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Abstract

Toxoplasma gondiand Neospora caninunare intracellular protozoarparasites
from the phylum Apicomplexa Both parasites share many morphological and
genetic features, but have diverse host preferences. Whilgondiican infect any
warm-blooded animal including humansl. caninumdoes not.The basis of host
preferencein these two parasites is unknown, but could be due to differences in
tropism to specific host cells. The discovery of differences between host cell
responses could lead to a better understanding to Whyondiican lead to disease

in humans andN. caninun cannot, specifically related to infection of the CNS.

To investigate the differences in host cell response, the differential expression
patterns of hostcell transcripts and proteins as well as protein secretions and
dopamine level during the invasion dfuman astrocyte (HA) cells by both
Toxoplasmaand Neospora were investigated Proteomic investigations were
achieved by global proteomic profiling of human astrocytes during infection using
two dimensional difference gel electrophoresis {ROGE) and a quantitative label
free approach. Transcriptomic investigation of infected hamastrocytes was

carried out using an RN®eq approach.

A number of differences in host cell response genes/proteins were noted between
Toxoplasmaand Neosporainfection. Transcriptome analysis revealed differential
expression of host cells transcriptssasiated with cell adhesion and cytokine
receptor interaction pathways. Differences were observed in cell adhesion
molecules (such as VCAM1 and NCAM2) and chemokines (such as CCL2), which
were upregulated inT. gondiiinfected cells compared tdN. caninuminfection.
Whereas ugregulation of neutrophil activation was identified iN. caninum
infected cells compared td. gondiiinfection. Host cell secretome analysis during
infection identified significant changes in many secreted proteins such as cytokines
chemokines and cell adhesion molecules (i.e. CXCL1, CXCL2, IL8 and ICAM1). Th
data suggested that the two parasites stimuladéferent host cell responses.
Dopamine acts as a neurotransmitter in the brain and the induction of dopamine

has been foundd provoke behavioural changes time host during infection byf.



gondii Dopamine levels were measured in dopaminergic1PCcells during

infection by T. gondiiand N. caninumthrough tachyzoite conversion tdhe

bradyzoite $tage Increased levels in dopamne production was observed in
dopaminergic cells infected with. gondij compared to no changes in cells infected

with N. caninum This result suggested th@t gondiY 2 RA TASa (KS K2aidQ
(rodents), whereas the successful vertical transmissibN. caninumin cattle has

led the parasitaoy 2 i ySSR G2 FfGSNJ OKlFIy3Sa Ay (KS

Overall, differences were mostly observed in molecules associated with cell
adhesion and cytokine receptor signalling pathway, which may suggestTwhy
gondiiis more successful in host cell infection of the CNS compared twaninum
Dopamine measurements of host cells during infection has also confirmedrthat
gondii induces significant production of dopamine in infected host cells compared
to N. caninuminfection, suggesting different modulation dfie host cell between

the parasites in the CNS.
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1 Chapter one: Introduction

1.1 Toxoplasma gondii and Neospora caninum

Toxoplasma gondand Neospora caninunare intracellular protozoan parasites of
wide clinical and veterinary importance. They are members of the phylum
Apicomplexa, class Sporozoa and subclass Coccidia. Other members of the
Apicomplexa includd’lasmodium Cryptosporidium Theileriaand Eimeria It was

only in 1984 thailN. caninumwas distinguished front. gondiias a separate species
(Bjerkas et al. 1984), and later described and characterised by [ilzyin 1988

The parasite was identified in Norwegian dogs causing severe encephalomyelitis
and had no antibodies td@. gondii(Bjerkas et al. 1984). The two parasites were
distinguished based on three main differences. First was the clinical outcome of the
disease whee N. caninumcauses paralysis especially in the hind limbs in dogs was
not detected inT. gondiiinfected species. Differences in the tissue cysts were also
distinct between the two parasites and antibodiesTof gondiiwere absent in the
infected dogs (Dbey et al. 2002).

These two parasiteare closely related andhare many genetic, physiological and
morphological similarities (Dubey 2009). Yet, there have been differences detected
between T. gondiiand N. caninumthat resulted in their placement in sepate
genera (DeBarrg Kissinger 2011; Dubey et al. 1988ahe definitive host ofT.
gondiiis the cat (felidae family) and M. caninunmisthe dog(canidae family While

T. gondii can infect any warm blooded host including humans (Mont&a
Liesenfeld2004),N. caninumhas not been found to be zoonotand has a more
restricted host rangéDubey et al2007), although it can infect human calisvitro.
Toxoplasmosis is a cosmopolitan disease of humans and animals (Dubey & Schares
2011)itA & SadAYlFOSR (KIFIG ySFENIe 2yS GKANR 27
T. gondii(Montoya & Liesenfeld 2004N. caninumis the causative agent of the
Neosporosisa diseasemainlyof cattle and dogs It infects a more restricted range

of animalsas intermediate hosts, but mostly has a major impact as a pathogen of

cattle causing abortions (Lindsay et al. 1999; McAllister et al. 199BgreasT.



gondiiis the onlyknown species iToxoplasmathere aretwo known specis in

NeosporaN. caninumandN. hughesiiHemphill& Gottstein 2000).

1.2 Life cycle of T. gondii and N. caninum

Both T. gondiiand N. caninumhave similar life cycle@igure 1.1put they differ in

the definitive and intermediate hosts they can infect. They have complegyldies
which include a sexual cycle occurring in the definitive host and an asexual cycle in
the intermediate host (indsay, Dubey & Duncat®99; McAllister et al. 1998).
Vertical transmission is of high importance Nh caninuminfection, in which the
diseaseis transmitted to the foetus via the placentat can result from a newly
acquired exogenous infection or reactivation of an endogenous infection (Brees
Williams 2005)Whereas inT. gondiinfections; transmission mainly occurs through

the horizortal route.

Three main parasitic stages are involved; tachyzoites, bradyzoites (tissue cysts) and
the oocysts. The definitive host, which is the caTirgondiiand dog inN. caninum

is infected through digestion of contaminated food or water, or from transplacental
transmission of tachyzoites to developing foetuses (Batb@rees 1998; Dubey et

al. 1988b). The parasites atfeen liberated and the sexual stage occurs in the gut
epithelium. When intermediate hosts ingest contaminated substances with oocysts,
sporozoites are released from the oocysts and differentiate into tachyzoites, which
spread through the circulatory system to different tissues and organs (Mor&oya
Liesenfeld 208; Gibney et al. 2008; Williams et al. 2009). Tachyzoites multiply in
parasitophorous vacuoles (PV) asexually in intermediate hosts through a process
called endodyogeny, in which two progeny form within the parent parasite
(Goldman, Carver & Sulzer 195Beffield & Melton 1968).Unsporulated oocysts

are excreted in the faeces of the definitive host and sporulate in the surrounding
environment (Dubey et al. 2007l the latent stage(chronic form) of infection
tachyzoites are converted intilve cyst formingbradyzoitestageswhich aremostly

localised in muscles and the central nervous system (CNS) (Nath & Sinai 2003).
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Figurel.1: Life cycles of a). gondiiand b)N. caninum An oocyst, after being shed by the definitive
host, sporulates and is ingested by an intermediate host; where sporozoites then invade cells lining
the gut and form tachyzoites which then migrate to tissues. Infection transmission can then occur
horizontally by a definitive host ingesting infected tissaand the cycle proceeding through the sexual
stages, or vertically through the placenta of intermediate Bo¥achyzoites can convert to tissue
cysts and encyst in tissue such as the brain and mugel@s gondiiand N. caninuminfections.

Images takerfrom a)Hunter &Sibley2012, and bpubeyet al. 2007.



1.2.1 Tachyzoite stage of T. gondii and N. caninum

The tachyzoite i motile fast multiplying formof the parasite;involved in the
establishment of the acute stage of infectiohachyzoitegeplicate every 6 to 8
hourswithin host cellsn the parasitophorous vacuol@V) Tachyzoites id. gondii

and N. caninumhave similar structuresthey arecrescent shape with a pointed
anterior end and a rounded posterior erfgigure 12). Their sizesire usually X 6

> Yin T. gondiiand slightly larger itN. caninumat 7.5E 1 and d@ntaimumerous
organellesTheycontain a unique cytoskeleton (subpellicular microtubules, conoid,
inner membrane complex), secretory organelles (rhoptries, micronerdesse
granules), mitochondrion, apicoplast, eukaryotic, nucleus, endoplasmic reticulum,
Golgi apparatus and ribosomes, all surrounded by a complex membrane structure
called the pellicle Gustafson, Agar & Cramer 19%8erguson& Dubremetz 2007).
They areable to invade host cells by penetrating the host cell membnasiag their

secretory organelles

Toxoplasma gondii
tachyzoite

Conoid
Apical polar ring

~Micronemes
Rhoptries

-Dense granules

Subpellicular

microtubules

/ 3 Inner membrane
complex with underlying

= [ \ subpellicular network
/ // \ (not shown}
4 Aﬁ\\ \' Mitachondrion
\

[~ | ‘\\) Apicoplast
)

| - ‘f r Nucleus

Endoplasmic
reticulum
Plasma membrane

Posterior pole

Figure 12: Diagram of . gondiitachyzoite which also represents the same diagranNincaninum

tachyzoite Organelles are as labelled (image taken from Beatial 2006)



1.2.2 Bradyzoite stage

Bradyzoites arentracellular, slow replicating quiescentform of the parasites and

are an indication of the chronic stage of the disease. Morphological features of this

stage include the presence of a thick wall surrounding the dfjure 13)

containing parasite glycoprotesnthat may be associated with protection of the

LIF N> AAGS FNRY GKS K2aildQa A WientS8npaRyT Sy OS
bradyzoite with tachyz¢e stage; badyzoites are more slendethe nucleus is

located more towards the posterior endf the parasiteand bradyzoite replication

does not cause the rupture of host ce(Bubey& Lindsay 2006Zhang et al. 2001

In the CNSijn vivo studies demonstrated thafl. gondiiencysts in neurons and
astrocytes (Ferguso& Hutchison 1987; Fischer et al. 1997). These cgstsiot

induce host inflammatory reactiorendY I @ LISNB A &G { K N@gpahK 2 dzii  (
(Hill & Dubey 2002). Tissue cysts @f gondii are usually spherical shaped
surrounded byelasticwalls (0.5um)ii KS aAT S 2F oN}XRelT 2A0GSa O
containng hundred of parasites. IN. caninum tissue cysts are round or oval
shaped and canreachd G2 wmnT >Y Ay aAiAi Sz Oead ol ff
>Y | YR 02 pradyzoitey DEleyeRINI998)

Figure 13: Bradyzoitecyst stagein host cells infected withl. gondiior N. caninum a) T. gondii
bradyzoite thin cyst wallstained with haematoxylin & eosinb) T. gondiibradyzoite enclosing
hundreds of bradyzoitegunstained) c) A thick walled i§lackarrow) N. caninumtissue cysttained
with haematoxylin& eosin,(taken from Dubet al.2007).



1.3 Secretory organelles of T. gondii and N. caninum

All members of the Apicomplexa comprise an apical complex in one or more stages
of the life cycle, a collection of organelles involved in komst invasion process
(Dubremetz et al. 1998Yhe organelles of the apical complex in bdthgondiiand

N. caninuminclude rhoptries micronemesand dense granules. Rhoptries are
secretory organellesssential in host cell invasion h gondiiand N. caninumand

are associated withvirulence inT. gondiitachyzoites(Bradley et al. 2005). They
include rhoptry neck proteins (RON&pat form elongated necks which function as
ducts to discharge their contents, and rhoptry proteins (ROPs) that form large, club
shaped secretory organelles (Bannist¢al. 2003; Bradley et al. 2005). Th gondij
ROP5, ROP16 and ROP18 have been associated with virulence (Reese et al. 2011,
Saej et al. 2007; Peixoto et al. 2010). ROP18 destabilitederon gamma
response of the host to prevent the rupture of the AMicronemes (MICs) are the
smallest organelles that vary in their numbers in different Apicomplexa parasites
and are involved in the early phase of the invasion process by attachment and
LISY SGUNY GA2Yy ZDubeygH iGdsdy 2996). Micron@rfefotkins such as
MIC1 enable the attachment to host cells through their adhesive domains and
MIC1 also can form a complex with MIC4 and MIC6 that is associated with invasion
(Garnett et al. 2009; Reiss et al. 2001). Dense granules (GRA) are involved in th
establishment and maintenance of the PV during and aftest cell invasion
(Bannisteret al. 2003; Speeret al. 1999). The conoid is a fibrous spisflaped
structure which plays a role in invasion (Del Carraeal. 2009) and the apicoplast

is a nonAphotosynthetic plastid found in most Apicomplexa (Zhu et al. 2000).

1.4 Host cell invasion by T. gondii and N. caninum

The host cell invasion process takes place rapidly in a sequential series of events.
Tachyzoites first move the host cell surface throaghactive actirmyosin driven
motor called the gliding motility (Kappe et al. 2004). At first, the parasite must

orientate itself in preparation for invasion so that it is vertical to the host cell



surface Nichols, Chiappino & O'Connor 1988)llowed by the formation of the
WY2@Ay3 2dzy OGA2y Q ¢ A (K suif&cs anfigénzpiotei® &ridft Y S'Y
proteins secreted from the micronemes and rhoptries (Besteiro et al. 2009). The
parasite forms a parasitophorous vacuole (PV), where thenbrane consists of

host cell plasmalemma with integrated parasite proteins (Beckers et al. 1984).
mitochondria and endoplasmic reticulum (ER) of the host accumulate around the

PV (de Melo et al. 1992); host transmembrane proteins are left out so that t

vacuole is incapable to fuse with lysosomes and is shielded from host immune
defences (Mordue et al. 1999).

1.4.1.1 Differences between T. gondii and N. caninum

There are ultrastructural differences between the two parasites (Speer & Dubey
1989). The size foN. caninum tachyzoite is slightly larger thaf. gondii
Micronemes are more numerous iN. caninum(Speer et al. 1999ndthe number

of rhoptries inN. caninumis six to sixteen compared to four to ten T gondii

(Speer et al. 1999). Electralense hoptries ofN. caninumtachyzoites are similar

to the mature bradyzoites of both species, whereasTingondiiare spongy and
electronlucent (Speer et al. 1999). Cyst walls of the bradyzoite stajegondiiare
aYyz2204K FyR fSaa (KI yeontaimpundreds ofibkadydies | Yy R
whereas inN. caninunthey tend to have irregular thick cystwad XX n > Y0 6 dzi
smaller in size and contain fewer bradyzoites when compared.tgondiitissue

cysts (Figure 1.2) (Speer et al. 199930, the number boocysts shed in cats faeces

are high and can reach up to millions of oocysts in comparison the dog which sheds
less amounts of oocysts and can only reach up to 500.000 oocysts (Gondim et al.

2005).

Differences have been also associated with variancesunface antigens and
secreted virulence factorshe number of surface antigen proteins were found to be
increased inN. caninum(227) compared toT. gondii(109) (Reid et al. 2012;
Wasmuthet al. 2009)



1.5 Pathogenesis and clinical outcome of T. gondii and N.

caninum infection

Human nfectionwith T. gondiican occur as a result &od or water contamination
and organ transplantationor blood transfusionfrom individuals infected withT.
gondii (Siegel et al. 1971). During pregnancy, a mother infected Withondiican
transmit the parasites to the foetus; as these parasites can cross the placenta
(Dubey& Jones 2008). As a resudgvere congenital toxoplasmosisydrocephalus,
abortion or deah of the fodus inside the uterus may occ{besmonts& Couvreur
1974; Holliman 1995). Other congenitdihical symptoms mght include infection of
the eyes (retinochoroiditis), which can lead to blindness and alsatahe
abnormalities Wilson et al 198); McAuley etal. 1994).Toxoplasmanfection in
immune supressed individualsuch asHIV/AIDS patientsmay cause toxglasmic
encephalitis (TE) thatan be fatal (Carruthe& Suzuki 2007).

Neosporosis can causiseasein dogs and more significantly in cattld. caninum
transmission from mother to foetus in cattle is a major caagabortion, stillbirth
and clinical disease inew-born calves (Williams et al. 2000n pregnant cattle,
multiplication of the parasitecan occurin the placentathrough its entry to the
foetal bloodstream, along with activation of prenflammatory cytokine and
chemokines in the placenteanlead to tissue damag@Buxton et al. 2002nnes et

al. 2007).The parasite can cross endotlalbarriers and reach the CNS of the
foetus, in which it is purposed to reach the CNS through infection of dendritic cells
(CollantesFernandez et akR012) In dogs, the disease manifests as neuromuscular
dysfunction (Dubey 2005; Dubey et al. 2009). In segases in young, congenitally
infected pups, hind limb paresgccurs and maprogresses to paralysigdditional
symptoms in dogs includdifficulty in swallowing, paralysis of the jaw, muscle

flaccidity, muscle atrophy and even heart failure (Dubey300



1.5.1 Economic impact of T. gondii and N. caninum

T. gondiicauses toxoplasmosis in humans and animals. It is estimated th&D%6

of the population in the United States of America and the United Kingdom are
infected with T. gondii In Central and SoutAmerica the infection rate is higher
where it can reach from 5B0% (Dubey et all988). The socteconomic impact of

the disease causes increase costs in healthcare, such as children with blindness
(Roberts et al. 1990). In the Unitedates, Toxoplasmosis was identifleas the
secondprimary cause of foodborne illness and around 4800 ocular infections are

detectedannually (Scallan et al. 2011; Jones & Holland 2010).

N. caninumhas an economic impact especially in cattle and also causes pgyhiol

dogs. Bovine neosporosis effects dairy and beef industries around the globe. In the
United Kingdom, Neosporosis is the causative agent of abortion in cattle at an
estimated number of 6000 abortions annually (Davison, Otter & Trees 1999b). A UK
studyinto occurrence in cattle found that over 90 % of herds had at least one cow
seropositive forN. caninum(Woodbine et al. 2008). Substantial economic losses
result from abortion and stillbirths, reduced milk yield and reduced weight gain

(Barling et al. @00).

1.6 Host immune response sduring T. gondii or N. caninum

infection

During parasitic infection withl .gondiior N. caninumthe host generates an
immune response to the invading tachyzoites in order to control their spread and
limit cell damage Immune esponses in hosts durin@. gondiiinfection differ
according to the parasite burden, type of parasitic strain and the host immune
status (Suzulk& Remington, 1993)AsT. gondiiand N. caninumare closely related,
similarities in host immune response have been detecliée host produces a Thl
immune response througlip-regulation of interleukinl2 (IL12) by different cell
types such as macrophages, neutroplaihd dendritic cells leading to ¢hinduction

of interferon gamma (IFN 0 K NP d&hkzinetlet &) $90F; Sher @t al. 2003;



Wilson & hunter 2004 Innes et al. 1995 IFN A & kihe th@tdsimportant in

control of infection in both acute and chronic stage of disease (Suzui. €t988;

Gazzinelli et al. 1993nnes et al. 2002 Under the protective immune response of

the host, parasites are compelled to convert from tachyzoite to bradyzoltesse

cysts can be found in different sites and organs &@mainly detected in mscle

tissue and tle CNSpersisingl K NB dz3a K 2 dzii  JoKrS Wdhingesi luaterf A FS ¢
2010 Dubey& Lindsay 19956 In immunosuppressed hassuchas individuals with

AIDS the production of IFN  RSONBIF aSa |a + NBadzZ i 27
CD+4 Thelpercells, thus reactivation of the parasitiféction in the brain reoccurs

where tachyzoites are reactivated from bradyzoite cysts and cdoseplasma
encephalitisor even cause death (Lu& Chua 200Q)In N. caninuminfection, if
tachyzoites reach the CNS, they can cause clinical signs of abortion of the foetus in
cattle or neurological outcomes (Dube% Lindsay 1996; Hemphill 1999)uiing
pregnancy in infected cattle wittN. caninumThlimmuneresponses as a result of
infection may harm the foetus and therefore is reduc€bhnes et al. 2001)In

return, the Th2 response is elevated through the production of immune regulatory
cytokines such amterleukin10 (L1Q by the placental tissueQuinn, Ellis & Smith

2004 Quinn, Miller& Ellis 20@; Innes et al. 2007)

1.7 The involvement of T. gondii in behavioural changes and

neurological disorders

In recent years, therdnas been more interest in the possible involvementTof

gondii infection with neurological disorders (Torrey ¥olken 2003; Zhu 2009). It

has been proposed thal. gondiiinfection in the CNS magause behavioural

changes in humans (Flegr 200Thxoplasmanfection has beersuggestedio be

connected to many neurological diseasescht I NJ A y & 2 yhéddghdRrical S & S
observations of patientseropositive withT. gondii(Miman et al. 2010). There is

evidence to indicate thepossible involvement of T. gondiiin modifying and
AYONBlFIaAy3ad GKS K2adaQ R2LI YAYSNHAO &aAiidy

Prandovgky et al. 2011). Studies on infected rodents showed host behaviour
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changes and increased levels of dopamine (Stibbs 1985; Flegr et al. 2003; Gaskell et
al. 2009; Prandovszky et al. 2011). Elevated dopamine production was also found in
patients with schizphrenia (Torrey & Yolken 2003; Carlsson 1988; Howes & Kapur
2009). Dopamine is a monoamine neurotransmitter formed in the brain by the
decarboxylation of dopa and is needed for normal performance of the central
nervous system. It is involved in importardles related to behaviour, cognition,
voluntary movementand attention. Dopamine secretion is known to be involved in

the modulation of neuronal activities linked to learning and memory functions in

the hippocampus region of the brain (Backman et al. 2010)

Many factors play roles in the determination of neurological outcomedated to
toxoplasmosis such as genetic and environmental factstsin of T. gondii

acquired, age of individual infected, severity of the acute stage of dis¢hse

ability of the parasiteto reach important parts of the body such as the CNS and the
K2aldQad AYYdzyS NBaLRy a Qilsanaddsintgr 2004)Th& G | f @
parasit€@ f 20F f AT FGA2Yy (G2 &ALISOAFTAO LI NLa 27F
behavioural changes, espially in relation to fear responses (McConkey et al.

2013). There havalsobeen reported cases linking disorders and diseases such as
depression, anxiety and psychoses in patients with the chronic stage of disease
(Arendt et al. 1999; Torre¥ Yolken 2003).

1.8 Importance of a strocytes in the central nervous system

In the central nervous syste(@€NS)cellsconsist ofneurons and glia cells. There are
many types of glia cells such as astrocytmiroglia oligodendrocytes and others
one of the most important glia cells are astrocyt@gyure 1.4) Astrocytesform the
majority of the cellsn the mammalian brairand are involved in the blood brain
barrier (BBB)formation (Fields& StevensGraham, 2002). Moreover, they are
important in cellcel communication of neurons, defence against infectious
organismsor traumatic injuriesand provide homeostasis in the brathrough
neurite outgrowth and synaptic plasticiffNorenberg 1994; Pekn§ Nilsson 2005;
Fields& StevensGraham, 200
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Figure 1.4:Images ofhuman astrocytesn vitro using light microscopy and x40 magnification a)
uninfected human astrocyte cells, Igglls infected with T. gondiiand c) cells infected with N.
caninum(red arrow indicated tachyzoite in parasitophorous vales.

Any damageoccurring to astrocytes can seriousffect neuron survivaidnd have
alsobeen linked topathological outcome®f many neurological diseasssich as
Alzheimef) dliseaseand toxoplasmic encephalitis (TENedergaard et al. 2010
Drogemuller et al. 2008In addition, astrocytemfectedwith T. gondiican decrease
gap junctions betweerellswhich may result in reduced communication between
cells (Fischer et al. 1997). Astrocytes have been found to be inféotedhigher
extent with T. gondiicompared to neurons and microglia cells in studies done both

in vivoandin vitro (Halonen et al. 1996; Fagard et al. 1999; Luder et al. 1999).

IFNd Ay RdzOUGA2Y 2F | aGNROelGSa Oy AYKAOAID

parasitic infection in both T. gondiiand N. caninum(Wilson & Hunter 2004;
Halonen, Taylor & Weis2001). During inflammatory responses, these cells are
capable of chemokine and cytokine production in addition to them acting as antigen
processing cells (APC) to theells (Brenieiinchart et al. 2004; Strack et al. 2002;
Wilson& Hunter 2004).

Human astrocytes used in this thesis were ethically approved for research purposes
only and are a primary cell line that can be used up to five passages. There are some
limitations associated with the use of these cells; such as the limitation of the
number of passages usefiveé passagesN. caninumare arguably unlikely to infect

human astrocytein vivq but havebeen found to infect human astrocyt@s vitro.
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Most of the comprehensive understanding about astrocytes has been achieved
throughin vitro studies Therefore, in vitro cultures are an effective systems model
for the study of pathologicalccurrencen the CNS, allowg a better understanding

of hostparasiteinteradions. T. gondiiand N. caninumhave been found to infect
astrocytes successfulig vitro (Pinheiro et al. 2006; Jesatal. 2013. They are also

responsible innformation processing, learning and memanpcessing

1.9 Methodologies for investigating host cell responses using

proteomic and transcriptomic approaches

1.9.1 Quantitative p roteomics in host cell investigations

Proteomic research deals with large scale profiling of protein expression levels,
posttranslational modifications (PT#land proteinprotein interactions in many
complex biological systenffandey& Mann 2000) Advances imass spectrometry
(MS have broadened proteomistudies and enabled systems biolagyestigations
that helpedto solwe important biological questions wtih were once considered a
challenge(Aebersold& Mann 2003 Cravatt, Simon & Yates 200%Generally, the
classical way for many proteomic investigations incladerotein separation step
via gel based approa@s and identification using M®r a non-gel based approach
by directtryptic digestion of wholeprotein lysates into peptidesbefore MS analysis.
Protein or peptide fractionation is routinely utilised to increase proteome coverage
and depth Peptides are identified by MShen allocated to proteins by

bioinformatic searching of predicted protein databases.
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1.9.2 Gelbased separation investigation methods

In order for complexyrotein sampleso be separated, a classical approach is usually
performed using a gel matrix along with the application of an electric f@fe of

the earliest separation methods to be established was Sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SB&XE) (Shapiro, Vinuel& Maizel1967). It
enables the breakdown of interactions between proteins through solubilisation,
denaturation and reduction steps followed by separation using a polyacrylamide gel
along with a current, in which the proteins then mitgaaccording to their
molecular weight (Rabilloud 1996). Two dimensional electrophoresi®E(2
separationsconsists of first separating the proteins according to their isoelectric
point (pl) where theprotein net charge is zero and in the second dimension
according to itsnolecular weigh h QCI NNBff wMdpTtpod® ¢KSys> 3IASf
visualization and proteins of interest are excised, digested into peptides using a
proteolytic enzyme (usually trypsin) and finally proteins are identified using MS
techniques. However, 2-DE methods are difficult to conduct on multiple
comparative studieandaretime-consuming and labotintensive, in which the gels
need to be run, analysed, and compardthey also suffer frorpoor reproducibility
between gelsvhichmay cause variabilitZhou et al. 2002)l'hus, two dimensioria

differencegel electrophoresis (2DIGE) \as developed.

1.9.3 Two dimensional difference gel electrophoresis (2D-DIGE)
investigations

Introduced in 1997 2D-DIGEis a high performance proteomic tool used for
separation of complex samples (Unlu et al. 199He development of 2IDIGE
enabled a more sensitive and reliable quantification method for the estimation of
protein abundancecompared to 2DE as samples areun altogether on the same
gel, which minimizes potential g&-gel variation (Kondo 2008Basically, steps
involved in 2BEDIGE involvalirectly labelling proteins using the lysine groups on
proteins withdifferent fluorescent ¢yaning dyeso / & d&es GE healthcareprior

to protein separation according ttheir pl and then bymolecular weightin the
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second dimension through the applicati@f an electrical fieldcross a solithased

gel Protein spots are therither directly scannedh the Cydyegels orstainedfirst

with a fluorescent stairfor visualizationof the proteins in thepick gel Roteins of
differential expression are selected using an appropriate software program such as
5 S 0& R S(GE Héalthcare). Finaltieferentially modulated pteins of interest

are excisedrom the pick geldigestednto peptidesand placed on a MS for protein

identificationfollowed by bioinformati@analysigWestermeier & Gor@011).

1.9.4 Non-gel based proteomic investigations

There are numerous studies thhtive usedD-DIGHor globalproteomic profiling
Yet, this technique has many limitations; itrequires a substantial level of skil
time consuming, laboriouand has many technical restrictions related to resolving
proteins with high or low masses @rhaslimited sensitivity(Zhu, Smith & Huang
2010;0Id et al. 2005)Therefore; alternative proteomic approacheasing nongel
based techniquesave been developed forugntifying protein changesbetween
samplesof interest This can be applied througtwo approaches; ladebased and

labeHree proteomic analysis

1.9.4.1 Label- based quantitative methods

In label based methodsuch as stable isotope labellinguantification is achieved

by incorporating isotope labelled molecules into MS analysis as intetaatiards

or relative references Zhu, Smith & Huan@010). This method involves the
application of chemical and physical properties similar to the natural compounds of

the samples to be investigatdat enables the mass spectrometer to differentiate

between identical proteins in separate sampl@helabelled protein samples are

then pooled together,digested mixed and relativgorotein abundance changes are
determined from ratios of intensities between the differentially labelled peptides
(Gygietall999)] F 6 St f Ay 3 | LIINRBI OKSa Ay WaKz2(3dz Q
isotope labelling by amino acids in cell culture (SILAC) (Ong 2002; Everley et al.
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2004), tandem mass tags (TMT) (Thompson et al. 2003), isotmjee affinity tags
(ICAT) (Gygi edl. 1999; Smolka et al. 2001) and isobaric tags for relative and
absolute quantification (iTRAQ) (Retsal 2004). These methods have enabled the
identification and quantification of complex biological samples in systems biology
approachesand in the reduction of variabilitybetween samples However, most
labetbased quantification approaches have many limitations, including complex
sample preparation, incomplete labelling and increased costs of these methods
(Patel et al. 2009).Moreove, in the labellingapproach, a higher sample
concentration is needed and so far only TMT and iTRAQ methods can allow up to
eight samples to be compared in a single experimenhus, noHabelled
guantification procedures have been an interest for many researchers in tloedfie

quantitative expression profiling of proteins (Panchaud 2008).

1.9.4.2 Label-free quantitative based methods

Labelfree approaches use raw data directly framultiple mass spectrometry runs

to enablethe comparison of theelative protein abundancen different proteinMS

runs (Wastling et al. 2012)n contrast to label based approas$) each protein
sample is separately prepared, then subjected to individuaMBSIMS analysis.
Theyhave many advantagesver labelling techniques including low casimplicity

and a lower concentration of sample are required. Moreover, it has a higher
proteome coverage and dynamic range andmerous protein samples can be
compared in a single experimenitigh resolution MS/MS instmnentation along
with multiple sampe preparations is recommendeth labelfree quantitative
approacles However, as every sample needs to be separatedpared and run on

the L&EMS/MS, steps extending from sample preparation to MS analysis can
introduce variations which may cause biaghe the quantitative analysidkelative
guantification offers calculation of abundance ratios between peptides and proteins
by comparing their signals created from different samples. UstlaiByapproachs
used in nortargeted based experimentdt allows global quantitative profiling of
tens of thousands of peptides from thousands of proteins within an experiment
without prior information of these proteins. Absolute quantificatioan beused to
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determine the amount (mass or copy number) of proteins imi&ture or complex
and is generally performed at the peptide level. Currently, there are two different
protein quantification schemes in labfke quantification: spectral countind-i{,
Sadygow Yates2004) and peak intensity measuremenB&ofdarenko,Chelius&
Shaler2002).

1.9.4.2.1 Spectral counting measurements

Spectral counting relies on the practical observation that more abundant peptides
are more likely to be observed and detected in an MS experiment and involves the
observation of possible linear coration between MS/MS spectra of peptides
acquired from a certain protein to the relative concentration of the protein
(Zybailov et al. 2005). Calculation of relative quantification is done by comparing the
number of spectra between the experiments. Whileesal counting is a fairly
simple technique and is easily applied, normalization and cautious statistical
evaluation are still necessary for accurate quantification, which can decrease
significantly for proteins with only a few recognisable peptides arterwthe
quantitative changes between experiments are small (Mallick & Kuster 2010).This
method is also controversial due to the fact that it does not take in account any
measurement of direct physical property of a peptideagelies on the quality of the
spectra and low abundant peptides may not be detected and measitratbodoes

not measureany direct physical property oh peptide and assumesthe same

linearity responsdor every protein

1.9.4.2.2 Peptide peak intensity measurements

lon intensity based methbis produced by obtaining an ion chromatogram for each
peptide precursor from the MS data and also measuring the peak area over the
chromatographic retentiortime. It aligns precursor ion spectra of the same peptide
of a sample from parallel runs according to their retention times (RT) and protein

guantification and identification is attained by summing ion intensities of all or top
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three peptides that have ken matched to peptides for a given protein. This is done
by comparing intensity values for each peptide between one or more experiments
for relative quantification purposes. This method allopsptide measurements
with high accuracy and wide dynamic rangspecially when highesolution mass
spectrometers are used andan differentiate distinct peptides sequences with

interfering signals of similar masse&éiKolov, Schmid& Urlaub2012).

1.9.5 Liquid chromatography mass spectrometry (LC-MS)

Liqguid chromatogrghy¢mass spectrometry (LMS) is a powerful analytical
technique that enables the separation usihguid chromatography (L&ombined

with the mass analysis ohass spectrometryMS). LEMS has very high sensitivity
and selectivity used in the separatiotetection and identification of molecules of

particular masses found in complex mixtures.

1.9.5.1 Reverse-phase high performance liquid chromatography ( RPLC)

During the investigation of complex biological systemsisirecommended to
introduce additional steps of sepdran to allow better resolution of the peptides.
High performance liquid chromatogphy (HPLC) is a procedure in whieblecules
contained within a liquid mobile phase are forceshder pressurethrough a
stationary phasewithin a closelypacked column. In the stationary phase,
compounds bind to the column based updheir chemical properties. Ireverse
phase (RP) HPL@nN-polar molecules areecollectedwhile polar molecules are first
to elute. The mobile phase solvenis adjustedalong agradientby increasing the
acetonitrile contentgradually,to elute the more polar molecules by increasing

hydrophobicity (Simpson 2003).
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1.9.5.2 Tandem mass spectrometry (MS/MS)

Mass spectrometry determines the mass tieacge ratio (m/z) of gas phase ions
Peptides are converted into the gas phase through an ionization source such as
electrospray ionization source (ESThe peptide mass (m/z) is measured by the
detector followed bypeptide fragmentationthrough collisionwith an inert gas. The
mass (m/z) of the fragmegrt ions are then measured and used determine the
sequence of the peptideTandem mass spectrometry (MS/MS) includes multiple
steps of MS selection in which fragmentation steps take place betviee stages.
Peptides are converted into the gas phase through an ionization source such as
electrospray ionization source (E&$ seen in a linear trap quadropole (LTQ) mass
spectrometer. The three most abundant peptides identified from the gas phase by
an initial spectrum search are fragmented by collisiothuced dissociation (CID),
followed by a second scan that measures mass to charge ratio (m/z) of the
consequential fragments (MS/MSDrbitrap mass spectrometer is a recent more
accurate developed nss spectrometer instrumenthat has many advantages
including high resolutionof peptides greater sensitivity and datacquisitionthat
enablesbetter identification and quantification of thousands of proteins during
proteomic investigationsMakareov 200; Beck et al. 2011). Basically in an Orbitrap,
ions are trappedn an outer barrel like electrodejue to their attraction to the
inner electrode through centrifugal force, ions end up cycling around the inner
electrode and move back and forth in the ceailt electrode in space which

resembles a spiral form of movement.

1.10 Protein identification and bioinformatics analysis

Following mass spectrometignalysisthe tandemmass spectralata needs to be
compared to ann silicodatabasefor protein identification. This is done to ensure

that all possible peptides cleaved with the proteolytic enzyme are searched from
LINEBRAOGSR LINRPGSAya 2F Ayl OHNBadl the @afor G KS
challenges in global proteomic expression profilingriscessingarge amount of

data attained. Many database search tools have been developed for
peptide/protein identification for MS/MS data such as MASCOT (Per&inal.
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1999), SequestHng, McCormack & Yatd994), XITandem (Craigk Beavis 2004)

and PEAIS (Zhang etl. 20R). These search tools identify peptides using algorithms
that match the precursorand MS/MS spectraldata to those from anin silico
digestion of a translated genomeAs a result, a score unique to the spectra
searched against theoretical spectrathe specific organism is given. Otherwide,
novo sequencing of individual MS/MS spectrum can be achieved using certain
software such as PEAKS (Zhang et al2)20h order to guarantee that peptides
identified do not contain any false positives, thalse discovery rate () is
needed This is done by rsearching the data with a falstatabasegeneratedby
reversing amino acid sequences of the actual database used for the protein search,
usually around 1% or less is accepted. In addition, proteiastified from LE
MS/MS data analysis with only one peptide hit is excluded from the data search

result.

1.11 Transcriptomics

Within a biological system, the analysis of messenger RNA (mPpigmides
information of the changes happening the cellat the transcriptional level.The

two methods commonly used to measure the expression profile of the
transcriptome are hybridization and sequence based procedures. Hybridization
approaches usually include incubating fluorescently labetiechplementary DNA
(cDNA with custommade or commercial oligonucleotide microarrays and
measuring the intensity of the fluorescent dye used (Bammler et al. 2005).
Sequence based approaches determine the cDNA sequence dirdtibse
techniques includeexpressedsequence tag (ESTpraries that use relatively low
throughput cDNA (Gerhard et al. 2004), 4a@sed methods such as serial analysis of
gene expression (SAGE) (Velculescu et al. 1995); cap analysis of gene expression
(CAGE) (Kodzius et al. 2006) and massively parall@twignsequencing (MPSS)
(Brenner et al. 2000and were produced to deliver quantitative expression profiles
in a high throughput manner in a cell or tissue organiQuantitative polymerase

chain reaction (qPCR) &n accurate technique but is mostly usedfor smaller
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numbers ofsequencestherefore the development of RN8eq nowadays is the

preferred technique.

1.11.1 RNA-Seq

RNASeq involves the sequencing of cDNA librargenerated from reverse
transcription of mMRNA. Sequencing techniques such as Sanger capillary sequencing
is done throughn vivocloning of DNA k. colbefore sequencing with dydabelled
terminator dNTPs (Sanger et al. 1977). The application of nexergeon
sequencing NGShas eased transcrijnal investigations and eliminatethe need

of in vivocloning NGS requires either DNA synthesisused by thelllumina and

454 Life SciencegRoche)sequencing platforms, or through ligation as in SOLID
(Applied Biosystems) sequencin@he 454 platform is also known as tte novo
sequencing platform uses emida PCR for generating libraries to perform
pyrosequensingreads generated are around 500 base pairs and are similar in their
lengths. This platfornis widely used for DNA and RNA sequencing for organisms
without any reference genome available (Margulies et al. 20@8)LiD sequencing

is done through a series of ligation runs of dinucleotides to adatedseach base

is read twice (Shendure et al. @0). Short reads produced from this platformea
considered to be an accurate method but have a complex sample preparation and
data processing procedureomparedto other platforms such as lllumin& new
sequencing method developed by Helicos BioscierisesalledWa A y 3t S Y2t SC
a S lj dzS yhd3 heed établishe(Harris etal. 2008), which requires only a small
amount of mRNAmaterial; but it is not yet widelyaccessible Compared to
microarray or cDNAsequencing, RNS&eq is cheaper,nvolves less mRNA
concentrationsand has a high dynamic range for quartida of transcripts with

minimumbackground noise (Wang, Gerstein & Snydér30

lllumina sequencingreparation involves the generation of a cDNA library from the
sample mRNA. They are then amptifithrough PCR reaction and bridges are
formed between oligonucleotide primer on a flow c@lennett et al. 2005; Bentley

et al. 2008) Austers of DNA are generated which baseswith fluorescent dye
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attachedare addedto the flow cell is imaged then ¢hdye removed and the next
baseis added and so on, until the whokamplehas been sequence@olt & Jones
2008) Illluminaincreases accura@f sequencingbut read lengths are much shorter
(50-100 base pairskxompared to other sequencing platformso a reference

genome to align to iseeded

1.12 Systems biology in host -parasite interactions

Owing to advances in different genomic, transcriptomic and proteomic techniques;
biological investigations in an organism is changing from components being
SEFYAYSR AYRAGARdIZZIS®G H.IThid@ hddices: HadeY &

enabled the movement of studie®dusing on singlgenes to broader integrative

(@]
S

comprehensive studiefNastling et al. 2012)n the last decade; systems biology
has been of intezst to many researchers, in which it allowseper insight into
genes and proteins involvel in a complex cellular system and easing the
investigation of the biomolecules roles, interaction and functions. Moreover,
systems biology studiesssised in the integration of genomic, transcriptomiand

MS based proteomic investigations of biological interactidingt aided in the

discovery of signalling pathways and networksliffierent organisns.

1.13 Current research in astrocytes proteome

Astrocytes play majoroles in brain injury and pathogenesiget, only a few

analyses of the wholeell proteome and secretome in astrocytes have been
performed (Mark et al. 1996). Proteome and secretome investigations on astrocytes

were carried out to examine their roles neurological diseases and disorders such

4 ' f1T KSAYSNRAa RAaSI&aST 1l dzyAay3aazy RA&ASH
(Nedergaard, Rodrigue Verkhratsky2010; Sofroniew & Vinters 2010; Molofsky et

al. 2012). An investigationwas carried out on neurnos, astrocytes,

oligodendrocytes, and microglia in the human brain using fluorescence activated
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nuclei sorting (FANS), in which a monoclonal antibody against the neuron specific
splicing factor was applied. This approach identified 1755tged-specificnuclear
proteins that were involved in histone modificatignand regulation networks
altered with normal brain aging or neurodegenerative disease (Dammer et al.
2013). In another studysing a 2-DE based analysis of the proteomaf mouse
astrocytes, Yangt al. (2005) identified 191 individual proteins mostly involved in
nucleic acid binding, cytoskeleton and signalling proteins and the proteasome.
Using 2BDIGE, investigation of specific protein modifications was carried out in the
hippocampus region ofat brains following spatial learning. A total of 42 proteins
were found significantly modulated after 24 hours associated with cellular structure
and cellular metabolisneompared to uninfected rat brains (controld)lonopoli et

al. 2011). In addition, Al2merQ disease examination for biomarker detection and
discovery in individuals was performed using-RIBE, a putative indicator of
neuroinflammation called YK40, was highly increased Wlzheimerpatients and
could be used as a biomarker for preclalic f T K S fChai§I¢lagiro et al. 2010).
Yet, viral infection in astrocytes was explored Bip-DIGE, polyriboinosinie
polyribocytidilic acid (polyl:C) was used to simulate immune activation by viral
infections on mouse astrocyte conditioned medium (ACM total, 13 proteins
were differentially expressed compared to uninfected ACM, among these proteins
with significant expressions was matrix metalloprotein@s@MP3), in which it can

be associated with neurodevelopmental impairmeffYamada et al. 20)4
Malignant mouse astrocyte cells were explored usingBE to investigate
metabolic programming in cancerous cells. Several changes were detected in
isoenzymes associated with metabolic reprograming, such as tkregipation of

glycolytic enzymes tmcrease the use in glycolysis (Bentaib et al. 2014)

1.13.1.1 Proteomic investigations in host cells and parasitic infections

Several proteomic studies done oh. gondii have elucidated the specialized
invasion organelles and their composition, as well as proteins associated with the
cytoskeleton (Xia et al. 2008; Bradley et al. 2005; El Hajj et al. 2006)etSdlin
(2005) investigatedthe possible relationship betweetwo distinct isolates ofN.
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caninum (KBA2 and VMDL1) using-RE and found significant homology in the
proteome and antigenic proteome profiles between them, though isolated from
distinct geographical locationdn T. gondii investigation, tachyzoitesof three
different strainswere compared using 2DIGE. Similar proteomic profiles were
detected between type | (GT1 train) and type Il (PTG strain) compared to type Il
(CTG strain). A total of 84 differentially expressed proteins were iden{fiedu et
al.2013)

In host cell response during. gondiiinfection; Nelsonet al. (2008) described the
proteomic analysi§2D-DIGE)f human foreskin fibroblasts (HFFR)ring infection
in vitro, in which modulations of the host metabolic pathways, including disis,
lipid and sterol metabolism, mitosis, apoptosis and structpratein expression

were detected

However, todate there have been no reported comparative proteomic studies of

host astrocyte responses durifig gondiiand N. caninumnfection or anyother cell

type.

1.13.2 Current research in astrocytes and other host cell s transcriptome

In relation to the use of RN8eq in exploring human astrocytes thg parasitic
infection, to date there have not been any studies publishdthe investigation of
increased expression of astrocytell markers in schizophrenia and its association
with neuroinflammation was done using R&&q and hashowed that patients
with schizophrenia had increased expression of glial fibrillary acidic protein (GFAP)
and hypertophic astrocyte morphology (Catts et al. 2014)studythat localised
Alzheimef) disease in the parietal cortex of the brain and its involvemienthe

early symptoms of the disease in humamas carriedusing RNASeq.Theauthors
identified transcriptiomal profile changes related to lipid metabolisnd concluded

that astrocytes are associated with neurodegenerative disorders (Mills et al. 2013).
Gail, Gross Bohne (2001) explored transcriptional changes of human foreskin
fibroblast (HFF) cells duriiig gondiiinfection compared t&almonella typhimurium

and Chlamydia trachomatisising microarraysThey identified 13 genes (such as
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Interluikinré (IL6) and tumour necrosis facteinducible gene 6(TNFAIPG up
regulated exclusively innfected cells withToxoplasma Another studyexamining

the functional changes in the central nervous system (@NS8voin mice during
chronicT. gondiiinfection found that genes involved in immune responses and cell
activation were ugregulated in the mouse brain aftemfection (Tanaka et al. 2013).

In addition, host transcripts whose expression was reduced by infection were
involved in smalGTPasenediated signal transduction and vesicle mediated
transport (Tanaka et al. 2013)iaet al. (2013)examined transcriptionachanges of
brain tissues and peripheral lymphocytes of BALB/C mice infectedTwgbndiiRH

and ME 49 strain along with uninfected mice through microarray hybridization and
gPCR. Gerseassociated with immunity were upegulated higher in ME49 strain
infection, whereas upegulated pathways associated with pathogenesis of th& CN

was upregulated significantly compared to ME49 infection

1.13.2.1 RNA-Seq inT. gondii and N. caninum parasite investigation

In a comparative transcriptome study betweeh. gondii and N. caninum
tachyzoites;an expansion in the number of surface antigemsre identifiedin N.
caninum compared toT. gondiitachyzoite stage using RMgeq. Furthermorge
differences between the two parasites regarding secretory virulence factors found
in T. gondij specifically rhoptry ikase 18 (Ropl8yhich was found to be a
pseudogene iMN. caninum(Reid et al. 2012)

1.14 Secretome investigations in host cell s

The secretome consists of proteins secreted or shed from the cells surface of an
organism Many of these proteinsplay essential roles in many physiological

processes in a cell; such as cell signalling, communication, migration and tumour
RAFTFSNBYUGALFGA2Y YR Ay@lairzy o02Sadz2y s

introduced by Tjalsmat al. (2000), in a genome based investigation Bdcillus
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subtilisbacteria.Protein secretion is believed to be a balanced procedure essential
for the normal physiological functions in host cells. In mammalian cells, secreted
proteins are complex and closely tdgted and have vital roles in physiological and
pathological processes (Hathout 2007). Tissues in mammalian host such as the brain
and muscle secrete several biological molecules. Any excess or enduring changes in
the secretion of these secretory proteimsay indicate a sign of abnormalities or
pathological condition (Hathout 2007%ecretome analysis has been widely used in
the many research fields, such as htshour communication, hospathogen
interaction and drug/vaccine development (Ochsenbein 20®iBpald et al. 2009;

Brey 2005).

Challenges associated with secretome studie€lude; sample preparation,
filtration, in whichpotential cytosolic protein contaminants in supernatacén be

presentandlow protein concentrationf the secreted proteins

1.14.1.1 Methods for secreted protein identification

While computer based genome analysis is an indirect approach for secreted protein
identificaion using amino acid sequence information, proteomic based methods
enabled a direct investigation of the secretguioteins in a different range of
biological systems (Thouvenot et al. 2006). Label free quantitative proteomics is
used nowadays widely; especially in neuroproteomic and secretome studies, owing
to the advances and improvements in MS instrumentation (Fsete& Neumaier
2009). An additional computational step can authenticate secreted proteins from
other cytosolic proteins through peptide signal sequences database search tools
such as SignalP and Secretoni@éndtsen et al. 2003 etersen et al. 2001

1.14.1.2 Astrocyte importance in secretome investigations

Astrocytes secrete proteins that are important for neuronal growth, neurogenesis,
development and survival and synaptic development. These are mediated by the

release of proteins and peptides such as extracellular matrix proteins, growth
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factors and proteaes (Bachoo et al. 20048Isq astrocytes have been identified as
a source for chemokine secretion and may participate in the infiltration proockess

leukocyteg Krumbholz et al. 2006)

Through studying secreted proteing vitro, this can assist inunderstanding the
biological processes happening in cellwiva Thoughin vitro investigations cannot
exactly comprehend all cellular interactionederin vivoconditions, it is a valuable
method for mapping quantified secreted proteins and enables metalqpdithway

analysis in a biological system.

1.15 Current research in astrocytes secretome

While the first secretome studies were conducted on bacteria and fungi (Antelmann
et al. 2001), there are now manwvestigations ofthe mammalian seretome.
Major advances in the proteomic studies of the cells secretome have occurred
during the past seven years, owing to the improvements in proteomic techniques
and especially in MS (Brown et al. 2012). This has been applied in the systematic
investigation of secreted pteins of astrocytes (Greenbaum et al.(20 Dowell,
Johnson & 12009), microglia (Liu et al. 2008) and other glial cells (Chen et al. 2012).
Characterization of the whole cell proteome and secretome in astrocytes using
labekHree quantitative proteomicgoupled with high resolution MS iderigtl 6000
proteins (Han et al. 2104)n supernatants of astrocytemfected with T. gondij
induction of matrix metalloproteinas2 and -9 lead to fibronectin degradatign
which is associated with extracellular matidegradationand was detected by
western blot(Lu & Lai 20183 Moore et al. (2009) identified 133 secreted proteins
involved in neuronal development in primary rasstrocytes usinga labelree
guantitative method Theseincluded proteins of the extracellular matrix and
protease systems thatwere induced by astrocyte cholinergic stimulation.
Neuroinflammation of astrocytelerived cytokines and chemokines play both
neuroprotective and neurotoxic roles in brain lesion§ human neurological
diseases. A study done by Chati al. (2014) looked at the cytokine secretome
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profile of human astrocytes using a protein microarray approach. Results showed
that astrocytes expressed a distinct set of-RBtarget cytokines and cheakines,

that may suggest that NKB sigalling pathway, regulates gene expression of
cytokines and chemokines in human astrocytes under physiological and

inflammatory conditions.

1.16 Aims and objectives

The main aim of this thesigas to explore differences host responsdin HA cells)
and hostparasite interactions that reflect the divergentevolutionarybiology and
life cycles between the closely related parasifeggondiiand N. caninum This will
be achieved by thenwvestigation of differential transcriptional/proteomic and
protein secretion expression changes during host cell responsesTtogondii
infection compared toN. caninumnfection. Examining\. caninunmbradyzoite cysts
involvement in neurotransmission induction through dopamine stirtiaia in
neural cells compared td. gondiicysts infection in cellwill be achieved through

dopamine concentration measurements using HPLC

In order to compare differences of human astrocyte cell responses during infection
with either T. gondiior N. caninumat the molecular leveboth proteomic(2D-DIGE

and labelfree proteomic)and transcriptomic approaches were carried oilihe
analysis of host cell protein secret®during infection was also further investigated
through global proteomic profile ralysis using labelree quantitative method.

This was important as astrocytes are known to secrete signalling and inflammatory
proteins during infection and injury and is associated with leukocyte trafficking.
RNASeq provided a higthroughput platformfrom which to analyse and examine
the differences in expression of key genes between host cell infections Wwith

gondiicompared toN. caninum

Although both parasites]. gondiiand N. caninumcan infect and reach the CNS of
the host, T. gondiicausesmore pathology and behaviour changestine brain of

infected hostsand has tropism for cells of the CNSThere was also little evidence in
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relation to the pathology caused By. caninumn the CNS found mainly in dogs and
cattle that may suggest it maynot cause severe pathogenesis of the CNS.
Therefore, investigation of cells related to the C&if8h as the use of astrocytes
during infection withT. gondiiand N. caninumwill elucidate our understanding of
differences that may be presentbetween them Astrocytes have been
demonstrated to begoodmodels for system biology investigations as botlgondii
and N. caninumcan successfully infect these ceilfs vitro (Halonen et al 1998;
Pinheiro et al. 2006).

It has already beenstablished that infection of . gondiiin the brain at the chronic
stage increases dopamine secretion and was believed to be associated with
behavioural changes in the intermediate host in miocenable thetransfer of the
parasiteto the catthrough the cat mouse cycle (Gaskell et al. 2009; Prandovszky et
al. 2011) However it is not known ifN. caninumcan alter behaviour oother

changes in the CNS host cells

The current information on the cell biology and particularly the molecular aspects of
host-parasite interactions, obtained from. gondiwere applied toN. caninum Yet,

in many cases this has been done without causgiy assessing potential differences
between the two parasites. Therefore, it is important to elucidate wKabsporas
doing dfferently compared toToxoplasman host cell of the CNS, and how we
could exploit these differences to generate a better ursleanding of key
differences between them that can result in the production of an efficient

therapeutic or diagnostic tool of ietvention in the future.

Overall,this thesis aimed tancreasethe knowledge of host biological responses in
astrocytes during parasitic infection between these closely related parattisds
would enable a broader understanding of changes occurring in ther@dislingto
identify key differences in responses that will help explain the difference in the

biology between the parasites

29



2 Chapter two: Global proteomic investigation of host
cells response during T. gondii and N. caninum

infection

2.1 Introduction

T. gondiiandN. caninuncan both reach different sites in the host including the CNS
and modulate changes in the host cells. These two parasites, although closely
related, have distinct differences in their host range and definitive ho§ts.
understand the mechanisms of hostlcenodulation during parasitic infectiong is

very important b consider the effects the parasiteas upon the host cell machinery
which often includes changes both at the gene and protein leiethnological
advancesin protein separation methodsmass spectrometryand bioinformatics
analysishave facilitated the ability to study global proteomic profiles of cells and
organismg/Aebersold& Mann 2003; Schradei Klein 2004 These techniques are
more useful to usefor global proteomic profilingcompared to traditional
approaches such agestern blot analysis or immunroytochemicaimethods which

only help to examine one or a few proteins at a timi@ousands of proteins can be
examinedin multiple samples in a quantitative mann#mrough globalproteome
analysis which has besw one of the preferred approachesT@nnu & Hemby
2006). Quantitative proteomic techniques have facilitated examination of
intracellular parasite invasion revealing novel protein miagion of hostpathogen
interactions(Nekon et al. 2008)It has alsoassistedin important advances in the
measurement of protein expression changes betweenormal and disease
conditions and conveys corresponding analysis of proteins within samples

(Aebersold& Mann 2003).
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2.1.1.1 2D-DIGE

One ofthe main advantages of 2DIGE over the conventional techniques ishe
ability to labeltwo to three sampleswith different dyes andun them all on the
same gel, thus reducing spot pattern variabjlitite number of gelsusedin an
experiment and yieling accurate spot matchind\s a result, the confidence that a
difference between two samples in fluorescence intensity is due to biological rather
than experimental variation is increased (Van den Betghl. 2003). This technique
has demonstrated that it can generate statistically significant data using fewer 2D
gels (Albaret al 2003; Friedman, Hovingk Westermeier200). At the time of
preparing this experiment; theomnbination of 2BDIGE, mass spectrometand
bioinformatics approachwas deemed to bea powerful tool for comparative
proteomic investigations but now has been superseded by the technological
advances in the fieldMass spectrometry is needed for the identification of the
proteins correspondingp any spots observed by 2ZDIGE the data is thersearched
against the gene and literature database to interpret the proteomic data.
Bioinformatics helps in determining the proteomic signatures responsible for the
main pathological features and identifig key proteins, whickould be candidates

for disease markers and therapeutic targefidopf et al 2011). The use of
bioinformatics, together with the information of the individual proteins identified

by 2DDIGE, giv®a clearer view host parasite intertamns (Xiet al. 2011).

Using 2BDIGEinvolves prelabelling two proteisamples using two fluorescent
cyanine dyes (CyBand Cy%), in addition to a pooled sample of both proteins
flro0SttftSR 6AlGK . labeleKsaNgesaR théh banixéd ramdrun on

the same 2D gel where proteins are detected and visualised using fluorescence
imaging This enables the detectionf differences between protein abundanead

any post translational modifications taking planghe two samples. An oveew of

the 2DDIGE workflow is outlined iRigure 2.1.Scanned gels are analysed usiiy
DeCGydem & 2 T domtdinkd ANOVA test anetést to detect thefold change of

the protein expression level3heproteins of interest can then bexcisedirom the

gel and dgested to generate peptides for analysiad identificationby tandem
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mass spectrometry(LECMS/MS).

database search engines such as MASCOT along with bioinformatic analysis

Labelling dyes
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Figure2l: Schenatic of a typical 2EDIGE experiment. Proteins from samples are first extracted,

Protein identification was performed using

labelled with different fluorophores (Cy2, Cy3, and Cy5) and are resolved on the same 2D gel.

Proteins spots are detected by scanning the gel with the appropriate waveleogtihd Cy dyes;

merging all of them yields an overlay image consisting of all three Cy dyes. The images are analysed

dzZAAy3 H5 5SS/ @8RSNM &2FGs6FNB |yR
on the MS followed by bioinformatic arnyais (taken from Paul et.&013).

2.1.1.2 2D-DIGEstudies in Neospora, Toxoplasma and host cells

LINPGSAYya 27

AyidSN

Astrocytes are glia cells in the CNS that form the majority of the cells in the

mammalian brain and are linked with all parts of neurons (Hatton 2002). Any

damageto astrocytes can critically effect neuron survival and have been involved in
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disease Nedergaard, Rodrigue& Verkhratsky 2010). The understanding of

y' S dzN

astrocytesimportancein newvous system functioning is increasing, especially in the

modulation of neural activityNedergaard, Rodriguez & Verkhratsky 20Most of

the current knowledge and comprehension of astrocytes is fromirthetro studies,
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astrocyte cultures are continuingp provide a useful tool in exploring the diverse
property of these celldHalonen, Weis& Chiul1998; Pinheiro et al. 2006).

2.1.1.3 Parasite proteome investigations using 2 -DE and 2D-DIGE

Several proteomic studies om. gondiihave elucidated the specialized invasion
organelles and their composition, as well as proteins associated with the
cytoskeleton (Bradley et al. 2005; El Hajj et al. 2006; Xia et al. 2608)example;
rhoptry proteomic investigation iif. gondi{RH stain) was carried out by Bradley

al. (2005) through the application of SIPAGE coupled with MS analysis. A total of
38 novel rhoptry proteins were discovered and the fifstgondiigenes encoding
rhoptry neck proteins were identified, along with noveloteases, phosphatase
proteins that may be associated with the parasites invasion, survival and growth
processegBradley et al. 2005). Xigt al. (2008) used -DE in combination with
tandem mass spectrometry, and multidimensional protein identificatechhology
(Mud-PIT) for characterizing the proteome of three different strainsTofgondii
(GT1, ME49 and VEG), and 2252 proteiese identified

Hill et al. (2011), characterised sporozoite specific antigen fifbngondiithrough

the use of 2DIGE in combination with tandem MS. Zteiwal. (2013), explored the
proteomic profiles of three lineages h gondii(Type I, 1l and IIl) by 2DIGE along

with MS. The total numbers of differentially expressed proteins were 84 hichwv
similar protein profiles were detected between type | and Il lineages. ajondij

while type Il was found with different protein profileswo different strains ofT.
gondiitachyzoites proteomic profile changes were also compared usirDIAE. A

total of 56 proteins matching td. gondiiwere identified which included surface
antigen (SAG1), heat shock protein 70 (HSP70), disulfide isomerase, coronin, heat
shock protein 60 (HSP60), pyruvate kinase, receptor for activated C kinase 1, and
peroxiredxin. Most of the differentially expressed proteins were related to
biological regulation, metabolic process, response to stress, binding, antioxidant

activity, and transporter activity and glycolysis pathway (Zhou et al. 2014).
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In N. caninumproteomic inestigations; Shiet al. (2005)investigated the possible
relationship between two distinct isolates df. caninum(KBA2 and VMDL1) using
2-DE andidentified many proteins such as heat shock protein 70, subtilisen
serine protease, nucleoside triphdsgtase in the two isolates. Significant homology

in the proteome and antigenic proteome profiles between the tiMo caninum
isolates were observed, though isolated from distinct geographical locations (Shin
et al. 2005). Comparative investigation of twol&es of N. caninum(KBA2 and
JPA1) and RH streof T. gondiwere investigated through-DE by Leet al. (2005).

The study displayed increased similarities betw@&ercaninumisolates (KB& and
JPA1), whereas differences in protein expressions betWwearaninumand T. gondii
were observed, as proies NcSUB1, NcGRA2 and NCGRA7 are thought be species
specific proteins foN. caninuntachyzoites I(ee et al. 2005 owever, thee were

no reported studies of the application of ZDIGE in the investigation df. caninum

parasites.

In other host cells investigation; Nelsat al. (2008) described the proteomic
analysis ofT. gondiiinfected human foreskin fibroblasts (HFHs)vitro using 2D
DIGE which revealed that the proteome of host cell responded in a dramatic way to
T. gondiiinvasion associated with modulations of the host metabolic pathways,
including glycolysis, lipid and sterol metabolism, mitosis, apoptosis, and staitctur

protein expression.

2.1.2 Aims and objectives

In this chapter, the main aim was to investigate differential protein modulation of
the host cell response t®. gondiiand N. caninuminfection. Thehypothess is that
host responses during inééon will reflect differences in the proteins being
translated during infectiorbetween the two parasitesThe investigation of global
proteome profile changes during host infection will be carried out usind>REBE,
mass spectrometry (LRS/MS) and bioinformatic alysis. Human astrocytes are a

good model system for CNS investigatianvitro. It is one of the most abundant
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cells in the brain and can be successfully culturedtro compared to other cells of
the CNS such as neurons. In addition, both parasiteg leeen found to infect
astrocytes at a higher rate compared to neurons and microglia ¢ahééiroet al.
2006; Jesuset al. 2013; Halonen et al. 1996In order to understand biological
changes occurring in the hosts CNS during infection with tachgzoité. gondii
compared toN. caninum proteomic investigation of these cells will help to identify
key differences between parasite infect®mm cells of the CNS. As gondiis found
more frequently in intermediate host braicellscompared toN. canimmwhich was

mainly detected in a low number of dogs and cattle
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2.2 Materials and methods

2.2.1 Cell culture

2.2.1.1 Human Astrocytes (HA)

Human astrocyte (HA) cells (ScienCell Research Laboratories, USA) are primary cell
lines isolated from human brairerebral cortex that have a limited lifespan and can

only be maintained up to five passages. Prior to seeding HA cells, the rilaséto

be coated withpoly-L-lysine hydrobromide (moivt. 70,000150,000,Sigma Aldrich

in order for the cells to attachrothe surfacePoly Llysine wag0.1 mg/ml) coated

on surfaces off 75cn¥ flasks for Sminutes with 1ml of the suspension, then flasks
washed twice with ddkD and left to incubate for a minimum of 2 hours in the
incubator.A total of 15 ml o6 dzf 6 SEOPRQEA SR 9 It SQa a SRA dzy
Mixture F12 (DMEMF12) (Sigma AldriciJK was inserted in each flagkrepared

with 10 % (v/v) foetabovine serum (FBS)Sigma Aldrich), 100 U/ml penicillin and
mann >3k YE &l NS LI 2 Kdrich) ghd fledzl e [toiuSe AasksA 3 Y |
were seeded with HA cellsncubated at 37C and 5 % GOand medium was
changed eventhree days for cell maintenancenvhere they were left until they

reached 800% confluence and were passaged into new coated flasks.

2.2.1.2 Human astrocyte cell passage

A total of 15 ml of fresh DMEM12 medium was added to the pelyysine coated

T75 flask. Confluent HA ceisSNBE FANR G 61 aKSR gAGK wmn Yf
Buffered Saline (DPBS), without calcium chloride and magnesium chiSigiag

Aldrich), followed by inculieon for 2-3 minutes in 2 ml Trypsikersene (EDTA)

mixture (Lonza) in addition to 8 ml of DRBS37°C and 5 % entil cells round up

and detached Detached cells were transferred to 5 ml filtered FBS in 50 ml
centrifuge tubes. If some cells were still attached, flasks were gently tapped to
dislodge cells and added to the tubes. Tulsestaining the cells were centrifuged

at 188 x g for 5 minutegshe supernatant was carefully discarded and cells were
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resuspendd in 5 ml DMEM~12 medium. The numbers of cells were calculated
using a haemocytometer; coated T75%cwere seeded with 4 x PQellsflask and

incubated at 37°C and 5 % £0he medium was changed every three days until
cells reached 8@0% conflueny, then either passaged for maintenance or directly

used for the experiment.

2.2.1.3 Vero cell passage

Vero cells are monolayer celts African green monkey kidney fibroblastBhey

were used to culture and grow the parasitédonfluent vero cells in 25 énissue

culture flasks were washed with 5 ml 1M HEPES Balanced Salt Solution- (Sigma
Aldrich) before incubating the cells for 5 minutes in 5 ml Tryp&rsene (EDTA)

mixture, at 37°C and 5 % €0he cell suspension was centrifuged for 5 minutes at

1500 xg, and then resuspended in 5 ml IMDML 48 02 #5SQa a2RAFTASR
Medium, Lonza). The medium was supplemented with 10 % (v/v) foetal calf serum
(Sigma Aldrich), 100/ Yt LISYAOAf tAY YR wmnn >3kYft &t
Aldrich) and filtered prior tause. A haemocytometer was used for calculating the
number of cells, before they were seeded at a ratidlof 10 per 5 ml IMDM/25

cny flask.

2.2.1.4 Parasite passage

Two different lineages off. gondiiparasites were used in this experiment; the
virulent typel (RH strain) and a less virulent type Il (VEG strain) and one stifdin of
caninum(Liverpool isolate)At 24 hours posseeding, when vero cells reached-10
20 % confluency, they weiiafected with 4 x 1Btachyzoitesthrough counting the
parasites usin@ haemocytometerT. gondii(type | strain (TgRH) and type Ill strain
(TgVEG)and N. caninumLiverpool isolate (NcLIV) tachyzoite stagere passaged
twice weekly onto a layer ofero @lls and parasites were maintained at°87and 5

% CQ, which werethen left to grow for 34 daysbefore harvestinghem with a
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sterile cell scrper. Parasites were then eithgrassaged into new cells, or isolated

for use in experiments.

2.2.1.5 Parasite isolation

Tachyzoiteof TQVEG, TgRH and NcLIV were isolated from host melfiltration
§KNRdZAK nT1 YY RARVSRS NIzt S¥LRIANRBE L2t & Ol N
(Whatman). Then, they were washed twice in phospHauéfered saline (PBS) pH

7.4 by centrifugation at 1500 x g for 10 minutes. The supernatant was discarded,

and paasites were resuspended in DMBEM2 and were used to infect either HA

cells for the experiment or vero cells for parasite maintenance.

2.2.1.6 Human astrocyte cell infection

Purified tachyzoites were applied to confluent HA cells at an infection ratio of 10
parasites per celthrough counting the cells and parasites using a haemocytometer
As a control (mock infection); uninfected HA cells were harvested and mixed with
the same amount of parasites as added to the infected céllso$poraand
ToxoplasmarH), parasites were inserte@lirectly prior to centrifugatiorto keep the
proportion of host and parasite material the same for each sample. rBplicates

of each flasKi.e. infected and uninfectedyere collected a4 hourspost infecton.
Cells werenarvested therwashed twice wittDulbecco's PhosphatBuffered Saline
(DPBjpthrough centrifugatiorat 188x g for 5 minutes. Afterwardshe numbers of
cells were alculatedand a final wash and centrifugation at 13000 x g was applied
for 5 minutes supenatant was discarded angpkllets were collected and stored in
20°C.
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2.2.2 2D-DIGE

2.2.2.1 Human astrocyte cell lysis

The cell pellets were lysed in 560t 2 F f&aAia o0dzFFSNJ onYa |
Urea, 4% CHAPS) along with=1® afe$RNases(100 mg)and 5>t 2 F LINB G S|
inhibitors. The samples then were subjected to five cycles of frideae
procedures (freezing in liquid nitrogen, thawing at 29°C &mefly vortexing)

before centrifuging at 13000 x g for biinutes to remove any remaining cell debris.

2.2.2.2 2D Clean up

In order to remove any salts, detergents, lipidaicleic acidsand percipitate

present in the samples a 2éean up kit (GE Healthcare) wased All steps were

OF NNASR 2dzi 2y AOS dzyt Saa adl GSR 2I0KSNB A
Briefly, 300>t 2F LINBOALWAGIYG 61 & FRRSR (G2 SIO
before being incubated on ice for I&inutes. Then, 300> f 2pfecipiiadt was

added to each sample and vortexed briefly before centrifugation at 13 000 x g for 5

minutes.

The supernatant was discarded and the tubes centrifuged once more to guarantee
that any remaining supernatant was removethen, 40 > 2pfecipladt was
carefully layered on top of the pellet, to avoid pellet disturbance and were
incubated on ice for 5minutes. Samples were centrifuged again and the
supernatant was discardedNext, 25 > { 2 3 wRsRadded to each pellet and

vortexed until the pellet was dispersed but not completely dissolved in the solution.

0«
Tk

A total of 1ml of chilledwash buffer was @ded together with5>f 2 ¥ &I a K |
and the tubes were incubated a20°C for at least 3tinutes, making sure that the
samples were vortexed for 280s every 10minutes. Then, samples were
centrifuged at 13 000 x g for rainutes and the supernatant as decanted before

the pellet was left to air dry for a maximum ofmainutes.Finally, the pellets were
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resuspended in 46f 2F HE &l YLX S 06dzFFSNJ 6Ha ¢KA?Z2

followed by determining the protein concentration in each sample.

2.2.2.3 Bradford a ssay

In order to determineprotein concentrations a Pierce Coomassie pl{Bradford)
protein assayThermo Scientifiojas used for protein concentration measurements

of the samples. Two replicates of protein standards ranging fror28.5ig/ml BSA
were prepared. A serial dilution of each sample was applied (1:10P00 and
1:400 and two replicates per sample were used. Then, 150 pl of each standard and
also samples were inserted on a 96 well pjdatg0 ul of Coomassie plus reagent was
added to all stadards and afterwards left to incubate 10 minutes at room
temperature. A multiskan Ascent microplate photometer was used at 595 nm to
read the absorbanceA standard curve was formed from the absorbance of the

standards and the sample catrations were ckulatedand verified

2.2.2.4 2D-DIGE labelling

Before starting the CyDye labelling, it is essential to optimize the concentrations
and pH of the samples for efficient labelling with CyDyes. Samples were adjusted to

5 pg/ul and pH &@. The CyDyes were reconstidd with anhydrous

RAYSGKe@f F2NX¥I YARS 65aCu0 |yR | g2N]JAy3 &:
through mixing and vortexing, followed by centrifugation at 12 000 x g for 30
secondsC2NJ S| OK LINRPGSAYy alyYLX Sz | dz2aGrt 27

appropriate CyDye and combined according to the gel they would be loaded onto

6L&a adriSR Ay GKS SELISNAYSyidltf RSairday o¢
standard for each gel. The pick gel (gel 6); in which the proteins of interest will be
excised fom includes a gel containing an equal amount of pooled protein samples
gAUK2dzO €FoStftAy3a GKS LINE G SAlS@Empléeshver& /[ &5 @
mixed thoroughly and centrifuged briefly before incubating them for 30 minutes on
iceinthedark. TR NBIF OQGA2y 61 & OoNRdAZAKG (2 'y SyR
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to each reaction before being further incubated on ice for 10 minutes in the dark.
The internal standard, labelled with Cy2, was prepared by pooling 25 pg of each
samplein each geland was ieluded on every gel. Therefore, a standard was
available for every spot on the gel, and all gels could be quantitatively linked within
the same experiment. The internal standard minimizestgealel variation, thus
technical replicates were not essentiairfthis experiment. In the experimental
design (Table 2.1); dyavapping approach was applied to control any -dpecific
effects that may result from preferential labelling or different fluorescence
characteristics of acrylamide at the different waveldmgtof excitation for Cy2, 3

and 5, particularly at low protein spot volumes.

Table 21: 2D-DIGE experimental design performed ontitir p.i. HA cells infected witlioxoplasma
RH, ToxoplasmaVEG orN. caninumLIV along withcontrols (mock infections) were used in this

experiment. For the internal standard; a total of 50 ug was needed/gel

Gel number | Cye 2 Cye 3 Cye 5
Internal standard
HA infected with mock infected HA with
1 HA infected
TgRHL NcLIVi
(TgRH 1 + mock Ncly
Internal standard
HA Infected with HA infected with
2 HA infected
NcLIV 1 TgVE@
(NcLIVL + TgVE®@)
Internal standard
mock infected HA HA infected with
3 HA infected )
with TgRH2 TgRH 2
(mock TgRI + TgRR)
Internal standard
HA infected with HA infected with
4 HA infected
TgRH2 NcLIV2
(TgRH2 + NcLI\2)
Internal standard HA
infected mock infected HA mock infected HA with
5
(mockNcLIV2 +mock with NcLIV 2 TgRH 2
TgRH)
5 All 10 samples combined togeth@inlabelled)
(Pick gel) (TgRHL, mock NcLI¥, NcLIM, TgVE@, mock TgRH, TgRF2, mock NcLI¥Z,
ick ge
mockNcLIV2 andmockTgRH)
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2.2.2.5 |IPG strip rehydration

Eachsample mixture was combinedith 450>f NB K& RNJ GA 2y 0 dzFF SN
CHAPS, 0.002% bropteenol blue) including 40 mMithiothreitol (DTT) and 0.5%

IPG buffeppH310 (GE HealthcareThe solution was then loaded to one reservoir

slot of the immobili® DryStrip reswelling tray (GEe#dthcare).A 24 cm pH 310

nonlinear NL IPG strifGE Healtha®&) was placed in the reservoir slédr each

samplewith the gel side down, wasovered with cover fluid(GEHealthcare) and

left to rehydrate in the dark overnight at room temperature. For the pick gel a total

of 300> 3 ptdt€in (made from a combinatioof 30 ug of each sample, Table 2.1)

was loaded onto the strip.

2.2.2.6 Isoelectric focussing (IEF)

Firstdimension separationsvere carried by focussinghe rehydrated strips using
the Ettan IPGphor Il (GE Healthcare) aV¥ @ 5hours, 500/ for 1 hour, 100V for
1hour, 8000V for 2 hours and 800¥ for 9 hours with current restricted to 50
> | k & Thdl3trip¥were either directly used or carefully stored24fC.

2.2.2.7 Second dimension SDSPage

In the second dimension, proteins were separated using%2precast acrylamide

gels (size255 x 196 x 1 min(GE Healthcarefor the pick gel, the IPG strip was
applied on a 12.5% precast gel. The mek was prepared using low fluorescence
glass plategsize 255 x 196 x 1 mmreated with bind saline @ution (80% (v/v)
ethanol, 18% (viv) ddD, > 0 Ok DU I OSGAO FOARZX
methacryloxypropyltrimethoxysilane) and left to dry completely (minimum of 2
hours) before castingReference markers were inserted to each treated glass plate

to allocate referenceso orientate the automated spot pickerA 12.5% acrylamide
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gel was prepared (40% (v/v) kasrylamide, 25% (v/v) T#<8Cl, pH8.8, 30% (v/v)
ddHO and 10% SDS, 0.01% (w/v) ammonium persulphate APS and 0.001% (v/v)
TEMED) and poured straight away into ttesting unit before placing on top a
0.1% solution of SDS and leaving them to polymerise overnight at room

temperature

2.2.2.7.1 Strip equilibration

For strip equilibratiory two steps were carried out. FirstihG strips were incubated
in equilibration buffer(2% (w/v) SDS, 50 mM TFHKC| pH 8.8, 6M urea, 30% (V/v)
glycerol and 0.002% (w/v) bromophenol blwsntaining 100 pg of (10 mg/ml) DTT
for 15 minutes at room temperature with shakinghe IPG strppwere then
transferred toequilibration buffercontaining 250 pg (25 mg/ml) iodacetamide (I1AA)

and incubated for furthefl5 mirutesto alkylate the cysteine residues

2.2.2.7.2 2D gelelectrophoresis

The equilibrated strips werassembled onto a DALT precast ggalefullyand sealed

in with an agarose sealing solutioB5(mM Tris, 192 mM glycine, 0.1% (w/v) SDS,
0.5% (w/v) agarose, trace bromophenol blue). The gels were assembled in an Ettan
Dalt six electrophoresis system (GE Healthcare) and the tank was filled with
electrophoresis buffer (2.5n1M Trisbase, 19.2 mM glyae, 0.02% (w/v) SDS). The
gels were run at 5W per gel for 30 rates and afterwardsdjusted to 17W per gel

for 4 hourss until the tracking dyeeached the bottom of the plate. The same

previous steps were also carried out on the precast gel for the gick g

2.2.2.8 Staining of pick gel with  SYPR® Ruby

To visualize the pidSAy a LINBaSy il 2y RibKfoteihgeDgtaina St =
(SigmaAldrich) was used. The gel was fixed in 40% (v/v) MeOH, 10% (v/v) acetic
acid for2 y S K2 dzNJ | y R a (i RubygslRtaioveimight.{Thetgel vas
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then washed in 10% (v/v) MeOH, 7% (v/v) acetic acid for one hour followed by two

5 miruteswashes in ddkO prior to gel imaging.

2.2.2.9 Scanning the gels

The gels were scanned immediately after the electrophoresis ste wsinEttan
DIGE imager (GE Healthcare) that was set atplXéls and).800 exposuresn all
three CyDye channel@Cy2, Cy3 and Cyflable 22). For the pick gel, SYPRO Ruby

conditions were used d@he settingsas described in Table 2.2.

Table2.2: Flter parameters for eaclCydye asrecommended by Ettan DIGE System (GE Healthcare)

for scanning the gels.

Dye Excitation filter (nm) Emission filter (nm)
Cy2 480/30 530/40
Cy3 540/25 595/25
Cy5 635/30 680/30
SYPRO Ruby 540/25 595/25

2.2.2.10 Decyder-2D image analysis

The DeCyde2Dimage analysis softwan@ersion 7.0GE Healthcare) was used for
the analysis of DIGE images.total of fifteengel images producedrom three
channels of the five 2IDIGE gels were loaded onto the DeCyder software and the
differential in gel analysid){A module was usedo detectthe number of spat on

one gel (Figure 2.2). All spots in eagdl were then identified using the batch
processor and the output files wethen opened in theBiological Variation Analysis
section (BVA module. Gel to gel matching of spots was carried out in the BVA
module using the match detection algorithm allowing quantitative comparisons of
protein expression across multiple ge(Bigure 2.2). Ore of the Cy2internal
standardimageswas allocatedas amaster gel status and all other images were
then matched to it either by automated Batch Processor or manual curation, sorting
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O2YY2y LINRGSAY aLkRida | OtbsPwas sed ts Setednthié & @
whether changes in volume of specific spots were significant between samples from
different experimental groups. Protein spots whigisplayed ayreater than 1.5old
change (p<0.05) betweahe samples were reported. The piakel was loadd onto

the DeCydefD software and assigned as the pick gel in the BVA module. The
protein spots of interest were matched onto the pick gel and a pick lss w

exported by DeCydezD software.
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Figure 2.2 An exampleof DIA analysis in DeCydshowing total number of proteins increased,
decreased or similar on the top right. On the top left corner; images of the gels that are being
compared and on the bottom left corner an example of a protein spot decred®eéd analysis in
DeCyder showing onhé top the internal standard image where the protein of interest were
matched with the top left image of the pick gel and proteins were assigned to be picked (yellow).
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2.2.2.11 Spot picking

The protein spots of interest were excised from the pick gel usinan G I yn & LJ2 {
picker (GE Healthcare) that automatically calculates the locations of the selected
spots through the identification of the reference markers positions attached to the

glass plates.

2.2.3 Protein Identification

2.2.3.1 Trypsin digestion

Thegel spotswere digested using trypsin in order to generate peptides appropriate
for analysis by mass spectrometip guarantee the removal of any stafrom the
plugs each plug was incubatd at 37C for 10 minutes in 10 > € 2mHM pn
ammonium bicarbonatb0% acetonitrile(in HPLC gradevater); the liquid was
discarded and th step repeated. A dehydration stepas then followed by adding
10>t 2F wmnm: | ob§el ot andl MBubaged at 37 fo 15minutes.
After removing the solvent from the dehydrated galig, the tubes were left to
incubate at 37°C until all traces of # solvent had evaporated fotO minutes.
Trypsin stock solutior0.1 pgk > f 0 dilded & in 10 with 25 mMammonium
bicarbonateand 10>f 2 F (KA & gl & A yirchMdd &®°Cdoyl SI OK
hour. A further 10 > £ 2V ammonium bicarbonatevas addedand samples
incubated overnight at 3TC. The reaction was stopped by storihg samples at
20°C.

2.2.3.2 Tandem mass spectrometry LC -MS/MS

Tandem mass spectrometwas performed byDr. Stuart Armstrongand Dr. Dong
Xia (Liverpool) & F2ff26aY LISLIWARS YAEGdNBE 06wm
nanoflow liquid chromatography using the nameCQUITYMLC system (Waters)
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coupled to an LT@rbitrap Velos (ThermoFisher Scientific) mass spectromete
SHdZA LILISR A GK (KS YIydzZFlI OGddzNBNRa yIy2alLl
oyly2t/viLe, 't[/¢a .91 mon [/ my mp OY E 7
maintained at 33°C and a flowate of 300 nl/mirute. The gradient consisted of 3

40 % acetonitrilenn 0.1 % formic acid for 90 minutes then a ramp of880%

acetonitrile in 0.1 % formic acid for 3 minutes. Full scan MS spectra (m/z range 300

2000) were acquired by the Orbitrap at a resolution of 30,000. Analysis was
performed in data dependant mode. Thep 20 most intense ions from MS1 scan

(full MS) were selected for tandem MS by collision induced dissociation (CID) and all
product spectra were acquired in the LTQ ion trap. lon trap and orbitrap maximal

injection times were set to 50 ms and 500 ms pedively.

2.2.3.3 Protein identification using Mascot

The generated raw files were converted to mgf files (mascot generated files) in
2NRSNJ G2 aSINOK FT2N G4KS LINE G Svergién 28 a! {/
(Matrix Science)From theESILTQ Orbitrap Velpghe monoisotopic peaks were

extracted from the raw data, and searched against the relevant datafidseo

sapiens in Uniprot database) The enzyme trypsin, fixed modification of
Carbamidomethyl (C) and variable modification of oxidation (M), 1 missetage

site and charge states +1, +2, and +3 were all specified. Only identifications with
scores of p<0.05 were accepted. The data was searched against a decoy database of

reversed peptide sequences to attain a false discovery rate (FDR).

2.2.3.4 Bioinformatics analysis

Proteins that were identified were searched in Uniprot Protein knowledgebase
(http://www.uniprot.org/) for their functions gene ontology, cellular content and
molecular functions No further functional annotations or pathway analysis were
carriedout due to the low number of proteins identified and variations between the

pick gel and the internal standard gels it was difficult to allocate each specific
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protein of interest and this has led to the low number of proteins identified.
Functional analysi of HA cél proteins that were statistically significant(p-

Gt dzSrnonp YR xH KAGaod 6SNB Ffaz2 Ayg@gSa
clustering tool from the Database for Annotation, Visualisation, and Integrated
Discovery (DAVID) (DAVIoinformatics resources 6.7) (Huang et al. 2009).
Proteins were searched in DAVID for metabolic pathway analysis (KEGG pathway)
and functional annotations; for their GO biological processes, molecular function

and cellular content.
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2.3 Results

2.3.1 Identification of host cell proteins modulated at 24 hours post
infection

2D-DIGE was used to compare proteomic differences in the host cell response to
infection with N. caninumand T. gondii After IEF and-DE, the analysis of the six

gel scanned imagewere aligned and statistical analysis performed to differentially
modulated protein detection using DecydeD. In order for a spot to be
determined statistically significantly different, adst p@ | £ dzS 2F X nodnp
fold change from the BVA analg(In total, 55 spots were detected before assigning

them on the pick gel) The use of the mixed internal standard allowed the detection

of significant abundance changes, based on the variance of the mean change within
the cohort. Overall, a total of 2§pots were found statistically differeitf Neospora

infected cells withToxoplasmainfected cells(VEG, RH)and infected cells(N.
caninumor T. gondi) compared to uninfected HA cells (mock infected) (Appendix I).

The spots were excised, digested anmh on the LEMS/MS. Raw datardm the

mass spectrometer was searched in MASCOT using human database search
parametez 2y f & LINR (G SA Y a 2 peptin&khitdwerd SeRAMEB. Huerton | Y R
technical difficulties the pick gel had to be-men at a later ate, therefore
variations between the gels were likely to occur. Moreover, there was an amount of

contaminantsseen on the gel which makes it difficult to distinguish individual spots.

The spots iderntied and quantified in HA cells were as follow: ngpots identified
as differentially modulated comparing TgRWith NcLI\2, four spots dfferentially
modulated betweenNcLIV1and TgQVEG, five spots identified between NcLIV and
NcLIVcontrol (mock infected, four spots between TgRH and TgVEG fmudl spots
between TgRH and TgRi#ntrol (mock infected. Since themain aim was to
investigate differences in host cells (HA) that occur betwd@engondiiand N.
caninum thus, only TgRH with NcLne spots)(Figure 2.3and NcLIWith TQVEG

(four spots)(Figue 2.4) were further analysed
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Figure 2.3:2D-DIGE pick gel showing spots that were differentially modulated between TgRH and
NcLIV either increased or decreased and assigned spot number (red arrows).

Figure 24: 2D-DIGE pick gel showing spots that were differentially modulated between TgVEG and
NcLIV either increased or decreasad assigned spot number (red arrows).

Several protein identifications resulted from each digested spdppendix )

therefore the protein ID with the highest Mascot scoaed peptide count was
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selectedand others were excluded, in which each spot gawe ID as seen in Table
2.3. Most of the modulated proteins were identified at several different places on a
single gel indicating that multiple isoforms and/or pestanslationally modified
forms might be present for that protein. In these instances, it was not always

possible to assign a simple increased or decreased modulation to the protein.

Proteins showing decreademodulation in HA cells infectedith NcLIV when
compared to TgRH infected cells were; anks@ifANK3), dactate dehydrogenase A
chain (LDHA), ribosomreleasing factor 2, mitochondrial (RRF2M)IP synthase
subunit alpha, mitochondrial (ATPAnd trangelin (TAGL) (Table 2.3). The four
proteins that were increased in NcLé¥mpared to TgJRH were: nesp2n(SYNE?2),
sodium/potassiurdransporting ATPase subunit alphgAT1Al)creatine kinase B
type (KRCB) and heat shock protein 60 kDa (CH60) (Table 2.3).

Inthe comparison of modulated proteins between HA cells infected with NcLIV and
cellsinfected with TQVEG; two proteins werealeased in cells infected with NcLIV
compared to TgVEG (78 kDa glucosgulated protein (GRP78) and actin,
cytoplasmic 1 (ATB); whereas vimentin (VIME) was increased in two different

protein spots (Table 2).
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Table 2.3Host cell proteins differentially modulated in response to infection Witlgondiiand N. caninum(HA cellsnfected withNcLIVcompared toTgRH). Proteins were
identified by mass spectrometry analysis and searched against the human database using MAS@@dlatdd proteins (fold changes) are highlighted in red, down
regulated proteins are highlighted in green. Spot nunshere as labelled on the pick gel (as seen in Figure 2.3 and 2.4)

Spot rumber | Accession Protein Protein description | Protein | Protein Protein t-test fold change
number score mass (Da) | match (NcLIV/TgRH)
2418 Q12955 ANK3 Ankyrin3 67 482394 19 0.045 -4.57
4436 P00338 LDHA L-lactate 225 37061 6 0.026 -2.39
dehydrogenase A
chain
2638 Q969S9 RRF2M Ribosomereleasing | 58 87512 4 0.004 -1.77
factor 2,
mitochondrial
3534 P25705 ATPA ATP synthase 658 59939 16 0.036 -1.51

subunit alpha,
mitochondrial

2293 Q01995 TAGL Transgelin 348 22764 14 0.026 -1.51
2227 Q8WXHO SYNE2 Nesprinr2 72 801817 18 0.013 2.67
2620 P05023 AT1A1 Sodium/potassium | 353 114246 6 0.027 2.54

transporting
ATPase subunit
alphal




S

3070 P12277 KCRB Creatine kinaseB | 319 43013 8 0.021 2.03
type

2125 P10809 CH60 60 kDa heat shock | 366 61298 13 0.045 1.53
protein,
mitochondrial

Table 24: Host cell proteins differentially modulated in response to infection wWithgondiiand N. caninum(HA cellsnfected with NcLIMompared to TgVBEGProteins
were identified by mass spectrometry analysis and searched against the human database using MAS€Egditatelgh proteins (fold changes) are highlighted in red, down
regulated proteins are highlighted in green. Spot numbers are as labelled on the pfak geken in Figure 2.3 and 2.4)

Spot rumber | Accession Protein Protein description | Protein | Protein Protein t-test fold change
number score Mass (Da) | match (p-value) | (NcLIV/ TgVEG
2023 P11021 GRP78 78 kDa glucose 90 72513 3 0.0006 -2.07
regulated protein
2307 P60709 ACTB Actin, cytoplasmic 1 221 42163 6 0.028 -1.89
2782 P08670 VIME Vimentin 639 53787 16 0.02 1.68
4081 P08670 VIME Vimentin 980 53787 29 0.045 1.54




2.3.2 Functional annotation of host cells proteins

In order to allocate functional information to the 12 proteins that were identified,

Uniprot Protein knowledgebasétfp://www.uniprot.org/) was used. Each protein

was searched indidually for their biological process, cellular content and molecular
function as described in Table 2.4. Proteins that were found increased in cells
infected with TgRH compared to NcLIV were involved in different biological
processes such as axon guidanglycolysis, cell adhesion and protein biosynthesis;
whereas the proteins that were decreased were involved in cell migration, ATP

biosynthetic process (Table 2.5).

Proteins that were increased in HA cells infected with TQVEG compared to cells
infected wth NcLIV were associated with astrocyte development and protein
transport and translation; while the decreased infected cells were involved in

metabolic processes and signalling pathways (Table 2.5).

Functional analysis of the modulated host proteins wefso investigated using
DAVID. Unfortunately, no metabolic pathways were identified and functional
annotations; for their GO biological process were not significant and the number of
proteins associated with each biological process were low (2 proteimetula®

content was associated with cell projection and ER (Table 2.6).
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Table 2.5:Proteins identified differentially modulated between cells infected with gondiicompared toN. caninum proteins were searched in Uniprot Protein

knowledgebase Cellular components, biological process and molecular functions were identified.

Protein Accession Protein description Cellular Biological process Molecular function
number component
ANKS3 Q12955 Ankyrin3 Cytoplasm Axon guidance Cadherin binding &
Golgi apparatus protein binding
LDHA P00338 L-lactate dehydrogenase| Cytoplasm Glycolysis L-lactate
A chain cellular metabolic dehydrogenase
process activity
RRF2M Q969S9 Ribosomereleasing Mitochondrion Protein biosynthesis | GTP binding
factor 2, mitochondrial GTP catabolic process
DPP4 P25705 Dipeptidyl peptidase 4 | Cell membrane Cell adhesion Aminopeptidase
T cell activation
TAGL Q01995 Transgelin Cytoplasm epithelial cell Muscle protein
differentiation
SYNE2 Q8WXHO Nesprin2 Cytoplasm positive regulation of | actin binding
Mitochondrion cell migration
AT1Al P05023 Sodium/potassium Cell membrane ATP biosynthetic ATPbinding
transporting ATPase process
subunit alphal Sodium/potassium
transport
KCRB P12277 Creatine kinase B/pe Cytoplasm cellular chloride ion ATP binding




SS9

homeostasis

Creatine metabolic

process
CH60 P10809 60 kDa heat shock Mitochondrion Hostvirus interaction | Chaperone
protein, mitochondrial T and B cell activation
P11021 78 kDa glucose Cytoplasm ATP catabolic process| chaperone binding
GRP78 regulated protein Endoplasmic Metabolic process
(HSP70) reticulum
P60709 Actin, cytoplasmic 1 Cytoplasm Fegamma receptor ATP binding
signaling pathway
involved in
ACTB
phagocytosis
innateimmune
response
P08670 Vimentin Cytoplasm Hostvirus interaction | structural constituent
VIME apoptotic process of cytoskeleton

astrocyte development|




99

Table 26: DAVID analysis of differentially modulated proteinsistrocytesinfected with TQVEG, TgrRH and NcBidMogical processcellular components and molecular

functionswereidentified.

% of
Protein proteins
Category Term count inserted | P-Value
axonogenesis 2 1.3 5.60E02
cell morphogenesimvolved in neuron
differentiation 2 1.3 6.00E02
neuron projection morphogenesis 2 1.3 6.20E02
Biological process | cell morphogenesis involved in differentiation| 2 1.3 7.00E02
cell projection morphogenesis 2 1.3 7.10E02
cell part morphogenesis 2 1.3 7.40E02
neuron projection development 2 1.3 7.40E02
neuron development 2 1.3 9.70E02
cell projection 3 2 2.70E02
endoplasmic reticulum 3 2 4.80E02
intracellular noamembranebounded organelle 4 2.6 6.00E02
non-membraneboundedorganelle 4 2.6 6.00E02
Cellular component cell fraction 3 2 6.00E02
axon 2 1.3 6.10E02
cytoskeleton 3 2 9.30E02




2.4 Discussion

This chapter investigated proteomic profile changes in cells related to the CNS
(human astrocytes) during infection with gondicompared toN. caninumnfected

cells. WhileT. gondiican infect a wide range of hosts including humasisganinum
does not Moreover,T. gondiis known to cause severe neurological pathogenesis in
humans; especially in immurdeficient individuals such as @®xoplasmic
encephalitis whereas N. caninum can cause neuromuscular disease in dogs.
Astrocytes are known to be involvea cellcell communication of neurons, defence
against infectious organisms and provide homeostasis in the brain (Norenberg
1994; Pekny & Nilsson 2005). Moreover, they enable the propagatidn gbndii
andN. caninumHalonen, Lyma@& Chiul996; Fagaret al. 1999).

With conventional techniques, studies on proteins can only be conducted on a
limited number of proteins. Advances in proteomic analysis nowadays help monitor
global changes in protein expression and pwahslational modifications. 2IDIGE

exploits mass and chargeatched spectrally resolvable fluorescent dyes (Cy3 and

Cyb) to label two different protein samples befordE.

The use of 2IDIGE as a means to compare proteomes from different infection
states gives an outcome of the differerscén protein expression between the
cellular proteomes; however, it is not a faultless technique. There are many
concerns associated with 2DIGE analysis, it can be bias towards the most
abundant proteins and cannot distinguish the precise protein in ahffarentially
modified spot.Moreover, proteins with large masses along with insoluble proteins

may not be detected using 2DIGE.
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2.4.1 Increased protein expression of human astrocyte cells infected
with T. gondi

Two different lineages off. gondiiparasies were used in this experiment; the
virulent type | (RH strain) and a less virulent type Il (VEG strain) and one stxain of
caninum (Liverpool isolate). It is known that different strains Bf gondiicause
different host cell response and, as a consexgce, pathogenesis of the infected

host.

2.4.1.1 Host response to TgRH infection compared to NcLIV

Proteins showing increased modulation in HA cells infected with TJRH compared to

NcLIV infected cells were; ANK3, LDHA, RRF2M, ATPA and TAGL (Table 2.3).

Ankyrin3 (ANK3), also known as ankyr@, is a protein from the ankyrin family
that, in humans, is encoded by the ANK3 gene (Kapfhamer et al. 1995). Ufpwas
modulted with more than four fold in cells infected with TJRH compared tcscell
infected with NcLIV. His protein was initially found at the axonal initial segment
and nodes of Ranvier of neurons in the central and peripheral nervous systems
participate in the maintenance/targeting of ion channels and cell adhesion
molecules. The protein links the integral membrane proteins to franary
spectrinactin cytoskeletonTheankyrin protein family play major roles in activities
such as cell mottly, activation, proliferation and the maintenance of specialized
membrane domains. This protein has an important function in axon guidance. This
may indicate that TgRH parasites modify ANK3 to enablg hwasion and
establishment of infection, as ANK3associated with cytoskeletal anchoring at

plasma membrane and protein targeting.

LDHA wasip-modulatedmore than two fold in TgRH infected HA cells compared to
cells infected with NcLI\Lactate dehydrogerse (LDH) is a glycolytic enzyme that
catalyses he conversion of pyruvate to lactate, and plays a crucial role in the
glycolysis pathway; that is essential to provide energy t@ondiiparasites under

anaerobic conditiongKavanagh, Elling & Wils@®04). The parasite itself encodes
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two genes forlactate dehydrogenase; TgLDH1 and TgLDH2. A study done on
knockout mice with LDH1 and LDH2 showed that LDH is essential for parasite
differentiation, showed these parasites were unable to exhibit brain cydt®H1 &
LDH2knockout mice in the chronic stage iofection (AFAnouti et al. 2004)Leeet

al. (2003) identified lactate dehydrogenase as proteins conserved betwden
gondii and N. caninum tachyzoites using -DE analysis. This protein is also
associated with the glycolysis pathway (Denton et al. 1996), which may possibly be
increased in TgRH infection due to the higher need for energy uptake by the fast

replicatingToxoplasmastrain (TgRH) compared td. caninum

RRF2M is a mitochondrial ribosome protdimat mediates the disassembly of
ribosomes from messenger RNA at the termination of mitochondrial protein
biosynthesislt is associated with GTP catabolic process in the cell. fidigpwas
up-modulated (1.7 fold) in cells infected with TgRH compared to NcLIV infected
cells. It has aole in the regulation of normal mitochondrial functiomhich may
indicate TgRH modification of RRF2M to enable nutritional uptake from the host cell

mitochondria.

ATPA was only found increased (1.5 fold) in cells infected with Tdii¢hondrial
membrane ATP synthasgroduces ATP from ADP in thmesence of a proton
gradient through the membrane which is produced by electron transport complexes
of the respiratory chainlt is linked to cellular metabolic processes that may enable

the establishment of TgRH parasitic infection in host cells.

TAGL was also upodulated (1.5 fold) in cells infected with TgRHansgelin a
protein found in humans is encasd by the TAGLN gen&dbayashi, Kubota &
Hidaka 199 The protein encoded by this gene is a transformation and shape
change sensitive actin creeking/gelling protein found in fibroblasts and smooth
muscles (CamorettiMercado et al. 1998)Proteomic aalysis of host cells (HFF cells)
infected withT. gondiiby Nelsoret al. (2008) found that TAGL was dowegulated
during infection using a 2DIGE method, which contradicts the proteins found in

this chapter. This protein is associated withlcium interactions and contractile
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properties of the celland epithelial cell differentiation, which may also be

associated with TgRH parasite establishment in host cells.

2.4.1.2 Hostresponse to TgVEGinfection compared to NcLIV

Proteins that showed increaseskpression in cells infected with TQVEG compared
to NcLIV infected cells were GRP78 and ACTB (Tdhle 2.

GRP78also called heat shock 70 kDa proteinvas increased two fold; it is
involved in facilitating the assembly of protein complexes insideehéoplasmic
reticulum and in the correct folding of proteins and degradation of misfolded
proteins through its interaction with DNAJCTis protein inhibits key effectors of
the apoptotic pathway and plays a role in the proteasemediated degradation of
apoptosisregulatory proteins Garrido et al. 2003). Moreover, HSP70 protects cells
from stressinduced caspasdependent apoptosis, both upstream and downstream
of the deathassociated mitochondrial events (Garrido et al. 2003). Notably, host
HSPs haveden implicated in immunity td@. gondij through host defence against
infection (Hisaeda & Himeno 1997)Another regulatory cascade known to be
comprisedof HSPs is the stress hypoxia pathway induced in paradiéeted cells
(Spear et al. 2006). This may propose that infected cells with TQVEG induce GRP78
to delay orinhibit apoptosis process in the cell compared to infected cells with

NcLIV.

Microfilaments are generally made up of actins, microtubules consist of tubulins
and intermediate fibres include vimentin and keratin (Sodeik 2000). ACTB was
increased 1.89 folih TgVEG infected cells compared to cells infected with NcLIV.
Actins are essential cellular components involved in cellular motility, movement of
vesicles and organelles around the cell, cellular division and maintenance of cellular
shape. It is known thanfection with Toxoplasmacauses broad remodelling of the
host cell at the level of the cytoskeleton (Nelson et al. 2008). Actin andrattited
(ACTB) proteins representing key components of microfilaments were increased in

infected cells with TgQVE®ost actin may have a more elusive role during invasion
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during the process of attachment and invasion, through the moving junction

interaction of T. gondiparasite with the host cytoskeletoBlader & Saeij 2009)

2.4.2 Increased protein expression of host cells infected with N. caninum

2.4.2.1 Hostresponse to NcLIV infection compared to TQRH

Four proteins weraip-modulatedin NcLIV infected cells compared to cells infected
with TgRH: nespri?2 (SYNEZ2), sodium/potassittranspoting ATPase subunit
alphal (AT1Al), creatine kinasetype (KRCB) and heat shock protein 60 kDa
(CH60) (Table 2.3).

SYNE2 wasp-modulatedmore than 2.5 fold in cells infected with NcLIV. Nesgrin

is a protein which forms a linking network between organelles and the actin
cytoskeleton to maintain the subcellular spatial organization. It is associated with
the maintenance of nuclear organtizan and structural integrity. To our knowledge;
there is no known function for this protein in relation # gondiior N. caninum
invasion/infection process, but may be associated with establishmeNt oaninum

and parasitehost interaction.

AT1A1 wasip-modulatedmore than 2.5 fold in cellmfectedwith NcLIV compared

to infected cells with TgRH. This protein is the catalytic component of the active
enzyme, which catalyses the hydrolysis of ATP coupled with the exchange of sodium
and potassium ionsaioss the plasma membrane and provides energy for active
transport. This may suggest thBt caninumincreases energy production and ion
transport to enable its nutrient uptake and enable growth in host cells as AT1Al

provides energy for active transporf various nutrients.

KRCB was increased two fold. It is important in energy transduction in tissues with
large, unstable energy needs, such as skeletal muscle, heart and brain, which may

also suggest nutrient uptake . caninumespecially in sitesuchas the brain
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Another heat shock protein found in this experiment was CH60. It was
modulated in cellsinfected with NcLIV (1.5 fold) in comparison to TgRH infected
cells (Table 2.3). Human astrocyte heat shock proteins (HSPs) were modulated
during paasitic infection in this experiment, which may be linked to an increase in
transcription and translation, since HSPs are important in protein processing
(Garrido et al. 2003). They are commonly responsible for preventing damage to
proteins in response toigh levels of heat and are classified into six major families
based on their molecular mass: small HSPs, HSP40, HSP60, HSP70, HSP90, and
HSP110 (Wu 1995Additional studies have associated HSP60 to diabetes, stress
response, cancer and certain types ofmomological disorders. They are present in

all cells under normal conditions and during stress (e.g., heat/cold/oxygen
deprivation) and can make up to 15% of the total cellular protein content (Pockley
2001). HSPs ensure the correct conformation of pratemnd facilitate the
degradation of selected proteins by the ubiquitin/proteasome system, as well as

their own inherent activities (Garrido et al. 2003).

CH60 is associated with mitochondrial protein import and macromolecular
assembly, facilitate the caect folding of imported proteins and prevent misfolding
of proteins. This may suggest that the caninumincreases this protein due to its
involvement inmitochondrial protein import and macromolecular assembly which

may facilitate hosparasite interacon.

2.4.2.2 Host response to NcLIV infection compared to Tg VEG

In comparison of modulated proteins between HA cells infected with NcLIV and
TgVEG infected cells; only one protein was increased in two different protein spots;

vimentin (Table 2).

A class of cytoskeletal structures is the intermediate filaments, characterized by the
protein vimentin (Wang & Stamenovic 2002). Vimentin has been associated with
various functions, from structural roles, cell cycle and mitosis (Wang & Stamenovic
2002), & well as lipid metabolism (Schweitzer & Evans 1998), whose roles in lipid

storage and metabolism are the likely link to energy metabolism and mitochondrial
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function (AnnunerRasila et al. 2007). More important, vimentin is known to be
reorganized aroundhe parasitophorous vacuoleP}) in T. gondiinfected cells
(Coppens et al. 2006; Halonen & Weidner 1994). The slight increase in cells infected
with N. caninummay not indicate notable differences in vimentin modulationNby
caninumcompared toT. gondii Nelsonet al. (2008) found vimentin to be increased

in T. gondiiinfected HFF cells, which contradicts firelingsrelated to this protein.
Another suggestion would be that vimentin is increasedl ircaninumnfected cells

for its growth due to its inelvement in energy, metabolism processes and

mitochondrial function.

Host mitochondria and thendoplasmic reticulum (ERjave a close relationship
with Toxoplasmaand Neosporadue to their recruitment tg and association with

the parasitophorous vacuel membrane (Sinai, Webster & Joinefl997). The
fundamental roles of both these organelle systems in nearly every aspect of cellular
physiology points of remodelling established in the infected é&lbm this data,

most of the proteins identified were priarily found in these two organelles.

2.4.3 Limitations of 2D -DIGE in host proteome investigations

One of the main concerns with the proteins identified was whether their abundance
was due to a contamination occurring on the 2D gels caused by a partial ingplubil
or whether it is a true modification of cells @snds to infection inprotein
expression. Each modulated protein spot contained multiple proidémtifications
which male determiningthe exact protein causindifferential changes challenging.
Though calculating Mascot scerand peptide courg may help in estimating which
protein is more dominant within a spot. In the analysis, differehtiaiodulated
protein spots that had high score and peptide number were selected fhaotal
number of proteinidentifications However, the resultsand analysismust be
viewed with a degree of caution, due to incomplete protein resolution. Also, the
numbers of identified protein spots modulated were very low and the setas
small both of which need to be taken in consideration when analysing the results.

Therefore, an alternative approach in the investigation of proteome expression
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profiles ofhost cell response is needeldecurrently, the same proteins appeared in

many spots acroghe gel, whichcomplicates the analysis of the data

In a gel spot from which numerous proteins can be identified it is difficult to define
which protein has dominated the changes detected at the gel spot level. Also, a
genuine protein change of a low ahdance could be masked by a high abundance

protein camigrating that did not have any substantial changes.

A paper published in the Journal of Proteomicwestigatedthe occurrence of
individual differentially expresseduman, mouse and rgbroteins reported in 169
articlesin 2-DE experiments between 2004 and 2006 (Pe&tél 2008). This meta
analysis study has shown that among the most frequently identified differentially
expressed proteins were heat shock proteins (HSP60, HSP70), Vimentin, ATP
synthase and actins (Petragt al. 2008) which have also been identified in this
chapter. The fact that the most commonly identified proteins are highly abundant
soluble proteins raised concernas to whether their repeated identification

represents a technidartefact (Petralet al. 2008).

2.4.4 Conclusions and future directions

In this chapter, the application of the quantitative proteomic appro2ERDIGE in
understanding protein expression chges of human astrocyteguring Neospora
and Toxoplasmatachyzoitesinvasion was investigated and discuss@i-DIGE
analysis can provide a large scale quantitative screening of protein expression
changesProteins haveébeen identified, such as enzynhdactate dehydrogenase A
chain that isinvolved in the glycolysias well aAnkyrin3 were found differentially
modulated between the infected cells, in which were-mpdulated inT. gondii
infected cells That may suggest. gondiimodulation of proteins for nutritional
uptake and regulation of ion transport for the naeites propagation and
establishment in cells. While proteins such as Vimentin and Syne2 were up
modulated inN. caninuminfected cells compared td@. gondij suggesting thai.
caninummay modifythe cytoskeleton of host celifor parasite invasion andngry.

However, the results obtained need to be interpreted cautiouslypnsitlerations
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related to the separation limitations inherited from-RE, as well as the commonly
observed occurrences of multiple proteins found at the same gel spet to be
taken in mind There have been some suggessdhat using 2D gels to separate
proteins for identification of differentially expressed proteins can lead to similar
proteins being found as modulated (Petrak et al. 2008). It is therefore important to
ensure thatthe proteins identified as differentially expressed within a-RIBGE
experiment are confirmed using alternative methods. Alternative methods for
quantitating protein expression without using gels for separation are available such
aslabeHree quantitativemass spectrometryThe whole cell lysate of samples are
directly digested and run on a high resolutionMS/MS followed by bioinformatics
analysis. This technique enables multiple samples to be compared and less
concentrations of sample is needed. Thisdkof comparison should allow whole
cell proteomes to be interrogatedVhile 2DDIGE is a useful technique for exploring
global proteomic changes and PTMs; it is time consuming, laborious and has
numerous limitations. At the time this work was performedis technique was a
good approach for proteomic profiling analysis, but, with advances in MS, we are
now able to use more sophisticated approaches. Wilisprovide valuable insights
into the dynamic changes of human astrocytes during infection witeehe/o close
relatives Toxoplasmand Neospora. Thus, in chapter four quantitative proteomic

in solution investigation was carried out using Laibeé proteomic with the
addition of three different time points to capture the changes occurring at the

different time points.

65



3 Chapter three: Transcriptomic analysis of host cells
response during T. gondii and N. caninum infection

using RNA-Seq

3.1 Introduction

In the previous chapter, changes in the cellular proteome of human astrocytes in
response to infection withT. gondiicompared to N. caninuminfection were
investigated using 2DIGE. This chapter will focus on the changes of human
astrocytes at the generanscriptional level in respong® infection with the two
parasites. The transcriptome is the complete set of RNA molecules in a cell including
coding and norcoding transcripts (Wang et al. 2003 contrast to the genome
which is stable for any giverelt line, the external environment, physiological
conditions and developmental stage can all cause variations to the transcriptome.
Exploring the transcriptional changes enables us explore the functional
components of a genome and help to reveal changethe molecular elements in
cells and for understanding development and diseasgob/ement (Wang et al.
2009.

While bothT. gondiiand N. caninumparasites can reach the CNS and encyst in the
brain, T. gondiiis the parasite mosthknown to cause tropism in neural cells. In
order to understand molecular differences in astrocytes infected Witigondiiand

N. caninumit is vital to study these changes at the transcriptional level. This can be
acheivedthrough hybridization techniges such as microarrays or sequencing based

approaches.

3.1.1 RNASeq

While mass spectrometry enables the identification and quantification of proteins,
next generation sequencing (NGS) investigates the gene expression level profiles

and is known as RNA sequencing (F8¢4) (Hall 2007). It allows rapid, in depth
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sequencing Wich makes it easier to analyse whole transcriptomes in a very short
period of time (Liu et al. 201% It also has many advantages over other
transcriptional approaches as discussed previously in chapter one (1.10.1).

The first publications on transcriptomic studies done using BBd\ were in 2008
(Nagalakshmi et al. 2008; Lister et al. 2088Itan etal. 2009. It was applied to
analyse and explore human, yeast alcbidopsisnRNA and has extended further

to investigate other organisms, including apicomplexan species sudh gsendii

andPlasmodium spp(Sorber et al. 201 Hassan et al. 20)2

3.1.1.1 Steps involved in RNA-Seq

RNASeq involves multiple stagethat includingsample preparation, amplification,
fragmentation, purification and sequencing the samples of intereqfMortazavi et

al. 2008) Briefly, this technigue begins with the conversiorRMA to a constructed
library of cDNA fragments with adaptors attached to one end (siagte
sequencing) or both ends (pat-end sequencing), which is then sequenced with a
highthroughput sequencing platform to attain short sequences from one end or
both ends (Wang et al., 20Q9eads generated from the sequencing platforms are
typically 3@400 bp in length Kigure 3.1). The resulting sequences can then be
aligned to the organis@ reference genome or transcrighe, or assembledde
novoif no refererce genome is available (Wang et al. 200®}his chapter, lllumina
platform was used for mMRNA sequencing; details related to this platform including

its advances have been described in chapter one (1.10.1)
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3.1.2 RNASeq in systems biology investigations

RNASeq enables the deep sequencing of the transcriptome with high resolution
and without the need of a known reference genome to be included. It is known that
mammalian cells are highly complex, RSi#q is a tool that aids in understanding
different biolagical processes occurring in the cell at the transcriptional level
(Westermann eal. 2013. The transcriptomes from different mouse tissuesvivo

was first mapped and analysed using RB&¥, and novel transcripts were detected
in the liver, skeletal muscle and brain tissue analysed from ifNatazavi et al.
2008. Human cell transcript analysis of an embryonic kidneyinellRamos B) was
investigatedin vitro through RNASequencing; novel transcripts were identified and
25% more genes were detected when compared to a microaressed approach
(Sultanet al. 2008.

3.1.1.2 Transcriptomic studies in host cells and pathogens

There have been many studidsat investigatedhe biological changes that occur to

a cell or tissue during infection with different organisms in the same experiment.
For example, a study done I63ail, Goss & Bohng2001) explored transcriptional
changes of the human foreskin fibroblast (HFF) cells dufingondiiinfection
compared to Salmonella typhimuriumand Chlamydia trachomatis using
microarrays. They identified 13 genes (such as IL6 and TNFAiPéyulated
exclusively in cells infected witfoxoplasmd Gail, Gross & Bohne 200Bunctional
changes in the central nervous system (CNS) were examined during the chronic
stage ofT. gondiiinfection in mice, in which genes involved in immune responses
and cell activation were upegulaied in mice brains after infectiofTanaka et al.
2013. In addition, host transcripts whose expressions were reduced by infection
were involved in smalGTPasenediated sgnal transduction and vesicle mediated

transport (Tanaka et al. 2013).

Comparative genomic and transcriptomic analysidlo€aninumand T. gondiihave

shown that they have developed distinct collections of surface antigens and
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secreted kinasesAnexpangon in the number of surface antigens were identified in

N. caninuncompared toT. gondiitachyzoite stage (Reid et al. 2012).

An investigation of host responses to infection in HFF cells between these two
parasites through comparative microarray profiling demonstrated tRataninum

is a strong inducer of innate IPNk I NXB & LJ2 y &.SpanHdiihag KeSdiaBeld &

the capability 6 suppress this response (Beiting et al. 2014). It was concluded that
N.caninumLJ- N} aAGS&a INB LRGSYyd FOGADFG2NR 27
macrophagesn vivoand were dependent on the telike receptor TLR3 and the

adapter protein Trif (Béing et al. 2014).

3.1.1.3 RNA-Seq in human astrocyte investigations

The investigation of increased expression of astrocytes markers in schizophrenia
and its association with neuroinflammation was done using 8Hé and showed

that patients with schizophrenia hamhcreased expression of glial fibrillary acidic
protein (GFAP) and hypertrophic astrocyte morphology (Catts et al. 2014). Another
study explored the localization of Alzheinikdisease in the parietal cortex of the
brain and its involvement of the earlymptoms of the disease in humans through a
using Illumina RN&eq platform Mills et al. 2013). This study identified
transcriptional profile changes related to lipid metabolism and concluded that
astrocytes were associated with neurodegenerative disordetiis et al. 2013)In a
study of neuropathogenesisin HI\*1 subtype C (clade C¥ynaptic plasticity
associatedyenes were examined in primary human astrocy{@gluri et al. 2013)

The findings suggest that severe neuropathogenesis as an outcomiection may

be relatad to the downregulation of synaptic plasticity genes, decreased dendritic
spine density and induction of apoptosis in astrocyfes.date, there have been no
studies examining human astrocytes response dufinggondiiand N. caninun

using highthroughput sequencing (RN3eq).
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3.1.3 Aims and RNA-Seq experimental design

In this chapter, the aim was to investigate transcriptional expression changes of
host cells (human astrocytes) during infection withgondiiin comparison withN.
canirum infection. Toxoplasmasuccessfully invades the CNS and establishes its
chronic stage of infection through cyst formation in any warm blooded animal
including humans, whil&leosporahas a more restricted host range and seems to
infect mostly the CNS afsi definitive host.The main hypothesis is that differences

in human astrocytes response during infection will reflect on the genes being

transcribed during infection.

In this study,high throughput sequencing (RhN&eq) was used to compare the
responses of human astrocytes to infection withgondiiand N. caninumPrevious
work by Dr. Dong Xia ohf. gondiiinfected human foreskin fibroblast (HFF) cells
showed that the majority of transcriptional changes occurred within the first 16
hours post infection. Thus, in this studiyee different time points were chosetio
examine the transcriptional change in ham astrocytes during early stages of
infection (0, 4 and 16 hours)
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3.2 Materials and methods

3.2.1 Human astrocyte cell sample preparation and collecti on

HA cells T. gondii (TQVEG strain) rad N. caninum (NcLIV)were grown and
maintained as previously deribed at chapter twdchapter 2.2.1)TgVEG was used
throughout the thesis chapters, it is the less virulent strain and the cyst forming
strain in the brain and other organs in the host compared to TgRH strain which is
the virulent strain and was only ed in chapter two (2EDIGE) and does not form
cysts compared to TQVEB.dzS (2 GAYS FyR 023G fAYAGE GA
the costs (RN&Seq and LGIS/MS). In addition, the aim of the experiments was to
compare the biological changes occurring in test cells during infection witf.
gondii compared toN. caninunParasites were resuspended in DME¥2 and
confluent HA cells were infected at a M.O.l. of 8 parasites per Daplicate
confluent flasks (2 x T75 crhwith 1 x 16 cells/flask for both T. gondii and N.
caninumHA infection were scraped and collected at (0, 4 and 16 hpusand

were subjected to two washes with DPBS through centrifugation at 1§&ot 10
minutes and a final wash in a 1.5 ml tube at@ xg for five minutes. Finally

supernatants were carefully discarded and the samples were store2D4E.

In order to increase Total RNA yield in sampths;two flasks from each sample
were pooled togethemat all three different time points for the cellsfected with

NeosporaandT. gondii

3.2.2 Total RNA extraction

Prior toisolation of totalRNA(TRNA)the samples werdirst resupended in 350 pl

RLT buffer (Qiagen) to disrupt the cell, gmbcessed with Qiashredder columns
(Qiagen)to homogenizethe cells and reduce viscosity caused by higiolecular

weight cellular components and cell debris. Total RNA was extracted using RNeasy

mini kit (Qiagen} OO2 NRAYy 3 (2 (GKS YBrieflyzsauhpls oekdS N & |

loaded onto an RNeasy column and centrifuged a&d@@& g for 30 seconds. The
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flow-0 KNRdzZaK ¢l & RAaAOINRSRX FyR (KS O2f dzvYy
48802y R OSYGNRTFdAlIGA2Y G ynnn E 30 YR w
X g) before a 2 minute centrifugation step @000 x g using new collection tube
to remove any remaining buffe@After that, the column was inserted to another
02ttt SOUA2Y (dzoS | yR GKS dfed water, twbugh S dzi ¢
incubation at room temperature for 1 minute followed by centrifugation @M X
g for 1 minute. Finallyjsamples were stored at80°C for subsequent isolation of
Poly(A) RNA

3.2.2.1 Quantification of RNA

The concentration®of the TRNA samplesere verified usinga Qubit assay (Life
Technologies)The RNA buffer supplied in the kit wasiad with the RNA reagent
at a dilution of1:200 pl. The buffewasthen added to 0.5 ml tubes and twRNA
calibrationstandardswere prepared A total of 10 m of eachstandard vasadded to
each tube containing 1961 of reagent. The tubes were then Idfir two minutes,
and placed on the Qubftuorometer 2.0 (Life Technologieshachine todetermine

the RNA concentratioof each sample.

3.2.2.2 Quality Control

Samplesvere submitted to the Centre for Genomic Research (CORyersity of
Liverpool for qualityand quantityevaluation on a Bioanalyzer chip (Agilent). Total
RNA traces were checked for the intactness of RNA and Poly(A) RNA was assessed
to ensure that appropriate depletion of ribosomal RNA had occurred so it does not
interfere with the analysis ahRNA. An illustration of a total RNA and mRNA sample

can be seen in Figu2.
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Figure3.2: Bioanalyzemanalysis (quality) of theamples which passed quality contrAldisplays total
RNA, withtwo ribosomal peaksis shown(between 500and 4000 nt) B shows Poly(A) selectioof
RNA ribosomal peaks can still lEbservedbut they have been sufficiently depleted so as not to
mask mRNAThe x axishows the nucleotideand thefluorescence unitaire displayedn the y axis.
Assessment of quality controlas basecn the appearance of the curvend RNAjuantitation was
measured separately by Qubit Assay (Invitrogen)

3.2.3 Poly(A) selection

Isolation ofmessenger RNANRNA from the samples waperformed by the CGR.

t2fénl RSyeflridSR wb! 41ad &aStSOGSR FTNRY :
selection with the Micropoly(A) purist kit (Ambion).

Briefly, mMRNA enrichment of TRNA samplgas performedas follows: samples

SNB RAfdziSR (2 -ree water>for mBRMAG $electiob bisin
Micropoly(A) purist kit. All subsequent steps were performed according to ti& kit
protocol: samples were mixed with an equal volume of 2x binding solution, bound

to oligo(dT) cellulose, heated to 1 and then incubated witrocking for 1 hour at

room temperature. The oligo(dT) cellulose was afterwards pelleted at 4 000 x g for

3 minutes at room temperature, washed twice with each of wash solutions 1 and 2,
GKSYy StdziSR Ay wnn >f whb!°C, hylcengaidh ata 2 t dzii A
5000 x g for 2 minutes. The eluted Poly(A) RNA was leftetciitate overnight at

2000 GKNRdAAK GKS FTRRAGAZ2Y 2F wn >t p a FYY
100 % (v/v) EtOH. It was recovered by 30 minutes of centrifugation adQX @ at

4°C and resuspended in RNA storage solytand quality and quantity evaluation

of the samples were also checked usimgBioanalyzer chip (Agilénand Qubit

fluorometerat the CGR
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3.2.4 Sequencing

Library preparation, amplification and sequenciog six samplesvere done at the

CGR. RNA Seq libraries were prepared from six HA cells infected with TQVEG/NcLIV
enriched Poly(ARNA samples, and were subsequently sequenced on the lllumina
HiSeg2000 platform in one lane to produce millions of pagadreads per sample.
Mapping to the human genome (GRCh37/Hg19) and also to the paraBitgsr{dii

and N. caninumgenome (EuPathDB release 10.0)) was performed using TopHat
version 2.0.10 (Trapnell et al. 2009; Kim et al. 2013) and generated FPKM
(fragmentsper kilobase of exon per million fragments mapped) values which is a

normalization step using Cufflinks.

3.2.5 Differential gene expression analysis

The experimental design contained no biological replicates due to the pooling of the
samples together at the three different time points and the high cost of running an
additional batch of samples. Therefore, the power to detect significantly
differentially expressed genesasassumed to be low. However, it is still possible to
estimate gene expression levels measured as fragments per kilobase per million
YILIWSR FNF3IYSydGa 6ctyaT | WFNIFIYSYGQ o0SA;
gene length, so FPKRbrmalises for different gene lengths and total library size).
The Cufflinks software package was usadnormalization of the datgTrapnell et

al. 2010). FPKM values were estimated acrossiaamples At each time point

post infection(0 hour, 4 hars and 16 hours); FPKM values frdmgondiiinfected
human astrocytes were compared to those fér caninuminfected HA cells, using

the Cufflinks packageerformed by the CGR

3.2.6 Data analyses and functional annotation

A 20 percentile cubff to the FPKI valueswas appliedi 2 3SGKSNJ gA-0K X H
off for the FPKM valuesor all datasetsto define the most different expression

levels among the compared samples.
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The software package GProX (Rigbolt, Vanselow & Blagoev 2011) was used to
perform cluster analyses, using a fuzzification value of 2 for 100 iterations.
Additional functional annotations investigating their metabolic pathways including
the cellular contents and molecular functions were analysed usiegfunctional
analysis and clustering todtom the Database for Annotation, Visualisation, and
Integrated Discovery (DAVID) (DAVID bioinformatics resources 6.7) (Huahglda
2009).

Additional retworks, functional analyses, and canonical pathways were produced
through the use of Ingenuity Patway Analysis(IPA (Ingenuity Systems,

G PAYIASYdzA @ d02Y0 G2 GKS tAad Y®IRdz | G§SF
change The functional analysis iden&tl the biological functions and diseases

along with canonical pathways that were most relevant atatistically significant

to the data set.
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3.3 Results

This project aimedo analysethe expression of transcripts of human astrocytes
infected with T. gondiicompared toN. caninumover three different time periods

(0, 4 and 16 hours p.i.)n both infected cellsT. gondiiand N. caninuminfected

cells) expression changes were compared between uninfected cells (0 hours) to
infected cells (4 and 16 hours p.iJhis analysis was carried out as follows:
sequence reads were aligned to referensequence genomes éf. sapienand T.

gondii or H. sapiensand N. caninum All samples submitted to the CGR for
sequencing passed the quality control checks and gave the read counts shown in
Table 31.

Table 31: Summary of reads and mapping to the hamngenome. Hman astrocytesells infected

with N. caninunmtachyzoites (Nc¢) andl. gondiVEG (Tg) tachyzoites were collected and sequenced at
0,4 and 16 hours post infectioat the CGR

Sample Reads to aligh Aligned reads (%) Properly paired reads
(%5
NcOh 76,987,466 65,624,990 (85.24%) 40,330,564 (52.39%)
TgOh 64,597,110 49,443,284 (76.54%) 28,802,196 (44.59%)
Nc4h 54,650,324 45,948,538 (84.08%) 28,672,092 (52.46%)
Tg4h 75,787,490 64,778,431 (85.47%) 42,791,886 (56.46%)
Nc16h 48,529,504 41,124,481 (84.74%) 22,730,728 (46.84%
Tgl6h 69,741,226 59,015,612 (84.62%) 37,426,250 (53.66%)

1 Sum of reads used in the alignment.

2Reads that align to the reference genome (% of reads used in alignment).

3 Properly paired reads (reads in correct relative orientation and within accepted distance from each
other) (% of reads used in alignment).

Read pairs were aligned to the human cDNA reference. In general, more than 76%
of reads were mapped, bubr 5/6 sanples >84% of reads were mapped to the

reference sequencérable 3.1)

The total human astrocyte FPKM value transcripts infected with eitheondiior
N. caninumwere further filtered through a 20 percentile cubff and FPKM values
0KF G ¢ S NBangx The TolfFRKMQalueentified in HA cells infected with
T. gondiiafter the selection criteriawere 1672 transcripts and iN. caninum

infected cellswere 1029 transcripts
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3.3.1 Cluster analysis and data visualization of host cell MRNA

Cluster analyss were carried out on FPKM values using GProX (Rigbolt, Vanselow &
Blagoev 2011). These transcripts were clustered according tio ttascriptional
pattern changesn GProX (version 1.1.12) into five clusters which camdes to

view the general trend# the data for FPKM values of TgV&itd NcLIV infected
cells (Figure 3.3) Cluster analysisn T. gondiiinfected cellsshow transcripts
identified to have a downward trend in expression over the time course (clusters 2
and 3) and cluster 4 has an upward trend in expresdirncaninuminfected cells
analysisshow that the majority of genes identified have an upward tremd i
expression over the time course (clusters 1 and 5), whereas cluster 2 has a
downward trend in expressiofFigure 3.3)Visualization of the transcripts using the
dendrogram heat map of infected HA cells showed clear differences in the
hierarchical clusteng. InT. gondiinfected cells the transcript expression is closely
related at 0 and 4 hours compared to 16 hoprs (Fgure 34 g. On the other hand,

in N. caninuminfected cells(Hgure 34 b), 4 hours and 16 hours were closely
correlated comparedto 0 hours which may suggest a delay in the expression

activation of the cells infected witN. caninum

78



6.

¢ IRWRIAGSR KdzYty FadNRpOeiGSa bd OF¥KN¥ELNGISR KdzYl

Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3
& 10 @ w 1.0 N
% g 10 2 § 10 g 10 g 10
& 5 5 & 05 £ = b=
& 05 2 05 = s 05 3 05 & 05
° = 2 oo s 7 5 ]
g 0o & 0o 5 5 00 § 00 § 00
7 e z Z s 2 2 g
B -05 2 gg 3 2 _os & -05 @ -05
=4 & 5 £ -05 g =4
o -1.0 i i@ -10 = g 10 2 10
e R e A— 1 1 “ -0 s “
e 1 e
1 2 3 1 2 3 1 2 2 1 2 3 1 2 3 1 2 3
Time Time Time: Time Time Time
Cluster 4 Cluster § Membership Cluster 4 Cluster 5 Membership
1
g 10 E‘ 1.0 g 10 g 0 !
038
£ o5 2 oos g o5 E‘ 05 0.8
5 S 06 5 5 0.6
£ 00 s 00 = e 00
S i ] s
2 os % s 04 2 2 04
- 5 02 8 05 g o8 s
4 -10 di -1.0 o d _4g i 10 0
1 2 3 1 2 3 1 2 3 1 2 3
Time Time Time Time
Cluster Distribution Cluster Distribution
n=1672 Parameters h=1029 Parameters
600 200
500
200 389 384 Experiment  Experiment 250 Experiment  Experiment
§ prerg :zm: g‘ = 200 Upperreg. theeshoi: 2
8 3w 205 Standardizes  Tue E 150 s e
200 15? Fuzzification. vaue: 2 100 Fuzzification. value: 2
Herations: 100 Herations: 100
100 membershipe for plot. 0 50 membershipe forplot 0
0 0
A Cluster B Cluster
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3.3.2 Functional annotation of human astrocyte infected cel Is

For functional annotation and metabolic investigation§ host transcriptional
changesDAVID was usedA list of pathways for each clustan both HA cells
infected with T. gondiiand cellsinfected with N. caninumwere inserted into the
search engineResults involving metabolic pathways, gene ontology for biological

process, cellular contents and molecular functions webvered

When generally comparing metabolic pathways between the two infectibvgas
necessary to look at differences and darties between the cellsnfected. From

the metabolic pathway analysis;sagnificant pathway showing differences in their
trend of transcript patterns betweenT. gondiiinfected cellscompared to N.
caninuminfected cellswas themitogen activated proten kinase pathway (MAPK
pathway) in which showed opposite trends in expression changes throughout the
three time points (Table 3.2). MAPK pathways are highly conserved cascades
important in different aspects of the immune respon&ong, Davis & Flavell 2002)

In T. gondiinfected cells eight genes were involved in tfdAPKpathway and the
pattern of their expression showed an increase at 4 hours followeddxrreased
expression at 16 hours post infection. On the other hand\ircaninuminfected

cells seven transcripts were involved in thRIAPK pathway with a trend of
decreased expression at 4 hours followed by an increased expression at 16 hours

post inkection(Table 3.2)
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Table 3.2:Metabolic pathways identified within human astrocytes infected withgondiiand N.
caninum Transcripts fronT. gondiicluster 1 andN. caninuncluster 3 (see figure 3.3) were searched
using DAVID. The MAPK pathwlyund in both infected cells with different transcriptional
expressiorare highlighted in green.

Category Term Transcript | % of P-value | Cluster
count transcripts
Lipoic acid 2 0.6 4.40E02
metabolism et
Glycine, serine 3 0.9 7.60E02 |
; and threonine £ o
T. gondii : % o0
infected cells ~ |-1erapolism “UJA
Longterm 4 11 7.80E02 |-V
potentiation ' o :
MAPK signalling | 8 2.3 9.70E02
pathway
MAPK signalling
pathway 7 3.9 0.035 clmers
. TGFbeta B o
N. caninum signalling : U?\‘
infected cells pathway 4 22 0.046 3
Purine ' ? :
metabolism 5 2.8 0.052

82




3.3.2.1 Metabolic pathways of infected host cells

During the functional analysis of global expression profiles of host cells during
infection; ©me notable pathways weredetected. hese pathways werehe
cytokinecytokine receptor interaction and cell adhesion molecule pathwingd

are important in leukocyte migration and cell signalling proesssthe cell.

The cytokinecytokine receptor inteaction pathwayis associated with innate as
well as adaptive inflammatory host defences, cell growth, differentiation, cell death,
angiogenesis and development and repair processes directed at the re
establishment of homeostasis in the célfferences m host cellmRNA expressions
were detected (Figure 3b). Interleukin8 (IL8), growtkregulated alpha protein
(CXCL1) and-xC motif chemokine 3 (CXCL3) are chemotactic factors that attract
mainly neutrophils and play roles in cellular inflammatidimeywere up-regulated

in cells infected withN. caninumcompared to cells infected witi. gondiiat 16
hours p.i. (Table 3). Moreover, the chemokine CXClako involved in neutrophil
recruitment at sites of inflammatignwas found upregulated in N. caninum
infected cells whereas, il. gondiiinfected cellsit was decreased (Table3}. The
chemokine CX3ClLXknown as fractalkineis a chemotactic for cells and
monocytes, but not for neutrophils and is associated with regulating leukocyte
adhesion and migtion processes at the endothelium. It was foumngtregulatedin

both infections with a higher fold change seenTingondiiinfected cells compared

to N. caninuminfected cells (Table 3). CXCL6a chemotactic for neutrophil
granulocytes that has strongntibacterial activitywas foundup-regulatedwith an

8.3 fold change detected iN. caninuminfected cells whereas it inT. gondii
infected cellsit was below the cubff value which was excluded during the 20
percentile cut off (Table 3). An illustration of the cytokine pathway and a
descriptive table of the molecules associated with this pathway along with the

expression changes (log2 fold change) can be seEmgure 3.5 andable 33.
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Table 33: Differentially expressed host cell transcripts involved in cytokiytekine receptor interaction pathway in cells infected withgondiicompared to cells infected
with N. caninum Log2 fold change in HA cells infecteithviN. caninum(Nc) andT. gondii(Tg) at O, 4 and 16 hours p.i. are shown. Fold changes highlighted in red show up
regulated expression changes and fold changes highlighted in green showrdguwated transcript expressions.

Log2 fold change

Accessiomumber Genename Gene description

Nc Oh Nc4h Nc 16 h | TgOh Tg4h Tg16h
ENSG00000163739 CXCL1 growth-regulated alpha protein 0 2.28 4.82 0 0.576 | 0.620
ENSG00000081041 CXCL2 GX-C motif chemokine 2 0 2.27 3.561 0
ENSG00000163734 CXCL3 GX-C motif chemokine 3 0 3.018 |0 0.201
ENSG00000006210 | CX3CL1 Fractalkine 0 1.342 | 2.37 0 2.92 4.05
ENSG00000019991 HGF Hepatocyte growth factor 0 2.43 0 0.95 2.89
ENSG00000139269 INHBE Inhibin beta E chain 0 0.610 2.28 0 1.089
ENSG00000169429 IL8 Interleukin8 0 1.267 3.46 0 -0.22 1.064
ENSG00000136244 IL6 Interleukin6 0 0.137 0.37 0 -0.10
ENSG00000124875 CXCL6 GX-C motif chemokine 6 0 -0.10 3.056 - - -
ENSG00000150782 IL18 Interleukin-18 0 0.602 1.814 - - -
ENSG00000174564 IL20RB Interleukin20 receptor subunit beta 0 0.512 1.619 - - -




The second pathway explored was tleell adhesion molecule pathwafCAM)
(Figure 3.6) Cell adhesion molecules (CAMs) are glycoproteins found on the cell
surface that are crucial to many biological processes in the cell that include immune
responses, inflammation, haemostasis, embryogenesis, and development of
neuronal tissue.Differencesin their expressiorwas detectedbetween the two
infections (Figure 8). Neuralcell adhesion molecule 2 (NCAM 2) veagnificantly
up-regulated in T. gondiiinfected cells whereas no changeas detected inN.
caninuminfected cells(Table 34). An imporant molecule involved itblood brain
barrier BB permeability, vascular cell adhesion molecule 1 (VCAMtlyvas up-
regulatedin cells infected withT. gondiicompared toN. caninum(Figure 3.6 and
Table 34). Claudir22 (CLDN 22) had a significanttynah-regulatedfold change in

T. gondiiinfected cells compared tiN. caninum HLA class | histocompatibility
antigen, alpha chain F (HEA wasdown-regulatedin T. gondiinfected cells andip-
regulatedin N. caninuminfected cells Figure 3.6 and able 34). Cadherinl5 (CDH

15) wasdetected up-regulated incells infected with N. caninum while dwn-
regulated in T. gondiiinfected cells(Figure 3.6 andrable 34). Intracellular cell
adhesion molecule 1 (ICAM 1) was found with similadregulatedexpressons in

both infections Figure 3.6 and Table4.
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Table 3.4 Differentially expressed host cell transcripts involved in cell adhesion pathway in cells infectell wihdiicompared to cells infected witN. caninum Log2
fold change irHA cells infected wittN. caninum(Nc) andT. gondii(Tg) at O, 4 and 16 hours p.i. are shown. Fold changes highlighted in red shegulaied expression
changes and fold changes highlighted in green show d®gnlated transcript expressions.

Accessin number | Genename | Gene description Loie2 el et

Nc Oh Nc4h Nc 16h TgOh Tg4h Tg 16h
ENSG0000002650 CD44 CD44 antigen 0 -0.043 -0.20 0 -0.23 -0.473
ENSG0000012991 CDH15 Cadherinl5 0 0.615 1.8336 0
ENSG0000017730 CLDN22 Claudin22 0 0.802 -0.415 0
ENSG0000018914 CLDN4 Claudin4 0 0

HLA class | histocompatibility

ENSG0000020464 HLAF antigen, alpha chain F 0 -0.340 1.743 0
ENSG0000009033 ICAM1 Intercellular adhesiomolecule 1| 0 0.209 1.349 0 -0.10 1.254
ENSG0000016989 ITGAM Integrin alphaM 0 -0.39 -0.184 0
ENSG0000014929 NCAM1 Neural cell adhesion molecule 1| 0 0.295 1.135 0 -0.21 0.992
ENSG0000015465 NCAM?2 Neural cell adhesion molecule 2| 0 -0.81 -0.152 0 3.207 3.648
ENSG0000011087 SELPLG P-selectin glycoprotein ligand 1 | O -0.494 0 -1.152
ENSG0000016269 VCAM1 Vascular cell adhesion protein 1| 0 0.591 20834 |0 0.445 3.404




The data was also searched for molecules of interest in the. CN8 of the
important cytokine molecule was-C motif chemokine 2 (COLthat is associated
with brain pathogenesis and toxoplasma encephalitisvds downregulaied in N.
caninuminfected cells at 3.33old compared toan upregulated expression (3.5

fold) inT. gondiinfected cells at 16 hours post infectiofppendixll).

In both T. gondiiinfected cells andN. caninuminfected cells, one of the most
abundant tanscripts (as shown by the FPKM vafjewith a dowrnregulation
expression(3.33 fold)was plasminogen activator inhibitor 1 RikA&ding protein
(SERPINE{\ppendix Il). SERPINEays a role in the regulation of mMRNA stability

in the cell.

Matrix metalbproteases {MMP1) a protease enzyme involved in proteolysis and
extracellular matrix organizatignvas also one of the most abundant transcripts in
both infected cells. It was found significantdgwn-regulatedin cells infected with
T. gondiiat 16 hours p.i. (3.44 fold) compared to infected cells Wtrcaninun(1.6
fold) (Appendixll).

Neuronal pentraxifl (NPTX1) wagp-regulated 3.8 fold ifN. caninuminfected cells
higher, whereas inT. gondiiinfected cells wasonly upregulated 1.4 fold It is

associated with the CNS development and synaptic transmisagpetdixll).

Interferonrinduced protein with tetratricopeptide repeats 1 (IFIT1) and 2 (IFIT2)
were only found inN. caninuminfected cells witi25 fold in IFIT1 and 3.4 foldere
up-regulatedat 16 hours p.i., these molecules are involved in innate immunity,

antiviral defence and type | interferon signalling pathwapgendix I).
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The molecular functions, cellular contsnand biological process of individual host
transcrips within the clusters of interest were determined in HA infected cells.
Clusters that showed differential expression changes emtained a significant
number of transcripts were chosen for functioraadnotations (Figures 3.3). Of these
clusters, cluster 4 in cells infected with gondiicontained the highest number of
transcripts (527 transcripts) and showed an upward trend in expression (Figure
3.3a). Molecules associated within this cluster wamgolved in biological processes,
including gland development, behaviour, chemokine activity, cell adhesion,
forebrain development and leukocyte migration (Tabl&)3Cellular content was
mainly found integral to membrane and the molecular functions wassociated

with chemokine activity (Table 3.

In cells infected withN. caninum cluster 1 had themost abundantnumber of
transcripts (282 transcripts) and showed apward trend in expressiofFigure
3.3b). The biological processes associated with ¢hemlecules were ion transpqrt
chemotaxis and lipid transport (Table6B. The cellular content was related tbe
extracellular region part and the molecular function was involved in ion channel and

chemokine activity (Table &.

90



Table 35: Functional annotation of a subset of the transcripts identified in the analysis of human
astrocyte infected withT. gondiiusing DAVID. A total of 527 transcripit®in cluster 4 Figure 3.3a

that showed an upward trend in expressiovere searched for theibiological processes, cellular
contents and molecular functions.

Category Term gﬁ?\fcnpt (t)f)a?wfscripts P-value
gland development 11 2.2 1.40E03
behaviour 23 4.7 2.00E03
mammary glandievelopment 7 1.4 3.80E03
telencephalon development 7 1.4 4.40E03
taxis 11 2.2 5.00E03

Biological process chemotaxis ' 11 2.2 5.00E03
cellsubstrate adhesion 8 1.6 8.80E03
celkcell signalling 25 5.1 9.20E03
biological adhesion 28 5.7 9.40E03
forebraindevelopment 10 2 1.10E02
leukocyte migration 6 1.2 1.10E02
integral to membrane 163 33.3 2.30E04

Cellular content intrinsic to membrane 167 34.2 3.10E04
chemokine activity 6 1.2 4.50E03

Molecular function | chemokine receptor binding 6 1.2 5.90E03
ion channel activity 18 3.7 1.10E02

Table 36: Functional annotation of a subset of the transcripts identified in the analyffsiluman
astrocyte infected withN. caninumusing DAVIDA total of 282transcripts (from cluster 1, Figure
3.3b) that showed an upward trend in expression (Figure 3.3) were searched for their biological
processes, cellular contents and molecular functions.

Category Term Transcript | % of P-value
count transcripts
ion transport 21 8.3 0.0011
chemotaxis 8 3.2 0.0035
Biological process | taxis 8 3.2 0.0035
cation transport 15 5.9 0.0078
lipid transport 7 2.8 0.0087
extracellular region part 24 9.5 1.50E03
Cellular content extracellular space 18 7.1 4.50E03
ion channel activity 16 6.3 1.40E04
substrate specific channel activity | 16 6.3 1.90E04
Molecular function channel activity 16 6.3 2.80E04
passive transmembrane transportel 16 6.3 2.90E04
activity
chemokine activity 6 24 3.00E04
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3.3.2.2 Ingenuity Pathway analysis (IPA)

Previous analysis provided useful functional information for individwahscripts
and pathways, but IPA can be used for a broader view ofrdrescriptsespecially in
association with enriched pathways analysill the differentially expressed
transcrpts in T. gondii(n=1672)and N. caninum(n=1029)infected cells were
searched using IPA pathway analy$ie top canonical pathway returnedith the
lowest pvalueswas mainly associated with the leukocyte extravasation signalling
pathway. Astrocytes ar&known to cause migration of leukocytes during injury or
infection. Therefore, the main pathway investigated was theukocyte
extravasation signalling pathwayith a pvalue of 1.89x 10* and a total of 30
molecules involved in the pathwagf T. gondiiinfected cells(Figure 37). In N.
caninuminfected cellsa total of 20 moleculesvere involved in this pathwayith a

p-value of 9.7 10 (Figure 3.8).

The top enriched diseases in tfie gondiinfected cellswere associated with cancer
(p-value of 1.2 x 10°) and neurological diseasgp-value of 1.44 x 1@). In N.
caninuminfected cel$, theywere associated witlnjury and abnormalities ualue

of 1.08x 107) and inflammatory diseases-{alue of 1.56< 10°).

The main aim of this analysis waslook at the differences occurring in the host
cells in response to different parasite infection at a molecular level. The leukocyte
extravasation signalling pathway is the process by which leukocytes migrate from
blood to tissues during inflammation @fere 37 and 38). Some molecules were
found to be specific tanfection with a particularparasite For example matrix
metalloproteases 1 (MMP1) wadown-regulated (3.44 fold)in T. gondiiinfected

cells at 16 hoursAlso Integrin bta-3 (ITGB3) was dowrgulated at 16 hours (2.77
fold) in T. gondiiinfected cells In N. caninuminfected cells,metalloproteinase
inhibitor 4 (TIMP4) wagp-regulated(3.2 fold)at 16 hours.

There were also differences between the two infectiomsthe regulation of
phosphoinositide phospholipasegamma2 whichwasdown-regulatedin T. gondii

infection (24 fold) andup-regulatedin N. caninuminfection (14.2 fold). Tyrosine
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protein kinase (TEC) was founoveh-regulated(6.25 fold) inT. gondiinfected cells
while up-regulated (4 fold) inN. caninuminfection. Both of these molecules are
involved in innate immune response. Another molecule also showing differences
between the two infections was Raslated C3 botulinum toxin substrate 2 (RAC2)
which is associated with axon guidance and platelet activatibrwas down-
regulated(1.8 fold) in cells infected witfi. gondiiand up-regulated(3.5 fold)in N.
caninuminfected cellsClaudin 14 (CLDN14) wag-regulated(2.9 fold) inT. gondii
infected cells and dwn-regulated (3.7 fold) in N. caninuminfected cells This
moleculeis involved in tight junction assembly and calciindependent celcell

adhesion.
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3.4 Discussion

Understanding interactions of the intracellular apicomplexan pathogens with their

host cells will help in identifying key differences betwé&ergondiiand N. caninum

This can be achieved through information obtained of alterations occurring within

thetrl YAONRLII2YS YR LINRGS2YS 2F GKS K2adQa
many factors that may affect the expression patterns of these transcripts such as

the host cell type and biological status of the cell (Gail, Gross & Bohne 2001;
McNicoll 2006).

The main aim of this experiment was to compare changes in the transcript profile
expressios of human astrocytes during infection with. gondiicompared toN.

caninum

Initially, the experimental design wamtended to includetwo biological replicates
for the three time pointsin both infected cellsHowever, to ensure enough material
was available for the experimenthe two replicates were pooled together
Nevertheless, when looking into the literature; around 70% of the total published
data was in factusing no replicates, through the application of RN8eq deep

sequencing (e.g. Brawand et al. 2011; Graveley et al. 2011; Hah et al. 2011).

Overall, the main findingshow differential expression of host cells in respons@& .to
gondii infection compared toN. caninuminfection. In order for the parasite to
maintain its survival and proliferate in host cells, it must moderate the D@l
signalling pathways and scavenge nutrients needed from host cell organelles such
asthe mitochondria and ERtheRNASe) analysipresented herehas identified key
molecules associated with signalling pathwaysr example, iferences inthe CAM
receptor interaction pathway and cytokirgytokine receptor interactios along
with MAPK pathwaywere identified between T. gondi and N. caninuminfected
cells. Through IPA analysis, theukocyte extravasation signalling pathwawas
identified as the top enriched pathway in both infected cells. This agreement
with previous findings of the roles of astrocytes in leukocytegration during
infection (Jones, Bienz & Erb 198&scher et all997).
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3.4.1.1 The cytokine -cytokine receptor interaction pathway

During infection withT. gondiior N. caninum activation of innate and adaptive
immune responsgareinduced through induction andhigration of chemokines and
cytokines. Chemokines are small secreted molecules that are divided into four
subfamilies according to the position of the conserved cysteine residues (C, CC, CXC
and CX3C), in which are associated with leukocyte migratiomwiune cells to

sites of infection, immune homeostasis and angiogenesis (Zlétrloshie 2000;
Adamsé& Lloyds 1997). There were repodsmonstratingthe roles of chemokines

in the control oftoxoplasamic encephaliti@B, such as CCI(2michay et al. 193

Wen et al. 2010). It has been proven that chemokines can be secreted during
gondiiinfection bothin vitro andin vivostudies done on migefor example CXCL1,

CCL2 and IL®renierPinchart et al. 2000; Brenitinchart et al. 2002).

In the cytokinecytokine receptor interaction pathwayFigure 3.5)the general
overall transcript expressions of cytokines and chemokines wereegulatedin
cellsinfectedwith N. caninumcompared toT. gondii Of these molecules were: IL8,
CXCL1, CXCL2, CX&andB CXCL6Vhile CX3CL1 was wpgulated in cells infected

with T. gondicompared toN. caninuminfected cells (Figure 3.5 and Table 3.4).

Interluikin8 (IL8) isa chemo attractant mainly for neutrophilsbut also T cells,
basophils and NK cells is stimeld during inflammatory responses (Burke et al.
2008). IL8 also induces phagocytosis and is known to be a potent promoter of
angiogenesisiL8 was significantly ugegulated in cells infected witiN. caninum
compared to a slight upegulation in cells infeted with T. gondii In a comparative
microarraystudy done by Beitingt al. (2014), fold changes of IL8 were higheNin
caninum infection in mice macrophages vivo compared to theT. gondiiVEG
strain. Another studyhas alsoshownup-regulation of IB in T. gondiiinfected HFF

and Hela cells which were correlated witke findingsin this chapter(Denney,
Eckmann & Reed 1999)

DuringToxoplasmanfection, the innate immune responsen whichneutrophils are

recruited to areas of inflammation througihe stimulation of chemokines such as
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CXCL1 and CXCL2, helps in the contrdl gondiiinfection (Viola& Luster 2008;
Denkers et al. 2004). CXCL1, CXCKEZLand CXCL&ll belong to the same family

of chemokineswere highly increased iN. caninuminfected cellscompared toT.
gondii infected astrocytesMicroarray investigations off. gondiitachyzoite (RH
strain) infection in HFF, dendritic cells, macrophage and retinal vascular endothelial
cells was carried out in previous studies, and have aetk anup-regulation of
CXCL1, CXCL2, CCL2, M&id IL8 through the analysis of immune cell responses
to the infection (Blader, Manger & Boothroyd 200Chaussabel et al. 200&ail,
Gross & Bohne 200Knight et al. 2005).

CXCL1, also known as growsgulated alpha proteinis important in the processes

of angiogenesis, inflammation, wound healing, and tumgenesis (Tsai et al.
2002).In a comparative microarray study done by Beitaigal. (2014), CXCL1 had

an increaseckxpression iN. caninuncompared to TgQVEG infected cells, which was
in agreement with the RN/&eq data analysis this chapter Furthermore, it was
up-regulated in microglial cells after 24 hour p.i. withgondiin vitroand in brains

and retina of infected mice in acute stage iafection independent from IFN
(BrenierPinchart et al. 2004 Kikumura et al. 2012}XC motif chemokine 2
(CXCL2), also known as macrophage inflammatory proteatpta, had up-
regulatedmRNA expression in celffectedwith N. caninumwhereas it wa down-
regulatedin T. gondiiinfection. It is involved in the activation of monocytes and
neutrophils and is expressed at sites of inflammation. This contradicts findings that
showed up-regulaion of the CXCL2 in other studies; such as a study done by
Kikumuraet al. (2012),on the leukocyte migration during ocular toxoplasmosis in
murine models and foundip-regulated expression of CXCL2 and CCL2. However,
there were no studies looking into the secretion of CXCLK. inaninuminfected
cells. Also, investigation of immune response at the transcriptional level were
explored using human Muller cellsn the retina There findings also showed
increase expression of CXCL2 in infected cells with two straihsgoindilKnight et

al. 2006).This may suggest that. gondiiinfection delays neutrophil recruitment
more efficiently compared td\N. caninuminfection and as a result delays innate

immune responseCXCL3s also involved in neutrophil chemotaxiand wasup-
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regulatedexpressia in astrocytesinfected with N. caninumas mentioned earlier
Chemokine (&-C motif) ligand 6 (CXCL6) functions as a chatimactant for
neutrophilic granulocytes and has strong antibacterial activity against-g@sitive

and gramnegative bacteria (Post et al. 1993;Van Damme et al. 1997Both

CXCL6 and IL8 activate their immune responses through CXCR1 and CXCR2
receptors (Wuyts et al. 1998; Wolf et al. 1998)vestigation in gastrointestinal
nematode infected cattle showed no differences betweenseeptible and
resistance cattle in their secretion of CXCL6 (Li et al. 2007). CXCL6 has been linked to
many inflammatory and pathological disorders such as inflammatory bowel disease

and cancefZhu, Bagstaff & Woll 2006)

CX3CL1lalso known as fractalke, has three amino acids between the two
cysteines and acts as a chemtbractant and an adhesion molecutbat enables
the adhesion of cells to the endothelium (Goda et al. 2008 CX3C1chemokine
was upregulated inT. gondiinfected astrocytes compared td. caninum This was

in agreement with other studies looking at the effectTafgondiiinfection on host
cells, in which they have founthe up-regulation of chemokines including CCL2,
CXCL1, CXCL2 and CX3CL1 (Lachershaaér 2011; Stein & Nombelarrieta
2005).

CCL2was upregulated during astrocyte infectiowith T. gondiicompared to a
down-regulated expression irN. caninuminfected cells. CCL2, also known as
monocyte chemotactic proteid (MCPL), is a member of t&8 -chemokine family

It functions as an attractant for monocyte/macrophages, CD4 and CD8 memory T
lymphocytes (Adams &loyds 199Y. This cherokine plays important roles in the
CNS as neuroinflammatory mediators of leukocyte migration and has been
associated with many neurological disorders (Bajetto et al. 2001; Zlotnik & Yoshie
2000). CCL2 hasilso beendemonstrated to restrictT. gondiidissenination in
human astrocytes and human fibroblastic cells (MRC5) and faeilitae
recruitment of monocyte and lymphocytes to sites of inflammation (Brenier
Pinchart et al. 2002; Brenidtinchart et al. 2004 In addition,in vivoinvestigation

on murine nodels with TE infections demonstrated that astrocytes were the main

producers of CCL2 (Map (Strack et al. 2002; Knight et al. 2006). This is also
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correlated withthe findingspresented herein human astrocytesnfected with T.
gondii Thismay suggest hat up-regulation of CCL2 by. gondiicanresult in the
migration of macrophages and activated T cells, NK and immature dendritic cells
into the sites of infection in the brain and initiate adaptive immune responses
through the migration across thelood brain barrierto enable the parasite to

establish the chronic stage of infection in the brain and persist in the hosts brain.

A previous reporthas showrthat neutrophils in peripheral blood increased in mice

after T. gondiiinfection (Norose et al. 2008Absence of IFN  Fdzy OU A2y YI &
neutrophil activation, as it is involved in the down regulation of IL8 production.

' y20KSNJ OFdzaS 2F L[y AyRdzZOGA2y Aa GKS St
and mouse neutrophils vitro (Denkers et al. 2003)rém the mRNAdata analysis;

St SOIFLidA2y 2F Y2t SOdz S& NI duggésihg thaN. ¢ b Ch
caninummay supress these genes which result in elevated production of neutrophil
recruitment to sites of inflammation in cells infected with caninumcompared to

T. gondiiinfection. Most ofthe chemokines related to the induction of neutrophils

were increased inN. caninuminfected cells which may suggest th@t gondii

attempts to supresses thenm order to establish the chronic infection iheg CNS

and minimize inflammatory damage to the infected cells.

3.4.1.2 Cell adhesion molecule pathway

Many processes and interactisnare important in the development and
maintenance of the CNS; this includes formation of neuronal connections, synapse
plasticity and guidance and the differentiation and migration of neural cells and
other cells of the CNS (Basch, GafC@stro & BronneFraser 2004; Tessiavigne

& Goodman 1996). Cell adhesion molecules (CAM) have been associated with the
connection between call through homophilic or heterophilic interactions
(extracellular matrix (ECM)). These adhesion molecules are involved in many cellular
processes such as homeostasis, inflammatomymune responses and wound
healing Koukoulis, Patriarca & Gould 1998 heyinclude four main families of

immunoglobulins, integrins, selectins and cadherins (Chathdmnes 1997). CAMs
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are also associated with cytoskeleton organization and the alteration of signal
transduction processes and are expressed in neurodegeneratbgeddirs such as

I £ 1T KS Hise&eliBartsch 2003; Welzl & Stork 2003). Transcriptional changes in
the peripheral lymphocytes of infected mice with type | and typé€. Igondiiwere
investigatedby Jiaet al. (2013) it wasobserved that in type | infected mice showed
up-regulation of genes related to CAM, olfactory transduction and ribosome
pathways, whereas in type Il infected mice cytokayokine pathway receptor
interaction, chemokine signalling pathway, and4de receptor pathway were up
regulated (Jia et al. 2013Cell adhesion molecules play vital roles in brain
morphology and functions including learning and memory through neuron synapse

formation of cellcell adhesion with neighbouring cells.

Up-regulation of VCAM1 mRNA expression was found in HA cells infectedTwith
gondiicompared toN. caninumand similar upregulated expression wasbserved

in ICAM1 (in bothT. gondiiand N. caninuminfected cells) Theseare important
adhesion molecules linked to parasitinfections of the CNS, such as cerebral
malaria and TE. When inflammatory reactions take place in the CNS; cell adhesion
molecules such as ICAM1, VCAML1 and selectins are induced through microvascular
endothelial cells in addition to the secretion of mpartypes of cytokine and
chemokines (Kadl & Leitinger 2005; Coisne et al. 2006). Previous studies have
demonstrated that both ICAM1 and VCAM1 are expressed on inflamed BBB
endothelial cells and are critical for the transmigration of lymphocytes and
monocytes (Carman & Springer 2004; Ifergan et al. 200&\M1 is an endothelial

and leukocyteassociated transmembrane protein related to the immunoglobulin
family that is known for its importance in stabilizing amlll interactions and
facilitating leukocyte edothelial transmigration Increased expression of ICAM1
was reported to decrease the function of the BBB and permit transendothelial
migration of infected immune cells through the parasites MIC2 adhesidn gondii
infection (Rahman & Fazal 2008; BamagBrossier & Sibley 2003)sually these
proteins are secreted in low concentration; upon cytokine stimulus their
concentrations increase (Dustin et al. 1986). VCAML is expressed on both large and

small blood vessels after cytokine stimulation of the etinlial cells It mediates
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the adhesion of lymphocytes, monocytes, eosinophils and basophils to vascular
endothelium and is involved in leukocygémdothelial cell signal transduction.
Transcriptional microarray profiles of infected retina cells (Mulldtsgavith two
different strains ofT. gondii(type | and Il) demonstrated ugulation of VCAM1,
MHCI (Knight et al. 2006). Sied al. (2010) suggested that upegulation of ICAM1,
VCAML1 and increased BBB permeability participated in inflammatorniiethtion

into the CNS durind@. gondiiinfection (Silva et al. 2010). This also correlates with

the findings in tis transcriptional analysis of human astrocytes.

Another cell adhesion molecule significantly-tggulated in cells infected witf.
gondii, while no significant changes were observedircaninunminfected cells was
neural cell adhesion molecule (NCAM2), which belongs to the immunoglobulin
(Ig) superfamily. Both NCAM1 and NCAM2 are widely expressed in the CNS and may
have similar functins. There have been no studies looking in the cdIBICAM1 or
NCAM2 during infection with protozoan parasites. NCAM2 may be a marker of
certain types of neurological diseasasd cancersuch as breast cancer (Massaro,
2002). The sequence of NCAM1 has a high identity to NCAM2 and both are found
abundant in the CNS suggesting that these two molecules share similarities
(PaoloniGiacobino, Chen & Antonarakis 1997There has been limited research
investigating the roles and functions of NCAM2he brain. Nevertheless, NCAM2
has beensuggestedto contribute to the establishment and maintenance of
dendritic bundle in the region associated with learning and memory in the brain
(the granular retrosplenial cortex) (Sutherland, Whishaw & Kolb 1988). &NQ a
have also been associated with eedlll adhesion (Zhang et al. 2003), which may

indicate its role in increased permeability of the infected cells through the BBB.

Toxoplasmancephalitis (TE) involves strong activation of major histocompatibility
complex (MHC) class | and Il antigens as well as of the ICAM1 on cerebral
endothelia, microglia and choroid plexus epithelium and VCAML1 on endothelial cells
(DeckertSchluter et al1994). The major histocompatibility complex (MHC) consists
of three subgrops: class I, class Il and class Ill. HLA class | histocompatibility
antigen, alpha chain F, is involved in the presentation of foreign antigens to the

immune system and is expressed on the surface of activated lymphocytes. Usually
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cells of the CNS do notxpress MH@, but astrocytes can upegulate MHA
expression through IFN & (i A Ytdat ik vital 2oy controlling TE (Jarosinski &
Massa 2002; Schluter et al. 1991). There is limited information ofFHfu&ction
available, making it difficult to hypbesise possible roles in parasitic infections. One
study examined the effect dfeishmania majomfection on human monocyte cells
and found no gene expressional changes in-HLgecretion after 24 hours p.i.
(Guerfali et al. 2008). HEA was dowrregulated in astrocytes infected withT.
gondii whereas upregulated inN. caninumnfected cells. This could indicate thkt
gondii down-regulates MH@ expression at early stages of infection to invade and

establish parasite infection in cells of the CNS.

Tight junction molecules are known for their importance in the BBB permeability
through enabling the closure of spaces between adjacent endothelial cells and
thereby only permitting the entry of small molecules to the brain (Zlokovic 2008).
The downregulation of claudins and cadherin in this data, such as 22)KSLDN4
and CDH15 mainly in cells infected wikh gondiimay be a result of a parasite
induced mechanism to sport immune cell entryClaudinglay a role in sealing the
tight junction (Ohtsuki et al. 2008; Krause et al. 2008). Most of the claudins and
CDH15 were dowregulated in cells infected witfi. gondij with the exception of
CLDN14 which was trpgulated n cells infected withl'. gondiiand downregulated

in N. caninuminfected cells. Cadherins are involved in intracellular communication
and homeostasis (Vleminckx & Kemler 1999). CDH15 is a calependent cell
adhesion protein associated with cell jurmti assembly that was also found
reduced in primary culture of mice skeletal muscle cells infected Witlpondiiafter

24 hours p.i. by Gomest al. (2011). This may suggest thatgondidown-regulates

these molecules to loosen the tight junction and anbe its entry to the CNS.

Overall increased expression of cell adhesion molecules mostlygondiinfected
cells may imply the ability of the parasite to increase its permeability through the
BBB and loosen the tight junction through dowegulationof claudins and cadherin
molecules in the CNS more efficiently comparedtaaninuninfection in the brain

and enables it to persist in the host.
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3.4.1.3 MAPK pathway in host cells

The MAPKathway consists of proteins that transfer a signal from a receptahen

cell surface to the nucleus DNA. The end product causes chamg@jee celsuch as

cell division.lt has been suggestetthat the MAPK pathways important duringT.
gondii infection, in which the parasite increases the regulation of this pathway
(Brumlik et al. 2013). The MAPK pathway also functions in neutrophil activation
during T. gondiiinfection Sukhumavasi, Egan & Denkers 208id in controlling
proinflammatory response during infection with. gondii(Dong, Davis & Flavell

2002)

Differences in transcriptional expression patterns of ewolles associated with the
MAPK pathway was detected between astrocytes infected Witlgondiiand N.
caniruminfected cells (Tables 3.2Nhileatotal of eighttranscripts associated with
the pathway inT. gondiiinfected cellsthat were up-regulatedat 4 hours and then
down-regulatedat 16 hours p.i., the opposite waketected in theseventranscripts
in cells infected with N. caninum However, the transcripts involved in each
pathway in both infected celldiffer and the only molecule found in both infected
cells was the fibroblast growth factor receptor(RGF2). Also, MAPK pathway was
identified as statically significant in cells infected wiNh caninum whereas it was
not significant in cells infected with. gondii(Table 3.2). Therefore it is difficult to
reach a definite conclusion related to the modifications found between the iatec

cells for this pathway.

3.4.1.4 Other functional annotations of host cell molecules

Analysis ofindividual significantranscripts included SERPINBAMP1and NPTX1
(Appendix Il) Plasminogen activator inhibitor 1 (SERPINE1) is a serine protease
inhibitor involved in physiological and pathological processes in an organism such as
angiogenesis, complement activation, coagulation and inflammatory respoihses

the analysis presented her§ERPINE1 waewn-regulatedin astrocytesinfected
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with both parasites In contrast, a previous study found SERPIBE Lipregulated

in T. gondiiinfected human neuron and microglial ceits vitro (Mammari et al.
2014). SERPINs have been proposed to reduce the pdRasiteplication by
obstructingthe apoptosis process of ghhost cell This has beeassociated to the
increased production of SERPIN in microglial and neuron infected cells which may
lead to the control ofT. gondiireplication and the inhibition of apoptosis of the

nervous cells (Mammari et al. 2014).

MMP1 wasonly detected inT. gondiinfected cells and was dowregulated. Matrix
metalloproteases (MMPs) are major enzymes thate associated with the
extracellular matrix ECN) degadation, and may also be associated with cell
migration, differentiation, growth and inflammatory processes in the cell. The
parasites are able to contrdhuman monocyticcells through the degradation
process using MMP®8(acheet al. 2007). A study done on astrocytes infected with
T. gondiishowed downregulation of MMP2 and MMP9 during infectighu & Lai
2013) This correlates with the finding of MMPThus, may suggest that the

parasite may control inflammatory development in the host cells.

In T. gondiiinfection, the parasitealters lelkocyte interactions evade the host
immune system and spread tmportant sites such as the CNS using different cells
such asnacrophages, monocytes, andendritic cels (Da Gama et al. 200kambert

et al. 2006; Courret et al. 2006) Pentraxinrelated poteins regulate innate
resistance to pathogen and inflammatory reactorand the control of
autoimmunity (Rovere et al. 2000). Pentraxins are highly abundant in many cell
types, including mononuclear and phagadcytells(Breviario et al. 1992). Neuronal
pentraxinl (NPTX1) is mainly found in the CNS and is involved in the development
and synaptic transmission and is found increased in glia cells and less in neurons
that function in limiting brain tissue damage (Blasi et al. 1995; Mazzolla et al. 1996).
It was foundup-regulated incells infected with N. caninumcompared to cells
infected with T. gondii This may suggest thdll. caninumparasites upregulate
NPTX1 to increase synaptic transmission between cells. Although this can also be
assumed in cells facted with T. gondiias these parasites are able to delay

apoptosis in cells.
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Other molecules that were foundp-regulatedin one infection compared to the
other and are related to cell signalling and immune responses were Interferon
induced protein withtetratricopeptide repeats 1 and 2 (IFIT1) and (IFITR)-
regulatedmRNA expression of these two molecules was detected in cells infected
with N. caninum IFIT1 and IFIT2 are associated with innate immune responses,
antiviral defence and type | interferasignalling pathway. This corredat with the
microarray analysiperformed by Beitinget al. (2014) This may suggest thad.
caninummay act more ag virus during infection agype | interferon responses are
highly associated with viral responses. Alsiois may indicatethat T. gondii

supressegarly innate immuneesponses in infected host cells.

3.4.2 Functional annotations of host cell transcripts

The biological processes and molecular functions of a subset of transcripts that
showed upregulation in hostcells during infection across the three time points of
infection were investigated. In both host cell infections (cluster 1Tingondii
infected cells and cluster 4 iN. caninuminfected cells, Table 3.6 and 3.7); the
biological processes and moleculdunctions were mostly associated with
chemotaxis and chemokine activity. In addition, cells infected Withondiishowed
biological processes related to behaviour and cell adhesimttions This may
suggest thafl. gondiiup-regulates host genes assatgd with behaviour and brain
development, in whichl. gondiimanipulates its behaviour for its persistence as
detected by previous studies (Gaskell et al. 20@8Conkey et al. 2033ompared

to N. caninum where no biological processes related to behavialteration was

detected.

3.4.2.1 Leukocyte extravasation signalling pathway

The eukocyte extravasation signalling pathwass identified as the top enriched
pathway in both infected cells through IPA analysis. This is in agreement with

previous findingof the roles of astrocytes in leukocyte migration during infection
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(Jones, Bienz & Erb 1986ischer et al1997). The transmigration off. gondii
through endothelial barriers differaccording to strain typetype | strains have the
highest ability to incease migration and dendritic cell activity (Lambert et al. 2009).
With advance in culture technigues availablein vitro models have been
established for deeper investigation of certain interactions between Jpashogen;
such as the formation of 3D welnodels and transwell coultures. The
investigation of CNS invasion By gondiiand the involvement of leukocytes in this
process were done using an vitro model of the BBB of rat glia and endothelial
cells (Veszelka et al. 2007). They have demonstrated thegydation of cytokines
and chemokinessuch as IL6involved in the acute phase immune response and
increased the transfer ofl. gondiiwhen comparedto lymphocytes This may
suggest that APC are more likely to be involved in the parasites ability to cross the
BBB (Veszelka et al. 2000ne of these molecules associated with this pathway
was the tyrosine protein kinase (TEC). TEC was significantlyrégwlated in cells
infected with T. gondiiwhile upregulated in cells infected witiN. caninum The
data related to this pathway proposes the role of these parasites in the migration of
cytokines chemokines and other molecules during host astrocytectiofe and

especially ifT. gondiinfection.

3.4.3 Conclusions and future direction

In summary, transcriptional expression changes were observed between host cells
infected with T. gondiicompared to cells infected witiN. caninum These were
mainly related toleukocyte migration through the BBB, which showed increased
permeability of T. gondiiinfected cells compared tdN. caninuminfected cells.
Neutrophil activation was found associated witth. caninuminfection of cells
compared toT. gondiinfected cellsFunctional annotations have also identified the
up-regulation of biological processes such as behaviour changes in host cells
infected with T. gondiji whereas both infected cells functional annotations were
also associated with chemotaxis activities. Imdasion, T. gondiiactivates host

cells to increase its establishment of the chronic stage in the host cell brain more
successfully. Whereas inflammation and neutrophil recruitment is associated with
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N. caninuminfected cells suggesting thdt. caninuminitiates an earlier innate
immune response and may lead to induction of apoptotic processes in infected

cells.

It is known that not all identified transcripts are translated into proteins; therefore
Ay@SaaAaaraarazy 2F (GKS K2 a tilesaduridf ifentiord SELJ
through a labefree quantitative method enables a comparison of the
transcriptome and proteome. Thiswould enhance our knowledge and
understanding ofsimilarities/ differences of the transcriptome and proteome
expression analysis host responsesluring T. gondiiand N. caninuminfection as

discussed in the next chapter (chapter faur)
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4 Chapter four: Comparative proteomic profiles of
host cells response during T.gondii and N. caninum

infection using label -free analysis

4.1 Introduction

There are many apicomplexan parasites associated with CNS diseases that
collectively have a huge impact on both human and animal health outsome
(Carruthers 2006). For example, onetloé most successful parasitesREasmodium
falciparumthat causes cerebral malaria due to the microvascular sequestration of
the parasite andcanlead to death in severe cases (Mackintosh, Beeson & Marsh
2004). N. caninuminfection results in abortion innfected cattle and may cause
neurological effec in congenitally infected calvedt can also result in limb
paralysis in infected dogs (Dubey 200B)gondiinfection in HIV/AIDS patients may
lead to toxoplasmic encephalitis and may elicit severeeloeal damage in

congenitally infected neviborns (Montoya & Liesenfeld 2004; Jones et al. 2001).

The biological properties of both. gondiiand N. caninumalong with limitations in

N. caninuninvestigations in the CNS has enhanced the needhf@stigatirg host-
parasite interactios that may elucidate improvementin management of the
diseases.In order for the parasite to successfully invade cells; modulation and

alteration of host responses are required.

The availability of the genomic sequencesnadny organisms has facilitated the
investigation of many biological aspects of functional annotations and metabolic
pathways at the transcriptional level. Yet, genomic analysis al@®ot enough to
identify the resulting protein expressions profiles inlbgical systems under certain
experimental conditions or during the complex life cycle of a particular parasite
(Cuervo, Fernandes & de Jesus 2011; Walther & Mann 2010). Moreover, little or

weak correlation between transcripts and protein expressionendeen found in
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different protozoan analysis (McNicoll et al. 2006; Cokegue et al. 2007). Thus,
guantitative proteomic analysis enables the exploring of protein expression analysis
in host biological systems during infection and determines proteinctfons
(Aebersold & Mann 2003).

4.1.1 Label-free based quantitative investigations

Labelfree approaches use raw data directly from parallel mass spectrometry runs
to enable the comparson relative protein abundance in different protein runs
(Wastling et al. @12), and have many advantages over labelling techniques

including low cost, simplicity and less concentrations of samaterequired.

Currently, there are two different protein quantification schemes in lebet
guantification: spectral counting anin intensity measurements as discussed in

detail in chapter one (1.9.4.2.1 and 1.9.4.2.2).

Throughout this thesis, ion intensity based strategy was used for -fedeel
quantification.It is believed to be more robust compared to spectral counting which
does not use retention time (Elliott et al. 2009) can be biased towards abundant
peptides, in which many low values are considered statistically unreliable due to
high variability (Lundgren et al. 2010). Tandem mass spectrometers (MS/MS)
coupled with ligsid chromatography instruments such as lon trap mass
spectrometers (the LTQ Orbitrap Velos (Thermo)) were used for -iedeel
proteomic quantification in this thesis. Furthermore, specialised software was
required to generate normalised quantification vakifor each proteinThereare

open source programs available such as MZmine 2 (Pluskal et al. 2010) and
commercially available software; such as SIEVE and Progenesis QI

(http://www.nonlinear.com/progenesis/).
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CELL CULTURE OR TISSUE

Proteins for label-free quantitation
analyses comes from a variety of EXTR.ACHON OF PROTEINS
sources. An unlimited number of Proteins are extracted.
samples can be compared.

GENERATION OF PEPTIDES \:’3\(5)/)
Proteins are denatured, reduced,
AUTOMATED DATA ANALYSIS alkylated, and digested into peptides. / A =
Peptides are identified using accurate mass % ‘\?’ ;

precursor information and the CID,HCD or R
ETD fragmentation data. Quantitation is
performed at the MS-level by comparing
chromatographic peak areas for precursor
ions between individual raw files.

ANALYSIS BY LC-MS/MS
Peptides are analyzed by

LC-MS/MS on Orbitrap-based
mass spectrometers.

Figure 4.1:Overview of Label free workflow, samples are first prepared followed by protein
extraction and digestion and later placed of the-MS/MS followed by protein identification and
guantification using ion intensity generated by spectra or spectral countireg analysed through

an automated software (image taken frommitp://planetorbitrap.com/labeHree#.VBav7LFwallk
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4.1.2 Research of astrocytes and parasites using label free quantit ative
proteomics

Limitedinvestigations of the wholeell proteome and secretome in astrocytes have

been achieved (Skorupa et al. 2013; Yin et al. 2012). In particular, the -adible

proteome of astrocytes has not been examined during parasitic invag\on.
investigation done on neurons, astrocytes, oligodendrocytes and microglia in the
human brain identified 1755 ceype-specific nuclear proteins. These proteia®

involved in histone modifications andhe regulation of networks altered with
normalbrd y F 3Ay3 2N ySdZNPRSISYSNI G6ABS RA&SIH A
disease, a neurodegenerative disorder has been studied usingfteleemethods

(Donovan et al. 2012; Ringman et al. 2012). A total of 13 proteins that were
considerably altered from gstY2 NIISY oNI Aya 2F {1 KSAYSH
compared to uninfected patients using spectral counting approach, such as Tau
(MAPT), Ubiquitin carboxgrminal hydrolase 1 (UCHL1), and syntaxin binding

protein 1 (Munel8) (Donovan et al. 2012). In a dyu done by Cutillas &
Vanhaesebroeck, (2007); comparative proteomic profiling of five different mouse
tissues (heart, brain, kidney, liver and lung) were analysed through label free ion
intensity based method. A total of 1000 proteins were identified amoldgical

processes in tissues were associated with transport, cell death, and development
(Cuitillas & Vanhaesebroeck 2007).

Labelfree approach has also been applied to parasite studies. A study done by
Bennuruet al. (2011) identified more than half dhe predicted gene products in

the filarial wormBrugiamalayi from adult microfilaria and L3 larvae stages of the
parasite through simple spectral counting. Also, different developmental stages of
the parasiteS. japonicunalong with tissues of both hostind parasites proteomes
were characterised in parallel with transcriptomic data (Liu et al. 2006). Proteomics
of the early gametocyte stage in the deadly malarial parastte falciparum
determined the cellular proteomef 1427 proteins and discovered thtite proteins

involved in erythrocyte remodelling (Silvestrini et al. 2010).
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In general, these quantitative lab#kee proteomic studies in both parasite and host
cells have enabled a broader view of global proteomic expression changes to be
identified, quantified and detect protein that were previously overlooked due to
their low protein abundances with higher reproducibility and minimum variation

detected between experimental samples.

To our knowledge, there have been no comparative studies investigatadost
cell response in human astrocyt@s vitro during infection withT. gondiiand N.

caninumthrough-label free quantitative method

4.1.3 Aims and objectives

The main aim of this chapter was to compare proteomic changes occurring in
human astrocytes ding T. gondiito infected cells withN. caninuninvasion using a
labelHree quantitative proteomics approach. In addition, the metabolic and
functional annotations of the quantified proteins will be investigated which will

enable a broader understanding of hgsrasite interactions in the CNS.
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4.2 Materials and methods

421 Cell culture

Human astrocytes (HA) primary cell lines were used as a model system. Cells were
grown and maintained as mentioned previously in chapter two (2.2.1). TQVEG strain

and NcLIV strain were used for infection; three timéAppia o6nX n | yR wMmc
and three replicates per samplevere selected for this experiment which is

comparable to RN&Seq chapter (3.2.1).

4.2.2 Label free sample preparation of HA cells

4.2.2.1 Lysis of HA cells

A total of 27 pellets of 1x¥@ells (three repliates each of HA cells infected with
TgVEG, HA cells infected NcLIV and uninfected HA cells) were solubilised using 25
mM ammonium bicarbonate, followed by three cycles of the freeze/thaw/vortex
method and two cycles of sonication in a sonicating water atti5 minutes each.

The samples were centrifuged at 13,000 x g for 10 minutes at 4°C and the
supernatant was collected. Protein concentration for each sample was determined

by protein assay.

4.2.2.1.1 Protein Assay

Pierce Coomassie plus protein assay was used gdrotein concentration

measurements of the 27 samples as mentioned previously in chapter two (2.2.2.3).

4.2.2.2 In-solution sample digestion

A total of 100 pg of each sample was further diluted in 25 mM ammonium
OAOFND2YIFGS (2 || @2fHdRBA@F2ycaT >0I 2INA 2T
(Waters) (0.05 % (w/v) final concentration). The samples were heated to 80°C for 10

YAYydziSa YR GKSy wmn >t 2F ¢odH Y3IkYE 5¢¢
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each sample, and incubated for 10 minutes at 60°C. Atot&2 ¥ wmn >f 2% o0o0
(lodoacetamide) was added to a final concentration of 9 mM and the samples were
incubated in the dark for 30 minutes at room temperature. Trypsin was added at a
pnYmM LINRPGSAYY GNBLAAY NI GA2 (Roshe) solufiorR M
and the digests were incubated overnight at 37°C. Trifluoroacetic acid (TFA) was
added to a final concentration of 0.5 % (v/v) and the digest incubated for 45
minutes at 37°C. Finally, the samples were centrifuged for 15 minutes at 33600

at room temperature and the supernatant collected for subsequent mass

spectrometric analysis (H@S/MS).

For quality control measures (QC), the digests and the proteins were run on a 1D
SDS PAGE to ensure complete digestion of the proteins to pejidego running
them on the LEMS/MS.

4.2.3 Protein identification and quantification

4.2.3.1 Label-free quantitative mass spectrometry analysis

The labelfree quantitative mass spectrometry analysis of human astrocytes
infected with TQVEG and Ncldwng with uninécted cells at three different time
points was carried out by Dr. Dong Xia at the University of Liverpool using an

Orbitrap Velos MS as described in chapter two (2.2.3.2).

4.2.3.2 Label-free peptide quantification of host cells

wlkg RFGEF 3ISYSNIGSR FNRY (GKS hNDBAGNI LI

I+

software (version 1, Nonlinear Dynamics) for lalsee quantification. Two sets of
analysis were performed on Progenesis; 1) HA cells infected with TQVEG vs.
uninfected HA cells an@) HA infected cells with NcLIV vs. uninfected HA cells.
Profile data of the MS scans were transformed to peak lists, a sample was
automatically selected as reference after checking thB Phapping (m/z versus

retention time) for any LC variability. Ths done to increase the reliability and
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reproducibility of results and to produce combined data set. The retention times of

the other samples within the experiment were aligned against the reference.
Peptide maps created by peak picking were then appledlt replicates. Raw
abundances were normalised to correct any experimental variation. Following peak
picking the spectra produced for each feature were exported from Progenesis and

used for peptide identification using Mascot (Matrix Science, version adainst

the UniProt reference and reviewed database fbr sapiengFeb, 2014 version).

Search parameters used were: 10ppm peptide mass tolerance (£10 ppm) and 0.8 Da
fragment mass tolerance with one missed cleavage allowed. Fixed modification was

set & carbamidomethylation while variable modification was set as methionine
oxidation. Identified peptides with ion scores of > 13 (p < 0.05, FDR < 1%) were
exported and reA YLI2Z NI SR Ayid2 tNR3ISySarauvL az27¥i
then performed on all dtected features using normalized abundances for-oray

analysis of variance (ANOVA). The results were further filtered to only include
LINPGSAYAa x H LISLIARS KAG& I yORlythelHA delisa G A OF
with infections at all thredifferent time points (TgVEG infected and NcLIV infected)

were used for the functional annotation analysis (a total of 18 samples).
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Figure 42: Workflow of labelfree based protein quantification. Peptides that were digested from
samples were inserted on Orbitrap (Thermo Fisher Scientific) (A).Raw peptide profiles were then
aligned (B) and peptide intensities are quantified (C). Proteins ardifiéenby MS/MS ion search in
databases (Mascot) and peptide peak intensities assigned to each identified protein are accumulated
(D). This figure was taken from http://www.helmholtz-
muenchen.de/proteinscience/research/proteomitschnologydevelopment/quantitative
proteomics/labelfree-lc-msmsbasedcomparativeproteomics/overview/index.html
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4.2.4 Functional analysis and Annotation

Functional analysis of HA cell proteins that were found to be statistically significant

were investigated using the functional analysis and clustering tool from the
Database for Anotation, Visualisation, and Integrated Discovery (DAVID) (DAVID
bioinformatics resources 6.7) (Huang et al. 2009). Proteins of HA cells infected with
TgVEG and HA cells infected with NcLIV were searched in DAVID for metabolic
pathway analysis (KEGG pathyapnd functional annotations for their GO biological
processes, molecular function and cellular components. The enriched metabolic

LI GKgl&da 6SNB O2YLI NSBR (2 RSGSOU RAFTTFSNEB

also the similarities between them.

4.2.4.1 Ingenuity Pathway Analysis (IPA)

Networks, functional analyses, and canonical pathways were produced through the
use of the commercial software Ingenuity Pathway Analysis (IPA) (Ingenuity
Systems, www.ingenuity.com). Functional analysis was used to identify the
biological functions and dgeases along with canonical pathways that were most

relevant and statistically significant within the data set.
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4.3 Results

A total of 1715 proteins were quantifieehd identifiedin the HA cells infected with
T. gondij while 1512 proteins were quéafied in N. caninuminfected HA cells. The
proteins were then searched in DAVID for the enrichment of metabolic pathways,

biological functions and cellular content.

4.3.1 DAVID analysis of host cells infected with TQVEG

Using DAVID analyses, a total of 3Qist&ally significant metabolic pathways were
identified in infected HA cells with. gondii Pathways that were found with lower
p-values and also differences in protein expressions between host cells infected
with T. gondiiand N. caninumwere chosen (Table 4.1). Results from functional
annotations of biological processes, cellular compartmems molecular functions

are shown in table 4.2. Pathways selected with lowajues were ribosome,
glycolysis, proteasome, focal adhesion and fattyd metabolism (Table 4.1 and
4.3). The biological processes of host cells proteins infected Witbondiiwere
mainly associated with translation, intracellular transport and RNA processing.
Cellular compartment was found mainly in mitochondrion andwbheane-enclosed
lumen, and molecular function was associated with RNA processing and structural

molecule activity (Table 4.2).
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Table 4.1Metabolic pathways of human astrocytes infected withgondiisearched using DAVID
functional analysis.

Category Term Protein | %of P-Value Benjamini
count protei
n
KEGG_PATHWA Ribosome 48 2.8 3.90E18 7.00E16
KEGG_PATHWA| Spliceosome 58 3.4 4.70E17 4.20E15
KEGG_PATHWA Citrate cycle (TCA cycle) | 25 15 6.20E15 3.70E13
KEGG_PATHWA Glycolysis / 32 1.9 1.20E11 5.40E10
Gluconeogenesis
KEGG_PATHWA Fatty acid metabolism 23 1.3 2.60E09 9.40E08
KEGG_PATHWA Valine, leucine and 24 14 4.30E09 1.30EQ07
isoleucine degradation
KEGG_PATHWA| Oxidative phosphorylation | 46 2.7 6.20E09 1.60E07
KEGG_PATHWA| Proteasome 24 1.4 2.20E08 4.90E07
KEGG_PATHWA Huntington's disease 55 3.2 5.70E08 1.10E06
KEGG_PATHWA| Pyruvate metabolism 21 1.2 1.20E07 2.10E06
KEGG_PATHWA AminoacytRNA 21 1.2 2.00E07 3.20E06
biosynthesis
KEGG_PATHWA Parkinson's disease 42 2.4 3.40E07 5.10E06
KEGG_PATHWA Propanoate metabolism 18 1 3.50E07 4.80E06
KEGG_PATHWA Focal adhesion 57 3.3 5.10E07 6.50E06
KEGG_PATHWA Valine, leucine and 9 0.5 2.20E05 2.60E04
isoleucine biosynthesis
KEGG_PATHWA Butanoate metabolism 16 0.9 3.20E05 3.50E04
KEGG_PATHWA| Alzheimer's disease 44 2.6 4.80E05 5.00E04
KEGG_PATHWA Lysine degradation 18 1 7.50E05 7.40E04
KEGG_PATHWA| Lysosome 34 2 9.00E05 8.50E04
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Table 4.2Functional annotations of human astrocytes infected wvilittgondiiprotein; Biological
processes (BP), cellular compartment (CC) and molecular function (MF).

Category Term Protein % of P-Value | Benjamini
count protein
translation 118 6.9 2.2E33 | 7.8E30
translational elongation 58 3.4 2.4E29 | 4.4E26
Biological generation of precursor 105 6.1 3.1E27 | 3.7E24
process metabolites and energy
intracellular transport 166 9.7 1.2E26 | 1.1E23
RNA processing 144 8.4 5.3E25 | 3.8E22
ribonucleoprotein complex 188 11 2.7E49 | 1.8E46
Cellular mitochondrion 287 16.7 | 3.2E43 | 1.1E40
compartment
membraneenclosed lumen 403 23.5 2.7E39 | 6.1E37
RNA binding 207 12.1 1.1E41 | 1.4E38
nucleotide binding 423 24.7 1.4E34 | 9.3E32
fMu(r)llcetiCour:ar structuralmolecule activity 174 10.1 6.6E32 | 2.8E29
structural constituent of ribosomg 66 3.8 4E21 1.3E18
actin binding 92 54 7.5E18 | 1.9E15

4.3.2 DAVID analysis of host cells infected with NcLIV

A total of 34 statistically significant metabolic pathways were identified in HA cells
infected with N. caninum Pathways that were found with low-yalues and also
differences in protein expressions between host cells infected Witgondiiand N.
caninun were selected (Table 4.1 and 4.3). Functional annotations of biological
processes, cellular compartment and molecular functions were searched (Table
4.4). The pathways with thelowest pvalues were; ribosome, glycolysis,
proteasome, focal adhesion andttig acid metabolismpathways(Table 4.3). The
biological processes of host cells infected withcaninumwere mostly related to
translation, mMRNA processing and oxidative reducti@allularcompartment was
mainly related to mitochondria and the moleculamctions were associated with

structural molecudr activities(Table 4.4).
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Table 4.3KEGG metabolic pathways of human astrocytes infected Mitteninunsearched using
DAVID functional analysis.

Category Term Protein | % of P-Value | Benjamini
count | protein
KEGG_PATHWA) Ribosome 46 3 2E18 3E16
KEGG_PATHWA] Spliceosome 48 3.2 2E12 2E10
KEGG_PATHWA) Glycolysis / Gluconeogenesis | 29 1.9 2E10 1E08
KEGG_PATHWA] Fatty acid metabolism 23 1.5 3E10 1E08
KEGG_PATHWA] Citrate cycle (TCA cycle) 20 1.3 4E10 1E08
KEGG_PATHWAY AminoacytRNA biosynthesis | 23 15 5E10 2E08
KEGG_PATHWA) Valine, leucine and isoleucine | 23 15 3E09 8E08
degradation
KEGG_PATHWAY Focal adhesion 53 3.5 4E07 9E06
KEGG_PATHWAY Proteasome 21 1.4 5E07 9E06
KEGG_PATHWA] Oxidative phosphorylation 39 2.6 6E07 1E05
KEGG_PATHWA] Parkinson's disease 38 2.5 1E06 2E05
KEGG_PATHWA Propanoate metabolism 16 1.1 3E06 5E05
KEGG_PATHWAY Pyruvate metabolism 17 1.1 2E05 2E04
KEGG_PATHWAY Huntington's disease 44 2.9 4E05 5E04
KEGG_PATHWA] Lysosome 32 2.1 6E05 7TE04
KEGG_PATHWA] Lysine degradation 17 1.1 7E05 8E04
KEGG_PATHWAY ECMreceptor interaction 25 1.7 1E04 0.001
KEGG_PATHWA] Pathogenic Escherichia coli 18 1.2 6E04 0.006
infection
KEGG_PATHWAY Pentose phosphate pathway | 11 0.7 7E04 0.006

Table 4.4Functional annotation of human astrocytes infected withcaninunproteins; Biological
processes (BP), cellular compartment (CC) and molecular function (MF).

Category Term Protein | % of | P-Value | Benjamini
count | protein
translation 113 7.5 6.2E35 | 2.1E31
translational elongation 57 3.8 45E31 | 7.6E28
Biological generation of precursor metabolitey 97 6.4 2.6E26 | 2.9E23
process and energy
RNA processing 128 8.5 3.6E22 | 3.1E19
intracellular transport 143 9.5 1.4E21 | 9.7E19
Cellular ribonucleoprotein complex 170 11.2 1.1E45 | 7.4E43
compartment [ mitgchondrion 259 17.1 | 7.5E41 | 2.5E38
mitochondrial part 174 115 7.4E39 | 1.7E36
structural molecule activity 164 10.8 9E33 1.1E29
function nucleotide binding 378 25 7.1E31 | 2.9E28
structural constituent of ribosome | 65 4.3 45E23 | 1.4E20
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4.3.3 Comparison of metabolic pathways of host cells response during
infection

Wheninvestigatingthe differences in the metabolic pathways of HA cells infected
with T. gondiandN. caninumthey generally had similar regulation patteiin their
protein expressions; such as the citrate (TCA) cycle pathway, spliceosome and
oxidation redution pathway. The data wasxaminedfor differences between host

cell protein expressions during TQVEG and NcLIV infection related to certain
pathways; such as the ribosome (Figur8)4glycolysis (Figure4), focal adhesion
(Figure 45), fatty acid meabolism (Figure 8) and proteasome pathway (Figure
47).

In the ribosome pathway, four proteins showed differential expression betwieen
gondii and N. caninuminfected cells. 60S ribosomal protein L14 (RL14) was up
regulated in cells infected witi. gordii at 4 hours followed by @wn-regulated
expression at 16 hours p.i. compared bk caninuminfected cells, while 60S
ribosomal protein L22 (RL22) showed the opposite trend in protein expression
(Figure 43). 40S ribosomal protein S30 (RS30) wawrdreguated at 4 hours
followed byup-regulatedexpression at 16 hours p.i. in both infected cells with a
higher rise inT. gondiiinfected cells (Figure &). 60S ribosomal protein L21 (RL21)
was only detected in cells infected with. caninumand was significantly down-
regulated(Figure 43). Allthe previous proteins are associated with RNA processing

and translation.

Proteins involved in glycolysis pathway generally showed similar protein expression
patterns between infections (Figure 43, with the exceptn of 4
trimethylaminobutyraldehyde dehydrogenase (AL9A1), which has roles in oxidation
reduction and neurotransmitter biosynthetic process in the cell. AL9A1 was up
regulated in HA cells infected with gondiiat 4 hours p.i. compared thN. caninum
infected cells followed by dowanegulation at 16 hours p.i. in both infections (Figure
44). ATRdependent 6phosphofructokinase, liver type (K6PL), involved in

carbohydrate metabolic process was-tggulated in cells infected witi. gondij
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whereas dowrreguhted in HA cells infected witN. caninumat 4 hours p.i. (Figure
4.4).

In the focal adhesion pathway, serine/threonipeotein phosphatase PRgamma
catalytic subunit enzyme (PP1G), and &td@sforming protein 1 (SHC1) were both
up-regulated in cells imfcted with T. gondiicompared to cells infected withN.
caninum (Figure 4). PP1G is a protein essential for cell division, glycogen
metabolism and protein synthesis. SHC1 is a signalling adapter that couples
activated growth factor receptors tsignalling pathways. Growth factor receptor
bound protein 2 (GRB2) is associated with-cell signalling and axon guidande
was upregulated at 4hours in cells infected with. gondiifollowed by down-
regulation at 16 hours p.i Mitogen-activated proein kinase 8 (MK08) was only
detected inN. caninuminfected cells and was significantlypwin-regulated at 4
hours and continued to decrease at 16 hours p.i. (Figusg #KO08 is known to be
associated with cell proliferation, differentiation, migratiotransformation and

programmed cell death.

Proteins associated with the fatty acid metabolism pathway; such as Peroxisomal
acytcoenzyme A oxidase 3 (ACOXS8involved in cellular lipid metabolic process

It was upregulated in both infected cells, but at a slightly higher extent in cells
infected with N. caninum(Figure 46). Peroxisomal bifunctional enzyme (ECHP); is
an enzyme associated with receptor binding functaomd was downregulated at 4
hours p.i bllowed by upregulation at 16 hours p.i. in cells infected with

caninum while it was ugregulated in cells infected with. gondi(Figure 46).

Proteasome pathway displayed similar pattern expressions in both infections with
the exception of proteasme subunit beta typé (PSB6), which is linked to DNA
damage response, signal transduction by p53 and cell cycle arrest. PSBéwras d
regulated in T. gondiiinfected cells andup-regulated in cells infected withN.
caninum 26S proteasome neATPase redatory subunit 8 enzyme (PSMDS8), which
has similar functions as PSBfs upregulated at 4 hours followed by @wn-

regulationat 16 hours p.i. if. gondiinfected cells (Figure 4).
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Figure 43: The ibosome pathway itHA cellsnfectedwith T. gondiiand HA cellsnfectedwith N. caninumRL14(dark red line) wasip regulatedhigherin HA cellsnfected with
T. gondiiat 4 hours then decreased at 16 hours pampared toN. caninuminfected cells RL2Zdark green linejvas decreased at 4 hours thefightlyincreased at 16 hours
HA cdkinfectedwith T. gondij on the other hand it was increased at 4 hours then decreased at 16 pduirsHA celldnfectedwith N. caninum RS3(@blue line)was found il
both infections decreased at 4 hours followed by increased expression at 16 Withira higher rise ifT. gondiiinfected cellsRL21 (orange line) was only found in HA
infectedwith N. caninumand was significantly decreased.
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Figure 45: Focal adhesion molecule pathway comparison between HA icédsted withT. gondiiand HA cells infected witN. caninum PP1G (purple line) and SHC1 (blue
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Figure 47: Proteasome pathway showing proteins clustered in botlgondiinfected cells andN. caninuminfected cells. PSB6 (red line) was dewgulated inT. gondii
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expression at 4 hours followed by down regulation at 16 hours pli. gondiinfected cells.



4.3.4 Proteins with the highest fold changes during host cell infection

Another approach was carried out to investigate individual protein expression changes (at 4
hours and 16 hours p.i.) that wenmgot associated with any individual pathways but had

significantly increased expression changes (Figu&<9, 410and 4.11).

The significantly upegulated proteins identified ifT. gondiiinfected cells at 4 hours p.i.
were compared with proteins fnd inN. caninuminfected cells (Figure ). Proteins such

as pannexifl (PANX1), which is associated with calcium ion transport and 28S ribosomal
protein S29, mitochondrial (RT29), which is involved in mediating interfgaomma
induced cell death wersignificantly increased. Proteins serine/argineh splicing factor

8 (SRSF8) which is involved in mRNA processing and-2g8k8KI2) were also increased in

cells infected withT. gondiibut not inN. caninumnfected cells.

The significantly upeguated protein expression changes M. caninuminfected cells
compared to cells infected witli. gondiiat 4 hours p.i. were 39S ribosomal protein L12,
mitochondrial (RM12), which is involved in transcription and translation proce&ses)
homolog subfamy C member 13 (DJC13), which is important in osteoblast differentiation,
and histone H3.1 (H31), which is important in chromatin organization. Whereas other
proteins were only found iN. caninuminfection such as putative Addependent RNA
helicase DHX33(DHX33), a protein involved in transcription, estradiol -b&fa-
dehydrogenase 11 (DHB11), which is associated with lipid biosynthesis and lactotransferrin

(TRFLdhat has antimicrobial activity (Figure9.

Significant upregulated protein changes wewdso investigated at 16 hours p.i. There were
certain individual proteins that were found in one infection and not detected in the other
infection. For example; nehistone chromosomal protein HMG/ (HMGN2) and helicase
SRCAP (SRCAP) protein both asmatiaith DNA binding were only identifigd T. gondii
infected cells (Figure #0). In N. caninuminfected cells at 16 hours p.i.; asparagiffRNA
ligase (SYN@ associated with catalytic activity in the cell. Fructdsgphosphate aldolase

C (ALDOC)\plved in glucose metabolic process wasregulatedin N. caninuminfection

compared toT. gondiinfected cells (Figure 41}
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Figure 48: Significantlyup-regulatedfold changes at 4 hours p.i. h gondiiinfected HA cells comparing t¢. caninuminfected cells. Some proteins were found in both
infected HA cells with higher increased expressiof.igondiiinfected cells; such as PANX1 and RT29 (arrows), whetlears avere only found in cells infected with
gondiisuch as SRSF8 and CSKI2 (red circles).
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Figure 49: Significantly ugregulatedprotein changes in HA cells infected with caninumat 4 hours p.i. compared to proteins in HA cells infected Witlyondii Some
proteins were found in both HA cells infections with higher increased expression iméstted withN. caninumsuch as DJC13, H31 and RM12 (arrows), whereas others
were only found in HA celisfected withN. caninunmsuch as DHX33, DHBand TRFL (red circles).
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4.3.5 Ingenuity Pathway Analysis of infected HA cells

The proteins quantified in both infected cells that have statistical significance (17L5 in
gondiiinfected cells and 1512 iN. caninuminfected cells) were searched using Ingenuity

tF 0Kgl& !'ylrfeaAra ovAlFaASyod C2NJ GKS Lt! YL LWL
changes between the three time points were considered to be increasedl \aere

KAIKE AGKGSR Ay NBRIX LINRISAYya GKIFG 6SNB X nd
green. The top enriched canonical pathway reported by IPA was the ERK/MAPK pathway in

both T. gondiiinfected cells (Figure 42) and N. caninuminfected cells(Figure 4.8), in

which there were differences in some of the protein expressions in this pathway.

In the ERK/MAPK pathway, a total of six proteins showed differential expression between
the infected cells including 1433B, 2ABA, GRB2, PP1G, SHC1 andh Ri&Sttiption of
these proteins along with their expression changes at three different time points are shown

in Table 4.5 in cells infected with gondiiand Table 4.6 in cells infected with caninum
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Table 4.5Proteins associated with the ERK/MAPK pathway in cells infected'withndiiat three different time points (0, 4, and 16 hours p.i.).

Accession Protein Peptides | Confidence| g Value | Description CO0_FC T4 FC T16_FC
used for score
quantitation
P31946 | 1433B_HUMAN 4 914.27 9.71E06 14-3-3 protein beta/alpha 0.494496 1.199595
P63151 | 2ABA_HUMAN 2 190.96 0.038746| Serine/threonineprotein phosphatase 2A 1.454835 1.111854
55 kDa regulatory subunit B alpha isofor
P62993 | GRB2_HUMAN 3 25.03 0.01907 | Growth factor receptoibound protein 2 2.130628 1.219124
P36873 PP1G_HUMAN 2 990.98 0.007038| Serine/threonineprotein phosphatase 1.685766 18.57231
PPlgamma catalytic subunit
P01112 | RASH _HUMAN 3 168.54 | 0.001976 GTPase HRas 1.793393 1.165845
P29353 | SHC1 HUMAN 3 43.68 0.012909 SHe@ransforming protein 1 1.455901 2.558603

Table 4.6:Proteins associated with the ERK/MAPK pathway in cells infectedNwithninumat three different time points (0, 4, and 16 hours p.i.).

Accession Protein Peptides | Confidence| g Value Description CO_FC| Neo4 FC Neol6 FC
used for score
quantitation
P31946 | 1433B_HUMAN 7 744.21 0.001527 14-3-3 protein beta/alpha 0.677575 0.911362
P63151 | 2ABA_HUMAN 3 130.6 0.006356| Serine/threonineprotein phosphatase 2A 2.184887 1.236794
55 kDa regulatory subunit B alpha isofor
P62993 | GRB2_HUMAN 4 24.25 0.022018| Growth factor receptoibound protein 2 1.111681 1.064958
P36873 | PP1G_HUMAN 2 619.8 0.04088 Serine/threonineprotein phosphatase 1.593644 1.393359
PPXgamma catalytic subunit
P01112 | RASH_HUMAN 2 104.98 | 0.003716 GTPase HRas 1.805846 1.519057
P29353 | SHC1 HUMAN 3 38.74 0.047089 SH@ransforming protein 1 1.708518 1.070796
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Figure 4.2: showing theERK/MAPKpathway inHA cellsinfected with T. gondiiat 4 hour p.i. using IPA analysis, the green colour indicates proteins that were- down
regulated and the red colour indicated the proteins that wererapulated, the proteinghat were highlighted with purplend grey coloured shadirgre the proteins
identified in this study but showed no significant fold changes.
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4.4 Discussion

In order for parasites to continue and multiply in host cells, they have evolved
approaches to manipulate their hosts by modulating cell signalling pathways. In
gondit the parasite uses the host cells for proliferation through hijacking cells to
disseninate in different areas of their hosts (Courret et al. 2006; Lambert &
Barragan 2010). TachyzoitesTafgondiihave been proven to cross the blood brain

barrier (BBB) and reach the brain.

The main aim of this investigation was to explore proteomic esgiomn changes

occurring in human astrocytes during infection withgondiior N. caninumat three
RAFFSNBY (G GAYS LRAyGa 2F AyFSOGAz2y O2NNEBH
transcriptomic analysis (Chapter three). Changes in transcriptiorptessions

between infections were observed and further confedch through protein

expression profile analysis betwed@n gondiiand N. caninumcarried out in this

chapter. There was no correlation perceived between significant transcripts and
differentially expressed proteins detected in this chapter. Most transcripts showing
differential expression were linked to cytokine and cell signalling pathways, while in

the proteomic expression profiles there were mostly related to metabolism

(glycolysis and fattyad metabolism).

Comparison of metabolic pathway analysis between the host cells infected by two
parasites revealed that similar host responses were observed in many pathways,
such as the spliceosome pathway and citrate TCA cycle pathways. Differences in
protein expressions were also observed in some metabolic pathways including

ribosome, focal adhesion, proteasome, glycolysis and fatty acid metabolism.

4.4.1.1 Ribosome metabolic pathway of infected human astrocytes

Ribosomes are complex molecules involvedhi@ processing and biosynthesis of
proteins, in which ribosome synthesis includes the assembly of two subunits, a large

(60S) and small (40S) subunit. Nowadays, ribosomes are considered to play roles in
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protein and transcript quality control (Kramer et &009; Wilson & Beckmann
2011).They arealsoinvolved in cell stability, cellular response to different stimuli,
cell proliferation, DNA repairand apoptosisand are associated with the many
diseases such as metabolic disease and cancer (Wang et al. Z0#idtrom &
Zhang, 2008; Volarevic et al. 2000)hree proteins were found differentially
expressed between the two infectionRL14, RL22 and RS30. RL14upasgulated

in T. gondiiinfected cells at 4 hour p.i. compared kb caninunfollowed by dwn-
regulated expression at 16 hours p.i, whereas Rk2&s upregulatedin HA cells
infected withN. caninumat 4 hours p.i. compared t®. gondiiinfected cellsThese
differences were observed despitoth RL14 and RL22 are 60S ribosomal proteins
involved ingene expression and translation. RS30 was foundegplated in both

HA infected cells but at a higher extentTn gondii It is a 40S ribosomal protein
associated with cellular metabolic process, gene expression and antibacterial
humoral response. Premiis investigations of the host global transcriptional
expression profiles during. gondiinfection have found modulations taking place in
host metabolic pathway such as the ribosome pathway (Blader et al. 2001).
Transcriptional changes in the periphelainphocytes ofmice infected with type |
showed up regulation of genes related to CAM, olfactory transduction and

ribosome pathways (Jia et al. 2013).

Although differences between proteins were observed in this pathway, theyavere
very low number ofproteins Moreover, other proteins related to this pathway
showed similar expression which may suggest protein expression changes of host
cells between these two parasites may in general behave in a similar manner
related to the main metabolic pathwasfound in the host cells (Figure 3).
Furthermore, the use of the less virulent strain TQVEG mayhalgeinduced host
responses closely related td. caninumas demonstrated in a comparative
transcriptional study by Beitingt al. (2014).As their asre strai differences inT.

gondiiparasites.
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4.4.1.2 Glycolysis pathway of infected human astrocytes

Host cell induction of glycolysis supports the parasites growth and tachyzoites
proliferation (Bohne & Roos, 1997; Dzierszinski et al. 2004). The preferred
encystationsites for the parasiteare the muscles and CNS are also tissues with
increased glycolytic activities through increased lactate formation (Luft & Castro
1991; Brooks 2002). In addition, gondiiexpresses glycolytic enzymes (Dzierszinski
et al. 1999; PomelLuk & Beckers 2008jlost mitochondrial recruitment tdhe T.
gondii PVM is implicated to supply the tachyzoites with energy, but it is not clear
the exact form of this nutrient (e.g. in glucose or glutamine source) (Sibley 2003;
Polonais & Soldatravre2010).A study done by Blumet al. (2009) on a mutant
strain of T. gondiiwith impaired glucose transport ability showed a light effect on

the parasites growth but showed impairment in the parasites extracellular motility.

Glycolysis metabolism is a-$@ep process which produces ATP and pyruvate as the
end product that may be linked to oxidative phosphorylation, and changes in the
host metabolism can be a result of nutrient uptake by these parasites (Blader et al.
2001; Ainscow & Brand 1999pnly two poteins from the glycolysis metabolic
pathway showed differential expression between infected cells WitgondiandN.
caninum 4-trimethylaminobutyraldehyde dehydrogenase (AL9A1l) and -ATP
dependent 6phosphofructokinase, liver type (K6PL). K6PL is thennitial steps of

the glycolysis metabolism pathway, it catalyses the phosphorylationfaidose 6
phosphate to fructose 1,-Bisphosphate using ATP (Yin et al. 2012). This glycolytic
enzyme was wpegulated in cells infected witfl. gondiiwhereasit was down-
regulated at 4 hours followed by eqegulation at 16 hours post infection in cells
infected with N. caninum Due to the fact the parasite itself cannot produite
nutrients it needs, and obtains them directly from the host cdhlig, T. gondiiPVM

that surrounds and protects the parasites contismall pores that allow the
exchange of nutrients, including glucose, iron, phospholipids and purines between
the host cytoplasm and tachyzoitdkat enter through membrane transporters
(Schwab et al. 1994, Charron & Sibley 2002; Blader & Saeij 2009). Host cells and
specifically the mitochondria and ER are the main providers of essential products

needed by the parasite (Sinai, Webster & Joiner 199a@wford et al. 2006)This
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may suggestthat T. gondiiparasiteshave ahigher need of glycolytic metabolism
compared to cells infected witN. caninumTheAL9ALl enzyme causexidation of
aldehyde in an NAIDependent reaction and is associated with neuastsmitter
synthesis and oxidation reduction (Vaz et al. 2000). This may sugge4t. thandii
increass AL9Al1l for neurotransmitter biosynthetic production to enable
modification of host cell behavioural responses during infectiangondiihas been
indicated to change host behaviour during infection in mice (Prandovszky et al.
2011), in order to continue its life cycle byotivating the intermediate host to be

ingested by the cat.

The proteomic analysis showed it was-nggulated at 4 hours p.i. then dm-
regulated at 16 hours p.i. in astrocytegected withT. gondij whereas no changes
occurred in the first 4 hours of infection followed by decreased expression at 16

hour p.i. in cells infected withl. caninum

4.4.1.3 Focal adhesion of infected human astroc ytes

At the cellextracellular matrix region, focal adhesion molecules are formed, where
actin filaments are attached to transmembrane receptors of the integrin family.
Focal adhesion molecules are macromolecule protein complexes that help to
connect the gtoskeleton of a cell to the extracellular matrix (ECM) (Wozniak et al.
2004). They have essential roles such as cell motility, cell proliferation, cell
differentiation, regulation of gene expression and cell survival.the CNS,
astrocytes have been shawo be key sourceof ECM and adhesion proteins, that
controls neurite outgrowth in relation to developmental or injury causes (Wang &
Bordey 2008). Zhou et al. (2103 ), detected differences in regulation between the
two strain infections, in which focaldhesion metabolism was wegulated in TgRH

infected brain tissue compared to TgME49 (Zhou et al. 2013).

Three proteins were found withincreasedfold change expressions ih. gondii
infected cells compared tdN. caninuminfected cells; serine/threoningrotein
phosphatase PRgamma catalytic subunit (PP1G), SkHsforming protein 1
(SHC1) and growth factor receptbound protein 2 (GRB2) (Figure 4.4). PP1G is a
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phosphatase that dephosphorylates biological targets and is involved in cell division,
cell cycle, glycogen metabolism, protein synthesis and synaptic plasticity. SHC1 is a
signalling adapter that links activated growth factor receptors to signalling
pathways and is involved in signal transduction, apoptosis, cell migration, oxidative
stress, andncreased expression of this protein has been linked to cancer (Honda et
al. 2008). GRB2 connects the cell surface growth factor receptors with the Ras
signalling pathway that is involved in signal transduction and cell communication.
Inhibition or dysfurtion of GRB2 reswdin defects in developmental processes and
impairs transformation and propagation of cells and may cause cell déjh.
regulation of PP1G may suggest thdt gondiiincreasesthis protein for protein
binding processes. Also, the paitasmight increase PP1G for glycogen production
and synthesis to increase the parasite growth and proliferation in cells. SHC1 and
GRB2 are both associated with MAPK cascade and regulation of cell proliferation
and growth and were also detected in IPA gsa (Table 4.5). This may indicate
that T. gondiienhances their production for its establishment in the cells. They are
also involved in innate immune responses in cells, which may also suggedt. that
gondii regulate immune responses to convert to therthant stage of infection in

the cells. One of the proteins that were only foundNncaninuminfected cells was
Mitogen-activated protein kinase 8 (MKO8hdwas significantly own-regulatedat

16 hous post infection. Serine/threoning@rotein kinaseis involved in various
processes such as cell proliferation, differentiation, migration, transformation and
programmed cell death. The dowergulation of MK08 could enable the delay of

cell death and apoptosis processes in Mecaninumnfected cells.

44.1.4 Fatty acid metabolism of infected human astrocytes

Parasites can permit the entry of small molecules from the hoss tieibugh the

pores on the PVM such as lipid and fatty acid proteins (Schwab, Beckers & Joiner
1994), which clearly indicates the necessifytachyzoites to scavenge lipids and
fatty acids from the host for parasite replication and growth (Charron & Sibley
2002). Three proteins in the fatty acid metabolism pathway showed difference in
expressios between the infected cells; including peroximsal acylcoenzyme A
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oxidase 3 (ACOX3);tdmethylaminobutyraldehyde dehydrogenase (AL9A1) and
peroxisomal bifunctional enzyme (ECHP) (Figusg 4ACOX3 wasp-regulatedin
cellsinfected with N. caninumat 4 hours post infection, while ECHP wasvd-
regulated in N. caninumat 4 hours post infection compared . gondiiinfected

cells. Both Enzymes (ACOX3 and ECHP) are associated with lipid metabolic process
(Oppermann et al. 200%luzny et al. 2006), which may suggest that b@thgondii

andN. caninumA Yy FSOG A2y NBadzZ G Ay StS@FiGAy3a K2
AL9A1 wasup-regulatedin T. gondiiinfected cells at 4 hours post infection. This
enzyme is associated with cellular aldehyde metabolic and neurotransmitter
biosynthetic processes (Kurys, Braziak & Pietruszko 1989). The fact that AL9A1
was increased inT. gondi infected cells may be involved in increasing
neurotransmitter production that maysuggest a rolein host behavioural

modification byT. gondiiin the brain.

The organelles of théost are localized closely to the PVM, which may imply to
direct protein transfer of lipids from the host mitochondria membrane to the PVM
(Sinai & Joiner 2001). In addition, lipids created in the ER must transport to the
mitochondria in order to enter ta PVM (Sprong, van der Sluijs & van Meer 2001).
The fact that only three proteins were found differentially expressed between both
infected cells from a total of 18 proteins associated with this pathway, may indicate
that T. gondiiandN. caninumact in asimilar way irthe modification of cells related

to fatty acid metabolism. The parasite therefore must satisfy its nutritional needs by
scavenging essential nutrients from its host cells such as fatty acid and lipid

nutrients for their growth process ancesielopment.

4.4.1.5 Proteasome pathway of infected human astrocytes

Proteasomes consist of protein complexes found in the nucleus and cytoplasm of
cells. When there are damaged or unneeded proteins in a cell, proteasomes
degrade them through disrupting the pegé bonds of those protein by photolytic
enzymes. The proteins that are no longer needed irseedl labelled with ubiquitin,

with result of attachment with other ubiquitin protein resulting in a chain that
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attaches to a proteomic enzyme. This processgortant in response to oxidative
stress, gene expression and cell cycle processes (Hilt & Wolf G&96j; & Tansey
2012). Two proteins showed differential expression between the infected HA cells;
26S proteasome neATPase regulatory subunit 8 (PSMD8) praleasome subunit

beta type6 (PSB6). PSMD8 wag-regulatedin T. gondiiinfected cells at 4 hours

post infection, while PSB6 wagp-regulatedin N. caninuminfected cells (Figure

4.6). PSMD8 consists of 20S proteasome and 19S particles (Voges, Zwickl &
Baumeister 1999), it is involved in the Adépendent degradation of ubiquitin
marked proteins angarticipate inmany biological processes in the cell including
mitotic cell cycle, apoptotic process and antigen presentation through MHC class |I.
The exactfunction of PSMD8 is not known, but is suggested that it may cause
deubiquitination (Stone et al. 2004). PSB6 is an-ddg@ndent proteinase complex

that can cleave peptides with Arg, Phe, Tyr, Leu, and Glu and has similar functions
as PSMD@eMartinoet al. 1991)1t is associated with apoptotic processes in cells,
this may suggest thall. caninuminfected cells induce apoptosis to a higher extend

compared toT. gondiinfected astrocytes.

4.4.2 Proteins with the highest fold changes during host cell infe  ction

The significantly differentially expressed proteins iff. gondiiand N. caninum

infected cells were related to ribosomal proteins; 39S ribosomal protein L12,
mitochondrial (RM12) and 39S ribosomal protein L19, mitochondrial (RM19). They
are known tobe associated with translation and biosynthesis of protein and are
localised in the mitochondria. Mitochondrial ribosomes in mammalian hosts
O2YLINRAR &S 2F avlff o6ny{0 YR tFNBS d6odp{0V
In addition to that the top lmlogical processes in HA cells infected Witlgondiior

N. caninuminfected cells were associated with mRNA processing, translation and
oxidative reduction. Also cellular compartments were mainly located in the
mitochondria and ER, which indicates thepwntance of these organelles for the

parasites survival and proliferation.
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In general, similarity in metabolic pathway between the infected cells were quite
close, though differences ia few proteins weredetected. This may suggest that
parasites might ave similar modulation effects on host metabolic process related
to nutrient and protein synthesis. Global transcriptional and proteomic analysis
carried out on the tachyzoites @f. gondiiand N. caninumfound similar metabolic
pathways in both parasiteand were unable to distinguish differences between
them (Reid et al. 2012). Moreover it is not known the exact function of the
differentially expressed proteins in association with protozoan parasites or parasitic
infections; such as GRB2 and SHC1 protbaiswere found in both focal adhesion
and MAPK pathway.

4.4.3 Conclusion and future direction

Although proteomic analysis of whole cell lysate enables the comparison of
translated proteirs expressed in a cell at a certain timend under certain
conditions, the overall comparison of the HA cells during infection showed similar
expression profile in many pathways such as citrate (TCA) cycle and oxidative
phosphorylation pathways. In addition, while some proteins were differentially
expressed,the majority of proteins in many pathways explored shared similar
protein expression patternshis siggessthat changes in metabolism may not play

a large role in host restriction and zoonotic compatibility betwdergondiiand N.
caninum This observation has inspirgtde investigation of secreted proteins of
host cells, where key proteins secreted during infection can be identified. It has
been found that astrocytes secrete many proteins outside the cell during injury or
disease. Host cell secretome comparisomill be carried out in the following

chapter using labéiree quantitative proteomics.
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5 Chapter five: Comparative secretome analysis of

host cells during T. gondii and N. caninum infection

5.1 Introduction

After the investigation of the whole cell proteome of human astrocytes during
infection with T. gondiiand N. caninumin chapter four, further analysis of the host
cells secreted proteins during infection between these parasites were applied in

order to icentify differences in host cells secretion during infection.

5.1.1 Secretome

¢tKS &aSONBi2YS 02NJ aaSONBili2YA0a¢0 OFly o6S
proteins secreted or shed from the cell surface and also proteins that are located in
the extracellulamatrix of the cells (Makridakis & Vlahou 2010). Protein secretion is
believed to be a balanced procedure essential for the normal physiological
functions in host cells. In mammalian cells, secreted proteins are complex and
closely regulated and have vitadles in physiological and pathological processes
(Hathout 2007). Tissues ithe mammalian host such as the brain and muscle
secrete several biological molecules. Any excess or enduring changes in the
secretion of these secretory proteins may indicatensigf abnormalities or
pathological conditioa (Hathout 2007). During activation cd cell, different
proteins may be secreted according to its respeto the stimuli. For example; B

cell activation causes the secretion of immunoglobulins (such as IgMAgrin
response to the antigen presented to them (Askonas 1975). Therefore, a global
analysis of host protein secretions during infection is a potent approach for

diagnostic and biomarker discoveries.

Secreted proteins are encoded by approximately 10%thaf human genome
(Pavlou & Diamandis 2010). Typical secreted proteins include serum proteins; such

as immunoglobulins, extracellular matrix proteins collagens, proteoglycans and
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digestive enzymed hey areusually found in low concentratioandinclude poteins
such as growth factors, hormones and cytokines that are associated with cell
regeneration and differentiationln eukaryotic cells, there are two main ways for

protein secretion by cells or tissues; classical andeiassical secretion pathways.

5.1.1.1 (Qassical Secretory Pathway

In the classical secretion pathwantracellular signalling pathways are stimulated
and activated, the storage granules or vesicles are released into the extracellular
space. Synthesized proteins are then placed into the luménermdoplasmic
reticulum (ER), transported through the Golgi complex and finally released into the
extracellular space (Mellman & Warren 2000). Signal peptides in proteins are
important for determining interaction with the transport system, in which can
define the endpoint of the protein to be delivered. However, not all proteins
contain signalling regions; proteins without signals are retained in the cytoplasm.
Signal peptide predictions and sequence comparisons have been typically used for
the identificaton of potentially secreted proteins in an organism, through the
application of database sequence investigation and the use of available software
(Chen et al. 2003).

5.1.1.2 Non-classical Secretory Pathway

In the nonclassical pathway, many proteins do not havsignal sequence and do
not use the classical EBblgi pathway. There are four nafassical secretory
pathways (Nickel & Seedorf 2008)hese are; wect translocation of proteins
through membrane transporters across the membrane, lysosomal secretion,
blebbing and release through exosomes from multivescular bodtesteinscan
alsobe discharged from cells through mechanical wounding (McNeil & Steinhardt
2003). Many proteins associated with the immune response regulation, cell growth
and cell differentiaion are secreted through the neclassical pathway, such as
interleukin-1 beta (IL1b).
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5.1.2 Challenges in secretome investigations

There are many challenges associated with secretome andlyisisncludessample
preparation, concentration and separation tethues (Dowling & Clynes 2011).
Even with cautious sample preparation during cell culture secretome investigations;
many nonsecreted proteins can still be discovered during secretome analysis. One
of the main challenges in culturing is eliminating traocébovine serum and cellular
debris that can contaminate the collection of secreted proteins used for analysis.
The overlap between human and bovine protein sequences; such as fibronectin
might cause a type of signal interference and identification of gkpsequences
during quantitative measurements of secreted proteins as i§ bisely related
homology to human fibronectin (Planque et al. 200B)e hcubation period, along
with the culture conditions, need to be optimized so that the metabolic stressd

not affect secretomic analysis (Makridakis & Vlahou 2010). Moreover, many
proteins are secreted in lowoncentratiors in cells and then diluted further in the
cell culture medium, making them difficult to detect and analyse. Secretomes can
be concentréed by lyophilisation, speed vacuum centrifugation, precipitation by

trichloroacetic acid (TCA) and ultrafiltration (Lim & Bodnar 2002).

5.1.3 Researchon the astrocyte secretome

Major advances in the proteomic studies of the cells secretome have occurred
during the past seven years, owing to the improvements in proteomic techniques
and especially in mass spectrometry (Brown et al. 2012). Many studies of the
secretome have been afipd to different research areas and specifically in the
clinical field of research. Studying the secreted proteins can enable the discovery of
important biomarker therapeutic targetgspeciallyin the area of cancer research
(An et al. 2010; Formolo et.&2011).

The applications of appropriate concepts of systems biology and proteomic

technologies are essential in scientific research; this has been applied in the
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systematic investigation of secreted proteins of astrocytes, microglia and other glial
cells (Greenbaum et al. 2001, Dowell, Johnson & Li 200%t al. 2008). In recent
years, the secretome of astrocytes has gained interest in the neuroscienceltfield
has beendemonstratedto have roles in the development of the nervous system
aongwiK NRf Sa Ay VyYSdZNPRSISYSNI GAOBS RAASI &S
sclerosis (Cassina et al. 2005, Antony et al. 2@4Ningdisease progression in the
CNS, the blood brain barrier breaks down, allowing the entrance of immune cells,
including macrophges and monocytes during chemokine production (Krumbholz et
al. 2006). Althoughmicrogliasare known to be a major source of chemokine
secretion, astrocytes have also been identified as a source for chemokine secretion
and may participate in this infiltteon process (Krumbholz et al. 2006). A latveé
study of therat astrocyte secretome performed by Moort al. (2009) identified
many proteins involved in neuronal development, which included proteins of the
extracellular matrix and protease systemnaduced by astrocyte cholinergic
stimulation. Tarassishiret al. (2014) investigated glioma cells involvement in
tumour development also through a labike proteomic approachA total of190
proteins were detectedthat included cytokines, chemokines, growf#ctors, cell
adhesion molecules and extracellular matrix proteins (Tarassishin et al. 2014).
Another study done by Huet al. (2010) on microglia and astrocyte calisvitro
examined ischeminduced damage to the CNS. It showed that ischemia induced
the activation of inflammatory cytokines, cytochrome c, reactive oxygen species
(ROS) and NADPH oxidase resulting in neuronal cell death (Hur et al. 2010).

The damage caused Y. caninumin the CNS has been observedcongenitally
infected young dogs ahcattle (Dubey et al. 2004; Kobayashi et al. 2001). It has also
beenshown thatN. caninumcan successfully infect a wide range of host cell types
in vitro (Dubey, Schares & Orteddora 2007) anchere still remainsa potential
concern whether it can beobnotic (Tranas et al. 1996; Rob&tangneux & Klein
2009). Human cell lines have been used to stidycaninumresponseand found

that cytokine production was induced during infectig@arvalho et al. 2010). In

cultured rat astrocytes infected witN. cannum, astrocyte reactivity, HLO, IFN
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expression, and cell viability have been investigatéd24 and 72 hours post
infection (Pinheiro et al. 2006). Tée studieshave found astrocyte hypertrophy,
gliofilament reorganization and metabolic changes ocedi(Pinheiro et al. 2006). It
has been demonstrated in a study done by Elshe#hal. (2013) thatN. caninum
induced cellular death in an investigatioam mitochondrial bioenergetics of brain
microvascular endothelial cells (Elsheikha et al. 2013). dieilammation of
astrocytederived cytokines and chemokines play both neuroprotective and

neurotoxic roles in brain lesions of human neurological diseases.

5.1.4 Aims and objectives

Further to the discoveries related to the global transcriptional and whole cell
proteome expression analysis, secretome analysis was performed to explore
differences in host protein secretions duriiggondiandN. caninunminfection. This

will help in tre comprehensive understanding into why these parasites behave
differently in host cells during infectian the CNSAST. gondiiseems to control its
intermediate host more efficiently and has tropism for saf the CNS whiléN.
caninumhas not been idstified to induce any behaviour or neurological disorders
in their hosts as efficient a§. gondii The hypothesis is that host cells secretion
during infection withT. gondiwill differ from host cells secretion durig. caninum
infection. Key proteing@re constantly secreted outside the celisd investigating
these proteins can extend our understanding thfe hostparasite interaction

pathways involved.
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5.2 Materials and methods

5.2.1 Cell culture

Human astrocyte (HA) cellBgVEG and NcL$¥fain were gown and maintained as

mentioned previously in chapter two (2.2.1.).

5.2.1.1 Experimental infection and harvesting of host cells

Tachyzoites of TQVEG and NcLIV were isolated from host cells by filtration through
NTYY RAIFYSGSINITESRY bldEONIS 2 IneNBembrani®.f Thed | ND 2
they were washed twice in PBS pH 7.4 followed by centrifugation at 1,500 x g for 10
minutes. The supernatant was discarded, and parasites were resuspended in
DMEMF12. Three replicates of HA cells were requiredlfogondiiand N. cannum

infection and also uninfected HA cells in this project (a total of 12 samples). Prior to
infection, confluent cells were washed three times with DPBS and the medium was
replaced with phenol red free DMEML2 (Gibco, life technologies) supplemented

with 1% P/S (v/v) and excluding the addition of serum FBS. Afterwards, the number

of HA cells were calculated and infected with NcLIV and TgVEG with a M.O.l. of 8
parasites per cell. The T75 ¢ftasks (infected and uninfected) were incubated for

18-24 hoursat 37°C and 5% CGOQastrocytes supernatant was collected and filtered

using a 0.22 um syringe filter units (Millex®, Sigkttaich) to eliminate any debris,

and the sample was concentrated using Vivaspin 20 ml centrifugal concentrator
(SigmaAldrich) with a 5 kDa molecular weight (MW) ecoff. Samples were
OSYUNRTFdAdzASR F2tft2gAy3 GKS YI ydzF Il OdadzNE ND &
20°Cand samples were concentrated from 20 ml to 700 pl and store8@&C until

needed.

5.2.2  Protein extraction and tryptic digestion of host cell secretome

A total of 12 HA cell supernatants (three replicates each of HA cells infected with

TgVEG, NcLIV and uninfected cells supernatants) proteins were extracted, and

152



digested through a labdlee quantitative approach as mentioned previously in
chapter four (4.2.2).

For peptide purificationconcentration and high recovery from digests, samples

were desalted and purified using C18 resin in the form of spin tips (Thermo
Scientific) following the mAdzF I Ol dZNBENR& Ay adNHzOGA2y ad |
vacuumed (Concentrator plus, Eppendorf) to near dryness, resuspended with 0.1 %

TFA in 3% ACN and stored-20°C until later running the samples on the tandem

mass spectrometer.

5.2.3 Protein identification and relative quantification

5.2.3.1 Mass spectrometry analysis

Mass spectrometry analysis of the samples was carried out by Dr. Dong Xia at the
University of Liverpool. Peptide mixtures were analysed byir@nanoflow liquid
chromatography using the nanoACQUWnLC system (Waters MS technologies,
Manchester, UK) coupled to an LOgbitrap Velos (ThermoFisher Scientific,
.NBYSy> DSNXYIyeou Ylaa &aLISOGNRYSGISNI Sijd
nanospray ion source. The analytical column (nanoACQUITY UPLCTM BEH130 C1
MpOY E TpxYXI mMdTxY OFLAfEINE O2-taddfyov o1 &
300nl/min. The gradient consisted of4®% acetonitrile in 0.1% formic acid for

90min then a ramp of 485% acetonitrile in 0.1% formic acid for 3 min. Full scan

MS spectra (iz range 3062000) were acquired by the Orbitrap at a resolution of

30,000. Analysis was performed in data dependant mode. The top 20 most intense

ions from MS1 scan (full MS) were selected for tandem MS by collision induced
dissociation (CID) and all pnact spectra were acquired in the LTQ ion trap. lon trap

and Orbitrap maximal injection times were set to 50ms and 500ms, respectively.
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5.2.3.2 Label-free peptide quantification (Progenesis)

Raw data generated from the LTQ Orbitrap Velos was inputted dirgdtythe

t N2P3ISySaran vL &aA2FG6l NBE O6OSNBA2fee mdnx

quantification as previously mentioned in chapter four (4.2.3.2). The secretome of
HA infected cellsN. caninumor T. gondij was compared to uninfected controls

using Progeesis.

5.2.4  Functional analysis and annotation

b2NXIFtAT SR LINRPUSAY [odzyRIyOS O0LINRGISAYaA
>30) of host secreted proteins were illustrated using volcano plots (Figure 5.2).
DAVID (Database for Annotation, Visualisationg dntegrated Discovery, v 6.7,
Huang et al. 2009) was used for functional annotation of differentially expressed
proteins (p< 0.05, £ 1.5 fold change). Proteins accession numbers were searched
againstHomo sapiengienes background. An illustration of tlowerall labelfree

workflow in this experiment can be seen in Figure 5.1.

5.2.4.1 Predicted protein secretion

Identified proteins were searched against the Secreted Protein Database

(http://spd.cbi.pku.edu.cn) (Chen efal. 2005), SignalP database prediction server

(4.1 server) lttp://www.cbs.dtu.dk/services/SignalPy and SecretomeP prediction

server (v 2.0fhttp://www.cbs.dtu.dk/services/Secretomelp(Bendtsen et al. 2004).

All proteins were searched against mammalian datab@bkeSignalP database was
used for the investigation of the secreted proteitgough the classical pathwayf
secretion.SecretomeRvas used for identifying the secreted proteins throuidie

non- classical pathway. Basically any proteins identified with a threshold of more

the 0.5 was predicted to be a secreted protein in SecretBrand SignalP.
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5.2.4.2 Protein interaction analysis

Protein network analysis was carried out with STRING (Search Tool for Retrieval of

Interacting Genes/Proteins v 9.htip://string-db.org/) (Jensen et al. 2009) on

differentially expressed proteins (p< 0.05, + 1.5 fold change). Statistically significant
proteins accession numbers were inserted and searched ag&élosio sapiens
proteins. The protein interaction maps were created by allowing for experimental
evidence. Protel interaction maps were generated by enabling experimental
evidence along with predicted functional links between the proteinspocurrence,
co-expression, gene fusion, databases and 4mxting. The minimum required

confidence was set at 0.7 (hi confitme) search for the software.

5.2.4.3 Pathway analysis

Networks, functional analyses, and canonical pathways were produced through the
use of the commercial software Ingenuity pathway analysis (IPA) (Ingenuity
Systems, www.ingenuity.com). Settings includec teearch against a human
database of the differentially expressed proteins (p< 0.05, = 1.5 fold changes). The
functional analysis managed to identify the biological functions and diseases along
with canonical pathways that were most relevant and statislycsignificant to the

data set.

155


http://string-db.org/

Figue5.1:0Overview of labefree workflow of human astrocyte secretome. Cells were grown until
confluent followed by infection of the cells with eith@: gondit N. caninumor left uninfected as
controls. Supernatants were carefully collected at-2¥8 hours p.i. followed by filtration,
concentration, protein extraction and digestion and later were placed on th&18M1S. Protein
identification and quantification was done ugi Progenesis along with Mascot. Functional
annotations and metabolic pathways were afterwards determined.
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5.3 Results

Mass spectra for the proteins secreted from E@lsinfected with T. gondiior N.
caninum and uninfected cells were analysed using Progenesis to identify and
quantify proteins. The total number of human astrocyte proteinsTin gondii

infected HA cells are 667 and inN. caninumA Yy FSOGSR |I! OSftfta dr.
unique peptides) (Appendix V)

The secretomes of HA cells infected with eitfflergondiior N. caninumcompared

to uninfected controls are displayed as volcano plots (Figure 5.2). -a8kes ys the
log10 of pvalues (a lower value indicates greater significance) and pasxis the
difference in secreted protein expression between the infected and-intected

cells measured in log2 fold change. Tables below the volcano plots indicate
examples of significant upegulated and dowsregulated proteins, which are
highlighted in differen colours in the volcano plot. 1. gondiiinfected cells;
examples of upegulated proteins were CCL2, ICAM1, CXCL1 and MMP10 and
down-regulated were VIME, RS28 and CALU (Figure 5.2). In cells infectel. with
caninum examples of significant uggulated secreted proteins compared to
uninfected cells were LOXL1, IL8, CXCL2 and IL6, whereas theedotated
secreted proteins were @M1, ITGBANdROA3 (Figure 5.2).

157



8GT

T. gondii infected cells secretome N. caninum infected cells secretome
0.00001 0.00001
. * ¢
0.0001 b4 . 2 0.0001 & * & *
* L 4
F) ) - o’ ?
3 0001 P 4 g’ 2 oom ’0"' .
e 4 : . s
a 0.01 L J * S *
2 o 0.01
é k) $ ¢
TS \ 4
01 o» & %
‘ 0.1 T3
-10 5 5 10
1 - . -10 5 5 10
log2 fold change 1
log2 fold change
Down-regulated secreted | up-regulated secreted Down-regulated secreted | up-regulated secreted
proteins proteins proteins proteins
VIME (dark blue)- R28 | CCL2 (light green)- ICAM1 CALD1 (brown)- ITGBL | LOXL1 (red)- IL8 (orange)-
(orange)- CALU (light | (yellow)- CXCL1 (red)- (yellow)- ROA3 (light | CXCL2 (light green)- IL6
blue) MMP10 (pink) blue) (purple)

Figure 5.2:Volcano plots of the secreted proteins in HA cells infected Wwitgondii(left) compared to uninfected cells, and cells infected withcaninumcompared to
uninfected cells (right). These proteins were identified and quantified using Progenesis. [G&eovplot displays the relationship between faldange and significance
between the infected and ncinfected cells. The-gxis is the reverse log10 ofyalues (a higher value indicates greater significance) and -edsxis the difference in
secretedprotein expression between the infected and nimfected cells measured in log2 fold change. Tables below the volcano plots indicaiptiignificant up

regulated and dowsregulated proteins (in alue terms), which are highlighted in different colourghe volcano plot.



5.3.1 Predication of host protein secretions

In order to confirm that the proteins identified were predicted to be secreted
LIN2EGSAYAES LINRPGSAY L SPDASiguafPNaBd SactetoNdB KOS | 3 |
protein sequences (fasta) of the secreted proteins. Only statistical significant
proteins were included in the search {@mlue< 0.05 and +1.5 fold change) resulting
in a total of 132 proteins identified ifi. gondiiinfected cells (out of 667 proteins)
and 252 proteins (out of 973 proteins) M. caninuminfected cells. Out of the
identified proteins 64% was predicted to be secreted irgondiinfected cells and
56% in cells infected wittN. caninum In the Secreted Prein Database, 40
predicted proteins were identified as secreted proteins in cells infected With
gondii and 56 proteins inN. caninuminfected cells. This is likely to be an
underrepresentation of the secreted proteins as the database was last updated i
2006. SignalP database identified 53 proteins predicted to be secreted thtbegh
classicapathway in cells infected witfi. gondiiand 68 predicted secreted proteins

in N. caninuminfected cells. The secreted proteins through netassical pathway
was searched using SecretomeP; 80 proteins were predicted to be secrefed in
gondii infected cells and 123 predicted secreted proteinsNincaninuminfected
cells. A Venn diagram of the overall number of predicted secreted proteins and the
overlapping preeins identified in cells infected with. gondiiand cells infected with

N. caninuntan be seen in Figure 5.3.
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Figure 5.3:Venn diagram of the secreted proteins ©fgondiiinfected cells (top) andN. caninum
infected cells (bottom). Proteins were searched against the Secreted protein database and the online
prediction tools, SignalP and SecretomeP.
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5.3.1.1 Key differences in the astrocyte secretome in response to T.

gondii or N. caninum infection

The significant upegulated proteins between host cells infected with gondi
compared toN. caninumshowed differences in key cytokines and other secreted
proteins (Figure 5.4). CXCL1 (GROA); involved in inflammatory respamdes
chemokine CCL2 was-uggulated higher ifif. gondiinfected cells compared til.
caninuminfected cells (Figure 5.4 and Table 5.1, 5.2). Other secreted proteins that
were upregulated inT. gondiiinfected cells and not detected iN. caninum
infected cells included proteins such as; MMP10, ICAM1 and VCAM1 (Figure5.4 and
Table 5.1).

Secreted proteins that were upegulated in cells infected witiN. caninum
compared toT. gondiiinclude proteins such as; chemokine CXCL2, (60 fold) that
was found not to be statistically significant Tn gondiiinfected cells, interluikif®

(IL6), lysyl oxidase homolog 1 (LOXL1), lar@msforming growth factor beta
binding protein 2 (LTBP2) arnterluekin8 (IL8). IL8 was detected in infected cells
with T. gondiibut was not significant Gualue=0.33 and 1.5 fold increase) (Figure
5.4 and Table 5.1, 5.2).

Pentraxinrelated protein3 (PTX3); that plays a role in the regulation of innate
resisince to pathogens and inflammatory reactions wgsregulated4 fold inT.
gondii infection but was found with no change in th¢. caninuminfected cells

secretiors (not statistically significant).
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Table 51: A subset of statistically significant differentially expressed human astrocyte secreted
proteins duringT. gondiinfection (with greatest fold changes). A total of 132 secreted proteins were
identified (p<0.05 and 1.5 fold change). Proteins showingegulation are highlighted in red and
proteins showing dowstegulation are highlighted in green (all proteins in table are predicted to be
secreted).

Accession| Protein Description Anova (p) | Log2 FC
no Toxo
P09341 GROA_HUMAN Growth-regulated alpha protein 0.000108 | 5.25
P09238 | MMP10_HUMAN | Stromelysin2 0.000263 | 4.62
P05362 ICAM1_HUMAN Intercellular adhesion molecule 1 0.000103 | 4.19
P13500 CCL2_HUMAN GC motif chemokine 2 4.31E05 3.65
Q08397 | LOXL1_HUMAN | Lysyl oxidase homolog 1 0.002837 | 2.72
P19320 | VCAM1_HUMAN | Vascular cell adhesion protein 1 0.002893 | 2.36
P05231 | IL6_HUMAN Interleukin6 0.016789 | 1.99
P26022 | PTX3_HUMAN Pentraxinrelated protein PTX3 0.001155 | 1.97

Q14767 | LTBP2_HUMAN | Latenttransforming growth factor 0.02889 1.01
beta-binding protein 2
P16949 | STMN1_HUMAN | Stathmin 0.028402 | -1.27

Q13443 | ADAM9_HUMAN | Disintegrin and metalloproteinase 0.007574 | -1.79
domaincontaining protein 9
Q6NZzI2 | PTRF_HUMAN Polymerase | and transcript release | 0.00886 -3.73

factor
Q93063 | EXT2_HUMAN Exostosir2 0.009943 | -3.85
P15502 | ELN_HUMAN Elastin 0.001098 | -4.24
075787 | RENR_HUMAN Renin receptor 0.001684 | -4.29
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Table 5.2:A subset of statistically significahtiman astrocyte secreted proteins duriig caninum
infection (with greatest fold changes). A total of 252 secreted proteins were identified (p<0.05 and
+1.5 fold change). Proteins showing-tggulation are highlighted in red and proteins showing dewn
regulation are highlighted in green (all proteins in table are predicted to be secreted).

Accession| Protein Description Anova (p) | Log2 Neo

no

P19875 | CXCL2_HUMAN | GX-C motif chemokine 2 0.004193 | 5.89

P10145 | IL8_HUMAN Interleukin8 7.23E05 4.93

P05231 | IL6_HUMAN Interleukin6 0.003763 | 4.54

Q08397 | LOXL1_HUMAN | Lysyl oxidase homolog 1 2.02E05 3.32

P09341 | GROA_HUMAN Growthregulated alpha protein 0.048183 | 2.31

P13500 CCL2_HUMAN GC motif chemokine 2 0.016222 | 2.11

Q14767 | LTBPZ2_HUMAN Latenttransforming growth factor 8.47E05 1.99
beta-binding protein 2

P30048 | PRDX3_HUMAN | Thioredoxindependent peroxide 0.005613 | 1.98
reductase, mitochondrial

Q93063 | EXT2_HUMAN Exostosir2 0.009555 | -0.60

Q6NZI2 | PTRF_HUMAN Polymerase | and transcript release | 0.002841 | -2.28
factor

P16949 | STMN1_HUMAN | Stathmin 0.000838 | -3.27

075787 | RENR_HUMAN Renin receptor 0.015457 | -3.85

Q13443 | ADAM9_HUMAN | Disintegrin and metalloproteinase 0.001098 | -5.16
domaincontaining protein 9

095450 | ATS2_HUMAN A disintegrin and metalloproteinase | 0.001968 | -5.24
with thrombospondin motifs 2
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Figure 5.4:The secreted proteins significantly spgulated (log2 fold changes) in infected HA cells

with T. gondii(red) and N. caninum(blue) Increased secreted protein expressionsTin gondii

infected cells were found in chemokines such as CCL2 and CXCL1; whereas IL6 and LTBP2 were
increased in cells infected witl. caninum Some secreted proteins were only found in one infection

and not deected in the other; such as VCAM1 and ICAM1 found secreted in cells infected.with

gondiiand not detected irN. caninuminfected cells.

5.3.1.2 Down-regulated secreted proteins of astrocytes in response to T.
gondii or N .caninum infection

The investigation bthe significant dowsregulated proteins secreted in HA cells
infected withT. gondiiandN. caninumwas carried out. Secreted proteins that were
down-regulated inT. gondiiinfected cells included proteins such as; the renin
receptor (RENR), Elastin (ELN) and ExosPoqiEXT2); a protein involved in
carbohydrate metabolic process and cell differentiation (Figure 5.5 and Table 5.1,

5.2).
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Secreted proteis found significanyt downregulated in cells infected withN.
caninumcompared toT. gondiiinfected cells are proteins including; polymerase |
and transcript release factor (PTRF), disintegrin and metalloproteinase domain
containing protein 9 (ADAM9) and stathmin (STMNiQue 5.5 and Table 5.1, 5.2).

In relation to proteases secretion, A disintegrin and metalloproteinase with
thrombospondin motifs 2 (ATS®)at is associated with collagen degradation was
only detected inN. caninuminfected cells with a 38 decreased faidange(Figure

5.5 and Table 5.2).
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m Fc Toxo
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Figure 5.5:The secreted proteins significantly dowegulated (log2 fold changes) detected in HA
cells infected withT. gondii(red) compared to cells infected witN. caninumsecretions (blue).
ADAM9 and STMN1 proteins were significantly decreased in cells infected Nwittaninum
compared toT. gondiiinfected cells. Some secreted proteins were only found in one infection and
not detected in the other; such as ATS2 found et in cells infected wittN. caninumand not
detected inT. gondiinfected cells.
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5.3.2 Functional analysis of infected human astrocytes secretome

Proteins predicted to be secreted by SignalP, SPD and SecretomeP tools were
combined together and only proteins with more than +1.5 fold changes were
searched. Using DAVID enabled the identification of metabolic pathways of the HA
cells secreted proteinguring infection withT. gondii(Table 5.1) olN. caninum
(Table 5.2). In addition, functional annotation of the top biological functions,

cellular contents and molecular functions were searched.

5.3.2.1 Functional annotation of T. gondii infected cells secretom e

In the supernatant of HA cells infected with gondii KEGG pathway analysis
showed that the NOBike receptor signalling pathway (containing CCL2 with 12.5
fold increase, CXCL1 with 38.2 fold increase and IL6 with a 4 fold increase), also
Ribosome and.eukocyte transendothelial migration (Table 5.3), in which the latter
pathway contains adhesion molecules wiignificantfold changes (ICANI with 18

fold change increased and VCAMwith 5 fold change). The significant biological
processes showed funons related to cell migration, cell communication and
extracellular matrix orginization. The cellular content demonstrated also that the
proteins were found in the extracellular region and molecular functions showed
their involvement in extracellular matt binding, cytokine activity and calcium ion

binding (Table 5.4).

Table 5.3:Metabolic pathway analysis identified of human astrocytes infected Withgondii
secretome, proteins identified as secreted using SPD, SignalP and SecretomeP were only searched
DAVID with £1.5 fold changes.

Protein | % of
Category Term count | proteins | P-value
NODlike receptor signalling pathway | 4 4.7 8.60E03
KEGG_PATHWAY Ribosome 4 4.7 2.10E02
Leukocyte transendothelial migration| 4 4.7 4.70E02
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Table 5.4:Functional annotations of the secreted human astrocytes infected Wittyondii The
significantly differentially expressed proteins biological processes, cellular content and molecular
functions were identified using DAVID annotation tool.

Protein | % of
Category Term count | proteins | P-value
negative regulation of signal
transduction 10 11.6 5.40E06
negative regulation of cell
communication 10 11.6 1.40E05
regulation of cell migration 8 9.3 5.70E05
regulation of locomotion 8 9.3 1.30E04
. . regulation of cell motion 8 9.3 1.30E04
Biological process - -
regulation of actin cytoskeleton
organization 6 7 1.70E04
regulation of actin filamenbased
process 6 7 2.00E04
regulation of leukocyte migration 4 4.7 2.00E04
actin cytoskeleton organization 8 9.3 3.50E04
extracellular matrix organization 6 7 3.50E04
Cellular content extracellular region part 36 41.9 4.80E19
extracellular region 43 50 2.40E14
extracellular matrix binding 5 5.8 1.90E05
. structural moleculectivity 14 16.3 9.30E05
Molecular function : —
cytokine activity 8 9.3 1.70E04
calcium ion binding 16 18.6 3.20E04

5.3.2.2 Functional annotation of N. caninum infected cells secretome

The metabolic pathways associated with the secreted proteins of human astrocytes
duringN. caninuminfection were; ribosome, complement and coagulation cascades
and NOBlike receptor signalling pathway (Table 5.9he NODBlike pathway
contaired chemokines withsignificantfold changes (CCL2, CXCL1, CXCL2, IL6 and
IL8). The biological processesgere related to translation and inflammatory
responses. The cellular content demonstrated th#itese proteins were in the
extracellular region part and molecular functions showsir involvement in

structural activities in the cells (Table 5.6).
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Table 5.5:Metabolic pathway analysis of the secreted human astrocyte proteins infected Nvith
caninum proteins identified as secreted using SPD, SignalP and SecretomeP were only searched in
DAVID with £1.5 fold changes.

Protein | % of

Category Term count | proteins | P-value
Ribosome 15 10.6 5.80E13
Complement and coagulation cascade| 8 5.7 1.40E05

KEGG_PATHWAY NOBlike receptor signalling pathway | 5 3.5 5.90E03
Hypertrophic cardiomyopathy (HCM) | 5 3.5 1.70E02
Dilated cardiomyopathy 4 2.8 9.40E02

Table 5.6Functional annotation of the secreted human astrocyte proteins infected Witbaninum
The biological processes, cellular content and molecular functiopsotéins identified as secreted
using SPD, SignalP and SecretomeP werdmrilyded in DAVID with 1.5 fold changes.

Protein | % of

Category Term count | proteins | P-value
translation 20 14.2 2.50E10
response to wounding 24 17 6.90E10
inflammatory response 18 12.8 9.50E09
acute inflammatory response 11 7.8 2.60E08
defence response 21 14.9 1.10E06
protein maturation by peptide bond

Biological process cleavage 9 6.4 1.40E06
regulation of response to external
stimulus 11 7.8 2.40E06
humoral immune response 8 5.7 9.00E06
protein processing 9 6.4 1.00E05
protein maturation 9 6.4 1.90E05
acutephase response 6 4.3 3.40E05
extracellular region part 42 29.8 5.00E16

Cellular content | extracellular region 55 39 9.20E13
structural molecule activity 28 19.9 5.50E11

Molecular ) .

function structuralconstituent of ribosome 16 11.3 7.60E11
endopeptidase inhibitor activity 14 9.9 1.40E09
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5.3.3 Protein interaction analysis of infected host secretome

Protein network analysis was carried out (Proteins with fold chamgel.5 fold)
using STRING (version 9.1). Theraegulated and dowsregulated proteins were
searched separately for their protein interactions in both infected cells secretions.
In T. gondiiinfected cells; the total number of proteins insertecere 87 with £1.5

fold changes or more increased and decreased expressions adddaninumHA

cell infection; the total number of proteinsewve 138.. Proteins showingcreased

fold changesin T. gondii infected cells were clustered together (cytokines,
proteases, cell adhesion molecules and heat shock proteins), these included
secreted proteins such as CCL2, CXCL1, IL6, MMP1, ICAM1 and(Vigiid 5.6)

The downregulated secreted proteinsdid not show connected network
interactions and were clustered in five small groups of only three to five proteins

involved in each cluster in cells infected withgondiFigure 5.7).

N. caninunup-regulated secreted proteins (>1.5 fold) were groupeid one large
cluster, which included cytokines, chemokines and other proteins such as CXCL1,
CXCL2, IL6 and IL8 (Figure®bBrreased expression of. caninuninfection (Figure
5.8) were mainly clustered into one large cluster involved in ribosomewsthand

three othersmallclusters (Figure 5.9).

169



. Neighborhood
“~Gene Fusion
s Cooccurrence

s Coexpression MMP10 chcu
. Experiments r
“w.Databases
Textmining
“~[Homology]

PRKCSH

@

PPIB
st
S~

Figure 5.6:STRING generated protgmotein network interactions of significantly eegulated

secreted proteins in cells infected with gondii(>+1.5 fold,p<0.05) Protein search parameter was

set at high confidence (0.7) in STRING. The cytokines and chemokines (CCL2, CXCL1, IL6) were
clustered together with matrix metalloproteinases (MMP1 and MMP10) and cell adhesion molecules
(ICAM1 and VCAM1), indicating protgirotein interactions between these molecules.
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Figure 5.7:STRING generated protegimotein network interactions of significantly dowregulated
secreted proteins in cells infected with. gondii Basicallythe top decreased fold changes were
inserted with-1.5 fold change or more. Five small grouped proteins were grouped. Protein search
parameter was set at high confidence (0.7) in STRING.
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Figure 5.8:STRING generated protgimotein network interactions of significantly enegulated

secreted proteins in cells infected witk. caninum Basically, the top increased fold changes were
inserted with more than 1.5 fold change. Mainly one large cluster oftemme was grouped.
Cytokines and chemokines were grouped together, including CXCL1, CXCL2, IL6 and IL8. Protein
search parameter was set at high confidence (0.7) in STRING.
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Figure 5.9:STRING generated protgimotein network interactions of signifimtly downregulated
secreted proteins in cells infected with. caninum Basically, the top decreased fold changes were
inserted with more thanl.5 fold change. Mainly one large and three small clusters of proteins was
grouped. Protein search parameteaw set at high confidence (0.7) in STRING.

5.3.4 Ingenuity pathway analysis

Pathway analysis using IPA enables the identification of significant proteins from an
enriched p-value. It also predicts if canonigahthwaysare increased or decreased
based on differentially expressed proteins inserté&tie host cell secreted proteins
were also investigated using IPA analysis. Only secreted proteins identified using
SPD, SignalP and SecretomeP were imported in the softwéresadreted proteins
containing £ 1.5 fold changes. gondiinfected cells compared with the uninfected
cells secretions were searched separately and the same was applidcaninum

infected cells.
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The enriched canonical pathways, diseases @disdrders and molecular functions
returned from IPA analysis in both infected cell secretions can be seen in Table 5.7.
In T. gondiiinfected HA cells; an example of the enriched canonical pathways was
the agranulocyte adhesion and diapedesis (Figure 5ia@lved in the migration of
leukocytes from the vascular system to sites of pathogenic exposure during
inflammation. An example of enriched canonical pathway detecteN.icaninum
infected cells secretions was the acute phase response signalling paifigure
5.11). Molecular and cellular functions included in both infected cell secretions

were associated with cell movements (Figures 5.12 and 5.13).

Table 5.7Canonical pathways, diseases and disorder and molecular function detected using IPA

pathwayanalysis in host cells infected with gondiiand cell infected wittN. caninunmprotein
secretions (pvalue and number of proteins detected (no. of proteins)

Type of | Category Name P-value No. of
infection proteins
Agranulocyte Adhesion and Diapedesis 5.93E06 | 7
. Differential Regulation of Cytokine 4.68E05 | 3
Canonical S
athway Production in Macrophages and T Helper
T dondi P Cells by IL17A and IL17F
in.fgcte d Granulocyte Adhesion and Diapedesis 4.89E05 | 6
cells Diseases anq Neurological disease 1.23E09 | 34
disorders
Molecular Cellular Growth and Proliferation 7.17E11 | 37
and cellular |"cejlular Movement 1.57E08 | 24
function
EIF2 Signaling 2.40E13 | 15
C;EW;Cal Acute Phase Response Signalling 9.24E09 | 11
N. _ P Y Regulation of elF4 and p70S6K Signalling | 2.25E08 | 10
_ce;nmu? Diseases ang Cancer 1.04E10 | 47
n I‘TCte disorders
cells Molecular CelfToCell Signaling and Interaction 5.48E07 | 27
and cellular |"Cejlylar Movement 1.09E06 | 30
function
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© 2000-2014 QIAGEN. All rights reserved.

Figure 5.12:Functional annotation of host cells infected with gondii secretionsinvolved in
migration of cells Secreted proteins highlighted in red show increased expression and in green
decreased expression. Orandashedlines connecting the protein to the function (cell movement)
indicate activation of proteins relationship and yellow lines between the proteins indicate findings
that were inconsistent with downstream application.

© 2000-2014 QIAGEN. All rights reserved.

Figure 5.13:Functional annotation of hostells infected withN. caninuminvolved in migration of

cells. Proteins highlighted in red indicate increased expression and with green indicate decreased
expression of proteins. Orang#ashed lines indicate activation of proteins relationship; yellow
dismnnected lines indicate findings inconsistent with downstream application and grey lines show
effect relationship not predicted.
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5.4 Discussion

Comparative investigation of the secreted proteins of host cells, especially cells
relating to the CNS during irdgon with T. gondiiandN. caninumwas the main aim

in this chapter.

There are many reported studies in the investigation and identification of the
mouse astrocyte secretome (Perera et al. 2008; Dowell, Johnson & Li 2009; Delcourt

et al. 2005). Astrocyte secrete proteins that are important for neuronal growth,
neurogenesis, development and survival and synaptic development. These are
mediated by the release of proteins and peptides, such as extracellular matrix
proteins, growth factors and proteases (Bao et al. 2004). Astrocytes have an
important role in the control of the immune response agaifistgondiiwithin the

I b{T GKS& OGAGIGS YR LINRPRdzOS AYyTfl YYI @

in response to infection (Fischer et al. 1997).

Chemokines are involved in inflammatory responses and are essential for the
recruitment and leukocyte activation. Secreted proteins, such as cytokines,
chemokines, hormones, digestive enzymes, antibodies and components of the
extracellular matrix are secreteddm the cell into the extracellular media and play
essential biological roles and are important foundations for protein therapeutics,
these proteins are referred to as secretome. In recent years, some groups began to
study secreted proteins from a genomicigde and helped to create publicly
available databases for secreted proteins (Clark et al. 2003; Klee et al. 2004; Chen et
al. 2005). There are many essential roles that secreted proteins may be involved in
and it was necessary not only to look at the eegsion of the proteomic profiles of

the infected cells, but also to explore the proteomic profiles of proteins secreted
outside the cells, which can helm our understanding of the hogtarasite
interaction pathways involvedJp to date there have been o studies looking into

the differences ofstrocyte proteomic responses during infection withgondiiand

N. caninum The total number of secreted proteins in cells infected Wthcaninum
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(973 proteins) was higher than the number of proteins identified in cells infected
with T. gondii(666 proteins), which might suggest elevated responses of astrocytes
duringN. caninumnfection compared tdl. gondii Nevertheless, differences in the

total number of proteins between infections could be related also to technical
variations during culturing condition, sample preparation or throughMSIMS
procedure. After identification and quantification of differentially expressed
proteins of HA cells int#ed with eitherT. gondiior N. caninumand compared to
uninfected controls, further analysisvas used to highlight predicted secreted
proteins were applied using online search databases such as SPD, SignalP and

SecretomeP for functional annotation andtwerk analysis.

5.4.1.1 Significant up -regulation differences between cells infected with
T. gondii and N. caninum

Chemokines are key regulators of leukocyte trafficking (Adams & Lloyds, 1997). It
has been established that chemokines can be secreted ddringmdii infection

both in vitro and in vivo(BrenierPinchart et al. 2000; Brenidtinchart et al. 2002;

Kim et al. 2001). Significant differences were noticed in chemokine expression
between T. gondiiand N. caninuminfected cells. The -&C motif chemokine2
(CXCL2), is produced by activated monocytes and neutrophils and expressed at sites
of inflammation. A 60 fold upegulation of CXCL2 was observed in the secretome of

N. caninuminfected HA cells compared to uninfected controls. No significant
changes wee observed in the secretome of. gondiiinfected HA cells. This
contradicts earlier studies that showed increased expression of CXALZyondii
infected cells secretome done by Kikumura, Ishikawa & Norose (2012), which
explored leukocyte migration diumg ocular toxoplasmosis in murine models and
found increased expression of CXCL2 and CCL2. But there were no investigations
looking into the secretion of CXCL2Nncaninuminfected cells. Immune response
during T. gondiiinfection at the transcriptionalevel wereexploredusing human

Muller cells, which also showed increase expression of CXCL2 in infected cells with

two strains ofT. gondii(Knight et al. 2006). On the other hand, other findimys
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Knight et al., (2006) study were comparable to the résuobtained from this
experiment, in which increased expression level of cytokine and chemokines such as

CCL2, IL6 were also detected in human astrocyte infections (Knight et al. 2006).

CXCL1; is also involved in inflammatory responses and has a chemotactic activity for
neutrophils. Although, it would be expected that the secretion of CXCL1 chemokine
would be similar to CXCL2 as both of them are involved in the recruitment of
neutrophils to sites of inflammation; CXCL1 was significantlyragulated in
astrocytes infected withl. gondiiwith more than 38 fold compared to only 5 fold
up-regulation inN. caninuminfected cells. CXCL1 is involved in the processes of
angiogenesis, inflammatiorwound healing, and tumorigenesis (Tsai et al. 2002).
The nnate immune responsef neutrophils has been shown to be critical for the
successful resolution df. gondiiinfection (Sayles & Johnson 1996). CXCL1 has also
been found increased in ocular celhfected withT. gondiiand in the brain irthe

acute stage of infection independent from HNKikumura et al. 2012). Another
cytokine involved in neutrophil recruitment to sites of inflammation was IL8; it
induces chemotaxis in target cells, primarilyeutrophils but also other
granulocytes, causing them to migrate toward the site of infection. IL8 also induces
phagocytosis and is known to be a potent promoter of angiogenesis (Muller et al.
2006). IL8 was significantly wegulated inN. caninuminfected cells compared t®.
gondiiinfected cells (that was not detected significant). Arragulated expression

of IL8 inT. gondiinfected HFF and HelLa cells was reported by Denney, Eckmann &
Reed (1999), which do not correlate with the findingsrrthis experiment. It has
been previously reported that neutrophils in peripheral blood increased in mice
after T. gondiiinfection (Norose et al. 2008). Absence of 4FN F dzy OU A 2y Y I &
neutrophil activation, as it is involved in the dowegulation of IL8 production.
Neutrophils have been shown to be involved in the dissemination of the paiasite
Vivo in susceptible mice. Dunagt al. (2010) reported that neutrophils are not
protective againstT. gondiiinfection but contribute to the pathology outecoe.
However,up to date,no investigations of IL8 secretion ¥ caninuminfected cells

have been found in the literature, thus no comparable studies eitherivoor in

vitro on IL8 cytokine secretion has been established on cells infected with these
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closely related parasites. Many studies done on the involvement of IL6 secretion in
the pathogenesis of different bacterial, viral and parasitic diseases have been
investigated(van der Poll et al. 1997; Banks, Kastin & Gutierrez 1994). |Lfpwas
regulated in both infected cells, but witlho a higher extent irN. caninuminfected

cells (six times higher) compared . gondii IL6 is secreted by T cells and
macrophages to stimulate immune response and has vital roles in fighting infection,
as demonstratedn mice that IL6 was required for resistance against bacterium
Streptococcus pneumoni@an der Poll et al. 1997). IL6 can also cross the blood
brain barrier (BBB) which explains its secretion in CNS cells as in astrocytes. IL6's
role as an antinflammatay cytokine is mediated through its inhibitory effects on
TNFalpha and IL1, and activation of IL1ra and IL10. It was found to stimulate
inflammatory and autdmmune processes in many diseases such as depreasn
Alzheimer's disease (Dowlati et al. 2Q BWvardfager et al. 2010). IL6 in the CNS may
have protective effects, stimulating neuroregeneration and neuronal growth factor
(NGF) production in astrocytes (Otten et al. 2000), which parasites can benefit from
during infection. Abeet al. (2014) also dmonstrated increased secretion of IL6 in
murine macrophages infected witk. caninunsuggested that macrophages play an
immunity protective role duringNeosporainfection. Moreover, activation of
astrocytes and microglial cells was associated with the yecodn of IL6 and IL10 in

in rat mixed glial cells infected with. caninumin vitro which may suggest a

protective action by these glial cell types in the CNS (Pinheiro et al. 2010).

Astrocytes secrete IL6 as a protective action against infetianmay suggest that

the acute phase response to infection in astrocytes is induced higher in cells
infected withN. caninumcompared toT. gondiias IL6 is associated with the acute
phase response during infection. This could also indicate thatgondii may
swpresses the host innate response at early stage of infection for a better

establishment of infection in cells comparedNo caninumnfected cells.

Proteins associatewith the cell adhesion molecule pathway; ICAM1 and VCAM1
were both found inT. gondiiinfected cells secretome and not iN. caninum
Interestingly, ICAM1 was fourid increase with 18 fold change and VCAML1 veith

fold change. ICAM1 is a member of the immunoglobulins, including antibodies and
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T-cell receptors. It is an endotheliahnd leukocyteassociated transmembrane
protein possessing an amisierminus at the extracellular domain and known for its
importance in stabilizing cetlell interactions and facilitating leukocyte endothelial
transmigration. Usually these proteins are secretedlow concentration; upon
cytokine stimulus their concentrations increase (Dustin et al. 1986; Rothlein et al.
1986). ICAM1 also became recognized for its involvement in plasmodium
falciparuminfected erythrocytes pathogenesis (Turner et al. 1994). VCAM1
expressed on both large and small blood vessels after cytokine stimulation of the
endothelial cellslt mediates the adhesion of lymphocytes, monocytes, eosinophils,
and basophils to vascular endothelium and is involved in leukesytiothelial cell

signal transduction (Schmitz et al. 2013).

Both ICAM1 and VCAML1 are expressed on inflamed BBB endothelial cells and are
critical for the transmigration of lymphocytes and monocytes (Carman & Springer
2004; Ifergan et al. 2006).oxoplasmancephalitis (TE) wolves strong activation of
major histocompatibility complex (MHC) class | and Il antigens as well as of the
ICAM1 on cerebral endothelia, microglia and choroid plexus epithelium and VCAM1
on endothelial cells (Decke8chluter et al. 1994). The wpgulaion of ICAM1 and
VCAM1 in secreted cells infected with. gondii could indicate increased
permeability of inflammatory cell migration through the BBB, in which infected cells

with T. gondiicould successfully enter and establish infection in the CNS.

One d the chemoking that has been extensively explored during cells infection
with T. gondiiis CCL2. This chemokine wasregulated inT. gondiiinfected cells
compared to cells infected witlN. caninumsecretions. CCL2, is an attractant for
monocyte/ macrophages, CD4 and CD8 memory T lymphocytes (Adams & Lloyds
1997; Luther & Cyster 2001). It plays an important role in the CNS as a
neuroinflammation mediator of leukocyte infiltration and has been asdedi with

many neurological disorders (Bajetto et al. 2001). It has been illustrated that Hff and
HelLa cells secreted CClRaddition investigations done on murine modetsvivg
showed that chemokines expressed by microglia, neurons and astrocytgsbena
involved in the leukocyte migration in the CNS (Schluter et al. 2001; Strack et al.

2002). It was demonstrated in mice with TE that astrocytes are the main producers
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of CCL2 (MCGP) (Strack et al. 2002). This also correddte the findings in human
astrocytes infected withl. gondiianalysis Chemokine secretion causes enhanced
neuro-invasion of leukocytes, and astrocyte derived CCL2 monocytes can migrate
across arin vitro model of the BBB (Weiss et al. 1998). This may suggest that up
regulation of €L2 during human astrocyte infection with. gondii enables
successful migration of. gondiiparasites through the BBB and establishment and

localization of the parasites in the CNS.

Key mediators of tissue remodelling after brain injury or diseasedeclhe MMPs
(matrix metalloproteinases). MMP10 was only foundlingondiiinfected cells with

an increased expression of 25 fold change. MMP10 also known as Stronilgsin

an enzyme from the matrix metalloproteinase (MMP) family involved in the
breakdown of extracellular matrix in both normal and disease processes and
enables the degradation of proteoglycans and fibronectin. Increased expression of
MMPs has been associated in diverse processes during disease; such as cancer and
infectious pathologies (Bell & Ethell 2007). DuringToxoplasma infection,
increased expression of MMP8 and MMP10 was observed in the brain, CD4+ and
CD8+ Tcells are involved in MMP8 and MMP10 production (Clark et al. 2011). This
may indicate the importance of the MMP in the tliaking of infiltrating cells into

sites of infection with T. gondii in the CNS. Furthermore, regulation of
metalloproteinases is vital for the immune populations to access infected CNS
tissuesthat may be key to the balanced immune response that is reldte the

establishment of chronic infection with. gondii

Pentraxinrelated protein PTX3; also known as TiNdrucible gene 14 protein,
regulates innate resistance to pathogen and inflammatory reaction, control of
autoimmunity and is produced in a varyedf tissues during inflammation (Rovere et

al. 2000; Christersdottir Bjorklund et al. 2013). It was foundegulated inT. gondii
infected cells and no changes were foundNincaninumnfected cells. PTX3 acts as
an acute phase response protein, as thleod levels of PTX8&re low in normal
conditions and increases during inflammatory and infectious conditions. The
secretome of mixed glial cells stimulated with lipopolysaccharide and IFNg S NB

screened using ERS/MS (Jeon et al. 2010). Among the piogidentified was

182



Pentraxin3 (PTX3), which is involvedtire phagocytic activity of microglia and may
serve as a potential diagnostic biomarker of inflammatory brain disorders. This may
propose PTX3 to be a marker of malignancy in infected cells thegases in cells
infected with T. gondiito signal immune responses that in resgerto immune
stresses by the host will lead to the conversion of the dormant stage of the

parasites in the CNS.

5.4.1.2 Protein down -regulation in astrocyte infected secretome

In T.gondiiand N. caninuminfected cells secretome, the renin receptor (RENR) was
down-regulated compared to uninfected cells in gondiiinfected cells. RENR
expressedn the brain and functions as a renin and prorenin cellular receptor, cell
death and the regulation of MAPK cascade. ExosteBin(EXT2) is a
glycosyltransferase required for the biosynthesis of hepasalfate It acts as a
tumour suppressor and is also involved in carbohydrate metabolic process and cell
differentiation. EXT2 was found sificantly downregulated in cells infected witf.
gondiicompared toN. caninumnfected cells secretion with only 1.5 fold decrease.
Downregulation of RENR and EXT2 in cells infected Wittpondiisecretion could

suggest that the parasite delays apoptosis in infected cells compandddaninum

Stathmin STMN1, also called Leukeswsgociated phosphoprotein pl18, is a highly
conserved 17 kDa protein involved in the regulation of the microtubudengnt
system and may be required for axon formation during neurogenesis. STMN1 was
downregulated in cells infected witN. caninum(10 fold decrease) compared 0
gondii infected cells secretion. It is found in the brain, spinal cord and cerebellum

andisinvolved in intracellular signal transduction.

In relation to protease secretian A disintegrin and metalloproteinase with
thrombospondin motifs 2 (ATS2) was only detectedNincaninuminfected cells

with a 38 decreaseeversefold change. This egme is found weakly expressed in
the brain and isassociated withcollagen degradation and extracellular matrix
organization. This might suggest thdt caninumsupresses the production of the

enzyme and procollagen cannot be processed correctly withogt éghzyme. As a
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result, collagen fibrils are not assembled properly; chemical interactions, between
collagen fibrils are also affected which as a result, weakens the connective tissue.
Disintegrin and metalloproteinase domawontaining protein 9 (ADAM9nediates
cellkmatrix interactions and is involved in cell adhesion and monocyte activation.
ADAM9 was dwn-regulatedwith 36 fold change itN. caninuminfected astrocytes
compared to only 3 fold decrease in gondiiinfected cells. Decreased protease
protein secretions irN. caninuminfected cells mayguggestthat N. caninumdoes

not establish successful cell adhesion signalling interactions and ECM organization

asT. gondiparasites and could be implicated in dowagulation of neurogenesis.

5.4.2 Pathway analysis of host secretome

It was essential to look at the metabolic pathways in order to have a more
comprehensive view of the hogiarasite interaction Secreted proteins of both
infections were investigated for their involvement in metabolic pathways.
Aganulocyte adhesion and diapedesis pathway (IPA analysis in Figure 5.10) was
associated withT. gondiiinfected cells secretome. This pathway is associated with
leukocyte migration of cells during inflammation which is also correlated with
previous finding of the transcriptome analysis. The other significant enriched
pathway inN. caninuminfected cells secretome was the acute phase response
pathway (IPA analysis Figure 5.11). This pathway is also correlated with previous
findings associated with the uggulation of molecules related to acute infection
response in the transcriptome analysis. Both infected astrocytesWwitiondiiand

N. caninumsecretions were involved in the N@iRe receptor (NLR) signalling
pathway in DAVID analysis (Tables 5.3 a®j. ®roteins involved in this pathway
were upregulated and include cytokines and chemokines such as CCL2, CXCL1,
CXCL2, IL6 and IL8. This pathway involves specific families of pattern recognition
receptors that are in charge of detecting various pathogand producing innate
immune responses. This family of proteins contain more than 20 members in
mammals and plays essential roles in the recognition of intracellular ligands. NOD1
and NOD2, sense the presence of the bacterial peptidoglycan fragments that

escaped from endosomal parts, causing the activation ok&fipaB and MAPK,
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cytokine production and apoptosis. In contrast, a different set of NLRs induces
caspasel activation through the assembly of multi protein complexes called
inflammasomes that are itical for causing mature proinflammatory cytokines
along with ToHike receptor signalling pathway. Secreted proteins identified in this
pathway are mainly involved in neutrophil recruitment, T cell differentiation and
antigen T and B cell responses. &ional annotations of infected astrocytes were
also related to inflammatory responses and regulation of cell migration, which was
also correlated to previous findings (Norose et al. 2011; Murdoch & Finn 2000).
Moreover the cellular content investigation®f both infected cells also

demonstrated that proteins were of extracellular secretion.

5.4.3 Protein network analysis of host cell secretome during infection

Supporting evidence of proteiprotein interactions were perceived through
functional protein netvork analysis, although not all proteins showed connectivity
between molecules during upegulation or dowrregulation expression changes.
Cytokine, chemokine, cell adhesion molecules and proteases were clustered
together in upregulated expressed cells dng T. gondiiinfection (Figure 5.6) (such

as CCL2, IL6, CXCL1, ICAM1 and MMP10). Secreted host protedusilaied
during N. caninuminfection (Figure 5.8) also clustered cytokines and chemokines
(such as LB, IL8 and CXCL2), suggesting that predictetttional associations
between grouped proteins are related to evidence of homology and-it@ring.
Downregulated secreted proteins of both. gondiiand N. caninuminfected cells
(Figures 5.7 and 5.9) had proteins that constittaehe ribosome pathwaywith a
greaternumber of moleculesissociated withN. caninuninfected cells. Proteins are
synthesized in ribosomes which remain in the cytosol. The presence of high number
of ribosomes in the secreted celinay indicate the presence cell lysis and cytosol
contamination that could have occurred during cell secretome preparation and
collection.This may also suggest potential involvement of exosomes. Exosomes are

small membrane vesicles that are dischargeshanmal and diseased conditions in
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different types of cells (Pan & Johnstone 198@)eyare formed through inward
budding of endosomal membranes in a cell that result in the intiation of
intraluminal vesicles (Sotelo 1959). Exosomes can be consideredasctassical
secretion process of proteins and is involved in the transfer of RNA and proteins
(Amzallag et al. 2004 Valadi et al. 2007). Mammalian cell types have been illustrated
to discharge exosomes into culture mediumvitro; such as murine micrdigl and

neural cells (Fevrier et al. 2004; Potolicchio et al. 2005).

5.4.4 Comparative analysis of transcriptome and secretome results of
host cells

Compared to the proteomic study of HA cells at three different time points (chapter
four), changes in secreted expression of these cells during infection showed obvious
differences in both increased and decreased expression changes. The main findings
in the transcriptome chapter (chapter three) were compared with the results of the
secretome analysis. The proteome data was not included in the comparison due to
similarities found in most metabolic pathways and functional annotations of the
host expression mfiles analysis (chapter four). In illustration of the key findings of
similarities and differences in host cells transcriptional and secreted proteome
expression levels can be seen in Table 5.8. Some molecules in the transcriptome
analysis correlated wht the findings in the secretome analysis of the host cells,
proteins such as CXCL2, IL8 and CCL2 (Table 5.8). CXCL2 is a chemoattractant mainly
for neutrophils was upegulated in bothN. caninuminfected cells RNA and
secretome analysis while dowregulated in T. gondiiinfected cells. IL8s also
associated with neutrophil recruitment to sites of inflammation wasregulated in

both sets of analysis. CXCislalso involved in neutrophil recruitment was up
regulated inN. caninuminfected cells comparedotT. gondiiin RNASeq analysis,

while upregulated in T. gondiiinfected cell secretome analysis. Differences
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observed in neutrophil recruitment during host infection do not clearly indithée
parasites association with neutrophil migration to sitesimffammation. But the

RNASeq analysis does shows@ongassociation ofN. caninuminfection to recruit
molecules such as CXCL1, IL8, CXCL2 and CXCL3 to sites of infection. This may
suggest that both parasites are able to trigger neutrophil migration itessof
inflammation but might be at a higher induction N. caninuminfection. IL6

cytokine was dowsnregulated inT. gondiiinfected cells while moderately up
regulated inN. caninumtranscript analysis. This did not relate to the secretome
analysis in Wich both infected cells showed tnggulation of IL6 secretion in cells

infected withN. caninum(Table 5.8).

CCL2 was upegulated inT. gondiiinfected cells transcript analysis and detected
up-regulated in the secretome analysi€CL2 has been assdew with the
pathology of the CNS and has been linked to the establishment of toxoplasma
encephalitis in the brain (Sukhumavasi, Egan & Denkers 2007). Results from both
RNA and secretome analysis propose thagondiincrease the regulation of CCL2

in order to establish host cell infection and gist in host cell of the CNS. Cell
adhesion molecules ICAM1 and VCAM1 wergagulated in RNA analysis in both
infected cells, but VCAM1 was -uggulated in cells infected witli. gondii In the
secreted cellprotein expressionsiCAM1 and VCAM1 were only detected in cells
infected with T. gondiiand were found significantly upegulated. Cell adhesion
molecules have been linked to the ability of pathogens to cross the BBB and enter
the brain. Increased expression of cytoldnechemokines and cell adhesion
molecules all togethesuggestthat the parasite uses these cells to migrate and

filtrate through the tight junction and BBB in order to reach the CNS.

MMP10 was dowsregulated in N. caninuminfected cells transcript analysis,
whereas it was only detected ih. gondiiinfected cell secretioswith an increased
expressionThis may indicate that MMP10 enables the trafficking of infiltrating cells

into sites of infection withTl. gondiin the CNS.
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Other molecules showing no association between the RNA and secretome analysis
were ATS2 and EXT2. $kemoleculs were upregulated in cells infected with.

caninumRNA analysis but were dowagulated in the secretome analysis.

In conclusion, some results correlated between RNA and secretome analysis such as
IL8 while other molecules did not such as 3 The lack of correlation might be
related to the imbalancedassociationbetween transcriptome and secretome
analysis along with the different time points associated with the comparison.
Therefore a clear conclusion cannot be obtained. Nevertheless, pamative
analysis highlighted the importance of key molecules involvement imugtation

during infection and its association with the pathology of the parasites in the CNS.
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Table 5.8:Comparative analysis of host cell transcripts involved in cell adhesion pathway and cytokine receptor interaction pathpargddm the differentially
expressed secretome analysis of host cells dufingondiiand N. caninuminfection. Three differentitne points (Oh, 4h and 16h p.i.) were used in the transcriptomic
analysis in both infected cells (TQVEG infected cells and NcLIV infected cells), whereas secreted protein of infestaletetise] were collected from (48} hour p.i.)
Log2 fold changesighlighted in red indicate increased expression changes and fold changes highlighted in green show decreased transssiphexpr

Protein Transcriptome Log2 FC Secretome Log2 FC
Gene L
Gene Acc. No. name Acc. Gene description Neoinf | Toxo inf
No. NOh [ N4h [ N16h| TOh | T4h T 16h
ENSG0000016373{ CXCL1 P09341 | growth-regulated alpha | O 228 |482 |0 0.576 | 0.620 2.31 5.257
protein
ENSG0000008104] CXCL2 P19875 | GX-C motif chemokine 2| 0 227 | 35610 5.89 -0.08 *
ENSG0000016942¢ IL8 P10145 | Interleukin8 0 1.267 | 346 |0 -0.22 1.064 4.93 0.713*
ENSGO00000136244 IL6 P05231 | Interleukin6 0 0.137 1037 |0 -0.10 -0.862 4.54 1.99
ENSG0000010869] CCL2 P13500 | GC motif chemokine2 |0 0.061 | 0.716 | O 0.60 1.82 2.11 3.65
ENSG0000009033¢ ICAM1 P05362 | Intercellular adhesion 0 0.209 | 1.349 | O -0.10 1.254 - 4.19
molecule 1
ENSG0000018222( ATP6AP2| O75787| Renin receptor (RENR) | O 0.374 | 0.044 | 0 -0.114 | -0.463 -3.855 -4.29
ENSG0000016667( MMP10 P09238 | Stromelysin2 0 0.355|-263 |0 -0.58 -1.64 4.624
ENSG0000012903{ LOXL1 Q08397 | Lysyl oxidase homolog 1| 0 0.46 | 0562 |0 0.008 | -0.165 3.327 2.72
ENSG0000016861 ADAM9 | Q13443 | Disintegrin and 0 0.364 | 044 |0 0.082 | -0.279 -5.24 1.79
metalloproteinase
domaincontaining




06T

protein 9

ENSGO0000011968] LTBP2 Q14767 | Latenttransforming 0.121 | 0.017 0.182 | -0.069 1.99 1.017
growth factor beta
binding protein 2
ENSGO0000015134{ EXT2 Q93063 | Exostosir2 1.021 | 0.948 0.0016 | -0.037 -0.60 -3.85
ENSG0000008711( ADAMTSZ 095450| A disintegrin and 0.032 | 0.458 0.221 | 0.116 -5.24
metalloproteinase with
thrombospondin motifs 2
(ATS2)
ENSG0000016366] PTX3 P26022 | Pentraxinrelated protein 0.040 | 0.837 -1.068 | -1.068 0.04* 1.97
PTX3
ENSG0000016269] VCAM1 | P19320 | Vascular cethdhesion 0.591 | 2.083 0.445 | 3.404 - 2.36

protein 1

* indicates proteins not significant {galue<0.05).




5.45 Conclusions and future direction

In summary, differentially expressed secreted proteins; cytokines chemokines (such
as CCL2 and CXCL1), proteases (MMP10) and cell adhesion molecules (ICAM1 and
VCAM1) were upegulated in secretome analysis of human astrocytes infected with

T. gondii Thatmay indicate the parasitesnvolvement in themodulation of cells

relating to increase permeability and filtration of the infected cells through the BBB

to the CNS more efficiently compared M caninuminfection of cells. This may
answer the question teavhy T. gondiis found more frequently in intermediate host

cells CNS compared tN. caninuminfection. On the other handN. caninum
increases more efficiently neutrophil recruitment to infected cells compared.to
gondii(such as IL8 and CXCL2) whidtiates an innate immune response and may

lead to a more limited outcome of infection in cells.

Further immunebased investigations should be carried out; such as
immunohistochemistry assays and transmigration assays, which will enable further
confirmation of the differentially expressed cytokines and cell adhesion secreted
proteins along with the other interesting findings in this chapter. Moreover, other
experimental investigatiom can be carried out as supportive evidence of these
secreted molecules. @amigration assays and immunohistochemistry assays with
specific antibodies to these secreted moleculesch as I1L8, ICAM1 and VCARHL)
establish firm evidence of the involvement of these proteins in pathological

pathways.
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6 Chapter six: Comparativ e analysis of dopamine
measurements in host cells during infection with  T.

gondii and N. caninum bradyzoites

6.1 Introduction

The behavioural manipulation hypothesis proposed that a parasite suth gandii
manipulates host behaviours needed for its own success and survival (Barnard
1990; Berdoy, Webster & Macdonald 1995; Webster 2007). Since the sexual cycle of
T. gondiican onlyoccurin the cat, there is the need for the parasite to evolve ways
for its transmission to the definitive host (Webster et al. 2006). Localization of the
parasite in important parts of the body such as the brain of the intermediate host
can enable it to manipulate its host (Werner, Masihi & Senk 1981). It has been
suggested thathe chronicstage ofT. gondiinfection in the central nervous system

(CNS) may also modify behavioural changes in humans (Flegr 2007).

6.1.1 Dopamine changes during T. gondii infection

Dopamine is a monoamine neurotransmitter formed in the brain by the
decarboylation of dopa and is needed for normal performance of the central
nervous system. It is involved in important roles related to behaviour, cognition,
voluntary movementand attention. Dopamine secretion is known to bssociated
with the modulation of newnal activities linked to learning and memory functions

in the hippocampus region of the brain (Backman et al. 2010).

Remarkably, T. gondii infection has shown evidence to increase dopamine
secretion. A study done on the chronic stageTofgondiiinfection proved that
parasites can control the hippocampus that may result in decreased memory
functions (Berenreiterova et al. 2011). Modulation in the brain can be accomplished

through modulation in neurotransmitter levels such as dopamine signalling. In
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chronically infected mice, dopamine levels were 11444 fold)higher compared

to their controls, and no changes were detected in other neurotransmitters (Stibbs
1985). In addition, Prandovskst al. (2011) also found high concentrat®rmof
dopamine in neurhcells infected withT. gondiiin anin vitro experiment. The
parasiteitself was found to synthesize tyrosine hydroxylase arahsformsto L-
DOPA amino acid, which is a precursor of dopamine. FronT ttgondiigenome

(http://www.toxodb.orq), two tyrosine hydroxylase genes were identified (TgAaaH1

and TgAaaH?2) (Whitaker et al. 2009). Tyrosine hydroxylase are enzymes belonging
to the aromatic amino acid hydroxylases family. Moreover, tyrosine hydroxylase
was also found irN. caninumbut was rot detected inP. falciparumor Eimeria
(McConkey et al. 2013). In brain cells infected withgondiitissue cysts, cells
contained tyrosine hydroxylase secreted by the parasite and is localised with the
parasitophorous vacuoles (Gaskell et al. 2009; évasky et al. 2011). Gasketlal.

(2009) revealed thal. gondiiTgAaaH1 and TgAaaH2 genes are switched on during
parasite conversion from tachyzoite to bradyzoite stagest genes may also be
associated with the complex interaction between parasite amelirochemical

alterations in the brain (Carter 2009).

6.1.2 N. caninum infections in hosts

There have been no studies investigating the secretion of dopamine in cells infected

with N. caninumN. caninumis known to infect animals, such as sheeperdgoats

and cattle. When a host is infected, parasites can cross the intestinal epithelium and

reach the circulating blood and infect cells such as macrophages and lymphocytes.
Tachyzoites convertttheOé 4G &Gl 3S GKNRdAK adaNgaa Ol d
responses (Buxton, McAllister & Dubey 20889 are detected in the CNS (Peters et

al. 2001).Although tissue cysts have not yet been detected in histological sections

of infected adult cattle, it is thought thall. caninumcan encyst in the tissues of

adult cattle.It has been observed in the brains of two normal cows that gave birth

to infected offspring (Sawada et al., 2000; Okeoma et al. 2004). A study
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investigated a total of 82 foetuses of cattle infected with caninumin California,

USA and foud clinical symptoms including encephalitis, myocarditis and adrenalitis
accompanied with the disease (Barr et al. 1991a; Barr et al. 1991b). Invasibn by
caninumand cyst formationin the CNS and damage caused by this parasite has
been detected, which Bds to abortion in cattle or neurological diseases in dogs

(Dubey & Lindsay 1996; Hemphill, Gottstein & Kaufmann 1996).

6.1.3 Importance of parasite strain used in cyst stage investigations

When studying behaviour changes in hosts, the type of parasite sismd for the
investigation is important. Mostl. gondiistrains found in North America and
Europe can be categorized into three typical lineages, type; I, Il and Il (Howe et al.
1997). Type | strains are the most virulent, type Il and Il strains are the less virulent
which can form cysts and initiate the cmic stage of infection. This can cause
motor and behavioural changes in infected rodents. Type | parasites are typically
highly lethal in mice and are mainly associated with the acute stage of infection and
also cause ocular toxoplasmosis (Saeij et d62Reese & Boothroyd 2011). While
type Il can cause encystation and brain inflammation, it results in fewer cyst
numbers and causeless pathology in the brain (Suzuki & Joh 1994). Therefore,
most studies investigating the behavioural changes in hosige hased Type |l
strains, due to its high paras#gyst burden found in the brains of mice in which
result in elevated immune mediated responses in the brain (Hermes et al. 2008;
Gulinello et al. 2010; Gatkowska et al. 2012). And also have higher expre§sion
tyrosine hydroxylase and thereby establisie chronic infection (Howe, Summers &
Sibley 1996; Sibley & Boothroyd 1992; Sibley et al. 2002; Gaskell et al. 2009).

6.1.4 Bradyzoite formation in vitro methods

Investigation of the tissue cyst af gondiiduring chronic infection should provide

essential information on the mechanisms of reactivation, neurophysiological
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changes and neuropathology of the disease. The importance of understanding host
parasite interactionsn vitroand specifically in the chronitagie of the infection has

led to the development of different methods for studying the tissue formatioi .of
gondii and N. caninum In order to study the effect of dopamine levels secreted
duringT. gondiiand N. caninuminfection in cells of the brain,gvasite conversion to
bradyzoite stagen vitro is essential. Bradyzoite stage inductionTingondiiand N.
caninumcan be achieved using various methods such as alkaline induction, heat
shock and chemical induction; such as the use of sodium nitropeigSikariah,
Mcintyre & Mordue 2010; Soete, Camus & Dubremetz 1994; Tobin, Pollard & Knoll
2010; Vonlaufen et al. 2004). Increasing the pH in culture media was found to be an
effective method for tachyzoite to bradyzoite conversionvitro (Soete, Camus &
Dubremetz 1994; Tobin, Pollard & Knoll 2018)study done by AlKuraishi et al.
(2011), found thatN. caninumtransformation from tachyzoite to bradyzoite was
enabled through pH alkaline methodtor in vitro bradyzoite formation inN.
caninum the virulentstrain NcLIV is preferred for cyst formation compared to less
virulent strains Nel and NcSweB1, which was observed to produce very small

amounts of tissue cysia vitro (Vonlaufen et al. 2002).

N. caninunmconversionin vitrois thought to be more diffalt compared toT. gondii

and is more restricted to both host cell lines used and the type of parasite isolate
(Weiss et al. 1999). Another issue related\tocaninunbradyzoite detectioris the
difficulty to distinguishthe tachyzoite frombradyzoite stge using haematoxylin

and eosin stained sections, due to the thickness of the bradyzoitewhath may

be thin and difficult to identify (Dubey et al. 2002). Therefore, in order to
differentiate between themin N. caninum immunohistochemical assays were
applied through labelling with a bradyzoite specific antibody such as BAG1
(McAllister et al. 1996). NcBAGL1 is a small heat shock protein that is expressed

during bradyzoite conversion (Vonlaufen et al. 2002).
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6.1.5 Aims and objectives

The main aim was to investigate dopamine induction in cells infected With
caninum bradyzoites compared to cells infected wifh. gondiiby measuring

dopamine levels using the HRLC

The involvement/effect of dopamine elevation Th gondiinfected cels in the CNS

has been clearly investigated. However, the involvement of closely related parasite
N. caninumin host cell dopamine secretion has not been examin&d.caninum

also contains two genes in its genome that are involved in the production of
tyrosine hydroxylase. The hypothesis is thatcaninumdoes not have any effect on

the levels of dopamine secretion in the cells of the CNS compared gondii

infected cells.
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6.2 Material s and Methods

¢KA&d SELISNAYSYy(d 6Fa R2yS Ay O2fftl 02N GAZ2

University of Leeds.

6.2.1 Cell culture

Dopaminergic primary rat cell line PC12 (ECACC, Salisbury) was used in this
experiment. PC12 is a cell line derived from a pheochromocytufitize rat adrenal
medulla thathas an embryonic origin from the neural crest amkbeen used to
study diseases related to the braiithis cell line has beegpreviouslyusedin the
investigation of the dopamine induction measurement during infection with
gondii bradyzoites by Glenn Mcconkeys lab. As this chapter was in collaboration
gAUK Df SyyQa f T.aondigh®RN. carirbimcantintzdt rodekts$ diuch

as rats it is a valid model for the investigatio@ells were prepared and maintained

by Isra Alsaady; a PhD student at the University of Leeds. In order for the cells to
attach, 800 pl pok- lysine was added to each well and incubated for 2 hours in
the incwator at 37°C and 5 % efollowed by removal of the excess pdhLysine.
Then, cells were placed at a density of 5 X g€ well (3ml per well including the
RPMI medium) and left to incubate for 24 hours in the incubator. Cells were
observed the followng day under the microscope for attachment. A total of 600 ng
nerve growth factor (NGF) was placed to each well and incubated for 24 tiaunrs
replaced by fresh NGF every 24 hours until the cells were ready for the
experimental infection. A total ofsplates were needed (three biological replicates

for each of theN. caninumand T. gondiinfection).

6.2.1.1 Preparation of Alkaline medium

In order for parasites to successfully convert from tachyzoite to bradyzoite gstage

vitro, an alkaline shock methodas executed. IMDM medium was prepared with
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10% (v/v) FBS and 1% P/S (v/v), the medium was pH adjusted to 8.2 before

filtration.

6.2.1.1.1 Alkaline shocking of tachyzoites

T. gondii Prugniard strain (type Il) tachyzoites amdl caninum (NcLIV) were
maintained inHFF cells, parasites were scraped and host cells were ruptured
through flushing them many times in a 20g gauge needle followed by the
LIAZNRA FAOF GA2y 2F (GKS LI NI aA®@Sd SRK MBiz2d (S 23
polycarbonate membranes (Whatman). Therhey were washed twice in
phosphatebuffered saline (PBS) pH 7.4 by centrifugation at 1500 x g for 10 minutes.

The supernatant was discarded and tachyzoites were resuspended in alkaline
medium and incubated overnight for 18 hours at°G7and 5% CO Fina¥,

tachyzoites were centrifuged at 500 x g for 10 minutes and supernatant was

discarded where tachyzoite pellet was resuspended in RPMI medium.

6.2.1.2 Infection of PC-12 cells

Parasites were counted using a haemocytometer under a light microscope and the
required amount for each well for all three replicates were added telRCells

with T. gondiandN. caninumas seen in Table 6.Parasites were then left five days

for bradyzoite conversion in PI2 cells with daily observation of the cells for

intracellula parasites, cells were then ready for the dopamine release assay.
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Table 6.1 The total number of parasites inserted per well for bathgondiiandN. caninum

Well number | Number of parasites

infected/well

Uninfected (0 parasites)
0.125x10*

0.25 x10

0.5 x10

1x1¢

2x1¢

| 01 B W N|

6.2.2 Antibody detection of N. caninum conversion

In order to confirm bradyzoite conversion ofN. caninum tachyzoites,
immunofluorescence assay (IFA) was carried @ells were grown in chamber
slides and infected with alkaline shockld caninumparasites and left five days for
cyst formation. Media from wells were removed and washed three times with PBS,
cells were then fixed and permeablised (with PBS, 4% (v/v)didehyde and 0.5%

(v/v) TritonX100) and incubated at room temperature for 15 minutes. Slides were
then washed three times with PBS and blocked with 5 % (v/v) normal goat serum
(NGS) with 5% (v/v) FBS/PBS twice for ten minutes. Then, the slides were rinsed
three times with 1 % (v/v) FBS/PBS. Primary antibodyNforcaninum(BAG1)
polyclonal rabbit antiserum was diluted (1:200) in 1% (v/v) FBS/PBS and was left to
incubate at room temperature for one hour and washed six times quickly with PBS.
The antibody \as kindly provided by Professor Andrew Hemphill at the University of
Bern in Switzerland. Secondary antibody (Le€&tramethylrhodamine (TRITC)) as
prepared and diluted in 1% (v/v) FBS/PBS and was also incubated at room
temperature for one hour. Slidesese rinsed briefly in 1% (v/v) FBS /PBS six times.
The bluefluorescent DAPI nucleic acid stain was prepared from stock solution
(5mg/ml). The DAPI stock solution was further diluted to 300nM in PBS and applied
to the slides for around 5 minutes. Slidesrevginsed in PBS followed by six washes

with ddHO. Slides were mounted with Vectashield and left to (@Higure 6.1)
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6.2.3 Dopamine release assay

For the dopamine release assay, preparation of a low potassium chloride (KCI)
containing wash buffer (140 mM Na@&l7 mM KCI, 1.2 mM MgCR.5 mM Cagl11

mM dextrose, 10 mM HEPES, pH 7.4) and high KCI containing release buffer (40 mM
NaCl, 100 mM KCI, 1.2 mM Mg@.5 mM Cagl 11 mM dextrose, 10 mM HEPES,
pH 7.4) were needed. Medium from infected cells was festoved and 1 ml of low

KCI was added to each well and left to incubate for 30 minutes &C3After 2
minutes an aliquot of 250 ul was taken for spontaneous release measurements
along with 125 ul 0.1 M PCA (perchloric acid) and filtered with 1ml sgiagd 0.2

um Millipore filters. The samples were then stored-&0°C and later run on HPLC.
After 30 minutes, the remaining 750 pl were removed from the wells and the
sample was resuspended with 250 ul of the high KCI release buffer followed by 2
minutes incubation at room temperature. The release buffer was collected in
Eppendorf tubes containing 125 pl of 0.1M PCA and filtered with 0.2 um Millipore
filters, then stored in80°C to later run on HPLC.

6.2.4 Harvesting of PC-12 cells

After low KCI and high®{ washing steps, cells were scraped for collection by adding

1ml of RPMI medium to each well and then transferred to Eppendorf tubes, cells
were then centrifuged at 400 x g for 5 minutes and the supernatant was discarded
and resuspended in 1 ml of PBS.a\guot of 100ul of the suspension was acquired
F2N) /eév!!be¢un aale o[AFTS (SOKy2f23ASa0x
cells (proliferation assaygamples were again centrifuged at 400 x g for 5 minutes

at 4 °C, supernatants were discarded amellets were stored at-80 °C. The
remaining 900 pl of PBS suspensions were centrifuged at 400 x g for 5 minutes,
supernatants were discarded and cells were resuspended in 350 pyl 0.1 M PCA.
Suspensions were then subjected to sonication for 20 seconds tisengrobe

sonicator followed by 14 000 x g centrifugation for 15 minutes &t.4The
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supernatants were then transferred to fresh Eppendorf tubes and store@@tC
prior to HPLC.

6.2.5 Sample analysis on the HPLC

Samples were run on the reverse phasghromatography coupled with
electrochemical detection (HP{ED) by Isra Alsaady at the University of Leeds. A
brief centrifugation was applied to all the samples, cell homogenates were assayed
by HPLEED. This was achieved with a Dionex HPLC system cun®$ta P580
Pump (Dionex) and Ultimate 3000 Auto sampler Column Compartment with a C18
Acclaim 120 column (5 mm, 4.66150 mm) and an ESA Coulochem IlI cell, fitted with
a glassy carbon electrode used at 700 mV versus Ag/AgCI reference electrode for
detection of monoamines. The concentration of compounds was determined using
Chromeleon software

Statistical analysis was done using Excel and Prism software (version 6)

(http://www.graphpad.can/scientificsoftware/prism)/).
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6.3 Results

For this experiment, PC12 cell line was used as it is known togo®d model of
dopaminergic neurons. In order to confirm bradyzoite formatiorNofcaninumin

PC12 cells, an immunofluorescence assay was performed. Images taken of the
infected cells show staining of parasites with the bradyzoite biomarker-BAaGd
confirm cyst formation oN. caninumin PC12 cells using an alkaline shock method
(Figure 6.1).

Infected cels of T. gondiiaccumulated higher levels of dopamine which correlated
with the infection rate (Figure 6.2). A set of cells were also incubated in high KCI and
was measured through HPIED. Dopamine release assays were carried out to
assess effects of infection on dopamai signalling. Infected cells with different
numbers of alkaline shocked parasites were induced to release dopamine with
potassium as Kcauses discharge of dopamine in vesicles as detected in other
studies methods (Yamboliev et al. 2009) (Figure 6.2a ¥sult, dopamine release
increased in infected cultures in a dedependent manner with the number of
parasites in the culture correlating with the amount of dopamine released in
infected PC12 withr. gondii(Figure 6.2). An increase in dopamine contand
dopamine release were observed in neural cells as a direct respon§e gondii
infection. On the other hand, the production of total dopamine content measured
in PC12 cells wereaot inducedin N. caninuminfection compaed to T. gondii
infection inboth dopamine release assay and total dopamine content. This suggests
that there are low significant changes in the dopamine synthesis in the host cell
during N. caninumcyst formation compared td@. gondiiinfected cells (Figure 6.2).
The total dopamineconcentrations were compared between cells infected with
gondii and with N. caninum(bradyzoite stages) through paireetdst using Prism
software (version 6) (Figure 6.3). Results were statistically significant and showed

higher dopamine induction inetls infected withT. gondiicompared toN. caninum
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Figure 6.1Immunofluorescence staining of PC12 cells infected with alkaline indNceninumparasites. Cells were infected and left for cyst formation, followed by
immunostaining with BAG1 antibody for bradyzoite detection (IeGRITC red). Cell nucéee stained with DAPI blue and in red a¥e caninunbradyzoites.
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Figure 6.2 Dopamineconcentration measurement of PC12 cells infected wWitlgondiiand N. caninumparasites using HPIED. Both dopamine release assay and total
dopamine content were measured Three replicates were used per infection and different ratios of alkaline gherelsites were used per well. The x axis shows the cell/
parasite ratio per well, the y axis shows the percentage of dopamine concentration measurements of cells. A standardscuseel waconvert HPLC dopamine readings
to concentrations. Dopamine indad from KCL release culturesTingondiinfection (black circles), total dopamine measuredrirgondiinfection is shown in (light grey
squares) and increases in correlation with the number of parasites per infection. PC12 cells cell nhunhbetarinum infection was also measured according to the
infection ratio of cells. Dopamine induced from KCL release cultures in (dark grey triangles) and total dopamine contesdsuesd inN. caninuminfection (light grey
triangles).
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Figure 6.3:Box and whiskers plot of dopamine induction Th gondiiinfected PC12 cells (bradyzoites)
comparedto N. caninuminfected cells (bradyzoites) using Prism software (version 6). The y axis shows the
percentage measurement of the dopamine concentrations in infected cells. A standard curve was used to
convert HPLC dopamine readings to concentrations. A paitedttwasdone to compare total dopamine
concentrations of infected cells with. gondiiwith N. caninumwhich show a significant correlation).
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6.4 Discussion

In this chapter, the main aim was to investigate dopamine induction in cells infected\with
cannum compared to cells infected witfi. gondii Parasites were first converted the
bradyzoite stage usin@n alkaline shock procedure. Confirmation of conversion was
assessed in cells infected withh. caninumusing immunostaining with BAG1. Results of
dopamine measurements in PC12 cells clearly indic#itat N. caninunmdid not induce any
distinct changes in dopamine production in infected cells comparen. gondii(Figure 6.2
and 6.3).

Behavioral changes in hosts may be a direct or an indirect effélct gondiiinfection. It has
already been presented that. gondiincreases the dopamine level boitth vivoandin vitro
(Prandovsky et al. 2011). The parasite itself was found to contain two genes involved in the
dopamine synthesis along with its closglative N. caninum thesewere not detected in

other Apicomplexgarasites such aB. falciparunor Eimeria spp(McConkey et al. 2013).

In order for the parasite to successfully complete its life cycle, it must modulate and alter its
intermediate host responses and behaviour (Barnard 19%ce the sexual cycle can only
take place in the cat, it is crucial for the parasite to evolvesaay its transmission to the
definitive host (Webster et al. 2006). Webster, Brunton & MacDonald (1994) demonstrated

that T. gondicauses an increase activity and also minimizes fear behavioadents

The cat and mouse cycle has appeared to be successful for the parasites survival and
persistence. As proven by many studies, this can be done through alteration of behaviour of
the intermediate host during the chronic stage of infection. These interediimgjngs
showed dramatic changes in the behaviour of infected mice towards their predators (the
cat); causing them to be attracted to their odour rather than escaping from it (Berdoy,
Webster & Macdonald 2000; Kaushik, Lamberton & Webster 2012). It hasdpeeulated

that T. gondiicysts might be associated with the modulation of dopamine production, or
interfere directly with neuronal activity of the host (Gaskell et al. 2009; Prandovszky et al.
2011; Mitra, Sapolsky & Vyas 2013). Furthermore, there leen reports of higher cyst
burden found in the amygdalar regions of the bramthe intermediate host which is

associated with innate fear (Vyas et al. 2007).
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The findings in this chapter related t®. gondiidopamine induction in cellsvere in
agreemer with previous findings related to the increase dopamine signaling of neural cells
during T. gondiiinfection. Dopamine levels were found increased by 114% comparing to
controls, in which no changes were detected in chronically infected mice Tvithondi
(Stibbs 1985). Prandovslkgt al. (2011) also found higher concentration of dopamine

signalling in arn vitro experiment in neural cells infected with gondii

On the other hand, cells infected with. caninumdid not exhibit any significant changes in
dopamine secretion, suggesting that that parasite does not alter dopamine levels in the
brain. This may be associated with the successful vertical transmissidh o&ninum
through the vertical route from the ntber to the fetus in cattle, therefore does not require

the alteration of the behavior of its intermediate hosts such as in rodents. It was suggested
that T. gondiiandN. caninundiverged from their common ancestor around 28 million years
ago where both gnomes and gene expression are conserved (Reid et al. 2012). This could
explain why the two genes involved in dopamine synthesis were found inMotaninum

and T. gondiiand not in other apicomplexan parasites. Another explanation to \Why
caninumdoes not induce dopamine changes in infected cells could be associated with
recent findings related to Ropl18 gene which is a virulent gene found. igondiiwas
discovered to be a pseudo genehh caninum(Reid et al. 2012)hisstudy has provided

new insights in differences between these closely related parasites toward host

manipulation and specifically in dopamine secretion in the brain.

Further work can be done to confirm the findings detecteditro through the examination

of dopamine induction in mae modelsif vivg during infection withT. gondiicompared

to N. caninumalong with uninfected (control) models. Another novel approach would be to
explore dopamine induction in cattle. There is a lack in the number of studies relatéd to
caninum infedions; and specifically in the study of possible behavioral changes in
intermediate hosts, which may open new insightdNincaninuninvestigations in the CNS of

it hosts.
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7 Chapter seven: Discussion and future perspectives

The work presented in this thesis supports the hypothesis that there are differences in
human astrocyte responses during infection with gondiicompared toN. caninum The
comparative study was achieved through the applicatiomaianced global analysis of the
host cells transcriptome, proteome and secretome during infection. The tachyzoite stage for
both parasites were used in most of the experiments, as it is known to be the highly invasive
stage involved in the pathogenesis oatne in both Toxoplasmosis and Neosporosis, in

which both parasites can reach critical sites and tissue of the infected host, such as the CNS.

The basis of the selection @f gondiiand N. caninumcomparative analysis during host cell
infection was that hese two parasites have very similar histological appearance but behave
differently. N. caninumwas first distinguished fron. gondiiin 1984 (Bjerka®t al. 1984)
along with the high syntenic genome structure (Reidal. 2012). Another fact is the wide
host range thatT. gondiihas in which it can infect many warm blooded animals including
humans (Montoya & Liesenfeld 2004), wherd&ascaninunis mainly successful in cattle and
has a more restricted host range (Lindssgtyal. 1999; McAllisteret al. 19989. The CNS
contains different cells and one of the most abundant cell typesastrocytes that also
harbour parasites during infection (Hulinskaal. 1990; Haloneret al. 1996). Therehave
been limited transcriptomic and proteomic studies investigatiNg caninuminfection,
where no comparative studies in astrocytes duringgondiiand N. caninuminfection have

been published.

The main findings associated with this thesis were the identification of transcripts and
secreted proteins differentially expssed between the host cells infected with gondiiand
those infected with N. caninumthat were related to cytokines, chemokines and cell
adhesion molecules. Previous studies have found that during infection or injury of
astrocytes; they result in the nmgtion of leukocytes to the site of infection (Brenier
Pinchartet al.2004; Straclet al.2002).

In chapter two, 2EDIGE followed by LKAS/MS analysis was used for the comparative study

of human astrocytes between two strains &f gondiiand N. caninum Although this
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technique is believed to be a sensitive, high resolution method tf&r detection of
differentially expressed proteins; it is time consuming, laborious and technical difficulties
were present. The number of proteins identified and quantifeidifferentially expressed
were very low. Coupled with the fact that more than one protein was identified under the
same protein spot of interest, which made it difficult to distinguish the exact protein found
differentially expressed. Proteins have beddentified, such as enzyme -lactate
dehydrogenase A chain, that is involved in the glycolysis, as well as Ankyrin3 were found
differentially modulated between the infected cells, in which were-mpdulated inT.
gondii infected cells. That may suggestat T. gondiimodulates proteins for nutritional
uptake and regulation of ion transport for the parasites propagation and establishment in
cells. While proteins such as Vimentin and Syne2 wermagulated inN. caninuninfected

cells compared td@. gondij suggesting thal. caninunmay modifythe cytoskeleton of host
cellsfor parasitesinvasion and entry. In order to understand results obtained frord2GE,
considerations in separation limitations and the frequently observed phenomena of
multiple protens migrating to the same spot must be taken in mind. Therefore, agebn
based method using labeklree quantitative approach was carried out through the

application of high resolution tandem mass spectrometry.

In chapter three, changes in the transdome of astrocytes during the early stage of
parasitic infection was investigated at three different time points, through the application of
high resolution RN/&Seq. This has provided valuable insights into the potential biological
roles of the expressedmb ! Y 2f SOdzt S& I yR RS(USOGA2Y 2F RAT
between the two infections. These differences were mostly related to metabolic and cell
signalling pathways and biological and cellular localization, such as cytokolene
receptor pahway and CAM pathway. Significant differences were observed between HA
cells infected withT. gondiior N. caninumin expressed transcripts, such as CXCL1, CCL2,
CXCL2, IL8, VCAM1 and NCAM2. Differences identified in cytokine, chemokine and cell
adhesion molecules are key findings in this chapter and may indicate increased cell
transmigration across the blood brain barrier (BBB) in HA cells infected Twitdpondii
compared toN. caninumnfection. CCL2, VCAM1 have been demonstrated to be involved in
paraste migration across the BBB and their involvement in toxoplasmic encephalitis

(Carruthers & Suzuki 2007; Deck&hliteret al. 1994). In addition, molecules associated
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with neutrophil migration weregreater in HA cells infected wittN. caninum which
contradicts other studies that have demonstrated -uggulation of neutrophils inT. gondii
infection (Kikumura et al. 2012; Denney et al. 1999). Differences with the previous studies
could be related to the use of different cell lines (HeLA and Hff calid}he period of
infection incubation (which was higher 28 hours p.i.), which may suggest that cells
respond differently to parasitic infection with. gondiior N. caninum Thevalidationof the
expression of these transcriptg vivo will further confim similarities or differences
between in vivo and in vitro cell transcriptional analysisOne of the main challenges
associated with the RN8eq approach was the high cost and difficulties associated with the
availability of sufficient amounts of mRNA feequencing. In this analysis, two replicates
were pooled for all three time points and a total of six samples were sequenced and
analysed. Although it is recommended to use replicates in transcriptomic analysis, collecting
enough mRNA material at each pband the high cost @re two of the drawbacks in this
investigation. However, many published studies used no replicates in their investigations

owing to the use of RN&eq deep sequencing (Brawaetoal.2011; Gravelegt al.2011)

In chapter four, glbal proteomic profiling of human astrocytes during infection (at 0, 4 and

16 hours p.i.) was carried out across the time series for the mRNA analysis using label free
guantitative proteomics. This method was more accurate, less time consuming and
identified more than 1000 statistically significant proteins in both infected HA cells
compared to gebased quantitative analysis. Cellular localization and metabolic functions
were associated with host mitochondria and ER, along with biological processes mainly
rStEFTOSR 02 GNIYAONRLIIAZ2Y FYR OUNXyatlraazyl €
profiles were highly observed. This may indicate that at early stages of infection, both
LI N aAGSa& Y2Rdz Isin & sindilé& Sattér 2Fariher enalysiBl@nly Staggs of

host cell invasion in astrocytes, along with-28 hours post infection, may enable the
detection of changes that might have only occurred in very early stages or that are in the
process of changing between host infections that might hia@en missecdut in the time

points chosen for the experiment. Nonetheless, this method has proven to be of higher
sensitivity and increased identification and quantification of expressed proteins compared

to 2D-DIGE gel based approach.
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The secretome hasagned the attention of many researchers and is considered to be a
biomarker and diagnostic tool for the investigation in many areas of research; including
cancer, hospathogen interactions and vaccine drug development (Ochsenbein 2002;
Sibbaldet al.2009; Brey 2005). In additipatudies of parasites excretory secretory antigens
(ESA) was found to be a successful tool in diagnostics, as found in a study dbngoodlii

ESA that enabled to differentiate between active infected and asymptomatipatishts

with cerebral toxoplasmosi@Vieira et al. 2011)Astrocytes are known to secrete cytokines,
chemokine and signalling proteins outside the cell during inflammation or injury (Fischer et

al. 1997).

In chapter five, expression profiles of secreted proteins were investigated usingfriebel
guantitative proteomics. A comparative analysis of proteins secreted from human
astrocytes during’. gondiiand N. caninuminfection was performed. This was dorteaugh

the collection of secreted proteirend were analysed by mass spectrometryMS/MS and
bioinformatic analysis. Interestingly, significant differences were noticed between
infections, mostly related to cytokise chemoking, protein kinases and celidhesion
molecules. Molecules associated with the pathogenesid.ofjondiiin the brain such as
CXCL1 and CCL2, wereregulated in astrocytes infected with this parasite when compared
to N. caninuminfected cells.Researchers have linked the wpgulaion of these proteins
during infection withT. gondiwith toxoplasmic encephalitis (Straekal.2002; Hunteret al.
1992b). Cell adhesion molecules are associated with many diseases in the brain, especially
related to cerebral parasitic infections sucis cerebral malaria, toxoplasmosis and
trypanasomiasis (Kadl & Leitinger 2005; Coishal. 2006). ICAM1 and VCAM1 were-up
regulated in astrocytes infected witd. gondij which may be associated with the
transmigration of the parasites through the BBBdaihe ability to successfully reach the
brain (Carman & Springer 2004; Ifergainal. 2006). There wersignificantlyup regulated
expressed chemokines in one infection compared to the other. For example; CXCL1, CXCL2
and IL8 are mainly involved in the raitment of neutrophils. Yetdifferences in their
secretion during astrocyte infection with. gondiiand N. caninumwere detected. Whereas
CXCL1 was wpegulated in astrocytes infected with. gondiilmore than 38 fold), CXCL2 and
IL8 were ugregulated inN. caninumwith nearly 60 fold change in CXCL2 and more than 30

fold increase in IL8. It was intriguing that although all these chemokines were mainly
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associated with neutrophil migration to sites of inflammation, differences were observed in
their secretiors. This may suggest that additional functions may be associated with this
family of chemokines, or thal. gondiiis delaying increased induction of these chemokines
for its benefitto establish itself in the brain. These key findings inncbkine and CAM
protein differences in expression profiles clearly demonstrate the importance in studying
the cells secreted proteins, which was not detected in the proteome study of host cells

(chapter four).

When comparing transcriptome analysis of inéztastrocytes with the secretome analysis,
similarities in expression profiles of certain molecules were found. For instance, IL8 and
CXCL2 were upegulated in both the mRNA and the secretome analysf astrocytes
infected withN. caninumcompared toT. gondii Also, CCL2 and VCAM1 were up regulated
in both analys of astrocytes infected witfi. gondii These changes were also not detected

in host proteome analysis during infection (chapter four). On the other hand, there were
some differences found beteen both studies; such as CX@hdt was transcriptionally up
regulated in astrocytes infected withl. caninumcompared toT. gondiiinfected cells.
Whereas CXCL1 in the secretome data w@asegulated in astrocytes infected with. gondii

compared toN. caninuminfection.

Another key investigation in this thesis was the examination of neurotransmitter stimulation

through dopamine production in neural cells during infection with both parasites.

In chapter six, the study aimed to compare dopamine inductioneural host cells infected

with the N. caninumbradyzoite cyst stage to infected cells withgondiicysts. The results in

this chapter supports the hypothesis thit caninumwill not induce dopamine production

in neural infected cells compared thd findings in cells infected witlh. gondii Previous

work has already shown the ability ©f gondiito increase dopamingroductionin the brain

both in vivoand in vitro (Gaskellet al. 2009; Prandovszkgt al. 2011). This suggested the

possible role of dopamine induction in chronically infected mice with gondii to

behavioural changes of the host. This study found that rodents were more attracted to their
LINBRIFG2NRa 60GKS OF G0 2 Ra2cdaNductitd INg cyiclé Ghroldh thé & A G S 2
cat mouse cycle) (Berdat al. 2000; Kaushilet al. 2012). It has also been linked to other

diseases of the CNS in humans such as schizophrenia (Carlsson 1988; Howes & Kapur 2009).
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It has been hypothesised that reded virulence is associated with the evolution of vertical
transmission in viruseg¢Stewart, Logsdon & Kelley 2009)loreover, speciation of\N.
caninumand T. gondiiwas estimated to have occurred 28 million years ago after the
divergence of their respective definitive hosts, the cat and dog. This may be related to
findings associated with dopamine induction differencesated betweenl. gondiiand N.
caninum The identification of ROP18; a secretory gene known to be associated with
virulence inT. gondiiwas found to be a pseudo genelh caninum(Reidet al., 2012) may

also be associated with host behavioural outcorfiee loss of ROP18 functionNin caninum

may signify the fact that the wide range in intermediate host species are less important to
N. caninumand the importance of the cahouse cycle in the epidemiology ©f gondiimay
explain the necessity of RORf&diated inactivation of immunityelated GTPases (IRG) in
mice (Reidet al. 2012). The expansion of antigen proteinsNn caninumcompared toT.
gondiimay also propose thall. caninummhas become more specialized in its host range, and
is known to be suassfully transmitted through the vertical route in cattle. This,
caninumdoes not need to alter or induce dopamine production insthcells in the CNS

during infection compared td@. gondii

7.1 Future perspectives

Continuing the research in this thesis, deeper comparative investigation of astrocyte
infection with T. gondiiand N. caninumcan be further expanded in many ways. Proteomic
analysis between virulent and less virulent straing ofondiiand N. caninumin astrocytes

will assist in comparativanalysis and differences pathogen outcome in host cell responses
in association with the parasite strain. Neurons are also important cells of the tB&S,
comparisonof both transcriptomic and proteomic expression of these cells alongside
astrocytes duringl. gondiiand N. caninuminfection would provide valuable insightin
differences related to infection and disease contribugan the CNS. This can be applied
through immune studiesn vivoon mouse model infections alongside the usfeprimary cell

linesin vitro.

The latent stage of infection is an important stage to explore as it can be found in both

immune competent and immune supressed hosts. In the latter, reawbon of the
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bradyzoites to tachyzoites can result in severe TE or even dedthgandiiinfections (Luft
& Chua 2000). Therefore, observatom expression changes vivoin different mouse
strains, susceptible and resistant to infection can delivauable knowledge to both the

biological and clinical aspesaf brain infection and pathogenesis.

Further confirmation of the expression of key molecules identified at the transcriptional and
proteomic level will enlighten further detailed studies. Etianal investigations of key
molecule findings in this thesis; such as cytokine and cell adhesion molecules through host
RNAinterference (RNAI) silencing of certain molecules (such as VCAM1 and CCL2) in host
cells could enable the determination of whyariges in these calbccur. The application of
knockout genes in tachyzoites; such as ROP18 proteins related to virulence can be applied
to compare betweerN. caninumand T. gondiiin response to the possible involvement of

this gene in neural cell modulans or vice versa through knoak gene of ROP18 IN.

caninumtachyzoites.

Finally, transmigration adhesion assays involves the migration of cells across the
endothelium This can be applied through the use of BBBitro models and 3D well models

to assistin the validaion of infected astrocytes in the migration of leukocytes that can
KAIKEAIKG aA3IyAFAOFIYyd OKFy3aSa GKIFIG YI& 0SS 206
can be used in astrocyte conditioned media to explore the differences iokiogs

associated with neutrophil activation identified between the two infections. As neutrophil
activation (such as IL8 and CXCL2) was detdotdat up-regulated in host cells infected

with N. caninumcompared toT. gondiiinfected cells in both transiptome and secretome

investigations.

7.2 Conclusions

Overall, this work provided the first large scale transcriptomic and proteomic profiling of
human astrocytes infected witd. gondiiand N. caninumtachyzoites and significantly
increased the knowledge of host cell response during parasitic infection in the CNS. State of

the art techniques in transcriptomic and proteomic approaches identified and quantified
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global expression changes occurring in hanastrocytes during infection. Two different
proteomic techniques have been used;-palsed and nowgel based methods were applied

to characterize the proteome of infected host cells. The results have aided the identification
of differences in host cell pteins during infection witlT. gondicompared toN. caninumnin
chemokine and cell adhesion molecules (CCL2, CXCL2, ICAM1 and VCAM1) and the
identification of differences in the expression and regulation of molecules related to
immune responses and celligealling processes. Transcriptional analysis identified
differencesin key molecules in metabolic pathways between infected cells, such as cytokine
and CAM metabolic pathway Changes in dopamine secretion in dopaminergic cells
infectedwith N. caninuncompared toT. gondiishowed no significanihcreasein dopamine
production, which may suggest th&t. caninumdoes not alter behaviour changas the
intermediate hosts brainThis study has provided new insights in differences between these
closely relatedparasites toward host manipulation and specifically in dopamine secretion in

the brain.

References

Abe, C., Tanaka, S., lhara, FN&hikawa, Y. (2014) 'Macrophage depletion prior to Neospora
caninum infection results in severe neosporosis in miCéh Vaccine Immunovol. 21, no. 8, pp.
11851188.

Adams, D.H. & Lloyd, A.R. (1997) 'Chemokines: leucocyte recruitment and actab&mes',
Lancet vol. 349, no. 9050, pp. 49195.

215



Aebersold, R. & Mann, M. (2003) '‘Mass spectrombtrged proteomicsNature, vol. 422, no. 6928,
pp. 198207.

lAyaldz2s6s 9 Y® g . NIYYRI ad5d OmMdbdhpdd WlddtiieS Ny | £ D
phospt2 NEf I G A2y Ay EUNJ Bioch&n8olJi266 200 #3784 Q

AlAnouti, F., Tomavo, S., Parmley, S. & Ananvoranich, S. (2004) 'The expression of lactate
dehydrogenase is important for the cell cycle of Toxoplasma gohdigl Chenvol. 279, no. 50, pp.
5230052311.

Alban, A., David, S.O., Bjorkesten, L., Andersson, C., Sloge, E., Lewis, S. & Currie, I. (2003) 'A novel
experimental design for comparative twdimensional gel analysis: twdimensional difference gel
electrophoresis inorporating a pooled internal standardyoteomicsvol. 3, no. 1, pp. 384.

AlKurashi, M., Eastick, F.A., Kuchipudi, S.V., Rauch, C., Madouasse, A., Zhu, X.Q. & Elsheikha, H.M.
(2011) 'Influence of culture medium pH on internalization, growth and phgiot plasticity of
Neospora caninumVet Parasitqlvol. 177, no. 3}, pp. 267274.

Amichay, D., Gazzinelli, R.T., Karupiah, G., Moench, T.R., Sher, A. & Farber, J.M. (1996) 'Genes for
chemokines MuMig and C& are induced in protozoan and viral infectoin response to IFN

gamma with patterns of tissue expression that suggest nonredundant roles in Yikomunal vol.

157, no. 10, pp. 4534520.

Amzallag, N., Passer, B.J., Allanic, D., Segura, E., Thery, C., Goud, B., Amson, R. & Telerman, A. (2004)
'TSAPG facilitates the secretion of translationally controlled tumor protein/histam@leasing factor
via a nonclassical pathway'Biol Chervol. 279, no. 44, pp. 461e%6112.

An, E., Sen, S., Park, S.K., Gofdiglssman, H. & Hathout, Y. (2010) 'ltfération of novel
substrates for the serine protease HTRAL in the human RPE secretovest Ophthalmol Vis Sci
vol. 51, no. 7, pp. 3379386.

Annunenw | aAf I X Wodx hKf¢
cytoskeletonNB a Ll2yasSa Ay 2
2189%2200.

ax <
O

ASNE {3 ¢d2112Z | ®o= + S A
iS2al NO2YIl ®Pofedmicsvd. N pEk NI R dzO

a

Antelmann, H., Tjalsma, H., Voigt, B., Ohlmeier, S., Bron, S., van Dijl, J.M. & Hecker, M. (2001) 'A
proteomic view on genombased signal peptide predictishGenome Resvol. 11, no. 9, pp. 1484
1502.

Antony, J.M., van Marle, G., Opii, W., Butterfield, D.A., Mallet, F., Yong, V.W., Wallace, J.L., Deacon,
R.M., Warren, K. & Power, C. (2004) 'Human endogenous retrovirus glycopradiated induction

of redax reactants causes oligodendrocyte death and demyelinatidat, Neurosgivol. 7, no. 10,

pp. 10881095.

Arendt, G., von Giesen, H.J., Hefter, H., Nelsgob, E., Roick, H. & Jablonowski, H. (1999)-'Long
term course and outcome in AIDS patients with teadtoxoplasmosis/Acta Neurol Scandiol. 100,
no. 3, pp. 178184.

Askonas, B.A. (1975) 'Immunoglobulin formation in B lymphoid c&l@lin Pathol Suppl (Assoc Clin
Pathol) vol. 6, pp. 8.2.

Atluri, V.S., Kanthikeel, S.P., Reddy, P.V., Yndart,N&ir&M.P. (2013) 'Human synaptic plasticity
gene expression profile and dendritic spine density changes winfd&ted human CNS cells: role in
HI\fassociated neurocognitive disorders (HANB)0S Onevol. 8, no. 4, p. €61399.

216



Bachoo, R.M., Kim, R.8igon, K.L., Maher, E.A., Brennan, C., Billings, N., Chan, S., Li, C., Rowitch,
D.H., Wong, W.H. & DePinho, R.A. (2004) 'Molecular diversity of astrocytes with implications for
neurological disordersRroc Natl Acad Sci U Sval. 101, no. 22, pp. 838&B89.

Backman, L., Lindenberger, U., Li, S.C. & Nyberg, L. (2010) 'Linking cognitive aging to alterations in
dopamine neurotransmitter functioning: recent data and future avenul€urosci Biobehav Rev
vol. 34, no. 5, pp. 67677.

Bajetto, A., Bonavia, RBarbero, S., Florio, T. & Schettini, G. (2001) 'Chemokines and their receptors
in the central nervous systentront NeuroendocrinpVol. 22, no. 3, pp. 14184.

Bammler, T., Beyer, R.P., Bhattacharya, S., Boorman, G.A., Boyles, A., Bradford, BasneBumg

R.E., Bushel, P.R., Chaturvedi, K., Choi, D., Cunningham, M.L., Deng, S., Dressman, H.K., Fannin, R.D.,
Farin, F.M., Freedman, J.H., Fry, R.C., Harper, A., Humble, M.C., Hurban, P., Kavanagh, T.J.,
Kaufmann, W.K., Kerr, K.F., Jing, L., LapiduslLdsarev, M.R., Li, J., Li, Y.J., Lobenhofer, E.K., Lu, X.,
Malek, R.L., Milton, S., Nagalla, S.R., O'Malley J, P., Palmer, V.S., Pattee, P., Paules, R.S., Perou, C.M.,
Phillips, K., Qin, L.X., Qiu, Y., Quigley, S.D., Rodland, M., Rusyn, |., SamSamwafz, D.A., Shi,

Y., Shin, J.L., Sieber, S.0., Slifer, S., Speer, M.C., Spencer, P.S., Sproles, D.l., Swenberg, J.A., Suk, W.A.,
Sullivan, R.C., Tian, R., Tennant, R.W., Todd, S.A., Tucker, C.J., Van Houten, B., Weis, B.K., Xuan, S. &
Zarbl, H. (2005)Standardizing global gene expression analysis between laboratories and across
platforms',Nat Methods vol. 2, no. 5, pp. 35356.

Banks, W.A., Kastin, A.J. & Gutierrez, E.G. (1994) 'Penetration of inteieakimss the murine
blood-brain barrier',Neurosci Lettvol. 179, no. 2, pp. 5356.

Bannister, L.H., Hopkins, J.M., Dluzewski, A.R., Margos, G., Williams, I.T., Blackman, M.J., Kocken,
C.H., Thomas, AW. & Mitchell, G.H. (2003) 'Plasmodium falciparum apical membrane antigen 1
(PfAMAL) is transloated within micronemes along subpellicular microtubules during merozoite
development'J Cell Scvol. 116, no. Pt 18, pp. 3823834.

Barber, J.S. & Trees, A.J. (1998) 'Naturally occuring vertical transmission of Neospora caninum in
dogs',InternationalJournal for Parasitologyol. 28, pp. 5%64.

. FNYEFNRZ /@ WO ompdhnd Wt N AAGAO NBJ Bainargd & & KA LJ& Q
M. Behnke), pd¢33. London, UK: Taylor & Francis.

Barr, B.C., Anderson, M.L., Dubey, J.P. & Conrad(F2@la) 'Neosporlike protozoal infections
associated with bovine abortiond/et Pathagl vol. 28, no. 2, pp. 11016.

Barr, B.C., Conrad, P.A., Dubey, J.Rnéerson, M.L. (1991b) 'Neospdike encephalomyelitis in a
calf: pathology, ultrastructure, and immunoreactivity'Vet Diagn Investol. 3, no. 1, pp. 396.

Barragan, A., Brossier, F. & Sibley, L.D. (2005) 'Transepithelial migration of Toxoplasiiha go
involves an interaction of intercellular adhesion molecule 1 (IdAMith the parasite adhesin
MIC2',Cell Microbiglvol. 7, no. 4, pp. 56368.

Bartsch, U. (2003) 'Neural CAMS and their role in the development and organization of myelin
sheaths'Font Bioscivol. 8, pp. d47-490.

Basch, M.L., Garefaastro, M.I. & Bronnefraser, M. (2004) 'Molecular mechanisms of neural crest
induction’,Birth Defects Res C Embryo Today. 72, no. 2, pp. 16923.

Baum J., Papenfuss A. T., Baum B., Spee®T.R.2 6 Yl Yy | @ C® oOoHnncuv WYwS3dzA
actind I & SR YNatiReWisrab®lQal. 4, pp. 624628.

217



Beckers, C.J., Dubremetz, J.F., Mercefaijalon, O. & Joiner, K.A. (1994) 'The Toxoplasma gondii
rhoptry protein ROP 2 is inserted into thparasitophorous vacuole membrane, surrounding the
intracellular parasite, and is exposed to the host cell cytopla$r@ell Biplvol. 127, no. 4, pp. 947
961.

Beiting, D.P., Peixoto, L., Akopyants, N.S., Beverley, S.M., Wherry, E.J., Christian, terAC.Aun
Brodsky, I.E. & Roos, D.S. (2014) 'Differential induction of-déft®dent innate immune signaling
by closely related parasite specid?l,0S Onevol. 9, no. 2, p. e88398.

Bendtsen, J.D., Kiemer, L., Fausboll, A. & Brunak, S. (2005¢la¥ssal protein secretion in
bacteria’,BMC Microbiglvol. 5, p. 58.

Bennett, S.T., Barnes, C., Cox, A., Davies, L. & Brown, C. (2005) 'Toward the 1,000 dollars human
genome',Pharmacogenomi¢ol. 6, no. 4, pp. 37382.

Bennuru, S., Meng, Z., Ribeiro, J.Bemnani, R.T., Ghedin, E., Chan, K., Lucas, D.A., Veenstra, T.D. &
Nutman, T.B. (2011) 'Stagpecific proteomic expression patterns of the human filarial parasite
Brugia malayi and its endosymbiont Wolbachi®aoc Natl Acad Sci U Swbl. 108, no. 23)p. 9649

9654.

Bentaib, A., De Tullio, P., Chneiweiss, H., Hermans, E., Junier, M.P. & Leprince, P. (2014) 'Metabolic
reprogramming in transformed mouse cortical astrocytes: a proteomic stdid3fpteomics

Bentley, D.R., Balasubramanian, S., Swerdla®,, bmith, G.P., Milton, J., Brown, C.G., Hall, K.P.,
Evers, D.J., Barnes, C.L., Bignell, H.R., Boutell, J.M., Bryant, J., Carter, R.J., Keira Cheetham, R., Cox,
A.J., Ellis, D.J., Flatbush, M.R., Gormley, N.A., Humphray, S.J., Irving, L.J., Karb&l&shiitik,

S.M., Li, H., Liu, X., Maisinger, K.S., Murray, L.J., Obradovic, B., Ost, T., Parkinson, M.L., Pratt, M.R.,
Rasolonjatovo, I.M., Reed, M.T., Rigatti, R., Rodighiero, C., Ross, M.T., Sabot, A., Sankar, S.V., Scally,
A., Schroth, G.P., Smith,.B1, Smith, V.P., Spiridou, A., Torrance, P.E., Tzonev, S.S., Vermaas, E.H.,
Walter, K., Wu, X., Zhang, L., Alam, M.D., Anastasi, C., Aniebo, I.C., Bailey, D.M., Bancarz, |.R.,
Banerjee, S., Barbour, S.G., Baybayan, P.A., Benoit, V.A., Benson, K.E,, Béack, P.J., Boodhun,

A., Brennan, J.S., Bridgham, J.A., Brown, R.C., Brown, A.A., Buermann, D.H., Bundu, A.A., Burrows,
J.C., Carter, N.P., Castillo, N., Chiara, E.C.M., Chang, S., Neil Cooley, R., Crake, N.R., Dada, O.0.,
Diakoumakos, K.D., Domingdéernandez, B., Earnshaw, D.J., Egbujor, U.C., ElImore, D.W., Etchin,
S.S., Ewan, M.R., Fedurco, M., Fraser, L.J., Fuentes Fajardo, K.V., Scott Furey, W., George, D., Gietzen,
K.J., Goddard, C.P., Golda, G.S., Granieri, P.A., Green, D.E., Gustafstanden,.N.F., Harnish, K.,
Haudenschild, C.D., Heyer, N.I., Hims, M.M., Ho, J.T., Horgan, A.M., Hoschler, K., Hurwitz, S., Ivanov,
D.V., Johnson, M.Q., James, T., Huw Jones, T.A., Kang, G.D., Kerelska, T.H., Kersey, A.D., Khrebtukova,
l., Kindwall, A.P.ikgsbury, Z., KokkGonzales, P.l., Kumar, A., Laurent, M.A., Lawley, C.T., Lee, S.E.,
Lee, X., Liao, AK., Loch, J.A., Lok, M., Luo, S., Mammen, R.M., Martin, J.W., McCauley, P.G., McN:itt,
P., Mehta, P., Moon, K.W., Mullens, J.W., Newington, T., Ninging.Ng, B., Novo, S.M., O'Neill,

M.J., Osborne, M.A., Osnowski, A., Ostadan, O., Paraschos, L.L., Pickering, L., Pike, A.C., Chris Pinkard,
D., Pliskin, D.P., Podhasky, J., Quijano, V.J., Raczy, C., Rae, V.H., Rawlings, S.R., Chiva Rodriguez, A.,
Roe, PM., Rogers, J., Rogert Bacigalupo, M.C., Romanov, N., Romieu, A., Roth, R.K., Rourke, N.J.,
Ruediger, S.T., Rusman, E., Sanghggser, R.M., Schenker, M.R., Seoane, J.M., Shaw, R.J., Shiver,
M.K., Short, S.W., Sizto, N.L., Sluis, J.P., Smith, M.A., &ohest Sohna, J., Spence, E.J., Stevens, K.,
Sutton, N., Szajkowski, L., Tregidgo, C.L., Turcatti, G., Vandevondele, S., Verhovsky, Y., Virk, S.M.,
Wakelin, S., Walcott, G.C., Wang, J., Worsley, G.J., Yan, J., Yau, L., Zuerlein, M., Mullikin, J.C., Hurles,
M.E., McCooke, N.J., West, J.S., Oaks, F.L., Lundberg, P.L., Klenerman, D., Durbin, R. & Smith, A.J.
(2008) 'Accurate whole human genome sequencing using reversible terminator chenNstiy'e,

vol. 456, no. 7218, pp. E0.

218



Berdoy, M., Webster, J.P. Blacdonald, D.W. (1995) 'Parasiéiered behaviour: is the effect of
Toxoplasma gondii on Rattus norvegicus specife®asitologyvol. 111 ( Pt 4), pp. 4689.

Berdoy, M., Webster, J.P. & Macdonald, D.W. (2000) 'Fatal attraction in rats infected with
Toxoplasma gondiiRroc Biol Scvol. 267, no. 1452, pp. 159594.

Berenreiterova, M., Flegr, J., Kubena, A.A. & Nemec, P. (2011) The distribution of Toxoplasma gondii
cysts in the brain of a mouse with latent toxoplasmosis: implications for lkbavoural
manipulation hypothesisPLoS Onevol. 6, no. 12, p. e28925.

Besteiro, S., Michelin, A., Poncet, J., Dubremetz, J.F. & Lebrun, M. (2009) 'Export of a Toxoplasma
gondii rhoptry neck protein complex at the host cell membrane to form the moving amctiiring
invasion',PLoS Pathqgol. 5, no. 2, p. e1000309.

Bjerkas, 1., Mohn, S.F. & Presthus, J. (1984) 'Unidentifiedfaysing sporozoon causing
encephalomyelitis and myositis in dogé'Parasitenkdvol. 70, no. 2, pp. 27274.

Blader, 1.J. & SgeJ.P. (2009) 'Communication between Toxoplasma gondii and its host: impact on
parasite growth, development, immune evasion, and virulendeimis vol. 117, no. %, pp. 458
476.

Blader, 1.J., Manger, 1.D. & Boothroyd, J.C. (2001) 'Microarray an@ysas previously unknown
changes in Toxoplasma gonitifected human cells] Biol Chemvol. 276, no. 26, pp. 242231231.

Blasi, E., Barluzzi, R., Mazzolla, R., Pitzurra, L., Puliti, M., Saleppico, S. & Bistoni, F. (1995)
'‘Biomolecular events involveid anticryptococcal resistance in the brailmfect Immun vol. 63, no.
4, pp. 12181222.

Blume, M., Rodrigue€ontreras, D., Landfear, S., Fleige, T., Seffdatie, D., Lucius, R.@upta, N.
(2009) 'Hosterived glucose and its transporter in the obligate intracellular pathogen Toxoplasma
gondii are dispensable by glutaminolysBroc Natl Acad Sci U $ vbl. 106, no. 31, pp. 12998
13003.

Bohne, W. & Roos, D.S. (1997) 'Stagecfic expression of a selectable marker in Toxoplasma gondii
permits selective inhibition of either tachyzoites or bradyzoith#] Biochem Parasitpivol. 88, no.
1-2, pp. 115126.

Bondarenko, P.V., Chelius, D. & Shaler, T.A. (2002) 'Identification atiderguantitation of protein
mixtures by enzymatic digestion followed by capillary revefsikase liquid chromatography
tandem mass spectrometryAnal Chemvol. 74, no. 18, pp. 4744749.

Bradley, P.J., Ward, C., Cheng, S.J., Alexander, D.L., GoGeorgbs, G.H., Dunn, J.D., Ferguson,
D.J., Sanderson, S.J., Wastling, J.M. & Boothroyd, J.C. (2005) 'Proteomic analysis of rhoptry
organelles reveals many novel constituents for Rostasite interactions in Toxoplasma gondii',

Biol Chemvol. 280, no40, pp. 34245834258.

Brawand, D., Soumillon, M., Necsulea, A., Julien, P., Csardi, G., Harrigan, P., Weier, M., Liechti, A.,
AximuPetri, A., Kircher, M., Albert, F.W., Zeller, U., Khaitovich, P., Grutzner, F., Bergmann, S.,
Nielsen, R., Paabo, S. & Kaessm H. (2011) 'The evolution of gene expression levels in mammalian
organs',Nature, vol. 478, no. 7369, pp. 34&18.

BrenierPinchart, M.P., BlarGonnet, E., Marche, P.N., Berger, F., Durand, F., Amirb@maas, P.

& Pelloux, H. (2004) 'Infection of iman astrocytes and glioblastoma cells with Toxoplasma gondii:
monocyte chemotactic proteii secretion and chemokine expression in vitéGta Neuropathql

vol. 107, no. 3, pp. 24349.

219



BrenierPinchart, M.P., Pelloux, H., Simon, J., Ricard, J., Bodso&, Ambroisefhomas, P. (2000)
‘Toxoplasma gondii induces the secretion of monocyte chemotactic praté@nhuman fibroblasts,
in vitro', Mol Cell Biochegvol. 209, no. 2, pp. 7987.

BrenierPinchart, M.P., Vigan, |., Jowhfarche, E., Marche, P.NPelet, E., Gross, U., Ambroise
Thomas, P. & Pelloux, H. (2002) 'Monocyte chemotactic prdtesecretion and expression after
Toxoplasma gondii infection in vitro depend on the stage of the paraBENS Microbiol Letvol.
214, no. 1, pp. 439.

Brenner, S., Johnson, M., Bridgham, J., Golda, G., Lloyd, D.H., Johnson, D., Luo, S., McCurdy, S., Foy,
M., Ewan, M., Roth, R., George, D., Eletr, S., Albrecht, G., Vermaas, E., Williams, S.R., Moon, K.,
Burcham, T., Pallas, M., DuBridge, R.B., Kirchnéfedron, K., Mao, J. & Corcoran, K. (2000) 'Gene
expression analysis by massively parallel signature sequencing (MPSS) on microbeadNatrays',
Biotechno| vol. 18, no. 6, pp. 63634.

Breviario, F., d'Aniello, E.M., Golay, J., Peri, G., BottazziaiBa¢lB A., Saccone, S., Marzella, R.,
Predazzi, V., Rocchi, M. & et al. (1992) 'Interledkimducible genes in endothelial cells. Cloning of a
new gene related to €eactive protein and serum amyloid P componedtBiol Chepvol. 267, no.
31, pp. 2219-22197.

Brey, R.N. (2005) 'Molecular basis for improved anthrax vaccids'Prug Deliv Revol. 57, no. 9,
pp. 12661292.

Brooks, G.A. (2002) 'Lactate shuttles in natlB&chem Soc Trangol. 30, no. 2, pp. 25364.

Brown, K.J., Formolo, C.A., 5¢t, Marathi, R.L., Duguez, S., An, E., Pillai, D., Nazarian, J., Rood, B.R.
& Hathout, Y. (2012) 'Advances in the proteomic investigation of the cell secretéx@ert Rev
Proteomicsvol. 9, no. 3, pp. 33245.

Brumlik, M.J., Pandeswara, S., Ludwiyy]. SJeansonne, D.P., Lacey, M.R., Murthy, K., Daniel, B.J.,
Wang, R.F., Thibodeaux, S.R., Church, K.M., Hurez, V., Kious, M.J., Zhang, B., Alagbala, A., Xia, X. &
Curiel, T.J. (2013) 'TgMAPK1 is a Toxoplasma gondii MAP kinase that hijacks host MKK® signal
regulate virulence and interferegammamediated nitric oxide productionExp Parasitglvol. 134,

no. 3, pp. 388B99.

Buache, E., Garnotel, R., Aubert, D., Gillery, P. & Villena, I. (2007) 'Reduced secretion and expression
of gelatinase profile in dxoplasma gondiinfected human monocytic cellsBiochem Biophys Res
Communvol. 359, no. 2, pp. 29803.

Burke, S.M., Issekutz, T.B., Mohan, K., Lee, P.W., Shmulevitz, M. & Marshall, J.S. (2008) 'Human mast
cell activation with virusassociated stimuleads to the selective chemotaxis of natural killer cells by
a CXCl-8ependent mechanismBlood vol. 111, no. 12, pp. 546476.

Buxton, D., McAllister, M.M. & Dubey, J.P. (2002) 'The comparative pathogenesis of neosporosis’,
Trends Parasitolol. 18, 0. 12, pp. 54652.

CamorettiMercado, B., Forsythe, S.M., LeBeau, M.M., Espinosa, R., 3rd, Vieira, J.E., Halayko, A.J.,
Willadsen, S., Kurtz, B., Ober, C., Evans, G.A., Thweatt, R., Shapiro, S., Niu, Q., Qin, Y., Padrid, P.A. &
Solway, J. (1998) 'Expressiand cytogenetic localization of the human SM22 gene (TAGLN)',
Genomicsvol. 49, no. 3, pp. 45257.

Carlsson, A. (1988) 'The current status of the dopamine hypothesis of schizophrenia’,
Neuropsychopharmacologyol. 1, no. 3, pp. 17986.

220



Carman, C.\V& Springer, T.A. (2004) 'A transmigratory cup in leukocyte diapedesis both through
individual vascular endothelial cells and between thehCell Biglol. 167, no. 2, pp. 37388.

Carruthers, V.B. & Suzuki, Y. (2007) 'Effects of Toxoplasma gondibimf@ctthe brain',Schizophr
Bull vol. 33, no. 3, pp. 74B651.

Carruthers, V.B. (2006) 'Proteolysis and Toxoplasma invalsibd' Parasitolvol. 36, no. 5, pp. 595
600.

Carter, C.J. (2009) 'Schizophrenia susceptibility genes directly implicated ilifetheycles of
pathogens: cytomegalovirus, influenza, herpes simplex, rubella, and Toxoplasma @uiizigphr
Bull vol. 35, no. 6, pp. 116B182.

Carvalho, J.V., Alves, C.M., Cardoso, M.R., Mota, C.M., Barbosa, B.F., Ferro, E.A., Silva, N.M., Mineo,
TW., Mineo, J.R. & Silva, D.A. (2010) 'Differential susceptibility of human trophoblastic (BeWo) and
uterine cervical (HeLa) cells to Neospora caninum infectiond Parasitglvol. 40, no. 14, pp. 1629

1637.

Cassina, P., Pehar, M., Vargas, M.R., Castsl| R., Barbeito, A.G., Estevez, A.G., Thompson, J.A,,
Beckman, J.S. & Barbeito, L. (2005) 'Astrocyte activation by fibroblast growth-faatat motor
neuron apoptosis: implications for amyotrophic lateral sclerodidleurochenwvol. 93, no. 1, pp.&

46.

Catts, V.S., Wong, J., Fillman, S.G., Fung, S.J. & Shannon Weickert, C. (2014) 'Increased expression of
astrocyte markers in schizophrenia: Association with neuroinflammatfarst N Z J Psychiatyol.
48, no. 8, pp. 72234.

Charron, A. J. & SBRS [ ® 5® 6Hnnnb Wi 2alG OSttay a2o6AtAll
LI N} A 3GS ¢ 2 EDudialoBCEI Scighaey. R15, /o0 J04B059.

Chaussabel, D., Semnani, R.T., McDowell, M.A., Sacks, D., Sher, A. & Nutman, T.B. (2003) 'Unique
gene expression profiles of human macrophages and dendritic cells to phylogenetically distinct
parasites'Blood vol. 102, no. 2, pp. 67&81.

Chen, H.L., Seol, H., Brown, K.J., Goifdisssman, H., Hill, A., Gallo, V., Packer, R. & Hathout, Y.
(2012) 'scretome Survey of Human Plexiform Neurofioroma Derived Schwann Cells Reveals a
Secreted form of the RARRESL1 Protéin') Mol Sc¢ivol. 13, no. 7, pp. 9388399.

Chen, Y., Yu, P., Luo, J. & Jiang, Y. (2003) 'Secreted protein prediction system cQaBmriigM,
TMHMM, and PSORMamm Genomevol. 14, no. 12, pp. 85865.

Chen, Y., Zhang, Y., Yin, Y., Gao, G, Li, S., Jiang, Y., Gu, X. & Luo, J.{2008ht%RBd secreted
protein database'Nucleic Acids Regol. 33, no. Database issue, pp. D163.

Choi, S.S., Lee, H.J.,, Lim, I., Satoh, J. & Kim, S.U. (2014) 'Human astrocytes: secretome profiles of
cytokines and chemokine$LoS Onevol. 9, no. 4, p. €92325.

Chothia, C. & Jones, E.Y. (1997) 'The molecular structure of cell adhesion mglécuiasRev
Biochemvol. 66, pp. 82862.

Christersdottir Bjorklund, T., Reilly, S.J., Gahm, C., Bottazzi, B., Mantovani, A., Tornvall, P. & Halle, M.
(2013) 'Increased lonterm expression of pentraxin 3 in irradiated human arteries and veins
compared tointernal controls from free tissue transferd',Transl Medvol. 11, p. 223.

221



Clark, H.F., Gurney, A.L., Abaya, E., Baker, K., Baldwin, D., Brush, J., Chen, J., Chow, B., Chui, C.,
Crowley, C., Currell, B., Deuel, B., Dowd, P., Eaton, D., Foster, JidiGGmasu, Q., Hass, P.E.,
Heldens, S., Huang, A., Kim, H.S., Klimowski, L., Jin, Y., Johnson, S., Lee, J., Lewis, L., Liao, D., Mark,
M., Robbie, E., Sanchez, C., Schoenfeld, J., Seshagiri, S., Simmons, L., Singh, J., Smith, V., Stinson, J.,
Vagts, A.Vandlen, R., Watanabe, C., Wieand, D., Woods, K., Xie, M.H., Yansura, D., Yi, S., Yu, G.,
Yuan, J., Zhang, M., Zhang, Z., Goddard, A., Wood, W.I., Godowski, P. & Gray, A. (2003) 'The secreted
protein discovery initiative (SPDI), a lagmale effort to idatify novel human secreted and
transmembrane proteins: a bioinformatics assessméagnome Rewol. 13, no. 10, pp. 2268270.

Clark, R.T., Nance, J.P., Noor, S. & Wilson, E.H. (2@&ll)giioduction of matrix metalloproteinases
and inhibition of paraite clearance by TIMP during chronic Toxoplasma infection in the braf§N
Neurg vol. 3, no. 1, p. e00049.

CohenFreue, G., Holzer, T.R., Forney, J.D. & McMaster, W.R. (2007) 'Global gene expression in
Leishmania'lnt J Parasitglvol. 37, no. 10pp. 10771086.

Coisne, C., Faveeuw, C., Delplace, Y., Dehouck, L., Miller, F., Cecchelli, R. & Dehouck, B. (2006)
'Differential expression of selectins by mouse brain capillary endothelial cells in vitro in response to
distinct inflammatory stimuli'Neurasci Lett vol. 392, no. 3, pp. 21820.

CollantesFernandez, E., Arrighi, R.B., AlvaBzzcia, G., Weidner, J.M., Regiderrillo, J.,
Boothroyd, J.C., Ortegdora, L.M. & Barragan, A. (2012) 'Infected dendritic cells facilitate systemic
dissemination ad transplacental passage of the obligate intracellular parasite Neospora caninum in
mice',PLoS Onevol. 7, no. 3, p. €32123.

Coppens, I., Dunn, J.D., Romano, J.D., Pypaert, M., Zhang, H., Boothroyd, J.C. & Joiner, K.A. (2006)
"Toxoplasma gondii sequestelysosomes from mammalian hosts in the vacuolar sp&sd|, vol.
125, no. 2, pp. 26274.

Courret, N., Darche, S., Sonigo, P., Milon, G., B&atel, D. & Tardieux, |. (2006) 'CD-1and
CD11kexpressing mouse leukocytes transport single Toxoplasmdiigtachyzoites to the brain’,
Blood vol. 107, no. 1, pp. 36316.

Craig, R. & Beavis, R.C. (2004) 'TANDEM: matching proteins with tandem mass spectra’,
Bioinformaticsvol. 20, no. 9, pp. 1466467.

CraigSchapiro, R., Perrin, R.J., Roe, C.M., Xionga@er, D., Cairns, N.J., Mintun, M.A., Peskind,

E.R., Li, G., Galasko, D.R., Clark, C.M., Quinn, J.F., D'Angelo, G., Malone, J.P., Townsend, R.R., Morris,
J.C., Fagan, A.M. & Holtzman, D.M. (2010)}-49Kk novel prognostic fluid biomarker for preatii
Alzheimer's diseaseBiol Psychiatryvol. 68, no. 10, pp. 96312.

Cravatt, B.F., Simon, G.M. & Yates, J.R., 3rd (2007) 'The biological impact -shbectresnetry
based proteomicsNature, vol. 450, no. 7172, pp. 9941000.

Crawford, M.J., Thomsefieger, N., Ray, M., Schachtner, J., Roos, D.S. & Seeber, F. (2006)
‘Toxoplasma gondii scavenges hdstived lipoic acid despite its de novo synthesis in the
apicoplast'Embo jvol. 25, no. 13, pp. 3213p22.

Cuervo, P., Fernandes, N. & de Jesus, JB1)2A proteomics view of programmed cell death
mechanisms during hogtarasite interactions') Proteomigsvol. 75, no. 1, pp. 24B56.

Cutillas, P.R. &anhaesebroeck, B. (2007) 'Quantitative profile of five murine core proteomes using
labelfree functional proteomicsMol Cell Proteomi¢cwol. 6, no. 9, pp. 1560573.

222



Da Gama, L.M., Ribeitdomes, F.L., Guimaraes, U., Jr. & Arnholdt, A.C. (2004) tkedut
adhesiveness to extracellular matrix components, modulation of adhesion molecules and in vivo
migration of murine macrophages infected with Toxoplasma gordicrobes Infectvol. 6, no. 14,

pp. 12871296.

Dammer, E.B., Duong, D.M., Diner, |.aB®, M., Feng, Y., Lah, J.J., Levey, A.l. & Seyfried, N.T.
(2013) 'Neuron enriched nuclear proteome isolated from human brdiRroteome Resol. 12, no.
7, pp. 31933206.

de Melo, E.J., de Carvalho, T.U. & de Souza, W. (1992) 'Penetration of Tragogtaxlii into host
cells induces changes in the distribution of the mitochondria and the endoplasmic retic@eih’,
Struct Functvol. 17, no. 5, pp. 31317.

DeBarry, J.D. & Kissinger, J.C. (2011) 'Jumbled genomes: missing Apicomplexan Bioit&bl',
Evo] vol. 28, no. 10, pp. 2858371.

DeckertSchluter, M., Schluter, D., Hof, H., Wiestler, O.D. & Lassmann, H. (1994) 'Differential
expression of ICAM, VCAML and their ligands LFB Macl, CD43, VLA, and MHC class Il
antigens in murine Toxoplawm encephalitis: a light microscopic and ultrastructural
immunohistochemical studyJ Neuropathol Exp Neuyebl. 53, no. 5, pp. 45468.

Del Carmen, M.G., Mondragon, M., Gonzalez, S. & Mondragon, R. (2009) 'Induction and regulation of
conoid extrusionn Toxoplasma gondiiCell Microbiglvol. 11, no. 6, pp. 96982.

Delcourt, N., Jouin, P., Poncet, J., Demey, E., Mauger, E., Bockaert, J., Marin, P. & Galeotti, N. (2005)
'Difference in mass analysis using labeled lysines (DHJALa new, efficient pratomic
guantification method applied to the analysis of astrocytic secretonidsl, Cell Proteomigssol. 4,

no. 8, pp. 1088.094.

Denkers, E.Y., Butcher, B.A., Del Rio, L. & Bennouna, S. (2004) 'Neutrophils, dendritic cells and
Toxoplasma'lnt JParasitobgy, vol. 34, no. 3, pp. 41421.

Denkers, E.Y., Del Rio, L. & Bennouna, S. (2003) 'Neutrophil productiat?airid other cytokines
during microbial infection'Chem Immunol Allergyol. 83, pp. 98.14.

Denney, C.F., Eckmann, L. & Reed, S.L. (1999h0Rime secretion of human cells in response to
Toxoplasma gondii infectiorihfect Immunvol. 67, no. 4, pp. 1541552.

Denton, H., Brown, S.M., Roberts, C.W., Alexander, J., McDonald, V., Thong, KW. & Coombs, G.H.
(1996) 'Comparison of the phosphottokinase and pyruvate kinase activities of Cryptosporidium
parvum, Eimeria tenella and Toxoplasma gonilié) Biochem ParasitpVol. 76, no. 2, pp. 2329.

Desmonts, G. & Couvreur, J. (1974) 'Congenital toxoplasmosis. A prospective study of 378
pregnarcies',N Engl J Medrol. 290, no. 20, pp. 11110116.

Dong, C., Davis, R.J. & Flavell, R.A. (2002) 'MAP kinases in the immune re&pondeev Immungl
vol. 20, pp. 5572.

Donovan, L.E., Higginbotham, L., Dammer, E.B., Gearing, M., Rees, H.D., Bimng.,D.M.,
Seyfried, N.T., Lah, J.J. & Levey, A.l. (2012) 'Analysis of a merabrizhed proteome from
postmortem human brain tissue in Alzheimer's diseaBegteomics Clin AppVol. 6, no. 34, pp.
201-211.

223



Dowell, J.A., Johnson, J.A. & Li, L. (RO@ntification of astrocyte secreted proteins with a
combination of shotgun proteomics and bioinformatic$'Proteome Rewol. 8, no. 8, pp. 4135
4143.

Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E.K. & Lanctot, K.L. (2010) 'A
meta-analysis of cytokines in major depressiddipl Psychiatryvol. 67, no. 5, pp. 44857.

Dowling, P. & Clynes, M. (2011) 'Conditioned media from cell lines: a complementary model to
clinical specimens for the discovery of diseapecific biomarkers’Proteomics vol. 11, no. 4, pp.
794-804.

Drogemuller, K., Helmuth, U., Brunn, A., SakoBigkiewicz, M., Gutmann, D.H., Mueller, W.,
Deckert, M. & Schluter, D. (2008) 'Astrocyte gpl30 expression is critical for the control of
Toxoplasma encephalitisl,Immunalvol. 181, no. 4, pp. 268393.

Dubey J. P. (2007) 'The life cycle of Toxoplasma gondii'. In Toxoplasma: molecular and cellular
biology (eds Ajika J. W., Soldati D., edityrpp. 16 Norfolk, VA: Horizon Biosciene.

Dubey, J.P. & Jones, J20(08) 'Toxoplasma gondii infection in humans and animals in the United
States'|Int J Parasitolvol. 38, no. 11, pp. 125I”278.

Dubey, J.P. & Lindsay, D.S. (1996) 'A review of Neospora caninum and neospabsiarasitql
vol. 67, no. 12, pp. 159.

Dubey, J.P. & Schares, G. (2011) 'Neosporosis in anitihhalkst five yearsVYet Parasitglvol. 180,
no. 1-2, pp. 96108.

Dubey, J.P. (2003) 'Review of Neospora caninum and neosporosis in aoralah J Parasitolol.
41, no. 1, pp. 116.

Dubey,d. ® 6Hnnp0d WbS2aLB2NRParAa Ay 523aQX oniK 22NIR

Dubey, J.P., Carpenter, J.L., Speer, C.A., Topper, M.J. & Uggla, A. (1988a) 'Newly recognized fatal
protozoan disease of dogs', Am Vet Med Asspeol. 192, no. 9, pd2691285.

Dubey, J.P., Hattel, A.L., Lindsay, D.S. & Topper, M.J. (1988b) 'Neonatal Neospora caninum infection
in dogs: isolation of the causative agent and experimental transmissiolm Vet Med Asspoxol.
193, no. 10, pp. 1259263.

Dubey, J.P., Lisay, D.S. & Speer, C.A. (1998) 'Structures of Toxoplasma gondii tachyzoites,
bradyzoites, and sporozoites and biology and development of tissue ,cg4its'Microbiol Rewol.
11, no. 2, pp. 26299.

Dubey, J.P., Schares, G. & Ortbtgaa, L.M. (2007) jiidemiology and control of neosporosis and
Neospora caninumClin Microbiol Rewol. 20, no. 2, pp. 32367.

Dubey, J.P., Sreekumar, C., Knickman, E., Miska, K.B., Vianna, M.C., Kwok, O.C., Hill, D.E., Jenkins,
M.C., Lindsay, D.S. & Greene, C.E. (2@8¥loyic, morphologic, and molecular characterisation of
Neospora caninum isolates from littermate dodst, J Parasitolvol. 34, no. 10, pp. 1157167.

Dubey, J.P., Vianna, M.C., Kwok, O.C., Hill, D.E., Miska, K.B., Tuo, W., Velmurugan, G.V., &onors, M.
Jenkins, M.C. (2007) 'Neosporosis in Beagle dogs: clinical signs, diagnosis, treatment, isolation and
genetic characterization of Neospora caninux®t Parasitglvol. 149, no. 3l, pp. 158166.

Dubremetz, J.F., GardReguet, N., Consell, V. & FoutmaM.N. (1998) 'Apical organelles and host
cell invasion by Apicomplex#it J Parasitoivol. 28, no. 7, pp. 1087013.

224



Dunay, L.R., Fuchs, A. & Sibley, L.D. (2010) 'Inflammatory monocytes but not neutrophils are
necessary to control infection with Togasma gondii in micelnfect Immun vol. 78, no. 4, pp.
15641570.

Dustin, M.L., Rothlein, R., Bhan, A.K., Dinarello, C.A. & Springer, T.A. (1986) 'Induction by IL 1 and
interferon-gamma.: tissue distribution, biochemistry, and function of a natural aeihes molecule
(ICAM1)',J Immunalvol. 137, no. 1, pp. 24%64.

Dzierszinski, F., Nishi, M., Ouko, L. & Roos, D.S. (2004) 'Dynamics of Toxoplasma gondii
differentiation’, Eukaryot Cellvol. 3, no. 4, pp. 992003.

Dzierszinski, F., Popescu, O., Tour€e], Slomianny, C., Yahiaoui, B. & Tomavo, S. (1999) The
protozoan parasite Toxoplasma gondii expresses two functional -plantglycolytic enzymes.
Implications for evolutionary origin of apicomplexand'Biol Chemvol. 274, no. 35, pp. 24888
24895.

B Hajj, H., Demey, E., Poncet, J., Lebrun, M., Wu, B., Galeotti, N., Fourmaux, M.N., Mercereau
Puijalon, O., Vial, H., Labesse, G. & Dubremetz, J.F. (2006) 'The ROP2 family of Toxoplasma gondii
rhoptry proteins: proteomic and genomic characterization andlenular modellind, Proteomics

vol. 6, no. 21, pp. 5773784.

Elliott, M.H., Smith, D.S., Parker, C.E. & Borchers, C. (2009) 'Current trends in quantitative
proteomics',J Mass Spectronvol. 44, no. 12, pp. 1631/660.

Elsheikha, H.M., McKinlay, C.LsaiEd, N.A. & Smith, P.A. (2013) 'Effects of Neospora caninum
infection on brain microvascular endothelial cells bioenergetiRatasit Vectorsvol. 6, p. 24.

Eng, J.K., McCormack, A.L. & Yates, J.R. (1994) 'An approach to correlate tandem masdatpectral
of peptides with amino acid sequences in a protein databas&m Soc Mass Spectrownol. 5, no.
11, pp. 97€989.

Ethell, .M. & Ethell, D.W. (2007) 'Matrix metalloproteinases in brain development and remodeling:
synaptic functions and targetsd,Neirosci Resvol. 85, no. 13, pp. 2813323.

Everley, P.A., Krijgsveld, J., Zetter, B.R. & Gygi, S.P. (2004) 'Quantitative cancer proteomics: stable
isotope labeling with amino acids in cell culture (SILAC) as a tool for prostate cancer reséairch’,
CellProteomicsvol. 3, no. 7, pp. 72835.

Fagard, R., Van Tan, H., Creuzet, C. & Pelloux, H. (1999) 'Differential development of Toxoplasma
gondii in neural cellsRarasitol Todayvol. 15, no. 12, pp. 564807.

Ferguson, D.J. & Dubremetz, J.F. (2007) Ultnastructure of Toxoplasma gondii'. In Toxoplasma
gondii: the model Apicomplexan: perspectives and methods. First edition. Edited by Weiss LM, Kim
K. London: Academic Press.pp-48

Ferguson, D.J. & Hutchison, W.M. (1987) 'An ultrastructural studipeokarly development and
tissue cyst formation of Toxoplasma gondii in the brains of miRar'asitol Resvol. 73, no. 6, pp.
483-491.

Fevrier, B., Vilette, D., Archer, F., Loew, D., Faigle, W., Vidal, M., Laude, H. & Raposo, G. (2004) 'Cells
release prims in association with exosomeBroc Natl Acad Sci U $Swl. 101, no. 26, pp. 9683
9688.

Fields, R.D. & Steve@&aham, B. (2002) '‘New insights into newglm communication'Sciencevol.
298, no. 5593, pp. 55662.

225



Findeisen, P. &eumaier, M. (2009) 'Mass spectrometsgsed clinical proteomics profiling: current
status and future directionsExpert Rev Proteomicgol. 6, no. 5, pp. 45459.

Fischer, H.G., Nitzgen, B., Reichmann, G. & Hadding, U. (1997) 'Cytokine responsek bipduce
Toxoplasma gondii in astrocytes and microglial c&ls',J Immunelol. 27, no. 6, pp. 1538548.

Flegr, J. (2007) 'Effects of toxoplasma on human beha8chizophr Buylivol. 33, no. 3, pp. 75760.

Flegr, J., Preiss, M., Klose, J., Havlicekyithkova, M. & Kodym, P. (2003) 'Decreased level of
psychobiological factor novelty seeking and lower intelligence in men latently infected with the
protozoan parasite Toxoplasma gondii Dopamine, a missing link between schizophrenia and
toxoplasmosis?Biol Psychohlol. 63, no. 3, pp. 25368.

Formolo, C.A., Williams, R., Gordidfessman, H., MacDonald, T.J., Lee, N.H. & Hathout, Y. (2011)
'Secretome signature of invasive glioblastoma multiforndeProteome Resol. 10, no. 7, pp. 3149
3159.

Friedman, D.B., Hoving, S. & Westermeier, R. (2009) 'Isoelectric focusing ardim@nsional gel
electrophoresis’Methods Enzymobol. 463, pp. 51540.

Gail, M., Gross, U. & Bohne, W. (2001) 'Transcriptional profile of Toxoplasmaigfauéd human
fibroblasts as revealed by gemeray hybridization'Mol Genet Genomi¢sol. 265, no. 5, pp. 965
912.

Garnett, J.A., Liu, Y., Leon, E., Allman, S.A., Friedrich, N., Saouros, S., Curry, SavBeldat
Davis, B.G., Feizi, T. & Matthews, S. (2009) 'Détaikights from microarray and crystallographic
studies into carbohydrate recognition by microneme protein 1 (MIC1) of Toxoplasma geratiin
Scjvol. 18, no. 9, pp. 1935947.

Garrido, C., Schmitt, E., Cande, C., Vahsen, N., Parcellier, A. & KiGe@2e03) 'HSP27 and HSP70:
potentially oncogenic apoptosis inhibitor€gll Cyclevol. 2, no. 6, pp. 57984.

Gaskell, E.A., Smith, J.E., Pinney, J.W., Westhead, D.R. & McConkey, G.A. (2009) 'A unique dual
activity amino acid hydroxylase in Toxoplasgoadii',PLoS Onevol. 4, no. 3, p. e4801.

Gatkowska, J., Wieczorek, M., Dziadek, B., Dzitko, K. & Dlugonska, H. (2012) 'Behavioral changes in
mice caused by Toxoplasma gondii invasion of braarasitol Resvol. 111, no. 1, pp. 538.

Gazzinelli, R.THieny, S., Wynn, T.A., Wolf, S. & Sher, A. (1993) 'Interleukin 12 is required for the T
lymphocyteindependent induction of interferon gamma by an intracellular parasite and induces
resistance in Telkdeficient hosts'Proc Natl Acad Sci U Sval. 9, no. 13, pp. 61161109.

DSy3IZ Co s ¢hyasSes 20 t® OSHAMHO W{AYALI NI GSYLE:
proteasome subunits to trandth LJG A 2 y I £ £ &  ProciNatZdsad SH SI® V6l G0R,ypR =
6060;6065.

Gerhard, D.S., Wagndt., Feingold, E.A., Shenmen, C.M., Grouse, L.H., Schuler, G., Klein, S.L., Old, S.,
Rasooly, R., Good, P., Guyer, M., Peck, A.M., Derge, J.G., Lipman, D., Collins, F.S., Jang, W., Sherry, S.,
Feolo, M., Misquitta, L., Lee, E., Rotmistrovsky, K., Gree8tiat Schaefer, C.F., Buetow, K., Bonner,

T.l., Haussler, D., Kent, J., Kiekhaus, M., Furey, T., Brent, M., Prange, C., Schreiber, K., Shapiro, N.,
Bhat, N.K., Hopkins, R.F., Hsie, F., Driscoll, T., Soares, M.B., Casavant, T.L., Scheetz,-3tdin, Brown

M.J., Usdin, T.B., Toshiyuki, S., Carninci, P., Piao, Y., Dudekula, D.B., Ko, M.S., Kawakami, K., Suzuki,
Y., Sugano, S., Gruber, C.E., Smith, M.R., Simmons, B., Moore, T., Waterman, R., Johnson, S.L., Ruan,
Y., Wei, C.L., Mathavan, S., Gunaratne, R\H.,, J., Garcia, A.M., Hulyk, S\W., Fuh, E., Yuan, Y.,
Sneed, A., Kowis, C., Hodgson, A., Muzny, D.M., McPherson, J., Gibbs, R.A., Fahey, J., Helton, E.,

226



Ketteman, M., Madan, A., Rodrigues, S., Sanchez, A., Whiting, M., Madari, A., Young, A.C., Wetherby,
KD., Granite, S.J., Kwong, P.N., Brinkley, C.P., Pearson, R.L., Bouffard, G.G., Blakesly, R.W., Green,
E.D., Dickson, M.C., Rodriguez, A.C., Grimwood, J., Schmutz, J., Myers, R.M., Butterfield, Y.S., Griffith,
M., Griffith, O.L., Krzywinski, M.I., Liao, Norin, R., Palmquist, D., Petrescu, A.S., Skalska, U.,
Smailus, D.E., Stott, J.M., Schnerch, A., Schein, J.E., Jones, S.J., Holt, R.A., Baross, A., Marra, M.A.,
Clifton, S., Makowski, K.A., Bosak, S. & Malek, J. (2004) 'The status, quality, and expamsibihH

full-length cDNA project: the Mammalian Gene Collection (M&g)yiome Resvol. 14, no. 10b, pp.
2121-2127.

Gibney, E.H., Kipar, A., Rosbhottom, A., Guy, C.S., Smith, R.F., Hetzel, U., Trees, A.J. & Williams, D.J.L.
(2008) 'The extent of pardstassociated necrosis in the placenta and foetal tissues of cattle
following Neospora caninum infection in early and late gestation correlatésfaetal death’,Int J
Parasitologyvol. 38, pp. 57%88.

Goda, S., Imai, T., Yoshie, O., Yoneda, O., IhhyéNagano, Y., Okazaki, T., Imai, H., Bloom, E.T.,
Domae, N. & Umehara, H. (2000) 'CXB€mokine, fractalkinenhanced adhesion of THPcells to
endothelial cells through integridependent and-independent mechanisms] Immunaql vol. 164,

no. 8, pp43134320.

Goldman, M., Carver, R.K. & Sulzer, A.J. (1958) 'Reproduction of Toxoplasma gondii by internal
budding',J Parasitqlvol. 44, no. 2, pp. 16171.

Gomes, A.F., Guimaraes, E.V., Carvalho, L., Correa, J.R., Mdrdumch. & Barbosa, H.S. (2p11
"Toxoplasma gondii down modulates cadherin expression in skeletal muscle cells inhibiting
myogenesis'BMC Microbiglvol. 11, p. 110.

Gondim, L.F., McAllister, M.M. & Gao, L. (2005) 'Effects of host maturity and prior exposure history
on the productionof Neospora caninum oocysts by dod&t Parasitqlvol. 134, no. 2, pp. 3339.

Graveley, B.R., Brooks, A.N., Carlson, J.W., Duff, M.O., Landolin, J.M., Yang, L., Artieri, C.G., van
Baren, M.J., Boley, N., Booth, B.W., Brown, J.B., Cherbas, L., DayifoBin, A., Li, R., Lin, W.,

Malone, J.H., Mattiuzzo, N.R., Miller, D., Sturgill, D., Tuch, B.B., Zaleski, C., Zhang, D., Blanchette, M.,
Dudoit, S., Eads, B., Green, R.E., Hammonds, A., Jiang, L., Kapranov, P., Langton, L., Perrimon, N.,
Sandler, J.EWan, K.H., Willingham, A., Zhang, Y., Zou, Y., Andrews, J., Bickel, P.J., Brenner, S.E.,
Brent, M.R., Cherbas, P., Gingeras, T.R., Hoskins, R.A., Kaufman, T.C., Oliver, B. & Celniker, S.E. (2011)
"The developmental transcriptome of Drosophila melanogashature, vol. 471, no. 7339, pp. 473

479,

Greenbaum, D., Luscombe, N.M., Jansen, R., Qian, J. & Gerstein, M. (2001) 'Interrelating different
types of genomic data, from proteome to secretome: ‘oming in on funct@enome Resvol. 11,
no. 9, pp. 1463.468.

Guerfali, F.Z., Laouini, D., Guizaabbane, L., Ottones, F., Baissa, K., Benkahla, A., Manchon, L.,
Piquemal, D., Smandi, S., Mghirbi, O., Commes, T., Marti, J. & Dellagi, K. (2008) 'Simultaneous gene
expression profiling in human macrophagefeated with Leishmania major parasites using SAGE',
BMC Genomig¢wol. 9, p. 238.

Gulinello, M., Acquarone, M., Kim, J.H., Spray, D.C., Barbosa, H.S., Sellers, R., Tanowitz, H.B. & Weiss,
L.M. (2010) 'Acquired infection with Toxoplasma gondii in adult mg@salts in sensorimotor deficits

but normal cognitive behavior despite widespread brain patholdgy¢robes Infegtvol. 12, no. 7,

pp. 528537.

Gustafson, P.V., Agar, H.D. & Cramer, D.I. (1954) 'An electron microscope study of Toxdmhashma’,
Trop MedHyg vol. 3, no. 6, pp. 1008022.

227



Gyqi, S.P., Rist, B., Gerber, S.A., Turecek, F., Gelb, M.H. & Aebersold, R. (1999) ‘Quantitative analysis
of complex protein mixtures using isotopeded affinity tags'Nat Biotechnalvol. 17, no. 10, pp.
994-999.

Hah, N., Danko, C.G., Core, L., Waterfall, J.J., Siepel, A., Lis, J.T. & Kraus, W.L. (2011) 'A rapid,
extensive, and transient transcriptional response to estrogen signaling in breast canceiCedls’,
vol. 145, no. 4, pp. 62@834.

Hall, N. (2007) 'Advanceskquencing technologies and their wider impact in microbiolo@yExp
Biol vol. 210, no. Pt 9, pp. 151%25.

Halonen, S.K. & Weidner, E. (1994) 'Overcoating of Toxoplasma parasitophorous vacuoles with host
cell vimentin type intermediate filaments)Eukaryot Microbiglvol. 41, no. 1, pp. 631.

Halonen, S.K. & Weiss, L.M. (2000) 'Investigation into the mechanism of gamma intenkdlated
inhibition of Toxoplasma gondii in murine astrocytésfect Immun vol. 68, no. 6, pp. 3428430.

Halonen, XK., Lyman, W.D. & Chiu, F.C. (1996) 'Growth and development of Toxoplasma gondii in
human neurons and astrocyted' Neuropathol Exp Neuyebl. 55, no. 11, pp. 1150156.

Halonen, S.K., Taylor, G.A. & Weiss, L.M. (2001) 'Gamma interfiekared inhibiton of
Toxoplasma gondii in astrocytes is mediated by 1@t Immunvol. 69, no. 9, pp. 5573576.

Halonen, S.K., Weiss, L.M. & Chiu, F.C. (1998) 'Association of host cell intermediate filaments with
Toxoplasma gondii cysts in murine astrocytestiVilnt J Parasitglvol. 28, no. 5, pp. 81823.

Han, D., Jin, J., Woo, J., Min, H. & Kim, Y. (2014) 'Proteomic analysis of mouse astrocytes and their
secretome by a combination of FASP and Stagedsed, high pH, reversqzhase fractionation',
Proteonics vol. 14, no. 134, pp. 16041609.

Harris, T.D., Buzby, P.R., Babcock, H., Beer, E., Bowers, J., Braslavsky, |., Causey, M., Colonell, J.,
Dimeo, J., Efcavitch, J.W., Giladi, E., Gill, J., Healy, J., Jarosz, M., Lapen, D., Moulton, K., Quake, S.R.,
Steinmann, K., Thayer, E., Tyurina, A., Ward, R., Weiss, H. & Xie, Z. (2008)nBawlk DNA
sequencing of a viral genom&ciencevol. 320, no. 5872, pp. 1a/9.

Hassan, M.A., Melo, M.B., Haas, B., Jensen, K.D. & Saeij, J.P. (2012) 'De novaattmomndtthe
Toxoplasma gondii transcriptome improves on the current genome annotation and reveals
alternatively spliced transcripts and putative long raoding RNASBMC Genomigwol. 13, p. 696.

Hathout, Y. (2007) 'Approaches to the study of the sstiretome’ Expert Rev Proteomicgol. 4, no.
2, pp. 239248.

Hatton, G.l. (2002) 'Glimleuronal interactions in the mammalian braidv Physiol Eduwol. 26,
no. 1-4, pp. 225237.

Hemphill, A. & Gottstein, B. (2000) 'A European perspective on Neospoinum',Int J Parasitol
vol. 30, no. 8, pp. 87924.

I SYLKAEE S | o cLMBdighol SWeNGSS | Ki2h 2bghaFarkdity| val y43, S 475 L2 NB & 7
104.

Hemphill, A., Gottstein, B. & Kaufmann, H. (1996) 'Adhesion and invasion of badoihelial cells
by Neospora canum’, Parasitologyvol. 112 Pt 2), pp. 183L97.

Hermes, G., Ajioka, J.W., Kelly, K.A., Mui, E., Roberts, F., Kasza, K., Mayr, T., Kirisits, M.J., Wollmann,
R., Ferguson, D.J., Roberts, C.W., Hwang, J.H., Trendlernlan KR.P., Suzuki, Y., Reardon, C.,

228



Hickey, W.F., Chen, L. & McLeod, R. (2008) 'Neurological and behavioral abnormalities, ventricular
dilatation, altered cellular functions, inflammation, and neuronal injury in brains of mice due to
common, persistent, arasitic infection'J Neuroinflammationwvol. 5, p. 48.

Hill, D. & Dubey, J.P. (2002) 'Toxoplasma gondii: transmission, diagnosis and prevéfition',
Microbiol Infect vol. 8, no. 10, pp. 63840.

Hill, D., Coss, C., Dubey, J.P., Wroblewski, K., SaMtteHosten, T., MuneZanzi, C., Mui, E.,
Withers, S., Boyer, K., Hermes, G., Coyne, J., Jagdis, F., Burnett, A., McLeod, P., Morton, H., Robinson,
D. & McLeod, R. (2011) 'ldentification of a sporozejtecific antigen from Toxoplasma gondii',

Parasibl, vol. 97, no. 2, pp. 32837.

Hilt, W. & Wolf, D.H. (1996) 'Proteasomes: destruction as a prograrimagids Biochem S$Seiol. 21,
no. 3, pp. 96102.

Hisaeda, H. & Himeno, K. (1997) 'The role of Hdesived heatshock protein in immunity against
Toxopasma gondii infectionRarasitol Todayvol. 13, no. 12, pp. 46%68.

Holliman, R.E. (1995) 'Congenital toxoplasmosis: prevention, screening and treathtéosp Infect
vol. 30 Suppl, pp. 17990.

Holt, R.A. & Jones, S.J. (2008) 'The new paradigovotéll sequencingGenome Rewol. 18, no. 6,
pp. 839846.

Honda, H., Barrueto, F.F., Gogusev, J., Im, D.D. & Morin, P.J. (2008) 'Serial analysis of gene expression
reveals differential expression between endometriosis and normal endometrium. Posslibtefor
AXL and SHC1 in the pathogenesis of endometri&sgrod Biol Endocrinalol. 6, p. 59.

Hopf, P.S., Ford, R.S., Zebian, N., Médcques, A., Vijayakumar, S., Ratnayake, D., Hayworth, J. &
Creuzenet, C. (2011) 'Protein glycosylation in Hedictdr pylori: beyond the flagellins?PLoS One
vol. 6, no. 9, p. e25722.

Howe D. K., Honore S., Derouin F. & Sibley L. D. (1997) 'Determination of genotypes of Toxoplasma
32y RAA AaUGNXAya Aaz2fl G4SR JTCNRMicrobipvil.8Sppindlt1da™Mi K (2 E2 L

1 26S 5& YdI {dzZYYSNE .o /& g {AofSe& [d® 50 dmpdcL
2y OKNRBY2&2YS #L L LInfécy ImmdeoR 64pp. 818H198H 2 Y RA A Q3

Howes, O.D. & Kapur, S. (2009) 'The dopamine hypotlésshizophrenia: version -Hhe final
common pathway'Schizophr Bylivol. 35, no. 3, pp. 54962.

Huang da, W., Sherman, B.T. & Lempicki, R.A. (2009) 'Systematic and integrative analysis of large
gene lists using DAVID bioinformatics resourdéat,Protog vol. 4, no. 1, pp. 487.

Hunter, C.A. & Sibley, L.D. (2012) 'Modulation of innate immunity by Toxoplasma gondii virulence
effectors',Nat Rev Microbiolvol. 10, no. 11, pp. 76678.

Hur, J., Lee, P., Kim, M.J., Kim, Y. & Cho, Y.W. (2010) 'eselctwated microglia induces neuronal
injury via activation of gp91phox NADPH oxidaBmchem Biophys Res Commual. 391, no. 3, pp.
15261530.

Ifergan, I., Wosik, K., Cayrol, R., Kebir, H., Auger, C., Bernard, M., Bouthillier, A., Moumdjian, R.,
Duquette, P. & Prat, A. (2006) 'Statins reduce human blyagh barrier permeability and restrict
leukocyte migration: relevance to multiple scleros#sin Neuralvol. 60, no. 1, pp. 455.

229



Innes, E.A., Andrianarivo, A.G., Bjorkman, C., Williams, D.J. & Conrad, P.A. (2002) 'Immune responses
to Neospora caninum and prospects for vaccinatidnends Parasitplol. 18, no. 11, pp. 49504.

Innes, E.A., &tley, P.M., Maley, S.W., Wright, S.E. & Buxton, D. (2007) 'Comparativpanasite
relationships in ovine toxoplasmosis and bovine neosporosis and strategies for vaccivatmmne
vol. 25, no. 30, pp. 5495503.

Innes, E.A., Panton, W.R., Marks Tdees, A.J., Holmdahl, J. & Buxton, D. (1995) 'Interferon gamma
inhibits the intracellular multiplication of Neospora caninum, as shown by incorporation of 3H
uracil',J Comp PathpVol. 113, no. 1, pp. 9500.

Innes, E.A., Wright, S.E., Maley, S., RaeSchock, A., Kirvar, E., Bartley, P., Hamilton, C., Carey, .M.
& Buxton, D. (2001) 'Protection against vertical transmission iminkeo neosporosis'Int J
Parasitologyvol. 31, pp. 1523534.

Jarosinski, KW. & Massa, P.T. (2002) 'Interferon remwlaactorl is required for interferon
gammainduced MHC class | genes in astrocytedleuroimmunolvol. 122, no. 2, pp. 7484.

Jeon, H., Lee, S., Lee, W.H. & Suk, K. (2010) 'Analysis of glial secretome: the long pentraxin PTX3
modulates phagocyticaivity of microglia'J Neuroimmunohol. 229, no. 2, pp. 6372.

Jesus, E.E., Pinheiro, A.M., Santos, A.B., Freire, S.M., Tardy,-BaBh&IR.S., Costa, S.L. & Costa,
M.F. (2013) 'Effects of IFjdhmma, TNflpha, IL10 and TGIBbeta on Neospora camum infection in
rat glial cells'Exp Parasitolvol. 133, no. 3, pp. 26874.

Jia, B., Lu, H., Liu, Q., Yin, J., Jiang, N. & Chen, Q. (2013) '@édermenparative analysis revealed
significant transcriptome changes in mice after Toxoplasma gonditiof', Parasit Vectorsvol. 6,
p. 161.

John, B., Weninger, W. & Hunter, C.A. (2010) 'Advances in imaging the innate and adaptive immune
response to Toxoplasma gondiuture Microbiglvol. 5, no. 9, pp. 1321328.

Jones, T.C., Bienz, K.A. & Erb, 38)L'In vitro cultivation of Toxoplasma gondii cysts in astrocytes in
the presence of gamma interferonhfect Immunvol. 51, no. 1, pp. 14¥56.

Kadl, A. & Leitinger, N. (2005) 'The role of endothelial cells in the resolution of acute inflammation’,
Antioxid Redox Signavol. 7, no. 1412, pp. 17441754.

Kapfhamer, D., Miller, D.E., Lambert, S., Bennett, V., Glover, T.W. & Burmeister, M. (1995)
'‘Chromosomal localization of the ankyrinG gene (ANK3/Ank3) to human 10921 and mouse 10/,
Genomicsvol. 27, 0. 1, pp. 189191.

Kappe, S.H., Buscaglia, C.A., Bergman, L.W., Coppens, |. & Nussenzweig, V. (2004) 'Apicomplexan
gliding motility and host cell invasion: overhauling the motor modetnds Parasitplol. 20, no. 1,
pp. 1316.

Kaushik M., Lamberton R.® 3 2 S0 &d0GSNJ Wd t d OHAMHO WEKS NERf
influencing generalised anxiety and predati@tated fear in the mammalian central nervous
a & a GHdM®Ehayvol. 62, pp. 194201.

Kavanagh, K.L., Elling, R.A. & Wilson, D.K. (20049tt8& of Toxoplasma gondii LDH1: actsite
differences from human lactate dehydrogenases and the structural basis for efficient APAD+ use’,
Biochemistryvol. 43, no. 4, pp. 87889.

230



Keene, S.D., Greco, T.M., Parastatidis, I., Lee, S.H., Hughesalie€&350Bdon, R.J., Speicher, D.W.
& Ischiropoulos, H. (2009) 'Mass spectrometric and computational analysis of cyio#ireed
alterations in the astrocyte secretoméyoteomicsvol. 9, no. 3, pp. 76882.

Kikumura, A., Ishikawa, T. & Norose, K. (20Ki2gtic analysis of cytokines, chemokines, chemokine
receptors and adhesion molecules in murine ocular toxoplasmdisl, Ophthalmolvol. 96, no. 9,
pp. 12591267.

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R. & Salzberg, S.L. (2848): &ocurate
alignment of transcriptomes in the presence of insertions, deletions and gene fussamdme Biol
vol. 14, no. 4, p. R36.

Klee, E.W., Carlson, D.F., Fahrenkrug, S.C., Ekker, S.C. & Ellis, L.B. (2004) 'ldentifying secretomes in
people, pdferfish and pigs'Nucleic Acids Rggol. 32, no. 4, pp. 1411421.

Knight, B.C., Brunton, C.L., Modi, N.C., Wallace, G.R. & Stanford, M.R. (2005) 'The effect of
Toxoplasma gondii infection on expression of chemokines by rat retinal vascular endatéksial
Neuroimmunalvol. 160, no. 2, pp. 4147.

Knight, B.C., Kissane, S., Falciani, F., Salmon, M., Stanford, M.R. & Wallace, G.R. (2006) 'Expression
analysis of immune response genes of Muller cells infected with Toxoplasma gahdii,
Neuroimmunalvol. 179, no. 22, pp. 126131.

Kobayashi, R., Kubota, T. & Hidaka, H. (1994) 'Purification, characterization, and partial sequence
analysis of a new 2kDa actinbinding protein from bovine aorta: a SM22 homoloBiochem
Biophys Res Commuwrol. 198n0. 3, pp. 1275.280.

Kodzius, R., Kojima, M., Nishiyori, H., Nakamura, M., Fukuda, S., Tagami, M., Sasaki, D., Imamura, K.,
Kai, C., Harbers, M., Hayashizaki, Y. & Carninci, P. (2006) 'CAGE: cap analysis of gene axaression’,
Methods vol. 3, no. 3, pp211-222.

Kondo, T. (2008) 'Tissue proteomics for cancer biomarker development: laser microdissection and
2D-DIGE'BMB Repvol. 41, no. 9, pp. 62634.

Koukoulis, G.K., Patriarca, C. & Gould, V.E. (1998) 'Adhesion molecules and tumor metdsiasis',
Pahol, vol. 29, no. 9, pp. 88892.

Kramer, G., Boehringer, D., Ban, N. & Bukau, B. (2009) 'The ribosome as a platform for co
translational processing, folding and targeting of newly synthesized prot&ias'Struct Mol Bigl
vol. 16, no. 6, pp. 58997.

Krause, G., Winkler, L., Mueller, S.L., Haseloff, R.F., Piontek, J. & Blasig, I.E. (2008) 'Structure and
function of claudins'Biochim Biophys Actaol. 1778, no. 3, pp. 6345.

Krumbholz, M., Theil, D., Cepok, S., Hemmer, B., Kivisakk, P., Ransbhofflafbauer, M., Farina,

C., Derfuss, T., Hartle, C., Newcombe, J., Hohlfeld, R. & Meinl, E. (2006) '‘Chemokines in multiple
sclerosis: CXCL12 and CXCLZ&gplation is differentially linked to CNS immune cell recruitment’,
Brain vol. 129, no. Pt 1, p200211.

Kurys, G., Ambroziak, W. & Pietruszko, R. (1989) 'Human aldehyde dehydrogenase. Purification and
characterization of a third isozyme with low Km for garmanginobutyraldehyde',J Biol Chemwvol.
264, no. 8, pp. 4718721.

Lachenmaier, S.M., DelM.A., Meissner, M. & Liesenfeld, O. (2011) 'Intracellular transport of
Toxoplasma gondii through the blodmtain barrier',.J Neuroimmunohol. 232, no. 2, pp. 119130.

231



Lambert, H. & Barragan, A. (2010) 'Modelling parasite dissemination: host cellrsobvend
immune evasion by Toxoplasma gondii&ll Microbiglvol. 12, no. 3, pp. 29200.

Lambert, H., Hitziger, N., Dellacasa, |., Svensson, M. & Barragan, A. (2006) 'Induction of dendritic cell
migration upon Toxoplasma gondii infection potentiatesgsite dissemination'Cell Microbiglvol.
8, no. 10, pp. 1611623.

Lambert, H., Vutova, P.P., Adams, W.C., Lore, K. & Barragan, A. (2009) 'The Toxoplasma gondii
shuttling function of dendritic cells is linked to the parasite genotyjpééct Immun vol 77, no. 4,
pp. 16791688.

Lee, E.G., Kim, J.H., Shin, Y.S., Shin, G.W., Kim, Y.R., Palaksha, K.J., Kim, D.Y., Yamane, |., Kim, Y.H.
Kim, G.S., Suh, M.D. & Jung, T.S. (2005) 'Application of proteomics for comparison of proteome of
Neospora caninum and Xoplasma gondii tachyzoited, Chromatogr B Analyt Technol Biomed Life

Scjvol. 815, no. 2, pp. 305314.

Lee, E.G., Kim, J.H., Shin, Y.S., Shin, G.W., Suh, M.D., Kim, D.Y., Kim, Y.H., Kim, G.S. & Jung, T.S. (2003
'‘Establishment of a twalimensional edctrophoresis map for Neospora caninum tachyzoites by
proteomics',Proteomicsvol. 3, no. 12, pp. 2338350.

Li, R.W., Sonstegard, T.S., Van Tassell, C.P. & Gasbarre, L.C. (2007) 'Local inflammation as a possible
mechanism of resistance to gastrointestimematodes in Angus heifer¥et Parasitglvol. 145, no.
1-2, pp. 106107.

Lim, JW. & Bodnar, A. (2002) 'Proteome analysis of conditioned medium from mouse embryonic
fibroblast feeder layers which support the growth of human embryonic stem detisteomics vol.
2,n0. 9, pp. 11872203.

Lindsay, D.S., Dubey, J.P. & Duncan, R.B. (1999) 'Confirmation that the dog is a definitive host for
Neospora caninumVet Parasitglvol. 82, no. 4, pp. 32333.

Lindstrom, M.S. & Zhang, Y. (2008) 'Ribosomal pro&€nis a novel B23/NRbInding protein
required for normal cell proliferationd Biol Chepnvol. 283, no. 23, pp. 15565576.

Lister, R., O'Malley, R.C., TeRmilippini, J., Gregory, B.D., Berry, C.C., Millar, A.H. & Ecker, J.R. (2008)
'Highly integratedsinglebase resolution maps of the epigenome in Arabidop§isl| vol. 133, no. 3,
pp. 523536.

Liu, F., Hu, W., Cui, S.J., Chi, M., Fang, C.Y., Wang, g(R.Ya& Han, Z.G. (200nsight into the
host-parasite interplay by proteomic study of $toproteins copurified with the human parasite,
Schistosoma japonicunProteomicsvol. 7, no. 3, pp. 45062.

Liu, F., Lu, J., Hu, W., Wang, S.Y., Cui, S.J., Chi, M., Yan, Q., Wang, X.R., Song, H.D., Xu, X.N., Wang, J.J
Zhang, X.L., Zhang, X., Wan@.ZXue, C.L., Brindley, P.J., McManus, D.P., Yang, P.Y., Feng, Z., Chen,

Z. & Han, Z.G. (2006) 'New perspectives on-pasasite interplay by comparative transcriptomic

and proteomic analyses of Schistosoma japonic@®hgS Pathqgol. 2, no. 4, p. e29.

Liu, H., Sadygov, R.G. & Yates, J.R., 3rd (2004) 'A model for random sampling and estimation of
relative protein abundance in shotgun proteomidshal Chemvol. 76, no. 14, pp. 419801.

Liu, J., Hong, Z., Ding, J., Liu, J., Zhang, J. & Chen, S.'Rg&fi8hinant release of lysosomal
enzymes by newborn rat microglia after LPS treatment revealed by proteomic studRsiteome
Resvol. 7, no. 5, pp. 2033049.

232



Liu, Y., Zhou, J. & White, K.P. (2014) B&tAdifferential expression studies: more seque or
more replication?'Bioinformatics vol. 30, no. 3, pp. 36304.

Lu, C.Y. & Lai, S.C. (2813nduction of matrix metalloproteinas2 and-9 via Erkl/2NFkappaB
pathway in human astroglia infected with Toxoplasma goriiita Tropvol. 127, nol, pp. 1420.

Lu, C.Y. & Lai, (5. (2018) 'Matrix metalloproteinase€? and-9 lead to fibronectin degradation in
astroglia infected with Toxoplasma gondéitta Tropvol. 125, no. 3, pp. 32829.

Luft, B.J. & Castro, K.G. (1991) 'An overview of thelgnolof toxoplasmosis and pneumocystosis in
AIDS in the USA: implication for future therapeutic tridslr J Clin Microbiol Infect Disl. 10, no.
3, pp. 178181.

Luft, B.J. & Chua, A. (2000) 'Central Nervous System Toxoplasmosis in HIV Pathogegessss,Di
and Therapy'Curr Infect Dis Repol. 2, no. 4, pp. 35862.

Lundgren, D.H., Hwang, S.I., Wu, L. & Han, D.K. (2010) 'Role of spectral counting in quantitative
proteomics',Expert Rev Proteomicgol. 7, no. 1, pp. 393.

Luther, S.A. & Cyster,Gl (2001) '‘Chemokines as regulators of T cell differentiatidatt,Immuno]
vol. 2, no. 2, pp. 10207.

Mackintosh, C.L., Beeson, J.G. & Marsh, K. (2004) 'Clinical features and pathogenesis of severe
malaria’, Trends Parasitolvol. 20, no. 12, pp. 59603.

Makarov, A. (2000) 'Electrostatic axially harmonic orbital trapping: apéglormance technique of
mass analysisAnal Chemvol. 72, no. 6, pp. 1156162.

Makridakis, M. & Vlahou, A. (2010) 'Secretome proteomics for discovery of cancer biomalkers',
Proteomicsvol. 73, no. 12, pp. 229305.

Mallick, P. & Kuster, B. (2010) 'Proteomics: a pragmatic perspedtiaeBiotechnqglvol. 28, no. 7,
pp. 695709.

Mammari, N., Vignoles, P., Halabi, M.A., Darde, M.Co&rtioux, B. (2014) 'In vitro infection of
human nervous cells by two strains of Toxoplasma gondii: a kinetic analysis of immune mediators
and parasite multiplicationPLoS Onevol. 9, no. 6, p. €98491.

Margulies, M., Egholm, M., Altman, W.E., Attiga, Bader, J.S., Bemben, L.A., Berka, J., Braverman,

M.S., Chen, Y.J., Chen, Z., Dewell, S.B., Du, L., Fierro, J.M., Gomes, X.V., Godwin, B.C., He, W.,
Helgesen, S., Ho, C.H., Irzyk, G.P., Jando, S.C., Alenquer, M.L., Jarvie, T.P., Jirage, K.B., Kim, J.B.,
Knight, J.R., Lanza, J.R., Leamon, J.H., Lefkowitz, S.M., Lei, M., Li, J., Lohman, K.L., Lu, H., Makhijani,
V.B., McDade, K.E., McKenna, M.P., Myers, E.W., Nickerson, E., Nobile, J.R., Plant, R., Puc, B.P.,
Ronan, M.T., Roth, G.T., Sarkis, G.J., SiménsSilmpson, J.W., Srinivasan, M., Tartaro, K.R., Tomasz,

A., Vogt, K.A., Volkmer, G.A., Wang, S.H., Wang, Y., Weiner, M.P., Yu, P., Begley, R.F. & Rothberg,
J.M. (2005) 'Genome sequencing in microfabricated-digsity picolitre reactorsNature, vol.437,

no. 7057, pp. 37380.

Martin, J.A. & Wang, Z. (2011) 'N@sdneration transcriptome assembljdat Rev Genetwol. 12, no.
10, pp. 671682.

Massaro, A.R. (2002) 'The role of NCAM in remyelinatisiyol Scivol. 22, no. 6, pp. 424835.

233



Mazzolla, R Barluzzi, R., Puliti, M., Saleppico, S., Mosci, P., Bistoni, F. & Blasi, E. (1996) 'Biomolecular
events involved in the establishment of brain anticandidal resistadceuroimmunglvol. 64, no.
1, pp. 917.

McAllister, M.M., Dubey, J.P., Lindsays DJolley, W.R., Wills, R.A. & McGuire, A.M. (1998) 'Dogs are
definitive hosts oNeospora caninumint JParasitologyvol. 28, pp. 1473478.

McAllister, M.M., Parmley, S.F., Weiss, L.M., Welch, V.JMd&uire, A.M. (1996) 'An
immunohistochemical method for detecting bradyzoite antigen (BAGS5) in Toxoplasma -gondii
infected tissues croseacts with a Neospora caninum bradyzoite antigdrParasitqlvol. 82, no. 2,

pp. 354355.

McAuley, J., Boyer, K.MRatel, D., Mets, M., Swisher, C., Roizen, N., Wolters, C., Stein, L., Stein, M.,
Schey, W. & et al. (1994) 'Early and longitudinal evaluations of treated infants and children and
untreated historical patients with congenital toxoplasmosis: the Chicaglal@oative Treatment
Trial',Clin Infect Disvol. 18, no. 1, pp. 382.

McConkey, G.A., Martin, H.L., Bristow, G.C. & Webster, J.P. (2013) 'Toxoplasma gondii infection and
behaviour- location, location, location?] Exp Biplol. 216, no. Pt 1, pp. 141319.

McNeil, P.L. & Steinhardt, R.A. (2003) 'Plasma membrane disruption: repair, prevention, adaptation’,
Annu Rev Cell Dev Biebl. 19, pp. 69731.

McNicoll, F., Drummelsmith, J., Muller, M., Madore, E., Boilard, N., Ouellette, M. & Papadopoulou, B.
(2006) 'A combined proteomic and transcriptomic approach to the study of stage differentiation in
Leishmania infantumProteomicsvol. 6, no. 12, pp. 3563581.

Meira, C.S., Vidal, J.E., CeStlwa, T.A., FrazatBallina, N. & Pereir€hioccola, V.L. (21)
'Immunodiagnosis in cerebrospinal fluid of cerebral toxoplasmosis andnféidted patients using
Toxoplasma gondii excreted/secreted antigemagn Microbiol Infect Disvol. 71, no. 3, pp. 279
285.

Mellman, I. & Warren, G. (2000) 'The road takpast and future foundations of membrane traffic',
Cell vol. 100, no. 1, pp. 9912.

Mills, J.D., Nalpathamkalam, T., Jacobs, H.I., Janitz, C., Merico, D., Hu, P. & Janitz, M. (28&8) 'RNA
analysis of the parietal cortex in Alzheimer's disease revéi@iatively spliced isoforms related to
lipid metabolism'Neurosci Lettvol. 536, pp. 9@5.

Miman, O., Kusbeci, O.Y., Aktepe, O.C. & Cetinkaya, Z. (2010) 'The probable relation between
Toxoplasma gondii and Parkinson's disedseyrosci Lettvol. 475 no. 3, pp. 1294.31.

Mitra, R., Sapolsky, R.M. & Vyas, A. (2013) 'Toxoplasma gondii infection induces dendritic retraction
in basolateral amygdala accompanied by reduced corticosterone secrddisnViodel Mechvol. 6,
no. 2, pp. 51620.

Molofsky, A.V. Krencik, R., Ullian, E.M., Tsai, H.H., Deneen, B., Richardson, W.D., Barres, B.A. &
Rowitch, D.H. (2012) 'Astrocytes and disease: a neurodevelopmental perspgstne's Dewol.
26, no. 9, pp. 89807.

Monopoli, M.P., Raghnaill, M.N., Loscher, J.SSulivan, N.C., Pangalos, M.N., Ring, R.H., von
Schack, D., Dunn, M.J., Regan, C.M., Pennington, S. & Murphy, K.J. (2011) 'Temporal proteomic
profile of memory consolidation in the rat hippocampal dentate gyrBsjteomicsvol. 11, no. 21,

pp. 41894201

234



Montoya, J.G. & Liesenfeld, O. (2004) 'Toxoplasmadsie' Lancetvol. 363, no. 9425, pp. 196976.

Moore, N.H., Costa, L.G., Shaffer, S.A., Goodlett, D.R. & Guizzetti, M. (2009) 'Shotgun proteomics
implicates extracellular matrix proteins and proteasestems in neuronal development induced by
astrocyte cholinergic stimulationJ, Neurochenwol. 108, no. 4, pp. 89908.

Mordue, D.G., Desai, N., Dustin, M. & Sibley, L.D. (1999) 'Invasion by Toxoplasma gondii establishes a
moving junction that selectivg excludes host cell plasma membrane proteins on the basis of their
membrane anchoringJ Exp Megdvol. 190, no. 12, pp. 1783792.

Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L. & Wold, B. (2008) 'Mapping and quantifying
mammalian transcriptom& by RNASeq',Nat Methods vol. 5, no. 7, pp. 62628.

Murakami, T., Nakajima, M., Nakamura, T., Hara, A., Uyama, E., Mita, S., Matsushita, S. & Uchino, M.
(2000) 'Parkinsonian symptoms as an initial manifestation in a Japanese patient with acquired
immunodeficiency syndrome and Toxoplasma infectitmtern Med vol. 39, no. 12, pp. 11111114,

Murdoch, C. & Finn, A. (2000) '‘Chemokine receptors and their role in inflammation and infectious
diseases'Blood vol. 95, no. 10, pp. 3032043.

Muzny, D.M., Scher, S.E., Kaul, R., Wang, J., Yu, J., Sudbrak, R., Buhay, C.J., Chen, R., Cree, A., Ding,
Y., DugatRocha, S., Gill, R., Gunaratne, P., Harris, R.A., Hawes, A.C., Hernandez, J., Hodgson, A.V.,
Hume, J., Jackson, A., Khan, Z.M., KBwaith, C., Lewis, L,RLozado, R.J., Metzker, M.L.,
Milosavljevic, A., Miner, G.R., Morgan, M.B., Nazareth, L.V., Scott, G., Sodergren, E., Song, X.Z.,
Steffen, D., Wei, S., Wheeler, D.A., Wright, M.W., Worley, K.C., Yuan, Y., Zhang, Z., Adams, C.Q.,
AnsariLari, M.A., Ayeleyl., Brown, M.J., Chen, G., Chen, Z., Clendenning, J-Baekenburg, K.P.,

Chen, R., Chen, Z., Davis, C., Delgado, O., Dinh, H.H., Dong, W., Draper, H., Ernst, S., Fu, G., Gonzalez
Garay, M.L., Garcia, D.K., Gillett, W., Gu, J., Hao, B., Haugaayl&k, H., He, X., Hennig, S., Hu, S.,
Huang, W., Jackson, L.R., Jacob, L.S., Kelly, S.H., Kube, M., Levy, R., Li, Z., Liu, B., Liu, J., Liu, W., Lu, J.
Maheshwari, M., Nguyen, B.V., Okwuonu, G.O., Palmeiri, A., Pasternak, S., Perez, L.M., Phelps, K.A.,,
Plopper, F.J., Qiang, B., Raymond, C., Rodriguez, R., Saenphimmachak, C., Santibanez, J., Shen, H.,
Shen, Y., Subramanian, S., Tabor, P.E., Verduzco, D., Waldron, L., Wang, J., Wang, J., Wang, Q.,
Williams, G.A., Wong, G.K., Yao, Z., Zhang, J., Zhanga.GZ Zhou, J., Zhou, Y., Nelson, D.,
Lehrach, H., Reinhardt, R., Naylor, S.L., Yang, H., Olson, M., Weinstock, G. & Gibbs, R.A. (2006) 'The
DNA seguence, annotation and analysis of human chromosoni¢a8ire vol. 440, no. 7088, pp.
11941198.

Nagalakhmi, U., Wang, Z., Waern, K., Shou, C., Raha, D., Gerstein, M. & Snyder, M. (2008) 'The
transcriptional landscape of the yeast genome defined by RNA sequerfsaighce vol. 320, no.
5881, pp. 1344.349.

Nath, A. & Sinai, A.P. (2003) 'Cerebral ToxopmashCurr Treat Options Neurolol. 5, no. 1, pp.-3
12.

Nedergaard, M., Rodriguez, J.J. & Verkhratsky, A. (2010) 'Glial calcium and diseases of the nervous
system',Cell Calciugvol. 47, no. 2, pp. 14D49.

Nelson, M.M., Jones, A.R., Carmen, J.C., Sinai, A.P., Burchmore, R. & Wastling, J.M. (2008)
‘Modulation of the host cell proteome by the intracellular apicomplexan parasite Toxoplasma
gondii',Infect Immun vol. 76, no. 2, pp. 82844.

Nichols, B.A., Chigmo, M.L. & O'Connor, G.R. (1983) 'Secretion from the rhoptries of Toxoplasma
gondii during hostell invasion'J) Ultrastruct Resvol. 83, no. 1, pp. 898.

235



Nickel, W. & Seedorf, M. (2008) 'Unconventional mechanisms of protein transport to the catlesurf
of eukaryotic cells’Annu Rev Cell Dev Biebl. 24, pp. 28B08.

Nikolov, M., Schmidt, C. & Urlaub, H. (2012) 'Quantitative mass spectrohested proteomics: an
overview',Methods Mol Biglvol. 893, pp. 83.00.

Norenberg, M.D. (1994) 'Astrocytegponses to CNS injury'Neuropathol Exp Neureol. 53, no. 3,
pp. 213220.

Norose, K., Naoi, K., Fang, H. & Yano, A. (2008) 'In vivo study of toxoplasmic parasitemia using
interferon-gammadeficient mice: absolute cell number of leukocytes, parasdadl and cell
susceptibility' Parasitol Infvol. 57, no. 4, pp. 44453.

hQ. NASY>S ¢d2d oHnnold Wt NP LISNIIWBMSE Lifa wol. 36,020, B,yp. YA (1 2 OF
505¢513.

Ochsenbein, A.F. (2002) 'Principles of tumor immunosurveillance andicatigns for
immunotherapy',Cancer Gene Therol. 9, no. 12, pp. 104B055.

O'Farrell, P.H. (1975) 'High resolution tdimensional electrophoresis of proteingd'Biol Chemvol.
250, no. 10, pp. 4002021.

Ohtsuki, S., Yamaguchi, H., Katsukura, dshiwa, T. & Terasaki, T. (2008) 'mRNA expression levels
of tight junction protein genes in mouse brain capillary endothelial cells highly purified by magnetic
cell sorting',J Neurochemwol. 104, no. 1, pp. 14754.

Okeoma, C.M., Williamson, N.B., Pomr#y.E., Stowell, K.M. & Gillespie, L.M. (2004) 'Isolation and
molecular characterisation of Neospora caninum in cattle in New Zealdnd'Vet Jvol. 52, no. 6,
pp. 364370.

Old, W.M., MeyeiArendt, K., Avelin&Volf, L., Pierce, K.G., Mendoza, A., S&yind.R., Resing, K.A.
& Ahn, N.G. (2005) 'Comparison of lafree methods for quantifying human proteins by shotgun
proteomics',Mol Cell Proteomi¢wol. 4, no. 10, pp. 148¥502.

Oppermann, F.S., Gnad, F., Olsen, J.V., Hornberger, R., Greff, &., iK&ann, M. & Daub, H. (2009)
‘Largescale proteomics analysis of the human kinongl Cell Proteomig¢srol. 8, no. 7, pp. 1751
1764.

Otten, U., Marz, P., Heese, K., Hock, C., Kunz, D. &8&useS. (2000) 'Cytokines and neurotrophins
interact in normal and diseased state#\nn N 'Y Acad $Seol. 917, pp. 32330.

Pan, B.T. & Johnstone, R.M. (1983) 'Fate of the transferrin receptor during maturation of sheep
reticulocytes in vitro: selective externalization of the recept@g|] vol. 33, no. 3, pR67-978.

Panchaud, A., Affolter, M., Moreillon, P. & Kussmann, M. (2008) 'Experimental and computational
approaches to quantitative proteomics: status quo and outlodroteomicsvol. 71, no. 1, pp. 19
33.

Pandey, A. & Mann, M. (2000) 'Proteomics tadst genes and genome®dature vol. 405, no. 6788,
pp. 837346.

PaoloniGiacobino, A., Chen, H. & Antonarakis, S.E. (1997) 'Cloning of a novel human neural cell
adhesion molecule gene (NCAM2) that maps to chromosome region 21921 and is potentially
involvad in Down syndromeGenomicsvol. 43, no. 1, pp. 481.

236



Patel, V.J., Thalassinos, K., Slade, S.E., Connolly, J.B., Crombie, A., Murrell, J.C. & Scrivens, J.H. (2009)
'A comparison of labeling and labiebe mass spectrometrpased proteomics approaches],
Proteome Rewol. 8, no. 7, pp. 3752759.

Paul, D., Kumar, A., Gajbhiye, A., Santra, M.K. & Srikanth, R. (2013) 'Mass spectrassetry
proteomics in molecular diagnostics: discovery of cancer biomarkers using tissue cltaneéd
Res Intvol. 23, p. 783131.

Pavlou, M.P. & Diamandis, E.P. (2010) 'The cancer cell secretome: a good source for discovering
biomarkers?'J Proteomigsvol. 73, no. 10, pp. 189806.

Peixoto, L., Chen, F., Harb, O.S., Davis, P.H., Beiting, D.P., Brownback, Qim@idyRoos, D.S.
(2010) 'Integrative genomic approaches highlight a family of parapiéeific kinases that regulate
host responsesCell Host Microhevol. 8, no. 2, pp. 20818.

Pekny, M. & Nilsson, M. (2005) 'Astrocyte activation and reactiveigjli@lia vol. 50, no. 4, pp. 427
434.

t St | & WP 9 DNIMBStEESY ([KIS AIAB NawBia)RepveWISNR (BNA | Q=
pp.183194.

Pelloux, H., Pernod, G., Polack, B., Coursange, E., Ricard, J., VernaAhbtoi&eThomas, P.
(1996) 'Influence of cytokines on Toxoplasma gondii growth in human astrocydemeed cells',
Parasitol Resvol. 82, no. 7, pp. 59803.

Perera, C.N., Spalding, H.S., Mohammed, S.Il. & Camarillo, I.G. (2008) 'ldentification ab protei
secreted from leptin stimulated MEFbreast cancer cells: a dual proteomic approagk}p Biol Med
(Maywood) vol. 233, no. 6, pp. 76820.

Perkins, D.N., Pappin, D.J., Creasy, D.M. & Caottrell, J.S. (1999) 'Prelmd®iity protein
identification by sarching sequence databases using mass spectrometry @&atrophoresisvol.
20, no. 18, pp. 3553567.

Peters, M., Lutkefels, E., Heckeroth, A.R.S&hares, G. (2001) ‘Immunohistochemical and
ultrastructural evidence for Neospora caninum tissue cysts in skeletal muscles of naturally infected
dogs and cattle'lnt J Parasitolvol. 31, no. 10, pp. 1144148.

Petersen, T.N., Brunak, S., von Heijne&®\ielsen, H. (2011) 'SignalP 4.0: discriminating signal
peptides from transmembrane regiondlat Methods vol. 8, no. 10, pp. 78%86.

Peterson, P.K., Gekker, G., Hu, S. & Chao, C.C. (1993) 'Intracellular survival and multiplication of
Toxoplasma gondiin astrocytes'] Infect Disvol. 168, no. 6, pp. 147P478.

Petrak, J., Ivanek, R., Toman, O., Cmejla, R., Cmejlova, J., Vyoral, D., Zivny, J. & Vulpe, C.D. (2008)
'Deja vu in proteomics. A hit parade of repeatedly identified differentially expressetdipsg
Proteomicsvol. 8, no. 9, pp. 1744749.

Pinheiro, A.M., Costa, S.L., Freire, S.M., Almeida, M.A., Tardy, M., El Bacha, R. & Costa, M.F. (2006)
'Astroglial cells in primary culture: a valid model to study Neospora caninum infection in the CNS',
Ve Immunol Immunopathoglvol. 113, no. 2, pp. 243247.

Pinheiro, A.M., Costa, S.L., Freire, S.M., Ribeiro, C.S., TardyBiech&l R.S. & Costa, M.F. (2010)
‘Neospora caninum: early immune response of rat mixed glial cultures after tachyzoites mfectio
Exp Parasitoivol. 124, no. 4, pp. 44247 .

237



Planque, C., Kulasingam, V., Smith, C.R., Reckamp, K., Goodglick, L. & Diamandis, E.P. (2009)
'Identification of five candidate lung cancer biomarkers by proteomics analysis of conditioned media
of four lungcancer cell linesMol Cell Proteomigwol. 8, no. 12, pp. 2745758.

t201fSéx '®d D® 6Hnnam0 WISHG aK201 LINRGSAya Ay K
I 3 Sy Exp. R&>Mol. Medol. 3, pp. £21.

Polonais, V. & Soldafavre, D.{ n M n 0 W+ SNBFGAEAGE Ay GKS | OljdzA aAli
G KS 1 LA CBoNQeliv@. BEQ2, PR 435445.

Pomel, S., Luk, F.C. & Beckers, C.J. (2008) 'Host cell egress and invasion induce marked relocations of
glycolytic enzymes in Toxoplaa gondii tachyzoited3LoS Pathqgol. 4, no. 10, p. e1000188.

Potolicchio, I., Carven, G.J., Xu, X., Stipp, C., Riese, R.J., Stern, L.J. & Santambrogio, L. (2005)
'Proteomic analysis of microglderived exosomes: metabolic role of the aminopeptid&e13 in
neuropeptide catabolismJ Immunaglvol. 175, no. 4, pp. 2237243.

Prandovszky, E., Gaskell, E., Martin, H., Dubey, J.P., Webster, J.P. & McConkey, G.A. (2011) 'The
neurotropic parasite Toxoplasma gondii increases dopamine metabokémaS Onevol. 6, no. 9, p.
€23866.

Proost, P., Wuyts, A., Conings, R., Lenaerts, J.P., Billiau, A., Opdenakker, G. & Van Damme, J. (1993)
'Human and bovine granulocyte chemotactic prot@in complete amino acid sequence and
functional characterization as chemokineéBiochemistryvol. 32, no. 38, pp. 10171D177.

Quinn, H.E., Ellis, J.T. & Smith, N.C. (2002) 'Neospora caninum: a cause of-mediated failure
of pregnancy?Trends Parasitphol. 18, no. 9, pp. 39394.

Quinn, H.E., Miller, C.M. & Ellis, J.TOO® 'The celmediated immune response to Neospora
caninum during pregnancy in the mouse is associated with a bias towards production of interleukin
4', Int J Parasitglvol. 34, no. 6, pp. 72332.

Rabilloud, T. (1996) 'Solubilization of proteins forcel@phoretic analysesklectrophoresisvol. 17,
no. 5, pp. 813829.

Rahman, A. & Fazal, F. (2009) 'Hug tightly and say goodbye: role of endothelidl i€Advkocyte
transmigration' Antioxid Redox Signalol. 11, no. 4, pp. 82839.

Reese, M.L. & Bdimroyd, J.C. (2011) 'A conserved ramanmonical motif in the pseudoactive site of
the ROP5 pseudokinase domain mediates its effect on Toxoplasma viruleBee!,Chemvol. 286,
no. 33, pp. 2936@9375.

Reese, M.L., Zeiner, G.M., Saeij, J.P., Boothrogd,&Boyle, J.P. (2011) 'Polymorphic family of
injected pseudokinases is paramount in Toxoplasma viruleRoa¢, Natl Acad Sci U Sval. 108, no.
23, pp. 9625630.

Reid, A.J., Vermont, S.J., Cotton, J.A., Harris, BGadithorne, G.A., KonéWaisman, S., Latham,

S.M., Mourier, T., Norton, R., Quail, M.A., Sanders, M., Shanmugam, D., Sohal, A., Wasmuth, J.D.,
Brunk, B., Grigg, M.E., Howard, J.C., Parkinson, J., Roos, D.S., Trees, A.J., Berriman, M., Pain, A. &
Wastling, J.M. (2012) 'Comparative genosnof the apicomplexan parasites Toxoplasma gondii and
Neospora caninum: Coccidia differing in host range and transmission stra@egys, Pathqgrol. 8,

no. 3, p. e1002567.

238



Reiss, M., Viebig, N., Brecht, S., Fourmaux, M.N., Soete, M., Di Cristinabtmetz, J.F. & Soldati,
D. (2001) 'ldentification and characterization of an escorter for two secretory adhesins in
Toxoplasma gondii] Cell Biplol. 152, no. 3, pp. 56378.

Rigbolt, K.T., Vanselow, J.T. & Blagoev, B. (2011) 'GProX;faemsty platform for bioinformatics
analysis and visualization of quantitative proteomics datéd| Cell Proteomigsvol. 10, no. 8, p.
0110.007450.

Ringman, J.M., Schulman, H., Becker, C., Jones, T., Bai, Y., Immermann, F., Cole, G., Sokolow, S.,
Gylys, K., Gebwind, D.H., Cummings, J.L. & Wan, H.l. (2012) 'Proteomic changes in cerebrospinal
fluid of presymptomatic and affected persons carrying familial Alzheimer disease mutafocis',

Neuro| vol. 69, no. 1, pp. 9604.

RobertGangneux, F. & Klein, F. (2008¢rologic screening for Neospora caninum, Frarieelerg
Infect Disvol. 15, no. 6, pp. 98989.

Ross, P.L., Huang, Y.N., Marchese, J.N., Williamson, B., Parker, K., Hattan, S., Khainovski, N., Pillai, S.,
Dey, S., Daniels, S., Purkayastha, S., Juhasdaln, S., Bartlefones, M., He, F., Jacobson, A. &
Pappin, D.J. (2004) 'Multiplexed protein quantitation in Saccharomyces cerevisiae using amine
reactive isobaric tagging reagentslpl Cell Proteomig¢wol. 3, no. 12, pp. 1158169.

Rothlein, R., Datin, M.L., Marlin, S.D. & Springer, T.A. (1986) 'A human intercellular adhesion
molecule (ICAM) distinct from LFA', J Immunalvol. 137, no. 4, pp. 1271R74.

Rovere, P., Peri, G., Fazzini, F., Bottazzi, B., Doni, A., Bondanza, A., Zimmermaanla¥da, G,
Fascio, U., Sabbadini, M.G., Rugarli, C., Mantovani, A. & Manfredi, A.A. (2000) 'The long pentraxin
PTX3 binds to apoptotic cells and regulates their clearance by arniigsenting dendritic cells',

Blood vol. 96, no. 13, pp. 434B06.

Saej, J.P., Boyle, J.P., Coller, S., Taylor, S., Sibley, L.D.;Booatke E.T., Ajioka, J.W. & Boothroyd,
J.C. (2006) 'Polymorphic secreted kinases are key virulence factors in toxoplasguoisiie vol.
314, no. 5806, pp. 1780783.

Saeij, J.P., Coller, S., Boyle, J.P., Jerome, M.E., White, M.W. & Boothroyd, J.C. (2007) 'Toxeplasma co
opts host gene expression by injection of a polymorphic kinase homoldyaaire, vol. 445, no.
7125, pp. 324827.

Sanger, F., Nicklen, S. & CoulsoiR.A1977) 'DNA sequencing with chminating inhibitors',
Proc Natl Acad Sci&A, vol. 74, no. 12, pp. 5463467.

Sawada, M., Kondo, H., Tomioka, Y., Park, C., Morita, T., Shimada, A. & Umemura, T. (2000) 'Isolation
of Neospora caninum from the braof a naturally infected adult dairy cowget Parasitglvol. 90,
no. 3, pp. 247252.

Sayles, P.C. & Johnson, L.L. (1996) 'Exacerbation of toxoplasmosis in nedéplehéd mice' Nat
Immun vol. 15, no. 5, pp. 24958.

Schluter, D., Deckert, M., Hdf, & Frei, K. (2001) "Toxoplasma gondii infection of neurons induces
neuronal cytokine and chemokine production, but gamma interferand tumor necrosis facter
stimulated neurons fail to inhibit the invasion and growth of T. gordi&ct Immun vol. @, no. 12,

pp. 78897893.

Schluter, D., Lohler, J., Deckert, M., Hof, H. & Schwendemann, G. (1991) 'Toxoplasma encephalitis of
immunocompetent and nude mice: immunohistochemical characterisation of Toxoplasma antigen,

239



infiltrates and major histocompatibili complex gene products], Neuroimmunolvol. 31, no. 3, pp.
185-198.

Schmitz, B., Vischer, P., Brand, E., SchRetd#rsen, K., KofBap, A., Guske, K., Nedele, J.,
Schelleckes, M., Hillen, J., Rotrige, A., Simmet, T., Paul, M., Cambien, F. & Bran@0=M
'Increased monocyte adhesion by endothelial expression of VCAMssense variation in vitro',
Atherosclerosisvol. 230, no. 2, pp. 18890.

Schrader, W. & Klein, H.W. (2004) 'Liquid chromatography/Fourier transform ion cyclotron
resonance masgectrometry (L&TICR MS): an early overvieAanal Bioanal Chenvol. 379, no. 7
8, pp. 10131024.

Schrimpf, S.P., Weiss, M., Reiter, L., Ahrens, C.H., Jovanovic, M., Malmstrom, J., Brunner, E.,
Mohanty, S., Lercher, M.J., Hunziker, P.E., AebersoldyiRMering, C. & Hengartner, M.O. (2009)
'‘Comparative functional analysis of the Caenorhabditis elegans and Drosophila melanogaster
proteomes',PL0S Biolol. 7, no. 3, p. e48.

{OKglox Wo [/ dx . SO{USNERZ / o Wo a ® aaole me@orageS NE Y ¢
AdzZNNR dzy RAYy 3 AYyGNI OSt  dzf | NJ ¢ 2 E 2 LIPrbciNstl-Acad Scy8RA A F dzy (
vol. 91, pp. 50%13.

{OKgSAGI SNE {® / ® 3 9@l yas wo Sabdell Biochegvpl. (81, Bt A Y Sy i A
437c462.

Sdégelova, M. & Makarov, A. (2006) 'Orbitrap mass analyzesrview and applications in
proteomics',Proteomicsvol. 6 Suppl 2, pp. 1AL,

Shapiro, A.L., Vinuela, EMaizel, J.V., Jr. (1967) 'Molecular weight estimation of polypeptide chains
by electrophoresis in SBf®lyacrylamide gelsBiochem Biophys Res Commual. 28, no. 5, pp.
815-820.

Sheffield, H.G. & Melton, M.L. (1968) 'The fine structure and reproductidroxoplasma gondiiJ
Parasito) vol. 54, no. 2, pp. 26926.

Shendure, J., Porreca, G.J., Reppas, N.B., Lin, X., McCutcheon, J.P., Rosenbaum, A.M., Wang, M.D.,
Zhang, K., Mitra, R.D. & Church, G.M. (2005) 'Accurate multiplex polony sequencing ofvad ev
bacterial genome'Sciencevol. 309, no. 5741, pp. 1728 32.

Shin, Y.S., Shin, G.W., Kim, Y.R., Lee, E.Y., Yang, H.H., Palaksha, K.J., Youn, H.J., Kim, J.H., Kim, D.Y
Marsh, A.E., Lakritz, J. & Jung, T.S. (2005) 'Comparison of proteome ancdhiarnpiggeome
between two Neospora caninum isolateget Parasitglvol. 134, no. 2, pp. 4152.

Sibbald, M.J., Ziebandt, A.K., Engelmann, S., Hecker, M., de Jong, A., Harmsen, H.J., Raangs, G.C.,
Stokroos, I., Arends, J.P., Dubois, J.Y. & van Dij(2D86) 'Mapping the pathways to staphylococcal
pathogenesis by comparative secretomidsicrobiol Mol Biol Rewol. 70, no. 3, pp. 75838.

{A0fS8 [® 5 9 . 220KNRBBR WO / ® OmMphpHO W +A NHzZ §
f Ay SNaL&RA. 359, pp. 8685.

{A0fSe [® 50X az2NRdzS 5 DY {dz / I w200Sy td aod
GANHZA Sy OS FyR LI (iK23Sy S aThass. R $oc, @R B57,1pli. 18BBSY I T2y RAAC

{A0t S83 [ OS5 Yol nThaoy RIAYACY2 ELBAMF S O i ATyadic Voly4, gpy58INI O St f ¢
586.

240



Siegel, S.E., Lunde, M.N., Gelderman, A.H., Halterman, R.H., Brown, J.A., Levine, A.S. & Graw, R.G., Jr.
(1971) "Transmission of toxoplasmosis by leukocyte transfudtndd, vol. 37, no. 4, pp. 38894.

Silva, N.M., Manzan, R.M., Carneiro, W.P., Milanezi, C.M., Silva, J.S., Ferro, E.A. & Mineo, J.R. (2010)
"Toxoplasma gondii: the severity of toxoplasmic encephalitis in C57BL/6 mice is associated with
increased ALCAM andC¥AM1 expression in the central nervous system and higher blwath

barrier permeability' Exp Parasitolvol. 126, no. 2, pp. 16¥77.

Silvestrini, F., Lasonder, E., Olivieri, A., Camarda, G., van Schaijk, B., Sanchez, M., Younis Younis, S.,
SauerweinR. & Alano, P. (2010) 'Protein export marks the early phase of gametocytogenesis of the
human malaria parasite Plasmodium falciparukhgl Cell Proteomicwol. 9, no. 7, pp. 143¥448.

Simpson, R.J. (ed.) (2003) Proteins and Proteomics, Cold Spring Haaboratory Press, New York.

Sinai, AP.&V2AYSNE Y® ! ® 6nHnnm0 WEKS ¢2E2LX FaYl 32yF
association with the pagaA ( 2 LK 2 NB dza @ | JOGkR BipBol. YISt Ypp. 840§, S Q =

Sinai, A.P., Webster, P. & JoineA.K(1997) 'Association of host cell endoplasmic reticulum and
mitochondria with the Toxoplasma gondii parasitophorous vacuole membrane: a high affinity
interaction',J Cell Scvol. 110 ( Pt 17), pp. 211 28.

Skariah, S., Mcintyre, M.K.Mordue, D.GO H A mMn 0 W¢2E2LX | aYlF JI2yRAAY RS
0 NI Rel 2 A 0 SPa@dtyl. R&NEIDR pp 2H260.

Skorupa, A., Urbach, S., Vigy, O., King, M.A., Chatbutr&, S., Prehn, J.H. & Marin, P. (2013)
'Angiogenin induces modifications ime astrocyte secretome: relevance to amyotrophic lateral
sclerosis']) Proteomigsvol. 91, pp. 274£85.

Smolka, M.B., Zhou, H., Purkayastha, %e&ersold, R. (2001) 'Optimization of the isotapalied
affinity taglabeling procedure for quantitative proteome analysishal Biochemvol. 297, no. 1, pp.
25-31.

Sodeik, B. (2000) 'Mechanisms of viral transport in the cytoplaBrahds Microbiglvd. 8, no. 10,
pp. 465472.

Soete, M., Camus, D. & Dubremetz, J.F. (1994) 'Experimental induction of bradpeacifec antigen
expression and cyst formation by the RH strain of Toxoplasma gondii in EitpPRarasitivol. 78,
no. 4, pp. 364370.

Sofrmiew, M.V. & Vinters, H.V. (2010) 'Astrocytes: biology and patholégys Neuropathglvol.
119, no. 1, pp. -B5.

Sorber, K., Dimon, M.T. & DeRisi, J.L. (2011)-$dd/analysis of splicing in Plasmodium falciparum
uncovers new splice junctions, alterinat splicing and splicing of antisense transcrifNsicleic Acids
Resvol. 39, no. 9, pp. 3828835.

Sotelo, J.R. (1959) 'An electron microscope study on the cytoplasmic and nuclear components of rat
primary oocytes'Z Zellforsch Mikrosk Anatol. 50,pp. 749765.

Spear, W., Chan, D., Coppens, |., Johnson, R.S., Giaccia, A. & Blader, 1.J. (2006) 'The host cell
transcription factor hypoxi@nducible factor 1 is required for Toxoplasma gondii growth and survival
at physiological oxygen level€gll Micrdiol, vol. 8, no. 2, pp. 33952.

Speer, C.A. & Dubey, J.P. (1989) 'Ultrastructure of tachyzoites, bradyzoites and tissue cysts of
Neospora caninumJ Protozoglvol. 36, no. 5, pp. 45863.

241



Sprong, H., van der Sluijs, P. & van Meer, G. (2001) 'How msatedve lipids and lipids move
proteins',Nat Rev Mol Cell Bjolol. 2, no. 7, pp. 50813.

Stein, J.V. & Nombelarrieta, C. (2005) 'Chemokine control of lymphocyte trafficking: a general
overview',Immunology vol. 116, no. 1, pp.-12

Stewart, A.D., lgsdon, J.M., Jr. & Kelley, S.E. (2005) 'An empirical study of the evolution of virulence
under both horizontal and vertical transmissioByolution vol. 59, no. 4, pp. 73039.

Stibbs, H.H. (1985) 'Changes in brain concentrations of catecholamines dmi@amines in
Toxoplasma gondii infected mic&nn Trop Med Parasitolol. 79, no. 2, pp. 15857.

Stone, M., HartmanPetersen, R., Seeger, M., Bdatschir, D., Wallace, M. & Gordon, C. (2004)
'Uch2/Uch37 is the major deubiquitinating enzyme associatéti the 26S proteasome in fission
yeast',J Mol Bialvol. 344, no. 3, pp. 69706.

Strack, A., Schluter, D., Asensio, V.C., Campbell, I.L. & Deckert, M. (2002) 'Regulation of the kinetics
of intracerebral chemokine gene expression in murine Toxoplasntaphalitis: impact of host
genetic factors'Glig vol. 40, no. 3, pp. 37277.

Sukhumavasi, W., Egan, C.E. & Denkers, E.Y. (2007) 'Mouse neutrophils require JINK2 MAPK for
Toxoplasma gondinduced IE12p40 and CCL2/MEPrelease'J Immunalvol. 179, no6, pp. 3570
3577.

Sultan, M., Schulz, M.H., Richard, H., Magen, A., Klingenhoff, A., Scherf, M., Seifert, M., Borodina, T.,
Soldatov, A., Parkhomchuk, D., Schmidt, D., O'Keeffe, S., Haas, S., Vingron, M., Lehrach, H. & Yaspo,
M.L. (2008) 'A global viewf gene activity and alternative splicing by deep sequencing of the human
transcriptome’,Sciencevol. 321, no. 5891, pp. 9880.

Sutherland, R.J., Whishaw, 1.Q. & Kolb, B. (1988) 'Contributions of cingulate cortex to two forms of
spatial learning and meany', J Neurosc¢ivol. 8, no. 6, pp. 1868872.

Suzuki, Y. & Joh, K. (1994) 'Effect of the strain of Toxoplasma gondii on the development of
toxoplasmic encephalitis in mice treated with antibody to interfegamma’,Parasitol Resvol. 80,
no. 2, pp. 125130.

Suzuki, Y. & Remington, J.S. (1993) 'Toxoplasmic encephalitis in AIDS patients and experimental
models for study of the disease and its treatmeR&s Immunohol. 144, no. 1, pp. 667.

Suzuki, Y., Orellana, M.A., Schreiber, R.D. & Remingtoif1988) 'Interferongamma: the major
mediator of resistance against Toxoplasma gor@adlencevol. 240, no. 4851, pp. 544.8.

Swardfager, W., Lanctot, K., Rothenburg, L., Wong, A., Cappell, J. & Herrmann, N. (2010) 'A meta
analysis of cytokines in Akzimer's diseaseBiol Psychiatryvol. 68, no. 10, pp. 93841.

Tanaka, S., Nishimura, M., lhara, F., Yamagishi, J., Suzuki, Y. & Nishikawa, Y. (2013) 'Transcriptome
analysis of mouse brain infected with Toxoplasma gordigct Immun vol. 81, no. 10pp. 3609
3619.

Tannu, N.S. & Hemby, S.E. (2006) -tmeensional fluorescence difference gel electrophoresis for
comparative proteomics profiling\at Protog vol. 1, no. 4, pp. 1732742.

Tarassishin, L., Lim, J., Weatherly, D.B., Angeletti, R.H. &Il@&e(2014) 'Interleukibrinduced
changes in the glioblastoma secretome suggest its role in tumor progressiBrngteomigsvol. 99,
pp. 152168.

242



TessietLavigne, M. & Goodman, C.S. (1996) 'The molecular biology of axon guidmeertevol.
274, n0.5290, pp. 1123133.

Thompson, A., Schafer, J., Kuhn, K., Kienle, S., Schwarz, J., Schmidt, G., Neumann, T., Johnstone, R.,
Mohammed, A.K. & Hamon, C. (2003) 'Tandem mass tags: a novel quantification strategy for
comparative analysis of complex proteinxtoires by MS/MS'Anal Chemvol. 75, no. 8, pp. 1895

1904.

Thouvenot, E., LafeGazal, M., Demettre, E., Jouin, P., Bockaert, J. & Marin, P. (2006) 'The proteomic
analysis of mouse choroid plexus secretome reveals a high protein secretion capacity cdiahor
epithelial cells'Proteomicsvol. 6, no. 22, pp. 5943952.

Tjalsma, H., Bolhuis, A., Jongbloed, J.D., Bron, S. & van Dijl, J.M. (2000) 'Signati@eptident
protein transport in Bacillus subtilis: a genotbased survey of the secretoméicrobiol Mol Biol
Rey vol. 64, no. 3, pp. 51547.

Tobin, C., Pollard, A. & Knoll, L. (2010) 'Toxoplasma gondii cyst wall formation in activated bone
marrow-derived macrophages and bradyzoite conditiodsVis Exmo. 42.

Torrey, E.F. &olken, R.H. (2003) 'Toxoplasma gondii and schizophrEni&'g Infect Djssol. 9, no.
11, pp. 13751380.

Tranas, J., Heinzen, R.A., Weiss, L.M. & McAllister, M.M. (1999) 'Serological evidence of human
infection with the protozoan Neospora caninur@ln Diagn Lab ImmungVol. 6, no. 5, pp. 76367.

Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J., Salzberg, S.L., Wold,
B.J. & Pachter, L. (2010) Transcript assembly and quantification bys&N~reveals unannotated
transcripts and isoform switching during cell differentiation’, Nat Biotechnol, vol. 28, no. 5, pp. 511

515.

Trees, A.J. & Williams, D.J. (2005) 'Endogenous and exogenous transplacental infection in Neospora
caninum and Toxoplasma gondiitends Parasitplid. 21, no. 12, pp. 55861.

Trees, A.J., Davison, H.C., Innes, E.A. & Wastling, J.M. (1999) Towards evaluating the economic
impact of bovine neosporosisht J Parasitolvol. 29, no. 8, pp. 1195200.

Tsai, H.H., Frost, E., To, V., Robinson, S., Bfnstant, C., Geertman, R., Ransohoff, R.M. &
Miller, R.H. (2002) 'The chemokine receptor CXCR2 controls positioning of oligodendrocyte
precursors in developing spinal cord by arresting their migrat©el] vol. 110, no. 3, pp. 37383.

Turner, G.D.Morrison, H., Jones, M., Davis, T.M., Looareesuwan, S., Buley, I.D., Gatter, K.C.,
Newbold, C.I., Pukritayakamee, S., Nagachinta, B. & et al. (1994) 'An immunohistochemical study of
the pathology of fatal malaria. Evidence for widespread endothelial aftivand a potential role

for intercellular adhesion molecue in cerebral sequestrationAm J Pathglvol. 145, no. 5, pp.
10571069.

Unlu, M., Morgan, M.E. & Minden, J.S. (1997) 'Difference gel electrophoresis: a single gel method for
detecting changeB protein extracts'Electrophoresisvol. 18, no. 11, pp. 2072077.

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J.J. & Lotvall, J.0. (2007 H'Eedistace
transfer of mMRNAs and microRNAs is a novel mechanism of genetic exchange eiisdat Cell
Biol vol. 9, no. 6, pp. 65859.

243



Van Damme, J., Wuyts, A., Froyen, G., Van Caoillie, E., Struyf, S., Billiau, A., Proost, P., Wang, J.M. &
Opdenakker, G. (1997) 'Granulocyte chemotactic prefeand related CXC chemokines: from gene
reguation to receptor usageJ Leukoc Biplbol. 62, no. 5, pp. 56369.

Van den Bergh, G., Clerens, S., Vandesande, F. & Arckens, L. (2003) 'Réasesedigh
performance liquid chromatography prefractionation prior to tdonensional difference gel
electrophoresis and mass spectrometry identifies new differentially expressed proteins between
striate cortex of kitten and adult caElectrophoresisvol. 24, no. 9, pp. 1471481.

van der Poll, T., Keogh, C.V., Guirao, X., Buurman, W.A., Kopf, M. & LBWIQ%/) 'Interleukis
genedeficient mice show impaired defense against pneumococcal pneumdrigect Disvol. 176,
no. 2, pp. 439444,

Vaz, F.M., Fouchier, S.W., Ofman, R., Sommer, M. & Wanders, R.J. (2000) 'Molecular and biochemical
characterizéion of rat gammatrimethylaminobutyraldehyde dehydrogenase and evidence for the
involvement of human aldehyde dehydrogenase 9 in carnitine biosynth@d&igl Chemvol. 275,

no. 10, pp. 7394'394.

Velculescu, V.E., Zhang, L., Vogelstein, B. & KiKz2Wr,(1995) 'Serial analysis of gene expression’,
Sciencevol. 270, no. 5235, pp. 481B7.

Veszelka, S., Pasztoi, M., Farkas, A.E., Krizbai, I., Ngo, T.K., Niwa, M., Abraham, C.S. & Deli, M.A.
(2007) 'Pentosan polysulfate protects brain endothelial cafiainst bacterial lipopolysaccharide
induced damagesNeurochem Intvol. 50, no. 1, pp. 21228.

Vinters, H.V., Kwok, M.K., Ho, H.W., Anders, K.H., Tomiyasu, U., Wolfson, W.L. & Robert, F. (1989)
‘Cytomegalovirus in the nervous system of patients with sttquired immune deficiency syndrome’,
Brain vol. 112 ( Pt 1), pp. 24%%68.

Viola, A. & Luster, A.D. (2008) 'Chemokines and their receptors: drug targets in immunity and
inflammation’,Annu Rev Pharmacol Toxicabl. 48, pp. 174197.

Vleminckx, K. & Keer, R. (1999) 'Cadherins and tissue formation: integrating adhesion and
signaling'Bioessaysvol. 21, no. 3, pp. 21220.

+23S8S4aY 50X BEAO1IEI td 9 . dzYSAAGSNE 2d OomMpdhpdO
F2NJ O2y (0 NRBf f SiRReLBIRhES, 2. 883pp.AE@IH68. | VY

Volarevic, S., Stewart, M.J., Ledermann, B., Zilberman, F., Terracciano, L., Montini, E., Grompe, M.,
Kozma, S.C. & Thomas, G. (2000) 'Proliferation, but not growth, blocked by conditional deletion of
40S ribosomal mtein S6'Sciencevol. 288, no. 5473, pp. 204£047.

Vonlaufen, N., Guetg, N., Naguleswaran, A., Muller, N., Bjorkman, C., Schares, G., von Blumroeder,
D., Ellis, J. & Hemphill, A. (2004) 'In vitro induction of Neospora caninum bradyzoites in vero cells
reveals differential antigen expression, localization, and 4eedit recognition of tachyzoites and
bradyzoites'Infect Immunvol. 72, no. 1, pp. 57683.

Vonlaufen, N., Muller, N., Keller, N., Naguleswaran, A., Bohne, W., McAllister, M.M., Bjorkman, C.,
Muller, E., Caldelari, R. & Hemphill, A. (2002) 'Exogenous nitric oxide triggers Neospora caninum
tachyzoiteto-bradyzoite stage conversion in murine epidermal keratinocyte cell cultuhess')
Parasito) vol. 32, no. 10, pp. 125R265.

Vyas, A., Kim, IS, Giacomini, N., Boothroyd, J.C. & Sapolsky, R.M. (2007) 'Behavioral changes
induced by Toxoplasma infection of rodents are highly specific to aversion of cat dtlos'Nat!
Acad Sci U S #ol. 104, no. 15, pp. 644447.

244



Walther, T.C. & Mann, M. (20) 'Mass spectrometrpased proteomics in cell biology, Cell Biol
vol. 190, no. 4, pp. 49300.

Wang, D.D. & Bordey, A. (2008) 'The astrocyte ody$emg, Neurobiglvol. 86, no. 4, pp. 34267.

2 y3s bod g {GFYSYy20A 03 enfyd AoyHINSINGOS RY &) SMBscleryas O aY S3/ 1
Cell. Motil, vol. 23, pp. 58540.

Wang, W., Nag, S., Zhang, X., Wang, M.H., Wang, H., Zhou, J. & Zhang, R. (2014) 'Ribosomal Proteins
and Human Diseases: Pathogenesis, Molecular Mechanisms, and TherapeutitinglidMed Res
Rev.

Wang, Z., Gerstein, M. & Snyder, M. (2009) ¢4 a revolutionary tool for transcriptomicblat
Rev Genetvol. 10, no. 1, pp. 583.

Wasmuth, J., Daub, J., Pereghitvarez, J.M., Finney, C.A.Rarkinson, J. (2009) 'The origins of
apicomplexan sequence innovatio@enome Rewol. 19, no. 7, pp. 1202213.

Wastling, J.M., Armstrong, S.D., Krishna, R. & Xia, D. (2012) 'Parasites, proteomes and systems: has
Descartes' clock run out of timePaasitology vol. 139, no. 9, pp. 116B118.

Webster, J.P. (2007) 'The effect of Toxoplasma gondii on animal behavior: playing cat and mouse',
Schizophr Bylvol. 33, no. 3, pp. 75256.

Webster, J.P., Brunton, C.F. & MacDonald, D.W. (1994) 'Effect qfldsxa gondii upon neophobic
behaviour in wild brown rats, Rattus norvegictyrasitologyvol. 109 ( Pt 1), pp. 343.

Webster, J.P., Lamberton, P.H., Donnelly, C.A. & Torrey, E.F. (2006) 'Parasites as causative agents of
human affective disorders? Thénpact of antipsychotic, mooektabilizer and antparasite
medication on Toxoplasma gondii's ability to alter host behavidudc Biol Scivol. 273, no. 1589,

pp. 10231030.

Weiss, J.M., Downie, S.A., Lyman, W.D. & Berman, J.W. (1998) 'Astleiy¢td monocyte
chemoattractant proteinl directs the transmigration of leukocytes across a model of the human
blood-brain barrier',J Immunaglvol. 161, no. 12, pp. 689803.

Weiss, L.M., Ma, Y.F., Halonen, S., McAllister, M.M. & Zhang, Y.W. (1999) Tioedeveiopment
of Neospora caninum bradyzoitehit J Parasitolvol. 29, no. 10, pp. 171B723.

Welzl, H. & Stork, O. (2003) 'Cell adhesion molecules: key players in memory consoliddaws?’,
Physiol S¢vol. 18, pp. 14150.

Wen, X., Kudo, T., PaynL., Wang, X., Rodgers, L. & Suzuki, Y. (2010) 'Predominant interferon
gammamediated expression of CXCL9, CXCL10, and CCL5 proteins in the brain during chronic
infection with Toxoplasma gondii in BALB/c mice resistant to development of toxoplasmic
encephalitis', J Interferon Cytokine Resl. 30, no. 9, pp. 65860.

Werner, H., Masihi, K.N. & Senk, U. (1981) 'Latent toxoplasfeetion as a possible risk factor for
CN&disorders'Zentralbl Bakteriol Mikrobiol Hyg #ol. 250, no. 3, pp. 36875.

Westamann, A.J., Gorski, S.A. & Vogel, J. (2012) 'DualsB®iNAf pathogen and hostat Rev
Microbiol, vol. 10, no. 9, pp. 61830.

Westermeier, R. & Gorg, A. (2011) TFdimensional electrophoresis in proteomicd/ethods
Biochem Analvol. 54, pp. 41-439.

245



Williams, D.J., Guy, C.S., McGarry, J.W., Guy, F., Tasker, L., Smith, R.F., MacEachern, K., Cripps, P.J.,
Kelly, D.F. & Trees, A.J. (2000) 'Neospora canassociated abortion in cattle: the time of
experimentallyinduced parasitaemia during gestationtdamines foetal survivalParasitology vol.

121 ( Pt 4), pp. 34358.

Williams, D.J., Hartley, C.S., Bjorkman, C. & Trees, A.J. (2009) 'Endogenous and exogenous
transplacental transmission of Neospora canindrhow the route of transmission impacts on
epidemiology and control of diseas®arasitology pp. %6.

Wilson, C.B., Remington, J.S., Stagno, S. & Reynolds, D.W. (1980) 'Development of adverse sequelae
in children born with subclinical congenital Toxoplasma infecti®ediatrics vol. 66, no. 5, pp7/67
774.

Wilson, D.N. & Beckmann, R. (2011) "The ribosomal tunnel as a functional environment for nascent
polypeptide folding and translational stalling’, Curr Opin Struct Biol, vol. 21, no. 2, pg8274

Wilson, E.H. & Hunter, C.A. (2004) 'The rolastfocytes in the immunopathogenesis of toxoplasmic
encephalitis'Int J Parasitolvol. 34, no. 5, pp. 54348.

Wolf, M., Delgado, M.B., Jones, S.A., Dewald, B.,-Cdavls, |. &aggiolini, M. (1998) 'Granulocyte
chemotactic protein 2 acts via both-8.receptors, CXCR1 and CXCRZ',J Immungblol. 28, no. 1,
pp. 164170.

Wozniak, M.A., Modzelewska, K., Kwong, L. & Keely, P.J. (2004) 'Focal adhesion regulation of cell
behaviot, Biochim Biophys Actaol. 1692, no.-3, pp. 103119.

2dz2 / d Smdpppy WI SHG akKz2O1 NI y AN rediew af fell @t OG 2 NAR
developmental biologyol. 11, pp. 444469.

Wuyts, A., Proost, P., Lenaerts, J.P.-BanuchA., Van Damme, J. & Wang, J.M. (1998) 'Differential
usage of the CXC chemokine receptors 1 and 2 by interl@jlgnanulocyte chemotactic proteia
and epithelialcellderived neutrophil attractan78', Eur J Biochenvol. 255, no. 1, pp. 673.

Xi, L., Bu, S.G., Hobbs, D.C. & Kukreja, R.C. (2011) 'ldentification of protein targets underlying
dietary nitrateinduced protection against doxorubicin cardiotoxicityCell Mol Medvol. 15, no. 11,
pp. 25122524.

Xia, D., Sanderson, S.J., Jones, A.R., Plietg Yates, J.R., Bromley, E., Tomley, F.M., Lal, K., Sinden,
R.E., Brunk, B.P., Roos, D.S. & Wastling, J.M. (2008) 'The proteome of Toxoplasma gondii: integration
with the genome provides novel insights into gene expression and annotaBenome Biglvol. 9,

no. 7, p. R116.

Yamada, S., Nagai, T., Nakai, T., Ibi, D., Nakajima, A. & Yamada, K. (2014) 'Matrix metallogBoteinase
is a possible mediator of neurodevelopmental impairment due to peoiyiddced innate immune
activation of astrocytesBrainBehav Immunvol. 38, pp. 27:282.

Yang, J.W., Suder, P., Silberring, J. & Lubec, G. (2005) 'Proteome analysis of mouse primary
astrocytes' Neurochem Intvol. 47, no. 3, pp. 15972.

Yin, P., Knolhoff, A.M., Rosenberg, H.J., Millet, L.J., Gillette &\&Weedler, J.V. (2012) 'Peptidomic
analyses of mouse astrocytic cell lines and rat primary cultured astrocytBsgteome Resol. 11,
no. 8, pp. 3968973.

246



Zhang, H., Li, X.J., Martin, D.B. & Aebersold, R. (2003) 'ldentification and quantificatitinkeid
glycoproteins using hydrazide chemistry, stable isotope labeling and mass spectrorhty’,
Biotechnol vol. 21, no. 6, pp. 66666.

Zhang, J., Xin, L., Shan, B., Chen, W., Xie, M., Yuen, D., Zhang, W., Zhang, Z., LajMe, B.A. &
(2012) 'PEAKS DB: de novo sequencing assisted database search for sensitive and accurate peptide
identification’,Mol Cell Proteomi¢wol. 11, no. 4, p. M111.010587.

Zhang, Y.W., Halonen, S.K., Ma, Y.F., Wittner, M. & Weiss, L.M. (2001) Haita&ltarization of
CST1, a Toxoplasma gondii cyst wall glycoprotefiect Immunvol. 69, no. 1, pp. 56307.

Zhou, D.H., Zhao, F.R., Nisbet, A.J., Xu, M.J., Song, H.Q., Lin, R.Q., Huang, S.Y. & Zhu, X.Q. (2014)
'‘Comparative proteomic analysis of difémt Toxoplasma gondii genotypes by tdimensional
fluorescence difference gel electrophoresis combined with mass spectromgélegtrophoresisvol.

35, no. 4, pp. 53545.

Zhou, G., Li, H., DeCamp, D., Chen, S., Shu, H., Gong, Y., Flaig, M., GiWesHie, N., Taylor, P.R.,
EmmertBuck, M.R., Liotta, L.A., Petricoin, E.F., 3rd & Zhao, Y. (2002) '2D differeigehl in
electrophoresis for the identification of esophageal scans cell caspexific protein markersMol
Cell Proteomicsol. 1, no2, pp. 117124,

Zhou, H., Zhao, Q., Das Singla, L., Min, J., He, S., Cong, H., Li, Y. & Su, C. (2013) 'Differential proteomic
profiles from distinct Toxoplasma gondii strains revealed ydi#ference gel electrophoresiExp
Parasito) vol. 133, no. 4, p 376382.

Zhu, G., Marchewka, M.J. & Keithly, J.S. (2000) 'Cryptosporidium parvum appears to lack a plastid
genome',Microbiology vol. 146 ( Pt 2), pp. 31%1.

Zhu, S. (2009) 'Psychosis may be associated with toxoplasrivisisklypothesesvol. 73, no5, pp.
799-801.

Zhu, W., Smith, JW. & Huang, C.M. (2010) 'Mass spectroinasad labefree quantitative
proteomics',J Biomed Biotechnolol. 2010, p. 840518.

Zhu, Y.M., Bagstaff, S.M& Woll, P.J. (2006) 'Production and upregulation of granulocyte
chemotactic protein2/CXCL6 by {lbeta and hypoxia in small cell lung cancBr'J Cancewol. 94,
no. 12, pp. 1934.941.

Zlokovic, B.V. (2008) 'The blebdhin barrier in health and chronic neurodegenerative disorders’,
Neuron vol. 57, no. 2, pp. 17201.

Zlotnik, A. & Yoshie, O. (2000) 'Chemokines: a new classification system and their role in immunity’,
Immunity, vol. 12, no. 2, pp. 12127.

Zybailov, B., Coleman, M.K., Florens, L. & Washburn, M.P. (2005) 'Correlation of relative abundance
ratios derved from peptide ion chromatograms and spectrum counting for quantitative proteomic
analysis using stable isotope labelimghal Chemvol. 77, no. 19, pp. 621&24.

247



List of Appendices

Appendix I Differentiallyexpressed host cell proteins identified using-RIGE.

Appendix I} Differentially expressetiost cells transcriptduring infection(Appendix lla and
[Ib on disc).

Appendix Il Hostcells proteome proteins identified using laHete proteomics (Appendix
[lla and Illb on disc).

248



Appendix I\ Differentiallyexpressed secreted proteins of host cells during infection.

Appendix V¥ Host cell secreted proteins identified during infectiorpp&ndix Va and Vb on
disc)

249



Appendix I: Differentially expressed proteire host cellsusing 2DDIGE approach (total of 26 proteins)

Table I:Protein spots differentially expressed in-EDGE pick gel, the top five h{imccording to the protein score and protein matches) for each pot were selected, The spot
number (Spot no), protein hit number (prot hit num), name (Prot name), description (prot desc), score (prot score)pnoatetaich), ttest and fold change (F@ere

0S¢

identified. Fold changes highlighted in red indicateragulated proteins and fold changes highlighted in green indicate eegnlated proteins.

Spot | Prothit | Proacc | Prot name Prot desc Prot Prot Prot Prot Prot Prot | t-test FC
no num score mass match sequence | cover pi
2418 Q8Wz42 | TITIN_HUMAN | Titin 133 3843119| 75 61 2.3 6.01 | 0.045 -4.57
2 Q12955 | ANK3_HUMAN | Ankyrin3 67 482394 | 19 16 4.7 6.07
3 Q9UPN3 | MACF1_HUMAN Microtubule-actin crosdinking factor 62 623626 | 17 15 3 5.27
1, isoforms 1/2/3/5
4 Q12789 | TF3C1_HUMAN| General transcription factor 3C 56 241062 | 9 9 4.1 7.01
polypeptide 1
5 Q5VST9 | OBSCN_HUMAN Obscurin 51 879630 | 10 10 1.6 5.69
4436 | 1 P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 225 37061 4 19.8 8.44 | 0.026 -2.39
2 P12277 | KCRB_HUMAN | Creatine kinase-B/pe 222 43013 4 13.4 5.34
3 P06733 | ENOA_HUMAN | Alphaenolase 181 47592 6 21.8 7.01
4 GSTA1_HUMAN ; TOPep_Count=14 170 25652 25 3 30.6 8.92
5 P08670 | VIME_HUMAN | Vimentin 165 53787 5 4 9.2 5.05
2638 | 1 TRYP_PIG ; TOPep_Count=12 111 25189 24 23 3 7 0.0047 | -1.77
2 K1C10_HUMAN| ; TOPep_Count=27 86 59822 2 5.13
3 K2C1_HUMAN | ; TOPep_Count=35 72 66129 2 3 8.16
4 Q969S9 | RRF2M_HUMAN Ribosomereleasingactor 2 58 87512 1 6.08




TG¢

5 P08670 | VIME_HUMAN | Vimentin 43 53787 3 1 3 5.05
3534 | 1 P25705 | ATPA_HUMAN | ATP synthase subunit alpha, 658 59939 16 15 30.1 9.16 | 0.036 -1.51
mitochondrial
2 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 488 61298 20 13 38.7 5.7
mitochondrial
P06733 | ENOA_HUMAN | Alphaenolase 475 47592 16 9 30.8 7.01
P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 462 42163 18 10 39.1 5.29
5 K1C10_HUMAN| ; TOPep_Count=27 429 59822 11 10 18.5 5.13
2293 | 1 K2C1_HUMAN | ; TOPep_Count=35 844 66281 22 22 32.1 8.15 | 0.026 -1.51
2 Q01995 | TAGL_HUMAN | Transgelin 348 22764 14 10 45 8.87
3 P37802 | TAGL2_HUMAN| Transgelir2 336 22659 11 48.5 8.41
4 P48047 | ATPO_HUMAN | ATP synthase subunit O, mitochondrig 287 23488 27.6 9.97
5 P40926 | MDHM_HUMAN| Malate dehydrogenase, mitochondrial| 216 36048 6 16.8 8.92
2125 |1 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 366 61298 13 8 25.8 5.7 0.045 1.53
mitochondrial
2 043707 | ACTN4_HUMAN Alphaactinin4 349 105356 | 7 6 10.1 5.27
3 P12277 | KCRB_HUMAN | Creatine kinaseB/pe 341 43013 5 5 31.2 5.34
4 P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 299 37061 8 5 23.1 8.44
5 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 270 42163 9 6 29 5.29
3070 | 1 P12277 | KCRB_HUMAN | Creatine kinaseB/pe 319 43013 8 6 31.2 5.34 | 0.021 2.03
P06733 | ENOA_HUMAN | Alphaenolase 298 47592 13 21.8 7.01
3 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 280 61298 9 6 195 5.7
mitochondrial
4 P05023 | AT1A1 _HUMAN| Sodium/potassiurtransporting 254 114246 | 6 5 6.5 5.33

ATPase subunit alpkh




[AST4

5 043707 | ACTN4_HUMAN Alphaactinin-4 254 105356 | 7 6 10.1 5.27
2620 |1 P05023 | AT1A1_HUMAN| Sodium/potassiurtransporting 353 114246 | 6 5 6.5 5.33 | 0.027 2.54
ATPase subunit alpki
043707 | ACTN4_HUMAN Alphaactinin-4 352 105356 | 7 10.1 5.27
3 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 337 61298 14 9 25.1 5.7
mitochondrial
P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 321 42163 32 10 335 5.29
P13929 | ENOB_HUMAN | Betaenolase 289 47410 8 4 16.1 7.59
2227 |1 Q8Wz42 | TITIN_HUMAN | Titin 85 3843119| 61 48 1.8 6.01 | 0.013 2.67
Q8WXHO| SYNE2_HUMAN Nesprin2 72 801817 | 18 13 2 5.26
3 094833 | BPAEA_HUMAN Bullous pemphigoid antigen 1, isoforn| 71 593763 | 17 11 2.6 5.49
6/9/10
A7TE2Y1 | MYH7B_HUMAN Myosin7B 62 222393 53 5.73
5 Q9P2D7 | DYH1_HUMAN | Dynein heavy chain 1, axonemal 60 497704 8 2.8 5.66
2023 | 1 TRYP_PIG ; TOPep_Count=12 129 25189 25 4 19 7 0.00063| 2.07
2 P11021 | GRP78_HUMAN 78 kDa glucosesgulated protein 90 72513 3 3 6.7 5.06
3 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 58 42163 3 3 10.4 5.29
4 K2C1_HUMAN | ; TOPep_Count=35 43 66129 1 1 3.1 8.16
5 Q8TF72 | SHRM3_HUMAN Protein Shroom3 40 218432 | 1 1 0.5 7.87
2307 |1 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 221 42163 6 4 15.2 5.29 | 0.028 1.89
2 Q6UWPS8| SBSN_HUMAN | Suprabasin 200 60673 7 4 8.5 6.5
3 P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 162 37061 5 3 14.4 8.44
4 P07148 | FABPL_HUMAN| Fatty acidbinding protein, liver 141 14367 5 3 44.5 6.6
5 P31946 | 1433B_HUMAN | 14-3-3 protein beta/alpha 117 28290 3 2 13 4.76




€a¢

2782 |1 P08670 | VIME_HUMAN | Vimentin 639 53787 16 16 313 5.05 0.02 -1.68
2 K1C10_HUMAN| ; TOPep_Count=27 402 59822 11 11 20.2 5.13
3 K2C1_HUMAN | ; TOPep_Count=35 305 66129 11 11 15.2 8.16
4 K22E_HUMAN | ; TOPep_Count=41 232 66222 8 8 12.8 8.07
5 P67936 | TPM4_HUMAN | Tropomyosin alpha chain 230 28730 10 10 28.9 4.67
4081 |1 P08670 | VIME_HUMAN | Vimentin 980 53787 29 24 484 5.05 0.045 -1.54
2 Q04695 | K1C17_HUMAN| Keratin, type | cytoskeletal 17 478 48472 14 14 29.6 4.97
3 Q9P2E9 | RRBP1_HUMAN Ribosomebinding protein 1 478 152891 | 14 14 10.4 8.69
4 Q9BRK5 | CAB45_HUMAN]| 45 kDa calciuabinding protein 357 42006 11 10 28.1 4.76
5 P02533 | K1C14_HUMAN| Keratin, type | cytoskeletal 14 305 51983 9 9 16.3 5.09
2023 | 1 P06733 | ENOA_HUMAN | Alphaenolase 376 47592 14 8 26.2 7.01 0.0002 | 2.44
2 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 309 42163 15 36.7 5.29
3 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 289 61298 10 195 5.7
mitochondrial
P09104 | ENOG_HUMAN | Gammaenolase 238 47692 4 15.6 491
P12277 | KCRB_HUMAN | Creatine kinase B/pe 216 43013 17.8 5.34
3608 | 1 P06733 | ENOA_HUMAN | Alphaenolase 489 47592 20 8 28.3 7.01 | 0.045 -1.54
2 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 477 61298 15 10 28.9 5.7
mitochondrial
P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 428 42163 24 14 46 5.29
043707 | ACTN4_HUMAN Alphaactinin4 363 105356 10.1 5.27
Q9BQE3 | TBA1C_HUMAN| Tubulin alphalC chain 334 50659 5 21.3 4.96




12°T4

3608 | 1 P25705 | ATPA_HUMAN | ATP synthase subunit alpha, 658 59939 16 15 30.1 9.16 | 0.045 -1.54
mitochondrial
2 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 488 61298 20 13 38.7 5.7
mitochondrial
P06733 | ENOA_HUMAN | Alphaenolase 475 47592 16 9 30.8 7.01
P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 462 42163 18 10 39.1 5.29
5 K1C10_HUMAN| ; TOPep_Count=27 429 59822 11 10 18.5 5.13
1301 |1 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 488 42163 25 10 335 5.29 | 0.0085 | -1.96
2 P06733 | ENOA_HUMAN | Alphaenolase 461 47592 14 234 7.01
3 043707 | ACTN4_HUMAN Alphaactinin-4 360 105356 | 7 10.1 5.27
4 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 358 61298 13 28.2 5.7
mitochondrial
5 P09104 | ENOG_HUMAN | Gammaenolase 342 47692 8 4 15.6 4.91
2029 | 1 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 213 42163 5 23.7 5.29 | 0.015 -2.3
2 P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 200 37061 6 4 18.3 8.44
3 P06733 | ENOA_HUMAN | Alphaenolase 182 47592 10 6 21.8 7.01
4 P12277 | KCRB_HUMAN | Creatine kinase B/pe 156 43013 4 134 5.34
5 P00558 | PGK1_HUMAN | Phosphoglycerate kinase 1 149 45096 4 13.6 8.3
4473 | 1 P07237 | PDIA1_HUMAN | Protein disulfideisomerase 229 57591 10 8 15.5 4.76 | 0.019 -2.57
2 TRYP_PIG ; TOPep_Count=12 113 25189 42 4 19 7
3 P43243 | MATR3_HUMAN Matrin-3 41 95189 2 2 2.7 5.87
4 ALBU_HUMAN | ; TOPep_Count=42 35 71428 1 2.8 5.92
5 K2C1_HUMAN | ; TOPep_Count=35 32 66129 1 1 3.1 8.16
2069 | 1 Q8Wz42 | TITIN_HUMAN | Titin OS 155 3843119| 83 64 2.5 6.01 0.046 -2.46




GG¢

Q8TF72 | SHRM3_HUMAN Protein Shroom3 85 218125 | 12 12 7.3 7.75
Q8NF91 | SYNE1_HUMAN Nesprinl 83 1017069 21 21 3.3 5.38
Q09666 | AHNK_HUMAN | Neuroblast differentiatiorassociated | 77 629213 | 28 22 4.4 5.8
protein AHNAK
5 Q9NU22 | MDN1_HUMAN | Midasin 65 638008 | 16 13 3.7 5.46
1674 | 1 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 392 42163 22 10 35.9 5.29 | 0.028 -1.69
2 P06733 | ENOA_HUMAN | Alphaenolase 347 47592 14 24.8 7.01
3 P07148 | FABPL_HUMAN| Fatty acidbinding protein, liver 309 14367 14 57 6.6
4 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 302 61298 11 19.5 5.7
mitochondrial
5 043707 | ACTN4_HUMAN Alphaactinin4 290 105356 | 7 6 10.1 5.27
1379 P06733 | ENOA_HUMAN | Alphaenolase 275 47592 12 28.7 7.01 | 0.033 1.71
2 P10809 | CH60_HUMAN | 60 kDa heat shock protein, 233 61298 7 5 14.3 5.7
mitochondrial
P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 185 42163 11 21 5.29
4 P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 180 37061 19.8 8.44
P12277 | KCRB_HUMAN | Creatine kinase-B/pe 174 43013 13.4 5.34
3070 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 284 42163 16 5.29 0.012 -1.73
2 P06733 | ENOA_HUMAN | Alphaenolase 263 47592 14 4 7.01
P10809 | CH60_HUMAN | 60 kDa heat shock protein, 258 61298 10 8 5.7
mitochondrial
4 P00558 | PGK1_HUMAN | Phosphoglycerate kinase 1 236 45096 8.3
P08727 | K1C19_HUMAN| Keratin, type | cytoskeletal 19 231 44190 6 5.04
2759 | 1 P06733 | ENOA_HUMAN | Alphaenolase 218 47592 10 6 21.8 7.01 | 0.028 1.52
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P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 186 37061 15 8.44
P10809 | CH60_HUMAN | 60 kDa heat shock protein, 181 61298 17.4 5.7
mitochondrial
P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 167 42163 8 26.1 5.29
5 GSTA1_HUMAN ; TOPep_Count=14 163 25652 24 3 30.6 8.92
4321 |1 P06733 | ENOA_HUMAN | Alphaenolase 333 47592 11 6 21.8 7.01 | 0.023 1.71
2 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 276 42163 12 8 34.6 5.29
3 P12277 | KCRB_HUMAN | Creatine kinaseB/pe 235 43013 5 17.8 5.34
4 P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 226 37061 4 19.8 8.44
5 P00558 | PGK1_HUMAN | Phosphoglycerate kinase 1 202 45096 4 13.6 8.3
1833 |1 P06733 | ENOA_HUMAN | Alphaenolase 262 47592 12 6 21.8 7.01 | 0.04 2.87
2 P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 213 42163 6 27.7 5.29
3 P00338 | LDHA_HUMAN | L-lactate dehydrogenase A chain 186 37061 4 16.8 8.44
4 043707 | ACTN4_HUMAN Alphaactinin4 167 105356 3 5.4 5.27
5 GSTA1_HUMAN ; TOPep_Count=14 167 25652 26 4 34.2 8.92




Appendix IV:Statistically significant secreted proteins of human astrocytes during
infection withT. gondicompared to secreted host cells infected with caninum

Table IV: Statistically significant human astrocyte proteins durihggondiiinfection. Upregulated
secreted proteins are highlighted in red and doevegulated proteins are highlighted in green.

Predicted proteins identified as secreted (Pred secr) (SecretomeP, SignalP or SPD) are labelled with

'Yes' and secreted proteins predict not to be secreted are labelled with 'No'.

Accession| Protein Description Anova Log2 | Log2 Pred

no (p) Cont | Toxo secr

P09341 | GROA_HUMAN | Growthregulated alpha protein| 0.000108| 0O 5.257845| Yes

P09238 | MMP10_HUMAN| Stromelysin2 0.000263| 0 4.624676| Yes

P05362 ICAM1_HUMAN | Intercellular adhesion moleculg 0.000103| O 4.19749 | YES
1

P13500 | CCL2_HUMAN | GC motif chemokine 2 4.31E05 | O 3.654107| Yes

P15121 | ALDR_HUMAN | Aldose reductase 0.008836| 0 3.361175| No

Q08397 | LOXL1_HUMAN | Lysyl oxidase homolog 1 0.002837| 0 2.726979| Yes

P19320 | VCAM1_HUMAN| Vascular cell adhesion protein| 0.002893| 0 2.365301| Yes

P25786 | PSA1 HUMAN | Proteasome subunit alpha typg 0.004337| O 2.211186| No
1

P06454 | PTMA_HUMAN | Prothymosin alpha 0.046505| 0 2.013212| No

P05231 IL6_ HUMAN Interleukin6 0.016789| 0 1.999948| Yes

P26022 | PTX3_HUMAN | Pentraxinrelated protein PTX3| 0.001155| 0 1.977178| Yes

P31153 | METK2_HUMAN| Sadenosylmethionine synthas¢ 0.001737| O 1.915867| Yes
isoform type2

P61163 | ACTZ _HUMAN | Alphacentractin 0.033373| 0 1.883014| No

014818 | PSA7_HUMAN | Proteasome subunit alpha typg 0.048428| 0 1.403476| No
7

P17987 | TCPA_HUMAN | T-complex protein 1 subunit 0.017136| 0 1.346837| Yes
alpha

043493 | TGON2_HUMAN| TransGolgi network integral 0.017583| 0 1.307799| No
membrane protein 2

P59998 | ARPC4_HUMAN]| Actinrelated protein 2/3 0.008322| 0 1.291607| Yes
complex subunit 4

P38646 | GRP75 HUMAN| Stress70 protein, 0.000697| 0 1.260346 | No
mitochondrial OS

P28074 | PSB5 HUMAN | Proteasome subunit beta type | 0.001689| O 1.252413| Yes
5

P50990 | TCPQ_HUMAN | T-complex protein 1 subunit 0.00156 | O 1.236334| No
theta

P21291 | CSRP1_HUMAN]| Cysteine and glycirgch 0.011696| O 1.017476| No
protein 1

Q14767 | LTBP2_HUMAN | Latenttransforming growth 0.02889 | 0 1.017025| Yes
factor betabinding protein 2

P0O7900 | HS90A HUMAN | Heat shock protein HSP 90 0.010883| 0 1.008597| No
alpha

015511 | ARPC5_HUMANY| Actinrelated protein 2/3 0.003562| 0 0.992675| Yes
complex subunit 5

Q14974 | IMB1_HUMAN | Importin subunit betal 0.025356| 0 0.988888| Yes
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P63313 | TYB10_HUMAN | Thymosin betal0 0.021646| 0 0.961515| Yes

P14550 | AK1A1l_HUMAN | Alcohol dehydrogenase 0.002491| 0 0.957828| No
[NADP(+)]

P07437 | TBB5_HUMAN | Tubulin beta chain 0.009428| 0 0.947041| No

076003 | GLRX3 HUMAN| Glutaredoxinr3 0.047604| 0 0.936697| Yes

P03956 | MMP1_HUMAN | Interstitial collagenase 0.036559| 0 0.930272| Yes

P11021 | GRP78_HUMAN| 78 kDa glucosesgulated 0.000481| 0 0.927743| Yes
protein

P25788 | PSA3_HUMAN | Proteasome subunit alpha typg 0.008862| O 0.897865| No
3

P09972 | ALDOC_HUMAN| Fructosebisphosphate aldolasg 0.01806 | O 0.88451 | No
C

P14314 | GLU2B_HUMAN| Glucosidase 2 subunit beta 0.003944| 0 0.866184| Yes

Q01082 | SPTB2_HUMAN | Spectrin beta chain, nen 0.027778| 0 0.861815| No
erythrocytic 1

P30050 | RL12_HUMAN | 60S ribosomal protein L12 0.005206| 0 0.8578 Yes

P30086 | PEBP1_HUMAN | Phosphatidylethanolamine 0.004218| 0 0.856006| Yes
binding protein 1

P80723 | BASP1_HUMAN/| Brain acid soluble protein 1 0.043949| 0 0.849623| No

P08238 | HS90B_HUMAN | Heat shock protein HSP®@ta | 0.01094 | O 0.837652| No

P53396 | ACLY_HUMAN | ATRcitrate synthase 0.016232| 0 0.83065 | Yes

P27797 | CALR_HUMAN | Calreticulin 0.017732| 0 0.823313| No

P49588 | SYAC_HUMAN | Alanine-tRNA ligase, 0.02464 | O 0.820437| No
cytoplasmic

A6NMY6 | AXA2L _HUMAN | Putative annexin Aflke protein | 0.000404| O 0.801217| Yes

Q16527 | CSRP2_HUMAN]| Cysteine and glycingch 0.029279| 0 0.800834| Yes
protein 2

P62328 | TYB4 HUMAN | Thymosin betad 0.011207| 0 0.795066| Yes

P23381 | SYWC_HUMAN | TryptophantRNA ligase, 0.010216| O 0.788698| No
cytoplasmic

P07195 | LDHB_HUMAN | L-lactate dehydrogenase B 0.004474| 0 0.780505| Yes
chain

P02795 | MT2_HUMAN Metallothionein-2 0.003684| 0 0.773442| Yes

Q71U36 | TBALA_HUMAN | Tubulin alphalA chain 0.01182 | O 0.763696 | No

P34931 | HS71L_HUMAN | Heat shock 70 kDa protein 1 | 0.018605| O 0.757331| No
like

Q9NQR4 | NIT2_HUMAN Omegaamidase NIT2 OS 0.034322| 0 0.744647| Yes

P62805 | H4_HUMAN Histone H4 OS 0.047206| O 0.743187| No

Q14315 | FLNC_HUMAN | FilaminC OS 0.021335| 0 0.733525| No

Q15365 | PCBP1_HUMAN| Poly(rChinding protein 1 0.031335| 0 0.730129| Yes

Q9BRA2 | TXD17_HUMAN | Thioredoxin domaircontaining | 0.000712| 0 0.721117| No
protein 17

P55209 | NP1L1_HUMAN | Nucleosome assembly protein| 0.029703| O 0.714747| No
1-like 1

P60842 IF4AA1_HUMAN | Eukaryoatic initiation factor 4A | 0.013077| O 0.711941| Yes

P02760 | AMBP_HUMAN | Protein AMBP 0.030574| 0 0.709603| Yes

P04075 | ALDOA HUMAN]| Fructosebisphosphate aldolasg 0.005546| 0 0.705727| No
A

P60983 | GMFB_HUMAN | Glia maturation factor beta 0.014842| 0 0.677299| Yes

P37837 | TALDO_HUMAN| Transaldolase 0.014305| 0 0.653274| No
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P14625 | ENPL_HUMAN | Endoplasmin 0.008421| 0 0.648768| No
P14174 | MIF_HUMAN Macrophage migration 0.001703| 0 0.647196| Yes
inhibitory factor
P18669 | PGAM1 HUMAN Phosphoglycerate mutase 1 | 0.038812| 0 0.636581| No
P54727 | RD23B_HUMAN /| UV excision repair protein 0.038491| 0 0.615021| No
RAD23 homolog B
P0O7355 | ANXA2_HUMAN| Annexin A2 0.025654| 0 0.612429| Yes
P04004 | VTNC_HUMAN | Vitronectin 0.005287| 0 0.610916| Yes
P68104 | EF1A1_HUMAN | Elongation factor flpha 1 0.022367| 0 0.603369| No
P23284 | PPIB_HUMAN Peptidytprolyl cistrans 0.011181| 0 0.59286 | Yes
isomerase B
P09486 | SPRC_HUMAN | SPARC 0.029222| 0 -0.64863 | Yes
P09493 | TPM1_HUMAN | Tropomyosin alphd chain 0.004885| 0 -0.66525 | Yes
000391 | QSOX1_HUMANI| Sulfhydryl oxidase 1 0.016832| 0 -0.72541 | Yes
P35555 | FBN1_HUMAN | Fibrillin-1 0.011265| 0 -0.73377 | Yes
P18065 IBP2_HUMAN Insulirlike growth factor 0.015588| 0 -0.75658 | Yes
binding protein 2
Q92743 | HTRA1_HUMAN/| Serine protease HTRA1 0.032223| 0 -0.85143 | Yes
Q96120 PAWR_HUMAN | PRKC apoptosis WT1 regulato| 0.041202| 0 -0.8957 | Yes
protein
Q16610 | ECM1_HUMAN | Extracellular matrix protein 1 | 0.038878| 0 -0.91286 | Yes
P12107 | COBA1_HUMAN| Collagen alphd (XI) chain 0.049795| 0 -0.91288 | Yes
P24593 | IBP5_HUMAN Insulinlike growth factor 0.018139| 0 -0.91306 | Yes
binding protein 5
P63261 | ACTG_HUMAN | Actin, cytoplasmic 2 0.033869| 0 -0.93031 | No
P55285 | CADH6_HUMAN| Cadherin6 0.027749| 0 -0.93272 | No
P48061 | SDF1_HUMAN | Stromal celderived factor 1 0.01213 | O -0.93275 | Yes
P17936 IBP3_HUMAN Insulirlike growth factor 0.008403| 0 -0.95564 | Yes
binding protein 3
P24534 | EF1B_HUMAN | Elongation factor -beta 0.005794| 0 -0.96469 | Yes
P61978 | HNRPK_HUMAN Heterogeneous nuclear 0.010264| 0 -0.99162 | No
ribonucleoprotein K
Q9UBP4 | DKK3_HUMAN | Dickkopfrelated protein 3 0.003557| 0 -1.03339 | Yes
P27658 | CO8A1_HUMAN| Collagen alphd(VIIl) chain 0.026119| 0 -1.036 Yes
P68032 | ACTC_HUMAN | Actin, alpha cardiac muscle 1 | 0.049451| 0 -1.07526 | No
Q05682 | CALD1_HUMAN | Caldesmon 0.008266| 0 -1.08126 | No
060565 | GREM1 _HUMAN Gremlinl 0.008403| 0 -1.08995 | Yes
P08476 | INHBA_HUMAN | Inhibin beta A chain 0.041069| O -1.09314 | Yes
P28300 | LYOX_HUMAN | Proteinlysine 6oxidase 0.0088 0 -1.12782 | Yes
095633 | FSTL3_HUMAN | Follistatinrelated protein 3 0.0369 0 -1.1306 | Yes
P02545 | LMNA_HUMAN | PrelaminA/C 0.009051| 0 -1.1379 | No
P24844 | MYL9_HUMAN | Myosin regulatory light 0.043409| 0 -1.14577 | Yes
polypeptide 9
P25940 | CO5A3 HUMAN| Collagen alph&(V) chain 0.041054| 0 -1.20935 | Yes
P25398 | RS12_HUMAN | 40S ribosomal protein S12 0.034829| 0 -1.23693 | Yes
P16949 STMN1_ HUMAN| Stathmin 0.028402| 0 -1.27325 | Yes
Q9Ul42 | CBPA4_HUMAN| Carboxypeptidase A4 0.013366| 0 -1.37723 | Yes
P27816 | MAP4_HUMAN | Microtubule-associated protein| 0.012288| 0 -1.37819 | No

4
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Q02818 | NUCB1_HUMAN| Nucleobindinl 0.00856 | 0 -1.51679 | No

P41219 | PERI_HUMAN | Peripherin 0.001806| O -1.51762 | Yes

Q15056 | IF4AH_HUMAN Eukaryotic translation initiation| 0.001988| 0 -1.52172 | Yes
factor 4H

043852 | CALU_HUMAN | Calumenin 0.000302| O -1.65663 | Yes

P55058 | PLTP_HUMAN | Phospholipid transfer protein | 0.002739| 0 -1.66905 | Yes

Q02952 | AKA12_HUMAN | A-kinase anchor protein 12 0.027524| 0 -1.7027 | No

P38159 | RBMX_HUMAN | RNAbinding motif protein, X 0.002406| 0 -1.75489 | No
chromosome

Q13443 | ADAM9_HUMAN| Disintegrin and 0.007574| 0 -1.7928 | Yes
metalloproteinase domain
containing protein 9

014979 | HNRDL_HUMAN| Heterogeneous nuclear 0.049791| 0 -1.84856 | Yes
ribonucleoprotein BDike

Q16643 | DREB_HUMAN | Drebrin 0.004587| 0 -1.89107 | No

Q96TA1l | NIBL1_HUMAN | Nibarnlike protein 1 0.033447| 0 -1.91785 | No

P17661 DESM_HUMAN | Desmin 0.001407| 0 -1.95785 | Yes

P08670 VIME_HUMAN | Vimentin 3.39E05 | O -1.95913 | Yes

P62857 | RS28 HUMAN | 40S ribosomal protein S28 6.79E05 | O -2.1068 | Yes

P07602 SAP_HUMAN Prosaposin 0.005073| 0 -2.11668 | Yes

043390 | HNRPR_HUMAN Heterogeneous nuclear 0.040803| 0 -2.36523 | No
ribonucleoprotein R

043399 | TPD54_HUMAN | Tumor protein D54 0.005077| O -2.38273 | Yes

P13497 | BMP1_HUMAN | Bone morphogenetic protein 1| 0.004657| O 247727 | Yes

Q8NC51 | PAIRB_HUMAN | Plasminogen activator inhibitor] 0.000374| 0 -2.71477 | No
1 RNAbinding protein

Q68BL8 | OLM2B_HUMAN| Olfactomedinlike protein 2B 0.004609| O -2.71667 | No

Q00688 | FKBP3_HUMAN | Peptidytprolyl cistrans 0.001 0 -2.77179 | Yes
isomerase FKBP3

095084 | PRS23_HUMAN | Serine protease 23 0.001414| 0 -2.81696 | Yes

Q9H4D0 | CSTN2_HUMAN/| Calsyntenir2 0.020465| 0 -3.01607 | No

P62701 | RS4X_HUMAN | 40S ribosomal protein S4, X | 0.013136| 0 -3.05041 | Yes
isoform

Q15233 | NONO_HUMAN | Non-POU domaircontaining 0.018906| O -3.06885 | No
octamerbinding protein

P53999 | TCP4_HUMAN | Activated RNA polymerase Il | 0.021747| 0 -3.50275 | Yes
transcriptional coactivator p15

P35637 | FUS_HUMAN RNAbinding protein FUS 0.034132| 0 -3.54684 | No

Q6NZI2 | PTRF_HUMAN | Polymerase | and transcript 0.00886 | 0 -3.73683 | Yes
release factor

P62854 | RS26_HUMAN | 40S ribosomal protein S26 0.029222| 0 -3.84154 | No

Q93063 | EXT2_HUMAN | Exostosir2 0.009943| 0 -3.85753 | Yes

P15502 ELN_HUMAN Elastin 0.001098| 0 -4.2452 | Yes

075787 | RENR_HUMAN | Renin receptor 0.001684| 0 -4.29192 | Yes
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Table V:Statistically significant human astrocyte proteins durdgcaninunminfection. Upregulated

secreted proteins are highlighted in red and doevegulated proteins are highlighted in green.
Predicted proteins identified as secreted (Pred secr) (SecretonmgfalB or SPD) are labelled with
‘Yes' and secreted proteins predicted not to be secreted are labelled with 'No'.

Accession| Protein Description Anova Log2 | Log2 Neo| Pred
no (p) Cont secr
P19875 | CXCL2_HUMAN| GX-C motif chemokine 2 0.004193| 0 5.896856| Yes
P10145 | IL8_HUMAN Interleukin8 7.23E05 | O 4932294 Yes
P05231 | IL6_HUMAN Interleukin-6 0.003763| 0 4547647 Yes
Q9Y5K6 | CD2AP_HUMAN| CD2associated protein 0.001248| 0 3.855305| No
Q08397 | LOXL1_HUMAN | Lysyl oxidase homolog 1 2.02E05 | O 3.327341| Yes
P09341 | GROA_HUMAN | Growthregulated alpha protein | 0.048183| 0 2.317003| Yes
P13500 | CCL2_HUMAN | GC motif chemokine 2 0.016222| 0 2.116471| Yes
Q14767 | LTBP2_HUMAN | Latenttransforming growth 8.47E05 | O 1.999367| Yes
factor betabinding protein 2
P30048 | PRDX3_HUMAN| Thioredoxindependent peroxidel 0.005613| 0 1.987092| Yes
reductase, mitochondrial
P68431 | H31_HUMAN Histone H3.1 0.011383| 0 1.344802| Yes
P05556 ITB1_HUMAN Integrin betal 0.013207| O 1.343346| No
Q14624 | ITIH4_HUMAN | Inter-alphatrypsin inhibitor 0.006484| 0 1.317681| Yes
heavy chain H4
P04114 | APOB_HUMAN | Apolipoprotein B100 0.00136 | O 1.298246| Yes
P48307 | TFPI2_HUMAN | Tissue factor pathway inhibitor  0.000265| 0 1.270384| Yes
095373 | IPO7_HUMAN | Importin-7 0.014602| O 1.260445| Yes
P04278 | SHBG_HUMAN | Sex hormonéinding globulin 0.002403| 0 1.190953| Yes
P08697 | A2AP_HUMAN | Alpha2-antiplasmin 0.004238| 0 1.189347| Yes
P00734 | THRB_HUMAN | Prothrombin 0.015799| 0 1.147557| Yes
P02774 | VTDB_HUMAN | Vitamin Dbinding protein 0.013655| 0 1.124911| Yes
P09871 C1S_HUMAN Complement C1s subcomponer 0.001142| O 1.12364 | Yes
P13611 CSPG2_HUMAN Versican core protein 0.005848| 0 1.119053| Yes
P01042 | KNG1_HUMAN | Kininogenl 0.022292| 0 1.109376| Yes
P05155 IC1_ HUMAN Plasma protease C1 inhibitor | 0.002318]| 0 1.078543| Yes
P62888 | RL30_HUMAN | 60S ribosomal protein L30 0.007565| O 1.054243| No
095445 | APOM_HUMAN | Apolipoprotein M 0.005913| 0 1.027931| Yes
P02765 | FETUA HUMAN| Alpha2-HSglycoprotein 0.003949]| 0 0.964087| Yes
P60033 | CD81_HUMAN | CD81 antigen 0.019602| O 0.963493| No
P05156 | CFAI_HUMAN | Complement factor | 0.041823| 0 0.95824 | Yes
P43652 | AFAM_HUMAN | Afamin 0.021232| 0 0.88913 | Yes
P07355 | ANXA2_HUMAN| Annexin A2 0.045594| 0 0.884813| Yes
Q9UBQ6 | EXTL2_HUMAN | Exostosifike 2 0.043217| 0 0.876997| Yes
P01024 | CO3_HUMAN Complement C3 0.01306 | O 0.851629| Yes
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P02787 | TRFE_HUMAN | Serotransferrin 0.003646| 0 0.849204| Yes
P02753 | RET4_HUMAN | Retinotbinding protein 4 0.027072| O 0.841751| Yes
P07942 | LAMB1 _HUMAN| Laminin subunit betd 0.019793| 0 0.813016| Yes
P04217 | A1IBG_HUMAN | AlphalB-glycoprotein 0.044014| 0 0.809553| Yes
Q2TAA2 | IAH1_HUMAN Isoamyl acetatéhydrolyzing 0.033829| 0 0.79734 | No
esterase 1 homolog
P02788 | TRFL_HUMAN | Lactotransferrin 0.004901| O 0.7829 Yes
P01008 | ANT3_HUMAN | AntithrombirlI| 0.009356| 0 0.767951| Yes
Q06033 | ITIH3_HUMAN | Inter-alphatrypsin inhibitor 0.016263| 0 0.758894 | Yes
heavy chain H3
014773 | TPP1_HUMAN | Tripeptidytpeptidase 1 0.009003| O 0.751712| Yes
Q96RW7 | HMCN1_HUMAN Hemicentinl 0.015014| 0 0.735199| Yes
Q9UJ70 | NAGK_HUMAN | N-acetytD-glucosamine kinase | 0.020945| 0 0.728763| Yes
P07602 | SAP_HUMAN Prosaposin 0.041079| O 0.722354| Yes
P05543 | THBG_HUMAN | Thyroxinebinding globulin 0.034971| 0 0.692797| Yes
075095 | MEGF6_HUMAN Multiple epidermal growth 0.006864| 0 0.625488| No
factor-like domains protein 6
P02790 | HEMO_HUMAN | Hemopexin 0.041066| O 0.607574| Yes
076061 | STC2_HUMAN | Stanniocalcif? 0.044448| 0 0.60245 | Yes
P69905 | HBA HUMAN Hemoglobin subunit alpha 0.004738| 0 0.585297| No
Q01955 | CO4A3_HUMAN]| Collagen alph&(1V) chain 0.02057 | O -0.59476 | No
Q16658 | FSCN1_HUMAN| Fascin 0.014835| 0 -0.60687 | No
Q93063 | EXT2_HUMAN | Exostosir2 0.009555| 0 -0.60711 | Yes
015131 | IMA6_HUMAN | Importin subunit alph& 0.045424| 0 -0.63944 | No
P52565 | GDIR1_HUMAN | Rho GD#Hlissociation inhibitor 1| 0.001439| 0 -0.65415 | No
P21399 | ACOC_HUMAN | Cytoplasmic aconitate hydratas{ 0.0083 0 -0.66004 | No
Q9Y4L1 | HYOU1 _HUMAN Hypoxia upregulated protein 1 | 0.042532| 0 -0.67882 | No
Q9Y3B8 | ORN_HUMAN Oligoribonuclease, 0.032857| 0 -0.6852 | Yes
mitochondrial
P21333 | FLNA_HUMAN | FilamirA 0.036551| 0 -0.70203 | No
Q9Y696 | CLIC4_HUMAN | Chloride intracellular channel | 0.039115]| 0 -0.70242 | Yes
protein 4
Q13643 | FHL3_HUMAN | Four and a half LIM domains 0.030363| 0 -0.71357 | Yes
protein 3
Q15366 | PCBP2_HUMAN| Poly(rChinding protein 2 0.041669| 0 -0.73183 | Yes
P29692 | EF1D_HUMAN | Elongation factor Melta 0.037069| O -0.74074 | Yes
Crap_sp | IGF2_HUMAN ; TOPep_Count 0.015622| 0 -0.74341 | No
Q00610 | CLH1_HUMAN | Clathrin heavy chain 1 0.044838| 0 -0.74668 | No
P26038 | MOES_HUMAN | Moesin 0.036645| 0 -0.74743 | No
P61081 | UBC12_HUMAN| NEDD&onjugating enzyme 0.039068| 0 -0.75347 | Yes
Ubcl2
P34931 | HS71L_HUMAN | Heat shock 70 kDa proteinlike | 0.031944| 0 -0.75646 | No
P68104 | EF1A1_HUMAN | Elongation factor Alpha 1 0.03463 | O -0.76633 | No
Q15185 | TEBP_HUMAN | Prostaglandin E synthase 3 0.034712| 0 -0.7838 | Yes
P07814 | SYEP_HUMAN | Bifunctional glutamate/proline | 0.010643| 0 -0.79573 | No
tRNA ligase
Q92598 | HS105 HUMAN | Heat shock protein 105 kDa 0.016439| 0 -0.79828 | No
Q99436 | PSB7_HUMAN | Proteasome subunit beta type | 0.007606| O -0.80392 | No
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Q9H4M9 | EHD1_HUMAN | EH domaircontaining protein 1 | 0.042251| 0 -0.80582 | No

Q15393 | SF3B3_HUMAN | Splicing factor 3B subunit 3 0.032923| 0 -0.80858 | Yes

P37108 | SRP14_HUMAN/| Signal recognition particle 14 | 0.018586| 0 -0.81516 | No
kDa protein

P11940 | PABP1_HUMAN| Polyadenylatebinding protein 1 | 0.029906| O -0.82132 | No

P62244 | RS15A_HUMAN/| 40S ribosomal protein S15a 0.00922 | O -0.82468 | Yes

Q9BR76 | COR1B_HUMAN CoroninlB 0.049361| O -0.82815 | No

P54652 | HSP72_HUMAN | Heat shockelated 70 kDa 0.013418| 0 -0.84171 | No
protein 2

Q15435 | PP1R7_HUMAN| Protein phosphatase 1 0.003406| 0 -0.8575 | Yes
regulatory subunit 7

Q86VvV81 | THOC4_HUMAN| THO complex subunit 4 0.016018| 0 -0.8585 | No

Q14103 | HNRPD_HUMAN Heterogeneous nuclear 0.008204| 0 -0.8608 | No
ribonucleoprotein DO

P05198 | IF2A_HUMAN Eukaryotic translation initiation | 0.01074 | O -0.87124 | No
factor 2 subunit 1

P14735 IDE_HUMAN Insulindegrading enzyme 0.049522| 0 -0.87584 | No

P28300 | LYOX_HUMAN | Proteintlysine 6oxidase 0.042412| 0 -0.87822 | Yes

Q9BXS5 | APAIM1_HUMAN| AR1 complex subunit ml 0.035891| 0 -0.88176 | Yes

Q9Y5S9 | RBMBA_HUMAN RNAbinding protein 8A 0.033068]| 0 -0.8931 | No

P62633 | CNBP_HUMAN | Cellular nucleic acitlinding 0.021278| O -0.89334 | Yes
protein

Q15262 | PTPRK_HUMAN| Receptortype tyrosineprotein 0.041837| 0 -0.89497 | No
phosphatase kappa

P54577 | SYYC_HUMAN | TyrosinetRNA ligase, 0.00479 | O -0.89745 | No
cytoplasmic

P35579 | MYH9_HUMAN | Myosin9 0.033139| 0 -0.8984 | No

P11142 | HSP7C_HUMAN| Heat shock cognate 71 kDa 0.032782| 0 -0.92003 | No
protein

P14618 | KPYM_HUMAN | Pyruvate kinase PKM 0.027482| 0 -0.9419 | No

P10124 | SRGN_HUMAN | Serglycin 0.036848| 0 -0.95154 | Yes

P63241 IF5A1_HUMAN | Eukaryotic translation initiation | 0.018876| O -0.95814 | No
factor 5A1

P60709 | ACTB_HUMAN | Actin, cytoplasmic 1 0.015704| 0 -0.96231 | No

Q14847 | LASP1_HUMAN | LIM and SH3 domain protein 1 | 0.003552| 0 -0.96854 | Yes

P30740 | ILEU_HUMAN Leukocyte elastase inhibitor 0.045763| O -0.97168 | Yes

Q15637 | SFO1_HUMAN | Splicing factor 1 0.008246| 0 -0.9757 | No

Q13200 | PSMD2_HUMAN 26S proteasome neATPase 0.025768| 0 -0.98281 | Yes
regulatory subunit 2

P00568 | KAD1_HUMAN | Adenylate kinase isoenzyme 1 | 0.039498| 0 -0.99018 | Yes

P54920 | SNAA HUMAN | Alphasoluble NSF attachment | 0.031812| O -0.99161 | Yes
protein

Q13283 | G3BP1_HUMAN| Ras GTPasztivating protein 0.003941| O -0.99459 | No
binding protein 1

P09651 | ROA1 HUMAN | Heterogeneous nuclear 0.020638| 0 -0.99541 | No
ribonucleoprotein Al

Q96AE4 | FUBP1_HUMAN/| Far upstream elemerbinding 0.00298 | O -1.00105 | No
protein 1

P08133 | ANXA6_HUMAN| Annexin A6 0.047675| 0 -1.02685 | No

Q14194 | DPYL1_HUMAN /| Dihydropyrimidinaseelated 0.015702| O -1.03726 | No

protein 1
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P67936 | TPM4_HUMAN | Tropomyosin alphd chain 0.0373 0 -1.03846 | No

P41271 NBL1 HUMAN | Neuroblastoma suppressor of | 0.001165]| 0 -1.03862 | Yes
tumorigenicity 1

Q14240 | IF4AA2_HUMAN | Eukaryotic initiation factor 4M | 0.039348| 0 -1.04089 | No

094979 | SC31A_HUMAN| Protein transport protein 0.025219| 0 -1.04899 | No
Sec31A

P10909 | CLUS_HUMAN | Clusterin 0.004155| 0 -1.0523 | Yes

P49773 | HINT1_HUMAN | Histidine triad nucleotide 0.015388]| 0 -1.05364 | Yes
binding protein 1

P38919 IFAA3_HUMAN | Eukaryotic initiation factor 4MIl | 0.015378| 0 -1.05515 | Yes

P62258 | 1433E_HUMAN | 14-3-3 protein epsilon 0.002343| 0 -1.06284 | No

Q13813 | SPTN1_HUMAN| Spectrin alpha chain, nen 0.036168| 0 -1.06936 | No
erythrocytic 1

P46940 | IQGA1_HUMAN | Ras GTPasxctivatinglike 0.041896| 0 -1.0743 | No
protein IQGAP1

Q9UHDS8 | SEPT9 HUMAN | Septin9 0.014838| 0 -1.08365 | Yes

P24666 | PPAC_HUMAN | Low molecular weight 0.021208]| 0 -1.08722 | Yes
phosphotyrosine protein
phosphatase

Q16401 | PSMD5_HUMAN 26S proteasome neATPase 0.0138 0 -1.12616 | Yes
regulatory subunit 5

060701 | UGDH_HUMAN | UDRglucose &dehydrogenase | 0.003653| 0 -1.13156 | No

060506 | HNRPQ_HUMAN Heterogeneous nuclear 0.02246 | O -1.1368 | No
ribonucleoprotein Q

P23381 | SYWC_HUMAN | Tryptophan-tRNA ligase, 0.046107| O -1.15377 | No
cytoplasmic

Q9UJU6 | DBNL_HUMAN | Drebrinlike protein 0.000765| O -1.16386 | Yes

P24844 | MYL9_HUMAN | Myosin regulatory light 0.000598| 0 -1.16553 | Yes
polypeptide 9

P63313 | TYB10_HUMAN | Thymosin betel0 0.020687| 0 -1.16915 | Yes

P42167 | LAP2B_HUMAN | Laminaassociated polypeptide | 0.006612| 0O -1.17114 | Yes
2, isoforms beta/gamma

Q92945 | FUBP2_HUMAN/| Far upstream elemerbinding 0.02796 | O -1.17772 | No
protein 2

P62906 | RL10A _HUMAN | 60S ribosomal protein L10a 0.001456| 0 -1.18222 | Yes

P35052 | GPC1_HUMAN | Glypicanrl 0.024022| 0 -1.18866 | No

P33176 | KINH_HUMAN | Kinesinl heavy chain 0.023291| O -1.19117 | No

P16989 | YBOX3_HUMAN| Y-boxbinding protein 3 0.022127| 0 -1.19516 | Yes

P08107 | HSP71_HUMAN | Heat shock 70 kDa protein 0.004045| O -1.20094 | No
1A/1B

P45974 | UBP5_HUMAN | Ubiquitin carboxyterminal 0.04381 | O -1.20349 | No
hydrolase 5

P54727 | RD23B_HUMAN| UV excision repair protein 0.010912| O -1.20387 | No
RAD23 homolog B

Q8WX93 | PALLD_HUMAN| Palladin 0.03477 | O -1.21397 | No

075326 | SEM7A_HUMAN| Semaphorir7A 0.021852| 0 -1.21938 | No

P46782 | RS5 HUMAN 40S ribosomal protein S5 0.016778| O -1.25287 | Yes

P55285 | CADH6_HUMAN| Cadherir6 0.023758| 0 -1.25478 | No

P23396 | RS3 HUMAN 40S ribosomal protein S3 0.013884| 0 -1.25842 | No

P22626 | ROA2_HUMAN | Heterogeneous nuclear 0.015464| 0 -1.25845 | No

ribonucleoproteins A2/B1
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Q00688 | FKBP3_HUMAN | Peptidytprolyl cistrans 0.004527| 0 -1.30994 | Yes
isomerase FKBP3

076003 | GLRX3 HUMAN| Glutaredoxin3 0.045414| 0 -1.34226 | Yes

Q13509 | TBB3_HUMAN | Tubulin beta3 chain 0.009444| 0 -1.35281 | No

P10155 | RO60_HUMAN | 60 kDa S®/Ro 0.008415| 0 -1.3574 | No
ribonucleoprotein

043294 | TGFI1_HUMAN | Transforming growth factor 0.044062| O -1.36843 | Yes
beta-1-induced transcript 1
protein

095881 | TXD12_HUMAN | Thioredoxin domaircontaining | 0.041023| 0 -1.38816 | Yes
protein 12

QINP97 | DLRB1_HUMAN| Dynein light chain roadbloek 0.018618| 0 -1.38957 | Yes
type 1

Q9BZzz5 | API5_HUMAN | Apoptosis inhibitor 5 0.008709| O -1.39758 | No

095965 | ITGBL_HUMAN | Integrin betalike protein 1 8.34E05 | O -1.39909 | No

000231 | PSD11_HUMAN /| 26S proteasome neATPase 0.000507| O -1.42558 | No
regulatory subunit 11

P27348 1433T_HUMAN | 14-3-3 protein theta 0.006331| 0 -1.44988 | No

Q15019 | SEPT2_HUMAN/| Septin2 0.025432| 0 -1.45669 | No

P62306 | RUXF_HUMAN | Small nuclear ribonucleoprotein 0.028542| 0 -1.47478 | No
F

P05783 | K1C18 HUMAN | Keratin, type | cytoskeletal 18 | 0.021737| 0 -1.50003 | Yes

043852 | CALU_HUMAN | Calumenin 0.034527| 0 -1.52271 | Yes

Q02952 | AKA12_HUMAN | A-kinase anchor protein 12 0.042422| 0 -1.52444 | No

P62269 | RS18 HUMAN | 40S ribosomal protein S18 0.0027 0 -1.54025 | No

P62318 | SMD3_HUMAN | Small nuclear ribonucleoprotein 0.008013| O -1.54544 | Yes
Sm D3

P41219 PERI_HUMAN Peripherin 0.009195| O -1.55543 | Yes

P62736 | ACTA_HUMAN | Actin, aortic smooth muscle 0.000454| 0 -1.56497 | Yes

P30044 | PRDX5_HUMAN| Peroxiredoxirb, mitochondrial | 0.021234| O -1.57146 | Yes

P31939 | PUR9_HUMAN | Bifunctional purine biosynthesis| 0.044877| 0 -1.57366 | No
protein PURH

P08865 | RSSA HUMAN | 40S ribosomal protein SA 0.024006| 0 -1.57425 | Yes

P49591 | SYSC_HUMAN | SerinetRNA ligase, cytoplasmi¢ 0.018958| O -1.57632 | No

P49588 | SYAC_HUMAN | Alanine-tRNA ligase, 0.02883 | O -1.58136 | No
cytoplasmic

P51911 | CNN1_HUMAN | Calponinl 0.00661 | O -1.59187 | No

Q9BUD6 | SPON2_HUMAN| Spondin2 0.000497| 0 -1.59547 | Yes

Q99729 | ROAA_HUMAN | Heterogeneous nuclear 0.031058| 0 -1.59563 | No
ribonucleoprotein A/B

Q15459 | SF3A1_HUMAN | Splicing factor 3A subunit 1 0.042717| 0 -1.60287 | No

000571 | DDX3X_HUMAN| ATRdependent RNA helicase | 0.007926| 0 -1.6109 | No
DDX3X

P13798 | ACPH_HUMAN | Acylamineacidreleasing 0.03596 | O -1.61794 | Yes
enzyme

P15502 ELN_HUMAN Elastin 0.004973| 0 -1.62306 | Yes

000151 | PDLI1_HUMAN | PDZ and LIM domain protein 1| 0.00981 | 0 -1.62617 | No

P61978 | HNRPK_HUMAN Heterogeneous nuclear 0.005452| 0 -1.62981 | No
ribonucleoprotein K

Q9Y3F4 | STRAP_HUMAN| Serinethreonine kinase 0.010655| 0 -1.63505 | No

receptorassociated protein
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Q13561 | DCTN2_HUMAN]| Dynactin subunit 2 0.00216 | O -1.63838 | No
P62314 | SMD1_HUMAN | Small nuclear ribonucleoprotein 0.001305| 0 -1.67436 | No
Sm D1
P05455 | LA_HUMAN Lupus La protein 0.002483| 0 -1.67533 | No
P62277 | RS13_HUMAN | 40S ribosomal protein S13 0.007612| O -1.70047 | Yes
P68371 | TBB4B_HUMAN | Tubulin beta4B chain 0.010022| 0 -1.71608 | No
Q93052 | LPP_HUMAN Lipomapreferred partner 0.001422| O -1.73791 | Yes
P27816 | MAP4_HUMAN | Microtubule-associated protein | 0.001732| 0 -1.77733 | No
4
P07951 | TPM2_HUMAN | Tropomyosin beta chain 0.003692| O -1.78386 | No
Q04760 | LGUL_HUMAN | Lactoylglutathione lyase 0.026019| O -1.78637 | No
P17661 | DESM_HUMAN | Desmin 0.001798| 0 -1.822 Yes
P84103 | SRSF3_HUMAN| Serine/argininerich splicing 0.00309 | O -1.82652 | No
factor 3
Q08211 | DHX9_HUMAN | ATRdependent RNA helicase A| 0.010212| 0 -1.8393 | No
P62081 | RS7_HUMAN 40S ribosomal protein S7 0.038395| 0 -1.84632 | Yes
Q04917 | 1433F_HUMAN | 14-3-3 protein eta 0.000823| 0 -1.84766 | No
Q01813 | K6PP_HUMAN | 6-phosphofructokinase type C | 0.015171| O -1.84783 | Yes
P36578 | RL4_HUMAN 60S ribosomal protein L4 0.007506| O -1.85836 | Yes
014979 | HNRDL_HUMAN Heterogeneous nuclear 0.005679]| 0 -1.86971 | Yes
ribonucleoprotein Bike
P62249 | RS16_HUMAN | 40S ribosomal protein S16 0.004815| 0 -1.87635 | Yes
P04632 | CPNS1_HUMAN| Calpain small subunit 1 0.017777| O -1.87763 | Yes
P63104 | 1433Z HUMAN | 14-3-3 protein zeta/delta 0.013334| 0 -1.88233 | No
P13497 | BMP1_HUMAN | Bone morphogenetic protein 1 | 0.013535| O -1.90514 | Yes
P47897 | SYQ_HUMAN Glutamine-tRNA ligase 0.036949| 0 -1.91789 | No
Q92499 | DDX1_HUMAN | ATRdependent RNA helicase | 0.010153| 0 -1.93879 | No
DDX1
P19623 | SPEE_HUMAN | Spermidine synthase 0.007623| 0 -1.94363 | Yes
Q15056 | IF4AH_HUMAN Eukaryotic translation initiation | 0.001071| O -1.94396 | Yes
factor 4H
Q05682 | CALD1_HUMAN| Caldesmon 7.27E05 | O -1.94973 | No
Q8NC51 | PAIRB_HUMAN | Plasminogen activator inhibitor | 0.000227| 0 -1.95547 | No
1 RNAbinding protein
P15880 | RS2_HUMAN 40S ribosomal protein S2 0.004499| 0 -1.95736 | Yes
075718 | CRTAP_HUMAN| Cartilageassociated protein 0.00256 | O -1.9648 | Yes
P62913 | RL11_HUMAN | 60S ribosomal protein L11 0.018074| 0 -1.9698 | No
Q07960 | RHGO1_HUMAN| Rho GTPasactivating protein 1 | 0.025769| O -1.97224 | No
P42766 | RL35_HUMAN | 60S ribosomal protein L35 0.006697| O -1.98016 | Yes
Q15121 | PEA15_HUMAN | Astrocytic phosphoprotein PEA| 0.002919| 0 -2.04093 | Yes
15
Q07020 | RL18 HUMAN | 60S ribosomal protein L18 0.033874| 0 -2.05112 | No
Q9C005 | DPY30_HUMAN/| Protein dpy30 homolog 0.011988]| 0 -2.06845 | Yes
P63261 | ACTG_HUMAN | Actin, cytoplasmic 2 0.015889| 0 -2.10928 | Yes
P62266 | RS23 HUMAN | 40S ribosomal protein S23 0.019676| O -2.12442 | No
P04792 | HSPB1_HUMAN| Heat shock protein betd 0.004511| 0 -2.13719 | Yes
P09493 | TPM1_HUMAN | Tropomyosin alphd chain 0.001922| 0 -2.28312 | Yes
Q6NZI2 | PTRF_HUMAN | Polymerase | and transcript 0.002841| 0 -2.28601 | Yes
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release factor

P26373 | RL13_HUMAN | 60S ribosomal protein L13 0.005806| 0 -2.30247 | No
P39019 | RS19 HUMAN | 40S ribosomal protein S19 0.004364| 0 -2.3049 | Yes
060869 | EDF1_HUMAN | Endothelial differentiation 0.023983| 0 -2.32426 | Yes
related factor 1
Q81252 CHSS2_HUMAN| Chondroitin sulfate synthase 2 | 0.004349| 0 -2.32674 | Yes
P24534 | EF1B_HUMAN | Elongation factor beta 0.003253| 0 -2.3382 | Yes
P62899 | RL31_HUMAN | 60S ribosomal protein L31 0.015291| 0 -2.37841 | No
P13521 | SCG2_HUMAN | Secretograni®2 0.020326| 0 -2.38983 | Yes
P09496 | CLCA HUMAN | Clathrin light chain A 0.007042| 0 -2.40165 | Yes
Q15942 | ZYX_HUMAN Zyxin 0.000604| 0 -2.41406 | Yes
P08670 | VIME_HUMAN | Vimentin 0.00306 | O -2.42918 | Yes
P46776 | RL27A_HUMAN | 60S ribosomal protein L27a 0.008284| 0 -2.47581 | Yes
Q15233 | NONO_HUMAN | NonPOU domaifcontaining 0.003396| 0 -2.54724 | No
octamerbinding protein
Q15102 | PA1B3_HUMAN | Plateletactivating factor 0.03026 | O -2.54927 | No
acetylhydrolase 1B subunit
gamma
P63220 | RS21_HUMAN | 40S ribosomal protein S21 0.003423| 0 -2.64639 | Yes
Q02878 | RL6_HUMAN 60S ribosomal protein L6 0.002151| 0 -2.65525 | No
P18124 | RL7_HUMAN 60S ribosomal protein L7 0.004936| O -2.73801 | No
014737 | PDCD5_HUMAN| Programmed cell death protein| 0.008235| 0 -2.83988 | Yes
5
P06703 | S10A6_HUMAN | Protein S10A6 0.032342| 0 -2.85647 | Yes
P83731 | RL24_HUMAN | 60S ribosomal protein L24 0.000666| O -2.97196 | Yes
095084 | PRS23_HUMAN | Serine protease 23 0.00026 | O -3.02317 | Yes
P61313 | RL15 HUMAN | 60S ribosomal protein L15 0.021332| 0 -3.09594 | No
Q09666 | AHNK_HUMAN | Neuroblast differentiation 0.00081 | O -3.15672 | No
associated protein AHNAK
P98179 | RBM3_HUMAN | Putative RNAinding protein 3 | 0.004183| O -3.17134 | Yes
P16949 | STMN1 HUMAN| Stathmin 0.000838| 0 -3.27402 | Yes
P50281 | MMP14_HUMAN Matrix metalloproteinasel4 0.003786| 0 -3.60015 | No
P08621 | RU17_HUMAN | Ul small nuclear 0.000379| 0 -3.67991 | No
ribonucleoprotein 70 kDa
P51991 | ROA3 HUMAN | Heterogeneous nuclear 0.000101| O -3.68613 | No
ribonucleoprotein A3
Q96L21 | RL10OL_HUMAN | 60S ribosomal protein Lilke 0.001621| 0 -3.76404 | Yes
P40429 | RL13A_HUMAN | 60S ribosomal protein L13a 0.016176| O -3.83481 | Yes
075787 | RENR_HUMAN | Renin receptor 0.015457| O -3.8551 | Yes
P62241 | RS8_HUMAN 40S ribosomal protein S8 0.011054| 0 -3.8942 | No
P82979 | SARNP_HUMAN SAP domaktontaining 0.000827| O -4.25378 | No
ribonucleoprotein
Q13443 | ADAM9 HUMAN Disintegrin and 0.001098]| O -5.16985 | Yes
metalloproteinase domain
containing protein 9
095450 | ATS2_HUMAN | A disintegrin and 0.001968| 0 -5.24947 | Yes

metalloproteinase with
thrombospondin motifs 2
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