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ABSTRACT 

Toxoplasma gondii is a highly successful intracellular protozoan parasite that is 

capable of infecting virtually all warm-blooded animals, including humans. In healthy 

individuals, infection with the parasite results in only mild clinical symptoms but can result 

in a chronic (latent) infection. It has long been assumed that such chronic infections were 

asymptomatic but recent research has challenged this suggesting that chronic 

toxoplasmosis may be associated with psychiatric and neurodegenerative disorders, such 

as schizophrenia, and Parkinson’s disease. In immunocompromised patients, acute 

Toxoplasma infection results in severe clinical symptoms including mental status changes, 

seizures, encephalitis, retinochoroiditis and uveitis. Congenital toxoplasmosis, which 

arises following transplacental transmission of the parasite by mothers infected for the 

first time during pregnancy, is also associated with severe symptoms. Affected babies are 

born with characteristic neurological and opthalmological symptoms including 

hydrocephalus, intracranial calcifications and retinochoroiditis. The mechanisms that 

underpin this disease are not well understood. Previous studies have identified two 

epigenetically-regulated genes, ABCA4 and COL2A1, associated with the clinical 

phenotypes of congenital toxoplasmosis. We hypothesize that toxoplasma infection may 

disrupt this tightly controlled epigenetic regulation of genes contributing to the 

pathogenesis of congenital toxoplasmosis. Thus, this PhD aims to characterize the 

molecular mechanisms which may contribute to the clinical phenotypes observed in 

congenital toxoplasmosis.  

To start, we wanted to determine if T. gondii had the epigenetic machinery to 

influence the host epigenome. We developed an in-silico pipeline of established software 
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to identify all T. gondii encoded proteins with epigenetic functions both endogenously 

and within the host. This pipeline first filters the complete T. gondii proteome to define a 

set of proteins targeted to the nucleus. These proteins were then probed for functional 

domains with an epigenetic role (defined as the entire complement of modifications made 

to the genome at the level of DNA or histones) in either the parasite or the host. We 

identified 611 T. gondii proteins with roles in epigenetic regulation, of which 57 had the 

potential to enter the host cell nucleus and affect the host epigenome.  

Following the identification of these T. gondii proteins with putative epigenetic 

function in the host, we wanted to know if T. gondii infection had an impact on the host 

methylome. We took a genome-wide approach identifying host genes whose expression 

was affected by changes in DNA methylation following T. gondii infection. Pathway 

analyses identified two neurological pathways dopamine-DARPP32 feedback in cAMP 

signalling and amyloid processing. Network analysis had also identified Amyloid Precursor 

Protein (APP) as the hub gene being highly connected to other genes in the network. 

These pathways are of interest for their roles in utero in eye and brain development and 

in adulthood where the dopamine pathway is involved in Parkinson’s disease and 

schizophrenia, while amyloid processing contributes to Alzheimer’s disease.  

As DNA methylation is not the only mechanism influencing gene expression, we 

expanded our analysis to include all differentially expressed genes post T. gondii infection. 

Microarray analysis revealed an enrichment of dysregulated genes involved in oxidative 

phosphorylation and mitochondrial dysfunction. We observed redistribution of host 

mitochondria to T. gondii upon invasion and report the novel observation of fragmented 

mitochondria from 24 hours post-infection. Characterization of host mitochondrial 
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functions following infection showed decreased protein levels of complexes involved in 

oxidative phosphorylation and increased production of mitochondrial superoxide without 

any changes in mitochondrial membrane potential. Together these results show a 

perturbation in host mitochondrial function which may contribute to the pathogenesis of 

toxoplasmosis. 

Finally, having carried out transcriptomic analyses on two diverse cell types, we 

performed a combined analysis to identify potential host mechanisms globally 

dysregulated following T. gondii infection. We identified pathways involved in protein 

translation and stress responses to changes in cellular metabolism in both cell types. 

Previously identified amyloid processing, oxidative phosphorylation and mitochondrial 

dysfunction pathways were also observed across cell types but the dopamine-DARPP32 

feedback in cAMP signalling pathway seemed to be cell-type specific. 

Overall, these studies have identified novel pathways associated with T. gondii 

infection allowing for the discovery of alternative preventative and therapeutic measures 

for the clinical phenotype of congenital toxoplasmosis.  
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Presentation Awards 

A third prize for poster presentation was awarded by EMBL Australia for the study “Host 

gene expression profiling of Toxoplasma gondii” presented at the EMBL Australia 

Inaugural PhD Symposium, Sydney, Australia, 2014. 

A Scientific Contribution Award for Poster Presentation was awarded by the World 

Mitochondrial Society for the study “Toxoplasma gondii infection results in the disruption 

of the host mitochondria” presented at the 6th World Congress on Targeting 

Mitochondria, Berlin, Germany, 2015. 
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Chapter 1. Introduction 

 

 

In this chapter, I will introduce the parasite Toxoplasma gondii, its life cycle 

and the different strains previously genotyped. I will then describe the 

interactions between T. gondii and its host, the diseases caused by this 

parasite and how epigenetics may contribute to the successful 

establishment of T. gondii infection which ultimately led to the aims of this 

thesis.  
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1.1.  Toxoplasma gondii 

T. gondii is a ubiquitous, obligate intracellular parasite which infects most warm 

blooded mammals and birds. It was first discovered by Nicolle and Manceaux (1908) 

working in North Africa and by Splendore (1908) working in Brazil. T. gondii belongs to the 

phylum Apicomplexa, members of this phylum include other human pathogens such as 

Plasmodium spp. (cause of malaria) and Cryptosporidium spp. (cause of cryptosporidiosis). 

T. gondii infections are one of the most common in man, though most infections 

are asymptomatic. However, in immunocompromised individuals and through vertical 

transmission following primary infection during pregnancy, it can result in a range of 

possibly fatal lesions (detailed in Section 1.4). Although the current drug therapies 

sulphonamide and pyrimethamine are used to limit the acute phase of the infection, such 

drugs do not effectively treat the chronic stages of infection (Gormley et al., 1998). The 

toxicity of these drugs, coupled with their inability to completely remove the parasite, 

means further research to produce safer and more efficient treatments is critical. 

 

 Life cycle  

The life cycle of T. gondii is complex and facultatively heteroxenous, meaning that 

it may or may not require more than one host to complete its life cycle (Figure 1.1).  T. 

gondii is capable of infecting and replicating within virtually any nucleated cells. 

Therefore, its intermediate hosts potentially include all warm-blooded animals, including 

humans. 

 



 

3 

 

 

Figure 1.1. A summary of the sexual and asexual life cycle of T. gondii showing the three 
different life stages (Dubey et al., 1998a). 

 

The definitive hosts of T. gondii are members of the family Felidae, for example domestic 

cats (Dubey, 2009). The life cycle of T. gondii (Figure 1.1) differs in the definitive and 

intermediate hosts. In the intermediate host, T. gondii undergoes two phases of asexual 

development. In the first phase, the tachyzoite stage defines the rapidly growing form of 

the parasite found during the acute phase of toxoplasmosis. Tachyzoites are 

approximately 2μm wide and 6μm long, with a pointed anterior end and a rounded 

posterior end (Dubey et al., 1998a) (Figure 1.2A). They replicate intracellularly with a 

generation time of 6 to 8 hours in-vitro until they rupture the cell and infect neighbouring 

cells. This occurs by repeated endodyogeny in many different types of host cells.   
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Figure 1.2.  Images of T. gondii at different stages of its life cycle.  
(A) Transmission electron micrograph of T. gondii tachyzoite in a mouse peritoneal 
exudate cell. (B) Tissue cyst in the brain of a mouse. Note the thin cyst wall enclosing 
hundreds of bradyzoites. (C) Unsporulated oocysts. (D) Sporulated oocyst with two 
sporocysts. Four sporozoites (arrows) are visible in one of the sporocysts (E) Transmission 
electron micrograph of a sporulated oocyst. Note the thin oocyst wall (large arrow), two 
sporocysts (arrowheads), and sporozoites, one of which is cut longitudinally (small arrows) 
(Dubey et al., 1998a). 
 

The second phase of infection occurs following the initiation of a successful host 

immune response and the conversion of the rapidly diving tachyzoite to a bradyzoite 

(Figure 1.2B). The bradyzoites slowly multiply resulting in tissue cyst formation. This 

defines the chronic stage of the asexual cycle. Tissue cysts are located predominantly in 

the central nervous system (CNS), the eye as well as skeletal and cardiac muscles (Dubey 

et al., 1998a). Ingestion of bradyzoites by the definitive host initiates a further round of 

asexual proliferation in the epithelial cells of the small intestine. After asexual 

multiplication, the sexual phase of the life cycle is initiated. Unsporulated oocysts (Figure 

1.2C) are released into the intestinal lumen and passed into the environment with the 

faeces (Tenter et al., 2000). Oocyst sporulation occurs outside of the definitive host within 
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1 to 5 days of excretion, depending upon aeration and temperature. This leads to the 

development of infectious oocysts with two sporocysts, each containing four sporozoites 

(Figure 1.2 D, E) (Dubey et al., 1998a). Therefore, there are three infectious stages in the 

life cycle of T. gondii i.e. tachyzoites (Figure 1.2A), bradyzoites in tissue cysts (Figure 1.2B) 

and sporozoites in sporulated oocysts (Figure 1.2D, E). All three stages are infectious for 

both intermediate and definitive hosts and may lead to T. gondii infection via horizontal 

or vertical transmission.  

 

 Clonal lineages 

1.1.2.1. Type I, II, III and atypical strains 

In North America and Europe, three clonal strains of T. gondii have been described. 

Type I strains are uniformly lethal in all strains of laboratory mice when challenged with 

tachyzoites by needle inoculation regardless of dose. In contrast, Type II and Type III 

strains are relatively avirulent, with LD50 values of > 103 in inbred mice (Sibley and 

Boothroyd, 1992, Howe and Sibley, 1995). Although the virulence of Type II and Type III 

increases with passage, it does not attain the level seen for Type I strains (i.e. LD100 = a 

single viable organism) (Sibley and Ajioka, 2008). In other continents such as South 

America, Asia and Africa, there is a higher prevalence of atypical strains in which the 

parasites genotype cannot be classified into the three main clonal lineages (Darde, 2008). 

Due to their different genetic background, it is difficult to predict the virulence of these 

atypical strain based on their genotype (Grigg and Suzuki, 2003). 
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1.1.2.2. Toxoplasma gondii genotype and congenital toxoplasmosis 

Studies have been carried out to determine the genotype of T. gondii strains 

associated with human toxoplasmosis. In France, genotyping performed on isolates 

responsible for congenital toxoplasmosis, including asymptomatic cases at birth, showed 

that Type II strains were largely predominant in congenital toxoplasmosis (Ajzenberg et 

al., 2002). These findings are consistent with the findings in Poland, where the majority of 

congenital toxoplasmosis cases were also Type II strain (Nowakowska et al., 2006). In 

South America, type I, atypical or recombinant I/III strains were the prevalent genotypes 

in congenital toxoplasmosis cases (Ferreira Ade et al., 2006). In the United States, there 

were more cases of congenital toxoplasmosis caused by non-Type II strains than Type II 

(61% vs 39%) (McLeod et al., 2012). In Tunisia (North Africa), all but one of the isolates 

genotyped were of a Type I recombinant strain (Boughattas et al., 2010). 

 

1.2. Host-parasite interactions 

 Attachment and invasion of host 

As an obligate intracellular parasite, T. gondii must invade a host cell to survive 

and replicate during infection. Attachment to the host cell is the first step required in the 

process of invasion. Penetration of the host cell is a parasite-mediated process (Morisaki 

et al., 1995) through the use of the host microtubules (Sweeney et al., 2010). Using its 

own actin and myosin contractile proteins (Dobrowolski et al., 1997, Dobrowolski and 

Sibley, 1996), T. gondii forcibly indents the host cell plasma membrane by means of gliding 

motility and thus enters the host cell (Suss-Toby et al., 1996). This action is independent 

of the ability of the host cell to phagocytose (Dobrowolski and Sibley, 1996). Following 
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invasion the parasites reside in a membranous compartment derived from host cell 

plasma membrane known as the parasitophorous vacuole (PV) (Suss-Toby et al., 1996). 

The PV is devoid of host cell proteins and never fuses with the host endolysosomal system 

(Mordue et al., 1999) creating a stable environment for T. gondii tachyzoites. Invasion is 

a rapid (<30 sec), dynamic process that relies on the secretion of numerous secretory 

proteins from specialized secretory organelles, including micronemes, rhoptries and 

dense granules (Carruthers, 2002). Previous studies have revealed that sequential 

secretion of numerous secretory proteins is a critical event in parasite invasion and 

establishment of infection (Carruthers and Sibley, 1997). These shall be further discussed 

in the following sections. 

 

1.2.1.1. Micronemes 

The apical portion of invasive Toxoplasma tachyzoites is populated by 50-100 

micronemes (from the Greek for ‘small threads’). Micronemes are often seen dispersed 

around the conoid in the apical region (Paredes-Santos et al., 2012). Microneme secretion 

naturally occurs at a basal rate in the absence of host cells (Wan et al., 1997).  However, 

it appears to be up-regulated upon contact with the host cell (Carruthers and Sibley, 

1997), which suggests that micronemal proteins are required in greater abundance at the 

time of attachment and invasion.  

 

1.2.1.2. Rhoptries 

Rhoptries are club-shaped organelles with a bulbous base and an extended duct 

that reaches to the anterior pole of the parasite. They are present at a multiplicity of 8-12 
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per cell in T. gondii (Dubremetz, 2007). Rhoptries are thought to be the only acidified 

organelles in the parasite (Shaw et al., 1998) and secrete two classes of proteins: rhoptry 

neck proteins (RONs) and rhoptry bulb proteins (ROPs). RON proteins are responsible for 

the establishing the moving junction, which forms a tight connection between invading 

parasite and host cell membrane through which the parasite passes to enter into the host 

(Alexander et al., 2005). Secretion of ROP proteins occurs after attachment is completed 

and at the commencement of invasion (Carruthers and Sibley, 1997) and is thus assumed 

to play a role in the formation of the PV that envelops the parasites during invasion. Once 

secreted into the host cell, ROPs can localise to specific subcellular components and 

directly interact with host proteins, diverting host signalling pathways. One such ROP 

protein is ROP16 which localises to the host nucleus (Saeij et al., 2007a). It causes 

sustained activation of host signal transducer and activator of transcription (STAT)-3 

(Yamamoto et al., 2009a) and is capable of directly phosphorylating and activating host 

STAT6 (Butcher et al., 2011b, Ong et al., 2010b).  

 

1.2.1.3. Dense granules 

Shortly after parasite invasion and the secretion of ROP proteins, dense granule 

proteins (GRA) are released from T. gondii into the PV suggesting their involvement in 

maintaining the relationship between host and parasite. Dense granules are homogenous 

spherical electron-dense vesicles approximately 200nm in diameter located throughout 

the parasite (Cesbron-Delauw, 1994). GRA proteins are detected in the parasitophorous 

vacuole in the presence of replicating T. gondii and even up to the time when parasites 

egress from host cell (Mercier and Cesbron-Delauw, 2015a). Similar to ROP proteins, GRA 

proteins can pass through the parasitophorous vacuole and interact directly with host 
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proteins. An example is GRA16 which is targeted to the host nucleus where it binds to two 

host enzymes, ubiquitin-specific protease 7 (USP7) and protein phosphatase 2A, leading 

to the subversion of the host p53 oncogene signalling pathway (Bougdour et al., 2013b). 

 

1.3. Host cell modulation by Toxoplasma gondii 

Host cells have evolved primary lines of defence as countermeasures to pathogen 

invasion, establishment and replication. These include phagolysosomal fusion, apoptosis, 

reactive oxygen and nitrogen intermediates, and less cytotoxic processes such as 

sequestration of nutrients, paracrine signalling to neighbouring cells and autophagy as 

defences to limit pathogen growth (Tam and Jacques, 2014). However, many pathogens, 

including T. gondii, establish an intimate relationship with its host cell by manipulating 

several of the host cell’s functions to create a replicative niche (Blader and Koshy, 2014a, 

LaRock et al., 2015, Casadevall and Pirofski, 2001). This will be elaborated in the following 

sections.  

 

 Cell cycle 

T. gondii infection has been shown to induce quiescent cell monolayers to 

transition from the resting G0/G1 phase to the rapidly diving S phase of the cell cycle 

(Molestina et al., 2008b, Brunet et al., 2008a, Lavine and Arrizabalaga, 2009, Kim et al., 

2016).  T. gondii then causes the host cell cycle to arrest at the S phase (Molestina et al., 

2008b, Lavine and Arrizabalaga, 2009, Kim et al., 2016), though it has also been observed 

to halt at the G2/M phase (Brunet et al., 2008a). This observation is independent of cell 

type. Initial characterisation of the factor responsible for the dysregulation of host cell 
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cycle suggested it was a heat-labile factor larger than 10kDa secreted by either the 

invading parasite or the infected cell which could also modulate the cell cycle of 

neighbouring uninfected cells (Lavine and Arrizabalaga, 2009). Recently, exosomes 

secreted by T. gondii infected cells have been suggested to play a role in inducing and 

arresting T. gondii infected and neighbouring uninfected cells at S phase (Kim et al., 2016). 

It is unclear whether these exosomes contain the heat-labile factor previously identified 

to be responsible for the host cell cycle changes (Lavine and Arrizabalaga, 2009). The 

reason behind this acceleration of host cell cycle into the S phase following T. gondii 

infection is still unknown but previous observations of increased attachment of T. gondii 

to its host cells when the cells proceeded from the G1 phase to the S phase suggest that 

T. gondii tachyzoites may bind specifically to a host receptor up-regulated during S phase 

(Grimwood et al., 1996). 

 

 Apoptosis 

It has been observed that T. gondii infected cells are resistant to apoptosis (Nash 

et al., 1998a). Inhibition of apoptosis by T. gondii requires viable parasites and its ability 

to maintain the anti-apoptotic state depends on the amount of parasites per host cell, 

suggesting the involvement of parasite effector molecules which may have a dose-

dependent effect (Nash et al., 1998a). Multiple studies have described how T. gondii 

inhibits host apoptosis in a variety of host cell types and in a variety of ways; inhibition of 

caspase and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

activation (Kim et al., 2006), inhibition of Fas/CD95-mediated apoptosis by caspase 8-

activation of the mitochondrial amplification loop (Hippe et al., 2008), inhibition of 

granzyme B function (Yamada et al., 2011), involvement of STAT3-miR-17-92-Bim 
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pathways (Cai et al., 2014) and suppressed phosphorylation of p38 MAPK (Choi et al., 

2011). There are several possibilities as to why inhibition of host apoptosis following T. 

gondii infection occurs. Blocking apoptosis helps the parasite avoid rapid clearance by 

macrophages, which are activated by signals emitted by apoptotic cells (Krysko et al., 

2006). An apoptotic cell is also likely to be a poor provider of critical components to the 

growing parasite thus, by blocking apoptosis, the parasite may ensure a steady supply of 

metabolites for its growth. 

 

 Immune system 

In order for the host to control T. gondii infection, rapid production of interleukin 

-12 (IL-12) by macrophages and dendritic cells is required to mount an interferon gamma 

(IFN-γ) mediated immune response against T. gondii (Gazzinelli et al., 1994). Therefore, it 

is no surprise that host IFN-γ signalling pathways are modulated in T. gondii infected cells 

(Kim et al., 2007, Lang et al., 2012b). Human fibroblast and macrophages infected with T. 

gondii are rendered unresponsive to antimicrobial effects of IFN-γ mediated by impaired 

host STAT1 signalling (Luder et al., 2001, Rosowski et al., 2014, Lang et al., 2012b). As 

mentioned briefly in Section 1.3.3, infection with T. gondii leads to inhibition of host NF-

κB also involved in host tumour necrosis factor alpha (TNF-α) and cluster of differentiation 

40 (CD40) mediated control of T. gondii infection (Sibley et al., 1991, Andrade et al., 2006). 

In addition to down-regulation of pro-inflammatory pathways, T. gondii infection also 

enhances anti-inflammatory pathways involving suppressor of cytokine signalling protein 

(SOCS)1 (Zimmermann et al., 2006), SOCS3 (Whitmarsh et al., 2011)and STAT3 (Butcher 

et al., 2005, Butcher et al., 2011b), thus affecting the host’s ability to limit T. gondii 

infection. 
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 Host organelles and cytoskeleton 

To successfully invade and maintain ongoing infection in its host cell, T. gondii 

hijacks several of its host’s organelles. Upon invasion, T. gondii actively rearranges host 

actin into a ring-shaped structure at the parasite-host cell junction to facilitate 

penetration into the host cell (Gonzalez et al., 2009). Host microtubules are also engaged 

in parasite invasion and remodelled around the parasitophorous vacuole after invasion 

(Walker et al., 2008). Host centrosomes are also observed to detach from the nuclear 

envelope and relocate to the parasitophorous vacuole, reported to play a role in host cell 

cycle control (Wang et al., 2010). Host mitochondria (described in detail in Section 4.2) 

and endoplasmic reticulum (ER) also rapidly associate with the parasitophorous vacuole 

following T. gondii invasion (de Melo et al., 1992, Sinai et al., 1997b). As T. gondii is unable 

to synthesise certain nutrients necessary for its replication, host ER association may 

provide the parasite with nutrients as it synthesises lipids and ceramides (Fagone and 

Jackowski, 2009). In T. gondii infected cells, the host Golgi apparatus is fragmented into 

mini-stacks surrounding the parasitophorous vacuole to facilitate parasite siphoning of 

host sphingolipids (Romano et al., 2013).  

 

1.4. Disease and Transmission 

With an estimated 30-50% of the world human population infected with T. gondii, 

it is the most ubiquitous infection in humans (Flegr et al., 2014b). The worldwide 

seroprevalence estimates for the human population varies greatly between different 

countries with the lowest sero-prevalence found in some countries in the Far East (~1%) 

and the highest (>90%) in some parts of European and South American countries (Flegr et 
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al., 2014b). Toxoplasmosis can be acquired through a number of routes involving the 

various life cycle stages of T. gondii, including bradyzoites, tachyzoites and oocysts. One 

of the most common ways infection can occur is through the ingestion of bradyzoites in 

the form of tissue cysts present in undercooked meat. Consumption of soil, water and 

food contaminated with the sporulated oocysts derived from the environment or directly 

from  cat faeces can also result in infection (Tenter et al., 2000). Other less common 

mechanisms of horizontal transmission include the transfer of tachyzoites via 

contaminated blood products and tissue transplants, accidental inoculation of T. gondii 

via contaminated needles and glassware in laboratory personnel and potentially sexual 

transmission of the parasite through semen from an infected individual (Flegr et al., 

2014a). 

 

 Acquired toxoplasmosis 

 Most cases of toxoplasmosis in immunocompetent humans are asymptomatic. 

Occasionally, various mild symptoms may be observed of which lymphadenopathy is the 

most common clinical manifestation (Petersen and Liesenfeld, 2007). While it has been 

thought that latent T. gondii infection has no detrimental effect on the host, recent 

association studies have linked toxoplasmosis to neurodegenerative diseases (Prandota, 

2014, Mahami Oskouei et al., 2016), schizophrenia (Omar et al., 2015b, Sutterland et al., 

2015a) and behavioural modifications (Afonso et al., 2012, Evans et al., 2014). This is 

described in more detail in section 3.2. In immunocompromised patients, including 

patients with HIV/AIDs and those undergoing immunosuppressive therapy, toxoplasmosis 

can be life-threatening. In these individuals, toxoplasmosis usually occurs as a reactivation 
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of latent infection (Porter and Sande, 1992). The CNS is the site most typically affected, 

presenting with toxoplasmic encephalitis (Luft and Remington, 1992).  

 

 Congenital toxoplasmosis 

Vertical transmission of T. gondii infection can occur between a mother and her 

fetus following primary infection in an immunologically naïve pregnant woman. This can 

lead to congenital toxoplasmosis. If a primary T. gondii infection is acquired at least 4-6 

months before conception, protective immunity will usually prevent vertical transmission 

to the fetus on subsequent exposures (Tenter et al., 2000). However, there are a few 

exceptions. For example, seropositive immunocompromised women with acquired 

immunodeficiency syndrome (AIDS) have transmitted T. gondii congenitally (Campos et 

al., 2014). Additionally, maternal infections acquired 3 months prior to pregnancy may 

also pose a risk to the fetus (Gavinet et al., 1997, Vogel et al., 1996). Lastly, a mother 

previously immune to a typical T. gondii strain (see Section 1.1.2) may be infected with 

another atypical strain thus transmitting the atypical strain to her offspring (Elbez-

Rubinstein et al., 2009) 

The risk and severity of clinical manifestations of congenital toxoplasmosis in the 

fetus varies depending on the trimester in which infection was acquired. However, 

treatment of the mother with anti-parasitic drugs may reduce the incidence of congenital 

infections (McLeod et al., 2009, Galanakis et al., 2007). There is an inverse relationship 

between the rate of vertical transmission and the severity of the disease (Dunn et al., 

1999). For example, infections acquired shortly before conception or during the 1st 

trimester result in transmission to only 10-25% of fetuses. This rate rises to 30-50% with 

mothers infected in the 2nd trimester and 60-70% for those infected in the third trimester 
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(Dunn et al., 1999). In contrast, the clinical manifestations of congenital toxoplasmosis are 

more severe if the infection is acquired in the first or second trimesters (Remington et al., 

2006). About 10% of prenatal infections result in abortion or neonatal death (Remington 

et al., 2006). Of those newborns infected in the first or second trimester 10-23% show 

clinical signs of toxoplasmosis at birth (Remington et al., 2006). These include the classic 

triad of toxoplasmosis (retinochoroiditis, intracranial calcifications and hydrocephalus) 

and a variety of other symptoms ranging from central nervous symptoms to non-specific 

symptoms of acute infection (splenomegaly, hepatomegaly, fever, anaemia, jaundice, 

lymphdenopathy etc.) (Remington et al., 2006). Newborns infected in the third trimester 

may be asymptomatic at birth. Appearing healthy at birth, they may move on to develop 

clinical symptoms and deficiencies later in life. These deficiencies predominantly affect 

the eyes (retinochoroiditis, blindness), the CNS (psychomotor or other neurological 

deficiencies, convulsions, mental retardation), or the ear (deafness) (Tenter et al., 2000). 

In the United States, it has been reported that two-third of prenatally infected children 

developed visual problems by the age of three (Tan et al., 2007). 

Congenital toxoplasmosis is observed world-wide with the highest rates reported 

in France, Eastern Europe and Brazil. The most recent estimate of global incidence for 

congenital toxoplasmosis is approximately 1.5 cases per 1000 live births (Torgerson and 

Mastroiacovo, 2013). The global impact of disease equates to 1.2 million Disability-

Adjusted Life Years (DALYs), which is the cumulative number of years lost due to disability, 

sickness or premature death (Torgerson and Mastroiacovo, 2013). In Australia, there is an 

estimated 1.7 cases per 100,000 live births (Jayamaha et al., 2012). 
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1.5. Human susceptibility to congenital toxoplasmosis 

Using two independent cohorts of congenital toxoplasmosis patients, Jamieson et 

al. (2008) showed that ocular and brain disease in congenital toxoplasmosis are associated 

with polymorphisms in two genes, namely ABCA4 (ATP-binding cassette transported 

subfamily A member 4) and COL2A1 (collagen, type II, alpha 1 chain). The cohorts used in 

these investigations were from the European Multicentre Cohort Study on Congenital 

Toxoplasmosis (EMSCOT), which recruited prospectively for mothers with primary T. 

gondii infection during pregnancy (Gilbert and Gras, 2003, Gras et al., 2005), and the 

National Collaborative Chicago-based Congenital Toxoplasmosis Study (NCCCTS), which 

recruited children with congenital toxoplasmosis shortly following birth (McLeod et al., 

2006). 

Results of the allelic association analyses indicated that both ABCA4 and COL2A1 

showed unusual inheritance patterns for the disease-associated allele (Jamieson et al., 

2008). These inheritance patterns suggested the presence of either a maternal genotype 

effect, where the genotype of the mother influences the phenotype in the offspring, or a 

parent-of-origin effect, namely imprinting. Further statistical evaluation using a log linear 

method indicated a parent-of-origin effect/imprinting as the most likely explanation of 

the unusual inheritance patterns at both ABCA4 and COL2A1. Genomic imprinting is an 

epigenetic mechanism that results in only one allele being expressed in a parent-of-origin 

specific manner in certain genes. Imprinted genes have been discovered to control fetal 

growth and behaviour after birth with aberrant imprinting resulting in disrupted 

development and various disease syndrome (Reik and Walter, 2001). This prompted the 

search for experimental evidence of epigenetic effects, or imprinting, at ABCA4 and 

COL2A1. 
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Experimental evidence for imprinting was obtained by screening an anonymised 

cell bank of Epstein Barr Virus (EBV) transformed B lymphocytes to find individuals 

heterozygous for exonic single nucleotide polymorphisms (SNPs) at both ABCA4 and 

COL2A1 in genomic DNA (gDNA). These polymorphisms were then subsequently 

examined in complementary DNA transcripts (cDNA) produced from mRNA from the same 

EBV cell lines. This analysis demonstrated that ABCA4 and COL2A1 polymorphisms that 

were heterozygous in gDNA were homozygous in the mRNA indicating that only one allele 

is transcribed i.e. both loci demonstrate mono-allelic expression (Figure 1.3). These 

observations were isoform-specific with mono-allelic expression occurring in the exon-10 

containing isoform of ABCA4 and isoform IIB of COL2A1. Examination of parental 

genotypes in the EBV cell bank led to the determination that the paternally-derived allele 

is silenced at ABCA4 and that the maternally-derived allele for COL2A1 isoform IIB is 

silenced (Jamieson et al., 2008) . Given the small sample of polyclonal EBV cell lines 

examined, random choice mono-allelic expression cannot be excluded as it has been 

shown to be more common in the genome than was previously supposed (Gimelbrant et 

al., 2007). However, further analysis showed that T. gondii infection of EBV cells, with 

known mono-allelic expression of a heterozygous SNP at ABCA4, resulted in bi-allelic 

expression of this SNP in infected cells (Syn, 2009). This provided preliminary evidence 

that T. gondii infection may dysregulate host epigenetic regulation. 
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Figure 1.3. Sequence analysis of gDNA and cDNA in EBVs. 
(A) EBVs which are heterozygous for ABCA4 SNPs in gDNA are homozygous (i.e. mono-
allelic) in cDNA for the exon 10-containing isoform. (B) EBV lines show monoallelic 
expression for COL2A1 exonic SNP specific for isoform IIB but not isoform IIA (Jamieson et 
al., 2008). Positions of SNPs are indicated by N where heterozygous with the base 
underlined for mono-allelic expression in cDNA. 

 

1.6. Host epigenetics in infectious disease 

Pathogens (such as viruses, bacteria, and parasites) have been co-evolving with 

their hosts for a long time. They have developed strategies to be able to successfully 

invade and colonise their host. It has now been widely published that infectious agents 
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use epigenetics as part of their life cycle to modulate host processes, creating the optimal 

environment for their survival (Gómez-Díaz et al., 2012). Epigenetics is a dynamic process 

in which changes to gene expression occur without any alterations to the underlying 

genomic sequence (Bird, 2007). The mechanisms behind these changes in gene expression 

include methylation of DNA (Phillips, 2008), histone modifications (Lennartsson and 

Ekwall, 2009) and gene silencing by non-coding RNAs such as microRNA (miRNA) (Chuang 

and Jones, 2007). Therefore, the host epigenome serves as a superb platform for 

pathogens to be able to control their host processes, such as the down-regulation of the 

immune system, enabling persistent infection. Modulation of the host epigenome by 

pathogens can leave unique marks on the host’s DNA and histones, illustrated by 

Helicobacter pylori as an example in Figure 1.4. For a recent review of host epigenetic 

modifications following infection by viruses, bacteria and parasites, refer to Appendix A 

(book chapter by Syn et al. (2016)). 

 

 Toxoplasma gondii and host epigenetics 

T. gondii infection can modulate the host epigenome through histone acetylation, DNA 

methylation and miRNAs contributing to host gene expression changes. A proteome-wide 

lysine acetylation study carried out in T. gondii infected cortical astrocyte cells showed 

that host histones were differentially acetylated following T. gondii infection (Bouchut et 

al., 2015). In addition, T. gondii inhibits lipopolysaccharide-stimulated phosphorylation 

and acetylation of histone H3 at the promoters of tumour necrosis factor (TNF) (Leng et 

al., 2009) and interleukin-10 (IL-10) (Leng and Denkers, 2009) in macrophages. This could 

potentially be used as a mechanism to suppress host innate immunity.  
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Figure 1.4. An illustration of how gram-negative bacterium Helicobacter pylori is able to 
modify its host’s DNA methylation, histones and microRNA (miRNAs) in a gastric 
epithelium cell contributing to the pathogenesis of H. pylori-induced gastric cancer.  
H. pylori secretes a protein CagA which increases the levels of miR-584 and miR-1290. 
These two miRNAs target the gene Forkhead Box A1 (FOXA1) and down-regulates its 
expression. Suppression of FOXA1 promotes epithelial-mesenchymal transition and 
dysregulation of stem cell differentiation which potentially leads to oncogenesis. CagA can 
also increase levels of miR-26a and miR-101 which increases Enhancer of Zeste Homolog 
2 (EZH2), a histone lysine methyltransferase. EZH2 then methylates lysine residue 27 on 
histone H3 in the miRNA let-7 promoter, reducing the expression of let-7. The reduction 
of let-7 is also contributed by Cag-A-mediated increase in DNA methyltransferase 3 
(DNMT3). DNMT3 methylates the promoter of let-7, preventing its transcription. Let-7 
regulates the RAS oncogenic genes and decreased cytoplasmic let-7 levels cause the up-
regulation of RAS contributing to carcinogenesis. H. pylori also increases DNA methylation 
of tumour suppressor genes E-cadherin (CDH1), Heart and Neural crest Derivatives 
Expressed 1 (HAND1) and Cyclin-dependent kinase inhibitor 2A, multiple tumour 
suppressor 1 (p16INK4A), down-regulating their gene expressions allowing oncogenesis. 
Lastly, H. pylori is able to modify its host epigenome in a CagA-independent manner. It de-
acetylates lysine residue 23 and de-phosphorylates serine residue 10 and threonine 
residue 10 on histone H3. The actual mechanisms of these histone modifications are still 
unknown. De-phosphorylation of these residues are linked to an increase in genes JUN 
Proto-Oncogene (c-JUN) and Heat Shock Protein 70 (HSP70), which are associated with 
tumour formation. These mechanisms orchestrated by H. pylori deregulate the host 
epigenome and aid in the processes leading to H. pylori induced gastric cancers (reviewed, 
Syn et al. (2016)). 



 

21 

 

Changes in DNA methylation at specific host gene promoters have also been reported 

following T. gondii infection, contributing to behavioural modifications in rats (Vyas et al., 

2007b, Hari Dass and Vyas, 2014b) and reproductive fitness in mice (Dvorakova-Hortova 

et al., 2014). These host methylation changes in T. gondii infected cells are elaborated in 

Section 3.2. In recent years, there has been more interest in identifying host miRNA 

changes following T. gondii infection (Zeiner et al., 2010, Xiao et al., 2014, Cai and Shen, 

2017). Identification of specific host miRNAs dysregulated in T. gondii infected cells are 

implicated in various host processes such as host dopamine signalling (Xiao et al., 2014) 

and immune responses (Cai and Shen, 2017). Characterisation of miRNA profiles from the 

brains of mice infected with type II cyst-forming T. gondii revealed alteration of host 

miRNA profiles influencing targets involved in protein tagging and the immune system (Xu 

et al., 2013). 

 

 Epigenetics in Toxoplasma gondii 

Stage conversions between tachyzoites, bradyzoites and sporozoites occur 

extensively throughout the life cycle of T. gondii and are associated with global 

modifications of mRNA content, suggesting that developmental switches are 

transcriptionally regulated (Radke et al., 2005). However, T. gondii lacks many of the 

typical eukaryotic transcription factors with only a small number of genes encoding 

proteins with motifs that indicate transcription factor function in apicomplexan genes 

(Meissner and Soldati, 2005). In contrast, these parasites possess many of the enzymes 

involved in histone modification and chromatin remodelling (Dixon et al., 2010b). This has 

resulted in an emphasis on understanding histone modifications and alterations in 

chromatin structure in T. gondii (listed in detail in Section 2.2.). 
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1.7. Thesis aims 

As the mechanisms leading to the clinical signs of congenital toxoplasmosis 

following primary maternal infection are poorly understood, the aim of this thesis is to 

identify host molecular mechanisms which may contribute to this disease as well as to 

some of the putative longterm sequelae of acquired toxoplasmosis.  This thesis is 

presented as a series of three publications in manuscript form and one thesis chapter. As 

previous observations in our laboratory suggested that genes associated with congenital 

toxoplasmosis are epigenetically regulated, Chapter 2 describes an in-silico pipeline 

designed and implemented to identify all T. gondii encoded proteins with an epigenetic 

function with a specific focus on T. gondii proteins with the propensity to directly affect 

the host epigenome. Following this demonstration that T. gondii has the potential to 

directly influence the host epigenome, Chapter 3 goes on to identify host genes 

epigenetically dysregulated by DNA methylation following T. gondii infection in a clinically 

relevant human eye cell line.  Chapter 3 focuses, in particular, on the genes for which 

there was concordance between DNA methylation and host gene expression. Chapter 4 

describes all host genes which are differentially expressed in T. gondii infected human 

fibroblasts with an emphasis on characterising host mitochondrial functions following T. 

gondii infection. Finally, as genome-wide transcriptomic profiling was available for  two 

different cell types, Chapter 5 interrogates both datasets together to search for host genes 

and pathways involved in T. gondii’s unique ability to infect almost all nucleated cells. 
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Chapter 2. In-silico analyses to 

identify Toxoplasma gondii proteins 

involved in endogenous versus host 

cell epigenetic regulation 

 

Following the preliminary observations that T. gondii reverses the mono-

allelic expression at ABCA4, we hypothesised that the parasite may have 

the capacity to directly manipulate the host epigenome. This chapter 

describes an in-silico pipeline designed to identify all T. gondii encoded 

proteins with epigenetic functions both endogenously and in the host. 

 

 

Publication status: Previously submitted to Infection, Genetics and Evolution; currently 

undergoing more functional work as requested by external reviewers. 

 

Authors: Genevieve Syn, Jenefer M Blackwell, Sarra E Jamieson and Richard W Francis  
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2.1. Abstract 

Toxoplasma gondii uses epigenetic mechanisms to regulate both endogenous and 

host cell gene expression. The latter requires T. gondii-encoded proteins to be secreted 

from the parasite and targeted to the host cell nucleus. To identify genes with putative 

epigenetic functions, we used in-silico tools to interrogate the T. gondii proteome of 8313 

proteins. Step 1 in our pipeline employed PredictNLS and NucPred to identify genes 

predicted to target eukaryotic nuclei.  Step 2 used GOLink to identify proteins of 

epigenetic function based on associated Gene Ontology (GO) terms annotated manually 

in ToxoDB or predicted by InterProScan. This resulted in 611 putative nuclear localised 

proteins with predicted epigenetic functions. Step 3 filtered for secretory proteins using 

in-silico tools SignalP and SecretomeP, and/or based on published experimental evidence 

for secretion. This identified 57 of the 611 putative epigenetic proteins as likely to be 

secreted via known classical and alternative, or novel T. gondii-specific, secretory 

pathways.  These include specific classes of proteins involved in histone modifications 

(TGME49_207080/TgMYST-B, a histone acetyltransferase; TGME49_202490 with a 

histone methylation SET domain; TGME49_210310 with a histone methylation DOT1 

domain), and nucleosome re-modelling (TGME49_278440 containing a SWI/SNF2 related 

bromodomain). Of these, TgMYST-B was of particular interest as a histone 

acetyltransferase previously reported to have endogenous epigenetic function, but also 

present in the experimental secretome. In-vitro transfection of mammalian COS cells 

demonstrated that TgMYST-B has the capacity to translocate to the host cell nucleus. 

Overall our study highlights a number of T. gondii proteins that could modulate the host 

epigenome, in addition to identifying 554 proteins predicted to have an epigenetic role 

endogenously. Characterising parasite proteins that modulate parasite or host 
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epigenomes will provide important insights into host-pathogen interactions and could 

identify novel targets for drug repurposing and chemotherapeutic intervention. 

 

2.2. Introduction 

Toxoplasma gondii is a ubiquitous eukaryotic parasite belonging to the phylum 

Apicomplexa. T. gondii infection is common in man, although most infections are 

asymptomatic. However, in immunocompromised individuals, or through vertical 

transmission following primary infection during pregnancy, infection can result in a range 

of debilitating and potentially fatal ocular and/or brain lesions. T. gondii is unusual in that 

it is able to infect various mammalian and avian hosts. As part of its complex life cycle, 

conversion between the rapidly dividing tachyzoites during the acute phase of the 

infection to the quiescent bradyzoite chronic phase must occur to prevent the parasite 

from being completely cleared by the host’s immune response. Upon host immuno-

suppression, quiescent bradyzoites are able to revert back to the infectious tachyzoite 

form (Dubey et al., 1998b). This transition requires intrinsic regulation of T. gondii’s gene 

expression machinery, a process which has been shown to involve epigenetic mechanisms 

(Dixon et al., 2010a).  

Genome sequencing has revealed that T. gondii has an abundance of chromatin 

remodelling machinery (Dixon et al., 2010a). This includes several histone-modifying 

enzymes, such as histone acetyltransferases (HATs) and histone deacetylases (HDACs), as 

well as enzymes required for other post-translational histone modifications. Two HAT 

families have been reported to date, GCN5  and MYST. T. gondii is unique amongst 

invertebrates in having more than one GCN5 HAT, TgGCN5-A and TgGCN5–B (Hettmann 
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and Soldati, 1999, Bhatti et al., 2006), which has recently been reported to interact with 

AP2   factors and is required for T. gondii proliferation (Wang et al., 2014). Two members 

of the MYST family (TgMYST-A (Smith et al., 2005) and –B (Vonlaufen et al., 2010) are also 

encoded in the T. gondii genome. T. gondii can also induce or repress gene expression 

through the methylation of histone H4 lysine residues by SET domain-containing histone 

lysine methyltransferases (HKMTs) (Sautel et al., 2007) However, it has been reported that 

T. gondii lacks proteins from the DOT1 family, a non-SET domain-containing HKMT   

(Sullivan Jr and Hakimi, 2006). Other post-translational modifications reported to date 

include arginine methylation (e.g. by TgPRMT1) (Saksouk et al., 2005), demethylation 

(Dixon et al., 2010a), phosphorylation (Nardelli et al., 2013), ubiquitination (Ponts et al., 

2008) and sumoylation (Braun et al., 2009). Moreover, novel post-translational 

modifications occurring in T. gondii not previously identified in other protozoan parasites 

were recently reported. This includes succinylation, propionylation and formylation 

(Nardelli et al., 2013), although their role in the epigenetic regulation of T. gondii  remains 

unknown. In addition to histone modifying enzymes, the T. gondii genome also encodes 

SWI/SNF2 proteins, capable of influencing gene expression through ATP  -dependent 

nucleosome remodelling (Rooney et al., 2011, Sullivan Jr et al., 2003). Lastly, the T. gondii 

genome encodes two predicted cytosine-5 DNA methyltransferase 2 (DNMT2), but no 

DNMT1, homologues.  DNMT enzymes are able to catalyze the methylation of DNA 

cytosine, and conserved members of the DNMT2 family are known to catalyze DNA   

cytosine methylation in other unicellular eukaryotes such as Dictyostelium (Katoh et al., 

2006) and Entamoeba (Fisher et al., 2004), mainly at repetitive elements and retroposons.  

However, extensive biochemical analysis has demonstrated that T. gondii lacks detectable 

methylcytosine in their DNA (Gissot et al., 2008), leaving open the possibility that these 
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DNMT2 homologues may be used as tRNA   methyltransferases as has been observed for 

some DNMT2 enzymes in humans (Jurkowski et al., 2008).  

As an obligate intracellular parasite, T. gondii must invade a host cell and 

manipulate several host processes in order to survive. Such processes include the 

modulation of host cell cycle (Brunet et al., 2008b), prevention of apoptosis (Nash et al., 

1998b), re-organisation of host organelles (Sinai et al., 1997a) and remodelling of host 

cytoskeleton (Halonen and Weidner, 1994). It has also been shown that T. gondii infection 

can impact the host epigenome. T. gondii inhibits lipopolysaccharide (LPS) –induced 

phosphorylation of histone H3 serine residue 10 and acetylation of histone H3 lysine 

residue 9 and 14 at the promoter of interleukin-10 (IL-10) in host macrophages (Leng and 

Denkers, 2009). T. gondii also renders host macrophages unresponsive to interferon-

gamma (IFN-γ) through specific impairment of host chromatin remodelling at IFN-γ 

regulated promoters (Lang et al., 2012a). Responsiveness to IFN-γ can be rescued using 

histone deacetylase inhibitors. We have also shown that two host genes, ABCA4 and 

COL2A1, that are associated with clinical symptoms of congenital toxoplasmosis, display 

isoform-specific, monoallelic expression patterns consistent with epigenetic regulation 

(Jamieson et al., 2008) .  

For a Toxoplasma encoded protein to manipulate the host epigenome, it must first 

be secreted from one of the parasite’s three secretory organelles (micronemes, rhoptries 

and dense granules) into the host cell environment and then targeted specifically to the 

nucleus. To date, six T. gondii secreted proteins have been experimentally shown to target 

the host cell nucleus. Rhoptry kinase family proteins 16 (ROP16) (Saeij et al., 2007b) and 

47 (ROP47); (Camejo et al., 2013) protein phosphatase 2C (PP2C-hn); (Gilbert et al., 2007) 

and dense granular proteins 10 (GRA10) (Ahn et al., 2007), 16 (GRA16) (Bougdour et al., 
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2013a) and 24 (GRA24) (Braun et al., 2013). All six proteins have been demonstrated to 

possess a nuclear localisation signal (NLS), a basic amino acid motif that is recognised by 

an importin-α/β heterodimer (Moroianu et al., 1995) and used to target the protein to 

the host nucleus through the nuclear pore complex (NPC), although only two (Ahn et al., 

2007, Saeij et al., 2007b) have been experimentally verified. 

With the discovery of compounds, such as Apicidin, which act against parasites by 

inhibiting histone deacetylase (Darkin-Rattray et al., 1996), there is increasing interest in 

identifying the parasite proteins involved in the epigenetic regulation of processes within 

its life cycle, both used endogenously and within the host. These proteins represent 

potential novel drug targets for prevention or treatment of toxoplasmosis. To identify 

such proteins, we developed an in-silico pipeline of established software to analyse the 

complete T. gondii proteome. The proteome was firstly filtered to define a set of proteins 

that contain a NLS motif or are otherwise predicted to target the nucleus. These proteins 

were then probed for any functional domains pointing specifically to an epigenetic role 

(defined as the entire complement of modifications made to the genome at the level of 

DNA or histones) in either the parasite or the host. We have then experimentally 

confirmed localisation to the host nucleus of TGME49_207080 (histone lysine 

acetyltransferase MYST-B; herein known as TgMYST-B). The short isoform of 

TGME49_207080 (TgMYST-B) has previously been shown to target the parasite nucleus 

(Vonlaufen et al., 2010), our data now suggests this protein can be secreted and also 

target the host cell nucleus suggesting a role in the manipulation of both the parasite and 

host cell epigenomes. 
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2.3. Materials and Methods 

 Data source 

ToxoDB (http://toxodb.org) is the primary genome resource for T. gondii 

containing both genomic and functional data (Gajria et al., 2007). It incorporates sequence 

and annotation from GenBank for the three clonal lineages of T. gondii: GT1 (Type I), ME49 

(Type II) and VEG (Type III). Using ToxoDB (Version 8.0) we exported the entire T. gondii 

proteome of 8318 proteins. In order to derive a list of candidate proteins that have a 

possible epigenetic function, in either the parasite or host nucleus, the entire proteome 

was analysed using an in-silico pipeline of established software (See Figure 2.1) and then 

filtered.  Briefly, the filtering rationale aimed to find: (i) all proteins predicted to go to a 

eukaryotic nucleus; (ii) all proteins predicted to have an epigenetic function; and (iii) all 

proteins that might be secreted from the parasite into the host cell. The pipeline and 

filtering parameters used are summarised below and described in more detail in the 

supplementary methods (Appendix B). We have created user-friendly Perl scripts to 

automate and manage the results from this in-silico pipeline. These scripts are freely 

available on our website 

(http://bioinformatics.childhealthresearch.org.au/software/nuc_loc/) and described in 

more detail in the supplementary methods (Appendix B). 

 

http://bioinformatics.childhealthresearch.org.au/software/nuc_loc/
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Figure 2.1. Bioinformatics pipeline outlining the in-silico tools and manual methods used 
to predict parasite proteins with endogenous and exogenous epigenetic function.    
Step 1: predicts proteins localised to the nucleus; Step 2: predicts proteins with potential 
epigenetic function; Step 3: applies a filter to determine potential for epigenetic function 
in the host versus endogenous epigenetic function 
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 Step 1: Prediction of nuclear localised proteins 

Firstly PredictNLS (version 1.3) (Cokol et al., 2000) combined with AccPro (Cheng 

et al., 2005, Pollastri et al., 2002) were used to identify proteins containing an exposed 

putative NLS. Whilst the exact location of an NLS motif within the amino acid sequence 

can be variable (Dingwall and Laskey, 1991) it must be surface exposed for it to be 

recognised by the nuclear transport machinery and be functional. This property can be 

assessed by looking at the solvent accessibility (SA) of protein sequences deemed to 

contain an NLS motif using ACCpro (version 4.1). ACCpro was run with default parameters 

using BLAST data from NCBI's nr database dated June 2012. The overall percentage of 

exposed residues for each NLS motif was then calculated. For bipartite NLS sequences 

(identified by a linker sequence of 10 or more amino acids), the SA status of the linker 

sequence amino acids was excluded from the calculation. NLS motifs with an exposure 

level of greater than 70% were deemed "exposed". It is also known that some proteins, 

whilst not themselves containing an NLS, can gain access to the nucleus when bound to a 

protein that does contain a functional NLS (Tinland et al., 1992). Proteins may also contain 

novel NLSs. To capture proteins such as these we used NucPred (version 1.1), a tool that 

predicts whether or not proteins spend time in the nucleus (Brameier et al., 2007). 

NucPred was used with default parameters and proteins having a NucPred score of ≥0.7 

were selected as having spent time in the nucleus.  

 

 Step 2: Prediction of proteins with an epigenetic function 

InterProScan Version 5 (Zdobnov and Apweiler, 2001), a tool that allows users to 

query protein sequences against the InterPro database (Hunter et al., 2012), was used to 
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search all proteins for functional domains. InterProScan predicts structural motifs and 

domains and provides any available associated Gene Ontology (GO) terms (Ashburner et 

al., 2000). We also exported a list of manually annotated and predicted GO terms from 

ToxoDB (version 8.0) for all T. gondii proteins to achieve the most comprehensive list of 

GO terms. To allow inference of epigenetic function from GO terms across the orthogonal 

sub-ontologies ("Cellular Component", "Molecular Function" and "Biological Process") we 

used GOLink (Francis, 2013), a tool that collates terms across all sub-ontologies that co-

occur with a term of interest across the entire GO database.  We used GOLink to compile 

“terms lists” linked to the query terms "regulation of gene expression, epigenetic'' 

(GO:0040029) and "histone modification" (GO:0016570). We removed the generic GO 

term "Protein binding" from both lists so as to reduce false positives. The two GOLink 

terms lists used in this process can be found at Supplementary Table 2.1. All associated 

GO terms for each protein, both those exported from ToxoDB and those generated by 

InterProScan, were then matched to the top 5% of terms from each of the generated 

GOLink “terms lists” to determine those parasite proteins predicted to have an epigenetic 

function. The terms within the 95th percentile were selected as they represent the terms 

most confidently associated with the initial query terms. Those proteins with a prediction 

of nuclear localisation and of apparent epigenetic function were deemed of interest and 

are referred to as “epigenetic candidates”. 

 

 Step 3: Segregation of endogenous versus host epigenetic proteins 

To identify T. gondii encoded proteins that may play a role in modulating the host 

cell epigenome we used SignalP (version 4.1) to predict those proteins likely to possess an 

N-terminal signal peptide (SP) and thus be secreted from the parasite via the classical 
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secretory pathway. We used the Eukaryote organism groups for our predictions and 

default D-cutoff values of 0.45 for the SignalP-noTM   networks and 0.50 for SignalP-TM 

networks. Any proteins with a D-score exceeding the relevant cutoff were deemed as 

having a signal peptide and were included in a putative parasite secretome. As a small 

number of Eukaryotic proteins, such as fibroblast growth factor 2 (Nickel, 2011) and 

Interleukin-1 (Rubartelli et al., 1990), are known to be secreted without a classical N-

terminal signal peptide, we also used SecreteomeP (version 2.0) (Bendtsen et al., 2004) 

to predict whether any T. gondii proteins were likely to be secreted via a non-classical 

secretory pathway. This tool is designed to be used in conjunction with SignalP. Any 

protein predicted by SecretomeP to be secreted that also has an SP, as predicted by 

SignalP, is likely to be classically secreted whereas the absence of an SP in conjunction 

with a SecretomeP prediction of secretion suggests a non-classical mechanism. Input 

sequences were manually submitted to the SecretomeP2 web server selecting the 

mammalian prediction model. Those with an NN-score above 0.9, a cut-off score 

previously used by Garg and Ranganathan (2011) for in-silico secretome analysis of 

transcriptomic sequence data, were considered as secreted and included in the putative 

parasite secretome. 

 

 Compilation of a list of experimentally derived T. gondii secreted 

proteins 

A list of proteins from the RH strain of T. gondii experimentally shown to be 

secreted from the parasite was created by exporting data from “Tachyzoite Secretome 

(RH)” (Zhou et al., 2005b). One caveat in using this experimental secretome data was the 
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observation (Zhou et al., 2005b) that a number of cytosolic proteins identified in the 

secretome could be contaminants due to inadvertent lysis of the parasites during sample 

preparation.  However, since there was no way of distinguishing such false positives from 

true secreted proteins that might carry novel, possibly T. gondii-specific (Mercier and 

Cesbron-Delauw, 2015b), secretory signals we retained the full list of proteins from the 

experimental secretome in our gene list.  This included retaining all proteins in the list that 

had at least one peptide from the mass spectrometry analysis that mapped to the T. gondii 

database, since there was high probability given the experimental conditions that all 

peptides identified with a high confidence spectral match to the T. gondii genome were 

of parasite origin.  A  second caveat was that the experimental secretome list (Zhou et al., 

2005b) contained very few dense granule and no rhoptry proteins, most likely due to the 

use of 1% ethanol to stimulate parasite secretion (Carruthers et al., 1999). In view of this, 

the putative secretome list was extended through a search of ToxoDB using keywords 

such as “Rhoptry”, “Dense Granule” and “Microneme” to find additional proteins of the 

secretory organelles. 

 

 Generation of constructs and transfection of COS-7 cells 

T. gondii protein TGME49_207080 (TgMYST-B) was selected from the list of 

epigenetic candidates for experimental verification of its cellular location. This protein has 

previously been shown to localise to the parasite nucleus (Vonlaufen et al., 2010) but it is 

also part of the experimental secretome derived from Zhou et al. (2005b), suggesting that 

it could also localise to the host nucleus. TGME49_262730 (ROP16), previously established 

to be host nuclear localised (Saeij et al., 2007b) and filtered through our in-silico nuclear 

localisation prediction step, was selected to be a positive control. To generate constructs 
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for these proteins, the amino acid sequences were first retrieved from ToxoDB v8.0. 

Reading frame optimised protein sequences were then designed, synthesised and cloned 

into a commercial expression vector tagged with green fluorescent protein (GFP) 

pTagGFP2-N (Evrogen) using GeneArt® Gene Synthesis services (Life Technologies). For 

heterologous expression of these constructs in COS-7 cells (Gluzman, 1981), 5x104 cells 

were grown on sterilised round glass coverslips (ProSciTech) in 24-well culture plates 

(Interpath) in complete Dulbecco’s modified Eagle’s Medium (DMEM) (Gibco®, Life 

Technologies) with 100U/ml Pencillin/ 100µg/ml Streptomycin (Gibco®, Life 

Technologies), 2mM L-glutamine (Gibco®, Life Technologies) and 10% heat-inactivated 

fetal calf serum  (Gibco®, Life Technologies) in a 37C humidified CO2 (5%) incubator. After 

16 hours, cells were starved in serum and additive-free DMEM media and transfected with 

500ng of constructed plasmid DNA per well. As a negative control, cells were transfected 

with an empty pTagGFP2-N vector (no protein sequence cloned in). Transient 

transfections were carried out using Lipofectamine PLUS (Life Technologies) as per 

manufacturer’s instructions. Cells were incubated at 37C for five hours before 1ml of 

complete DMEM media was added to each well. After 48 hours, cells were stained with 

NucBlue Live Cell Stain (Life Technologies), fixed with 4% paraformaldehyde (Sigma-

Aldrich) in Phosphate Buffered Saline (PBS) (Medicago, Astral Scientific) for 15 minutes at 

room temperature and washed with PBS thrice for five minutes each. Glass coverslips 

were mounted onto glass slides using Immu-MountTM (Thermo Fisher Scientific) and 

sealed with a clear varnish before being visualised under fluorescent microscopy to 

confirm expression and determine localisation of GFP fusion proteins.  
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2.4. Results 

The complete proteome of T. gondii was exported from ToxoDB (Version 8.0) providing a 

list of 8318 proteins. Table 2.1 summarises the protein numbers from each step of the in-

silico pipeline after filtering. Supplementary Table 2.2 contains both the raw and summary 

results arising from running all 8318 T. gondii encoded proteins through all in-silico tools. 

Firstly, we searched for predicted nuclear localised proteins with an epigenetic function 

at steps 1 and 2. At step 3 we extended our filter to differentiate between proteins with 

a role in regulating the parasite’s own epigenome or that of the host.  

 

 Step 1: Prediction of nuclear localised proteins 

Of the 8318 T. gondii encoded proteins extracted from ToxoDB, 3408 were 

predicted to have the potential to localise to a eukaryotic nucleus, i.e. they have the 

potential to localise to the parasite or the host cell nucleus. This included 1399 proteins 

that contain a putative functional exposed NLS motif, as predicted by PredictNLS/ACCpro, 

and 3201 proteins predicted to spend some time in the nucleus by NucPred. There was an 

overlap (i.e. prediction of nuclear localisation by both tools) of 1192 proteins. It could be 

hypothesised that the 2009 proteins predicted to be nuclear localised by NucPred alone 

could contain as yet unidentified NLSs or be chaperoned into the nucleus.  
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Table 2.1.   Summary of proteins filtered through our in-silico pipeline 

 Proteins retained* Overall percentage of the proteome 

Initial T. gondii proteome 8318 100% 

Step 1: Prediction of nuclear localised proteins 3408 41% 

Step 2: Prediction of proteins with an epigenetic function 611 7.4% 

Step 3a: Epigenetic function in host  57 0.7% 

Step 3b: Epigenetic function in parasite  554 6.7% 

Protein numbers retained and percent of the entire proteome at each step of the in-silico pipeline after filtering to determine a set of parasite 
encoded candidates in the putative secretome that potentially target the host or parasite nucleus and have domains  
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 Step 2: Prediction of proteins with an epigenetic function  

As proteins targeted to the nucleus and sub-nuclear compartments have 

numerous diverse roles, we used a Gene Ontology based approach to identify those 

proteins that most likely have a role in the modification of the epigenome. Of the 3408 

proteins with a prediction of nuclear localisation, 1487 had associated GO terms acquired 

either directly from ToxoDB annotation or through a separate prediction of functional 

domains using InterProScan. The GOLink terms lists (Supplementary Table 2.1) obtained 

for “regulation of gene expression, epigenetic” and “histone modification” contained 140 

and 168 terms respectively (representing the top 5% of all candidate terms returned by 

GOLink) with an overlap of 68 terms, leaving 240 unique terms that were used in the 

matching process. Filtering of these 1487 proteins using our GOLink terms lists resulted in 

611 proteins (Supplementary Table 2.3) that were deemed to be associated with 

epigenetic functions. 

 

 Step 3: Segregation of endogenous versus host epigenetic proteins 

To distinguish between proteins which may play a role in endogenous epigenetic 

regulation within T. gondii versus those that may influence epigenetic regulation in the 

mammalian host cell, SignalP and SecretomeP were employed to predict proteins 

destined for secretion. Of the 611 T. gondii proteins with a predicted epigenetic function, 

23 were predicted to be secreted via the classical pathway by SignalP and 1 was predicted 

by SecretomeP to be secreted via the non-classical pathway.  
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However, we noted that GRA10 (TGME49_268900) previously shown to be secreted from 

T. gondii into the host cell and targeted to the host cell nucleus was not predicted to be 

secreted by either SignalP or SecretomeP. This suggests that there may be alternative 

mechanisms for T. gondii proteins to be secreted into the host cell that neither SignalP 

nor SecretomeP are able to detect. To address this, the 587 epigenetic candidates with no 

prediction of secretion by either SignalP or SecretomeP were further screened to 

determine if any have been experimentally verified as secreted, in particular the 

experimental secretome determined by Zhou et al. (2005b), or are proteins of the 

secretory organelles. This yielded an additional 33 epigenetic candidates that were 

deemed secreted and included the five experimentally confirmed proteins mentioned 

above. Overall, 57 proteins were predicted to be secreted and have an epigenetic function 

(See Table 2.2).  These proteins represent 0.7% of the total T. gondii proteome and are 

considered candidates for translocation to the host cell nucleus during infection with a 

potential role in the manipulation of the host epigenome. The 554 epigenetic candidates 

not predicted to be secreted were considered to potentially have an endogenous role in 

the epigenetic regulation of T. gondii. 
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Table 2.2. Proteins from our pipeline with a potential epigenetic function in 
modulating the host epigenome.   

ToxoDB IDa Protein Descriptiona 

In silico secretome 

TGME49_207690 PDCD5  

TGME49_213310 hypothetical protein  

TGME49_239440 protein kinase (incomplete catalytic triad)  

TGME49_241870 tRNA ligase class I (E and Q), catalytic domain-containing protein  

TGME49_243280 Met-10+ like-protein  

TGME49_245660 hypothetical protein  

TGME49_257010 sporozoite developmental protein  

TGME49_271625 serine--tRNA ligase  

TGME49_277030 isoleucyl-tRNA synthetase, putative  

TGME49_281675 hypothetical protein  

TGME49_284010 5'-3' exonuclease, N-terminal resolvase family domain-containing protein  

TGME49_295050 

tRNA ligase class II core domain (G, H, P, S and T) domain-containing 

protein  

TGME49_299810 cysteine-tRNA synthetase (CysRS)  

TGME49_305920 endonuclease III family 1 protein  

TGME49_312370 RNA pseudouridine synthase superfamily protein  

TGME49_312520 tRNA dimethylallyltransferase  

TGME49_313120 DNA-directed RNA polymerase, alpha subunit  

Experimental secretome 

TGME49_202490 AP2 domain transcription factor AP2VIIa-7  

TGME49_206510 toxolysin TLN4  

TGME49_207080 histone lysine acetyltransferase MYST-B  

TGME49_210310 hypothetical protein  

TGME49_210360 DEAD (Asp-Glu-Ala-Asp) box polypeptide 41 family protein  

TGME49_219600 hypothetical protein  

TGME49_223880 zinc finger, C3HC4 type (RING finger) domain-containing protein  

TGME49_224480 cell-cycle-associated protein kinase CLK, putative  

TGME49_226510 Sec23/Sec24 trunk domain-containing protein  

TGME49_228120 hypothetical protein  

TGME49_231170 RecF/RecN/SMC N terminal domain-containing protein  

TGME49_239420 protein kinase  

TGME49_240090 rhoptry kinase family protein ROP34, putative  

TGME49_246060 polymerase (RNA) mitochondrial (DNA directed) POLRMT  

TGME49_246760 hypothetical protein  

TGME49_252500 polo kinase  

TGME49_253750 PLU-1 family protein  

TGME49_253890 peptidase M16 inactive domain-containing protein  

TGME49_267030 ribonuclease type III Dicer  

TGME49_268900 dense granular protein GRA10  

TGME49_269885 rhoptry metalloprotease toxolysin TLN1  
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TGME49_271290 hypothetical protein  

TGME49_271740 hypothetical protein  

TGME49_278440 SWI2/SNF2 Brahma-like putative  

TGME49_285895 AP2 domain transcription factor AP2V-2  

TGME49_289330 ubiquitin carboxyl-terminal hydrolase family 2 protein  

TGME49_292055 calcium dependent protein kinase CDPK8  

TGME49_292235 hypothetical protein  

TGME49_294840 zinc finger (CCCH type) motif-containing protein  

TGME49_305750 nucleolar gtp-binding protein 2, putative  

TGME49_306660 RNA pseudouridine synthase superfamily protein  

TGME49_312830 hypothetical protein  

TGME49_313330 rhoptry kinase family protein ROP27  

Both in-silico and experimental secretome 

TGME49_201130 rhoptry kinase family protein ROP33  

TGME49_207610 rhoptry kinase family protein ROP36 (incomplete catalytic triad)  

TGME49_221330 DNA gyrase/topoisomerase IV, A subunit domain-containing protein  

TGME49_229630 eIF2 kinase IF2K-A (incomplete catalytic triad)  

TGME49_262730 rhoptry protein ROP16  

TGME49_294560 rhoptry kinase family protein ROP37 (incomplete catalytic triad)  

TGME49_309110 tRNA methyl transferase  
a Retrieved from ToxoDB (Version 8.0). The list is annotated for proteins identified from 
the in-silico secretome, the experimental secretome data, or both.
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 Experimental verification of candidate protein subcellular 

localisation 

Two proteins of particular interest were examined experimentally for their ability 

to target the host cell nucleus using transfection of COS cells with GFP-tagged constructs.  

The first of these was ROP16-GFP (TGME49_262730) which has been shown by others to 

target the host cell nucleus (Saeij et al., 2007b) and was found here to pass through our 

in-silico nuclear localisation filter.  This protein was therefore selected as a positive control 

for our transfection system.  The second was TgMYST-B (TGME49_207080) which others 

(Vonlaufen et al., 2010) have found to be predominantly localised to the cytoplasm of the 

parasite, with some electron micrograph evidence for a small amount in the parasite 

nucleus.  Importantly, this protein was found in the experimental secretome of T. gondii 

determined by Zhou et al. (2005b), and passed through our combined in-

silico/experimental secretome filter as a protein with predicted epigenetic function that 

could target the host cell nucleus.   

In our experimental transfection system, all GFP fusion proteins, including the 

vector-only control, showed strong fluorescence 48 hours after transfection.  The vector-

only control pTagGFP2-N showed an even cytoplasmic and nucleoplasmic distribution of 

fluorescence across the entire cell (Figure 2.2) as expected given GFP tags should not 

affect the localisation of GFP-fusion proteins within a mammalian cell. The positive control 

ROP16-GFP (TGME49_262730) was concentrated in the host nucleus (Figure 2.2), 

providing confidence in the use of synthetically made constructs. TgMYST-B-GFP 

(TGME49_207080) is also seen to be localised exclusively to the host nucleus (Figure 2.2), 

which is a novel finding.   
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Figure 2.2. Subcellular localisation of ROP16, TGME49_27080 and pTagGFP2-N proteins 
expressed in COS-7 cells.  
The green colour represents fluorescence of GFP fusion proteins and the red colour 
represent fluorescence of Hoechst 33342 binding to DNA, defining the host cell nucleus. 
Merged images denote where the GFP fusion proteins are located in relation to the 
nucleus. There is a concentration of ROP16 fusion proteins in the nucleus, an exclusive 
localisation of TgMYST-B fusion protein in the nucleus, and an even distribution but 
weaker distribution of the vector control pTagGFP-N protein throughout the entire cell. 

 

 

2.5. Discussion 

Toxoplasmosis, both congenital and acquired (in an immunocompromised host), 

results in a range of ocular and brain lesions and can severely impact on quality of life. As 

an obligate intracellular parasite, T. gondii relies heavily on stringent epigenetic regulation 

within its life cycle to establish a successful infection in its host. This is mediated by its 

own endogenous proteins, such as histone modifiers and chromatin re-modellers, 

normally localised to the nucleus in order to carry out their functions (Dixon et al., 2010a). 
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There is increasing evidence that suggests this intrinsic T. gondii epigenetic machinery 

may also disrupt the epigenetic regulation of its host cell (Hari Dass and Vyas, 2014a, 

Dvorakova-Hortova et al., 2014). It has previously been reported that several T. gondii 

proteins localise to the host cell nucleus upon infection (Ahn et al., 2007, Gilbert et al., 

2007, Yamamoto et al., 2009b, Braun et al., 2013, Bougdour et al., 2013a, Camejo et al., 

2013, Saeij et al., 2007b). In addition, it has been reported that T. gondii impairs host 

chromatin remodelling at IFN-γ regulated promoters (Lang et al., 2012a), interferes with 

host histone post-translational modifications (Leng and Denkers, 2009) and that clinical 

symptoms of congenital toxoplasmosis are associated with polymorphisms at two host 

genes that display monoallelic expression patterns consistent with epigenetic regulation. 

We therefore set out to identify all T. gondii proteins with a potential epigenetic 

associated function as they represent novel targets for the development of 

chemotherapeutic drugs used to limit or treat toxoplasmosis. In particular, we aimed to 

identify T. gondii proteins that were most likely to be secreted from the parasite and 

targeted to the host cell nucleus as they have the potential to deregulate the host 

epigenome (Jamieson et al., 2008), contributing to the clinical symptoms of 

toxoplasmosis.  

To identify such proteins we have undertaken a stepwise analysis of the T. gondii 

proteome to produce a list of 611 nuclear localised proteins predicted to have a role in 

epigenetic modification in either the parasite or the host. Of these, 57 were either 

predicted or experimentally shown to be secreted from the parasite and the remaining 

554 were deemed to have a potential endogenous role. Using GOLink, our in-silico 

pipeline has identified 53 proteins out of the 76 predicted genes/proteins (70%) 

associated with epigenetic mechanisms in T. gondii previously highlighted by Dixon et al. 



 

45 

 

(2010a). Those proteins not identified by our in-silico filtering compared to the previously 

(Dixon et al., 2010a) highlighted epigenetic proteins is likely due to the incomplete 

annotation of these protein’s GO terms in ToxoDB (Croken et al., 2014). Annotation of 

epigenetic functions by GOLink is reliant on GO terms either manually annotated in 

ToxoDB or associated with their predicted domains from InterProScan. Proteins 

annotated with insufficient or no GO terms will render GOLink incapable of categorising 

them accurately, reflected by the 29 proteins from Dixon’s list Dixon et al. (2010a) not 

predicted to have an epigenetic associated function by our pipeline. 

Of the 53 proteins overlapping with those highlighted by Dixon et al. (2010a), only 

33 were predicted to be localised to the nucleus. This may be due to a known limitation 

of PredictNLS, which uses a static database of NLS regular expressions that match only 

43% of all known nuclear proteins (Cokol et al., 2000). This suggests that the other 20 

proteins may contain novel NLSs. In support of this three of the six T. gondii proteins 

known to target the host nucleus, PP2C-hn, ROP47 and GRA16, were also not predicted 

to be nuclear localised by our pipeline, even though all three proteins have been reported 

to contain putative NLSs (Gilbert et al., 2007, Camejo et al., 2013, Bougdour et al., 2013a). 

Therefore, PredictNLS will miss proteins that harbor novel NLSs. 

Notwithstanding these omissions, our pipeline has identified an additional 554 

proteins (Supplementary Table 2.3) which may be involved in regulating the parasite’s 

epigenome.  As the endogenous epigenome was not the major focus of our study, these 

proteins will not be discussed here.  Rather we focus on the overlap between the putative 

secretome and the epigenome of T. gondii, which yielded 57 proteins with epigenetic 

function that also had the potential to be secreted into the host cell and target the host 

cell nucleus.  Of these, we now briefly discuss proteins of particular interest which have 
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functional domains suggesting they are capable of modifying or interacting with host 

histones, DNA or chromatin. 

We report three proteins that have domains associated with histone 

modifications; TGME49_207080 (TgMYST-B), which contains a histone acetyltransferase 

domain, TGME49_202490 containing a histone methylation SET domain, and 

TGME49_210310 which is predicted to have a histone methylation DOT1 domain. Histone 

acetylation is mediated by HATs which transfer acetyl groups from acetyl-CoA onto 

histone tails reducing their affinity for DNA leading to transcriptional activation (Vettese-

Dadey et al., 1996, Roth et al., 2001). Histone methylation, the addition of up to three 

methyl groups to lysine (K) or arginine (R) residues of histones H3 and H4, can result in 

either transcriptional activation or repression (Byvoet et al., 1972, Zhang and Reinberg, 

2001). Methylation of lysine residues on histones are carried out by two main groups of 

methyltransferases; proteins containing a SET domain or a non-SET domain called DOT1. 

It was previously thought that T. gondii did not possess any DOT1 domain histone 

methyltransferases (Sullivan Jr and Hakimi, 2006) but prediction of functional domains 

using InterProScan as part of this work now highlights TGME49_210310 as containing a 

DOT1 domain. Indeed the orthologue of TGME49_210310 in the VEG strain of T. gondii 

(TGVEG_210310) is also annotated as having a DOT1 domain in ToxoDB, adding 

confidence to our prediction of this DOT1 domain present in TGME49_210310. We did 

not identify any proteins involved with other post-translational modifications of histones, 

which can include ubiquination, phosphorylation and sumoylation.  

Our in-silico analysis also identified one protein involved in nucleosome 

remodelling, TGME49_278440, which contains a SWI/SNF2 related bromodomain. 

SWI/SNF members are capable of ATP-dependent destabilisation of histone-DNA 
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interactions (Johnson et al., 2005) upon bromodomain-facilitated recognition of 

acetylated lysines, such as those found on histone tails, which leads to nucleosome 

remodelling.  

Finally, we report TGME49_228120, currently annotated in ToxoDB as a 

hypothetical protein as having a “replication foci targeting sequence” of the type uniquely 

found in the N-terminal region of DNMT1 molecules (Subramaniam et al., 2014).  The C-

terminal 500 amino acid catalytic portion of DNMTs are conserved between C5 DNMTs of 

eukaryotes and prokaryotic organisms, and harbour the active centre of the enzyme 

containing amino acid motifs characteristic of the cytosine-C5-methyltransferase.  The N-

terminal region of DNMT1 molecules carries 3 sequences, including the replication foci 

targeting sequence, that increase the precision in copying methylation patterns after DNA 

replication.  As this replication foci targeting sequence is unique to DNMT1 molecules, this 

suggests that TGME49_228120 may represent the remnants of a T. gondii DNMT1 gene.  

Further work is required to determine whether this replication foci targeting sequence 

domain confers epigenetic function to TGME49_228120.   

Although the results presented here are based primarily on in-silico predictions 

and may potentially include some false positive results requiring experimental validation, 

these epigenetic candidates represent a starting point for ongoing studies into the causal 

effects of host epigenetic modifications during T. gondii infection. Research on T. gondii 

secreted proteins experimentally proven to be translocated to the host cell nucleus has 

demonstrated the ability of these secreted proteins to directly form complexes with host 

proteins. For example, GRA16 forms complexes with host HAUSP   and PP2A phosphatase 

to regulate the host cell cycle and the p53 tumour suppressor pathway (Bougdour et al., 

2013a) whilst GRA24 forms complexes with host p53 to generate its sustained activation 
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(Braun et al., 2013). In addition, ROP16 has been shown to activate host STAT3 and STAT6 

(Ong et al., 2010a) by directly phosphorylating them, triggering host cells to produce 

arginase 1 and suppressing the host immune response to T. gondii  (Butcher et al., 2011a). 

These studies suggest that it is possible for the additional epigenetic candidates identified 

here to contribute to host-pathogen interactions via manipulation of the host epigenetic 

machinery.  

Out of the list of putative host nuclear localised epigenetic candidates, one of the 

proteins TGME49_207080 (TgMYST-B) has previously been shown to localise to the 

parasite nucleus (Vonlaufen et al., 2010). This led us to consider whether 

TGME49_207080 (TgMYST-B) could also be secreted out of the parasite and localised to 

the host cell nucleus as predicted by our in-silico pipeline. Our demonstration that 

TGME49_207080 (TgMYST-B) targets to the mammalian cell nucleus following 

heterologous expression in COS7 cells confirms that it has the capacity to be another T. 

gondii encoded protein that could localise to the mammalian host cell nucleus. This 

requires confirmation in T. gondii infected cells, but would be the first T. gondii protein 

shown to localise to both parasite and host nuclei. This is not an uncommon phenomenon 

in Apicomplexan parasites as Theileria annulata has been previously observed (Shiels et 

al., 2004) to target SuAT1, an AT hook DNA binding polypeptide, to both its own nucleus 

and the host nucleus. Localisation of Theileria SuAT1 to the host cell nucleus is associated 

with modulation of host cell morphology and dysregulation of cytokeratin gene 

expression (Shiels et al., 2004). The role of SuAT1 in the parasite nucleus has not been 

described. As parasites have co-evolved with their host over time, it is not surprising that 

parasites may encode proteins that function both endogenously and which can be 

secreted into the host cell to modify it, creating the optimal environment for their survival. 
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Disrupting such proteins may be detrimental to both parasite survival and its success in 

infecting the host cell, leading to novel targets for chemotherapeutic interventions.  

Overall this in-silico analysis has identified several highly interesting candidates for 

ongoing functional investigations into how T. gondii manipulates host cell processes, 

specifically via the disruption or modulation of the host epigenome. Such an approach 

could also be used in the identification of candidate proteins from other Apicomplexan 

species that may target the host cell nucleus. 
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2.6. Conclusion 

1. We developed a bioinformatics pipeline consisting of freely available in-silico tools 

to first predict if parasite proteins are localised to the nucleus, followed by 

identification of epigenetic-associated functions and finally if these proteins are 

secreted. 

2. Screening of 8,313 T. gondii encoded proteins led to the prediction of 3,408 

nuclear localised proteins. 611 of these proteins have putative epigenetic 

functions. Out of these, 57 proteins have been predicted to have a role in the host 

and 554 to have an endogenous role.  

3. Several interesting classes of epigenetic modifiers have been identified in the 

putative T. gondii secretome; proteins involved in histone acetyltransferase, 

histone methyltransferases, nucleosome remodelling and one proteins containing 

a replication foci targeting sequence which is unique to DNA methyltransferase 1. 

4. The parasite encoded histone acetyltransferase TgMYST previously shown to 

target T. gondii’s nucleus was predicted by our pipteline to be targeted to the host 

nucleus. 

5. Experimental transfection work showed that T. gondii also has the capacity to 

localise to the mammalian cell nucleus. 

6. Overall, we have identified interesting candidates for how T. gondii can 

manipulate host cell processes through epigenetic regulation. 

7. There is on-going work using the CRISPR/Cas9 gene editing system to 

endogenously tag the candidate parasite proteins of interest with a fluorescent 

marker to demonstrate that these proteins are indeed secreted from T. gondii  and 

targeted to host nucleus. 
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Chapter 3. Genome-wide DNA 

methylation and gene expression 

profiling reveals dysregulation of 

dopamine and amyloid pathways in 

Toxoplasma infection 

 

Having identified putative T. gondii secreted effectors that could modulate 

the host epigenome, this chapter undertook a study to characterise the 

changes in the host epigenome in the form of DNA methylation and 

transcriptome following T. gondii infection.  

 

Publication status: Previously submitted to Infection and Immunity; currently undergoing 

more functional work as requested by external reviewers. 

 

Authors: Genevieve Syn, Denise Anderson, Jenefer M Blackwell and Sarra E Jamieson  
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3.1. Abstract 

Toxoplasma gondii is a ubiquitous pathogen capable of infecting most animals, 

including humans.  Infection in healthy individuals is usually asymptomatic, although 

chronic infection with T. gondii has been reported as a risk factor for some 

neurodegenerative and psychiatric disorders. Vertical transmission of T. gondii in newly 

infected mothers during pregnancy can lead to congenital toxoplasmosis, with affected 

babies born with characteristic brain and eye lesions. Pathogenic pathways that may link 

congenital and latent toxoplasmosis have been largely unexplored. In this study, we used 

genome-wide technologies to identify global changes in the host methylome and 

transcriptome over a time-course of 2, 6 and 24 hours following T. gondii infection in a 

retinal cell line. Only genes in concordance (132, 186 and 128 genes at 2, 6 and 24 hours 

post-infection), i.e. hypermethylated and decreased expression or hypomethylated and 

increased expression, were selected for downstream pathway analyses.  Seven pathways 

were significantly enriched at 6 hours post-infection, including two neurologically-

associated pathways: dopamine-DARPP32 feedback in cAMP signalling (p-value = 8.3 x 10-

5; adjusted p-value = 0.020); and amyloid processing (p-value = 1.0 x 10-3; adjusted p-value 

= 0.043). These pathways are of interest for their roles in utero in eye and brain 

development and in adulthood where the dopamine pathway is involved in Parkinson’s 

disease and schizophrenia and amyloid processing contributes to Alzheimer’s disease. 

Thus, epigenetic dysregulation of these pathways in T. gondii infection may contribute to 

the known pathologies at the congenital level and its later life effect on the brain.  
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3.2. Introduction 

Toxoplasma gondii is a parasite of the Apicomplexan family capable of infecting 

most warm-blooded animals including humans. It is distributed globally and is considered 

a “neglected parasitic infection” by the Centers for Disease Control and Prevention (USA). 

In healthy individuals, acquired infection with the parasite is frequently asymptomatic but 

can result in a chronic (latent) infection, with the parasite forming cysts in several host 

tissues including the eye and brain. If a chronically infected individual becomes 

immunocompromised, either through Human Immunodeficiency Virus (HIV) infection or 

immunosuppressive therapy, the latent infection may reactivate leading to severe clinical 

symptoms such as toxoplasmic encephalitis. In developing countries such as Brazil, 

Columbia and rural Africa, re-activation of T. gondii infection is worsened due to 

inaccessible and unaffordable anti-Toxoplasma drugs (Mui et al., 2008). Congenital 

toxoplasmosis, which arises when mothers are infected for the first time during 

pregnancy, is similarly exacerbated in developing countries due to a lack of treatment 

options for congenitally-infected infants (Mui et al., 2008).  Affected babies are born with 

characteristic neurological and opthalmological symptoms including hydrocephalus, 

intracranial calcifications, encephalitis and retinochorioditis.   

It has long been assumed that chronic T. gondii infection causes no overt clinical 

symptoms but recent research has challenged this suggesting that chronic toxoplasmosis 

may be a risk factor for several neurological and neuropsychiatric disorders. It has been 

reported that there is increased seropositivity to T. gondii in patients diagnosed with 

Parkinson’s disease (Miman et al., 2010b), a neurodegenerative movement disorder with 

reduced levels of dopamine in the striatum (Lotharius and Brundin, 2002), or Alzheimer’s 

disease (Kusbeci et al., 2011), the most common form of dementia characterised by the 
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accumulation of amyloid β plaques and neurofibrillary tangles (Swerdlow, 2007), 

compared to healthy controls. However, these results have not been replicated by all 

studies (Celik et al., 2010, Perry et al., 2015). In schizophrenia, a neuropsychiatric disorder 

where patients have a distorted perception of reality, there is a greater body of evidence 

suggesting a role for T. gondii with meta-analyses confirming a significant increase in 

seropositivity in schizophrenia patients compared to controls (Omar et al., 2015a, Wang 

et al., 2013, Sutterland et al., 2015b). Whilst there is increasing evidence that T. gondii 

infection disrupts its host’s neurobiology, the mechanisms leading to these neurological 

and ophthalmological clinical signs are still poorly understood.  

As an obligate intracellular parasite, T. gondii modulates several host processes, 

including the host’s transcriptional profile (Blader and Saeij, 2009, Blader and Koshy, 

2014b), to create an optimal environment for its survival and replication. Epigenetics is 

one molecular mechanism that can influence gene expression with DNA methylation, the 

addition of a methyl group to a cytosine base adjacent to a guanine base (CpG), the most 

extensively studied epigenetic mechanism to date. The modulation of the host epigenetic 

profile during infection is an area of increasing interest with recent reports of modified 

DNA methylation profiles in several infectious diseases, including T. gondii (Syn et al., 

2016). For example, hypomethylation of the arginine vasopressin (Avp) promoter has 

been shown in the medial amygdala of infected male rats leading to an increased 

expression of this protein (Hari Dass and Vyas, 2014c). It has been suggested that this 

epigenetic change following infection contributes to the reduced aversion of infected rats 

to the odour of cat urine (Vyas et al., 2007a, Berdoy et al., 2000). Another study examining 

the role of T. gondii in the reproductive fitness of infected mice reported an increase in 

global methylation of T. gondii infected male mice, specifically in testicular tissue 
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(Dvorakova-Hortova et al., 2014). Analysis of DNA methylation at the promoters of three 

genes involved in spermatogenesis, CAMP  -responsive element modulator (Crem), CAMP-

responsive element modulator binding protein 1 (Creb1) and Heat shock 70kDa protein 

1A (Hspa1a), identified differentially methylated CpG motifs at all three promoters 

(Dvorakova-Hortova et al., 2014).  While these studies provide preliminary evidence that 

T. gondii infection can result in DNA methylation changes, both on a global scale and at 

specific host genes, to date there have been no genome-wide analyses of DNA 

methylation reported that would identify the broader effects that T. gondii may have on 

its host’s methylome. Combined analyses of host methylation and transcriptional profiles 

could also identify host genes whose expression levels may be epigenetically regulated in 

T. gondii infection.   

In this study, we used two complementary genome-wide platforms to identify 

genes/pathways altered by T. gondii infection. Specifically we used the Illumina Infinium 

HumanMethylation450 BeadChip and the Human HT-12 v4 Expression BeadChip to 

identify global changes in methylation and gene expression over time following T. gondii 

infection in a human retinal cell line; a functionally relevant cell type as T. gondii has a 

tropism for tissues of the central nervous system including the eye and brain.  Analysis of 

genes robustly replicating for concordant DNA methylation and gene expression patterns 

revealed modulation of several neurological pathways involved in neurodevelopment 

suggesting these pathways may contribute to the eye and brain pathologies observed in 

congenital toxoplasmosis as well as to the cognitive and behavioural modifications 

associated with chronic infection.  
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3.3. Materials and Methods 

 Parasite and Cell culture 

Human retinoblastoma cells WERI-Rb-1 (gift from Professor D. Trump, 

Manchester) were cultured in suspension in RPMI  -1640 medium (Gibco®, ThermoFisher 

Scientific) supplemented with 100U/ml Penicillin/ 100µg/ml Streptomycin (Gibco®, 

ThermoFisher Scientific), 2mM GlutaMAXTM supplement (Gibco®, ThermoFisher Scientific) 

and 10% heat-inactivated fetal calf serum (Gibco®, ThermoFisher Scientific). Primary 

Human Foreskin Fibroblast (HFF) monolayers were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM  ; Gibco®, Thermo Fisher Scientific) supplemented with 100U/ml 

Penicillin/ 100µg/ml Streptomycin, 2mM GlutaMAXTM and 10% heat-inactivated fetal calf 

serum. T. gondii tachyzoites (RH strain; gift from Tanya Armstrong, Murdoch University) 

were maintained in-vitro in HFF monolayers grown in DMEM Infection Medium (DMEM 

supplemented as previously described but with 1% heat-inactivated fetal calf serum). All 

cultures were grown in a 37C humidified CO2 (5%) incubator. Continuous passage of the 

parasites was carried out by scraping an infected HFF monolayer with a cell scraper 

(Sarstedt) and passing it through a 27 gauge needle (Becton) twice to forcibly rupture and 

release parasites from intact infected HFF cells. Released parasites were used to infect 

additional HFF monolayers.  

 

 Infection of cells and nucleic acid extraction 

For time-course infection experiments, 1x106 WERI-Rb-1 cells were pelleted and 

resuspended with Toxoplasma parasites suspended in 1ml of RPMI Infection Medium 

(RPMI-1640 supplemented as previously described but with 1% heat-inactivated fetal calf 
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serum) at a multiplicity of infection (MOI) of 10:1. Cell-parasite suspension was then 

seeded into each well of a 6-well tissue culture treated plate (Becton). Mock-infected 

WERI-Rb-1 cells were prepared in the same way as infected cells but without the addition 

of parasites. Two biological replicates were carried out for each experimental condition. 

After 2 hours of infection, cells were washed twice with RPMI Infection Medium, to 

remove any remaining extracellular parasites, and the medium replaced with fresh 

Infection Medium to minimise continued T. gondii invasion at later time points. For DNA 

extraction, cells were harvested at 2 hours, 6 hours and 24 hours post-infection by 

centrifugation at 1000 x g for 10 minutes followed by removal of supernatant. DNA was 

extracted using GenElute Mammalian Genomic DNA MiniPrep kit (Sigma-Aldrich) 

following manufacturer’s instructions. For RNA, cells were harvested at the same time 

points post-infection using Tri-reagent® (Sigma-Aldrich) and total RNA was extracted using 

Direct-ZolTM RNA Miniprep kit (Zymo Research) following manufacturer’s instructions.  

 

 DNA and gene expression profiling 

Generation of methylation data (GEO accession number - GSE81015) on the 

Infinium HumanMethylation450 BeadChip Kit (Illumina) and microarray data (GEO 

accession number – GSE81016) on the Human HT-12 v4 Expression Beadchip (Illumina) 

was carried out at the Australian Genome Research Facility (Melbourne node, Australia). 

All data analysis was carried out in R Version 3.1.3 (Smooth Sidewalk - https://www.r-

project.org/), an environment for statistical computing and graphics, and RStudio (version 

0.99.484).  

For the Illumina 450K data the Bioconductor package RnBeads (Assenov et al., 

2014) was used to read in raw methylation iDAT files, perform exploratory analysis and 
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quality control, data pre-processing and differential methylation analysis. A 

multidimensional scaling plot was generated based on the methylation values of the 

dataset and outlier samples were removed. The data was normalised using the QN-BMIQ 

method, which has been shown to be one of the most effective normalisation methods 

for the two different probe types used on the Illumina 450K array (Wang et al., 2015). CpG 

sites with a detection p-value>0.01 for any sample were deemed poor quality and 90,894 

probes were removed leaving 391,528 probes for analysis. CpGs located on the sex 

chromosomes or at known single nucleotide polymorphism (SNP) sites were not removed. 

Following differential methylation analysis using hierarchical linear models from Limma 

(Smyth, 2004) and M values, probes with a uncorrected p-value 0.05 and ≥5% difference 

in methylation (βvalues) between infected and non-infected cells were deemed of 

interest. Using RnBeads’ in-built annotation package for the human genome 

RnBeads.hg.19 (GRCh37.p10), each differentially methylated probe was annotated with 

its associated genomic location (i.e. CpG Island, shore, shelf or open sea). Probes were 

mapped to the transcription start site of the closest gene using the Bioconductor package 

FDB.InfiniumMethylation.hg19 (Tim and Tim). As the consequence of differential 

methylation at distal CpGs on gene expression is harder to assign with confidence, probes 

located more than 2000 base pairs from the nearest gene were filtered out from 

downstream pathway analyses.  

For the Illumina HT-12 expression data the Bioconductor package Lumi (Du et al., 

2008) was used to read in raw expression values and perform quality control, background 

correction and normalisation of the data. Pre-processing of the microarray data and 

removal of probes previously shown to have unreliable annotation (Barbosa-Morais et al., 

2010) resulted in 28,584 probes which passed QC requirements. Differential expression 
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analysis using linear modelling and empirical Bayes methods was carried out in the 

Bioconductor package Limma (Ritchie et al., 2015) with comparison of infected versus 

mock-infected controls at each time point. Following Benjamini and Hochberg correction 

(Benjamini and Hochberg, 1995) for multiple testing, genes with an adjusted p-value 0.05 

were deemed of interest. Venn diagrams were generated using Venny (Oliveros, 2007-

2015)  (http://bioinfogp.cnb.csic.es/tools/venny/) Version 2.1.0 to display the number of 

overlapping probes between time points for the differentially methylated probes and 

differentially expressed genes.  

 

 Bioinformatics analyses of differentially methylated and expressed 

genes 

Ingenuity Pathway Analysis (IPA   - Ingenuity Systems, www.ingenuity.com) was 

used to identify canonical pathways associated with genes that are both differentially 

methylated and expressed. IPA uses the Ingenuity Knowledge Base, an extensive database 

comprising of biological pathways and functional annotations derived from the 

interactions between genes, proteins, complexes, drugs, tissues and disease, to carry out 

all its analyses. Benjamini-Hochberg correction (Benjamini and Hochberg, 1995) was 

applied where applicable and an adjusted p-value ≤ 0.05 was used to filter all results. 

Networks were constructed in IPA by selecting all genes within each time point and using 

the “Connect” option under the “Build” functionality. Genes with no previously 

documented interactions were removed from the diagram and the functions of each 

network were inferred from the remaining connected genes in each time point. 

 

http://bioinfogp.cnb.csic.es/tools/venny/
http://www.ingenuity.com/
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3.4. Results 

 DNA Methylation 

To determine if Toxoplasma has an impact on the host epigenome, the human 

retinoblastoma cell line WERI-Rb-1 was infected with T. gondii for 2 hours, 6 hours and 24 

hours. Cells were washed after 2 hours of infection to remove any extracellular parasites 

thus ensuring downstream effects are reflective of an ongoing infection and not ongoing 

parasite invasion. The infection rates are 20% at 2 and 6 hours post-infection and 30% 

after 24 hours of infection. DNA was extracted from the samples and we compared the 

methylation patterns between Toxoplasma infected and mock-infected cells over the time 

course using the Illumina Infinium HumanMethylation450 BeadChip. The array 

interrogates over 485,000 methylation sites per sample and covers 99% of RefSeq genes 

across the promoter, 5’UTR  , first exon, gene body and 3’UTR.  Analysis was performed in 

RnBeads (Assenov et al., 2014). After applying quality checks on probes (detection p-value 

>0.01 for any sample) we removed 90,894 probes leaving 391,528 probes for analysis. A 

multidimensional scaling plot of methylation values identified two outlying samples that 

were subsequently removed from further analysis; an infected sample at 2 hours post-

infection and a mock-infected sample at 6 hours post-infection. CpG probes were assigned 

genomic locations using RnBeads annotation table RnBeads.hg19 and mapped to the 

transcription start site of the closest gene using FDB.InfiniumMethylation.hg19 (Tim and 

Tim). 

There were no differentially methylated CpG sites at genome-wide significance, 

either as p-value 1x10-7 (Lehne et al., 2015) or after adjusting for False Discovery Rate 

(FDR) q-value  0.05, at any time point. Since our primary goal was to identify changes in 
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methylation that could be combined with gene expression data in downstream analyses, 

we looked at all probes that achieved p-value 0.05 and a minimum of 5% mean 

difference in methylation (β values) between infected and mock-infected cells. Based on 

these criteria, there were 7,719 probes at 2 hours-post infection, 12,334 probes at 6 hours 

post-infection and 9,534 probes at 24 hours post-infection that were differentially 

methylated (See Supplementary Table 3.1). Genomic locations (defined as Island [typically 

at or near transcription start sites of genes], North/South Shore [0-2kb from an annotated 

Island], North/South Shelf [2-4kb from an Island], or Open Sea [more than 4kb from an 

Island]) were similarly represented between all three time points with the majority of 

differentially methylated probes situated in CpG Islands (See Figure 3.1). 

 

 

Figure 3.1. Distributions of genomic locations of differentially methylated probes. 
Pie-chart of the genomic locations (island, shores and shelves) of the differentially 
methylated probes at each time point following T. gondii infection shows similar 
distributions across all time points.  
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As the consequence of differential methylation at distal CpGs on gene expression is harder 

to assign with confidence, probes located more than 2,000 base pairs from the nearest 

gene were excluded from ongoing analyses. After applying this filter there were 4,000 

differentially methylated probes (2,038 hypermethylated; 1,962 hypomethylated) at 2 

hours post-infection, 6,441 differentially methylated probes (4,466 hypermethylated; 

1,975 hypomethylated) at 6 hours post- infection and 4,979 differentially methylated 

probes (1,857 hypermethylated; 3,122 hypomethylated) at 24 hours post-infection. We 

also looked to see if there were CpG probes that were differentially methylated at more 

than one time point (See Figure 3.2). A total of 30 probes were shown to be differentially 

methylated at 2, 6 and 24 hours, six of which had the same directional change across all 

time points. Supplementary Table 3.2 provides a list of these CpG probes with their 

methylation pattern at each time point. 

 

 Gene Expression 

As changes in DNA methylation may play a role in regulating gene expression, we 

determined the gene expression profiles of the WERI-Rb-1 cells infected with Toxoplasma 

at the same time points from the same experiment as the analysis of methylation arrays. 

RNA was extracted from T. gondii infected cells at 2 hours, 6 hours and 24 hours post-

infection and analysed using the Human HT-12 v4 Expression BeadChip. This array 

contains probes which provide genome-wide transcriptional coverage of well-

characterised genes (RefSeq Release 38), gene candidates and well characterised spliced 

variants.  After Benjamini & Hochberg correction for multiple testing, genes with an 

adjusted p-value 0.05 were selected. No fold change cut-offs were applied. At 2 hours 

post-infection, three genes were significantly differentially expressed; pyridoxal- 
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Figure 3.2. Overlap of differentially methylated probes between the time points. 

Venn diagram showing the number of differentially methylated probes (p-value 0.05, 

βvalues ≥5%, <2000bp from nearest TSS) which overlap between each of the time points 

regardless of directionality of β change. 302 probes were differentially methylated at 
both 2 and 6 hours post-infection, 319 probes were differentially methylated at both 6 
and 24 hours post-infection and 207 probes were differentially methylated at both 2 and 
24 hours post-infection. 30 probes were differentially methylated at all three time points 
(details in Supplementary Table 3.2). 

 

dependent decarboxylase domain containing 2, pseudogene (PDXDC2P  ; adjusted p-value 

= 0.022, log2 fold change = 0.78) and methyl CpG binding protein 2 (MECP2  ; adjusted p-

value = 0.022, log2 fold change = 0.81) were significantly higher in expression compared 

to controls and leucine rich repeats containing 61 (LRRC61; adjusted p-value = 0.022, log2 

fold change = -0.83) was significantly lower in expression. At 6 hours post-infection 

centrosomal protein 112kDa (CCDC46  ; adjusted p-value = 0.040, log fold change = 0.782) 
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was significantly lower in expression in infected cells. There were no differentially 

expressed genes at 24 hours post-infection that achieved significance after adjustment 

for multiple testing. 

 

 

Figure 3.3. Overlap of differentially expressed genes between the time points.  

Venn diagram showing the number of differentially expressed genes (p-value 0.05) 
which overlap between each of the time points regardless of directionality of fold change. 
157 genes were differentially expressed at both 2 and 6 hours post-infection, 92 genes 
were differentially expressed at both 6 and 24 hours post-infection and 134 genes were 
differentially expressed at both 2 and 24 hours post-infection. 35 genes were differentially 
expressed at all three time points (details in Supplementary Table 3.4). 

 

As our interest was primarily in downstream analyses comparing methylation and 

expression profiles, we expanded our criteria to include differential expression of genes 

that achieved p-value ≤0.05 (See Supplementary Table 3.3).  Using these criteria there 
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were 1,505 differentially expressed genes (813 increased expression; 709 decreased 

expression) at 2 hours post-infection, 1,297 differentially expressed genes (596 increased 

expression; 712 decreased expression) at 6 hours post-infection and 1,162 differentially 

expressed genes (585 increased expression; 596 decreased expression) at 24 hours post-

infection. Of these, 35 genes were differentially expressed at all three time points (See 

Figure 3.3). Supplementary Table 3.4 provides a list of these genes and their expression 

patterns at each time point. 

 

 Combined DNA methylation and gene expression profiling 

As DNA methylation is a well-established epigenetic mechanism regulating gene 

expression levels we compared our DNA methylation and gene expression results to 

identify those genes that robustly replicated for both differential methylation and RNA 

expression at each time point (See Figure 3.4A).  As an increase in DNA methylation at or 

near a gene promoter is generally associated with low or no transcription of that gene 

(and vice versa) we specifically identified those genes where the direction of differential 

DNA methylation and gene expression were in concordance, i.e. DNA methylation status 

of CpG sites at or close to a gene reflected the corresponding directionality of that gene’s 

expression. We refer to these as “concordant genes”. There were 132, 186 and 128 genes 

where methylation and expression patterns were negatively correlated (i.e. 

hypomethylation, increased expression; or hypermethylation, decreased expression) at 2 

hours, 6 hours and 24 hours post-infection respectively (Figure 3.4B). Supplementary 

Table 3.5 lists the concordant genes with their respective methylation and expression 

values. These concordant genes were investigated further using pathway analyses. 
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Figure 3.4. Genes robustly replicating for concordant DNA methylation and gene 
expression patterns. 
(A) The blue circles represent the number of differentially methylated genes at each time 
point; yellow circles represent the number of differentially expressed genes at each time 
point. Intersecting the datasets revealed 231, 323 and 229 genes which are both 
differentially methylated and expressed at 2 hours, 6 hours and 24 hours post-infection 
respectively. (B) Genes which are both differentially methylated and expressed are 
categorised into four groups based on the directionality of their methylation and gene 
expression levels. Genes in the highlighted boxes represented by red (hypomethylated, 
increased expression) and green (hypermethylated, decreased expression) are 
concordant and were of interest to the study. Genes represented by blue 
(hypomethylated, decreased expression) and purple (hypermethylated, increased 
expression) do not match in directionality and were not taken forward for downstream 
analyses.  

 

 

 Identification of biological themes in DNA methylation and gene 

expression 

To further investigate any biological themes in these robustly replicated 

differentially methylated and expressed genes, the concordant genes at each time point 
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(See Supplementary Table 3.5) were analysed by Ingenuity Pathway Analysis (IPA) for 

enriched pathways and gene networks. Exploration of the concordant genes at 2 hours 

and 24 hours post-infection revealed no pathways that were significant after Benjamini-

Hochberg correction (Benjamini and Hochberg, 1995), whereas there were seven 

pathways significantly enriched at 6 hours post-infection (see Table 3.1).  These were: 

Dopamine – DARPP32   (Dopamine and cAMP-regulated phosphoprotein) feedback in 

cAMP (cyclic adenosine 3,5-monophosphate) Signalling; Lysine Degradation II; Lysine 

Degradation V; HIPPO Signalling; Amyloid Processing; Cardiac -adrenergic Signalling; and 

Breast Cancer Regulation by Stathmin 1.  

Notably amongst these were dopamine-DRRP32 feedback in cAMP Signalling 

(Figure 3.5) and Amyloid Processing (Figure 3.6) as neurologically associated pathways. As 

genes work in concert to carry out systemic functions, we also used network analysis in 

IPA to visualise how the concordant differentially methylated/expressed genes at 6 hours 

post-infection interacted with each other. Clustering of the 186 mapped genes into 

networks identified one particularly large network containing 61 of the mapped genes 

(33%), with amyloid precursor protein (APP) identified as the hub (i.e. genes which are 

highly connected) gene connecting with 34 of the 61 genes (56%) within the network 

(Figure 3.7).  
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Table 3.1. List of canonical pathways at 6 hours post-infection 

 *The number of genes identified in our dataset out of the number of genes involved in the pathway.  

Pathways identified at 6 hours post-infection by IPA Canonical Pathway Analysis with their respective Benjamini-Hochberg adjusted p-
values, ratios and genes within our dataset which are involved in the listed pathways. Up- and downwards pointing arrows denote the 
directionality of expression change of the adjacent gene. 

Pathways p-value 
Adjusted  

p-value 
Ratio* Genes 

Dopamine-DARPP32 Feedback in cAMP Signaling 8.3 X 10-5 0.020 8/ 161 
KCNJ12, PPP1R1B, PPP1R7, CSNK1A1, 

ATP2A3, PPP2R1B, ATP2A2, PRKAR1A 

Lysine Degradation II 7.4 X 10-4 0.043 2/ 5 AASDH, AASDHPPT 

Lysine Degradation V 7.4 X 10-4 0.043 2/ 5 AASDH, AASDHPPT 

HIPPO signalling 9.1 X 10-4 0.043 5/ 86 SMAD2, PPP1R7,  BTRC, PPP2R1B,  RASSF1 

Amyloid Processing 1.0 X 10-3 0.043 4/ 51 CSNK1A1, PSEN2, APP, PRKAR1A 

Cardiac -adrenergic Signalling 1.10 X 10-3 0.043 6/133 
GNG4, PPP1R7, ATP2A3, PPP2R1B, ATP2A2, 

PRKAR1A 

Breast Cancer Regulation by Stathmin1 1.41 X 10-3 0.048 7/191 
ROCK1, GNG4, PPP1R7, TUBB, PPP2R1B, 

CAMK2B, PRKAR1A 
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Figure 3.5. Dopamine-DARRP32 phosphorylation in cAMP signalling pathway.  
Schematic representation of Dopamine-DARPP32 phosphorylation in cAMP signalling 
pathway from Ingenuity. Molecules outlined in purple and coloured in green are 
differentially methylated and differentially expressed (i.e. part of the concordant gene 
dataset) following T. gondii infection. 
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Figure 3.6. Amyloid processing pathway.  
Schematic representation of the Amyloid Processing pathway from Ingenuity. Molecules 
outlined in purple and coloured in green are differentially methylated and differentially 
expressed (i.e. part of the concordant gene dataset) following T. gondii infection. 

 

3.5. Discussion 

T. gondii is a parasite with global distribution that can cause congenital anomalies 

in babies born to mother’s infected for the first time during pregnancy.  Latent infection 

in adults has also been associated with an increased risk of neuropsychiatric disorders 

including schizophrenia, as well as neurodegenerative diseases like Parkinson’s and 

Alzheimer’s. Dysregulation of epigenetic modifications have been shown to contribute to 

developmental anomalies (Kubota, 2008), as well as to Parkinson’s, Alzheimer’s and 

schizophrenia (Sung et al., 2011, Masliah et al., 2013, Melka et al., 2015). To date, there 

are no studies examining the role of epigenetic dysregulation in the manifestation of 
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ophthalmological and neurological clinical signs associated with congenital and acquired 

toxoplasmosis.  

Host epigenetic modifications have been observed following infection with a wide-

range of micro-organisms (Syn et al., 2016).  Therefore we investigated the genome-wide 

DNA methylation and expression changes following T. gondii infection in an eye cell line 

over time. To provide a robust dataset for downstream analyses (i.e. genes replicated 

across both platforms), and because epigenetic alterations without transcriptional change 

are of limited pathomechanistic interest, we focused on differentially methylated genes 

with concordant changes in gene expression levels. This identified seven pathways which 

are dysregulated at 6 hours post-infection with two neurologically-associated pathways 

of particular interest: (i) Dopamine – DARPP32 feedback in cAMP Signalling; and (ii) 

Amyloid Processing. These pathways warrant further discussion. 

The potential for modulation of the dopamine and amyloid pathways following T. 

gondii infection is of interest as both pathways contribute to the onset of neuro-

degenerative and psychiatric diseases for which T. gondii is a suggested risk factor (Miman 

et al., 2010b, Kusbeci et al., 2011, Omar et al., 2015a).  Our results provide evidence for 

direct perturbation of these pathways during T. gondii infection. In addition, dopamine 

and amyloid pathways have important functions in eye and brain development (Money 

and Stanwood, 2013, Prakash and Wurst, 2006, Witkovsky, 2004) suggesting they could 

also be involved in the pathogenesis of congenital toxoplasmosis following in-utero 

infection with T. gondii.  

In our study we determined that key members of the Dopamine-DARPP32 

Feedback pathway are hypermethylated with decreased gene expression following 6 

hours of infection with T. gondii. This includes Protein Kinase, cAMP-dependent, 
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Regulatory, Type I, alpha (PRKAR1A)   encoding PKA, Protein Phosphatase 1, Regulatory 

(inhibitor) subunit 1B (PPP1R1B) encoding for DARPP32, Protein Phosphatase 1, 

regulatory subunit 1 (PPP1R7) encoding for PP1   and Potassium channel, inwardly 

rectifying subfamily J, Member 12 (KCNJ12), all of which are components of the 

dopamine-activating pathway. Similar changes were also observed at genes encoding 

components of the indirect feedback mechanism inhibiting dopamine actions, including 

Casein Kinase 1, Alpha 1 (CSNK1A1) encoding for CK1, ATPase, Ca++ Transporting, 

ubiquitous (ATP2A3) and ATPase, Ca++ Transporting, cardiac muscle, slow twitch 2 

(ATP2A2) encoding for SERCA and Protein Phosphatase 2 respectively, and regulatory 

subunit A, beta (PPP2R1B) encoding for PP2A. How this down-regulation of both activating 

and inhibiting arms of the dopamine feedback mechanism plays out during the course of 

T. gondii infection requires further investigation.  Our study is consistent with findings 

from Xiao et al (2014) showing that increase in host microRNA-132 following infection of 

neuroepithelial cells with T. gondii leads to down-regulation of genes in the dopamine 

signalling pathway (Xiao et al., 2014). Together, these data suggest that host dopamine 

feedback mechanisms may be epigenetically dysregulated following T. gondii infection. 

Down-regulation of dopamine-DARPP32 feedback leads to an increase in dopamine levels 

(Saklayen et al., 2004). This may explain results of previous studies that have 

demonstrated increased host dopamine levels during acute T. gondii infections (Xiao et 

al., 2014, Prandovszky et al., 2011, Gatkowska et al., 2013) and the observation that 

dopamine has been shown to stimulate T. gondii proliferation in-vitro (Strobl et al., 2012). 

Results of our study are of interest in relation to congenital and early life clinical 

and pathological effects as well as adult onset diseases. Dopamine has roles in the 

developing retina (Reis et al., 2007) and levels of dopamine in the retina correlate with 
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the degree of sharp vision post-birth (Feldkaemper and Schaeffel, 2013). De-regulated 

dopamine pathways contribute to the development of myopia (Feldkaemper and 

Schaeffel, 2013) which is a significant risk factor for retinal detachment seen in patients 

with ocular toxoplasmosis (Bosch-Driessen et al., 2000). During neuro-development, 

dopamine signalling modulates neuro-progenitor cell proliferation (Spencer et al., 1998), 

synapse structures (Spencer et al., 1998), axonal guidance (Prakash and Wurst, 2006) and 

migration of neurons (Money and Stanwood, 2013). In Parkinson’s disease, the reduction 

in locomotor skills are caused by degeneration of dopaminergic neurons (Lotharius and 

Brundin, 2002). Death of these neurons is attributed to the accumulation of cytoplasmic 

dopamine causing oxidative stress (Lotharius and Brundin, 2002). In addition, a genome-

wide methylation study carried out in monozygotic twins discordant for schizophrenia 

also reported perturbations in the dopamine feedback pathway (Melka et al., 2015). 

These associations between dopamine signalling and the range of clinical manifestations 

that have been associated with T. gondii infection, together with ours and other 

demonstrations (Gatkowska et al., 2013, Prandovszky et al., 2011, Xiao et al., 2014) of a 

direct effect of T. gondii on host dopamine pathways, provide potential insights into the 

molecular pathogenesis of toxoplasmosis that are worthy of further investigation.   

The second pathway of particular interest is amyloid processing. Amyloid plaques, 

an accumulation of the -amyloid protein, are hallmarks of Alzheimer’s disease 

(Swerdlow, 2007). Cleavage of the amyloid precursor protein APP has been shown to be 

a crucial step in the development of these neurotoxic -amyloid plaques (O'Brien and 

Wong, 2011). These plaques induce phosphorylation of Tau, a microtubule-associated 

protein which forms the neurofibrillary tangles seen often in Alzheimer’s patients (Zheng 
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et al., 2002). Hyper-phosphorylated Tau is unable to assemble and stabilise microtubules 

in the neurons (Lindwall and Cole, 1984) leading to neuronal degeneration. 

We identified four members of this pathway to be hypermethylated and 

decreased in gene expression at 6 hours post-infection; APP, Presinilin 2 (PSEN2), 

CSNK1A1 and PRKAR1A. PSEN2 encodes for the catalytic subunit of gamma-secretase 

which cleaves APP to form -amyloid plaques while CSNK1A1   (Caesin Kinase 1) and 

PRKAR1A   (Protein Kinase A) are involved in the phosphorylation of Tau. We note that 

CSNK1A1 and PRKAR1A also have key roles in the dopamine feedback pathway discussed 

earlier. These hypermethylated genes with decreased expression levels suggest that there 

is reduced plaque formation following T. gondii infection. Our observation mirrors 

previous studies where Alzheimer’s murine models infected with T. gondii showed fewer 

amyloid plaques than non-infected mice (Jung et al., 2012b, Mohle et al., 2016), 

potentially due to increased phagocytosis of these plaques by recruited monocytes 

(Mohle et al., 2016), leading to improved memory and cognitive behaviour (Jung et al., 

2012b). This seemingly protective effect of T. gondii infection in Alzheimer’s disease is 

perhaps counter-intuitive given the prior association between Alzheimer’s disease and 

seropositivity for T. gondii in humans (Kusbeci et al., 2011) although, as alluded to earlier, 

the latter has not been replicated in a second study (Perry et al., 2015). Further well-

powered epidemiological studies are required to determine the true nature of possible 

association between latent T. gondii infection and Alzheimer’s disease in humans. 

In addition to playing a central role in amyloid processing, APP is also the hub gene 

of a network of concordant genes at six hours post-infection. Although APP is fundamental 

to the pathology of Alzheimer’s disease, not much is known about the normal biological 

function of APP.  It is conserved across many different species (Jacobsen and Iverfeldt, 
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2009) and the lack of the amyloid beta peptide domain within the APP family of proteins 

(Nicolas and Hassan, 2014) suggests that amyloidosis is not the main function of APP. 

Recent evidence has suggested that APP may be a key developmental gene instead. 

During embryogenesis, expression of APP is observed at early stages of nervous system 

development (Nicolas and Hassan, 2014) and is postulated to have roles in neural 

migration (Nicolas and Hassan, 2014). After birth, APP may continue to have functions in 

the formation or maintenance of the synapses and neuromuscular junctions (Choi et al., 

2013, Zheng et al., 1995). It is proposed that APP controls lipoprotein metabolism in the 

adult brain by binding to cholesterol directly (Barrett et al., 2012) and disruption of 

cholesterol in the brain have been linked to neurodegenerative diseases (Vance, 2012). 

Therefore, dysregulation of the APP gene during T. gondii infection may have impacts on 

development or neurodegeneration depending on the time of infection, i.e. congenitally 

or later in life leading to the clinical signs seen in toxoplasmosis.  

Overall, we have shown that infection with T. gondii leads to modifications of the 

host methylome with corresponding effects on host gene expression. Through pathway 

and network analyses, we have identified several pathways capable of contributing to 

both the congenital pathology and later life effect of T. gondii infection. In particular, the 

potential dual functionality of the dopamine and amyloid pathways in both 

neurodevelopment and neurodegeneration suggest a functional link between T. gondii 

infection and the clinical manifestations of disease that may be tractable to future 

therapeutic intervention.  
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3.6. Conclusion 

1. Following T. gondii infection at 2, 6 and 24 hours post-infection, there were 4,000, 

6,441 and 4,979 differentially methylated CpG sites in WERI cells. 

2. Following T. gondii infection at 2, 6 and 24 hours post-infection, there were 1,505, 

1,297, and 1,162 differentially expression genes in WERI cells. 

3. There were 132, 186 and 128 differentially methylated genes with concordant 

changes in gene expression levels at 2, 6 and 24 hours post-infection. 

4. Pathway analysis of concordant genes at each time point identified seven 

pathways which are dysregulated at 6 hours. 

5. Of these pathways, there were two neurologically interesting pathways; 

dopamine-DARPP32 feedback in cAMP signalling and amyloid processing. 

6. Both pathways are involved in the neurodegenerative and psychiatric diseases 

associated with T. gondii seropositivty; dopamine feedback have roles in the 

pathogenesis of schizophrenia and Parkinson’s disease, amyloid processing is 

implicated in the progression of Alzheimer’s disease. 

7. Both dopamine and amyloid pathways also have roles in neural and ocular 

development.  

8. Epigenetic dysregulation of these pathways with dual roles in brain development 

and degeneration may contribute to known pathologies at the congenital level and 

its later life effect on the brain. 

9. There is on-going experimental work to determine how the amyloid processing 

pathways are dysregulated following T. gondii infection in-vitro.
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Chapter 4. Toxoplasma gondii 

infection is associated with 

mitochondrial dysfunction in-vitro 

 

Changes in gene expression can be regulated by mechanisms other than 

DNA methylation. In this chapter, a global approach was used to identify all 

dysregulated genes regardless of their methylation profile in cells infected 

with T. gondii to determine what host processes are modulated following 

infection. 
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4.1. Abstract 

Upon invasion of host cells, the ubiquitous pathogen Toxoplasma gondii 

manipulates several host processes, including re-organisation of host organelles, to create 

a replicative niche. Host mitochondrial association to T. gondii parasitophorous vacuoles 

is rapid and has roles in modulating host immune responses. Here gene expression 

profiling of T. gondii infected cells reveals enrichment of genes involved in oxidative 

phosphorylation (OXPHOS) and mitochondrial dysfunction 6 hours post-infection. We 

identified eleven hub genes (HIF-1α, CASP8, FN1, POU5F1, CD44, ISG15, HNRNPA1, 

MDM2, RPL35, VHL and NUPR1) and ten predicted upstream regulators, including 4 

endogenous regulators RICTOR, KDM5A, RB1 and D-glucose. We characterised a number 

of mitochondrial parameters in T. gondii infected human foreskin fibroblast cells over a 

36 hour time-course. In addition to the usual rapid recruitment and apparent enlargement 

of mitochondria around the parasitophorous vacuole we observed fragmented host 

mitochondria in infected cells, not linked to cellular apoptosis, from 24 hours post-

infection. An increase in mitochondrial superoxide levels in T. gondii infected cells was 

observed that required active parasite invasion and peaked at 30 hours post-infection. 

Measurement of OXPHOS proteins showed decreased expression of Complex IV in 

infected cells at 24 hours post-infection, followed by decreased expression of Complexes 

I and II at 36 hours post-infection.  No change occurred in Complex V. No difference in 

host mitochondrial membrane potential between infected and mock-infected cells was 

observed at any time. Our results show perturbation of host mitochondrial function 

following T. gondii infection that likely impacts on pathogenesis of disease.   
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4.2. Introduction 

Mitochondria are powerhouses of the cell, generating most of the cellular energy in 

the form of adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS). 

In addition to their central role in metabolism, mitochondria also regulate cellular 

processes such as cell cycle (Antico Arciuch et al., 2012), innate immunity (West et al., 

2011) and apoptosis (Wang and Youle, 2009). During an infection with the ubiquitous 

pathogen Toxoplasma gondii, these same processes are modulated in the host cell 

suggesting a central role for host mitochondria in establishing infection in host cells. T. 

gondii infection is common in man, although most infections are asymptomatic. However, 

congenital disease arising from vertical transmission following primary infection during 

pregnancy, or acquired infection in immunocompromised individuals, can result in a range 

of debilitating and potentially fatal ocular and/or brain lesions. The mechanisms leading 

to these clinical signs in both acquired and congenital toxoplasmosis remain poorly 

understood.  

Upon invasion of the host cell, T. gondii must manipulate several of its host’s processes 

to survive and replicate. It dysregulates the host cell cycle (Molestina et al., 2008a), 

inhibits mitochondrial-dependent host apoptosis (Luder and Gross, 2005, Goebel et al., 

2001),  subverts the host innate immune system (Lambert and Barragan, 2010) and 

recruits host mitochondria to the parasitophorous vacuole (Sinai et al., 1997b, de Melo et 

al., 1992, Lindsay et al., 1993, Pernas et al., 2014) following infection. Association of the 

mitochondria to T. gondii’s parasitophorous vacuole membrane (PVM) occurs as quickly 

as 10 minutes after invasion (Sinai and Joiner, 2001). Contact between the outer 

mitochondrial membrane and PVM was observed to be continuous over the length of the 

mitochondrial profile and the extent of PVM-mitochondria association did not change 
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over time even as the PVM grew larger to accommodate increased numbers of parasites 

(Sinai et al., 1997b). The PVM-associated mitochondria are morphologically distinct from 

cytosolic mitochondria, labelling more intensely with membrane potential sensitive dyes 

(Sinai et al., 1997b) and with cross-sections that are approximately 3-fold larger than 

cytosolic mitochondria when measured at 18 hours post-infection (Pernas et al., 2014). 

PVM-mitochondria association is also parasite strain-specific; the virulent type I and III 

strains show host mitochondrial association while the avirulent type II strain does not 

(Pernas et al., 2014) suggesting that recruitment of host mitochondria may have a role to 

play in determining pathogenicity and the severity of clinical signs associated with 

toxoplasmosis. 

 The importance of mitochondria during T. gondii infection has been further 

highlighted in a study carried out by Nelson et al. (2008) characterising host cell proteomic 

changes following T. gondii infection which showed one-third of modulated proteins were 

mitochondrial. Initially hypothesized to be for the acquisition of nutrients, such as glucose 

and amino acids unable to be synthesized by T. gondii  (Sinai et al., 1997a), PVM-

mitochondrial association has also been linked to the modulation of the innate immune 

response (Pernas et al., 2014).  

Given T. gondii’s intricate relationship with the host mitochondria, we wanted to 

understand in more detail what the effects of this PVM-mitochondrial association were 

on host mitochondrial function. Here we present results of a microarray study that shows 

OXPHOS and mitochondrial pathways as the top canonical pathways perturbed during 

infection of human foreskin fibroblast (HFF) cells with T. gondii RH strain (type I). We 

further characterise the effect of T. gondii on mitochondrial function by demonstrating 

modulation of the host mitochondrial morphology, superoxide production and OXPHOS 
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protein expression over time, pointing to a perturbation of mitochondrial function. We 

also highlight similarities between the clinical signs of patients suffering from 

mitochondrial dysfunction and toxoplasmosis.  

 

4.3. Materials and Methods 

 Parasite and Cell Culture 

Primary Human Foreskin Fibroblast (HFF) monolayers were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Gibco®, Life Technologies) supplemented with 2mM 

GlutaMAXTM (Gibco®, Life Technologies), 100U/ml Penicillin/ 100µg/ml Streptomycin 

(Gibco®, Life Technologies) and 10% heat-inactivated fetal calf serum (Gibco®). Wild-type 

RH type I strain T. gondii tachyzoites (gift from Dr Tanya Armstrong, Murdoch University) 

and green fluorescent protein (GFP)- and mCherry-expressing RH type I strain T. gondii 

tachyzoites (gift from Dr Chris Tonkin, Walter and Eliza Hall Institute of Medical Research) 

were maintained in-vitro in HFF monolayers grown in infection medium (DMEM 

supplemented as previously described but with 1% heat-inactivated fetal calf serum). All 

cultures were grown in a 37C humidified CO2 (5%) incubator. Continuous passage of the 

parasites was carried out by harvesting infected HFF monolayer with a cell scraper 

(Sarstedt) and passing it twice through a 27 gauge needle (Becton) to forcibly rupture and 

release the parasites from any intact infected HFF cells. Host cell debris was removed by 

passing the parasite suspension through 5 micron pore Millex® syringe filter units (Merck 

Millipore). The filtered parasites were then used to infect other cell monolayers.  In 

experimental studies, mock-infected cells were used as controls, i.e. cells treated with 

media containing uninfected cells harvested and treated through the same processes as 

when harvesting and purifying parasites. Microscopic counts of parasites and flow 
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cytometry was used to demonstrate infection rates and survival of GFP-expressing (44.7% 

 10.3) and mCherry-expressing (61.3% 4.3) and untransfected wild-type RH strain 

tachyzoites (30.2%  7.9). 

 

 RNA extractions  

HFF cells (1x106) were seeded into each well of a 6-well tissue culture treated plate 

(Becton) and infected with wild type T. gondii at a multiplicity of infection (MOI) of 10:1. 

Two biological replicates were carried out for each experimental condition. Two hours 

after addition of parasites, cells were washed twice with infection medium, to remove any 

extracellular parasites and the medium replaced with fresh infection medium to minimise 

continued T. gondii invasion at later time points. Mock-infected HFF cells were prepared 

in the same way as infected cells but treated with media prepared as described above. 

Cells were harvested at 2 hours, 6 hours and 24 hours post-infection using Tri-reagent® 

(Sigma-Aldrich) and total RNA was extracted using Direct-ZolTM RNA Miniprep kit (Zymo 

Research) following manufacturer’s instructions.  

 

 Gene expression profiling and analysis 

Generation of microarray data (raw data submitted to GEO) on the Illumina 

HumanHT-12 v4 Expression Beadchips was carried out at the Australian Genome Research 

Facility (Melbourne node, Australia). All data analysis was carried out in R Version 3.1.3 

(Smooth Sidewalk - https://www.r-project.org/) and RStudio (version 0.99.484). The 

Bioconductor package Lumi (Du et al., 2008) was used to read in raw expression values 

and perform quality control, background correction and normalisation of the data. Pre-
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processing of the microarray data and removal of probes previously shown to have 

unreliable annotation (Barbosa-Morais et al., 2010) resulted in 28,584 probes which 

passed QC requirements. Differential expression analysis using linear modelling and 

empirical Bayes methods was carried out in the Bioconductor package Limma (Ritchie et 

al., 2015) with comparison of infected cells versus mock-infected controls at each time 

point. Following Benjamini-Hochberg correction (Benjamini and Hochberg, 1995) for 

multiple testing, genes with an adjusted p-value 0.05 and a fold change of ≥1.5 formed 

the top sets of genes taken forward into in-silico pathway and network analyses. Volcano 

plots were generated using the Bioconductor package “ggplots”. 

 

 Bioinformatics analyses of differentially expressed genes 

Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, www.ingenuity.com) was 

used to identify canonical pathways associated with the differentially expressed genes. 

IPA uses the Ingenuity Knowledge Base, an extensive database comprising of biological 

pathways and functional annotations derived from the interactions between genes, 

proteins, complexes, drugs, tissues and disease, to carry out all its analyses. Benjamini-

Hochberg correction was applied where appropriate and an adjusted p-value ≤ 0.05 was 

used to filter all results. Upstream Regulator Analysis within IPA was employed to predict 

if there were any upstream regulators, including transcription factors, chemicals and 

drugs/ compounds, which may be responsible for the observed gene expression patterns. 

A p-value ≤ 0.05 was used to determine significance. If an upstream regulator is identified, 

an activation z-score is calculated based on the fold change values of its target genes 

within the dataset. A z-score ≥2 suggests that an upstream regulator is activated, whereas 

a z-score ≤-2 suggests it is inhibited, in our experimental group versus the control. In all of 

http://www.ingenuity.com/
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our analyses the mock-infected cells formed the baseline comparator. Networks were 

constructed in IPA by selecting all genes within each time point and using the “Connect” 

option under the “Build” functionality. Genes with no previously documented interactions 

were removed from the diagram and the functions of each network were inferred from 

the remaining connected genes at each time point. 

 

 Assessment of mitochondrial function 

All mitochondrial function assays were performed using HFF cells infected with 

either wild-type, mCherry- or GFP-expressing T. gondii tachyzoites, as indicated, at a MOI 

of 10:1. Two hours after addition of parasites, the cells were washed twice with warmed 

sterile Hank’s Balanced Salt Solution (HBSS) (Sigma-Aldrich) and the medium replaced 

with fresh infection media to minimise continued T. gondii invasion. Cells were harvested 

over a time-course of 6, 12, 18, 24, 30 and 36 hours post-infection. Mock-infected HFF 

cells (as previously described) were used as controls. 

 

4.3.5.1. Analysis of mitochondrial morphology 

Cells were seeded onto 13mm round glass coverslips #1 thickness (ProSciTech) and 

infection was carried out using GFP-expressing parasites. Mitochondria in live intact cells 

were stained with 500nM MitoTracker® Orange CMTRos (Life Technologies) in infection 

medium in a 37C humidified CO2 (5%) incubator for 45 minutes, followed by nuclear 

staining with NucBlue ® Live ReadyProbes ® Reagent (Life Technologies) for 10 minutes. 

Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 20 minutes, washed thrice 

with Phosphate Buffered Saline (PBS) (Medicago, Astral Scientific) and mounted onto 
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glass slides with ShanndonTM Immu-MountTM (Thermo Fisher Scientific) before 

visualisation under Nikon C2+ Confocal Microscopy at 60X magnification under oil 

immersion. Black and white images of mitochondria, GFP-expressing parasites and 

nucleus captured in different channels were imported into ImageJ (Schneider et al., 2012) 

and overlaid with colours red, green and blue respectively. Colours were optimised to 

similar intensities and the images merged to form a composite figure. 

 

4.3.5.2. Annexin V 

Infection was carried out in 24-well plates with non-fluorescent wild-type 

parasites. Cells were dislodged using TrypLETM Express and re-suspended in 100μl of 1X 

Annexin V Buffer (Life Technologies) containing 5μl of Annexin V Alexa Fluor 647 

conjugate (Life Technologies). Cells were incubated in a 37C humidified CO2 (5%) 

incubator for 15 minutes. Annexin V staining was determined using flow cytometry and 

the data were processed in FlowJoTM (v10) (Treestar, USA). The number of Annexin V 

positive cells was exported into a spreadsheet, plotted and statistical analysis performed 

as below. This experiment was done once with three technical replicates. 

 

4.3.5.3. Measurement of mitochondrial superoxide 

Infection was carried out in 24-well plates (50,000 cells/well) using GFP-expressing 

parasites. Two biological experiments were carried out with three technical replicates per 

biological experiment. Cells were stained with 5uM of MitoSOXTM Red (Life Technologies) 

in infection medium in a 37C humidified CO2 (5%) incubator for 30 minutes. As a positive 

control, cells were treated with 10uM antimycin-A (Sigma-Aldrich) during staining to 
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generate mitochondrial ROS. Cells were washed once with warmed HBSS and dislodged 

using TrypLETM Express. After centrifugation at 1,000 xg for 5 minutes at 10˚C, cells were 

re-suspended in HBSS FACS Buffer [HBSS + 5mM EDTA (Ambion®, ThermoFisher Scientific) 

+ 1% Bovine Serum Albumin (BSA) (Sigma-Aldrich)]. MitoSOXTM fluorescence was detected 

using flow cytometry (BD LSRFortessaTM) and the data processed using FlowJo® (v10). 

Forward scatter (FSC) and side scatter (SSC) parameters were used to exclude cellular 

debris, dead cells and doublets to retain viable single cell events. As GFP-expressing 

parasites were used in this experiment, infected cells (GFP-positive) could be 

differentiated from uninfected cells (GFP-negative) in the same population. When GFP 

parasites replicate within a cell, the GFP fluorescent intensity of infected cells increases 

over time. Since we were interested in the dynamics of superoxide production in infected 

cells over time, we segregated cells situated at the lower end of the GFP fluorescent 

intensity spectrum (newly-infected cells) from those at the higher end (cells with an 

established infection) in later time points. The median fluorescent intensities of 

MitoSOXTM in each treatment group (established infection, newly infected, uninfected 

and mock-infected) were exported into a spreadsheet, values plotted, and statistical 

analyses performed as described below. 

 

4.3.5.4. OXHPOS Western blot analyses 

Infection was carried out using mCherry-expressing parasites. At each time point 

post-infection, cells were dislodged using TrypLETM Express (Life Technologies) and 

infected (mCherry positive) and uninfected (mCherry negative) cells were separated using 

a cell sorter (BD FACS Aria III sorter). Infected cells were pelleted at 6,000 x g for 3 minutes 
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and total protein was extracted using Radioimmunoprecipitation Assay (RIPA) buffer. 

Proteins were quantified with Direct-Detect® Infrared Spectrometer (Merck Millipore). 

NuPAGE® LDS Sample Buffer (4X) (Life Technologies). NuPAGE® Sample Reducing Agent 

(10X) (Life Technologies) was added to 20μg of protein per sample as per manufacturer’s 

instructions and incubated at 37˚C for 30 minutes before being quenched on ice for at 

least two minutes. Proteins were separated by gel electrophoresis and blotted onto 

Polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% skim milk 

for an hour in Tris Buffered Saline with 0.1% Tween-20 (Sigma-Aldrich) (TBST) prior to 

incubation at 4˚C overnight with mouse anti-OXPHOS antibody cocktail (1:1,000; 

ab110413; Abcam) and mouse monoclonal anti-β-actin antibody (1:5,000; A1978-200μl; 

Sigma –Aldrich) as a loading control. Secondary staining with horseradish peroxidase-

conjugated sheep anti-mouse antibodies (1:10,000; NA931-100UL; GE Healthcare) was 

carried out for at least two hours before chemiluminescence detection using Amersham 

ECL Western Blotting Detection Reagent (GE Healthcare).  

The difference in band intensities between treatment groups was quantified using 

ImageJ (Schneider et al., 2012). The bands to be analysed were selected using the 

“Rectangular Select” tool and presented as histograms representing the relative density 

of the bands. To remove background noise, a line was drawn across the bottom of the 

histogram with the “Straight Line” tool to enclose the peak. The area under the curve was 

translated into a numerical value by clicking inside the peak using the “Wand (tracing)” 

tool; the brighter the band the higher the value. These values were then imported into a 

spreadsheet and all band intensities of the OXPHOS complexes were normalised to the 

loading control β-actin. The normalised values of infected cells at each time point were 

then compared to their respective mock-infected cells, their mean percentage difference 
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plotted, and statistical analyses performed as below.  Three independent biological time-

course experiments were performed. 

 

4.3.5.5. Measurement of mitochondrial membrane potential  

As the fluorescent emission of JC-1 overlapped with the emission spectra of GFP- 

and mCherry-expressing parasites, infection was carried out in 24-well plates (50,000 

cells/well) with non-fluorescent wild-type parasites. Three independent biological 

experiments with three technical replicates each were performed. Cells were incubated 

with 2μM of JC-1 (Life Technologies) in infection medium in a 37C humidified CO2 (5%) 

incubator for 30 minutes. As a positive control, 50μM of carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP) (Life Technologies) was added to uninfected cells during staining to 

depolarise the mitochondrial membrane. Cells were washed once with warmed HBSS, 

dislodged using TrypLETM Express and re-suspended in 200ul of HBSS. Changes in 

mitochondrial membrane potential were determined using flow cytometry and the data 

were processed in FlowJoTM (v10). Cellular debris, dead cells and doublets were excluded 

from the analysis. As non-fluorescent parasites were used in the infection experiments, 

we were unable to differentiate between infected and uninfected cells thus cells from the 

whole population were analysed. Membrane potential was visualised as a ratio of red 

fluorescence (conjugated form of JC-1 due to negative membrane potential) to green 

fluorescence (unconjugated form of JC-1 due to positive membrane potential). Cells 

treated with CCCP were used to set the gates defining cells with depolarised 

mitochondrial membranes. 
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 Statistical analyses 

All graphs and statistics were generated using GraphPad Prism version 7.00 for 

Windows (GraphPad Software, La Jolla California USA, www.graphpad.com). A two-way 

ANOVA   test for multiple comparisons was performed and Bonferroni correction for 

multiple testing was applied. Comparisons with an adjusted p-value 0.05 were 

considered to be significant. 

 

 

4.4. Results 

 T. gondii infection results in numerous differentially expressed genes 

at 6 hours post-infection 

Gene expression values of T. gondii infected HFF cells were compared against 

mock-infected HFF cells (baseline) at each time point. At 2 hours post-infection, 30 genes 

were differentially expressed in infected cells; 16 genes had increased expression and 14 

genes had decreased expression (Supplementary Table 4.1). At 6 hours post-infection, 

there were 498 differentially expressed genes; 172 genes had increased expression and 

326 genes had decreased expression following T. gondii infection (Supplementary Table 

4.1). At 24 hours post-infection, four genes were differentially expressed; three genes had 

increased expression and one gene had decreased expression in T. gondii infected cells 

(Supplementary Table 4.1).  Figure 4.1 shows the volcano plot based on which the 498 

genes meeting FDR-adjusted p-value cut-off at 0.05 and fold change of 1.5 at 6 hours post-

infection were deemed of interest for in-silico pathway analyses.   
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Figure 4.1. Differentially expressed genes following T. gondii infection.  
The differentially expressed genes for each time point are presented in a Volcano Plot 
which plots statistical significance against fold change. Each dot represents a gene. Genes 
outlined in red meet the FDR-adjusted p-value cut-off at 0.05 and fold change of 1.5 and 
are deemed of interest for in-silico pathway analyses.  
 

 

 Network and pathway analyses of genes differentially expressed at 6 

hours post T. gondii infection reveals dysregulation of mitochondrial 

pathways 

In order to understand more about the effect of T. gondii on the biology of host 

cells the data for differentially expressed genes at 6 hours post-infection was analysed 

using IPA.  There were insufficient numbers of differentially expressed genes at 2 hours 

and 24 hours post-infection for meaningful pathway analyses.  Of the 498 differentially 

expressed genes at 6 hours post-infection (6 hour dataset), 495 genes (99%) mapped to 

their respective molecules within the Ingenuity Knowledge Base.  

As genes work in concert to carry out systemic functions, we used network analysis 

in IPA to visualise how the differentially expressed genes at 6 hours post-infection 

interacted with each other. Mapping of gene interactions between the 498 genes 

identified one large network containing 283 genes (57%), with 11 hub genes (i.e. genes 

which are highly connected) identified (Figure 4.2); Von Hippel-Lindau Tumour Suppressor 

(VHL), nuclear protein 1, transcriptional regulator (NUPR1), hypoxia inducible 
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transcription factor 1 alpha (HIF-1α), ISG15 ubiquitin-like modifier (ISG15), CD44 molecule 

(CD44), POU class 5 homeobox 1 (POU5F1), caspase 8 (CASP8), fibronectin 1 (FN1), 

heterogenous nuclear ribonucleoprotein 1 (HNRNPA1), MDM2 proto-oncogene (MDM2) 

and ribosomal protein L35 (RPL35). 

Canonical Pathway Analysis was then used to search for classical pathways 

enriched for genes in the 6 hours dataset (Table 4.1). The top two pathways identified 

were the inter-related pathways of oxidative phosphorylation (adjusted p-value = 

6.30x10-19) (Figure 4.3) and mitochondrial dysfunction (adjusted p-value = 7.94x10-17).  

The majority of the differentially expressed genes in these pathways fall within complexes 

I, III, IV and V of the OXPHOS pathway and are part of the network in Figure 4.2. 

 
Dysregulation of individual gene expression is caused by upstream regulators such 

as transcription factors or chemicals exerting their effects upstream of these genes. 

Evidence for upstream regulator activity on their target genes was investigated (Table 4.2) 

to determine if they were related to our identified pathways (Table 4.1) or network (Figure 

4.2). There were 238 upstream regulators (p-value ≤0.05) identified for our dataset of 

which 10 had robust predicted changes in activity with z-score <-2 (= inhibited) or >2 (= 

activated) in T. gondii infected cells (Table 4.2).  

The most prominent endogenous regulator predicted to be activated is rapamycin-

insensitive companion of mammalian target of rapamycin (RICTOR) which targets genes 

involved in all five pathways identified in Table 4.1. Other endogenous upstream 

regulators predicted include two transcriptional regulators; lysine (K)-specific 

demethylase 5B (KDM5B) (activated) and retinoblastoma 1 (RB1) (inhibited) and 

endogenous chemical D-glucose (activated) found in mammals (Table 4.2). 



 

92 

 

 

 

Figure 4.2. Gene networks generated in IPA for the genes differentially expressed in 
cells infected for 6 hours identified eleven hub genes.  
Genes in red have increased expression and genes in green have decreased expression in 
T. gondii infected cells. The more intense the colour, the higher the fold change values. 
Genes highlighted in bold are hub genes.  
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Table 4.1. List of pathways identified by IPA Canonical Pathway Analysis.  

Pathway 
BH-

adjusted 
p-value 

Ratio 
No. of 

genes in 
network 

Genes 

Oxidative 
Phosphorylation 

6.30 X 10-19 27/109 23 ATP5G1, NDUFA7, COX6A1, COX6C, COX5B, COX8A, ATP5L, NDUFA1, 

NDUFB3, ATP5E, NDUFA2, ATP5J2, NDUFB6, ATP5I, COX17, COX7C, COX7A1, 

NDUFA13, NDUFB11, NDUFA11, UQCR10, NDUFB7, COX7A2, NDUFA12, 

NDUFA3, UQCRQ, NDUFB2 

Mitochondrial 
dysfunction 

7.94 X 10-17 30/171 26 HSD17B10, FURIN, ATP5G1, COX6A1, NDUFA7, COX6C, COX5B, COX8A, 

ATP5L, NDUFA1, ATP5E, NDUFA2, NDUFB3, ATP5J2, NDUFB6, ↑CASP8, ATP5I, 

COX17, COX7C, COX7A1, NDUFA13, NDUFB11, NDUFA11, UQCR10, NDUFB7, 

COX7A2, NDUFA12, NDUFA3, UQCRQ, NDUFB2 

EIF2 Signalling 6.17 X 10-4 17/221 17 RPL36A, RPS27, RPL29, RPS21, RPS29, FAU, RPS28, ↑RPL27A, RPS15, RPL35, 

RPS13, RPS26, ↑HNRNPA1, ↑EIF4A1, RPS15A, RPL36, RPL13A 

mTOR Signalling 8.1 X 10-3 14/199 12 RND2, RPS28, RPS15, RPS26, RPS27, RPS13, PPP2R5B, ↑EIF4A1, ↑RPS6KA3, 

RPS15A, RPS21, ↑HIF1A, RPS29, FAU 

Regulation of eIF4 
and p70S6K 
Signalling 

0.036 11/157 10 RPS28, RPS15, RPS26, RPS27, RPS13, PPP2R5B, ↑EIF4A1, RPS15A, RPS21, 

RPS29, FAU 

Pathways identified at 6 hour post-infection by IPA Canonical Pathway Analysis with their respective Benjamini-Hochberg (BH) adjusted p-
values, ratios and genes within our dataset which are involved in the listed pathways. Ratios represent number of genes in our dataset out of 
the number of genes involved in the identified pathway. Up- and downwards facing arrows denote the directionality of the fold change of its 
adjacent gene. Genes highlighted in bold are part of the network in Figure 4.2.
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Figure 4.3. Oxidative phosphorylation pathway. 
Schematic representation of the oxidative phosphorylation pathway (adapted from Ingenuity). Molecules outlined in purple are differentially 
expressed within our dataset. Genes in green have decreased expression in T. gondii infected cells 6 hours post-infection.
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Table 4.2. Upstream regulator activities and their target genes in the dataset at 6 hours post-infection 

Upstream 
Regulator 

Molecule Type Predicted 
activation 

Activation 
z-score 

Overlap 
p-value 

Target genes in dataset 

RICTOR Other Activated 4.83 1.37 X 10-14 ATP5G1, ATP5J2, ATP5L, ATP6V1C1, ATP6V1F, COX17, COX6A1, COX7A1, COX7A2, 
COX8A, FAU, HIF1A, ISG15, NDUFA1, NDUFA11, NDUFA2, NDUFA3, NDUFA7, NDUFB2, 
NDUFB3, NDUFB6, NDUFB7, NDUFC1, RPL13A, RPS13, RPS15, RPS21, RPS26, RPS29, 
SHFM1, UQCR10, UQCRQ 

ST1926 Chemical Drug Activated 3.80 4.78 X 10-14 ATP5I, C19orf43, CCT6A, COX5B, COX6C, COX7A2, COX7C, EIF4A1, KIF3A, NME1, 
NOP10, RBX1, RPL29, RPL36A, RPS15, RPS26, RPS27, SHFM1, SLIRP, SNRPF, SNRPG, 
TMEM258, TOMM7, UBL5, UXT 

KDM5A Transcriptional Regulator Activated 3.61 9.41 X 10-6 ATP6V1F, COX14, COX17, COX6A1, COX7A2, FXYD1, MRPL53, NDUFA13, NDUFA2, 
NDUFA3, NME1, TOMM7, UQCRQ 

RB1 Transcriptional Regulator Inhibited -3.50 5.70 X 10-4 ATP6V1F, CASP8, CDC25C, COX14, COX17, COX6A1, COX7A2, DYNLRB1, FN1, FXYD1, 
KRT10, MRPL53, MT1G, NDUFA13, NDUFA2, NDUFA3, NME1, TOMM7, UQCRQ, UXT 

CD 437 Chemical drug Activated 2.689 6.58 X 10-11 ATP5L, CCT6A, CDC25C, COX6C, COX7A2, COX7C, EIF4A1, HNRNPA1, KIF3A, NME1, 
NOP10, RBX1, RPL13A, RPL36A, RPS15, RPS27, SHFM1, SLIRP, SNRPF, SNRPG, 
TMEM258, TOMM7, UBL5, UXT 

Guanidinopropionic 
acid 

Chemical-endogenous 
non-mammalian 

Inhibited -2.65 1.19 X 10-4 ATP5G1, NDUFA1, NDUFA11, NDUFA12, NDUFA3, NDUFA7, NDUFB2 

D-glucose Chemical–endogenous 
mammalian 

Activated 2.61 0.036 CALD1, CALR, DBI, DYRK1A, FKBP2, FN1, HGF, HIF1A, IL6ST, LY96, MIF, NAMPT, 
NDUFA1, NDUFB3, NR4A2, PKM, PYCR1, SPHK1, SST 

Bexarotene Chemical drug Inhibited -2.53 0.011 ADIRF, ANAPC11, CCDC107, COX6A1, COX8A, FKBP2, MRPL54, NDUFB2, NR4A2, 
RABAC1 

5-fluorouracil Chemical drug Activated 2.11 6.42 X 10-8 ATP5I, CCT6A, COPS8, COX6A1, COX6C, COX8A, EIF4A1, HNRNPA1, MDM2, NDUFA1, 
PKM, RPL27A, RPL35, RPS13, RPS15A, RPS28, RPS29, SNRPF, SNRPG, TCEB2, UBE2C 

Motexafin 
gadolinium 

Chemical drug Inhibited -2.00 1.78 X 10-5 MT1E, MT1G, MT1X, MT2A  

Upstream regulators predicted to be either activated or inhibited and their target genes within the dataset at 6 hour post-infection. Genes 
highlighted in bold are part of the oxidative phosphorylation or mitochondrial dysfunction pathway. Genes which are underlined are identified 
hub genes of network (Figure 4.2).  
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 Mitochondrial morphology following T. gondii infection 

Recruitment of host mitochondria to T. gondii’s parasitophorous vacuole (PV) has 

been well documented (Sinai et al., 1997b, Pernas et al., 2014, Magno et al., 2005), 

occurring as quickly as 10 minutes post infection (Sinai and Joiner, 2001). To obtain more 

detailed information on changes in mitochondrial morphology over time, we used 

MitoTracker® Orange together with GFP-expressing T. gondii to monitor host 

mitochondria morphology over 36 hours post infection. When stained with MitoTracker® 

Orange, the mitochondria in mock-infected cells presented as long, filamentous 

organelles concentrating in perinuclear regions and extending out towards the cell 

membrane (Figure 4.4). Their morphology did not change over the 36 hours. In contrast, 

T. gondii infected cells show strong staining of mitochondria recruited to the PVM of 

intracellular parasites at 6 hours post-infection with associated changes in morphology 

including apparent enlargement and changes in shape. 

The non-PVM-associated mitochondria in infected cells are morphologically 

similar to the mitochondria in mock-infected cells. At 12 and 18 hours post-infection 

(Figure 4.4), there is continuous association of mitochondria around the enlarged PVM in 

which the parasites have multiplied. At the resolution of confocal microscopy it was not 

possible to determine whether the increase in intensity of mitochondrial staining 

associated with the PVM was due to increase in size of individual mitochondria or to fusion 

with additional mitochondria being recruited to the PVM. At these time points, we 

continued to observe filamentous non-PVM-associated mitochondria in these infected 

cells. At 24 to 36 hours post-infection the continuous network of mitochondria previously 

observed surrounding the PVM now presented as fragmented mitochondria, and non-
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PVC-associated filamentous mitochondria were no longer observed (Figure 4.4). Overall 

results of this qualitative analysis confirm previous studies showing that the parasite has 

an impact on mitochondrial morphology during infection, and furthermore that this is 

dynamic over time post-infection including eventual fragmentation of mitochondria 

which has not previously been reported.   

 

Figure 4.4. T. gondii infected HFF cells reveals changes in morphology at 18 and 24 hours 
post-infection.  
HFF cells were infected with GFP-expressing T. gondii (green) for 36 hours and labelled 
with MitotrackerTM Orange (red) and DAPI (blue) to stain the mitochondria and nucleus 
respectively (See Supplementary Figure 4.1 for all time points). Results for the 12 hour 
(12h) and 24 hour (24h) time points are shown here. At 12 hours host mitochondria in T. 
gondii infected cells are re-organised and appear as a clear ring around the PVM.  At 24 
hours post-infection host mitochondria around the PVM appear fragmented. 
MitotrackerTM Orange was also observed staining the mitochondrion of T. gondii. 
Mitochondria in mock-infected cells are structurally different from T. gondii infected HFFs 

at the same time points. Bars represent 10M; insert boxes are enlarged mitochondria.  

 

Mitochondrial fragmentation has previously been observed prior to apoptotic cell 

death (Lee et al., 2004).  We therefore determined whether this change in mitochondrial 
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morphology was associated with an increase in apoptosis. However, we did not observe 

any differences in the rate of apoptosis between infected and mock-infected cells from 

12 to 36 hours post-infection (Figure 4.5), suggesting that apoptosis is not responsible for 

the fragmented mitochondrial morphology observed at later time points in T. gondii 

infected cells. 

 

Figure 4.5. Measurement of apoptotic cells by flow cytometry analysis of Annexin V.  
(A) Representative histograms of mock-infected and infected cells stained with Annexin V 
at 36 hours post-infection showing bimodal distribution of Annexin V negative non 
apoptosing cells and positive apoptosing cells. (B) Analysis of Annexin-V by flow cytometry 
revealed no significant difference in percentage of Annexin V positive cells between T. 
gondii mock-infected and infected cells at from 12 to 36h post-infection. Values represent 
the mean ± SD of one representative experiment with three replicates.  Similar results 
were obtained in two further experiments (data not shown). 
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 Mitochondrial superoxide levels 

Mitochondrial oxidative stress can also cause mitochondrial fragmentation (Wu et 

al., 2011).  We therefore measured levels of mitochondrial superoxide as an indicator of 

oxidative stress over time in T. gondii infected and mock-infected cell populations using 

the mitochondrial-targeted probe MitoSOXTM Red. This assay fluoresces when oxidised by 

superoxide, and is mitochondrial specific as the fluorophore is targeted to the 

mitochondria. We measured mitochondrial superoxide over 36 hours post infection, 

sampling every 6 hours, and using flow cytometry to compare median fluorescent 

intensities between three groups of cells: (i) mock-infected cells; (ii) infected cells (cells 

containing GFP-expressing parasites); and (iii) uninfected cells (cells from infection culture 

not containing a GFP-expressing parasite).  As GFP-expressing parasites replicate within 

the cells, the fluorescence intensity of GFP increases over time (Figure 4.6A) making it 

possible to distinguish on the scatter plots those cells with multiple parasites, 

representing replicating infection, from newly infected cells (Figure 4.6A).  We therefore 

gated on these two different infected cell populations to measure mitochondrial 

superoxide production over the course of infection (Figure 4.6A). 

 As there is a small overlap in fluorescence spectrum between GFP and MitoSOXTM 

fluorophores (Figure 4.6B) we compared the MitoSOXTM fluorescence in both infected and 

mock/uninfected cells not stained with MitoSOXTM to determine if the increasing number 

of GFP-expressing parasites in the cells affected MitoSOXTM fluorescence. There was no 

significant difference in MitoSOXTM fluorescence intensities between unstained cells 

infected with GFP-expressing parasites (Figure 4.6D) and unstained mock- or unstained 

uninfected cells (data not shown). Thus, bleed-through of GFP fluorescence does not 

contribute to an increase in MitoSOXTM fluorescence.   
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Figure 4.6. MitoSOXTM staining of mitochondrial superoxide in mock-infected, 
uninfected and T. gondii infected cells.  
(A) Our gating strategy showing the segregation of uninfected, newly infected and 
infected cells with replicating parasites within the same population. Cells showing lower 
GFP fluorescence intensities at later time points were treated as a separate group from 
the infected cell population as they likely represent cells newly infected with GFP-
expressing T. gondii. (B) Histogram shows the spectra overlap between GFP and 
MitoSOXTM fluorophores. (C) Representative histograms showing MitoSOXTM fluorescence 
intensities of uninfected and T. gondii infected cells. There is a shift of MitoSOXTM 
fluorescence to the right in infected cells at 24 hours post-infection indicating higher levels 
of mitochondrial superoxide present. (D) Significant increases in superoxide levels in 
infected cells with replicating parasites (****. adjusted p-value ≤ 0.001) compared to 
either mock-infected, newly-infected or uninfected cells are observed from 18h post-
infection.  Values represent the mean values of median fluorescence intensity ± SEM of 
two experiments with three replicates each. 
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Uninfected cells behaved in a similar manner to mock-infected cells, i.e. levels of 

superoxide did not differ significantly between them throughout the 36 hour time course 

(Figure 4.6D). The newly infected cell population, measured at 18, 24, 30 and 36 hours 

post-infection, also showed no significant difference in superoxide production compared 

to uninfected cells. This indicates that exclusion of newly infected cells from the infected 

cell population with replicating parasites observed at the later time points is necessary for 

accurate measurements of mitochondrial superoxide over the course of infection. In 

contrast, infected cells with replicating parasites showed a steady increase in superoxide 

levels post-infection, rising to a 2.5 fold increase at 30 hours post-infection before 

declining at 36 hours (Figure 4.6D). The levels of superoxide in infected cells with 

replicating parasites are significantly higher than mock-infected and uninfected cells at 18 

hours (adjusted p-values <0.0001), 24 hours (adjusted p-values <0.0001), 30 hours 

(adjusted p-values <0.0001) and 36 hours (adjusted p-values <0.0001).  Since we are 

measuring uninfected cells, newly infected, and cells with established replicating parasites 

in the same population, these results indicate that stimulation of superoxide is dependent 

on active parasite invasion and replication of parasites, i.e. that superoxide generation 

requires intracellular establishment of T. gondii and is not stimulated by factors secreted 

by the parasite or neighbouring infected cells.  

 

 OXPHOS Complex Protein Levels in Infected cells 

OXPHOS is a process that generates high amounts of energy in the form of 

adenosine triphosphate (ATP) and is the major contributor of mitochondrial superoxide 

production. It occurs on the inner membrane on the mitochondria through the four 

complexes of the electron transport chain (ETC) creating a proton gradient that powers 
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ATP synthase to generate ATP from adenosine diphosphate (ADP) and phosphate. Our 

gene expression microarray revealed an enrichment of genes with decreased expression 

in OXPHOS complexes I, III, IV and V (Figure 4.3) following T. gondii infection. To determine 

whether this translated to an effect at the protein level which would subsequently play a 

role in increased superoxide production observed in T. gondiii infected cells, we compared 

the protein levels of all five complexes between infected and mock-infected cells at the 

same infection time points as the MitoSOX experiments.  

Figure 4.7. Comparison of OXPHOS protein expression between T. gondii infected cells 
and mock-infected cells.  
(A) Western blot of infected and mock-infected cells stained with OXPHOS antibody 
cocktail and β-actin antibody. Protein bands from complexes I, II, IV and V and β–actin are 
consistently detected in our sample while complex III is only detected in mock-infected 
cells at 30 and 36 hour time points in this time-course experiment, and not detected in 
two repeat time-course experiments (not shown). (B) Quantitative analysis of the western 
blots using densitometry (normalised to β-actin) show a significant decrease in complex I 
and II at 36h post-infection and a decrease in complex IV from 24h post-infection. No 
significant changes in complex V proteins were observed over the time course of these 
experiments. Values represent mean ± SD of three time-course experiments. (* adjusted 
p-value = 0.0352 ** adjusted p-value = 0.0052, *** adjusted p-value = 0.0002, **** 
adjusted p-value = <0.0001) 
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Western blot analysis was performed using an anti-OXPHOS antibody cocktail targeted to 

proteins in the different complexes. We were unable to consistently detect the protein 

band for complex III in our samples (Figure 4.7A). Results show that the protein levels of 

complexes I, II, IV and V remain stable up to 18 hours post infection with T. gondii; no 

significant difference in protein levels is detected up to this time point between infected 

and mock-infected cells (Figure 4.7B) or between infected and flow sorted uninfected cells 

(data not shown). However, from 24 hours post infection complex IV shows a decrease in 

protein level in infected relative to mock-infected cells, with complexes I and II also 

showing a significant decrease in protein level at 36 hours post-infection. Complex V does 

not differ in protein level between mock-infected and infected cells at any time point post-

infection (Figure 4.7B).  

 

 Mitochondrial membrane potential  

OXPHOS through the ETC and ATP synthase is reliant on a hyperpolarised 

mitochondrial membrane potential (MMP) so measurement of MMP allows us to 

determine if a change in MMP is the underlying cause for decreased OXPHOS protein 

expression. Using the dual fluorescent JC-1 dye, we could determine whether infection 

leads to a depolarisation of MMP (a shift from red to green fluorescence) using flow 

cytometry. The drug CCCP, which permeabilises the inner mitochondrial membrane 

(Minamikawa et al., 1999) leading to MMP depolarisation, was used as a positive control 

to set the gates for depolarised MMP (Figure 4.8A). No significant changes were observed 

in the number of cells with depolarised MMP between infected and mock-infected cells 

at any time point between 6 to 36 hours post-infection (Figure 4.8B). The MMP of both 

experimental groups remained steady over time. 
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Figure 4.8. Measurement of mitochondrial membrane potential using JC-1 dye.  
(A) JC-1 analysis of mock-infected and T. gondii infected cells. Changes in red versus green 
fluorescence were used to measure mitochondrial membrane potential following 
infection. CCCP-treated cells were used as positive controls to establish gating strategies. 
Cells which appear in quadrant 3 represent cells with depolarised mitochondrial 
membranes. (B) Representative figure showing the mitochondrial membrane potential 
was stable over time in both infected (green) and mock-infected cells (red). There was no 
significant difference in mitochondrial membrane potential between infected and 
uninfected cells except at 36 hours post-infection (**. P-value = 0.006). However, this was 
not observed in two repeat experiments. 100% of cells treated with CCCP (blue) had 
depolarised mitochondrial membranes. Values represent mean percentage of cells with 
depolarised mitochondrial membrane ± SEM of three experiments with three replicates 
each. 
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4.5. Discussion 

Although host mitochondrial association to T. gondii’s PVM has been described for 

several decades, studies on how T. gondii interacts with the host mitochondria and the 

role it plays during infection are only recently emerging. The impact of this rapid, strain-

specific association is revealed by proteomic (Nelson et al., 2008) and transcriptomic 

studies (He et al., 2016b, Blader et al., 2001), including the present study, showing 

perturbations of mitochondrial metabolic pathways such as glycolysis (Blader et al., 2001) 

and OXPHOS [(He et al., 2016b) and our study] in T. gondii infected cells. Host 

mitochondrial association has also been associated with transcriptional changes of host 

innate immunity (Pernas et al., 2014). Since T. gondii closely interacts with the host 

mitochondria during infection, we wanted to study in more detail the functional changes 

of host mitochondria in the acute stages of infection.  

Mitochondria undergo continual fission and fusion to maintain their morphology 

and function in response to stimuli (Chauhan et al., 2014). We therefore examined in 

detail the changes in host mitochondrial morphology that occurred over the time-course 

of a 36 hour infection in-vitro. Consistent with previous studies (Sinai et al., 1997b, Sinai 

and Joiner, 2001, Pernas et al., 2014), we observed recruitment and apparent 

enlargement of mitochondria to the PVM early in the infection. However, as infection 

progressed beyond 24 hours, we observed progressive fragmentation of host 

mitochondria that has not previously been reported. This likely reflects the fact that no 

previous studies have followed mitochondrial changes for more than 24 hours post 

infection. Mitochondrial fragmentation has been linked to cellular apoptosis (Lee et al., 

2004) but our Annexin V assay showed no increase in cells undergoing apoptotic death 

following T. gondii infection.  Since mitochondrial morphology is clearly impacted by T. 
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gondii infection, we undertook further studies to determine whether there were effects 

on mitochondrial function.  

Mitochondrial superoxide production, OXPHOS and mitochondrial membrane 

potential are intrinsically linked. Electrons transferred through the ETC comprising 

complexes I to IV generate the mitochondrial proton motive force across the inner 

mitochondrial membrane used to power ATP synthase (also known as Complex V) to 

generate ATP from ADP and phosphate. The proton motive force consists of two 

components; the mitochondrial membrane potential, which represents the major portion 

of the proton motive force, and the pH difference across the inner mitochondrial 

membrane. The proton motive force regulates the activity of the ETC complexes: high 

membrane potential inhibits further proton pumping, whereas a decrease of proton 

motive force through proton utilisation e.g. by ATP synthase, would allow the ETC to re-

establish the proton motive force (Huttemann et al., 2008).  During the process of 

OXPHOS, electrons may leak from the ETC Complexes I and III and react with oxygen to 

form superoxide. In our study, we observed an increase in mitochondrial superoxide 

production without the concomitant increase in OXPHOS complexes or changes in 

mitochondrial membrane potential usually observed in OXPHOS. This suggests that the 

increase in superoxide production may not be due to an increase in aerobic respiration 

through OXPHOS. This is supported by our transcriptomic data indicating a down-

regulation of OXPHOS following T. gondii infection and our western blot analyses showing 

decreased protein expression of Complex IV at 24 to 36 hours post-infection, and 

decreases in Complexes I and II at 36 hours post-infection.  

Conversely, decreased OXPHOS has also been shown to increase superoxide levels 

(Batandier et al., 2006, Murphy, 2009, Dawson et al., 1993). A reduced ETC may stimulate 
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superoxide formation by Complex III by favouring reverse electron transfer from Complex 

II to Complex I (Batandier et al., 2006, Murphy, 2009) and inhibition of Complex IV 

enhances superoxide generation by increased reduction of redox centres in complex I or 

complex III promoting electron leak and ROS generation from these complexes (Dawson 

et al., 1993). A down-regulation of OXPHOS is usually accompanied by increased cellular 

glycolysis, the process of breaking down glucose into pyruvate, which feeds into the citric 

acid cycle producing substrates such as NADH and FADH for OXPHOS complexes to 

generate ATP. A high glycolytic flux, which is the rate at which molecules pass through 

glycolysis, has been associated with enhanced superoxide production (Zhou et al., 2005a). 

Several studies have shown increased host glycolysis following T. gondii infection 

(Menendez et al., 2015, Nelson et al., 2008, Blader et al., 2001) which is regulated by host 

HIF-1α (a hub gene in our network) and hexokinase 2 (HK2) (Menendez et al., 2015). 

Activation of HIF-1α and HK2 is dependent on mTOR   complex 2 (mTORC2) (Toschi et al., 

2008, Betz et al., 2013), previously shown to play a central role in mitochondrial 

distribution following T. gondii infection (Wang et al., 2010). Consistent with this, we 

observed enrichment of differentially expressed genes in the mTOR pathway, while 

RICTOR, a component of mTORC2, was the top predicted endogenous upstream regulator 

with increased activity. RICTOR knockdown leads to an increase in mitochondrial 

respiration (Schieke et al., 2006) and dysregulation of mTORC2 is associated with 

mitochondrial defects (Betz et al., 2013). Through Akt signalling, mTORC2 promotes HK2 

phosphorylation of glucose stimulating glycolysis (Hagiwara et al., 2012). HK2 is also 

associated with switching cellular metabolism from OXPHOS to glycolysis (Wolf et al., 

2011).  
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Given the down-regulation of OXPHOS complexes in T. gondii infected cells, it is of 

interest to consider how the mitochondrion is maintaining its ETC-reliant membrane 

potential.  The glycolysis process itself generates ATP but with much less efficiency than 

OXPHOS. In cells that rely heavily on aerobic glycolysis instead of OXPHOS for energy, 

glycolytic ATP is essential for maintaining the mitochondrial membrane potential and 

preventing apoptotic death (Chevrollier et al., 2011). Adenine nucleotide translocator 2 

(ANT2) imports glycolytic ATP into the mitochondria which the reversible proton pump 

ATP synthase (OXPHOS Complex V) then hydrolyses to pump protons back into the inner 

mitochondrial membrane to sustain the mitochondrial membrane potential (Chevrollier 

et al., 2011). This could explain the lack of change in mitochondrial membrane potential 

and ATP synthase protein expression in T. gondii infected cells we observed despite 

increased levels of superoxide production and a down-regulation of ETC protein 

expression.  

As glycolytic flux is regulated by glucose uptake, we hypothesize that there is 

increased glucose uptake in a T. gondii infected cell.  This would be consistent with our 

observation that D-glucose was a strongly predicted endogenous upstream regulator, 

influencing expression of multiple genes including the hub genes FN1 and HIF-1α. 

Exposing cells to high glucose in-vitro has been shown to induce mitochondrial 

fragmentation by fission through glucose-dependent ROSError! Bookmark not defined. 

overproduction (Yu et al., 2006).  This, in turn, may account for the fragmented 

mitochondria seen occurring from 24h post-infection. It was previously proposed that a 

change in mitochondrial morphology is required to produce more ROS, possibly due to a 

bigger relative membrane surface (Yu et al., 2006). In recent years, ROS production has 

been shown to play a role in signalling between mitochondria and other cellular processes 
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in response to stress (Sena and Chandel, 2012). However, when production of ROS is left 

unchecked, this can lead to oxidative stress and, in turn, mitochondrial dysfunction.  

Recently, maternal infection with T. gondii Wh3 isolate of genotype Chinese 1 

strain was observed to induce mitochondrial dysfunction associated trophoblast 

apoptosis in pregnant mice (Xu et al., 2015). Of interest, transcriptomic analysis of 

mitochondria-DNA depleted breast epithelial cells and normal cells undertaken to 

understand pathogenesis of breast tumorigenesis (Kulawiec et al., 2008) revealed 

increased expression of FN1, which was also the hub gene of one of the major gene 

networks identified in their study. The observation of FN1 as a focal gene in seemingly 

unrelated diseases suggests that FN1 may have a role in the pathogenesis of diseases 

stemming from dysfunctional mitochondria. On a systemic level, mitochondrial 

dysfunction can affect multiple organs in the body but the organs most affected are those 

which require the highest mitochondrial activity such as the eye, brain and muscle. These 

organs have large numbers of mitochondria to cope with their increased cellular 

metabolic needs. Mitochondrial dysfunction has been linked to ophthalmic, neurological 

and muscular diseases such as Leber’s hereditary optic neuropathy (Brown, 1999) and 

Leigh’s syndrome (Thorburn and Rahman, 1993). This is of interest in relation to our study 

as T. gondii preferentially infects the eye, brain and muscles. The eye and brain are also 

sites of clinical manifestations following T. gondii infection; for example, the classic triad 

of retinochorioditis, hydrocephalus and intracranial calcifications in congenital 

toxoplasmosis, and toxoplasmic encephalitis in immunosuppressed patients with 

acquired toxoplasmosis. Mitochondrial dysfunction is also associated with 

neurodegenerative diseases such as Parkinson’s disease (Miman et al., 2010a), 

Alzheimer’s disease (Kusbeci et al., 2011), and schizophrenia (Prabakaran et al., 2004). 
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Again, this is of interest as associations between T. gondii infection and Parkinson’s, 

Alzheimer’s disease (Jung et al., 2012a, Kusbeci et al., 2011) and schizophrenia (Wang et 

al., 2013) have been proposed. These findings suggest that the disruption of host 

mitochondria may play a role in the pathogenesis of toxoplasmosis and clinical signs 

observed in congenital and acquired infections. 

In summary, our transcriptomic data, supported by the characterisation of host 

mitochondrial parameters such as morphology, superoxide production, OXPHOS protein 

levels and membrane potential, suggest a perturbation of the host mitochondrial 

processes following T. gondii infection. It is unclear whether these modified mitochondrial 

functions occur as a consequence of the host response to T. gondii or direct manipulation 

by the parasite. Mitochondria with decreased functions have been implicated in 

ophthalmological and neural disease, including neurodegenerative and psychiatric 

disorders, thus providing new avenues for research into the clinical signs of both 

congenital and acquired toxoplasmosis. 
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4.6. Conclusion 

1. Transcriptional profiling of T. gondii infected human foreskin fibroblast cells revealed 

an enrichment of differentially expressed genes with roles in oxidative phosphorylation 

in the mitochondria. 

2. Host mitochondria in T. gondii infected cells were observed to be morphologically 

different from mock-infected cells. They formed a tight ring around T. gondii’s 

parasitophorous vacuole before appearing fragmented after 24 hours of infection. 

3. There was no increase in apoptotic cells between infected and uninfected cells at any 

time points. 

4. Levels of host mitochondrial superoxide are increased in cells with established T. 

gondii infections. 

5. Western blot analysis of host OXPHOS complexes showed decreased protein 

expression of Complex IV in T. gondii infected cells at 24 hour post-infection, followed by 

Complex I and III at 36 hour post-infection.  

6. There were no changes in host mitochondrial membrane potential following T. gondii 

infection at any time points. 

7. Perturbations of host mitochondrial function may contribute to the opthalmalgical 

and neurological diseases of acquired and congenital toxoplasmosis. 

8.  Results of this study are consistent with a potential role for perturbation of host 

mitochondrial function in determining clinical signs associated with congenital and 

acquired toxoplasmosis.  
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Chapter 5. Combined analysis of gene 

expression microarray data from HFF 

and WERI cells infected with 

Toxoplasma gondii 

 

This chapter further interrogates the gene expression microarrays of HFF 

and WERI cells to identify genes which are differentially expressed in both 

cell lines to search for host mechanisms globally dysregulated following T. 

gondii infection. 
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5.1. Introduction 

Toxoplasma gondii is a unique pathogen as it is able to infect nearly all nucleated 

cell types within a range of hosts (See Section 1.1.1 for detailed life cycle). Despite the fact 

that invasion of T. gondii into its host cell is an active process, involving protein secretion 

from its three secretory organelles micronemes, rhoptries and dense granules, following 

host contact with its apical end (Carruthers and Sibley, 1997), not much is known about 

the host processes involved. Transcriptomic profiling was carried out on two 

morphologically and functionally different human cell lines infected with T. gondii (as 

detailed in Chapters 3 and 4); the adherent human foreskin fibroblast (HFF) cells and 

retinoblastoma WERI-Rb-1 cells grown in suspension. In those studies, specific questions 

were raised in regards to how T. gondii infection may contribute to the clinical signs 

observed in toxoplasmosis. Here, genes differentially expressed in both cell lines were 

identified to determine the global impact of T. gondii infection over the time course of 2 

hours, 6 hours and 24 hours post-infection.  

Chapter 3 examined and discussed those host genes that are differentially 

methylated and showed concordant changes in gene expression in T. gondii infected WERI 

cells. However, DNA methylation is not the only cellular process by which gene expression 

is regulated. To examine the impact of T. gondii this chapter looks at pathway analyses 

carried out on the full set of differentially expressed genes in WERI cells for all time points. 

This is to first identify the host pathways modulated at the transcriptomic level and to 

then determine if the same pathways are also detected in T. gondii infected HFF cells 

and/or whether pathways specific to infected WERI cells are altered. In brief, the rationale 

for the further analyses undertaken were as follows: 
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(i) To examine the genes that were concordant (i.e. up in both; down in both) 

in their differential expression in both HFF and WERI cells.  This would 

represent true replication.   

(ii) To look for genes that may be cell-type specific for WERI or HFF cells.   

 

Since these analyses are designed to be exploratory, and to guide future research, a 

nominal p-value of <0.05 was used to define genes of interest for downstream pathway 

analyses.  This analysis comes with the caveat that further replication within cell types 

would be required to validate cell-specific pathways.   

 

5.2. Materials and methods 

The experimental procedures involved in this study have previously been described in 

detail in Chapters 3 and 4: 

 

Parasite and cell culture of WERI cells – Section 3.3.1 

Infection and RNA extraction of WERI cells – Section 3.3.2 

Parasite and cell culture of HFF cells – Section 4.3.1 

RNA extractions of HFF cells – Section 4.3.2 

Gene expression profiling – Section 4.3.3 

Bioinformatics of differentially expressed genes – Section 4.3.4 
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5.3. Results 

 Genes concordant for differential expression in HFF and WERI cells 

following T. gondii infection 

Using a nominal p-value <0.05 to determine significance, there were 1,553 and 

1,505 differentially expressed genes in HFF and WERI cells respectively at 2 hours post-

infection, of these 204 genes were differentially expressed in both cell types. Of these 204 

genes, 131 genes were concordant in their direction of expression in infected HFF and 

WERI cells (Supplementary Table 5.1). At 6 hours post-infection, there were 4,015 and 

1,297 differentially expressed genes in HFF and WERI cells respectively. There was an 

overlap of 387 genes (Supplementary Table 5.1) of which 206 were concordant in 

expression (Figure 5.1). Following 24 hours of infection, 1,297 and 1,162 genes were 

differentially expressed in HFF and WERI cells respectively. 133 genes (Supplementary 

Table 5.1) were present in both datasets of which 93 genes were similar in their expression 

patterns (Figure 5.1).  From these analyses, any discordant genes were disregarded as 

likely representing false positives in each cell line.  In contrast, the concordant genes 

provide evidence for replication across cell lines, and these genes were taken forward into 

IPA. 
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Figure 5.1. Number of concordant genes that are differentially expressed in both HFF 
and WERI cells following T. gondii infection at each of the time points.  
Intersection of differentially expressed genes between HFF and WERI cells infected with 
T. gondii led to 204, 387 and 132 genes at 2 hours, 6 hours and 24 hours post-infection 
respectively. Plotting of log2 fold change values of HFF (x-axis) versus WERI (y-axis) 
revealed genes whose change in direction are concordant (red boxes). The numbers in 
each box represent the number of genes within that quadrant. 
 

 

 Pathway analysis of concordant genes at 6 hours post-infection 

Concordant differentially expressed genes in both T. gondii infected HFF and WERI 

cells at all time points were analysed by Ingenuity Pathway Analysis (IPA) to search for 

enrichment of canonical pathways. These pathways may represent processes involved in 

establishing infection in multiple, potentially all, cell types. Using a Benjamini-Hochberg 

adjusted p-value of 0.05 to determine significance there were no significant pathways 

identified at 2 hours and 24 hours post-infection. At 6 hours post-infection, two pathways 

were identified, eukaryotic initiation factor (eIF) 2 signalling (adjusted p-value = 3.162 X 

10-3) and Dolichol and Dolichyl Phosphate Biosynthesis (adjusted p-value = 0.014) (Table 

5.1).   
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 Similar pathways are modulated in WERI and HFF cells following T. 

gondii infection at 6 hours post-infection 

In addition to the differentially expressed genes that replicated across both HFF 

and WERI cells following infection, there may be genes that are apparently differentially 

expressed in a cell-type specific manner. However this may actually just be observed due 

to a difference in the dynamics of the infection process between cell types. To determine 

if similar or cell-type specific pathways are observed between both cell types, pathway 

analyses were carried out on all differentially expressed genes (nominal p-value <0.05) in 

both WERI and HFF cells at the three time points 2h, 6h and 24h post-infection. Using a 

Benjamini-Hochberg corrected p-value <0.05 to determine if a pathway is significant, 

Table 5.2 shows the pathways identified in T. gondii infected WERI cells; one pathway at 

2 hours post-infection and three pathways at 6 hours post-infection. In HFF cells, there 

were 59 pathways identified at 6 hours post-infection (Table 5.3 lists top 10 pathways at 

6 hours post infection, full table found in Supplementary table 5.2) and one pathway 

identified at 24 hours post-infection (Table 5.3). Out of the pathways identified, three 

pathways were common between the WERI and HFF cells at 6 hours post-infection; eIF2 

signalling, mechanistic target of rapamycin (mTOR) signalling and regulation of eIF4 and 

p70S6K signalling. Figure 5.2, 5.3 and 5.4 depict where the differentially expressed genes 

from each cell line are situated within the respective pathways. 
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Table 5.1. List of canonical pathways identified for concordant genes at 6 hours post-infection. 

Pathways identified at 6 hour post-infection for genes concordant in expression between HFF and WERI cells by IPA Canonical Pathway Analysis 
with their respective nominal p-values, Benjamini-Hochberg (BH) adjusted p-values, ratios and genes within our dataset which are involved in 
the listed pathways. Ratios represent number of genes in our dataset out of the number of genes involved in the identified pathway. Up- and 
downwards facing arrows denote the directionality of the fold change of its adjacent gene.  
 
 
Table 5.2. List of canonical pathways identified in WERI cell following T. gondii infection. 

Pathways (WERI) Adjusted p-value p-value Ratio 

2 hours post-infection    

NF-κB Signalling 0.038 6.75 X 10-5 26/164 

6 hours post-infection    

eIF2 Signaling 1.622 X10-9 2.512 X 10-12 38/171 

mTOR Signaling 5.623 X 10-4 2.042 X 10-6 29/182 

Regulation of eIF4 and p70S6K Signalling 
9.333 X 10-3 5.238 X 10-5 22/142 

Pathways identified at 2 and 6 hour post-infection by IPA Canonical Pathway Analysis with their respective Benjamini-Hochberg (BH) adjusted p-
values, nominal p-values and ratios within our dataset which are involved in the listed pathways. There were no pathways identified at 24 hours 
post-infection. Ratios represent number of genes in our dataset out of the number of genes involved in the identified pathway.   

Pathways p-value Adjusted p-value Ratio Genes 

eIF2 signalling 1.072 X 10-4 3.162 X 10-3 11/210 ↑HNRNPA1, ↓RPL23A, ↓RPL17, ↓RPS18, 
↓RPS9, ↓RPL21, ↓RPL7A, ↑EIF3L, 
↓RPL13A, ↑RPL7, ↓RPS24 

Dolichol and dolichyl phosphate biosynthesis 8.511 X 10-4 0.014 2/2 ↓DHDDS, ↓DOLK 
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Table 5.3. List of canonical pathways identified in HFF cells at 6 hours post-infection (top 10) and 24 hours post-infection. 

Pathways (HFF) p-value Adjusted p-value Ratio 

6 hours post-infection (top 10)    

Mitochondrial dysfunction 3.162 X 10-17 1.585 X 10-14 77/152 

Oxidative phosphorylation 1.259 X 10-14 3.980 X 10-12 52/92 

eIF2 Signalling 3.162 X 10-13 6.310 X 10-11 88/210 

mTOR Signalling 3.162 X 10-12 5.012 X 10-10 81/194 

Regulation of eIF4 and p70S6K Signalling 9.120 X 10-8 1.047 X 10-5 59/193 

Protein ubiquitination pathway 4.898 X 10-6 4.677 X 10-4 81/254 

Androgen Signalling 8.318 X 10-6 6.761 X 10-4 42/110 

ILK Signalling 1.995 X 10-5 1.412 X 10-3 63/192 

Mitotic Roles of Polo-like Kinase 3.162 X 10-5 1.778 X 10-3 27/63 

Molecular mechanisms of cancer 3.162 X 10-5 1.778 X 10-3 106/368 

24 hours post-infection    

cAMP signalling 7.244 X 10-6 3.388 X 10-3 32/220 

Pathways identified post-infection by IPA Canonical Pathway Analysis with their respective Benjamini-Hochberg (BH) adjusted p-values, 
nominal p-values and ratios within our dataset which are involved in the listed pathways. There were no pathways identified at 2 hours post-
infection. Ratios represent number of genes in our dataset out of the number of genes involved in the identified pathway.  
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Figure 5.2. Schematic representative of the eIF2 signalling pathway (adapted from Ingenuity).  
Molecules outlined in red are differentially expressed in HFF cells (p-value <0.05) and molecules coloured in blue are differentially expressed 
in WERI cells (p-value <0.05) following T. gondii infection at 6 hours. Molecules both outlined and coloured are found to be differentially 
expressed in both cell types. 
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Figure 5.3. Schematic representative of the mTOR signalling pathway (adapted from 
Ingenuity).  
Molecules outlined in red are differentially expressed in HFF cells (p-value <0.05) and 
molecules coloured in blue are differentially expressed in WERI cells (p-value <0.05) 
following T. gondii infection at 6 hours. Molecules both outlined and coloured are found 
to be differentially expressed in both cell types. 
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Figure 5.4. Schematic representative of the eIF4 and p70S6K signalling pathway 
(adapted from Ingenuity).  
Molecules outlined in red are differentially expressed in HFF cells (p-value <0.05) and 
molecules coloured in blue are differentially expressed in WERI cells (p-value <0.05) 
following T. gondii infection at 6 hours. Molecules both outlined and coloured are found 
to be differentially expressed in both cell types.
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In Chapters 3 and 4, several pathways of interest were identified and discussed in 

detail for their potential role in contributing to the clinical signs observed in 

toxoplasmosis. To recap, the dopamine-DARPP32 feedback pathway in cAMP signalling 

and amyloid processing pathways were identified in WERI cells 6 hours post-infection 

(Chapter 3) whilst the oxidative phosphorylation and mitochondrial dysfunction pathways 

were identified in HFF cells infected for 6 hours (Chapter 4). The availability of data from 

divergent cell types allows the investigation of whether these previously identified 

pathways are cell type specific or can they also be identified in the divergent cell lines. As 

there is an a priori reason to look for these pathways, a non-adjusted p-value of ≤0.05 was 

taken to indicate significance. Results suggests that three of the four pathways previously 

identified are observed as differentially regulated in an alternative cell type. Specifically, 

the amyloid processing pathway previously detected in WERI cells was also observed in 

HFF cells. However, the dopamine–DARPP32 feedback pathway in cAMP signalling was 

not differentially regulated in HFF cell. In addition, both oxidative phosphorylation and 

mitochondrial dysfunction pathways seen in infected HFF cells were differentially 

regulated in infected WERI cells also (Table 5.4).  
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Table 5.4. Previously identified pathways in Chapter 3 and 4 following T. gondii infection.  

Pathway Cell type p-value Adjusted p-value Ratio 

Amyloid Processing 
WERI 3.02 X 10-3 0.140 9/50 

HFF 2.570 X 10-3 0.032 19/50 

Dopamine-DARPP32 feedback in cAMP signalling 
WERI 0.032 0.375 16/157 

HFF NS NS - 

Oxidative phosphorylation 
WERI 3.89 X 10-3 0.140 13/92 

HFF 1.259 X 10-14 3.980 X 10-12 52/92 

Mitochondrial dysfunction 
WERI 2.40 X 10-3 0.138 19/152 

HFF 3.162 X 10-17 1.585 X 10-14 77/152 

Pathways identified at 6 hours post-infection by IPA Canonical Pathway Analysis in both WERI and HFF cells with their respective Benjamini-
Hochberg (BH) adjusted p-values, nominal p-values and ratios within our dataset which are involved in the listed pathways. Ratios represent 
number of genes in our dataset out of the number of genes involved in the identified pathway. NS represents non-significant p-values (both 
corrected and uncorrected). 
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5.4. Discussion 

T. gondii has the capacity to infect multiple cell types but the mechanism behind 

this promiscuous nature remains elusive. Transcriptomic profiling of two diverse cell lines, 

HFF and WERI, was previously carried out showing perturbation of host gene expression 

following infection in both cell types. By interrogating these two datasets together to 

search for genes that are differentially expressed in both infected HFF and WERI cells, host 

processes involved in enabling T. gondii to successfully invade any cell type may be 

identified. After performing pathway analyses on the genes concordant in their 

differential expression across both cell lines, two pathways were identified as being 

modulated in host cells following T. gondii infection at 6 hours; eIF2 signalling and dolichol 

and dolichyl phosphate biosynthesis. On a broader level, it was recognised that specific 

genes may not be replicated between the cell lines but may still function in the same 

pathway thus individual pathway analysis on the differentially expressed genes of infected 

HFF and WERI cells were carried out in parallel. This led to the identification of eIF2 

signalling, mTOR signalling and regulation of eIF4 and p70S6K signalling pathways in both 

HFF and WERI cells at 6 hours post-infection. Given the repeated observation of the eIF2 

signalling pathway as well as mTOR signalling and regulation of eIF4 and p70S6K signalling 

pathways modulated in T. gondii infected cells 6 hours post-infection, this suggests that 

these pathway are important in establishing of T. gondii infection across divergent cell 

types. 

Protein translation from messenger ribonucleic acid (mRNA) consists of four 

phases; initiation, elongation, termination and recycling, in which eIF2, eIF4 and p70S6K 

signalling play a role in initiating protein translation. In its active form, eIF2 complex  
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(consisting of eIF2α, β and γ subunits) binds to guanosine triphosphate (GTP) and the 

methionine-charged initiator transfer ribonucleic acid (Met-tRNAi) to form a ternary 

complex (Jackson et al., 2010). The ternary complex loads 40s ribosomal subunits with 

Met-tRNAi and forms part of the 43S translation preinitiation complex required to initiate 

protein synthesis at open reading frames commencing with a start codon. The eIF4F 

complex (comprising of eIF4E, eIF4G and eIF4A) is required to unwind the 5’ cap-proximal 

region of the mRNA to prepare it for 43S ribosomal complex attachment (Jackson et al., 

2010) to commence protein translation. Another protein involved in controlling 

translation at the initiation phase is protein kinase p70S6K. In its inactive form, p70S6K is 

tightly associated with eukaryote initiation factor 3 (eIF3) complex which also interacts 

with 40s ribosomal subunit to form part of the 43S complex (Holz et al., 2005). In response 

to mitogens, hormones and changes in cellular nutrients, mTOR activates p70S6K causing 

its dissociation from eIF3. Once unbound, p70S6K then phosphorylates eIF4B and the 40S 

ribosomal subunit protein S6 which eventually leads to increased mRNA binding and 

enhanced translation rates (Holz et al., 2005). 

As protein initiation is usually the rate-limiting step in protein translation (Svitkin 

et al., 2005), modulation of eIF2, eIF4 and p70S6K signalling pathways in T. gondii infected 

cells may affect host protein translation.  To our knowledge, the role of host eIF2 and eIF4 

signalling have not been previously characterised in T. gondii infection, though the roles 

of parasite Tg-eIF2 and Tg-eIF4 during infection have been described (Narasimhan et al., 

2008, Joyce et al., 2010, Gastens and Fischer, 2002, Chen et al., 2014). Through 

modulation of the host cellular translation machinery, pathogens have also been shown 

to influence host physiology and evade clearance by the immune system (Mohr and 

Sonenberg, 2012). Upon infection of macrophages, the parasite Leishmania major has a 
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surface glycoprotein GP63 which caused host mTOR cleavage leading to the inactivation 

of host mTORC1 (Jaramillo et al., 2011). This then activates translation repressor host 4E- 

binding protein 1 (4E-BP1) which targets the eIF4E subunit within the eIF4F complex, 

limiting synthesis of host antimicrobial and host defence proteins (Jaramillo et al., 2011) 

in Leishmania-infected macrophages. 

 mTOR is a protein serine/threonine kinase made up of two distinct complexes, the 

rapamycin-sensitive mTOR complex 1 (mTORC1) and rapamycin-insensitive mTOR 

complex 2 (mTORC2). It plays a central role in coordinating cellular metabolism and 

growth in response to the environment with respect to nutrition, growth factor signalling 

and stress (Laplante and Sabatini, 2009). One of the ways mTOR responds following a 

change in cellular metabolism is to regulate protein translation by exerting its effects 

through the previously discussed translation regulators eIF4 and p70S6K (Tee and Blenis, 

2005). Recently, it has also been implicated in the control of eIF2 signalling by decreasing 

eIF2α phosphorylation (Gandin et al., 2016). In addition to metabolism, mTOR also 

regulates the innate immune system (Weichhart et al., 2015) as it is able to detect any 

invading microbes that hijack the host metabolism to feed their own replication. In 

support of our data, pathogens including T. gondii have been shown to establish 

successful infections by targeting the host mTOR signalling pathway (Jaramillo et al., 2011, 

Abdel-Nour et al., 2014, Wang et al., 2010, Wang et al., 2009). Upon invasion, T. gondii 

stimulates host mTOR signalling in multiple cell types including HFF (Wang et al., 2009). 

Upon host mTOR activation, T. gondii infected cells are induced to progress to the S phase 

of the cell cycle (Wang et al., 2009), an observation previously reported by two other 

groups (Brunet et al., 2008a, Molestina et al., 2008b). Host mTOR also localised to the 

region surrounding the parasitophorous vacuole where its interaction was speculated to 
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cause mTOR activation (Wang et al., 2009). mTOR, in particular mTORC2, has also been 

shown to mediate host centrosome, mitochondria and lysosome reorganisation around 

the parasitophorous vacuole and impair host cell migration (Wang et al., 2010).  

In addition to the eIF2, mTOR and eIF4 and P70S6K signalling pathways, pathways 

of interest previously identified and discussed such as amyloid processing in T. gondii-

infected WERI in Chapter 3 and oxidative phosphorylation and mitochondrial dysfunction 

in T. gondii-infected HFF cells in Chapter 4 were also detected in the other cell line. The 

only exception was the dopamine-DARPP32 feedback in cAMP signalling pathway 

previously identified in WERI cells was not detected in HFF cells. This could be due to HFF 

not being a dopaminergic cell line and it also does not express any detectable levels of 

either dopamine receptors (Tang et al., 1994) suggesting that modulation of the dopamine 

pathway following T. gondii infection may be cell-type specific. 

Overall, we have identified pathways which may be perturbed following 6 hours 

post-T. gondii infection across different cell types. How these pathways interact with each 

other during infection still remains to be elucidated. As protein translation is fundamental 

to the normal physiology of the cell, dysregulation of mTOR, eIF2, eIF4 and p70S6K 

signalling is implicated in a wide variety of diseases ranging from cancer (Populo et al., 

2012, Bhat et al., 2015) to neurological disease (Wong, 2013). These pathways are also 

involved in brain development (Lee, 2015, Takei and Nawa, 2014) and neurodegenerative 

diseases such as Alzheimer’s (Ohno, 2014, Oddo, 2012) and Parkinson’s (Lan et al., 2017, 

Dijkstra et al., 2015). In particular, mTOR has been linked with hydrocephaly (Striano and 

Zara, 2012), one of the classic clinical signs of congenital toxoplasmosis and the use of 

mTOR inhibitor Everolimus have been proven to successfully treat patients with 

hydrocephaly (Moavero et al., 2017). Of interest, levels of phosphorylated eIF2α have 
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been shown to be increased in response to ROS generated from dysfunctional 

mitochondria (Baker et al., 2012) and increased eIF2α  phosphorylation also plays a role 

in mitochondrial dysfunction mediated dendritic loss (Tsuyama et al., 2017). In 

Alzheimer’s mouse models, suppression of eIF2α phosphorylation is observed to reduce 

amyloidosis and improve brain plasticity (Ma et al., 2013). As the role of eIF2 and eIF4 

have not been previously studied in T. gondii infected cells, functional validation of these 

pathways have to be carried out. Given that mTOR plays a role in phosphorylating eIF2, 

eIF4 and p70S6K, it would also be interesting to determine if the previously observed 

mTOR signalling stimulated following T. gondii infection (Wang et al., 2010, Wang et al., 

2009) would play a role in modulating host eIF2, eIF4 and p70S6K signalling. It is important 

to keep in mind though that these pathways modulated may also occur as a pro-host 

response to circumvent the infection. 

Finally, we have employed the use of gene expression microarrays to determine 

the molecular changes that occur following T. gondii infection. However, there may be 

some bias as exploration of gene expression is restricted to the probes available on the 

array. With the use of high-throughput next generation sequencing of RNA (RNA-Seq) 

users can not only look at genes across the whole genome but also identify novel genes 

and transcripts including noncoding RNAs. Given the possibility of isoform-specific 

expression changes occurring after T. gondii infection, RNA-Seq of T. gondii infected cells 

will also allow us to identify and characterise any change in expression at the transcript 

level.



 

130 

 

 

5.5. Conclusion 

1. At 2 hours post-infection, there were 204 differentially expressed genes 

overlapping between T. gondii infected HFF and WERI cells. 131 genes were 

concordant in their direction of expression. 

2. At 6 hours post-infection, there were 387 differentially expressed genes 

overlapping between T. gondii infected HFF and WERI cells. 206 genes were 

concordant in their direction of expression. 

3. At 24 hours post-infection, there were 133 differentially expressed genes 

overlapping between T. gondii infected HFF and WERI cells. 93 genes were 

concordant in their direction expression. 

4. Pathway analyses performed on concordant genes using IPA only yielded 

significant pathways at 6 hours post-infection after Benjamini-Hochberg 

correction.  

5. Pathway analysis of concordant genes at 6 hours post-infection identified eIF2 

signalling and dolichol and dolichyl phosphate biosynthesis pathways. 

6. Individual pathway analysis carried out on differentially expressed genes in WERI 

cells and HFF cells revealed three pathways (eIF2 signalling, mTOR signalling, eIF4 

and p70S6K signalling) to be similar across the cell types at 6 hours post-infection. 

7. Amyloid processing pathway, previously identified in T. gondii infected WERI cells 

at 6 hours post-infection (Chapter 3), was also identified in T. gondii infected HFF 

cells at the same time point. Dopamine-DARRP32 pathway, also identified in WERI 

cells, was not observed in infected HFF cells, suggesting that the dopamine 

pathway is cell-type specific. 
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8. Oxidative phosphorylation and mitochondrial dysfunction pathways, identified in 

T. gondii HFF cells 6 hours post-infection, were also detected in T. gondii infected 

WERI cells at the same time point. 

9. All pathways identified in this chapter are interlinked and implicated in brain 

development and degeneration.  

10. Future work includes functional validation of eIF2, eIF4 and p70S6K signalling in T. 

gondii infected cells and using next-generation RNA sequencing to perform 

transcript-specific expression profiling following T. gondii infection. 
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Chapter 6. Final Conclusions 

 

Since the discovery of T. gondii in 1908 (Nicolle and Manceaux, 1908, Splendore, 

1908), the mechanisms that lead to the clinical signs observed in both acquired and 

congenital toxoplasmosis are still poorly understood. Scientists in the field of Toxoplasma 

research have attempted to characterise the host-pathogen interactions in different 

species in-vitro or in-vivo through genome-wide analyses of the host transcriptome 

(Pittman et al., 2014, Tanaka et al., 2013, Blader et al., 2001, Melo et al., 2013, Zhou et al., 

2016), the host epigenome in the form of histone acetylation (Bouchut et al., 2015) and 

miRNAs (Xu et al., 2013, Zeiner et al., 2010) as well as the host proteome (Nelson et al., 

2008, Yang et al., 2017, He et al., 2016a) following T. gondii infection. This thesis describes 

the molecular changes in two T. gondii infected human cell lines over a time-course with 

a focus on identifying host biological pathways contributing to the characteristic 

neurological and ocular clinical signs observed in both acquired and congenital 

toxoplasmosis. Following the identification of putative T. gondii secreted effectors 

capable of modulating the host epigenome (Chapter 2), we carried out the first genome-

wide DNA methylation coupled with transcriptomic profiling of T. gondii-infected 

retinoblastoma cells (Chapter 3).  This led to the identification of interesting neurological 

pathways involved with amyloid processing and dopamine feedback which were 

modulated after infection. Chapter 4 describes transcriptomic changes in T. gondii 

infected fibroblast cells affecting host metabolic pathways participating in oxidative 

phosphorylation and mitochondrial dysfunction and presents functional evidence of 

perturbed host mitochondrial function, including fragmented mitochondria, reduced 
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OXPHOS complex protein expression and increased superoxide production following 

infection. Mitochondrial dysfunction, usually accompanied by reduced oxidative 

phosphorylation, is well-associated with the neurodegenerative and psychological 

diseases that amyloid processing and dopamine feedback pathways are involved in such 

as Parkinson’s disease, Alzheimer’s disease and schizophrenia (Johri and Beal, 2012, 

Rajasekaran et al., 2015). Other than the dopamine feedback pathway, which seems to be 

a cell-type specific pathway modulated only in WERI cells following T. gondii infection, the 

amyloid processing, oxidative phosphorylation and mitochondrial dysfunction pathways 

were identified in both WERI and HFF cells (Chapter 5). Combined analysis of 

transcriptomic changes in T. gondii infected WERI and HFF cells revealed differentially 

expressed genes enriched in three further pathways with a broader role in protein 

translation and response to changes in cellular metabolism (Chapter 5). 

One limitation of this study is the small sample size used for the genome-wide 

analyses in T. gondii infected cells. This required the application of a nominal p-value ≤0.05 

in Chapter 3 to identify differentially methylated and expressed genes in infected WERI 

cells.  This was countered to some extent by only looking at pathways where the data for 

gene expression profiling were concordant in expected directionality with data from the 

methylation arrays.  Thus we could achieve some confidence in our findings. A nominal p-

value ≤0.05 was also applied in Chapter 5 where we performed combined transcriptomic 

analyses of infected WERI and HFF cells.  In this case we were deliberately lowering the 

threshold for significance to identify genes/pathways that were common to the two cell 

types, in addition to seeking out those that might be cell-type specific.  To add some rigour 

to these exploratory analyses, and indeed in the pathway analyses undertaken in Chapter 

3 as well, we only identified and discussed pathways which were adjusted for multiple 



 

134 

 

testing by meeting the criteria of a Benjamini-Hochberg adjusted p-value ≤0.05 in IPA. 

Further replication and functional studies are also needed to validate the novel pathways 

that are modulated in the host cells following T. gondii infection. We characterised host 

mitochondrial functions in T. gondii infected HFF cells after the identification of 

mitochondrial pathways at the transcriptomic level (Chapter 4), but it will be interesting 

to extend this analysis of host mitochondrial function following infection in neural or 

ocular cell types, which may be more biologically and clinically relevant. There is also on-

going work in our laboratory to determine experimentally how the amyloid processing 

pathway identified in Chapter 3 is perturbed following infection.   

In this study the virulent RH strain of T. gondii has been used. This strain does not 

have the capacity to form cysts and establish long-term infections in its host (Asgari et al., 

2013), but has traditionally been the strain of choice for functional studies of T. gondii 

(Nelson et al., 2008, Bouchut et al., 2015, Dittmar et al., 2016, Zeiner et al., 2010). Given 

that chronic infection of T. gondii is associated with host neurological diseases and 

behavioural modifications, an alternative infection model would be the cyst-forming type 

II strain of T. gondii. Indeed, most behavioural studies following T. gondii infection have 

used the Type II strains (Vyas et al., 2007b, Hari Dass and Vyas, 2014b, Evans et al., 2014) 

as Type I strains are lethal and kill off their hosts before any chronic effects can be 

observed. Therefore, further studies with Type II strains will be required to determine 

whether the effects observed in our infection model using the Type I RH strain are 

applicable in the context of long-term effects of T. gondii infection. Recently, the notion 

that T. gondii is required to form cysts to cause behavioural modifications has been 

challenged. Mice infected with an attenuated Type I strain have been found to have a 

sustained aversion towards cat’s urine in the absence of parasite cysts or ongoing brain 



 

135 

 

infection (Ingram et al., 2013). Comparison of infection with this attenuated Type I strain 

and a Type III strain capable of forming cysts in mice showed no difference in anti-T. gondii 

serum antibodies or fear disruption even though parasite loads for both strains were 

different, i.e. Type III parasites were still detected in the brain 4 months post-infection but 

the attenuated Type I strain was not (Ingram et al., 2013). This suggests the infected loss 

of innate fear in mice for their predator’s odour may be established during acute infection 

leading to permanent effects without persisting infection. Thus, the results of this thesis 

could be relevant in studying the long-term effects of T. gondii infection in both acquired 

and congenital toxoplasmosis.  

One potential mechanism through which T. gondii could mediate such long-term 

host effects without the need for chronic infection could be through secretion of its 

proteins into the host cell leading to the disruption or alteration of epigenetic marks on 

the host genome. Thus, by further characterising the T. gondii secreted effectors with 

putative epigenetic function detailed in Chapter 2, we anticipate that it will provide a 

starting point to understanding if and how the parasite modulates the host epigenome 

and will potentially identify candidate parasite proteins that could be targeted for drug 

repurposing and/or the development of novel therapies provided they are non-

homologous to human proteins.  

The specific interactions between host and pathogen leading to altered epigenetic 

patterns is an emerging field of interest in studying how microbes could influence their 

environment. The host-pathogen interactions observed in our study of T. gondii, including 

effects on the host epigenome (reviewed, Syn et al. (2016) ; see Appendix A) are also seen 

in other congenital bacterial and viral infections that can cross the placental barrier, such 
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as Listeria monocytogenes (Lecuit et al., 2004) and human cytomegalovirus (HCMV) 

(Maidji et al., 2006).  L. monocytogenes is a gram-positive bacterium and the most 

common cause of neonatal meningitis following vertical transmission (Lamont et al., 

2011). Upon invasion into the host cell, L. monocytogenes secretes listeriolysin O (LLO) 

which causes dephosphorylation of histone H3 and deacetylation of histone H4 in its host 

cell (Hamon et al., 2007). In addition, it secretes a nuclear targeted protein A (LntA) which 

directly binds to host Bromo Adjacent Homology Domain Containing 1 (BAHD1), a 

chromatin repressor, inhibiting IFN-γ stimulation (Lebreton et al., 2011). L. 

monocytogenes infection has also been observed to induce host mitochondrial 

fragmentation (Stavru et al., 2011). Although the association of L. monocytogenes to any 

neurodegenerative or psychiatric disorders has not been characterised, the antipsychotic 

drug pimozide, used to treat schizophrenia, has been shown to inhibit L. monocytogenes 

infection (Lieberman and Higgins, 2009).  

Following trans-placental transmission of HCMV, infected neonates can present 

with neurological symptoms such as microcephaly (Swanson and Schleiss, 2013). During 

infection, the HCMV immediate-early (IE) protein 1 interacts directly with host histone 

deacetylase 3 (HDAC3) inhibiting acetylation of histone H4 (Nevels et al., 2004). Mirroring 

our observations in T. gondii infected cells, HCMV infection causes the host mitochondrial 

network to disperse and fragment after 24 hours of infection (McCormick et al., 2003). In 

addition, HCMV causes increased host glycolysis but, unlike our observations of down-

regulation OXPHOS in T. gondii infected cells, HCMV up-regulates its host mitochondrial 

biogenesis and respiration (Karniely et al., 2016). This may reflect the different 

mechanisms through which T. gondii and CMV influence the host mitochondria. HCMV 

infections have also been associated with increased risk of Alzheimer’s disease (Westman 
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et al., 2014) and schizophrenia (Houenou et al., 2014). The similarities between congenital 

toxoplasmosis, congenital listeriosis and congenital CMV infection are striking and the 

pathways we have identified in this thesis may be relevant in understanding the 

pathogenesis of these other congenital infections.  This would include other members of 

the ‘TORCH’ (T. gondii, other, rubella virus, CMV and herpes simplex virus) group of 

congenital pathogens, as well as Zika virus which has been associated with the recent 

epidemic in Brazil causing irreversible neurological manifestations such as ascending 

paralysis (Guillain-Barre syndrome) (Brasil et al., 2016), microcephaly (Alvarado and 

Schwartz, 2017), and ocular disease (Coyne and Lazear, 2016, de Paula Freitas et al., 2016). 

As L. monocytogenes and HCMV both show evidence of pathogen-derived effectors 

interacting directly with host epigenetic machinery, it would be interesting to interrogate 

the full proteome of both microbes and identify the microbial proteins capable of 

influencing the host epigenome with the in-silico pipeline we have designed (Chapter 2), 

as indeed would likely be of value in relation to all of these congenitally acquired 

pathogens.  This might lead to identification of some important common mechanisms 

involved in developmental anomalies arising during embryogenesis.  

Overall, our study has identified several interesting pathways modulated after T. 

gondii infection that could represent novel targets for therapeutic intervention, either 

through drug repurposing and/or drug discovery. As always, there is the conundrum of 

deciphering whether the host pathways modulated following infection are pro-host (i.e. 

induced by the host as a general response to an infection) or pro-parasite (i.e. induced by 

the pathogen to create a replicative niche for itself). Whilst it is tempting to only focus on 

pathways favouring parasite survival as the targets for therapeutic interventions to reduce 

the clinical signs of toxoplasmosis, pro-host pathways could also influence development 
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of disease and its progression. For example, we have identified the enrichment of 

differentially expressed genes involved in amyloid processing in both T. gondii infected 

WERI (Chapter 3) and HFF cells (Chapter 5). Whilst the amyloid beta peptide has been 

shown to have a pro-host function through its protective effect against microbes by 

entrapping pathogens through peptide fibrillisation (Kumar et al., 2016), increased 

amyloid beta fibrillisation is often a hallmark pathology of the neurodegenerative 

Alzheimer’s disease (O'Brien and Wong, 2011). Therefore, both pro-host and pro-parasite 

pathways must be considered when designing treatment options for toxoplasmosis.  

The estimated cost for treating ocular, gestational and congenital toxoplasmosis 

in the United States and Brazil exceeds USD$5 billion per annum (McPhillie et al., 2016). 

Current treatments against the active tachyzoite form of T. gondii have damaging side 

effects and are not effective against the latent cyst form of the parasite. Thus, new 

treatment options must be explored. Drug re-purposing is a cost-effective and time-saving 

strategy to use known commercially available drugs to treat alternative diseases and has 

been explored in the treatment of T. gondii. Five anti-schizophrenic drugs (haloperidol, 

clozapine, fluphenazine, trifluoperazine, and thioridazine) have been tested against T. 

gondii grown in HFF cells with three of them inhibiting T. gondii growth in-vitro (Goodwin 

et al., 2011). Anti-breast cancer drug tamoxifen and another anti-schizophrenic drug 

pimozide, which also inhibits L. monocytogenes replication as mentioned above, are both 

effective in inhibiting T. gondii growth (Dittmar et al., 2016). As current treatment 

strategies for T. gondii mainly target the parasite itself, we propose that targeting the host 

cell state following infection might be an alternative method to limit parasite replication 

or treat the clinical signs of toxoplasmosis. In conclusion, this thesis has provided new host 
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pathways as therapeutic targets and repurposing of drugs acting on these pathways may 

provide alternative treatment options for acquired and congenital toxoplasmosis.  

 

Future Works 
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Appendix B – Supplementary information for Chapter 2 

The supplementary methods in Chapter 2 are presented in full within this Appendix, 

however Supplementary Tables 2.1-3 are provided within the manuscript in a format not 

presentable within the thesis. I refer the reader to refer to the following URL 

(https://telethonkids-

my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestac

cess.aspx?guestaccesstoken=IifLBAkkx6f5%2f2UBBQ7StfD4keTY2D9MLBbJCYxYFmI%3d

&folderid=2_1696d3c8d91bb48729c7e3bff644e8b80&rev=1) to retrieve these 

documents  and their captions are as follows: 

 

Supplementary Table 2.1. GOLink terms lists used in the assessment of epigenetic 

function. Each tab contains the terms provided by GOLink pertaining to either the query 

term "regulation of gene expression, epigenetic (GO:0040029)" or "histone modification 

(GO:0016570)". The definition of each column header in the respective tabs is provided 

in a separate tab in the document. 

 

Supplementary Table 2.2. Raw and filtered results of in-silico pipeline. The raw and 

filtered results when the T. gondii proteome is run through the in-silico pipeline. The 

"Raw Results" tab contains the raw results from each tool in the pipeline and the 

"Filtered Results" tab contains the post processed and summarised data passing any 

applied thresholds. The definition of each column header in the respective tabs is 

provided in a separate tab in the document. 

 

https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=IifLBAkkx6f5%2f2UBBQ7StfD4keTY2D9MLBbJCYxYFmI%3d&folderid=2_1696d3c8d91bb48729c7e3bff644e8b80&rev=1
https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=IifLBAkkx6f5%2f2UBBQ7StfD4keTY2D9MLBbJCYxYFmI%3d&folderid=2_1696d3c8d91bb48729c7e3bff644e8b80&rev=1
https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=IifLBAkkx6f5%2f2UBBQ7StfD4keTY2D9MLBbJCYxYFmI%3d&folderid=2_1696d3c8d91bb48729c7e3bff644e8b80&rev=1
https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=IifLBAkkx6f5%2f2UBBQ7StfD4keTY2D9MLBbJCYxYFmI%3d&folderid=2_1696d3c8d91bb48729c7e3bff644e8b80&rev=1


 

210 

 

Supplementary Table 2.3. Epigenetic candidates. The 611 T. gondii candidate proteins 

deemed most likely to localise to the nucleus and influence the epigenome in either the 

host or endogenously. 

 

Supplementary Methods – Further details on the bioinformatics tools used in the in-

silico pipeline 

ToxoDB (Gajria et al., 2007) is the primary genome resource for T. gondii 

containing both genomic and functional data. It incorporates sequence and annotation 

from GenBank for the three clonal lineages of T. gondii: GT1 (Type I), ME49 (Type II) and 

VEG (Type III)(Gajria et al., 2007). Using ToxoDB (Version 8.0), we extracted the protein 

sequences of the entire T. gondii proteome. This was done by first selecting “Gene type” 

under the heading “Gene Attributes”. The search parameters were then defined as 

Organism = “Toxoplasma gondii ME49” and Gene type = “protein coding” All proteins was 

then downloaded in FASTA format after selecting “Download 8313 Genes”. In addition, 

the list of Gene Ontology (GO) terms associated with all T. gondii proteins was generated 

in ToxoDB.  Under the formatting option “Text: choose from columns and tables”, GO 

terms manually annotated by other users or predicted using the InterPro database 

(version 39.0) were selected for download in summary text files.  

We also created an initial list of parasite secreted proteins by searching through 

“Mass Spec. Evidence” under the heading “Protein Expression” and exporting data from 

“Tachyzoite Secretome (RH)” (Zhou et al., 2005b). This generated a list of proteins from 

the RH strain of T. gondii experimentally shown to be secreted from the parasite using a 

variety of methods. Notably this list contained very few dense granule and no rhoptry 
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proteins. This is most likely due to the fact that 1% ethanol was used to stimulate parasite 

secretion. Ethanol is known to increase Ca2+ levels (Carruthers et al., 1999), which in turn 

stimulates microneme secretion but does not have much effect on rhoptries or dense 

granules (Carruthers et al., 1999). In view of this, the protein list was extended through a 

search of ToxoDB using keywords such as “Rhoptry”, “Dense Granules” and “Microneme” 

to find additional proteins of the secretory organelles. All data were exported in FASTA 

format and summary text files. 

Firstly PredictNLS (version 1.3) combined with AccPro was used to identify 

proteins containing an exposed putative NLS. NLS motifs are identified by pattern 

matching against a predefined set of NLS regular expressions (RE). These expressions are 

based on a set of 91 experimentally validated NLS sequences that have been expanded 

through in-silico mutagenesis to create a reference set of 214 potential NLS REs that 

match 43% of all known nuclear proteins but no non-nuclear proteins (Cokol et al., 2000). 

Whilst the exact location of an NLS motif within the amino acid sequence can be variable 

(Dingwall and Laskey, 1991) it must be surface exposed for it to be recognised by the 

nuclear transport machinery and thus be functional. This property can be assessed by 

looking at the solvent accessibility (SA) of all protein sequences deemed to contain one or 

more NLS motif using ACCpro (version 4.1), part of the SCRATCH protein structure 

prediction server (Pollastri et al., 2002, Cheng et al., 2005). It applies a neural network 

trained on PSI-BLAST profiles of proteins from the Protein Data Bank (PDB) to accurately 

(77% at the 25% exposure threshold) predict a binary (exposed/buried) state category of 

solvent accessibility for each amino acid in a given protein sequence. ACCpro was run with 

default parameters, using BLAST data from NCBI's nr database dated June 2012. The Perl 

script we provide (http://bioinformatics.childhealthresearch.org.au/software/nuc_loc/) 



 

212 

 

is able to parallelise the analysis process and specifically assess the exposed/buried state 

of each residue in the NLS motif. In the ACCpro output, each amino acid residue is 

classified as either “e”, which predicts it is exposed, or “b”, which predicts that it is buried. 

The overall percentage of exposed residues for each NLS motif was then calculated 

separately using this data. For bipartite NLS sequences (identified by a linker sequence of 

10 or more amino acids), the SA status of the linker sequence amino acids was excluded 

from the calculation. NLS motifs with an exposure level of greater than 70% were deemed 

"exposed".  

It is also known that some proteins, whilst not themselves containing a NLS, can 

gain access to the nucleus when bound to a protein that does contain a functional NLS 

(Tinland et al., 1992). Proteins may also contain novel NLSs. To capture proteins such as 

these we also used NucPred (version 1.1), a tool which predicts whether or not proteins 

spend time in the nucleus (Brameier et al., 2007). It applies a machine learning approach 

(genetic programming) using 100 sequence based predictors, comprising multiple REs 

derived from UniProt proteins whose nuclear localisation status is known. Query 

sequences are matched against each predictor's REs to determine if the sequence has a 

propensity to be nuclear or not. The proportion of predictors reporting a nuclear 

localisation forms the NucPred score. NucPred was used with default parameters and 

proteins having a NucPred score of ≥0.7 were selected as having spent some time in the 

nucleus. This NucPred score is reported to offer a specificity value of 0.81 and a sensitivity 

value of 0.44 in a prediction of a protein's nuclear localisation potential 

(http://www.sbc.su.se/~maccallr/nucpred/; (Brameier et al., 2007)). The NucPred score is 

reported to offer a specificity value of 0.81 and a sensitivity value of 0.44 in a prediction 

of a protein's nuclear localisation potential. Unlike PredictNLS, NucPred is not constrained 
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to known NLS motifs giving it the potential to identify proteins that may contain novel 

NLSs. 

InterProScan (Zdobnov and Apweiler, 2001) allows users to query protein 

sequences against the InterPro database, (Hunter et al., 2012) a resource created to 

integrate multiple protein sequence classification databases. InterProScan predicts 

structural motifs and domains as provided by each integrated InterPro database, along 

with any available GO terms (Ashburner et al., 2000). The GO is a controlled vocabulary of 

terms designed to be used as annotation for genes and gene products. It is split into three 

sub-ontologies; "Cellular Component", "Molecular Function" and "Biological Process". By 

design there is no standard method to link between the sub-ontologies, although some 

techniques have been proposed (Mungall, 2004, Bada and Hunter, 2007, Mei et al., 2011, 

Chi and Nam, 2012). To allow inference of epigenetic function from GO terms across all 

sub-ontologies we used GOLink (Francis, 2013). This tool takes a parent GO term (such as 

GO:0005634 for nucleus) and extracts any gene annotated with that parent term or any 

of its child terms from the GO database (Ashburner et al., 2000). Next GOLink assesses 

each extracted gene's annotated GO terms, which are assigned to any of three separate, 

increasingly stringent, GOLink “terms lists” so long as the gene’s annotation fulfils the list’s 

specific criteria. Overall each list contains “co-occurring” terms from all GO sub-ontologies 

that fit the list criterion and can subsequently be confidently associated with the initial 

query term. We used GOLink to compile terms lists of “Cellular Component”, “Molecular 

Function” and “Biological Process” terms linked to the “Biological Process” query terms 

"regulation of gene expression, epigenetic'' (GO:0040029) and "histone modification" 

(GO:0016570). It should be noted that the latter is not a child term of the former or vice 

versa. The generated terms were not restricted to any particular source database but 



 

214 

 

were subject to filtering for terms annotated with the Inferred from Electronic Annotation 

(IEA) evidence code.  

InterProScan (version 5) was used to search all submitted proteins for functional 

domains. Each protein’s predicted domain-associated GO terms combined with any 

additional ToxoDB GO annotation were matched against the top 5% of terms from each 

of the GOLink “all list” terms lists to determine those proteins predicted to have an 

epigenetic function. Terms in the 95th percentile of the “terms list’ were used as they 

represent those terms most confidently associated with the initial query terms. As 

recommended in the GOLink article, we removed the generic term "Protein binding" to 

reduce false positives prior to filtering. A full list of the GO terms included in this search 

can be found at Supplementary Table S1. 

SignalP (version 4.1) was used to assess whether or not submitted T. gondii 

proteins were likely to possess an N-terminal signal peptide (SP) and be secreted from the 

parasite via the classical secretory pathway. SignalP uses two neural networks trained on 

high quality positive and negative datasets that are designed to distinguish between a true 

signal peptide and N-terminal transmembrane domains. This is achieved by assigning a 

score to each amino acid based on the likelihood that it belongs to either the SP (s-score) 

or to the mature protein (c-score). The y-score is then derived from the s-score and c-

score to predict where the SP is cleaved and finally the d-score is derived from the y-score 

and s-score and used to better distinguish the presence of an SP and its cleavage site.  We 

used the Eukaryote organism groups for our predictions and default D-cutoff values of 

0.45 for the SignalP-noTM networks and 0.50 for SignalP-TM networks. Any proteins with 

a D-score exceeding the relevant cut-off were deemed as having a signal peptide and were 

included in the putative parasite secretome. 
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SecreteomeP was also used as a small number of proteins, such as fibroblast 

growth factor 2 (Nickel, 2011) and Interleukin-1 (Rubartelli et al., 1990), are known to be 

secreted without a classical N-terminal signal peptide. In view of this we also used 

SecreteomeP (version 2.0) to predict whether any submitted T. gondii proteins were likely 

to be secreted in such a similar leaderless manner or via a non-classical secretory pathway 

(Bendtsen et al., 2004). SecretomeP predictions are based upon a neural network that 

was trained on positive data comprising known classically secreted protein sequences 

with their SP removed and a negative dataset containing proteins known to only localise 

to the cytoplasm or the nucleus. From these datasets a number of sequence-derived 

features were revealed to correlate with localisation such as number of atoms and 

number of positively charged residues. For each submitted query sequence these features 

are calculated and a score (NN-score) assigned indicating the likelihood the protein is 

secreted or not. NN-scores above 0.5 indicate possible secretion.  This tool is designed to 

be used in conjunction with SignalP in that any protein predicted by SecretomeP to be 

secreted that also has an SP as predicted by SignalP is likely to be classically secreted. In 

the absence of an SP a prediction of secretion by SecretomeP suggests a potentially non-

classical mechanism. Input sequences were split into groups of 100 sequences and 

manually submitted to the SecretomeP2 web server, selecting the mammalian prediction 

model. An in-house Perl script was used to merge the data with the main dataset. Those 

with an NN-score above 0.9 were considered as being secreted and these proteins were 

also included in the putative parasite secretome. 
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Method automation and analysis 

We have created user friendly Perl scripts to automate and manage the results 

from an analysis using the methods outlined here. The first (nuc_loc.pl) takes in FASTA 

formatted protein sequences and sequentially runs each through all tools mentioned 

above, with the exception of ACCpro which is only run on proteins containing an NLS, 

outputting an integrated results file. A post processing script (nuc_loc_post.pl) then 

parses this file, applies user defined filters for GO terms, NLS exposure levels and NucPred 

scores and outputs a summary file denoting which proteins pass the applied filters. These 

scripts are freely available on our website 

(http://bioinformatics.childhealthresearch.org.au/software/nuc_loc/). The entire T. 

gondii proteome was run through the code outlined above. To create the final dataset for 

filtering we manually integrated the results from the SecretomeP analysis, the ToxoDB GO 

terms and the extended experimental list of potential secreted proteins detailed above.  

The signal peptide (SignalP) and InterproScan predictions in this study could have 

been exported directly from ToxoDB, and indeed our predictions mirror those of this 

database as expected. However, these tools are key components in the pipeline we 

provide and their inclusion enables its use for the investigation of proteins from organisms 

that are not as well characterised as T. gondii and that do not have these exceptional 

resources available. 

 

Filtering strategy 

Figure 1 outlines the steps involved in filtering our dataset to reveal the proteins 

most likely to target the host cell nucleus and have a role in the manipulation of the host 

cell epigenome. In step 1, we wanted to identify those proteins that are most likely to 
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target to a eukaryotic cell nucleus by using either NucPred or PredictNLS to predict nuclear 

localisation. Used in concert improves the sensitivity and specificity over using these tools 

alone (Brameier et al., 2007). Step 2 narrows down the list of nuclear localised proteins to 

a list of epigenetic modifiers where any of their predicted InterPro domain GO terms or 

other annotated GO terms matched any GO terms in either of the GOLink terms lists. In 

Step 3, we filtered the list to comprise all proteins computationally predicted as being 

secreted as well as all those from secretory organelles or experimentally confirmed as 

being secreted. These proteins are suggestive of a role in the host epigenome while the 

rest not either predicted or experimentally shown as being secreted were deemed to have 

an endogenous role.  
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Appendix C – Supplementary information for Chapter 3 

 

Supplementary Tables 3.1-5 are provided within the manuscript in a format not 

presentable within the thesis. I refer the reader to refer to the following URL 

(https://telethonkids-

my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestac

cess.aspx?guestaccesstoken=PUs0vCHk4BgNrIA17ExShrBLPpxjvm8ziTiZw0wgRy0%3d&fo

lderid=2_17f71700faf6b4cb6bba5a682d26fe061&rev=1) to retrieve these documents  

and their captions are as follows: 

 

 Supplementary Table 3.1. List of differentially methylated probes across all time-points. 

Three sheets containing information on the differentially methylated probes observed at 

each time-point. The definition of each column header is provided in a separate sheet in 

the document.  

 

Supplementary Table 3.2. List of differentially methylated probes that overlap between 

the various time-points. Four sheets containing probe IDs, beta values and p-values of 

the differentially methylated genes which overlap between 2 and 6 hours, 6 and 24 hours, 

2 and 24 hours and all three time-points.  

 

Supplementary Table 3.3. List of differentially expressed genes across all time-points. 

Three sheets containing information of the differentially expressed genes for each time-

point. The definition of each column header in the respective tabs is provided in a 

separate tab in the document.  

https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=PUs0vCHk4BgNrIA17ExShrBLPpxjvm8ziTiZw0wgRy0%3d&folderid=2_17f71700faf6b4cb6bba5a682d26fe061&rev=1
https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=PUs0vCHk4BgNrIA17ExShrBLPpxjvm8ziTiZw0wgRy0%3d&folderid=2_17f71700faf6b4cb6bba5a682d26fe061&rev=1
https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=PUs0vCHk4BgNrIA17ExShrBLPpxjvm8ziTiZw0wgRy0%3d&folderid=2_17f71700faf6b4cb6bba5a682d26fe061&rev=1
https://telethonkids-my.sharepoint.com/personal/genevieve_syn_telethonkids_org_au/_layouts/15/guestaccess.aspx?guestaccesstoken=PUs0vCHk4BgNrIA17ExShrBLPpxjvm8ziTiZw0wgRy0%3d&folderid=2_17f71700faf6b4cb6bba5a682d26fe061&rev=1
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Supplementary Table 3.4. List of differentially expressed genes which overlap between 

the various time-points. Four sheets containing probe IDs, log fold change and p-values 

of the differentially expressed genes which overlap between 2 and 6 hours, 6 and 24 

hours, 2 and 24 hours and all three-points.  

 

Supplementary Table 3.5. List of genes that have concordant methylation and 

expression values. Three sheets listing the concordant genes and their respective 

methylation and expression values and p-values. 
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Appendix D – Supplementary information for Chapter 4 

Supplementary Table 4.1. List of genes that are differentially expressed at each time-

point. Genes that have an adjusted p-value < 0.05 and a fold change > 1.5 are deemed to 

be differentially expressed. Genes highlighted in bold play a role in inter-related pathways 

oxidative phosphorylation and mitochondrial dysfunction. 

2 hours post-infection 

Probe ID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

3420259 1.111916 3.16E-08 8.25E-04 MIR21 81671 

3520333 -1.25693 1.47E-07 1.92E-03 KRT18 3875 

1980440 -1.11101 7.81E-07 6.80E-03 AY227114 NA 

6590563 1.18259 2.29E-06 0.015 LOC100129138 1E+08 

7510619 -0.63484 4.62E-06 0.020 C11orf87 399947 

2640672 -0.71856 3.97E-06 0.020 DQ594366 548321 

7320341 0.901913 5.95E-06 0.021 MIR125B1 NA 

2470768 0.739608 6.32E-06 0.021 ZNF135 7694 

1940193 0.885604 9.70E-06 0.023 KCNK12 56660 

6760521 0.843774 7.95E-06 0.023 LOC728448 728448 

2690630 0.976443 9.03E-06 0.023 MIRLET7D NA 

4280671 -0.81963 1.21E-05 0.026 LAMTOR3 8649 

240735 -0.70861 1.46E-05 0.028 C20orf56 NA 

540377 0.807248 1.88E-05 0.033 CXCL5 6374 

3450747 0.690969 2.21E-05 0.033 DHRS11 79154 

5670437 0.794401 2.30E-05 0.033 GPR183 1880 

6620465 -1.07009 2.19E-05 0.033 RECQL5 9400 

2320170 0.616682 2.46E-05 0.034 CDC45 8318 

7330523 -0.67631 2.89E-05 0.038 C5orf39 389289 

150474 -0.63167 3.19E-05 0.038 CA12 771 

730592 0.595702 3.23E-05 0.038 SCIN 85477 

5810192 0.672417 3.92E-05 0.045 C4orf29 80167 

1570010 -0.60842 4.29E-05 0.046 C3orf37 56941 

3440424 -0.6291 4.37E-05 0.046 FAM72A 729533 

1410022 1.201821 4.93E-05 0.047 AK055145 NA 

1110300 0.6016 5.05E-05 0.047 TMEM154 201799 

4760286 -0.72521 4.98E-05 0.047 VN1R2 317701 

1050091 -0.80293 5.32E-05 0.048 SOX5 6660 

520543 0.748835 5.93E-05 0.050 RFX8 731220 

4890224 -0.77533 5.87E-05 0.050 SLC35A2 7355 
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6 hours post-infection 

ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

5390138 -1.465 5.34E-13 1.39E-08 COX7A1 1346 

3890349 -1.228 9.49E-11 1.24E-06 HIST1H4C 8364 

6270768 -1.034 5.81E-10 5.06E-06 PLAC9 219348 

70121 -1.42 4.27E-09 2.79E-05 LOC645638 645638 

1170300 -1.326 2.88E-08 1.50E-04 MT1G 4495 

2070288 -1.444 4.69E-08 1.63E-04 MT1E 4493 

4590615 -1.1 4.34E-08 1.63E-04 C7orf59 389541 

6110605 -1.044 5.02E-08 1.63E-04 KRTCAP2 200185 

6290168 -1.004 5.61E-08 1.63E-04 C10orf116 10974 

4290189 -0.833 1.88E-07 4.09E-04 NUPR1 26471 

940427 -0.783 1.83E-07 4.09E-04 ISLR 3671 

50240 -1.699 1.91E-06 0.001 NDUFA3 4696 

4560246 -1.566 3.87E-07 0.001 ATP5I 521 

620538 -1.552 9.69E-07 0.001 ROMO1 140823 

2260309 -1.438 1.89E-06 0.001 RPPH1 85495 

1010347 -1.289 1.14E-06 0.001 POLR2I 5438 

5560131 -1.276 1.93E-06 0.001 ATOX1 475 

4180431 -1.271 7.74E-07 0.001 NCRNA00116 205251 

3190672 1.219 9.47E-07 0.001 EID3 493861 

630445 -1.15 1.56E-06 0.001 C11orf10 746 

60594 1.131 1.64E-06 0.001 DNAJB14 79982 

1780008 1.011 6.06E-07 0.001 SNORA28 677811 

2230703 -0.982 3.43E-07 0.001 HHLA3 11147 

5720520 -0.978 3.39E-07 0.001 U87HG 641638 

3850500 -0.957 1.59E-06 0.001 FXYD1 5348 

5550377 -0.911 4.44E-07 0.001 NDUFB11 54539 

3130075 -0.854 1.00E-06 0.001 NCRNA00152 112597 

4230706 -0.82 1.64E-06 0.001 CALB2 794 

830739 -0.729 1.58E-06 0.001 RPP21 79897 

3890095 -0.715 6.91E-07 0.001 SOD3 6649 

4890133 0.688 8.78E-07 0.001 NUFIP2 57532 

4260368 -0.67 1.06E-06 0.001 UBE2C 11065 

10551 -1.774 2.10E-06 0.002 C14orf102 55051 

540240 -1.731 4.05E-06 0.002 C3orf78 440957 

5260360 -1.719 2.25E-06 0.002 LOC100131801 1E+08 

6940561 -1.441 5.24E-06 0.002 IFI27L2 83982 

2850520 -1.405 3.71E-06 0.002 DPM3 54344 

6280167 -1.18 5.34E-06 0.002 C4orf48 401115 

4760112 -1.145 5.05E-06 0.002 ATP5J2 9551 

630735 -1.082 4.48E-06 0.002 COX17 10063 

650301 -1.01 3.61E-06 0.002 SNRPF 6636 

6250646 -0.959 3.53E-06 0.002 SLC27A5 10998 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

3990170 -0.904 2.82E-06 0.002 IFI27 3429 

5130670 -0.903 4.71E-06 0.002 MED31 51003 

1110709 0.854 5.75E-06 0.002 COPS8 10920 

5130497 -0.84 5.20E-06 0.002 S100A13 6284 

5670228 0.823 4.05E-06 0.002 FN1 2335 

1300392 -0.821 4.52E-06 0.002 FAM83H 286077 

20021 -0.75 5.84E-06 0.002 RPS15 6209 

70167 -0.746 4.07E-06 0.002 LY96 23643 

4490671 -0.71 2.42E-06 0.002 MIF 4282 

1980470 0.691 5.55E-06 0.002 METTL6 131965 

7160274 0.6 3.20E-06 0.002 TXNDC12 51060 

6370468 -1.371 6.51E-06 0.003 BOLA2B 654483 

2340521 -1.241 8.35E-06 0.003 C17orf61 254863 

6110487 -1.134 1.03E-05 0.003 PACSIN3 29763 

580204 -1.075 8.33E-06 0.003 ZDHHC12 84885 

4730743 -0.926 8.26E-06 0.003 TCEB2 6923 

5820538 0.909 9.89E-06 0.003 POU5F1 5460 

7100280 -0.788 1.02E-05 0.003 C11orf48 79081 

7200575 0.78 9.29E-06 0.003 ATF1 466 

7000333 -0.763 6.50E-06 0.003 ASB6 140459 

5960605 -0.74 7.26E-06 0.003 TMEM130 222865 

6660735 0.685 1.03E-05 0.003 MAP2 4133 

4860692 -0.926 1.55E-05 0.004 SHFM1 7979 

6270711 0.905 1.47E-05 0.004 ANKRD36 375248 

5560594 -0.89 1.50E-05 0.004 TXNDC17 84817 

2140369 -0.889 1.18E-05 0.004 NDUFA11 126328 

2060612 -0.867 1.11E-05 0.004 MRPL27 51264 

460079 -0.848 1.54E-05 0.004 TSPAN11 441631 

1500113 -0.789 1.20E-05 0.004 SST 6750 

6520692 -0.773 1.10E-05 0.004 C6orf125 84300 

2760673 -0.702 1.21E-05 0.004 NHP2 55651 

1440398 -0.61 1.21E-05 0.004 RPL13AP6 23521 

3140162 -0.602 1.31E-05 0.004 PPP6R1 22870 

6900392 -1.035 2.27E-05 0.005 CHCHD5 84269 

5130142 -1.003 2.02E-05 0.005 OST4 1E+08 

3180619 -0.997 1.70E-05 0.005 
SERF2-
C15ORF63 25764 

1170056 -0.937 2.01E-05 0.005 CNPPD1 27013 

4880129 -0.923 2.20E-05 0.005 TOMM7 54543 

4200402 0.892 1.76E-05 0.005 ZBTB8A 653121 

3420730 -0.852 2.13E-05 0.005 PDDC1 347862 

5550600 -0.79 1.59E-05 0.005 CIC 23152 

4150687 -0.788 2.39E-05 0.005 NDUFB2 4708 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

1770551 0.782 1.86E-05 0.005 ADNP 23394 

4220278 0.75 2.15E-05 0.005 TROVE2 6738 

4010010 0.744 2.19E-05 0.005 CCDC46 201134 

3420253 -0.717 2.01E-05 0.005 CSTF3 1479 

2340326 -0.714 1.64E-05 0.005 RPL35 11224 

1430487 -0.685 2.03E-05 0.005 MGP 4256 

6480754 -0.682 1.93E-05 0.005 FAM195B 348262 

1240639 -0.649 2.25E-05 0.005 TMEM214 54867 

50402 -0.628 1.63E-05 0.005 ENO2 2026 

2650564 -0.609 2.29E-05 0.005 RARRES3 5920 

6620528 -1.282 3.09E-05 0.006 MT1X 4501 

7050189 -1.259 3.32E-05 0.006 PRPF19 27339 

160102 -1.19 3.46E-05 0.006 LOC730098 730098 

3710725 -1.187 3.71E-05 0.006 ATP5E 514 

5720102 -1.151 3.35E-05 0.006 C7orf55 154791 

1770102 -1.03 3.18E-05 0.006 NDUFB3 4709 

1570544 0.986 2.63E-05 0.006 SIM1 6492 

6420541 -0.972 3.07E-05 0.006 UBL5 59286 

1010068 -0.959 2.90E-05 0.006 FKBP2 2286 

1240482 -0.941 3.40E-05 0.006 LAGE3 8270 

3440338 -0.941 2.61E-05 0.006 RNF181 51255 

7210484 -0.92 2.55E-05 0.006 C6orf108 10591 

5290025 -0.906 3.47E-05 0.006 C14orf156 81892 

630600 0.889 2.68E-05 0.006 MDM2 4193 

270397 -0.836 3.20E-05 0.006 SNRPG 6637 

2750309 -0.822 3.30E-05 0.006 MRPL53 116540 

3130291 -0.82 2.97E-05 0.006 C12orf57 113246 

5340059 0.816 2.70E-05 0.006 LRRC58 116064 

6100379 0.78 3.24E-05 0.006 NAIP 4671 

4890195 0.76 2.81E-05 0.006 COPS2 9318 

4730360 0.756 3.57E-05 0.006 PLA2G4A 5321 

2100196 -0.722 3.10E-05 0.006 ISG15 9636 

3060326 -0.701 3.04E-05 0.006 CREB3L1 90993 

4900220 0.682 2.61E-05 0.006 TRAM1L1 133022 

6350189 -0.672 3.40E-05 0.006 NCRNA00152 541471 

4070180 -0.658 3.45E-05 0.006 PRRT3 285368 

430196 -0.633 3.53E-05 0.006 MRPL14 64928 

5290220 -1.739 3.86E-05 0.007 RPS29 6235 

1170047 -1.136 4.54E-05 0.007 CRIP1 1396 

7040692 -1.012 4.14E-05 0.007 LOC100507547 80863 

6620360 -1.011 4.05E-05 0.007 C12orf62 84987 

4230328 0.942 3.93E-05 0.007 CALD1 800 

4490259 -0.929 4.08E-05 0.007 COX8A 1351 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

1050619 -0.848 4.76E-05 0.007 NPM3 10360 

7050328 -0.834 3.94E-05 0.007 SEMA4C 54910 

2970170 0.805 4.65E-05 0.007 MME 4311 

1090739 0.765 3.94E-05 0.007 LIMS1 3987 

4880671 0.617 4.54E-05 0.007 STAMBP 10617 

5310048 1.021 5.33E-05 0.008 SF3B1 23451 

4230286 -0.866 5.63E-05 0.008 ZSWIM1 90204 

7570475 -0.851 5.13E-05 0.008 COX7C 1350 

1440100 0.775 5.09E-05 0.008 MBD2 8932 

4210041 -0.772 5.00E-05 0.008 UQCRQ 27089 

1820543 -0.72 5.48E-05 0.008 ZNF428 126299 

150288 -0.599 5.11E-05 0.008 UBA1 7317 

6480184 -1.129 6.40E-05 0.009 LSMD1 84316 

6290296 -0.912 6.56E-05 0.009 NDUFB7 4713 

1110575 -0.897 6.04E-05 0.009 NDUFC1 4717 

3390093 -0.892 7.07E-05 0.009 BOLA3 388962 

1340400 -0.85 6.86E-05 0.009 C6orf129 154467 

5570110 -0.842 6.44E-05 0.009 TRIOBP 11078 

6590270 0.833 7.00E-05 0.009 CNOT7 29883 

4760288 -0.805 6.14E-05 0.009 ANAPC11 51529 

2490452 -0.781 6.60E-05 0.009 GAA 2548 

240136 0.745 6.28E-05 0.009 PHF20L1 51105 

5340341 0.71 5.90E-05 0.009 PPIG 9360 

6100056 -0.598 6.21E-05 0.009 HSD17B10 3028 

5390603 -1.414 8.14E-05 0.01 UPF2 26019 

2690338 -1.269 7.81E-05 0.01 RPS21 6227 

2060541 -1.211 7.16E-05 0.01 hCG_20425 148413 

2100411 -0.953 8.10E-05 0.01 CDK2AP2 10263 

70661 -0.918 8.11E-05 0.01 CCDC72 51372 

6840189 -0.896 8.19E-05 0.01 NDUFA2 4695 

7000703 -0.817 7.91E-05 0.01 POLR3K 51728 

2690348 0.806 7.64E-05 0.01 WTAP 9589 

540491 -0.766 7.40E-05 0.01 COX7A2 1347 

6270095 -0.723 7.56E-05 0.01 BRI3 25798 

1710192 0.72 7.66E-05 0.01 HNRNPA1 3178 

2360593 -0.707 7.46E-05 0.01 DDT 1652 

2690088 -0.697 8.05E-05 0.01 SGCA 6442 

670301 0.692 7.98E-05 0.01 RGPD8 727851 

6770025 -0.689 8.71E-05 0.01 FAU 2197 

1230605 -0.681 7.21E-05 0.01 CCL13 6357 

3830671 -0.675 8.70E-05 0.01 MRPS21 54460 

20706 0.663 8.15E-05 0.01 PDCD10 11235 

2230379 0.656 8.20E-05 0.01 NAMPT 10135 



 

225 

 

ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

5670296 -0.65 8.05E-05 0.01 UBTF 7343 

1500681 0.639 8.19E-05 0.01 LRRCC1 85444 

4570735 0.609 7.94E-05 0.01 TMTC1 83857 

290370 -1.381 1.03E-04 0.011 RPS27 6232 

1740717 -1.119 9.50E-05 0.011 BOLA2 552900 

6370411 -0.84 1.03E-04 0.011 ATP5L 10632 

1570370 -0.772 9.14E-05 0.011 HINT2 84681 

6650543 0.69 9.16E-05 0.011 VHL 7428 

990543 0.687 9.16E-05 0.011 SRSF11 9295 

5390411 -0.639 9.67E-05 0.011 PHPT1 29085 

70162 -1.121 1.20E-04 0.012 TDG 6996 

3390072 -0.917 1.13E-04 0.012 NOP10 55505 

3940372 0.823 1.12E-04 0.012 CEP170 9859 

6380220 -0.811 1.04E-04 0.012 CORO7 79585 

5550673 -0.785 1.07E-04 0.012 SIVA1 10572 

2510722 -0.776 1.06E-04 0.012 CLASRP 11129 

5670315 -0.73 1.17E-04 0.012 LSM7 51690 

7100717 -0.686 1.09E-04 0.012 RPS15A 6210 

2030093 -0.673 1.05E-04 0.012 PKM2 5315 

4150458 -0.656 1.06E-04 0.012 RPA3 6119 

7650195 1.232 1.29E-04 0.013 NBPF1 55672 

650022 1.099 1.40E-04 0.013 USP33 23032 

940010 -0.929 1.28E-04 0.013 CHCHD10 400916 

5560088 0.883 1.44E-04 0.013 UBXN7 26043 

2230187 -0.876 1.34E-04 0.013 LAMTOR2 28956 

4880224 0.865 1.29E-04 0.013 LBR 3930 

7330379 -0.856 1.26E-04 0.013 PTMS 5763 

2760370 -0.852 1.36E-04 0.013 CALR 811 

7040184 -0.828 1.40E-04 0.013 CCDC34 91057 

540441 -0.793 1.43E-04 0.013 FAM176B 55194 

7610593 -0.742 1.37E-04 0.013 TRAPPC5 126003 

3870537 0.735 1.40E-04 0.013 CD302 9936 

3130451 0.72 1.28E-04 0.013 HGF 3082 

1940128 0.697 1.35E-04 0.013 NRG1 3084 

2070537 -0.669 1.38E-04 0.013 CCDC124 115098 

1990047 -0.661 1.49E-04 0.013 C9orf119 375757 

6370500 -0.644 1.34E-04 0.013 AGRN 375790 

5870687 -0.638 1.35E-04 0.013 ZNF629 23361 

7560328 -0.614 1.25E-04 0.013 RAVER1 125950 

2350044 0.605 1.36E-04 0.013 LIPC 3990 

5690576 -0.593 1.23E-04 0.013 TBCB 1155 

160309 -0.592 1.45E-04 0.013 TSSC4 10078 

4180132 -0.59 1.48E-04 0.013 FAM189B 10712 



 

226 

 

ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

2510079 -0.588 1.28E-04 0.013 CLPP 8192 

730709 -0.891 1.53E-04 0.014 SPRY1 10252 

4010201 0.855 1.65E-04 0.014 ORC5 5001 

290736 -0.782 1.62E-04 0.014 LRDD 55367 

4760368 0.678 1.51E-04 0.014 SNX25 83891 

50170 0.643 1.52E-04 0.014 SBDS 51119 

2470689 -0.622 1.66E-04 0.014 SPHK1 8877 

670192 0.589 1.55E-04 0.014 THOC3 84321 

6220553 -0.587 1.58E-04 0.014 ANKRD39 51239 

3850026 -0.909 1.85E-04 0.015 P53TG1 11257 

3360743 -0.881 1.82E-04 0.015 NUDT6 11162 

610154 -0.879 1.79E-04 0.015 CLDND2 125875 

2600278 -0.742 1.85E-04 0.015 C1orf54 79630 

620239 0.722 1.93E-04 0.015 RCAN1 1827 

2470128 -0.717 1.69E-04 0.015 LOC729887 729887 

1990450 0.713 1.91E-04 0.015 CEP57L1 285753 

5820202 0.696 1.80E-04 0.015 CCT8 10694 

1090474 -0.687 1.67E-04 0.015 CD3G 917 

4210382 -0.682 1.78E-04 0.015 DLL3 10683 

1990273 -0.682 1.76E-04 0.015 FBRS 64319 

3850110 -0.675 1.82E-04 0.015 COX6A1 1337 

2320079 -0.64 1.68E-04 0.015 NME4 4833 

5670301 -0.605 1.69E-04 0.015 RIN3 79890 

4230739 -0.596 1.82E-04 0.015 SORCS2 57537 

4570440 1.109 2.03E-04 0.016 QKI 9444 

540451 -1.105 2.09E-04 0.016 DQ895289 25873 

6650360 -0.965 2.07E-04 0.016 LOC728758 5303 

5290739 0.93 2.14E-04 0.016 GOLGA6A 342096 

6020600 0.917 2.02E-04 0.016 PHC3 80012 

5570494 -0.858 1.97E-04 0.016 MRPL33 9553 

6370762 -0.726 2.01E-04 0.016 POLR2F 5435 

7510114 0.72 2.15E-04 0.016 CSDE1 7812 

620433 -0.657 2.15E-04 0.016 C1orf122 127687 

6580202 -0.612 2.10E-04 0.016 C19orf43 79002 

4920162 -0.604 2.09E-04 0.016 FLYWCH2 114984 

4180709 0.914 2.43E-04 0.017 SPAG5 10615 

3400537 -0.845 2.25E-04 0.017 ITGA7 3679 

990382 -0.808 2.37E-04 0.017 C1orf53 388722 

4150131 -0.76 2.22E-04 0.017 MAPK8IP1 9479 

5260414 -0.711 2.19E-04 0.017 LENG1 79165 

4290132 -0.709 2.47E-04 0.017 TMEM223 79064 

5570196 0.701 2.29E-04 0.017 ACTR2 10097 

7210138 0.701 2.37E-04 0.017 DDX59 83479 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

2070162 0.699 2.45E-04 0.017 BZW1 9689 

7150433 -0.673 2.41E-04 0.017 TM4SF19 116211 

2900403 -0.671 2.29E-04 0.017 YBEY 54059 

1230746 0.623 2.19E-04 0.017 ZCCHC6 79670 

840296 -0.6 2.36E-04 0.017 H3F3A 3020 

4260333 1.039 2.53E-04 0.018 IL6ST 3572 

1850551 0.907 2.79E-04 0.018 EIF4A1 1973 

5870446 -0.81 2.63E-04 0.018 ATP5G1 516 

4830279 0.789 2.81E-04 0.018 ZAK 51776 

1660086 -0.783 2.70E-04 0.018 FAM100A 124402 

3890682 0.754 2.64E-04 0.018 C5orf44 80006 

1190220 -0.747 2.50E-04 0.018 COX5B 1329 

5560544 -0.713 2.76E-04 0.018 SNX8 29886 

6110706 -0.71 2.70E-04 0.018 CDC25C 995 

3940253 0.704 2.50E-04 0.018 KIF3A 11127 

4290632 0.668 2.73E-04 0.018 UBA2 10054 

360719 0.664 2.60E-04 0.018 CD44 960 

7330068 -0.632 2.51E-04 0.018 SF3B5 83443 

60601 0.612 2.70E-04 0.018 P4HA1 5033 

2600402 0.606 2.71E-04 0.018 ARID4A 5926 

4590521 -1.097 2.83E-04 0.019 NDUFA1 4694 

2320367 -0.999 3.06E-04 0.019 NDUFA13 51079 

1990484 0.86 3.10E-04 0.019 GPR176 11245 

2470242 0.836 3.18E-04 0.019 SEMA3D 223117 

620615 -0.833 2.88E-04 0.019 NDUFA7 4701 

6270674 0.816 3.09E-04 0.019 RECQL 5965 

3870433 0.812 3.01E-04 0.019 TAF1D 79101 

5050193 -0.775 3.16E-04 0.019 RLTPR 146206 

3290386 -0.742 2.88E-04 0.019 PPP2R5B 5526 

6620358 0.736 2.88E-04 0.019 FLJ00326 349196 

5810373 -0.711 3.09E-04 0.019 FAM127B 26071 

6620494 0.703 3.00E-04 0.019 SLTM 79811 

4830273 0.633 3.06E-04 0.019 TWF1 5756 

4070711 -0.623 3.04E-04 0.019 FAM129B 64855 

6770360 -0.617 3.15E-04 0.019 Mar-02 51257 

5900360 0.614 3.10E-04 0.019 C17orf75 64149 

990719 -0.611 3.01E-04 0.019 TTC39C 125488 

3870706 -0.607 2.97E-04 0.019 FURIN 5045 

3460184 -0.811 3.27E-04 0.02 C19orf53 28974 

1770468 0.727 3.39E-04 0.02 MYST2 11143 

2970162 0.648 3.46E-04 0.02 AKAP2 11217 

4200703 -0.588 3.26E-04 0.02 CDC42BPB 9578 

3180139 -0.991 3.74E-04 0.021 SP9 1E+08 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

6520494 0.841 3.62E-04 0.021 ROCK1 6093 

7160148 -0.82 3.67E-04 0.021 ZNF329 79673 

1470292 0.759 3.76E-04 0.021 SUV420H1 51111 

3060170 -0.7 3.58E-04 0.021 UBASH3A 53347 

3140021 -0.678 3.83E-04 0.021 PCBD1 5092 

1690600 -0.657 3.64E-04 0.021 FAM53B 9679 

2070746 -0.631 3.72E-04 0.021 RBX1 9978 

5820465 -0.618 3.83E-04 0.021 COX6C 1345 

2600630 0.613 3.59E-04 0.021 CCT6P3 908 

2650092 -0.612 3.73E-04 0.021 JOSD2 126119 

4850440 0.589 3.67E-04 0.021 HEATR3 55027 

2690619 0.588 3.52E-04 0.021 RPL27A 6157 

50491 0.89 3.94E-04 0.022 MAML2 84441 

1770142 0.831 4.07E-04 0.022 DNAJC2 27000 

7150280 -0.83 3.89E-04 0.022 C15orf61 145853 

1010025 -0.786 3.97E-04 0.022 SLC5A10 125206 

70634 -0.708 4.08E-04 0.022 RABAC1 10567 

2030026 -0.662 4.02E-04 0.022 STMN2 11075 

7000220 -0.659 3.92E-04 0.022 RTN2 6253 

3370372 -0.644 3.91E-04 0.022 C3orf18 51161 

6860671 -1.001 4.17E-04 0.023 RPL36A 6173 

4480356 -0.91 4.42E-04 0.023 RPS26 6231 

4040390 -0.763 4.24E-04 0.023 ZNF536 9745 

6660017 -0.718 4.29E-04 0.023 FAM90A15 389630 

5560682 -0.686 4.12E-04 0.023 KRT10 3858 

1690184 -0.681 4.19E-04 0.023 RNF19A 25897 

2650041 0.64 4.17E-04 0.023 DUSP4 1846 

6130148 0.608 4.32E-04 0.023 NAG-7 29931 

6480722 -0.824 4.58E-04 0.024 NACC1 112939 

5550343 0.751 4.82E-04 0.024 PDCL 5082 

150541 0.715 4.73E-04 0.024 SMAD1 4086 

1090653 -0.71 4.75E-04 0.024 C1orf133 574036 

1510521 -0.671 4.85E-04 0.024 PAFAH1B3 5050 

5900468 0.634 4.80E-04 0.024 HDAC4 9759 

3440689 -0.61 4.74E-04 0.024 ACYP1 97 

2900368 0.88 5.11E-04 0.025 RPS6KA3 6197 

650349 -0.772 5.05E-04 0.025 RPS28 6234 

1430689 -0.755 5.02E-04 0.025 LOC55908 55908 

1770747 -0.704 5.07E-04 0.025 TMEM160 54958 

1300730 -0.687 5.04E-04 0.025 GNAI2 2771 

60537 -0.631 5.15E-04 0.025 NAT14 57106 

2490100 0.592 5.05E-04 0.025 NIPSNAP3A 25934 

4150484 -0.83 5.47E-04 0.026 TRMT61A 115708 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

1660278 0.752 5.27E-04 0.026 TIMM13 26517 

5420347 -0.708 5.29E-04 0.026 HCFC1R1 54985 

990491 0.638 5.41E-04 0.026 EXOG 9941 

7040446 -0.626 5.28E-04 0.026 RND2 8153 

4120563 0.945 5.72E-04 0.027 DST 667 

3940059 -0.774 5.62E-04 0.027 C20orf29 55317 

5290121 0.677 5.71E-04 0.027 ZNF417 147687 

5390520 0.653 5.75E-04 0.027 C6orf162 57150 

5560300 -0.711 6.08E-04 0.028 COL5A3 50509 

6350192 -0.697 5.95E-04 0.028 ONECUT2 9480 

1170019 -0.656 6.07E-04 0.028 C9orf16 79095 

4230632 0.65 5.95E-04 0.028 BAG4 9530 

3850142 -0.625 5.93E-04 0.028 KIF1C 10749 

4210189 0.758 6.70E-04 0.029 TCEA1 6917 

7550685 0.665 6.57E-04 0.029 MAP1B 4131 

3850008 0.589 6.54E-04 0.029 HNRNPA3 220988 

5910273 0.586 6.51E-04 0.029 ANKRD13B 124930 

5570008 -0.586 6.36E-04 0.029 PYCARD 29108 

4780040 -0.854 7.28E-04 0.03 MRPL41 64975 

3840181 0.803 6.85E-04 0.03 MANEA 79694 

1070025 -0.786 7.05E-04 0.03 ATPIF1 93974 

2630703 0.772 6.80E-04 0.03 FAM49B 51571 

4230750 -0.757 6.97E-04 0.03 FOXL2 668 

5870072 0.756 7.17E-04 0.03 FAM161A 84140 

2650093 0.756 6.99E-04 0.03 NFAT5 10725 

150131 -0.732 7.31E-04 0.03 UXT 8409 

2340474 -0.723 7.32E-04 0.03 SERF1B 728492 

6860592 0.711 7.32E-04 0.03 MFN1 55669 

1090725 0.623 6.95E-04 0.03 FAM72D 728833 

1690114 -0.623 7.01E-04 0.03 U2AF2 11338 

6220113 0.618 6.89E-04 0.03 DEPDC7 91614 

5080594 0.61 6.98E-04 0.03 DCAF6 55827 

1260731 -0.588 7.18E-04 0.03 MDP1 145553 

6200402 -1.043 7.68E-04 0.031 MT1A 4489 

7570494 -0.968 7.76E-04 0.031 CNFN 84518 

730014 0.87 7.46E-04 0.031 HERC2 8924 

6860014 -0.847 7.51E-04 0.031 POTEG 404785 

1740541 0.697 7.37E-04 0.031 SNX29 92017 

7380450 -0.877 8.13E-04 0.032 CLDN14 23562 

3310228 -0.741 7.89E-04 0.032 C11orf67 28971 

1190463 -0.728 8.15E-04 0.032 PNPLA2 57104 

7570022 0.709 8.07E-04 0.032 C9orf72 203228 

6760673 -0.682 7.89E-04 0.032 LEPREL4 10609 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

1010768 -0.646 7.84E-04 0.032 NDUFB6 4712 

5090050 -0.608 7.91E-04 0.032 NDUFA12 55967 

6450148 -0.586 8.01E-04 0.032 KRT33B 3884 

2320364 0.708 8.71E-04 0.033 NF1 4763 

4120273 0.682 8.84E-04 0.033 CTBP2 1488 

6560021 -0.63 8.70E-04 0.033 WIZ 58525 

2640008 0.623 8.79E-04 0.033 DYRK1A 1859 

1500112 -0.601 8.53E-04 0.033 ORMDL3 94103 

4280528 0.886 9.21E-04 0.034 ZC3H11A 9877 

4050025 0.785 8.93E-04 0.034 NFIA 4774 

5810201 -0.693 9.23E-04 0.034 ZNF593 51042 

1010195 -0.585 9.03E-04 0.034 DBI 1622 

450615 -0.81 9.85E-04 0.035 MT2A 4502 

6580064 0.743 9.77E-04 0.035 C14orf19 280655 

650347 -0.702 9.75E-04 0.035 NUDT1 4521 

5220072 0.685 9.39E-04 0.035 LRRC40 55631 

2750575 -0.632 9.89E-04 0.035 TCRA 28517 

6060050 0.595 9.47E-04 0.035 ARHGAP11B 89839 

130603 -0.591 9.80E-04 0.035 DYNLRB1 83658 

5310240 -0.809 1.04E-03 0.036 PHF1 5252 

5670661 -0.681 1.02E-03 0.036 RNASEK 440400 

1240605 0.635 9.99E-04 0.036 ZNF302 55900 

6650592 0.631 1.01E-03 0.036 UEVLD 55293 

4810021 -0.62 1.04E-03 0.036 SPINT3 10816 

3400600 -0.61 1.03E-03 0.036 ADAMTS2 9509 

7160369 0.916 1.06E-03 0.037 CD28 940 

1050092 0.694 1.10E-03 0.037 CASP8 841 

1500131 0.645 1.08E-03 0.037 CPEB4 80315 

1450082 -0.627 1.06E-03 0.037 TRAPPC2L 51693 

840209 -0.619 1.11E-03 0.037 CAMTA2 23125 

840408 -0.611 1.07E-03 0.037 PTPN23 25930 

1660541 -0.61 1.06E-03 0.037 ESRRA 2101 

650639 0.609 1.09E-03 0.037 NR4A2 4929 

5220154 -0.597 1.07E-03 0.037 STON1 11037 

6400128 -0.587 1.09E-03 0.037 PNKD 25953 

6130332 -0.937 1.13E-03 0.038 UQCR10 29796 

3850441 -0.867 1.17E-03 0.038 MAZ 4150 

3420471 0.852 1.15E-03 0.038 CAMK2D 817 

2810044 -0.775 1.13E-03 0.038 FRG1B 284802 

1740646 -0.74 1.12E-03 0.038 DCHS1 8642 

2340600 0.728 1.16E-03 0.038 ATRX 546 

3870079 -0.715 1.15E-03 0.038 C20orf151 140893 

5090053 -0.706 1.14E-03 0.038 FDX1L 112812 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

3710039 -0.655 1.16E-03 0.038 MRPL54 116541 

6760414 -0.649 1.16E-03 0.038 C19orf60 55049 

1570279 0.646 1.16E-03 0.038 SRP54 6729 

430142 0.638 1.15E-03 0.038 HSPA4 3308 

6420288 -0.631 1.17E-03 0.038 RNF215 200312 

1190035 -0.63 1.19E-03 0.038 CECR5 27440 

4760398 -0.628 1.19E-03 0.038 CCDC107 203260 

5390685 -0.603 1.18E-03 0.038 RPL29 6159 

3940736 -0.6 1.14E-03 0.038 NME1 4830 

3890397 -0.596 1.16E-03 0.038 COX16 51241 

5550750 0.989 1.26E-03 0.039 ATP6V1C1 528 

670242 -0.746 1.23E-03 0.039 ZNF444 55311 

520408 0.686 1.21E-03 0.039 IFIT3 3437 

780544 0.684 1.21E-03 0.039 Mar-06 10299 

4610154 0.656 1.24E-03 0.039 LRIF1 55791 

5550403 -0.648 1.20E-03 0.039 MLLT10 8028 

7000040 -0.629 1.24E-03 0.039 RPS13 6207 

6520681 -0.619 1.22E-03 0.039 PYCR1 5831 

3780279 0.586 1.23E-03 0.039 NAA16 79612 

10170 -0.805 1.32E-03 0.04 GNG5 2787 

4920768 0.696 1.33E-03 0.04 DICER1 23405 

6620114 -0.64 1.34E-03 0.04 C18orf2 56651 

3780408 -0.631 1.34E-03 0.04 RAB43 339122 

4900010 0.624 1.30E-03 0.04 HIF1A 3091 

1450403 -0.591 1.30E-03 0.04 TMEM129 92305 

6620601 0.715 1.36E-03 0.041 ZBTB40 9923 

5270681 -0.638 1.37E-03 0.041 TMEM110 375346 

5080730 0.633 1.39E-03 0.041 CCRL1 51554 

7200014 0.63 1.37E-03 0.041 RNF152 220441 

3520037 0.629 1.37E-03 0.041 C13orf29 283487 

6400356 0.629 1.34E-03 0.041 GAS2L3 283431 

5310296 0.591 1.34E-03 0.041 SLC35D1 23169 

4010494 0.714 1.43E-03 0.042 UBN2 254048 

3290463 0.705 1.41E-03 0.042 DDB1 1642 

1190221 -0.63 1.45E-03 0.042 REXO4 57109 

4590403 -0.791 1.50E-03 0.043 PPDPF 79144 

3610450 -0.747 1.50E-03 0.043 TBC1D25 4943 

3610300 -0.744 1.51E-03 0.043 CCDC58 131076 

7570193 0.633 1.46E-03 0.043 ZNF20 7568 

6650056 0.608 1.46E-03 0.043 ZNF566 84924 

6580431 0.597 1.52E-03 0.043 USP48 84196 

1770152 -0.591 1.49E-03 0.043 MS4A6A 64231 

1030196 0.59 1.50E-03 0.043 PAFAH1B2 5049 
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ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

3870630 -0.587 1.50E-03 0.043 ATP6V1F 9296 

1070044 -0.739 1.57E-03 0.044 GMIP 51291 

4250441 0.658 1.59E-03 0.044 BLID 414899 

2490278 -0.658 1.54E-03 0.044 TBC1D10B 26000 

7200129 0.641 1.58E-03 0.044 TRIM23 373 

3460010 -0.62 1.60E-03 0.044 MYL5 4636 

5220670 0.593 1.59E-03 0.044 DCUN1D1 54165 

2320441 0.78 1.62E-03 0.045 LOC100132247 283970 

1580309 -0.701 1.63E-03 0.045 SERF2 10169 

5080367 -0.677 1.65E-03 0.045 CMTM1 113540 

5860709 -0.634 1.63E-03 0.045 C9orf9 11092 

6220653 0.622 1.64E-03 0.045 TMEM229A 730130 

6520010 0.841 1.66E-03 0.046 LIN7C 55327 

2470603 0.722 1.69E-03 0.046 ARID4B 51742 

780142 0.678 1.69E-03 0.046 NOX5 79400 

3400551 -0.593 1.68E-03 0.046 DYNLL2 140735 

5890368 -0.59 1.66E-03 0.046 FAM36A 116228 

3460703 0.886 1.76E-03 0.047 CCT6P1 643253 

4180086 -0.727 1.79E-03 0.047 KIAA0284 283638 

1190026 0.687 1.74E-03 0.047 APOBEC3G 60489 

2680553 0.668 1.79E-03 0.047 SPAG1 6674 

7200332 -0.604 1.78E-03 0.047 AA398827 NA 

460563 1.003 1.80E-03 0.048 BCLAF1 9774 

6130458 0.746 1.88E-03 0.049 DKFZp667P0924 400986 

780053 -0.731 1.87E-03 0.049 C17orf89 284184 

3310402 0.588 1.89E-03 0.049 PPM1A 5494 

3940161 0.673 1.94E-03 0.05 LRR1 122769 

      

24 hours post-infection 

ProbeID 
Log2 fold 

change p-value 
Adjusted p-

value* Gene Symbol Entrez ID 

870603 1.939 8.48E-13 2.21E-08 CCL11 6356 

2900390 0.936 1.92E-09 2.51E-05 VCAM1 7412 

6100379 0.913 3.85E-06 0.033 NAIP 4671 

2260594 -1.019 3.85E-06 0.0474 KRTAP10-11 386678 

*Benjamini-Hochberg corrected 
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Supplementary Figure 4.1. T. gondii infected cells show distinct morphology changes 

when compared to mock-infected cells at their respective time points. HFF cells were 

infected with GFP-expressing T. gondii (green) for 36 hours and labelled with 

MitotrackerTM Orange (red) and DAPI (blue) to stain the mitochondria and nucleus 

respectively.  
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Appendix E – Supplementary information for Chapter 5 

Supplementary Table 5.1. List of genes that are differentially expressed in both HFF 

and WERI cells following T. gondii infection at each of the time-points with respective 

Illumina probe IDs, log2 fold change values and uncorrected p-values. 

2 hours post-infection 

Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

54 ACP5 7050082 -0.444 0.009 7050082 -0.360 0.029 

95 ACY1 1400341 -0.286 0.021 1400341 -0.313 0.013 

774 CACNA1B 2230050 -0.379 0.040 2230050 -0.366 0.046 

1301 COL11A1 5560739 -0.362 0.043 1450735 -0.348 0.046 

1491 CTH 1470576 -0.549 0.003 60138 -0.333 0.041 

1534 CYB561 840446 -0.238 0.047 840446 -0.266 0.028 

2067 ERCC1 3610474 -0.349 0.019 1450356 -0.280 0.047 

2314 FLII 1300167 -0.248 0.035 1300167 -0.242 0.039 

3816 KLK1 650561 -0.429 0.004 650561 -0.305 0.032 

4099 MAG 1440196 -0.466 0.021 1440196 -0.408 0.040 

4123 MAN2C1 150241 -0.312 0.037 150241 -0.537 0.001 

5064 PALM 2630367 -0.590 0.030 3440037 -0.260 0.034 

5818 PVRL1 3840102 -0.584 0.006 1740592 -0.583 0.017 

5819 PVRL2 6370022 -0.723 0.002 2140746 -0.296 0.049 

6261 RYR1 160189 -0.382 0.032 2750431 -0.437 0.007 

6601 SMARCC2 6060639 -0.311 0.018 6840561 -0.401 0.016 

7041 TGFB1I1 1820376 -0.435 0.027 1820376 -0.411 0.035 

7041 TGFB1I1 1820376 -0.435 0.027 7330142 -0.285 0.023 

7163 TPD52 1940541 -0.370 0.031 4490543 -0.433 0.032 

8379 MAD1L1 5420176 -0.469 0.041 3400647 -0.416 0.035 

8455 ATRN 7100167 -0.579 0.005 1710494 -0.432 0.028 

8642 DCHS1 1740646 -0.437 0.038 1740646 -0.428 0.042 

9185 REPS2 70612 -0.555 0.003 540392 -0.446 0.026 

9191 DEDD 6760605 -0.322 0.036 870364 -0.245 0.028 

9191 DEDD 6760605 -0.322 0.036 6760605 -0.371 0.017 

9266 CYTH2 5390577 -0.372 0.029 5390577 -0.384 0.024 

9503 XAGE1D 6350458 -0.542 0.047 6200091 -0.460 0.004 

9790 BMS1 2070193 -0.272 0.018 2070193 -0.222 0.048 

9790 BMS1 1190717 -0.187 0.045 2070193 -0.222 0.048 

9885 OSBPL2 1570014 -0.482 0.024 4180717 -0.224 0.038 

10072 DPP3 4560484 -0.479 0.010 430408 -0.232 0.036 

10634 GAS2L1 5910326 -0.582 0.001 5910326 -0.313 0.043 

10906 TRAFD1 1570129 -0.423 0.014 1570129 -0.566 0.002 

11342 RNF13 7330441 -0.383 0.044 20487 -0.374 0.022 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

23552 CDK20 3930170 -0.294 0.016 3930170 -0.289 0.018 

28517 TCRA 2750575 -0.352 0.046 2750575 -0.371 0.037 

28517 TCRA 2750575 -0.352 0.046 6960328 -0.523 0.028 

29890 RBM15B 5550026 -0.331 0.022 5550026 -0.291 0.041 

50614 GALNT9 3310138 -0.549 0.015 6980553 -0.540 0.009 

51292 GMPR2 4220646 -0.434 0.035 2490600 -0.254 0.021 

51428 DDX41 4570433 -0.278 0.015 4570433 -0.256 0.023 

54475 NLE1 6510253 -0.444 0.018 130671 -0.417 0.033 

54585 LZTFL1 6250154 -0.221 0.048 6250154 -0.355 0.003 

54756 IL17RD 3450091 -0.486 0.007 3450091 -0.674 0.000 

54859 C3orf75 6220014 -0.335 0.004 6220014 -0.228 0.038 

54868 TMEM104 7160112 -0.446 0.015 7160112 -0.560 0.003 

55695 NSUN5 4730132 -0.464 0.008 4730132 -0.479 0.006 

55695 NSUN5 450445 -0.265 0.024 4730132 -0.479 0.006 

57414 RHBDD2 510373 -0.262 0.015 510373 -0.219 0.038 

57706 DENND1A 1240674 -0.525 0.006 1240674 -0.406 0.028 

60528 ELAC2 60202 -0.330 0.021 60202 -0.320 0.025 

64788 LMF1 6520114 -0.458 0.003 2320088 -0.454 0.007 

64919 BCL11B 4480228 -0.428 0.031 4480228 -0.471 0.019 

79035 OBFC2B 270196 -0.233 0.032 270196 -0.279 0.012 

79735 TBC1D17 2510441 -0.455 0.038 2510441 -0.603 0.008 

84466 MEGF10 840601 -0.846 0.000 840601 -0.569 0.011 

84552 PARD6G 6380603 -0.642 0.002 6380603 -0.513 0.012 

84971 ATG4D 1450647 -0.353 0.043 730767 -0.399 0.022 

112616 CMTM7 4250048 -0.401 0.002 4290403 -0.290 0.023 

112950 MED8 430523 -0.298 0.020 7330546 -0.306 0.041 

113829 SLC35A4 380189 -0.321 0.012 380189 -0.335 0.009 

125997 MBD3L2 5130450 -0.395 0.003 2060349 -0.484 0.020 

137886 UBXN2B 2710086 -0.398 0.031 2710086 -0.556 0.004 

140578 CHODL 460544 -0.552 0.003 460544 -0.395 0.023 

143244 EIF5AL1 290195 -0.415 0.011 290195 -0.386 0.016 

144608 C12orf60 2340605 -0.346 0.028 2340605 -0.357 0.024 

196513 DCP1B 3800553 -0.479 0.008 3800553 -0.399 0.025 

196743 PAOX 830315 -0.358 0.011 830315 -0.343 0.015 

340239 LOC340239 2600563 -0.338 0.043 2600563 -0.345 0.039 

349565 NMNAT3 1980129 -0.322 0.017 1980129 -0.277 0.037 

445329 SLX1B-SULT1A4 4670070 -0.530 0.006 4670070 -0.371 0.045 

728378 POTEF 6550017 -0.466 0.011 4850138 -0.200 0.031 

100507436 MICA 3170064 -0.472 0.000 1430288 -0.387 0.032 

276 AMY1A 1740220 0.295 0.009 1820068 0.259 0.040 

493 ATP2B4 4180369 0.359 0.005 4180369 0.333 0.009 

571 BACH1 2690743 0.291 0.033 1010170 0.364 0.008 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

571 BACH1 2690743 0.291 0.033 2690743 0.305 0.026 

931 MS4A1 1940010 0.330 0.033 1940010 0.538 0.001 

1195 CLK1 1690121 0.409 0.004 520382 0.330 0.027 

2214 FCGR3A 4050039 0.339 0.031 4050039 0.442 0.006 

2892 GRIA3 6220369 0.355 0.015 5420228 0.279 0.037 

3659 IRF1 6250064 0.369 0.005 6250064 0.382 0.004 

4204 MECP2 6180224 0.510 0.001 6180224 0.809 0.000 

4735 SEPT2 6940619 0.616 0.000 6940619 0.564 0.001 

4792 NFKBIA 4280113 0.327 0.014 4280113 0.393 0.004 

4843 NOS2 5690451 0.559 0.005 5690451 0.424 0.028 

5896 RAG1 6280739 0.364 0.002 6280739 0.305 0.007 

6606 SMN1 6520608 0.471 0.025 4590397 0.316 0.043 

6606 SMN1 2690703 0.270 0.036 4590397 0.316 0.043 

6764 ST5 5820309 0.366 0.031 6510307 0.475 0.043 

6764 ST5 5820309 0.366 0.031 5820309 0.331 0.049 

7940 LST1 4280435 0.335 0.019 4280435 0.511 0.001 

9442 MED27 5360576 0.339 0.019 5360576 0.374 0.011 

9442 MED27 5360576 0.339 0.019 5360446 0.311 0.024 

9503 XAGE1D 5570689 0.848 0.016 6350458 0.748 0.008 

10000 AKT3 5870561 0.506 0.001 5870561 0.332 0.016 

10124 ARL4A 7050017 0.602 0.041 1010161 0.302 0.035 

10214 SSX3 6350431 0.586 0.021 6350431 0.558 0.028 

10916 MAGED2 2320368 0.274 0.049 2320368 0.424 0.004 

11083 DIDO1 7510154 0.414 0.047 7510154 0.504 0.018 

11083 DIDO1 5390707 0.400 0.009 7510154 0.504 0.018 

22981 NINL 5130703 0.787 0.000 5130703 0.492 0.008 

23126 POGZ 6250692 0.402 0.048 1780445 0.684 0.001 

23126 POGZ 1780445 0.394 0.038 1780445 0.684 0.001 

26146 TRAF3IP1 2970348 0.529 0.015 510528 0.482 0.016 

27099 NAG8 3310484 0.540 0.000 3310484 0.459 0.001 

28517 TRD 130661 0.458 0.013 5720709 0.421 0.048 

29990 PILRB 7570228 0.357 0.005 3940750 0.623 0.020 

29990 PILRB 7570228 0.357 0.005 7570228 0.547 0.000 

54880 BCOR 1770435 0.505 0.008 1770435 0.523 0.006 

54880 BCOR 1770435 0.505 0.008 6760273 0.298 0.029 

54880 BCOR 6760273 0.435 0.002 1770435 0.523 0.006 

54880 BCOR 6760273 0.435 0.002 6760273 0.298 0.029 

55027 HEATR3 4850440 0.341 0.024 4850440 0.333 0.027 

55672 NBPF1 360482 0.666 0.010 6280544 0.606 0.009 

55672 NBPF1 360482 0.666 0.010 1510681 0.538 0.003 

55672 NBPF1 360482 0.666 0.010 360482 0.522 0.037 

55672 NBPF1 360482 0.666 0.010 4860538 0.994 0.000 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

55672 NBPF8 360482 0.666 0.010 4050152 0.304 0.025 

55672 NBPF1 360482 0.666 0.010 6480561 0.309 0.021 

55672 NBPF1 360482 0.666 0.010 6040180 0.779 0.000 

55672 NBPF1 360482 0.666 0.010 7650195 0.989 0.001 

55672 NBPF1 4860538 0.464 0.014 6280544 0.606 0.009 

55672 NBPF1 4860538 0.464 0.014 1510681 0.538 0.003 

55672 NBPF1 4860538 0.464 0.014 360482 0.522 0.037 

55672 NBPF1 4860538 0.464 0.014 4860538 0.994 0.000 

55672 NBPF8 4860538 0.464 0.014 4050152 0.304 0.025 

55672 NBPF1 4860538 0.464 0.014 6480561 0.309 0.021 

55672 NBPF1 4860538 0.464 0.014 6040180 0.779 0.000 

55672 NBPF1 4860538 0.464 0.014 7650195 0.989 0.001 

55672 NBPF1 4050152 0.349 0.011 6280544 0.606 0.009 

55672 NBPF1 4050152 0.349 0.011 1510681 0.538 0.003 

55672 NBPF1 4050152 0.349 0.011 360482 0.522 0.037 

55672 NBPF1 4050152 0.349 0.011 4860538 0.994 0.000 

55672 NBPF8 4050152 0.349 0.011 4050152 0.304 0.025 

55672 NBPF1 4050152 0.349 0.011 6480561 0.309 0.021 

55672 NBPF1 4050152 0.349 0.011 6040180 0.779 0.000 

55672 NBPF1 4050152 0.349 0.011 7650195 0.989 0.001 

55814 BDP1 7570563 0.385 0.046 7570563 0.632 0.002 

56649 TMPRSS4 5960091 0.368 0.041 5960091 0.484 0.009 

56969 DKFZp547I014 1340059 0.423 0.012 1340059 0.384 0.022 

56969 DKFZp547I014 360121 0.398 0.044 1340059 0.384 0.022 

57669 EPB41L5 7320646 0.504 0.000 4040066 0.492 0.013 

63932 CXorf56 4610541 0.394 0.005 4610541 0.301 0.026 

64324 NSD1 7210661 0.466 0.003 7210661 0.381 0.014 

79671 NLRX1 6280022 0.520 0.045 430333 0.295 0.034 

79848 CSPP1 6860709 0.537 0.015 3870608 0.363 0.007 

79982 DNAJB14 1030411 0.419 0.046 1710240 0.341 0.034 

79982 DNAJB14 1030411 0.419 0.046 5570626 0.298 0.020 

81606 LBH 1740369 0.367 0.038 6940164 0.545 0.009 

84277 DNAJC30 5390324 0.414 0.024 5390324 0.728 0.000 

84277 DNAJC30 5390324 0.414 0.024 3440647 0.616 0.000 

84641 HIATL1 2370082 0.397 0.009 5570563 0.443 0.022 

84641 HIATL1 2370082 0.397 0.009 2370082 0.342 0.021 

84808 C1orf170 770181 0.342 0.045 770181 0.366 0.033 

91050 CCDC149 6510129 0.478 0.002 6510129 0.529 0.001 

91355 LRP5L 540403 0.464 0.002 540403 0.282 0.050 

92017 SNX29 1740541 0.409 0.032 1740541 0.502 0.010 

114787 GPRIN1 4860706 0.408 0.036 4860706 0.478 0.016 

144132 DNHD1 1070139 0.391 0.032 1070139 0.402 0.028 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

196743 PAOX 5820242 0.478 0.046 5820242 0.681 0.006 

201633 TIGIT 3420653 0.588 0.048 2480541 0.424 0.032 

203100 HTRA4 1440446 0.437 0.030 1440446 0.417 0.038 

219287 FAM123A 4850274 0.487 0.019 380433 0.509 0.002 

220988 HNRNPA3 5700671 0.544 0.036 1440592 0.360 0.039 

283970 PDXDC2P 20017 0.336 0.013 20017 0.782 0.000 

375593 STAG3L2 3710711 0.416 0.005 3710711 0.682 0.000 

399761 BMS1P5 7320209 0.357 0.026 7320209 0.499 0.003 

441194 PMS2CL 4010280 0.455 0.022 3870682 0.443 0.028 

652276 LOC652276 7380639 0.303 0.041 7380639 0.463 0.003 

653188 SMA4 7320433 0.477 0.001 6130292 0.626 0.003 

653188 SMA4 7320433 0.477 0.001 7320433 0.356 0.010 

653188 SMA4 7320433 0.477 0.001 510133 0.299 0.042 

653188 SMA4 7320433 0.477 0.001 4260672 0.335 0.016 

653188 BC035411 7320433 0.477 0.001 6980600 0.381 0.049 

653188 SMA4 3060524 0.348 0.029 6130292 0.626 0.003 

653188 SMA4 3060524 0.348 0.029 7320433 0.356 0.010 

653188 SMA4 3060524 0.348 0.029 510133 0.299 0.042 

653188 SMA4 3060524 0.348 0.029 4260672 0.335 0.016 

653188 BC035411 3060524 0.348 0.029 6980600 0.381 0.049 

728747 ANKRD20A4 6450661 0.345 0.029 7050114 0.370 0.033 

728747 ANKRD20A4 6450661 0.345 0.029 4290364 0.499 0.031 

728747 ANKRD20A4 6450661 0.345 0.029 5260703 0.502 0.025 

100127886 PRO0628 5910746 0.495 0.004 5910746 0.374 0.025 

6 hours post-infection 

Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

445 ASS1 110433 -0.228 0.027 110433 -0.281 0.008 

476 ATP1A1 3370164 -0.296 0.004 5570152 -0.372 0.007 

476 ATP1A1 3370164 -0.296 0.004 3370164 -0.337 0.001 

489 ATP2A3 1110678 -0.626 0.003 1110678 -0.431 0.029 

581 BAX 7550110 -0.381 0.034 3520092 -0.409 0.017 

581 BAX 3520092 -0.483 0.006 3520092 -0.409 0.017 

613 BCR 4850403 -0.256 0.046 4070270 -0.476 0.006 

631 BFSP1 2370364 -0.288 0.029 2370364 -0.422 0.002 

826 CAPNS1 5290500 -0.411 0.008 7550041 -0.312 0.007 

955 ENTPD6 7200215 -0.314 0.020 3170209 -0.790 0.002 

995 CDC25C 6110706 -0.710 0.000 4200451 -0.306 0.031 

1388 ATF6B 4640110 -0.475 0.009 4640110 -0.430 0.017 

1969 EPHA2 6510332 -0.355 0.045 6510332 -0.373 0.036 

3636 INPPL1 2470367 -0.228 0.045 2470367 -0.228 0.045 

4097 MAFG 6180148 -0.374 0.031 6520020 -0.521 0.010 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

4171 MCM2 6770408 -0.342 0.029 6770408 -0.369 0.020 

4337 MOCS1 6900343 -0.521 0.005 7560543 -0.316 0.025 

4775 NFATC3 3140386 -0.328 0.046 2260255 -0.428 0.014 

4775 NFATC3 3140386 -0.328 0.046 3140386 -0.412 0.014 

4884 NPTX1 6100468 -0.228 0.048 780017 -0.527 0.016 

4926 NUMA1 4120338 -0.625 0.005 3890673 -0.308 0.023 

4926 NUMA1 3890673 -0.418 0.003 3890673 -0.308 0.023 

5025 P2RX4 2060605 -0.400 0.002 2060605 -0.234 0.050 

5032 P2RY11 1230673 -0.314 0.029 6510201 -0.599 0.004 

5032 P2RY11 1230673 -0.314 0.029 1230673 -0.362 0.013 

5032 P2RY11 3930379 -0.355 0.006 6510201 -0.599 0.004 

5032 P2RY11 3930379 -0.355 0.006 1230673 -0.362 0.013 

5315 PKM2 160170 -0.536 0.000 6580039 -0.327 0.043 

5315 PKM2 6580039 -0.567 0.001 6580039 -0.327 0.043 

5315 PKM2 2030093 -0.673 0.000 6580039 -0.327 0.043 

5425 POLD2 4590685 -0.329 0.027 580435 -0.299 0.012 

5425 POLD2 580435 -0.446 0.000 580435 -0.299 0.012 

5571 PRKAG1 6860092 -0.444 0.001 6860092 -0.508 0.000 

5710 PSMD4 5960739 -0.256 0.044 2630463 -0.298 0.010 

5831 PYCR1 6520681 -0.619 0.001 2320161 -0.499 0.031 

5896 RAG1 6280739 -0.327 0.004 6280739 -0.283 0.012 

5982 RFC2 3130050 -0.397 0.009 4390162 -0.399 0.028 

6130 RPL7A 5420112 -0.561 0.034 580088 -0.208 0.026 

6139 RPL17 4390709 -0.250 0.024 1450390 -0.389 0.001 

6144 RPL21 1260593 -0.300 0.009 6980397 -0.246 0.022 

6144 RPL21 6980397 -0.306 0.006 6980397 -0.246 0.022 

6144 RPL21 650735 -0.298 0.049 6980397 -0.246 0.022 

6144 RPL21 6620730 -0.735 0.005 6980397 -0.246 0.022 

6147 RPL23A 4760400 -0.393 0.003 2350327 -0.432 0.002 

6147 RPL23A 70286 -0.680 0.005 2350327 -0.432 0.002 

6203 RPS9 6250097 -0.474 0.000 6250097 -0.252 0.013 

6203 RPS9 5900110 -0.450 0.000 6250097 -0.252 0.013 

6222 RPS18 7570131 -0.274 0.019 4670170 -0.420 0.004 

6229 RPS24 10546 -0.465 0.034 830066 -0.393 0.005 

6389 SDHA 3180470 -0.247 0.012 360424 -0.334 0.015 

6391 SDHC 6200241 -0.382 0.009 6200154 -0.275 0.022 

6391 SDHC 6200241 -0.382 0.009 650044 -0.370 0.013 

6391 SDHC 1090301 -0.325 0.040 6200154 -0.275 0.022 

6391 SDHC 1090301 -0.325 0.040 650044 -0.370 0.013 

6448 SGSH 1340538 -0.440 0.000 1340538 -0.228 0.044 

6482 ST3GAL1 5960079 -0.434 0.004 1300601 -0.297 0.041 

6576 SLC25A1 6900440 -0.281 0.014 6900440 -0.269 0.018 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

6625 SNRP70 1430670 -0.392 0.007 4390274 -0.463 0.007 

6730 SRP68 1340750 -0.254 0.027 1340750 -0.312 0.008 

6764 ST5 4060594 -0.454 0.008 2100053 -0.368 0.021 

6903 TBCC 4200386 -0.281 0.020 4200386 -0.281 0.020 

7083 TK1 4730196 -0.446 0.001 4730196 -0.301 0.021 

7335 UBE2V1 7100671 -0.596 0.009 2320041 -0.356 0.004 

7392 USF2 7210382 -0.529 0.016 6330088 -0.293 0.015 

7392 USF2 7210382 -0.529 0.016 1230035 -0.521 0.024 

7760 ZNF213 5130332 -0.367 0.007 5130332 -0.269 0.042 

7874 USP7 4640670 -0.270 0.021 4640670 -0.228 0.049 

8379 MAD1L1 2630370 -0.311 0.040 2630370 -0.360 0.019 

8625 RFXANK 6580603 -0.316 0.019 6580603 -0.293 0.028 

9031 BAZ1B 4280347 -0.328 0.002 4280347 -0.274 0.009 

9136 RRP9 3460634 -0.502 0.013 3460634 -0.616 0.003 

9215 LARGE 4570242 -0.326 0.016 4570242 -0.286 0.032 

9215 LARGE 10768 -0.259 0.019 4570242 -0.286 0.032 

9238 TBRG4 5810541 -0.342 0.004 6420152 -0.452 0.044 

9636 ISG15 2100196 -0.722 0.000 2100196 -0.359 0.017 

10093 ARPC4 870500 -0.276 0.048 2690601 -0.259 0.030 

10248 POP7 2480554 -0.502 0.002 2480554 -0.321 0.035 

10383 TUBB2C 2070368 -0.294 0.010 2070368 -0.275 0.015 

10682 EBP 4250156 -0.287 0.010 4250156 -0.341 0.003 

10961 ERP29 4120333 -0.389 0.003 830730 -0.431 0.002 

11066 SNRNP35 6100681 -0.453 0.023 2510692 -0.418 0.011 

11237 RNF24 2640471 -0.376 0.007 2640471 -0.393 0.005 

11257 P53TG1 3850026 -0.909 0.000 3850026 -0.426 0.048 

22845 DOLK 3390730 -0.441 0.002 3390730 -0.284 0.036 

22883 CLSTN1 1470184 -0.345 0.000 4880097 -0.659 0.000 

22913 RALY 7200333 -0.473 0.001 7200333 -0.312 0.024 

22913 RALY 7200333 -0.473 0.001 1340092 -0.414 0.003 

22932 POMZP3 3440538 -0.296 0.014 3440538 -0.371 0.003 

23210 JMJD6 4220743 -0.414 0.014 4220743 -0.399 0.018 

23351 KHNYN 4640639 -0.580 0.000 4640639 -0.275 0.043 

23361 ZNF629 5870687 -0.638 0.000 2470692 -0.469 0.022 

23420 NOMO1 2650040 -0.360 0.008 2650040 -0.322 0.016 

23521 RPL13A 1440398 -0.610 0.000 2480379 -0.227 0.014 

25776 CBY1 510100 -0.358 0.002 510100 -0.252 0.023 

25865 PRKD2 6510446 -0.364 0.034 6510446 -0.341 0.045 

25904 CNOT10 1300463 -0.385 0.003 1300463 -0.329 0.008 

26090 ABHD12 7610382 -0.583 0.000 7100615 -0.645 0.000 

26471 NUPR1 4290189 -0.833 0.000 4040181 -0.575 0.001 

26471 NUPR1 4040181 -0.807 0.000 4040181 -0.575 0.001 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

26502 NARF 2360491 -0.269 0.020 2360491 -0.226 0.047 

27111 SDCBP2 1430673 -0.408 0.004 1430673 -0.375 0.007 

27338 UBE2S 4610608 -0.377 0.000 1570746 -0.299 0.010 

27338 UBE2S 4610608 -0.377 0.000 4610608 -0.204 0.036 

27349 MCAT 3460358 -0.458 0.034 830215 -0.271 0.030 

28511 NKIRAS2 6980164 -0.224 0.033 1410445 -0.529 0.043 

28960 DCPS 1500129 -0.374 0.014 1500129 -0.383 0.012 

28973 MRPS18B 50056 -0.290 0.017 50056 -0.271 0.025 

28996 HIPK2 10332 -0.510 0.001 6840475 -0.355 0.022 

29925 GMPPB 6250176 -0.396 0.009 4830458 -0.314 0.037 

51012 SLMO2 1190129 -0.521 0.025 7000403 -0.326 0.021 

51082 POLR1D 1090687 -0.251 0.042 1090687 -0.253 0.040 

51107 APH1A 1850221 -0.285 0.008 1850221 -0.267 0.012 

51257 MARCH2 1470196 -0.368 0.042 6770360 -0.396 0.012 

51257 MARCh2 6770360 -0.617 0.000 6770360 -0.396 0.012 

51271 UBAP1 6760543 -0.275 0.006 6760543 -0.192 0.044 

51537 MTFP1 7400025 -0.266 0.041 6450184 -0.402 0.014 

51537 MTFP1 6450184 -0.434 0.008 6450184 -0.402 0.014 

53345 TM6SF2 6020747 -0.376 0.007 7150521 -0.465 0.032 

54472 TOLLIP 6650612 -0.557 0.000 6650612 -0.256 0.043 

54977 SLC25A38 2680639 -0.293 0.023 2680639 -0.285 0.027 

55898 UNC45A 6380241 -0.420 0.004 3460368 -0.522 0.011 

56975 FAM20C 4860646 -0.482 0.002 4860646 -0.294 0.047 

57414 RHBDD2 510373 -0.394 0.001 510373 -0.337 0.002 

57414 RHBDD2 6650746 -0.392 0.007 510373 -0.337 0.002 

60673 C12orf44 1780367 -0.283 0.019 1780367 -0.269 0.025 

64061 TSPYL2 6650743 -0.335 0.043 7380730 -0.329 0.044 

64763 ZNF574 580044 -0.334 0.027 580044 -0.333 0.027 

64840 PORCN 3290343 -0.586 0.004 3290343 -0.380 0.049 

64940 STAG3L4 6380612 -0.487 0.002 6380612 -0.359 0.016 

79050 NOC4L 4570142 -0.388 0.028 630253 -0.478 0.015 

79050 NOC4L 4570142 -0.388 0.028 4570142 -0.585 0.002 

79658 ARHGAP10 2000669 -0.337 0.004 2000669 -0.248 0.026 

79947 DHDDS 2350576 -0.416 0.001 2350576 -0.226 0.039 

79974 C7orf58 7510551 -0.328 0.026 380736 -0.271 0.023 

80772 GLTPD1 110132 -0.494 0.009 110132 -0.366 0.045 

80851 SH3BP5L 240487 -0.566 0.001 240487 -0.392 0.016 

81554 WBSCR16 4900356 -0.609 0.002 6940674 -0.531 0.009 

81618 ITM2C 1110669 -0.284 0.030 2650762 -0.253 0.016 

81618 ITM2C 2650762 -0.281 0.008 2650762 -0.253 0.016 

84720 PIGO 3890196 -0.306 0.020 3890196 -0.267 0.040 

84967 LSM10 160255 -0.352 0.011 160255 -0.293 0.030 



 

242 

 

Entrez ID Gene symbol 
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Probe ID Log2FC p-val Probe ID Log2FC p-val 

92715 WDR85 6250538 -0.425 0.013 6250538 -0.364 0.031 

113189 CHST14 2630369 -0.464 0.006 2630369 -0.335 0.041 

115098 CCDC124 2070537 -0.669 0.000 2070537 -0.400 0.012 

116447 TOP1MT 4220239 -0.321 0.025 5870390 -0.645 0.001 

116988 AGAP3 6220164 -0.360 0.007 1510615 -0.418 0.006 

125206 SLC5A10 1010025 -0.786 0.000 7560465 -0.476 0.049 

126789 PUSL1 3390010 -0.493 0.000 3390010 -0.322 0.006 

128989 C22orf25 630446 -0.506 0.001 630446 -0.524 0.001 

138716 C9orf23 5130414 -0.511 0.005 4120176 -0.399 0.018 

140459 ASB6 7000333 -0.763 0.000 7000333 -0.402 0.005 

140459 ASB6 1780450 -0.407 0.001 7000333 -0.402 0.005 

166793 ZBTB49 290427 -0.360 0.023 290427 -0.322 0.040 

254359 ZDHHC24 3290270 -0.438 0.031 3290270 -0.557 0.008 

284613 CYB561D1 4490612 -0.260 0.040 4490612 -0.372 0.005 

285464 CRIPAK 4210653 -0.273 0.038 4210653 -0.329 0.014 

339122 RAB43 3780408 -0.631 0.001 7200026 -0.454 0.025 

374666 DKFZp434K1323 1450039 -0.484 0.003 1450039 -0.482 0.003 

374666 DKFZp434K1323 1580053 -0.299 0.037 1450039 -0.482 0.003 

541471 LOC541471 6350189 -0.672 0.000 5550575 -0.533 0.005 

648149 LOC648149 3520767 -0.342 0.022 3520767 -0.292 0.048 

653784 FLJ14346 1410463 -0.582 0.043 4610088 -0.521 0.016 

24 hours post-infection 

Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

132 ADK 7550161 0.276 0.025 1030241 0.237 0.030 

132 ADK 1030241 0.296 0.008 1030241 0.237 0.030 

205 AK4 1850402 0.413 0.037 160148 0.206 0.043 

205 AK4 4290192 0.568 0.001 160148 0.206 0.043 

276 AMY1A 1820068 0.280 0.027 1740220 0.259 0.020 

276 AMY1A 1820068 0.280 0.027 5550288 0.276 0.026 

862 RUNX1T1 150398 0.346 0.007 3990017 0.364 0.018 

862 RUNX1T1 7650661 0.404 0.044 3990017 0.364 0.018 

864 RUNX3 6040360 0.456 0.015 1440564 0.429 0.007 

1186 CLCN7 2060088 0.238 0.041 2060088 0.316 0.009 

1486 CTBS 60504 0.410 0.015 60504 0.342 0.039 

2040 STOM 2060291 0.346 0.011 2060291 0.323 0.016 

2534 FYN 6290725 0.310 0.016 610164 0.311 0.030 

2965 GTF2H1 7570343 0.351 0.050 7570343 0.356 0.047 

2965 GTF2H1 3420719 0.431 0.018 7570343 0.356 0.047 

3145 HMBS 6060278 0.346 0.036 4730403 0.262 0.033 

3178 HNRNPA1 10209 0.297 0.024 6900048 0.266 0.042 

3178 HNRNPA1 2940066 0.274 0.045 6900048 0.266 0.042 



 

243 

 

Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

3178 HNRNPA1 4390315 0.554 0.000 6900048 0.266 0.042 

3178 HNRNPA1 4760243 0.321 0.013 6900048 0.266 0.042 

3178 HNRNPA1 2340703 0.462 0.002 6900048 0.266 0.042 

3178 HNRNPA1 7320424 0.686 0.000 6900048 0.266 0.042 

3178 HNRNPA1 1710192 0.720 0.000 6900048 0.266 0.042 

3178 HNRNPA1 6900048 0.355 0.009 6900048 0.266 0.042 

3178 HNRNPA1 6510246 0.402 0.013 6900048 0.266 0.042 

3178 HNRNPA1 3400441 0.622 0.000 6900048 0.266 0.042 

3178 HNRNPA1 2490445 0.493 0.001 6900048 0.266 0.042 

3178 HNRNPA1 5360189 0.356 0.014 6900048 0.266 0.042 

3187 HNRNPH1 6350343 0.618 0.008 6350343 0.581 0.012 

3398 ID2 1660296 0.377 0.006 1660296 0.354 0.009 

4093 SMAD9 6130609 0.467 0.014 7050653 0.344 0.040 

4093 SMAD9 7050653 0.396 0.019 7050653 0.344 0.040 

4338 MOCS2 7200437 0.328 0.010 5550053 0.486 0.022 

5082 PDCL 5550343 0.751 0.000 5550343 0.411 0.036 

5352 PLOD2 4640187 0.390 0.027 4640187 0.355 0.042 

5352 PLOD2 460338 0.543 0.014 4640187 0.355 0.042 

5478 PPIA 1850035 0.320 0.018 6130259 0.690 0.005 

5533 PPP3CC 5690382 0.275 0.023 5690382 0.247 0.039 

5672 PSG4 4210500 0.292 0.038 4210500 0.301 0.033 

5836 PYGL 2760427 0.286 0.008 2760427 0.242 0.022 

6129 RPL7 5270735 0.365 0.025 1570491 0.230 0.038 

6389 SDHA 360424 0.284 0.035 6620672 0.305 0.037 

6606 SMN1 4590397 0.398 0.013 7510037 0.393 0.012 

6606 SMN1 2690703 0.437 0.002 7510037 0.393 0.012 

7020 TFAP2A 1570646 0.451 0.002 5820082 0.439 0.013 

7341 SUMO1P3 4050358 0.300 0.024 4050358 0.264 0.044 

7360 UGP2 150706 0.403 0.015 1010500 0.483 0.007 

7373 COL14A1 3800010 0.438 0.005 3800010 0.544 0.001 

8813 DPM1 5670626 0.246 0.047 2360519 0.290 0.024 

9094 UNC119 2940681 0.378 0.014 2940681 0.393 0.011 

9782 MATR3 5220441 0.352 0.037 2360220 0.375 0.010 

9782 MATR3 2360220 0.336 0.020 2360220 0.375 0.010 

9905 SGSM2 1940273 0.302 0.011 1940273 0.285 0.016 

9923 ZBTB40 6620601 0.715 0.001 6620601 0.437 0.036 

10487 CAP1 4920379 0.314 0.008 4920379 0.235 0.042 

10495 ENOX2 1500487 0.364 0.018 1500487 0.309 0.041 

10650 SLMO1 6980544 0.423 0.006 1110088 0.329 0.007 

10780 ZNF234 5720072 0.448 0.001 5720072 0.254 0.041 

10780 ZNF234 620523 0.471 0.002 5720072 0.254 0.041 

11143 MYST2 1770468 0.727 0.000 3170075 0.489 0.022 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

11235 PDCD10 6840274 0.671 0.013 6840274 0.518 0.048 

11235 PDCD10 20706 0.663 0.000 6840274 0.518 0.048 

22823 MTF2 2760255 0.457 0.007 2760255 0.367 0.027 

23433 RHOQ 5960167 0.346 0.009 5960167 0.296 0.024 

23433 RHOQ 5050519 0.483 0.001 5960167 0.296 0.024 

26517 TIMM13 1660278 0.752 0.001 1660278 0.467 0.020 

27333 GOLIM4 1820451 0.402 0.022 1820451 0.369 0.034 

28966 SNX24 4200187 0.294 0.048 4200187 0.321 0.032 

29922 NME7 2900167 0.492 0.018 6590296 0.345 0.039 

51115 FAM82B 2000138 0.236 0.048 5130601 0.289 0.015 

51170 HSD17B11 6280008 0.547 0.028 6580487 0.375 0.011 

51170 HSD17B11 6580487 0.315 0.030 6580487 0.375 0.011 

51386 EIF3L 5310735 0.251 0.014 5310735 0.209 0.036 

54850 FBXL12 60768 0.225 0.047 60768 0.246 0.031 

55212 BBS7 70189 0.464 0.016 70189 0.503 0.010 

55752 SEPT11 7550241 0.470 0.016 20288 0.296 0.028 

57492 ARID1B 6130368 0.318 0.008 6130368 0.252 0.031 

64167 ERAP2 2260731 0.424 0.003 2260731 0.400 0.005 

80119 PIF1 2680731 0.463 0.043 2680731 0.553 0.018 

80168 MOGAT2 4890291 0.448 0.043 4890291 0.448 0.043 

81930 KIF18A 2470035 0.527 0.009 2470035 0.450 0.023 

84264 HAGHL 430392 0.292 0.044 430392 0.310 0.033 

84818 IL17RC 4480414 0.448 0.018 6290333 0.398 0.041 

84908 FAM136A 3890671 0.253 0.031 3890671 0.277 0.020 

85441 PRIC285 5960343 0.328 0.025 5960343 0.322 0.027 

124930 ANKRD13B 5910273 0.586 0.001 5910273 0.510 0.002 

134492 NUDCD2 610376 0.324 0.014 670195 0.442 0.026 

134492 NUDCD2 610376 0.324 0.014 610376 0.264 0.041 

134492 NUDCD2 670195 0.522 0.010 670195 0.442 0.026 

134492 NUDCD2 670195 0.522 0.010 610376 0.264 0.041 

146691 TOM1L2 2480687 0.487 0.008 7380059 0.322 0.042 

200933 FBXO45 6220681 0.461 0.002 6220681 0.368 0.009 

220164 DOK6 5570424 0.375 0.008 5570424 0.280 0.041 

220164 DOK6 7200341 0.472 0.016 5570424 0.280 0.041 

253782 LASS6 5690064 0.322 0.005 5690064 0.237 0.033 

285761 DCBLD1 5700747 0.348 0.014 5700747 0.298 0.033 

286254 AX747706 4060242 0.429 0.028 4060242 0.394 0.043 

345930 ECT2L 6660239 0.600 0.005 6660239 0.569 0.008 

374650 AK098200 2900349 0.582 0.014 3290092 0.563 0.039 

390433 OR4K13 4830066 0.325 0.039 4830066 0.390 0.015 

441250 TYW1B 1710402 0.276 0.039 580576 0.408 0.029 

441250 TYW1B 580576 0.500 0.009 580576 0.408 0.029 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

441452 FAM75C1 3140189 0.489 0.012 5290110 0.338 0.023 

100132966 LOC100132966 1450382 0.412 0.032 3120324 0.484 0.035 

1488 CTBP2 4880292 -0.792 0.001 1010494 -0.619 0.023 

1813 DRD2 5810187 -0.303 0.023 3360605 -0.339 0.031 

2122 MECOM 730544 -0.249 0.014 380280 -0.324 0.049 

2700 GJA3 1580128 -0.397 0.035 1580128 -0.384 0.040 

3310 HSPA7 7200079 -0.620 0.002 3060435 -0.327 0.013 

3310 HSPA7 160092 -0.419 0.009 3060435 -0.327 0.013 

3310 HSPA7 1710553 -0.373 0.044 3060435 -0.327 0.013 

3556 IL1RAP 4880632 -0.338 0.018 4880632 -0.326 0.023 

3953 LEPR 1940156 -0.537 0.000 3400747 -0.326 0.008 

4149 MAX 4640220 -0.750 0.002 2680577 -0.541 0.013 

5606 MAP2K3 4560739 -0.639 0.006 4010433 -0.333 0.019 

7050 TGIF1 7160670 -0.674 0.008 3140369 -0.258 0.042 

7381 UQCRB 1260204 -0.357 0.030 1260204 -0.343 0.036 

7404 UTY 2370324 -0.406 0.049 5270068 -0.383 0.013 

8846 ALKBH1 1780020 -0.492 0.040 1780020 -0.653 0.008 

9480 ONECUT2 6350192 -0.702 0.001 7160497 -0.399 0.043 

10720 UGT2B11 70253 -0.442 0.002 5560170 -0.399 0.038 

10911 UTS2 2230601 -0.353 0.013 2230601 -0.398 0.006 

11057 ABHD2 2970201 -0.457 0.030 2970201 -0.463 0.028 

27241 BBS9 3840066 -0.634 0.013 3840066 -0.878 0.001 

28511 NKIRAS2 1980427 -0.652 0.004 1980427 -0.485 0.026 

28517 TCRAV5.1a 2750575 -0.360 0.042 5260475 -0.449 0.042 

50674 NEUROG3 4180274 -0.606 0.000 4180274 -0.458 0.004 

51179 HAO2 4040520 -0.474 0.018 4040520 -0.417 0.035 

55026 FAM70A 5220048 -0.528 0.028 5220048 -0.685 0.006 

55695 NSUN5 5340458 -0.401 0.009 5340458 -0.310 0.039 

56683 C21orf59 2320324 -0.526 0.005 2320324 -0.387 0.032 

56850 GRIPAP1 4560754 -0.448 0.034 3450414 -0.479 0.013 

80263 TRIM45 6290431 -0.438 0.003 6290431 -0.358 0.014 

80853 JHDM1D 5420433 -0.462 0.025 5420433 -0.503 0.016 

81539 SLC38A1 2070687 -0.398 0.038 2070687 -0.484 0.014 

81556 C15orf44 1690463 -0.463 0.025 2650348 -0.540 0.004 

113691 MGC16703 2470681 -0.381 0.027 2470681 -0.339 0.047 

124540 MSI2 3520370 -0.325 0.049 2320132 -0.453 0.019 

124930 ANKRD13B 5910273 -0.334 0.034 5910273 -0.546 0.001 

143162 FRMPD2 2060358 -0.342 0.030 6520372 -0.410 0.002 

150291 C22orf27 2850553 -0.355 0.029 50164 -0.375 0.042 

197187 MGC23284 3930369 -0.295 0.018 3930369 -0.339 0.007 

197187 MGC23284 4250653 -0.663 0.008 3930369 -0.339 0.007 

221491 C6orf1 110292 -0.789 0.001 520044 -0.372 0.006 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

221935 SDK1 6550619 -0.548 0.003 6550619 -0.366 0.033 

353514 LILRA5 2470162 -0.592 0.001 2470162 -0.369 0.027 

387856 C12orf68 70050 -0.583 0.008 5550259 -0.293 0.031 

389634 LOC389634 630288 -0.414 0.016 1410154 -0.348 0.041 

728461 CSAG2 5670563 -0.590 0.008 5670563 -0.515 0.017 

728747 ANKRD20A4 7050114 -0.398 0.023 4490484 -0.385 0.019 

100101629 GAGE8 1050373 -0.509 0.017 50220 -0.444 0.037 

100128340 AK126616 4890424 -0.342 0.023 4890424 -0.292 0.049 

100505502 LOC100505502 7610414 -0.520 0.002 7610414 -0.327 0.037 

100507450 C11orf39 1190685 -0.271 0.039 1190685 -0.376 0.006 

126 ADH1C 1510750 0.489 2.724E-04 1510750 0.262 0.031 

364 AQP7 5670273 0.392 0.025 5090209 0.481 0.010 

775 CACNA1C 5900192 0.370 0.049 7510670 0.361 0.042 

1628 DBP 7050458 0.441 0.006 7050458 0.343 0.029 

4325 MMP16 3990537 0.287 0.038 3990537 0.337 0.017 

5371 PML 3180452 0.392 0.006 10136 0.451 0.025 

5371 PML 1230091 0.339 0.019 10136 0.451 0.025 

5885 RAD21 6040487 0.479 0.012 2260551 0.329 0.012 

5896 RAG1 6280739 0.228 0.038 6280739 0.254 0.022 

5912 RAP2B 1980463 0.275 0.044 1980463 0.276 0.043 

5922 RASA2 2190725 0.427 0.035 2190725 0.592 0.005 

6733 SRPK2 2120731 0.419 0.007 2900739 0.363 0.045 

7392 USF2 1230035 0.469 0.040 1230035 0.689 0.004 

9444 QKI 1260192 0.511 0.024 4570440 0.566 0.034 

9590 AKAP12 3290564 0.596 0.005 6940475 0.390 0.029 

9747 FAM115A 1660112 0.305 0.033 380619 0.345 0.019 

9747 FAM115A 4010349 0.583 0.004 380619 0.345 0.019 

10451 VAV3 670129 0.508 0.001 6560279 0.274 0.012 

10783 NEK6 6350435 0.427 0.009 5860463 0.448 0.012 

23042 PDXDC1 4180121 0.516 0.000 3610341 0.509 0.036 

27328 PCDH11X 1770736 0.493 0.003 4290369 0.314 0.044 

29841 GRHL1 7160092 0.580 0.002 7160092 0.519 0.006 

29942 PURG 5810482 0.400 0.007 5810482 0.353 0.016 

53347 UBASH3A 3060170 0.363 0.040 3060170 0.454 0.012 

55366 LGR4 4560609 0.341 0.018 4560609 0.435 0.004 

55671 SMEK1 2100746 0.371 0.029 940154 0.381 0.027 

55824 PAG1 1240228 0.432 0.020 1240228 0.380 0.038 

55975 KLHL7 150672 0.422 0.020 150672 0.450 0.014 

56127 PCDHB9 1770735 0.329 0.029 1770735 0.333 0.027 

57231 SNX14 2490544 0.396 0.046 1990561 0.474 0.007 

80034 CSRNP3 730703 0.349 0.034 730703 0.421 0.012 

84569 LYZL1 7570725 0.595 0.000 7570725 0.289 0.045 
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Entrez ID Gene symbol 

HFF WERI 

Probe ID Log2FC p-val Probe ID Log2FC p-val 

126402 CCDC105 5870414 0.348 0.029 5870414 0.519 0.002 

146664 MGAT5B 2470195 0.719 0.007 2470195 0.524 0.040 

148213 ZNF681 7400328 0.453 0.020 7400328 0.385 0.046 

161835 FSIP1 5220424 0.392 0.033 5220424 0.384 0.036 

169792 GLIS3 3140494 0.313 0.011 4880767 0.571 0.009 

192111 PGAM5 2690091 0.435 0.045 2690091 0.448 0.040 

201163 FLCN 5890113 0.347 0.044 5890113 0.348 0.043 

285753 CEP57L1 3990762 0.372 0.018 1990450 0.441 0.012 

337880 KRTAP11-1 5490544 0.371 0.014 5490544 0.377 0.012 

340024 SLC6A19 4120463 0.508 0.023 4880474 0.356 0.030 

340654 LIPM 3830707 0.407 0.018 3830707 0.412 0.017 

340654 LIPM 3830707 0.407 0.018 1410386 0.523 0.001 

349152 DPY19L2P2 5260131 0.295 0.016 3180753 0.482 0.002 

388381 C17orf98 2970239 0.469 0.038 2970239 0.565 0.014 

642968 BC156836 1110661 0.462 0.021 5340670 0.277 0.026 

646658 TMEM90A 6650669 0.617 0.004 1010148 0.325 0.042 

728747 ANKRD20A4 4490484 0.386 0.019 5260703 0.466 0.036 
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Supplementary Table 5.2. Full list of canonical pathways identified in IPA at 6 hours 

post-infection in HFF cells 

Canonical Pathway p-value Adjusted p-value Ratio 

Mitochondrial Dysfunction 3.162E-17 1.585E-14 77/152 

Oxidative Phosphorylation 1.259E-14 3.981E-12 52/92 

EIF2 Signaling 3.162E-13 6.310E-11 88/210 

mTOR Signaling 3.162E-12 5.012E-10 81/194 

Regulation of eIF4 and p70S6K Signaling 9.120E-08 1.047E-05 59/153 

Protein Ubiquitination Pathway 4.898E-06 4.677E-04 81/254 

Androgen Signaling 8.318E-06 6.761E-04 42/110 

ILK Signaling 1.995E-05 1.413E-03 63/192 

Mitotic Roles of Polo-Like Kinase 3.162E-05 1.778E-03 27/63 

Molecular Mechanisms of Cancer 3.162E-05 1.778E-03 106/368 

Integrin Signaling 4.266E-05 2.188E-03 67/212 

PI3K/AKT Signaling 5.012E-05 2.239E-03 43/121 

Phospholipase C Signaling 5.129E-05 2.239E-03 69/221 

Sumoylation Pathway 5.623E-05 2.291E-03 36/96 

Actin Nucleation by ARP-WASP Complex 8.511E-05 3.090E-03 24/56 

Ephrin B Signaling 8.710E-05 3.090E-03 29/73 

Estrogen Receptor Signaling 1.023E-04 3.388E-03 44/128 

Signaling by Rho Family GTPases 1.072E-04 3.388E-03 74/246 

CXCR4 Signaling 1.349E-04 4.074E-03 53/164 

Cell Cycle: G2/M DNA Damage Checkpoint Regulation 2.344E-04 6.607E-03 21/49 

Thrombin Signaling 2.754E-04 7.413E-03 61/200 

Axonal Guidance Signaling 4.169E-04 1.072E-02 118/443 

Regulation of Actin-based Motility by Rho 5.129E-04 1.259E-02 31/87 

G Beta Gamma Signaling 6.310E-04 1.514E-02 31/88 

p53 Signaling 6.761E-04 1.549E-02 37/111 

Glucocorticoid Receptor Signaling 7.586E-04 1.622E-02 79/282 

P2Y Purigenic Receptor Signaling Pathway 7.762E-04 1.622E-02 42/131 

RhoA Signaling 8.710E-04 1.778E-02 39/120 

Assembly of RNA Polymerase II Complex 9.550E-04 1.862E-02 20/50 

ERK/MAPK Signaling 1.000E-03 1.905E-02 58/197 

SAPK/JNK Signaling 1.072E-03 1.950E-02 33/98 

Breast Cancer Regulation by Stathmin1 1.122E-03 1.995E-02 59/202 

Wnt/β-catenin Signaling 1.259E-03 2.188E-02 50/166 

Epithelial Adherens Junction Signaling 1.514E-03 2.512E-02 44/143 

Role of NFAT in Cardiac Hypertrophy 1.549E-03 2.512E-02 55/188 

Huntington's Disease Signaling 1.585E-03 2.512E-02 67/238 

Ephrin Receptor Signaling 1.660E-03 2.512E-02 51/172 

Semaphorin Signaling in Neurons 1.660E-03 2.512E-02 20/52 

Virus Entry via Endocytic Pathways 2.239E-03 3.236E-02 33/102 

Renal Cell Carcinoma Signaling 2.291E-03 3.236E-02 27/79 
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Colorectal Cancer Metastasis Signaling 2.512E-03 3.236E-02 67/242 

IL-1 Signaling 2.512E-03 3.236E-02 30/91 

Amyloid Processing 2.570E-03 3.236E-02 19/50 

Antiproliferative Role of Somatostatin Receptor 2 2.570E-03 3.236E-02 25/72 

IL-8 Signaling 2.570E-03 3.236E-02 56/196 

Hereditary Breast Cancer Signaling 2.754E-03 3.311E-02 42/139 

Aryl Hydrocarbon Receptor Signaling 2.754E-03 3.311E-02 41/135 

Adipogenesis pathway 2.754E-03 3.311E-02 40/131 

Cardiac Hypertrophy Signaling 3.020E-03 3.467E-02 64/231 

fMLP Signaling in Neutrophils 3.236E-03 3.715E-02 37/120 

Role of CHK Proteins in Cell Cycle Checkpoint Control 3.631E-03 3.890E-02 20/55 

Ceramide Signaling 3.631E-03 3.890E-02 30/93 

CTLA4 Signaling in Cytotoxic T Lymphocytes 3.631E-03 3.890E-02 30/93 

PPARα/RXRα Activation 3.802E-03 4.074E-02 48/166 

AMPK Signaling 3.890E-03 4.074E-02 53/187 

Sphingosine-1-phosphate Signaling 4.467E-03 4.467E-02 37/122 

RhoGDI Signaling 4.898E-03 4.677E-02 49/172 

NF-κB Signaling 4.898E-03 4.677E-02 49/172 

ATM Signaling 4.898E-03 4.677E-02 26/79 

 

 




