and Cas9 mRNA can be designed and produced easily at low cost
(Sertori et al., 2016). Gene editing is highly specific with up to 100 % efficacy.
Therefore, CRISPR/Cas9 provides a low cost, reliable approach that can be
adapted to target multiple genes or locations simultaneously (Sertori et al.,
2016). The biggest limitation of CRISPR/Cas9 system is the requirement of
the protospacer adjacent motif (PAM) immediately adjacent to the 20 bp
target sequence, which means not all DNA sequences, can be targeted
(Sertori et al., 2016).

Here I use the CRISPR/Cas9 system for the generation of transmissible
mutations in zebrafish gbp2. In this way, we aim to generate new tools to
investigate the role of gbp2 in control of Toxoplasma gondii.
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Using our Toxoplasma-zebrafish infection model (established in Chapter 1), I
studied the cellular innate immune response to Toxoplasma infection in
Chapter 2. In this chapter, I studied the role of cell-intrinsic immunity in
parasite control in vivo. First I explore the role of cell death in Toxoplasma
control. I then identify and characterise the GBP sequences in the zebrafish
genome and compare them to the mouse and human GBPs. Finally, I
generate a zebrafish GBP2 knockout mutant using CRISPR/Cas9 for future
study.
3.3.6 Results
3.3.6.1 Macrophage-dependent host cell death is detrimental to
Toxoplasma
Host cell death naturally occurs upon parasite egress during the lytic cycle of
Toxoplasma (Black & Boothroyd, 2000), but the induction of host cell death
can also be used to destroy the intracellular niche (and thus curb parasite
replication) (Saeij & Frickel, 2017). To test if Toxoplasma can induce host cell
death in zebrafish, infected larvae were stained with acridine orange (AO, a
permeable dye) which binds to exposed nucleic acids to fluorescently label
dying cells (Tucker & Lardelli, 2007). In this case, larvae were injected with
mock or high dose (3 x 103 tachyzoites) of type I Toxoplasma-Tomato (red)
and imaged by confocal microscopy for quantification of AO-positive cells at 6
and 24 hpi (Figure 3.15A). AO-positive cells significantly increased (~1.7 fold)
at 6 hpi, as compared to mock-injected controls, suggesting that host cell
death is induced in response to infection (Figure 3.15B). The number of AO-
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positive cells in infected larvae is significantly reduced (by ~60 %) between 6
and 24 hpi, and are similar to mock-injected levels at 24 hpi (Figure 3.15B).
These data suggest that host cell death is only induced in response to type I
Toxoplasma infection in the first 6 hours.
A similar trend in increased host cell death (~1.7 fold) was observed
upon infection with a high dose (3 x 103 tachyzoites) of type II ToxoplasmaTomato at 6 hpi (Figure 3.15C), suggesting that induction of host cell death in
response to Toxoplasma infection is consistent across strains.
Considering that macrophages are the major leukocyte population
recruited to the site of infection (see Chapter 2), I examined their role in host
cell death. For this, control or macrophage-ablated larvae infected with a high
dose (3 x 103 tachyzoites) of type I Toxoplasma-Tomato were stained and
imaged for AO-positive cells at 6 and 24 hpi (Figure 3.15D, Appendix Figure
3A). While control infected larvae showed a significant increase (~1.6 fold) in
AO-positive cells upon infection as compared to control mock-injected larvae,
macrophage-ablated infected larvae showed no significant increase in AOpositive cells upon infection as compared to mock-injected, macrophageablated larvae (Figure 3.15E). These results suggest that host cell death
observed in response to Toxoplasma infection is macrophage-driven.
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Figure 3.15 Toxoplasma infection results in strain-independent increase in
macrophage-driven host cell death
(A) Representative images of larvae injected in the HBV with mock (left panels) or
type I Toxoplasma-Tomato (right panels) and stained with acridine orange (AO,
yellow) at 6hpi. Dotted line represents the area within which AO-positive cells were
quantified. Scale bar, 100 μm.
(B) Enumeration of AO-positive cells in the HBV of larvae injected with mock (HFF
lysate, open circle) or type I Toxoplasma-Tomato (closed circle) at 6 and 24hpi.
Pooled data from 3 independent experiments with at least 4 larvae per condition per
experiment. Significance calculated using 2-way ANOVA, ns, p>0.05, ***, p≤0.001.
(C) Enumeration of AO-positive cells in the HBV of larvae injected with mock (HFF
lysate, open circle) or type II Toxoplasma-Tomato (semi-closed circle) at 6 hpi.
Pooled data from 3 independent experiments with 5 larvae per condition per
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experiment. Significance calculated using Student’s t-test (paired, two-tailed), ***,
p≤0.001.
(D) Representative images of Ctrl (top panels) and Mtz-treated (bottom panels)
larvae injected in the HBV with mock (HFF lysate, left panels) or type I ToxoplasmaTomato (right panels) and stained with acridine orange (AO, yellow) at 6hpi. Dotted
line represents the area within which AO-positive cells were quantified. Scale bar,
100 μm.
(E) Enumeration of AO-positive cells in the HBV of Ctrl (grey) or macrophage-ablated
(black) larvae of mock (HFF lysate, open circles) or high dose (closed circles) 6hpi.
Pooled data from 3 independent experiments with at least 3 larvae per condition per
experiment. Significance calculated using 1-way ANOVA, ***, p≤0.001. Mean ± SEM
shown in all graphs.

3.3.6.2 Host cell death is caspase- and ROS-independent and is partially
driven by forced early egress of Toxoplasma
A recent study described a role for apoptosis in IFN-γ-stimulated human
macrophages upon Toxoplasma infection (Fisch et al., 2019a). To determine
whether the host cell death pathway induced by macrophages during infection
was apoptosis, a flow cytometry-based assay was used to stain for apoptotic
cells. Exposure of phospholipid phosphatidylserine on the outer leaflet of the
plasma membrane precedes apoptotic cell death (Vermes et al., 1995).
Therefore, this assay uses Annexin V (AnnV, which has a high affinity to
phospholipid phosphatidylserine and is fused to GFP) and propidium iodide
(PI; a dye that is taken up by cells with damaged membranes) to stain for cells
that have lost membrane integrity and are undergoing cell death. For this,
larvae were infected with type I Toxoplasma, and the percentage of AnnV-
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positive, PI-positive cells were assessed in the total cells isolated from the
head of zebrafish larvae at 5 hpi. Flow cytometry data showed no significant
increase in AnnV-positive, PI-positive cells upon infection, suggesting that
type I Toxoplasma does not induce apoptotic cell death in the larval hindbrain
(Figure 3.16A).
To test if the host cell death pathway induced by macrophages during
infection was caspase-dependent, I used Q-VD-OPh, a pan-caspase inhibitor
to block caspase-dependent host cell death pathways (Kuželová et al., 2011;
Keoni & Brown, 2015; Palchaudhuri et al., 2015). For this, larvae infected with
a high dose (3 x 103 tachyzoites) of type I Toxoplasma-GFP were treated with
Q-VD-OPh at 0 hpi (Appendix Figure 3B). As host cell death correlates with
macrophage-dependent Toxoplasma clearance (Figure 3.14), I hypothesised
inhibition of the cell death pathway will result in increased parasite burden.
Therefore, the parasite burden established in the HBV at 6 hpi in the presence
or absence of the pan-caspase inhibitor was imaged by fluorescent
stereomicroscopy and the GFP-positive punctae quantified. In this case, pancaspase inhibition had no significant effect on parasite burden (Figure 3.16B).
This result suggests the host cell death pathway induced upon Toxoplasma
infection is caspase-independent.
A prominent driver of caspase-dependent cell death by pyroptosis is
the inflammasome (Kovacs & Miao, 2017), the activation of which also
induces increased expression of il-1β. Quantification of il-1β expression at the
whole animal level suggests no significant increase in il-1β upon infection with
type I, II or III Toxoplasma (Figure 3.16C), suggesting the inflammasome is
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not activated at 6 hpi. These observations are consistent with results obtained
using Q-VD-OPh.
Next to test if the increase in host cell death was in response to
increased production of ROS, larvae were pre-treated with N-acetyl cysteine
(NAC, a scavenger that depletes ROS) (Jiao et al., 2016). NAC-treated larvae
were then infected with a high dose (3 x 103 tachyzoites) of type I
Toxoplasma-GFP and imaged at 6 hpi by fluorescent stereomicroscopy
(Appendix Figure 3C). Similar to Q-VD-OPh-treated larvae, no significant
change in type I parasite burden upon ROS depletion was observed (Figure
3.16D). These results suggests that the induction of host cell death is ROSindependent

Host cell death can also be a result of forced egress of Toxoplasma
tachyzoites from the host cell (Caldas & De Souza, 2018). Forced egress is
dependent on the calcium ion and is driven by macrophages in vivo (Tomita et
al., 2009). Chelating the available calcium in vivo can therefore inhibit this
form of host cell death caused by forced egress of tachyzoites. To test this,
larvae pre-treated at 2 dpf with a calcium-chelator, BAPTA-AM, were infected
with a high dose (6 x 103 tachyzoites) of type I Toxoplasma-GFP (Appendix
Figure 3D). Infected larvae were imaged by fluorescent stereomicroscopy at 6
hpi to assess the effect of calcium chelation on parasite burden. Parasite
burden established at 6 hpi was significantly increased (~1.2 fold) upon
calcium chelation (Figure 3.16E). However, calcium chelation has no
significant effect on parasite burden at 24 hpi, suggesting parasite clearance
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via forced parasite egress occurs only during the first 6 hours of infection in
the presence of calcium.
In summary, these results demonstrate that the macrophagedependent increase in parasite clearance, driven by host cell death upon type
I Toxoplasma infection, is caspase- and ROS-independent. However, host cell
death caused by forced parasite egress may, in part, contribute to the
increase in host cell death and parasite clearance.

Figure 3.16 Calcium chelation increases parasite burden
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(A) Quantification of apoptotic cells in the head of larvae injected with mock (HFF
lysate, open circle) or colourless type I Toxoplasma using a flow cytometry-based
assay at 5 hpi. Presented as percentage of AnnV-positive, PI-positive cells out of
total cells. Data from 1 independent experiment with 3 technical replicates, consisting
of a pool of 20 larva heads per technical replicate. Significance calculated using
Student’s t-test (paired, two-tailed), p value as shown. Mean ± SEM shown.
(B) Manual enumeration of GFP-positive cells in the HBV of Ctrl-treated (open circle)
or Q-VD-OPh-treated (closed circle) larvae injected with type I Toxoplasma-GFP
(closed circle) at 6 hpi. Each circle represents a single larva followed over time.
Pooled data from 5 independent experiments with 10 larvae per condition per
experiment. Significance calculated using Student’s t-test (paired, two-tailed), ns,
p>0.05. Mean ± SEM shown.
(C) Larvae infected with type I (white), type II (grey) or type III (black) ToxoplasmaGFP were snap frozen at 6 hpi for RNA extraction and analysis for il-1b expression
by real-time quantitative-PCR. Presented as fold change normalised to the
housekeeping gene (elongation factor, eef1a1a) and normalised to the mock-injected
control. Red dotted line depicts the expression level in mock-injected controls. Pooled
data from 3 independent experiments. Each biological replicate consists of 15 larvae
pooled per condition. Samples were analysed in duplicate. Significance shown
relates to expression of type I, II and III-infected larvae as compared to mock-injected
controls. Significance calculated using one-way ANOVA, ns, p>0.05. Mean ± SEM
shown.
(D) Manual enumeration of GFP-positive cells in the HBV of Ctrl-treated (open circle)
or NAC-treated (closed circle) larvae injected with type I Toxoplasma-GFP (closed
circle) at 6 hpi. Each circle represents a single larva followed over time. Pooled data
from 3 independent experiments with at least 6 larvae per condition per experiment.
Significance calculated using Student’s t-test (paired, two-tailed), ns, p>0.05. Mean ±
SEM shown.
(E) Manual time-course enumeration of GFP-positive cells in the HBV of Ctrl-treated
(open circle) or BAPTA-AM-treated (closed circle) larvae injected with type I
Toxoplasma-GFP (closed circle) at 6 and 24hpi. Each circle represents a single larva
followed over time. Pooled data from 3 independent experiments with at least 5
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larvae per condition per experiment. Significance calculated using 2-way ANOVA, ns,
p>0.05, *, p≤0.05. Mean ± SEM shown.

3.3.6.3 Evidence of parasite restriction independent of host cell death
To test for the inhibition of parasite replication in vivo in the zebrafish HBV,
larvae were infected with a high dose (3 x 103 tachyzoites) of type I, II or III
Toxoplasma-GFP and fixed at 6, 24 and 48 hpi and imaged by confocal
microscopy. The percentage of single tachyzoites in the HBV was quantified
by pixel volume quantification. Analysis of type I, II and III strains revealed a
significant decrease (by 47 %, 62 % and 58 % respectively), in the single
tachyzoite population from 6 to 24 hpi, suggesting that the majority of
tachyzoites evade restriction and replicate (Figure 3.17A-C). The percentage
of single tachyzoites reached at 48 hpi is equal across the three strains (~16
%).
As observed in Chapter 2, parasite killing correlates with the loss of
GFP fluorescence. To visualise the clearance of intracellular parasites by cellintrinsic immunity, larvae infected with I, II or III Toxoplasma-GFP were fixed
at 6, 24 and 48 hpi and stained for GRA2 before imaging by confocal
microscopy. Interestingly, GRA2 staining captured distinct PV-like structures
that did not contain intact fluorescent tachyzoites at 6 hpi in type II-infected
larvae (Figure 3.17D). The loss of GFP after tachyzoites have formed their PV
and intracellular niche may be an indication of a host-driven mechanism for
parasite clearance.
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Figure 3.17 Toxoplasma restriction in the HBV independent of host cell death
Quantification of single tachyzoites in the HBV of larvae infected with type I (A), II (B)
or III (C) Toxoplasma-GFP at 6, 24 and 48 hpi (from left to right) by pixel volume
quantification. Presented as percentage of total vacuoles imaged in the HBV by
confocal microscopy that have 1 tachyzoite/vacuole (<50 pix3). Pooled data from 3
independent experiments with at least 2 larvae per time point. Significance calculated
using one-way ANOVA, ***, p≤0.001. Mean ± SEM shown.
(D) Representative Airyscan confocal images of GRA2-positive PV-like structures
(red, left) around remnant GFP fluorescence (green, middle) with the merged image
(right) at 6 hpi in the HBV of larvae infected with type II Toxoplasma-GFP. Scale bar,
5 μm.
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3.3.6.4 Identification of zebrafish guanylate binding proteins (drGBPs)
Human GBP1 has recently been reported to regulate of host cell death upon
Toxoplasma infection (Fisch et al., 2019a), and also to restrict parasite
replication (Johnston et al., 2016; Qin et al., 2017; Fisch et al., 2019a).
Zebrafish lack the regulatory IRGMs, suggesting that GBP-mediated
Toxoplasma control in zebrafish may reflect the human system more (and not
the mouse). Therefore to identify all the zebrafish genes with similar amino
acid sequences to hGBP1, the hGBP1 amino acid sequence was aligned
against the most recent version of the zebrafish genome, GRCz11, using
BLAST (Ensembl.org) (Table 3.1).

Table 3.1 List of zebrafish genes that aligned to hGBP1 ranked by their overall
score
Subject name
ENSDARP00000114509
ENSDARP00000056459
ENSDARP00000138007
ENSDARP00000056460
ENSDARP00000009470
ENSDARP00000118385
ENSDARP00000137004
ENSDARP00000136771
ENSDARP00000090500
ENSDARP00000114155
ENSDARP00000154966
ENSDARP00000132261
ENSDARP00000139426
ENSDARP00000020089
ENSDARP00000148858
ENSDARP00000014294
ENSDARP00000139111
ENSDARP00000151744
ENSDARP00000142957

Gene hit
gbp2
gbp1
si:ch211-209n20.1
gbp2
gbp3
gbp3
si:dkeyp-30d6.2
gbp4
gbp4
gbp1
unm_sa911
si:ch211-209n20.1
si:dkeyp-30d6.2
unm_sa911
CABZ01068208.1
zmp:0000000527
si:dkeyp-30d6.2
CABZ01068209.1
si:dkey-85k7.12

Score
524
474
452
423
440
440
382
367
364
199
208
198
197
202
189
187
136
47.4
42.4

E-value
2.00E-178
2.00E-159
3.00E-150
2.00E-142
6.00E-142
6.00E-142
8.00E-127
1.00E-117
9.00E-117
9.00E-60
1.00E-59
9.00E-59
1.00E-58
9.00E-58
2.00E-55
3.00E-55
2.00E-37
5.00E-06
0.002

% ID
47.79
44.66
48.47
53.77
44.99
44.99
53.62
48.24
48.01
65.49
39.19
62.16
62.84
38.95
62.16
60.81
66.36
64.29
27.08
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Alignment with hGBP1 identified four zebrafish GBPs (herein referred to as
drGBPs) together with an additional seven proteins that have not been
identified as GBPs (herein referred to as drGBP-like proteins). The four
drGBPs together with drGBP-like proteins si:dkeyp-30d6.2 and si_ch211209n20.1 showed the highest homology to the hGBP1 sequence.
Next I aligned the human and mouse GBPs together with the four
zebrafish GBP and seven zebrafish GBP-like proteins for phylogenetic
analysis. The orthologous relationship of the human, mouse and zebrafish
GBPs showed drGBPs and drGBP-like proteins were phylogenetically
grouped away from the mammalian counterparts (Figure 3.18A), which
supports the early evolutionary divergence of zebrafish from mammals
(McConnell et al., 2016). An analysis of the protein motifs shared by human,
mouse and zebrafish GBPs showed that, irrespective of evolutionary
divergence, the motifs present in the four drGBPs and two of the drGBP-like
proteins (si:dkeyp-30d6.2 and si_ch211-209n20.1) were highly comparable to
the

mammalian

GBPs

(Figure

3.18A).

Exceptions

to

this

were

CABZ01068209.1, which was highly truncated; unm_sa911, zmp:0000000527
and CAB01068208.1, which were variably truncated and missing N and C
terminal motifs. si_dkey-85k7.12 exhibited only one common motif and was
highly elongated, and so was removed from the list of potential GBP
candidates and further analysis.
Ensembl runs an InterProScan algorithm to identify the protein families
and domains a protein possesses. Six InterPro protein families / domains
(with unique identification numbers) were associated with hGBP1 and
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encompassed the globular GTPase domain at the N terminus and the coiled
coil domain at the C terminus (important for changing the activation state and
protein interactions, respectively). For each of the six InterPro domains
present in hGBP1, a list was compiled of the zebrafish proteins that
possessed them and analysed for commonalities (Figure 3.18B). This data
showed that drGBP1-3 and si_ch211-209n20.1 possessed all six of the
InterPro domains associated with hGBP1.

Figure 3.18 Phylogenetic tree and motif analysis show zebrafish GBPs are
distinctly grouped but have conserved protein domains
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(A) The phylogenetic tree and motif alignment directly comparing zebrafish, mouse
and human GBPs was obtained using ClustalW2 program and MEME Suite 5.1.0.
The results were restricted to 10 motifs (depicted by the coloured boxes). All
zebrafish GBPs and GBP-like genes (blue) are distinctly grouped away from the
mammalian counterparts.
(B) Venn diagrams of the list of genes extracted from the whole zebrafish genome
that contain the InterPro protein domains characterised in hGBP1 that make up the N
terminal globular GTPase domain (IPR030386 (red), IPR015894 (yellow) and
IPR027417 (blue)) and the alpha-helical C terminal domain (IPR037684 (red),
IPR036543 (yellow) and IPR003191 (blue)). The lists of genes next to each Venn
diagram (red box) correspond to those that possess all three N or C terminal
domains. Highlighted in bold are the genes that possess all six of the N and C
terminal InterPro protein domains observed in hGBP1.

To analyse the conservation of the amino acid sequence of the globular
GTPase domain between hGBP1 and drGBPs / drGBP-like proteins, the
amino acid sequences were aligned by multiple sequence alignment (Figure
3.19). The GTPase domain is composed of four highly conserved motifs, G1,
G2, G3 and G4 (Kresse et al., 2008; Ramachandran & Schmid, 2018).
CABZ01068209.1 was highly truncated where only the G1 motif was
identifiable, unm_sa911 lacked the G1-G4 motifs, zmp:0000000527 and
CAB01068208.1 had disrupted G1 motifs and together with si:dkeyp-30d6.2
were variably truncated forms of the GBP protein. Therefore, due to a lack of
a functional GTPase domain made up of the four motifs, G1-G4 and lack of C
terminal domain, the above proteins were disregarded from the list of GBPlike proteins.
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In summary, of the seven GBP-like proteins identified through alignment of
hGBP1 against the whole zebrafish genome, six were discarded as potential
GBP candidates based on their lack of conservation of the globular GTPase
domain and / or the coiled coil domain important for GBP function. In contrast,
si_ch211-209n20.1 can be classified as a potential novel GBP-like protein in
zebrafish based on the high conservation of motifs as compared to human
and mouse GBPs, and the presence of a functional GTPase domain.
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Figure 3.19 Multiple protein sequence alignment of hGBP1 and selected
zebrafish (dr) GBP candidates
Residue colour from white to purple shows the degree of amino acid conservation as
compared to hGBP1. Alignment was obtained using ClustalWS alignment in the
JalView analysis software (Waterhouse et al., 2009). The highly conserved GTPase
domain comprised of the G1-G4 motifs are indicated by the red boxes. The top
sequence corresponds to the hGBP1 amino acid sequence. Highlighted in yellow are
the four drGBPs (drGBP1-4) and the novel GBP-like protein dr_si_ch211-209n20.1.
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3.3.6.5 Generation of GBP2 knockout zebrafish line using CRISPR/Cas9
To investigate the role of zebrafish GBPs in infection control, I next
selected a suitable candidate for CRISPR/Cas9 targeted mutagenesis. Of the
five drGBPs identified, I chose drGBP2 as it had the highest alignment score
to the hGBP1 amino acid sequence (Table 3.1). All possible CRISPR target
sites

were

obtained

using

the

CHOPCHOP

web-tool

(https://chopchop.rc.fas.harvard.edu/index.php) (Montague et al., 2014; Labun
et al., 2016; Labun et al., 2019). Targets were minimised to exons 2 to 4 at
the N terminal end, as the functionality of the protein will most likely depend
on a functional GTPase domain (Table 3.2). Of the four possible targets, the
two showing self-complementarity was discarded and the target with the
highest efficiency selected. The sgRNA was then synthesised via a cloningfree methodology that uses semi-complimentary 81-mer oligonucleotides to
incorporate the T7 promoter (Figure 3.20) (Varshney et al., 2015; Sommer et
al., 2019). Compared to standard cloning-based strategies, this method
reduces time-consumption and increases transcription efficiency.
Table 3.2 Target site candidates obtained using CHOPCHOP

Rank
17
27
28
36

Sequence
GTCCTTTTTTATACGGG
TGGGGG
GGGATGAGAGGCATGA
CACATGG
GTCCCCCACCCGTATAA
AAAAGG
CGCCTGGCAGGAAAAC
AATCTGG

Exon

Strand

GC
(%)

Self
comp

Off
targets

Efficiency

0 1 2 3

3

-

52

2

0 0 0 0

0.60

4

+

57

0

0 0 0 0

0.51

3

+

52

0

0 0 0 0

0.50

2

+

57

2

0 0 0 0

0.45

N.B. GC (%) = GC content, self comp = self complementarity
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Figure 3.20 Graphical protocol for the PCR-based synthesis of sgRNA
sgRNA targets were designed and selected using the online web-tool CHOPCHOP
(https://chopchop.rc.fas.harvard.edu/index.php). Of the four sgRNA candidates
obtained, the sgRNA targeting exon 4 was selected for this study. The selected
sequence (orange) was incorporated into the 81-mer oligonucleotide containing the
T7 promoter sequence and part of the invariable sgRNA sequence (green). A second
81-mer oligonucleotide containing the complementary region (green) followed by the
rest of the invariable sgRNA sequence was used to produce the complete sgRNA-
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specific 122-mer template. Further amplification of the complete 122-mer template
using a pair of short primers (blue). The template was then used for the transcription
of the site-specific sgRNA using the T7 RNA polymerase enzyme (transcription start
site indicated by red arrow). The sgRNA consists of the site-specific sequence
(orange), which binds to the DNA target site and the constant sequence (red), which
contains the RNA hairpins required for complex formation with the Cas9
endonuclease.

The sgRNA was injected together with Cas9 mRNA (kindly provided by
V Torraca) into wild-type embryos (WT A/B) at the one-cell stage. Successful
mutation was confirmed via Sanger sequencing of a pool of 10 larvae 4 dpf
(Figure 3.21A). Ten of the founder (F0) adult zebrafish were selected for
genotyping and the resulting amplicon size visualised by gel electrophoresis
prior to Sanger sequencing (Figure 3.21B). In ~20 % of the F0 WT A/B
population, this revealed a 574 base pair (bp) product in addition to the 346
bp amplicon predicted from the zebrafish genome database (GRCz11).
Sequencing revealed a 228 bp insertion in the intron sequence between exon
3 and 4 (herein referred to as the long variant) (Figure 3.21C). Due to the
lower frequency of the short variant (228 bp) in the F0 WT A/B population,
three F0 founders showing homozygosity for the long variant (namely A7, A10
and A11) were further selected for Sanger sequencing to confirm mutagenesis
(Figure 3.21D). The offspring of the three F0 founders (outcrossed to TraNac)
were then sequenced to decipher the exact nature of the mutation.
Interestingly, although the F0 generation was screened for homozygosity for
the long variant, all the F1 generation carried both the short and long variant,
indicating the TraNac background was homozygous for the short variant
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(Figure 3.21E). This allowed for highly efficient screening of sequencing
results, as the overlapping double-peaked area between the long and short
variant was upstream of the point of mutation in the long variant. Moreover,
the existence of the long and short variants in the WT A/B and TraNac lines,
respectively, means that screening of the F2 generation can bypass the
Sanger sequencing step altogether, as mutants will be homozygous for the
long variant only (Figure 3.21F).
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Figure 3.21 Identification of Δgbp2 mutant founders and the subsequent
screening strategy
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(A) Sanger sequencing of a pool of ten WT A/B larvae 4dpf injected with
sgRNA/Cas9mRNA mix at the one-cell stage. When compared to wt, heterozygote
mutant carriers show multiple peaks (arrowhead) at each nucleotide position
approximately three base pairs upstream of the PAM sequence (TGG) indicative of
the presence of multiple mutated sequences within the population.
(B) Ten WT A/B founders were randomly selected, fin-clipped and the region around
the targets site amplified via PCR. The resulting amplicon was visualised by gel
electrophoresis alongside a wt control. Two amplicon variants were visualised: the
574 bp (long) variant was observed in 100 % of founders checked, the 246 bp (short)
variant was observed in 20 % of founders and was only present in a heterologous
manner. Founders selected for Sanger sequencing are shown in red.
(C) A schematic comparing the long and short variants observed in (B). Showing the
region between exon 3 and exon 4 of gbp2 and the sgRNA target site on exon 4 in
orange. The primer pair used for genotyping is shown as black arrows and lie within
the intron sequence (between exons 3 and 4) and exon 4. Careful analysis of Sanger
sequencing results shows the short variant coincides with the GRCz11 gbp2
sequence (available on Ensembl.org). The long variant shows a 228 bp insertion
within the intron sequence between exons 3 and 4, resulting in the larger 574 bp
amplicon size.
(D) Sanger sequencing of the three founders (A7, A10 and A11) homozygous for the
long variant from (B), highlighted in red. Double peaks are observed in founder A7
(arrowhead, top) indicating this founder as a carrier of a single mutant allele together
with the wt allele. Multiple peaks (arrowheads) at each at each nucleotide position
are observed in founder A10 (middle) and A11 (bottom) indicating these founders are
carriers of multiple mutant alleles together with the wt allele.
(E) Mutations carried by the F0 founders can be conclusively deciphered by single
outcross to the TraNac background. TraNacs only carry the short variant of the wt
gbp2 sequence and so the allele transferred from the F0 founder can be clearly
distinguished from the TraNac allele. The resulting F1 generation will possess a
single copy of the long and short variant, of which 50 % will be carriers of the mutant
allele (left). Sanger sequencing of the F1 generation to screen for Δgbp2 carriers is
therefore simplified, as the sequence of the short variant is always wt and so can be
considered as a constant factor. The double-peaked region is upstream of the
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sgRNA target site on the long variant, which allow easy identification of the mutation
from single peaked reads.
(F) Strategy for F2 generation screening by incross of the F1 generation screened in
(E). The F1 generation carry a single copy of the long mutated variant and the short
wt variant of gbp2. The resulting F2 generation from this incross will consist of 25 %
wt (homozygotes for the short wt variant), 50 % Δgbp2+/- (heterozygote for the long
mutated and short wt variant) and 25 % Δgbp2-/- (homozygotes for the long mutated
variant). F2 generation screening will therefore require only PCR amplification and
gel electrophoresis as the three populations can be distinguished by their amplicon
size.

Supportive of initial Sanger sequencing results, sequence analysis of
the F1 generation demonstrated the A7 founder only transmitted one mutated
allele, while founders A10 and A11 transmitted four or five variants of the
mutated allele, respectively (Figure 3.22A). The generation of F0 founders
possessing multiple mutation variants could therefore be a result of
inconsistent timing of sgRNA/Cas9mRNA injection and / or the repair
strategies employed within different cells. Of the mutations screened, in-frame
mutations were disregarded and only those showing a frame-shift were further
analysed (Figure 3.22A and B). Both the two-nucleotide deletion (from the A7
and A11 founders) and the seven-nucleotide deletion (from the A10 founder)
resulted in the insertion of premature stop codons and protein truncation
(Figure 3.22C-E). In the case of the two-nucleotide deletions with or without
the single altered nucleotide, the resulting frame-shift led to the insertion of
two consecutive stop codons (UGA followed by UAA) (Figure 3.22D). Of the
three possible stop codons, UAA is ranked the most efficient at terminating
protein synthesis, and then UAG followed by UGA (Dabrowski et al., 2018).
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The presence of two consecutive stop codons ending with the UAA stop
codon therefore could increase the likelihood of premature termination and
reduce the chances of read-through (Johnson et al., 2011).

In summary, I identified drGBP2 as our preferred target for CRISPR/Cas9
targeted mutagenesis based on its homology to hGBP1. I succeeded in
making three zebrafish GBP2 knockout lines for the future in vivo study of
GBP2 in cell-intrinsic control of Toxoplasma.
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Figure 3.22 Identification and characterisation of the selected Δgbp2
mutations
(A) Analysis of all the mutations carried by the selected F0 founders (A7, A10 and
A11) through F1 generation sequencing. As observed from initial Sanger sequencing
analysis, A7 only possessed a single mutated allele consisting of a two-nucleotide
deletion. A10 and A11 founders transferred multiple kinds of mutations to the F1
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generation, indicating they are carriers of four or five mutated alleles respectively in
addition to the wt allele. Frame-shift mutants selected for further amino acid
sequence analysis is indicated in red, namely the two nucleotide deletion (Δgbp2_2), the seven nucleotide deletion with two altered bases (Δgbp2_-7alt2) and the two
nucleotide deletion with a single altered base (Δgbp2_-2alt1).
(B) Sanger sequencing of the three selected long variant mutations from (A) as
compared to the wt nucleotide sequence.
(C) Alignment of the nucleotide sequences of the three selected Δgbp2 mutations
against the wt together with a schematic of the sgRNA target site (orange) and PAM
sequence (magenta) within exon 4 (dark blue). All deletions occur 2-3 bp upstream of
the PAM motif.
Schematics from (B) and (C) was obtained using the JalView analysis software
(Waterhouse et al., 2009).
(D) Alignment of the nucleotide and amino acid sequences of the three selected
Δgbp2 mutations against the wt. Alternating codons are shown in yellow and grey
together with their respective amino acid below. The position of the PAM sequence is
highlighted in bold. Stop codon insertions generated by the frame-shift mutations are
depicted in red at the nucleotide level and * at the amino acid level.
(E) Schematic of the consequences of the three selected long variant mutations at
the protein level as compared to wt. The G1-G4 motifs that make up the GTPase
domain are shown in red and the a-helical coiled coil domain at the C terminus
shown in purple. All three mutations are predicted to result in premature termination,
protein truncation and loss of the G4 motif and GTPase functionality.
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3.3.7 Discussion
3.3.7.1 Summary of Chapter 3
Following the discovery of the IRGM-dependent “missing-self” strategy used
in mice for targeting the PVM for destruction by IRGs and mGBPs (Haldar et
al., 2013; Kravets et al., 2016), the investigation of the GBP-dependent
strategies in humans intensified and remains largely unknown. This
evolutionary divergence in GBP-mediated Toxoplasma control in mice and
humans drove our intentions to establish the zebrafish model for the study of
cell-intrinsic immunity to Toxoplasma infection, and to explore novel
mechanisms in GBP-mediated immunity.

Cell-intrinsic mechanisms of Toxoplasma control leads to pathogen killing,
pathogen restriction and / or host cell death (Randow et al., 2013). Host cell
death is important for destroying the intracellular niche and restricting parasite
replication (Saeij & Frickel, 2017). Here I explore the role of host cell death in
Toxoplasma control and reveal that host cell death in the HBV may be
increased upon type I and II Toxoplasma infection and may be macrophagedependent. Pharmacological manipulation suggests that host cell death may
be induced via a caspase- and ROS-independent pathway. Finally, calcium
chelation (used to block forced parasite egress) resulted in increased parasite
burden (established at 6 hpi), although not to the same increased level as
observed upon macrophage ablation. This suggests a calcium-dependent
mechanism of forced egress could be partially responsible for parasite
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clearance and the increase in host cell death observed at 6 hpi. However, it is
paramount to note that the conclusions drawn in this chapter come with
caveats (further discussed Section 3.3.7.2), and so for a complete
understanding of the mechanism underlying the induction of host cell death by
macrophages requires further extensive investigation.
I next examined the zebrafish genome for novel GBPs and generate
tools for the future study of GBP2 in vivo. Alignment of hGBP1 against the
zebrafish genome, together with analysis of amino acid motif conservation
identified a fifth GBP-like protein in the zebrafish genome. drGBP2 was
selected for CRISPR/Cas9 targeted mutagenesis (as it possessed the highest
alignment to hGBP1), and I identified three Δgbp2 mutants and characterised
their amino acid sequence.
3.3.7.2 A macrophage-mediated mechanism of host cell death for
tachyzoite clearance
Destruction of host cells is an effective inhibitor of replication for obligate
intracellular parasites (Saeij & Frickel, 2017). In agreement with this, I observe
a macrophage-dependent induction of host cell death at 6 hpi (Figure 3.15),
that coincides with the macrophage-dependent parasite clearance in the first
6 hpi reported in Chapter 2. Cell death is typically observed in response to
parasite invasion to destroy their replicative niche (Saeij & Frickel, 2017).
From CLEM data, we concluded in Chapter 2 that macrophages were rarely
exploited by parasites as a replicative niche. Furthermore, macrophage
numbers at the whole animal level were not significantly affected by
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Toxoplasma infection. This suggests that cells undergoing cell death are not
the macrophages recruited to the HBV, but are other cells around the HBV.
Therefore, similar to the detection of Toxoplasma profilin by mouse
macrophages (Koblansky et al., 2013), zebrafish macrophages could be
detecting Toxoplasma presence and releasing host effectors (i.e. cytokines) to
induce host cell death in the HBV to promote parasite clearance. The
methodology utilised to detect host cell death was by acridine orange (AO)
staining. AO was first described in the identification of apoptotic cells in
Drosophila (Abrams et al., 1993). AO is a cell-permeable dye that binds
nucleic acids and fluoresces green or red upon binding double-stranded DNA
or single-stranded DNA/RNA respectively (Marceau et al., 2004). Although
cell-permeable, live cells cannot be stained by AO (Delic et al., 1991). This is
thought to be due to specific DNA conformational changes that allow AO to
intercalate and fluoresce during apoptosis (Sorrells et al., 2013). Furthermore,
AO is a pH indicator that accumulates in lysosomal compartments and
fluoresces orange (Vermes & Haanen, 1994). In this chapter, I utilise the
green fluorescence only to quantify host cell death. Therefore this includes
material (with dsDNA) contained within lysosomal compartments that may
have been phagocytosed by recruited leukocytes. This may lead to a slight
overestimation in cell death events quantified. Future work can therefore
confirm the results reported by using other techniques such as terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining or
immunofluorescence staining of activated caspase-3 (Sorrells et al., 2013).
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Our data suggest the mechanism of macrophage-driven host cell death
used for parasite control may be caspase- and ROS-independent (Figure
3.16). Therefore, the host cell death induced upon Toxoplasma infection may
be necrosis, a cell death pathway induced by an external stimuli, or cell death
triggered by detection of Toxoplasma DNA via the cyclic GMP-AMP synthase
(cGas) / STING pathway (Wang et al., 2019). Alternatively, macrophages may
be inducing a cytokine-driven cell death pathway in infected cells of the
hindbrain (Niedelman et al., 2013). Partial increase in parasite burden at 6 hpi
was achieved by blocking parasite egress through calcium chelation (Figure
3.16), indicating parasite clearance may be promoted by calcium-dependent
forced egress of intracellular parasites. However, a significant caveat of these
approaches of pharmacological manipulation (via Q-VD-OPh or NAC
treatment) is the lack of evidence that either treatment had the effect of
reducing the observed host cell death at 6 hpi. Therefore, future work can
focus on identifying the cell death pathway induced and the cell population
undergoing cell death in the zebrafish HBV by using alternative approaches
such as Tg(il-1b:eGFP) transgenic lines, in situ hybridization to stain caspase
activation or staining to detect ROS production (Sorrells et al., 2013; Mugoni
et al., 2014; Nguyen-Chi et al., 2014).
3.3.7.3 Parasite restriction independent of host cell death in the HBV
Host cell death can be detrimental to both the parasites and the host.
Therefore, the host also possesses mechanisms of parasite restriction
independent of host cell death that result in inhibition of parasite replication
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(Saeij & Frickel, 2017). Here, I report at least 15 % of parasites have not
replicated in the HBV at 6, 24 and 48 hpi irrespective of strain (Figure 3.17).
This suggests egress of the tachyzoite followed by reinvasion, leading to a
delay in parasite replication and / or active parasite restriction within the host
cell. Supportive of the latter, PV-like GRA2-positive structures that lacked
GFP-positive tachyzoites were observed upon type II Toxoplasma infection at
6 hpi in the HBV (Figure 3.17). This suggests a cell-intrinsic mechanism of
parasite restriction that leaves the PV intact; similar to what has been
observed in vitro using human cells (Selleck et al., 2015; Clough et al., 2016).
Future work could quantify the number of tachyzoites cleared via this
mechanism, and test if this is dependent on autophagy-related proteins or
Toxoplasma strain.
3.3.7.4 Testing the role of drGBP2 in macrophage-dependent and independent Toxoplasma control
Here I report the macrophage-dependent induction of host cell death in the
HBV is responsible for the reduction in parasite burden observed between 0-6
hpi. In contrast, the reduction in parasite burden observed from 6 to 48 hpi
(reported in Chapter 2), together with the significant lack of host cell death
induced at 24 hpi suggests a mechanism of cell-intrinsic Toxoplasma
clearance that is macrophage-independent. Future work can therefore explore
the GBP-mediated cell-intrinsic mechanisms by crossing Δgbp2 mutants with
the mpeg1:G/U:mCherry line to study GBP2-dependent macrophage immunity
in response to Toxoplasma. In conjunction, the macrophage-independent cell-
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intrinsic clearance of Toxoplasma can be studied by ablating macrophages in
this Δgbp2 x mpeg1:G/U:mCherry through metronidazole treatment. By
infecting with different parasite strains, we can address whether strain-specific
virulence factors have roles in controlling the cell-intrinsic immune response.
3.3.7.5 Testing the role of parasite components in cell-intrinsic
immunity
Recent work established a crucial role for the dense granule protein
GRA12 in Toxoplasma resistance to IFN-γ-mediated cell-intrinsic immune
response (Fox et al., 2019). Although knockout of GRA12 in both type I and II
strains showed resistance to early IRG coating, it ultimately resulted in
reduced PV viability, brain cyst burdens and virulence. Future work can
explore the ability of different tachyzoite strains to resist clearance and encyst
(to develop into a chronic infection) in the zebrafish larva. Once established,
the model can be used to explore the GBP-mediated mechanisms underlying
the clearance of infection in the absence of host IRGM proteins (thus
mimicking the human system) and identify if Δgra12 Toxoplasma mutants (or
others) show similar defects in establishing chronic infection.
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4. Perspectives and future work
4.1.1 Summary of key results
Recent studies have demonstrated the innate immune system dictates the
outcome of Toxoplasma infection (Hou et al., 2011; Sturge & Yarovinsky,
2014), highlighting the importance for understanding the role of host innate
immunity in Toxoplasma infection. In particular, with the emergence of South
American

Toxoplasma

strains

that

cause

acute

phase

disease

in

immunocompetent individuals (Carme et al., 2009; de-la-Torre et al., 2013),
characterising host-parasite interaction during the acute phase (i.e. with
tachyzoites) is critical to further our understanding of disease pathogenesis in
humans. Whilst Toxoplasma infection has been studied in multiple
mammalian and avian models (Buxton, 1998; Dubey et al., 2002; Weissmann,
2003; Que et al., 2004; Sroka et al., 2017), the mouse remains the most
widely used in vivo model (Szabo & Finney, 2017). However, in vivo imaging
techniques in mice remain highly invasive (Coombes et al., 2013; Luu &
Coombes, 2015; Drewry et al., 2019). Moreover, the innate immune
recognition of Toxoplasma and mechanisms for Toxoplasma control differ
between mice and humans (Pifer & Yarovinsky, 2011; Saeij & Frickel, 2017).
Considering that zebrafish larvae are highly translatable and relevant for the
study of human infectious disease (Torraca & Mostowy, 2018; Gomes &
Mostowy, 2019), in this thesis, I evaluated their suitability as an in vivo model
for Toxoplasma infection. For this, I developed a zebrafish hindbrain infection
model and investigated the role of their innate immune response in parasite
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control. I also developed new tools to explore the cell-intrinsic pathways used
in Toxoplasma restriction in vivo. My main findings are:

(i)

HBV Toxoplasma infection of zebrafish larva remains localised and is
non-lethal up to 48 hpi (Chapter 1)

(ii)

After 6hpi, type I Toxoplasma in the zebrafish HBV are intracellular,
replicate and exhibit host mitochondrial recruitment (Chapter 1)

(iii)

At 6 and 24 hpi, type II and III strains establish a higher parasite
burden than type I strain, and show strain-dependent HMA
characteristics (Chapter 2)

(iv)

Macrophages play a key role in Toxoplasma clearance in vivo (Chapter
2).

(v)

Macrophage-induced host cell death correlates with Toxoplasma
clearance (Chapter 3).

(vi)

Host cells have a mechanism independent of cell death and
macrophages for Toxoplasma restriction (Chapter 3)

4.1.2 Establishing the zebrafish infection model for the study of
Toxoplasma infection in vivo
In Chapter 1, I used the type I strain of Toxoplasma to establish a zebrafish
HBV infection model. Upon injection into the HBV, I found >95 % of
tachyzoites fail to establish infection. I hypothesised this to be due to the
cerebral fluid in the HBV cavity preventing efficient invasion of tachyzoite into
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the surrounding tissue. In the HBV, Toxoplasma showed dose-dependent
persistence in the HBV that was not significantly affected by lowering the
temperature from 37°C to 33°C. Zebrafish larvae (optimally grown at 28.5°C)
developed spinal curvature at 37°C by 24 hpi, therefore 33°C was chosen to
minimise adverse effects. The tachyzoites that did persist in the HBV
underwent replication at a rate that correlated with replication in vitro (i.e. once
every 6-9 hours at 37°C) (Khan & Grigg, 2017). The rate of Toxoplasma
replication was dependent on temperature, and at 28.5°C parasites replicated
at a significantly lower rate (once every ~40 hours). Tachyzoites also
exhibited GRA2 accumulation and HMA, which strongly suggest PV formation.
Together, results from this chapter suggest our Toxoplasma-zebrafish
infection model is highly suitable for following Toxoplasma infection in vivo.

4.1.3 Macrophages clear Toxoplasma but type II and III strains
establish a higher burden than type I strains in vivo
In Chapter 2, I compared the three main clonal lineages of Toxoplasma and
investigated the role of leukocytes, with a particular focus on macrophages, in
infection control. Here, I show type I, II and III strains all showed similar
growth and HMA characteristics in zebrafish in vivo as previously
characterised in vitro (Pernas et al., 2014). I found that type II and III strains
are able to establish a significantly higher infection burden in the HBV by 6 hpi
than the type I strain. I discover that neutrophil recruitment to the HBV is
transient, while macrophage recruitment is retained over time. I visualise the
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role of macrophages in parasite clearance, and demonstrate a significant role
for macrophages in Toxoplasma clearance in vivo.
Using CLEM and time-lapse microscopy, we show that macrophages
can phagocytose and degrade type I Toxoplasma. Further studies should fully
characterise

the

importance

of

parasite

clearance

by

macrophage

phagocytosis by inhibiting the acidification of phagocytic compartments.
Testing whether type II and III strains use phagosome acidification to escape
degradation in vivo may address why type II and III strains establish a higher
parasite burden than type I strains (Zhao et al., 2014).
Macrophages can also provide a permissive niche for parasite
propagation (Jensen et al., 2011). Furthermore, the same study showed the
three strains manipulate the activation and polarisation of macrophages in
vivo (Jensen et al., 2011). Therefore, to test if strain-dependent manipulation
of macrophages is used by Toxoplasma to promote a more permissive niche,
future experiments could investigate the polarisation of macrophages (M1 or
M2) during infection by using a TNF-α transgenic zebrafish line (Nguyen-Chi
et al., 2015). Similar to mouse studies, type I and III Toxoplasma infection
may induce M2 polarisation (Jensen et al., 2011), which may be more
permissive to Toxoplasma infection.
Toxoplasma survival in the host is dependent on the establishment of a
chronic infection. To test if Toxoplasma can establish a chronic infection in
zebrafish larvae, future experiments could focus on the prolonged infection of
immunocompetent versus immunocompromised zebrafish. Establishment of
chronic infection can be determined by staining for bradyzoite markers, and
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the larvae monitored for their susceptibility to Toxoplasma. In the pro-longed
absence of macrophages, zebrafish larvae may exhibit uncontrolled
replication and morbidity upon Toxoplasma infection.
4.1.4 Macrophage-dependent induction of host cell death promotes
parasite clearance
In Chapter 3, I investigated the role of cell-intrinsic mechanisms in
Toxoplasma clearance. Here, I reveal induction of host cell death upon
Toxoplasma

infection

is

macrophage-dependent,

and

conclude

that

macrophage-driven host cell death contributes to parasite control. I also show
that parasites are restricted independently of macrophages and host cell
death. Finally, I generate a GBP2 knockout line to investigate its role in cellintrinsic Toxoplasma control in the future.
As an in vivo model, other cell death pathways can compensate for
pharmacological inhibition of cell death. Therefore, expression profiles of
genes related to cell death could be used to determine the cell death pathway
induced upon Toxoplasma infection. Furthermore, studies could focus on
which zebrafish cells are undergoing cell death (i.e. uninfected / infected,
neurons / macrophages) by using zebrafish lines fluorescent in the neuronal
population (e.g. HuC-GFP (Park et al., 2000)), and identifying the
macrophage-derived effector (i.e. cytokines) responsible for promoting host
cell death in vivo.
Autophagy is a well-established cell-intrinsic immune mechanism
linked to GBP-mediated Toxoplasma control (Haldar et al., 2015; Selleck et
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al., 2015; Krishnamurthy et al., 2017; Saeij & Frickel, 2017; Subauste, 2019).
Zebrafish larvae have proven useful for visualising the autophagic response to
M. marinum and Shigella flexneri (Mostowy et al., 2013; Hosseini et al., 2014;
Meijer & van der Vaart, 2014), as well as identifying bacterial factors used for
evading autophagy-mediated control upon M. marinum and Salmonella
Typhimurium infection (Mohanty et al., 2015; Li et al., 2016; Wu et al., 2016;
Mathai et al., 2017). Considering this, the zebrafish infection model, together
with our GBP2 knockout line, provides a powerful system to investigate the
role of autophagy in GBP-dependent and -independent Toxoplasma control.
Moreover, it will be of great interest to test different strains of Toxoplasma and
investigate the role of Toxoplasma virulence factors in evasion and / or
induction of cell-intrinsic immunity in vivo.
4.1.5 Potential and limitations of this study
As demonstrated in this thesis, the infection of zebrafish larvae with
Toxoplasma enables detailed investigation into the cellular and molecular
immune response to Toxoplasma in the context of a whole organism (Chapter
2 and 3). Integration of zebrafish larval infection into an automated imaging
platform, together with an automated image analysis platform (based on
ZedMate (Yakimovich et al., 2019)), further highlights the potential of this
system. By using an automated imaging and analysis platform, future studies
could screen host effectors (i.e. cytokines) to test whether cell-intrinsic
immunity can be enhanced to better control Toxoplasma infection.
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Alternatively, zebrafish or parasite mutants could be screened to explore key
factors that modulate the immune response to Toxoplasma infection in vivo.
The results generated in this study are limited to 48 hpi and the three
main clonal lineages prevalent in North America and Europe. A development
of the model may therefore include the extended monitoring of infection up to
7 days post-infection (i.e. the minimum days required for bradyzoite formation
after oral infection in mice in vivo (Dubey et al., 1998), as well as
characterisation of the host response to the atypical or exotic Toxoplasma
strains. One important consideration in Toxoplasma infection is the natural
occurrence of a host infected with two or more different Toxoplasma strains
either simultaneously or within a short time frame (Verma et al., 2017). Future
work using our zebrafish model could exploit co-infection or re-infection
experiments to explore its effect on pathogenesis and host response
(Rendueles et al., 2012; Willis et al., 2016; Willis et al., 2018).
More

recently,

asymptomatic

persistence

of

Toxoplasma

in

immunocompetent individuals has been linked to Alzheimer’s disease
(Mahmoudvand et al., 2016; Torres et al., 2018; Bayani et al., 2019).
Similarly, behavioural changes that predispose mice to predation as a result
of Toxoplasma infection have been reported (Vyas et al., 2007), indicating a
parasite-driven manipulation of the CNS environment (Koshy et al., 2012).
With the development of a chronic Toxoplasma infection model of zebrafish
larvae, future work could study the relationship between Toxoplasma infection
and host behaviour.
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Due to the size of the needle required to inject Toxoplasma (2 x 8 μm
(Remington et al., 2011)) and the density of tachyzoites in the parasite
preparation, our current model cannot be used as a systemic infection model
(i.e. caudal vein injection, ~9 μm diameter (Santoso et al., 2019)) and is
limited to a localised infection. Although the hindbrain infection model allows
extensive characterisation of Toxoplasma-leukocyte interactions, a key
phenotype of oral Toxoplasma infection is the rapid expansion of tachyzoites
in the gut followed by dissemination (Hatter et al., 2018). Interactions of
tachyzoites with the intestinal epithelium, and the recruited host leukocytes,
are viewed as crucial in promoting Toxoplasma dissemination to immune
privileged sites (Barragan & Sibley, 2002; Courret et al., 2006; Lambert et al.,
2009; Gregg et al., 2013; Coombes et al., 2013; Drewry et al., 2019).
Therefore, future studies could incorporate a zebrafish gut infection model
with Toxoplasma tachyzoites or tissue cysts.

Direct injection of tachyzoites into an immune privileged site where leukocytes
do not usually reside may be controversial in the study of the natural
progression of Toxoplasma infection, which begins, with the ingestion of cysts
followed by dissemination throughout the host. The hindbrain model described
in this thesis bypasses the dissemination step, which may introduce some
caveats into the interpretation of the results described. Nevertheless, the work
described here provides key insights into the interaction of Toxoplasma
tachyzoites with the brain tissue in vivo, which remains poorly understood.
The zebrafish larvae could provide insight into whether certain brain cell types
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are favoured above others for proliferation versus encystation and how
tachyzoites disseminate throughout the brain tissue. Toxoplasma has been
shown to induce changes in neuronal activity and functionality in mice
(Haroon et al., 2012). With the use of transgenic lines such as
Tg(elavl3:GCaMP6s)jf4 which would allow real-time visualisation of neuron
function by monitoring calcium flux (Park et al., 2000; Vladimirov et al., 2014),
this hindbrain model could be used to observe the short- and long-term
consequences of Toxoplasma infection on neuron activity. Furthermore, a
chronic infection model could be beneficial for the study of behavioural
changes and disease (e.g. Alzheimer’s) that Toxoplasma may induce in the
long run.

4.1.6 Summary
In summary, the work presented in this thesis demonstrates the Toxoplasmazebrafish infection model as important for expanding our knowledge of
infection biology, host-parasite interaction and cell-intrinsic immunity. The
genetic tractability of the zebrafish model underscores how zebrafish infection
by Toxoplasma can contribute novel insights into cell-intrinsic mechanisms
required for pathogen restriction in humans.
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Appendix

Appendix Figure 1. Automated parasite burden quantification using ZedMate
leads to underestimation but conserved trend in parasite persistence across
the three strains
(A)

Parasite

input

dose

quantified

from

images

taken

by

fluorescent

stereomicroscopy at 0 hpi of type I- (open circle), type II- (semi-closed circle) or type
III- (closed circle) infected zebrafish larvae presented as parasite input (Method 2).
Each circle represents a single larva. Pooled data from 3 independent experiments
with at least 10 larvae. Significance calculated using one-way ANOVA, ns,
p≤>0.05. Mean ± SEM shown.
(B) Automated quantification of GFP-positive punctae using ZedMate to show
changes in parasite burden from 6 to 24 hpi in the HBV of larvae infected with type I
(open circle), type II (semi-closed circle) or type III (closed circle) Toxoplasma.
Pooled data from 3 independent experiments with at least 5 larvae per experiment.
Parameters used for 6 hpi were: radius, 2 and threshold 2.0, for 24 hpi: radius 4 and
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threshold 0.5. Significance calculated using 2-way ANOVA, ns, p>0.05, **,
p≤0.01,***, p≤0.001. Mean ± SEM shown.
Comparison of manual (black) and automated (ZedMate, magenta) quantification of
GFP-positive punctae in the HBV of larvae infected with type I (open circle), type II
(semi-closed circle) or type III (closed circle) Toxoplasma at 6 hpi (C) and 24 hpi (D).
Each circle represents a single larva followed over time. Pooled data from 3
independent experiments with at least 5 larvae per experiment. Significance
calculated using Student’s t-test (paired, two-tailed), **, p≤0.01,***, p≤0.001. Mean ±
SEM shown.
Data from (B), (C) and (D) obtained in collaboration with A Yakimovich.
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Appendix Figure 2. Parasite input quantification and automated quantification
of type I parasite burden upon macrophage ablation using ZedMate
(A)

Parasite

input

dose

quantified

from

images

taken

by

fluorescent

stereomicroscopy at 0 hpi of Ctrl-treated (open circle, grey) or macrophage-ablated
(open circle, black) larvae infected with type I Toxoplasma-GFP. Parasite input
presented as infection area (pixel2) (Method 1). Each circle represents a single larva.
Pooled data from 3 independent experiments with at least 7 larvae per condition.
Student’s t-test (paired, two-tailed), ns, p>0.05. Mean ± SEM shown.
(B) Automated time-course enumeration (using ZedMate) of GFP-positive punctae in
the HBV of Ctrl-treated (open circle, grey) or macrophage-ablated (open circle, black)
larvae infected with type I Toxoplasma-GFP. Each circle represents a single larva
followed over time. Pooled data from 3 independent experiments with at least 7
larvae per condition per time point. Parameters used for 6 hpi were: radius, 2 and
threshold 2.0, for 24 hpi: radius 4 and threshold 0.5. Significance calculated using 2way ANOVA, ***, p≤0.001. Mean ± SEM shown. Data was obtained in collaboration
with A Yakimovich.
(C)

Parasite

input

dose

quantified

from

images

taken

by

fluorescent

stereomicroscopy at 0 hpi of Ctrl-treated (semi-closed circle, grey) or macrophage-
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ablated (semi-closed circle, black) larvae infected with type II Toxoplasma-GFP.
Parasite input presented as infection area (pixel2) (Method 1). Each circle represents
a single larva. Showing one representative experiment of 3 independent experiments
with at least 10 larvae per condition per experiment. Student’s t-test (paired, twotailed), ns, p>0.05. Mean ± SEM shown.
(D)

Parasite

input

dose

quantified

from

images

taken

by

fluorescent

stereomicroscopy at 0 hpi of Ctrl-treated (closed circle, grey) or macrophage-ablated
(closed circle, black) larvae infected with type III Toxoplasma-GFP. Parasite input
presented as infection area (pixel2) (Method 1). Each circle represents a single larva.
Showing one representative experiment of 3 independent experiments with at least
10 larvae per condition per experiment. Student’s t-test (paired, two-tailed), ns,
p>0.05. Mean ± SEM shown.
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Appendix Figure 3. Parasite input quantification of type I-infected larvae
treated with pharmacological agents
(A)

Parasite

input

dose

quantified

from

images

taken

by

fluorescent

stereomicroscopy at 0 hpi of Ctrl-treated (closed circle, grey) or macrophage-ablated
(closed circle, black) larvae infected with type I Toxoplasma-GFP. Parasite input
presented as infection area (pixel2) (Method 1). Each circle represents a single larva.
Pooled data from 3 independent experiments with at least 7 larvae per condition.
Student’s t-test (paired, two-tailed), ns, p>0.05. Mean ± SEM shown.
Parasite input dose quantified from images taken by fluorescent stereomicroscopy at
0 hpi of Ctrl-treated (open circle) or pharmacologically-treated (closed circle) larvae
infected with type I Toxoplasma-GFP. Pharmacological agents used were: Q-VDOPh (B), NAC (C) or BAPTA-AM (D). Parasite input presented as infection area
(pixel2) (Method 1). Each circle represents a single larva. Pooled data from 3
independent experiments with at least 3 larvae per condition. Student’s t-test (paired,
two-tailed), ns, p>0.05. Mean ± SEM shown.
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