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Abstract 

Infection of bovine leukocytes by the intracellular protozoan parasites Theileria 

annulata and Theileria parv a represents a unique model of reversible host cell 

transformation; characterised by uncontrolled proliferation and protection 

against apoptosis. Host cell transformation is known to involve parasite 

dependent manipulation of a number of signalling pathway s that result in 

constitutive activation of pro -inflammatory transcription factors. Activation of 

these factors has been shown to confer protection against apoptosis or influence 

the metastatic potential of the infected cell, respectively. However, 

transcription factors have the potential to be detrimental as well as beneficial 

to the infected cell and the infected animal . This study investigated the 

potential of the parasite to manipulate the outcome of cellular activation by 

comparing the outcome of stimu lating Theileria -infected and uninfected bovine 

cells with LPS. The results clearly indicate that prolonged stimulat ion of 

uninfected cells generated a phenotype associated with loss of proliferation, cell 

death and activation of NF - B. In contrast , infected TBL20 cells were refractory 

to stimulation, despite displaying high levels of constitutively activated NF - B.  

Using a microarray approach, expression profiling of infected and uninfected 

cells established that T. annulata  infection imposes a re markable level of 

control over host cell pathways and gene expression networks that are targets of 

transcription factors, typically activated by inflammatory mediators such as LPS. 

Importantly, Ingenuity Pathway Analysis (IPA) of the modulated dataset show ed 

enrichment of molecular function and disease categories associated with known 

phenotypic characteristics of the Theileria -transformed cell. Categories included 

inflammatory response, cancer and tissue morphology, allowing postulation that 

parasite manipulates the expression of genes that function in the inflammatory 

response and are associated with cancer to generate a phenotype that is 

beneficial to survival and dissemination of the infected leukocyte.  

Various proteins secreted by the parasite are belie ved to contribute to 

regulation of the transformed host cell. The majority of parasite candidate 

proteins contain predicted signal peptides, suggesting secretion into the 

infected -host cell cytoplasm or location on the parasite surface. A prime 
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candidate f or a Theileria  encoded regulator of host cell gene expression is 

TashAT2, a protein bearing nuclear localisation/AT -hook DNA binding motifs, 

previously located to the host cell nucleus and shown to bind DNA. A transfected 

bovine macrophage cell line (BoMac) expressing TashAT2 was activated with PMA 

to provide RNA for microarray hybridisation and compared to RNA derived from 

vector alone control cells and non -stimulated transfected cells. Activation of NF-

B by PMA was demonstrated by reporter assay, with TashAT2-transfected cells 

displaying a marked resistance to PMA induced cell death and higher levels of 

NF- B dependent reporter activity  relative  to PMA stimulated control cells .  

Expression profiling of TashAT2-transfected BoMacs provided evidence for 

TashAT2 associated manipulation of both activated cell and non -activated gene 

expression networks. Furthermore, comparison of the TashAT2 -modulated with 

infection -associated gene lists revealed a significant overlap in genes modulated 

by the macroschizont infected cell and TashAT2. IPA analysis of this common 

gene set highlighted biological functions and disease categories previously 

identified for the infection -modulated LPS dataset with some variation in the 

order of significance. Identified categories in clude cancer, inflammatory 

response and cell death. Comparative analysis of the TashAT2 associated profiles 

also identified a subset of genes that displayed significant modulation of gene 

expression changes in response to PMA stimulation, including reversal of the PMA 

response.  

Taken together, these results of this study provide further evidence that 

TashAT2 proteins are candidate molecules involved in manipulating expression of 

host cell genes that could play an important role in determining establishment  of 

infected -transformed cells. The ability of the parasite and potentially TashAT 

family proteins to significantly regulate gene networks that mediate 

inflammatory disease and cancer could provide a platform to investigate how 

these disease outcomes can be manipulated.   

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

X in the tolerance of . 
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1 Introduction 

1.1 Introduction 

Tropical or Mediterranean theileriosis is an economically important 

lymphoproliferative disorder of cattle that occurs throughout much of the old 

world. It is a tick -borne disease (TBD) of bovines and the prevalence reflects the 

geographical distribution o f the tick vector, which is primarily tick species within 

the genus Hyalomma. The range of Hyalomma extends over a wide region of the 

old world including Southern Europe and North Africa through the Middle East 

and Southern Russia into India and Southern China (Uilenberg, 1981). The disease 

is caused by the protozoan parasite Theileria annulata, which for the Theileria  

genus can be considered to be the most important species based on its 

pathogenicity combined with a wide geographical range.  

T. annulata  is the predominant species of Theileria  in Southeast Asia, Middle 

East, Europe and some parts of Africa. The parasite mainly affects domestic 

cattle ( Bos taurus and Bos indicus), zebu ( Bos primigenius indicus), Asian buffalo 

(Bubalus bubalis) and wild cattle ( Bos bison) (Dumanli et al. , 2005;Robinson, 

1982).  Tropical theileriosis is an extrem ely debilitating and often fatal condition 

especially in exotic breeds of cattle imported to improve productivity (Preston 

et al. , 1999). It is estimated that over 250 million cattle in disease endemic 

regions are at risk from infection with T. annulata  (Robinson, 1982). In several 

developing countries the parasite is a major constraint for improved livestock 

production due to the high morbidity and mortality rates. This is due, in 

particular, to the increased susceptibility of Bos taurus to the disease, limiting 

programmes that have aimed at higher production levels by introduction of 

European breeds.  However there is also a marked loss of production in 

indigenous cattle kept in endemic regions (Irvin et al. , 1981), and the disease 

imposes a considerable economic drain on both large scale farming operations 

and, very often, small holder subsistence farmers.  

Of the other the Theileria  species of cattle, T. parva  is the most important.  T. 

parva shows a higher level of virulence than disease caused by T. annulata  but 

has a more limited range,  as the Rhipicephalus appendiculatus tick is found only 
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in sub-saharan Africa. T. parva  causes a disease, commonly known as East Coast 

Fever (ECF) which is often fatal (Newson et al. , 1986;Norval et al. , 1992).  Up to 

50 million cattle are at risk and in years of high incidence up to 1 million deaths 

have been recorded. Cattle Theileria  parasites described as more benign have 

also been associated with disease. Species include T. mutans  and members of 

the T. orientalis  group. Of the latter group T. sergenti  has been most often 

associated with disease, primarily in Japan, Eastern Russia and Eastern China. 

Clinical episodes of disease attributed to T. orientalis  were recently reported in 

South Australia (Islam et al. , 2011;Kamau et al. , 2011). 

It has been reported that the greatest economic losses from tropical theileriosis 

are due to loss of productivity (beef and milk production), fol lowed by the cost 

of disease control (vaccination and acaricides) and chemotherapy (Cicek et al. , 

2009;Gharbi et al. , 2006;Inci et al. , 2007;Minjauw and McLeod, 2003).  Economic 

losses for tropical theileriosis in India alone have been estimated at US  $ 800 

million per year (Wilkie et al. , 1998). A recent study performed in Tunisia 

estimated that up to half of the economic losses attributed to tropical 

theileriosis could be accounted for by the reduced productivity of sub clinically 

infected animals (Gharbi et al. , 2006). 

T. annulata  and T. parva  are closely related parasites and considered to be 

among the most recently evolved Theileria  species (Allsopp and Allsopp, 2006). 

Both species cause similar disease syndromes marked by a lymphoproliferative 

phase followed by metastasis (Irvin and Morrison, 1987). Following metasta sis of 

infected cells, mortality in acute disease cases usually results from respiratory 

failure, due to pulmonary oedema or extensive destruction of lymphoid tissue 

(Irvin and Morrison, 1987).  Therefore, much of the information described below 

for T. annulata , with respect to pathology and life cycle is also valid for  T. 

parva. Moreover, study of the cellular and molecular biology associated with 

cellular transformation has been conducted on bovine cells infected with either 

species, and many of the mechanisms described are applicable to both. One 

major difference, how ever, is that T. annulata  prefers to infect and transform 

cells of myeloid lineage, and also B cells, whereas T. parva  is thought to 

preferentially infect T cells (Baldwin et al. , 1988;Glass et al. , 1989;Spooner et 

al. , 1989). 
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Theileria  parasites are unique, as the schizont stage of certain species, including 

T. annulata  and T. parva , can induce the host leukocyte to proliferate in an 

uncontrolled manner, causing immortalisation and transformation of infected 

cells (Adamson et al. , 2000;Baylis et al. , 1995;Hulliger, 1965;Irvin and Morrison, 

1987). The importance of this event to generation of disease pathology 

underscores a requirement to understand how the parasite controls the infected 

host leukocyte. Furthermore, as well as being of inher ent biological interest, 

this information has potential to be relevant to design of novel therapeutics.  

 

Figure 1.1:  Geographical distribution of major Theileria species of cattle worldwide   
Theileria annulata, responsible for Tropical Theileriosis and primarily found in Southern Europe and 
North Africa extending up to sub-Saharan Africa in Sudan and Eritrean. It also extends through the 
Middle East and Southern Russian into India and Southern China. Theileria parva is responsible for 
East Cost Fever and primarily found in the African countries highlighted. Theileria sergentii, 
responsible for a disease often termed as persistent Theileriosis, is found in Eastern Asia including 
Korea and Japan. (Source: http://www.Theileria.org/ahdw/background.htm) 

1.2 Theileria and related Apicomplexan parasites 

Theileria  is an Apicomplexan hemoparasite of veterinary significance. Members 

of the phylum Apicomplexa comprise more than 5000 species of intracellular, 

protozoan parasites incl uding those placed in the genera: Plasmodium, 

Toxoplasma, Cryptosporodium  and Babesia (Noble et al. , 1989). All are 

unicellular eukaryotic  microbes and, collectively, apicomplexans can be 

classified as one of the most significant groups of infectious pathogens that 

cause disease in humans and domesticated animals. Therefore, the cell and 

molecular biology of  Theileria  bears similarity to that of other eukaryotes, of 

which the phylogenetic relationship is obviously stronger among closely related 

http://www.tulane.edu/~wiser/malaria/defs.html#euk
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apicomplexan species. For Theileria , research conducted on Babesia and 

Plasmodium parasites is likely to be of greatest comparative value with respect 

to processes that allow evolution of their parasitic lifestyle. However Theileria -

infected leukocytes provide a unique model of how one eukaryotic cell can 

transform another, and study of how the parasite transforms its host cell may 

have wider relevance and relationship to cancer biology [reviewed in (Luder et 

al. , 2009)]. Host -parasite interactions related to the cancer like pathology of 

tropical theileriosis can be addressed in three phases: the ability of the infected 

leukocyte to survive, proliferate and metastasise. Maintenance of the infecte d 

host cell in a constantly activated state is likely to be a key mechanism in these 

processes. Other apicomplexan parasites that may modulate the infected 

activated nucleated cell in a similar manner include Toxoplasma gondii and 

Neospora caninum [reviewe d in (Hemphill, 1999;Hemphill and Gottstein, 

2006;Melo et al. , 2011)]. Comparison of the mechanisms by which these 

differ ent apicomplexan parasites have evolved is relevant to identify key 

modulatory events required for control of the nucleated host cell and survival 

within their mammalian hosts.  

1.3 Life cycle of Theileria annulata 

Theileria annulata  has a complex life -cycle, involving both tick ( Hyalomma spp) 

and bovine host. As expected, the life cycle of Theileria  displays the principal 

stages of general apicomplexan differentiation events such as gametogony, 

sporogony and merogony. However, differ ent apicomplexan life cycles show 

specific variation, two common differences being the host cell types invaded 

after entering the mammalian host and intracellular location of the parasite. For 

example, unlike Plasmodium and Toxoplasma parasites, the macroschizont of 

Theileria  does not reside in a parasitophorous vacuole (PV) but lies free in the 

cytoplasm (like Babesia parasites) (Shaw, 1997). Differentiation from one stage 

to another is a vital process for the parasite biology that facilitates the 

transmission and propagation within and between vector and host. The basic life 

cycle of T. annulata  is essentially the same for all Theileria species and is 

illustrated in Figure 1.2. Theileria  parasites replicate asexually as three 

different stages, by sporogony in the tick vector, and by schizogony and 

merogony in bovine host cells .  In T. orientalis  proliferation (me rogony) occurs 
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within the erythrocyte but this is limited or absent for T. annulata  and T. parva  

(Conrad et al. , 1985). Sexual reproduction of the parasite occurs in t he tick.  

1.3.1  Bovine stages of T. annulata 

Infected ticks inoculate sporozoites (bovine infective stage) into the host blood 

stream during feeding, and the sporozoites rapidly invade host target 

leukocytes. Theileria annulata  mainly infects leukocytes of monoc yte and B-

lymphocyte lineage (Spooner et al. , 1989). Morphologically sporozoites are oval 

shaped bodies measuring approximately 1µm in length that are formed in the 

salivary gland of the infected tick. Upon contact between sporozoite and the 

target leukocyte cell surface, a point of connection is established via MHC class 

ƆƆ receptors, that promotes the invasion of host cell by the parasite (Glass et al. , 

1989). The surface coat of the sporozoite becomes closely associated with the 

host membrane and the parasite is internalised by a progressive circumferential 

ôzipperingõ process, during which the surface coat of the sporozoite is shed. 

Once internalised the Theileria parasite is able to disrupt the parasitophorous 

vacuole membrane by discharging the contents of the rhoptries and micronemes 

and lies free in the cytoplasm surrounded by host cell microtubules (Mehlhorn 

and Shein, 1984;Shaw and Tilney, 1995).   

Following successful entry the parasite forms a trophozoite, which then 

differentiates into the multinucleated schizont (macroschizont) stage. The 

macroschizont maintains the association with the microtubule network and is 

normally locate d in the perinuclear region of the host cell. As the schizont 

develops the leukocyte is induced to divide and synchronisation of the parasite õs 

own cell division is achieved by close interaction with the host mitotic and 

central spindles (Shaw, 1997). This interaction allows the successful 

dissemination of the growing macroschizont to each daughter leukocyte.  

Proliferating infected leukocytes rapidly produce a large population of infected 

cells due to clonal expansion. Initially the parasite infects an d multiplies in cells 

of the lymph nodes draining the site of inoculation (Forsyth et al. , 1999;Glass, 

2001) but subsequently infected cells may be found in the bloodstream or invade 

a variety of tissues and organs, giving the infection ôcancer-likeõ features of 

leukoproliferation and metastasis. Parasite dependent leukocyte transformation  
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generates various phenotypes including a loss of myeloid differentiation status 

(Jensen et al. , 2009;Sager et al. , 1997), resistance to apoptosis (Heussler et al. , 

1999), proliferation to generate immortal cell line cultures in vitro (Baumgartner 

et al. , 2000) and the abili ty to transverse matrigel matrices (Lizundia et al. , 

2006). Approximately 7 to 28 days post -infection, macroschizont infected cells 

may be detected in biopsy smears from superficial lymph nodes in live animals 

and impression smears of the lymph node, spleen and liver in dead animals 

(Radley et al. , 1974;Young et al. , 1977). 

Following a set time period in vivo (between 7-10 days), the macroschizont 

undergoes differentiation to the next life cycle stage, the merozoites (Jarrett et 

al. , 1969). This process initially involves a slow ing down of proliferation of the 

macroschizont-infected cell (Shiels et al. , 1992). The parasite enlarges and 

switches from production of macroschizont to merozoite stage proteins (Shiels et 

al. , 1992). Morphological changes to nuclei occur; rhoptry organelles are 

produced and become associated with the merozoite nuclei. Uni -nucleated 

merozoites are then formed by budding of the nuclei and rhoptry complex 

through the plasma membrane  of the developing syncytium. Morphologically, 

merozoites of T. annulata  contain a single nucleus, 1 -2 mitochondria, 

microneme and 3-6 rhoptries and are covered in the major me rozoite surface 

protein Tams1 (Mehlhorn and Shein, 1984;Shaw et al. , 1991;Shaw and Tilney, 

1995).  The mature merozoites are released into the bloodstream following cell 

membrane rupture of infected cells, an d rapidly invade erythrocytes, 

subsequently forming intra -erythrocytic forms collectively known as piroplasms. 

Generally two forms of piroplasm may be seen inside erythrocytes a slender 

comma shaped form or spherical ovoid bodies surrounded by a single-layered 

plasma membrane (Mehlhorn and Shein, 1984).  The infected erythrocytes are 

long lived and act as a carrier stage in the bovine host. It is likely some 

piroplasms within erythrocytes represent gametocytes and when ingested by the 

ticks during feeding are  primed for the continuation of the life -cycle withi n 

Hyalomma ticks (see Figure 1.2).  
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1.3.2  Tick vector stages of T. annulata 

Following ingestion of the infected mammalian red blood cells ( infective 

piroplasm), the sexual stage of the life cycle occurs within the intestinal lumen 

of the tick. Initially the piroplasms develop into slender, spindle -shaped bodies 

called raybodies/microgamonts (Schein et al. , 1975). Up to four long flagellum -

like appendages form, which then break off to generate uni -nucleated filiform 

microgametes. At the same time spherical bodies thought to represent the 

macrogamonts can be observed. It is presumed that syngamy occurs with the 

fusion of micro - and macro-gametes forming the zygote (Levine, 1985;Schein et 

al. , 1975).  The immotile zygotes possess a vacuole-like centre and appear from 

five days post-repletion in the intestinal cells. After 12 -15 days the zygote 

transforms into motile elongated shaped bodies, termed kinetes (Mehlhorn and 

Shein, 1984). The kinetes are then released into the haemolymph of ticks and 

following  the moult of the tick, migrate to the salivary gland (Schein and 

Friedhoff, 1978) . 

During the act of feeding, sporogony is activated in the salivary glands, allowing 

amplification of parasite numbers and generation of the stage infective for the 

bovine host. Interestingly, a study pertaining to Hyalomma anatolicum  has 

demonstrated th at unfed ticks were incapable of inducing infection in 

experimental calves, sporozoites only appear in the  salivary gland after the 

adult  ticks had been fed for 2 -3 days (Singh et al. , 1979). On the other hand it 

has been shown that environmental conditions, such as high temperature (37 oC) 

and humidity (95%) can potentially stimulate the  production of sporozoites in 

infected Hyalomma excavatum ticks irrespective of blood meal (Singh et al. , 

1979), however this usually takes longer and with a reduced output in sporozoite 

number.  Sporogony solely occurs within the acini of the salivary glands and once 

initiated gives rise to massive sporozoite production. It is estimated that 

approximately 40,000 sporozoites may be formed from each infected acinus 

(Young et al. , 1992). Upon disintegration of the acinar cells sporozoites are 

liberated into the tick saliva, ready to be delivered into the bovine host during 

the blood meal (see Figure 1.2).  
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Figure 1.2:  The life cycle of Theileria annulata  
Bovine stage: Theileria parasite can be found in both erythrocytes and lymphocytes of infected 
bovine host. The infective stages of the life cycle, sprozoites are inoculated by tick during feeding 
that invade leukocytes to form macroschizont stage. Following a phase of uncontrol proliferation a 
proportion of macroschizonts differentiate into merozoites. Consequently, after the cell membrane 
rupture merozoites are liberated into the blood-stream, invading erythrocytes to form piroplasm.  
Tick stage: During the infective stage, piroplasms are ultimately taken by a feeding tick during 
blood meal which develops into gametocytes in the tick gut. The gametocytes then fuse to form 
immotile zygote, which later on transform into motile kinete. Finally the kinetes migrate to the 
salivary gland of the vector where after several cycles of asexual replication, sporozoites are 
formed.  
Adapted from: http://www.Theileria.org/ahdw/pictures/lifecyclelg.gif 
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1.4 Epidemiology of Theileriosis 

T. annulata  is transmitted trans -stadially by ticks of the genus Hyalomma and, 

thus, the geographic distribution of the disease is determined by climate (hot, 

dry or humid summer) suitable for tick survival and questing activity. Several 

important Hyalomma species have been reported to transmit Theileria annulata  

in various part of the world; for example Hyaloma detritum  in north Africa; H. 

detritum  and H. excavatum in the former Soviet States;  H. truncatum  in parts of 

Africa; H. dromedarii  in central Asia; and H. marginatum  and H. anatolicum  in 

India; (Bouattour et al. , 1996;Flach and Ouhelli, 1992;Islam et al. , 2006;Taylor 

et al. , 2007). Beside factors that contribute to seasonal questing activity of tick 

populations, there are a number of reports suggesting that susceptibility to t he 

disease observed in cattle population s is higher in exotic breeds relative to 

indigenous breeds in endemic areas (Minjauw and McLeod, 2003;Preston et al. , 

1992). Recently, experimental studies have shown that exotic  breeds 

particularly Holstein -Friesians, are associated with poor prognosis and 

detrimental outcome of the disease relative to indigenous breeds (Sahiwal; 

originating from Punjab, India and Kenana cattle; Sudan) (Bakheit and Latif, 

2002;Glass et al. , 2005). A number of publications have provided evidence that 

different field strains, and presumably different genotypes, show variable levels 

of virulence (Askarov, 1975;Kamau et al. , 2011;Somerville et al. , 1998b;Tindih 

et al. , 2010). The mechanisms behind such differences are not understood but 

one possibility is that virulence relates to the cytokine profile of the 

macroschizont infected cell line (Brown et al. , 1995a). The ability of infection to 

generate a long lasting carrier phase contributes to epidemiology, as there is 

always a risk of disease introduction by importation of cattle that cannot be 

detected as infected using traditional diagnostic procedures (Bilgic et al. , 2010). 

1.5 Pathogenesis, clinical signs and diagnosis of Theileria 

infection 

The pathological progression of events in a typical acute, often fatal, infection 

occurs through three stages each spanning about one week. The severity of 

outcome is influenced by b reed (see above), immune status  and is dependent on 

the number of sporozoites inoculated by feeding ticks (Preston et al. , 
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1992;Samantaray et al. , 1980). The first stage comprises an incubation period of 

roughly around 7-8 days where neither parasite nor lesions can be detected. 

Following the incubation period, the second phase also of around a week is 

marked by lymphoid hyperplasia, initially in the region of lymph node draining 

the area and later the whole body (Irvin et al. , 1981). This phase of infection is 

manifested by the onset of clinical signs including enlarged lymph nodes, 

persistent fever (41 oC), anorexia, tachycardia and tachypnea  (Beniwal et al. , 

1998;Irvin et al. , 1981;Preston et al. , 1992). During the advanced third stage the 

animal may show severe signs of lymphoid depletion and disorganisation 

associated with massive lymphocytolysis and depressed leucopoiesis causing 

severe leukopenia (Forsyth et al. , 1999;Omer et al. , 2002;Preston et al. , 1992). 

Due to widespread destruction of the immune system encountered during the 

late stage of infection the animal may show clinical signs of severe dyspnoea, 

recumbency and finally death (Irvin and Morrison, 1987). Additionally, T. 

annulata  infection is associated with profound changes in haematological and 

biochemical profiles and investigations of peripheral blood may reveal severe 

anaemia, leukopenia, lymphocytopenia, hypocalcaemia and hypoproteinemia 

(Hasanpour et al. , 2008;Omer et al. , 2002;Sandhu et al. , 1998;Singh et al. , 

2001). 

Diagnosis of the clinical T. annulata  infection can be made based on combined 

clinical signs or pathological findings with confirmation by identificati on of 

parasitic stages in the blood or infected organ s. Preliminary diagnosis of the 

disease is achieved on the basis of case history of a farm, non -specific clinical 

signs (pyrexia, anaemia, and lymphadenopathy) and post -mortem findings. 

Definitive differ ential diagnosis (Babesiosis, Anaplasmosis) is always based on the 

detection of macroschizonts in Giemsa  stained lymph node biopsy smears in live 

animals and impression smears of lymph nodes and spleen in dead animals (Aktas 

et al. , 2002). In some cases, microscopic examination of a blood smear may 

reveal intra -erythrocytic piroplasms but this, particularly for ECF, will not 

distinguish between acute current  infection and the carrier stage. On the other 

hand, detection of macroschizonts in infected leukocytes along with piroplasms 

in erythrocytes of peripheral blood smears will identify clinical disease and in 

such cases the prognosis is poor (Pipano and Shkap, 2006).  
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Serological based diagnostic tests employing indirect fluorescent antibody test 

(IFAT) has been used in several epidemiological investigations (Dumanli et al. , 

2005;Salih et al. , 2007). Although utilisation of IFAT for early detection of 

infection has been shown to be more sensitive than examination of blood smears 

(Darghouth et al. , 1996;Dhar and Gautam, 1977), there is a potential risk of 

obtaining false positive and negative results due to non -specific reactivity or a 

weak cross reactive immune response. Enzyme-linked i mmunosorbent assay 

(ELISA) has been developed for serological identification of Theileria  infection 

by detecting anti -Theileria  antibodies that react against piroplasm antigens 

(Gray et al. , 1980). Recently, more robust ELISAs have been developed utilising 

recombinant antigen representing parasite surface proteins, Theileria annulata  

merozoite surface antigen 1 (Tams1)  (Gubbels et al. , 2000) and macroschizont 

Theileria annulata  surface protein (TASP) (Bakheit et al. , 2004;Salih et al. , 

2005). 

DNA-based identification of parasite infection using polymerase chain reaction 

(PCR) has been recommended as the most sensitive assay and is the method of 

choice for the diagnosis of tropical theileriosis in the carrier state (Bilgic et al. , 

2010). Several epidemiological studies have favourably compared the specificity 

and sensitivity of PCR with other conventional methods such as serological or 

microscopic based techniques (Aktas et al. , 2002;Aktas et al. , 2006;Almeria et 

al. , 2001;d'Oliveira et al. , 1995;Dumanli et al. , 2005;Martin -Sanchez et al. , 

1999) and since then this technique is widely in use. Although, DNA -based PCR 

methodology is relatively costly compared to serological a nd microscopic 

examination, it is highly sensitive and more efficient (Aktas et al. , 

2002;d'Oliveira et al. , 1995). Thus, using gene specific primers and amplification 

of specific fragments representing the Tams -1 gene has allowed detection of T. 

annulata  in blood samples of carrier animals or infected ticks (d'Oliveira et al. , 

1995;d'Oliveira et al. , 1997). In addition species specific PCR-RFLP tests have 

been developed (d'Oliveira et al. , 1995;d'Oliveira et al. , 1997;Heidarpour et al. , 

2009), as well as a highly sensitive species-specific PCR test using primers 

designed against the cytochrome b gene (Bilgic et al. , 2010).  
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1.6 Chemotherapy and available control strategies 

Several chemotherapeutic agents have been used worldwide for the treatment 

of theileriosis including parvaquone, halofuginone lactate, long acting 

oxytetracyclines and buparvaquone. However, most of these drugs have their 

own limitations including a requir ement for early administration, repeated 

doses, drug resistance and lack of effectiveness against a particular stage of the 

infection. Previously, halofuginone has been shown to be effective against the 

schizont stage but at the same time the difference be tween toxic and 

therapeutic doses is marginal (Mbwambo et al. , 1986;Schein and Voigt, 1979). In 

the past tetracycline has also been used in large doses but has limited action 

against the piroplasm stage, which can cause pathology in tropical theileriosis 

(Dhar et al. , 1990;Gill et al. , 1978;Mallick et al. , 1987;Singh et al. , 1993). 

Research trials conducted for comparing the efficacy of different drugs has 

shown that buparvaquone (BW720c), a second-generation 

hydroxynaphthaquinone, is the drug of choice (Dolan et al. , 1984;Hawa et al. , 

1988;McHardy et al. , 1985;Mutugi et al. , 1988;Ngumi et al. , 1992;Singh et al. , 

1993). However, early treatment of the disease with BW720c has been 

recommended to achieve a rapid and desirable outcome in eliminating the 

parasite from the blood and lymph nodes and improvement of the clinical state 

of the animal. It has been reported that tr eatment with BW720c in animals in 

the advanced stage of disease failed to improve the clinical condition of the 

animal (Morrison and McKeever, 2006;Osman and Al-Gaabary, 2007). 

Vaccination has been a focus of research and has shown some success in the 

field. Vaccination either in combination with drug treatment and tick control or 

in isolation has been used in different parts of the world for both tropical 

theileriosis and East Coast Fever (ECF). Vaccines against T. annulata  are 

generated by attenuation of parasite virulence by prolonged culture in vitro , 

while for T. par va virulence of infection is controlled by co -delivery of a dose of 

long acting tetracycline (Morrison and McKeever, 2006;Morzaria et al. , 

1987;Musoke et al. , 1993;Radley et al. , 1975). A number of authors have 

reviewed various control strategies against theileriosis (Brown, 1990;Dolan, 

1989;Tait and Hall, 1990) . Effective control of the ileriosis is best achieved 

through a combined strategy of tick vector control and vaccination, while in 
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clinical cases chemotherapy is the only option. However, based on the 

continuing prevalence of the disease in endemic countries there is a dire need 

for  improved control strategies because drug resistance against BW720c has been 

reported in vivo (Mhadhbi et al. , 2010), acaracides are costly and resistance has 

developed and existing vaccines have production and delivery limitations 

(Boulter and Hall, 1999;Mbassa et al. , 1998;McKeever et al. , 1999;Tait and Hall, 

1990). 

1.7 Cellular and molecular interactions between the 

Theileria macroschizont and the infected host 

leukocyte 

Bovine leukocytes infected with Theileria  have been demonstrated to acquire a 

number of phenotypic cha nges that involve cellular events induced by the 

presence of the parasite. Upon successful entry into the leukocyte and 

development to the macroschizont stage, the parasite fascinatingly takes control 

over the infected -host cellular machinery resulting, in vitro , in the 

establishment of an immo rtalised transformed phenotype.  

1.7.1 Host cell transformation 

Theileria -infected leukocytes display characteristic signs of transformed 

mammalian cells. Infected cells can be readily cultured in vitro  and display both 

metastatic properties (Heussler and Stanway, 2008;von et al. , 2010) and 

resistance to programmed, apoptotic, cell death [reviewed in (Dobbelaere and 

Heussler, 1999)]. However, unlike classical transformation events, parasite 

induced transformation is reversible, as infected cells stop proliferating and die 

upon elimination of the parasi te with theilericidal drug BW720c (Dobbelaere and 

Rottenberg, 2003;Rintelen et al. , 1990), unless they are supported by the 

addition of exogenous growth factors. At the molecu lar level transformation is 

known to be associated with modulation of normal host cell signaling pathways 

[reviewed in (Dobbelaere and Kuenzi, 2004;Luder et al. , 2009)]. Several of these 

pathways have been shown to result in constitutive acti vation of bovine 

transcription factors. Moreover, a link between activation and cellular 

proliferation, or proliferation and protection against cell death ha s been made 
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primarily by using drugs to specifically inhibit steps in the activation pathways. 

Additionally, it has been demonstrated that macroschizont infected leukocytes 

exhibit invasive tumour like growth in vivo  when inoculated into immuno -

compromised mice (Fell et al. , 1990;Irvin et al. , 1975), causing a malignant 

neoplastic like conditi on similar to human B cell lymphomas.  

Activation of transcription factors can have a detrimental outcome and may act 

as tumour suppressors (Perkins and Gilmore, 2006;Sharpless and Depinho, 2002). 

Evidence has recently been generated that for some of these fact ors the parasite 

must take action to prevent a manifestation of function, and the best example 

to date concerns the classical tumour suppressor, p53.  

While much information has been gained on pathways associated with Theileria  

mediated transformation, one area where detailed information is lacking is 

identification of parasite genes and proteins that are responsible for initiating 

the transformation event.  

1.7.2  Activation of host cell transcription factors 

It is widely accepted that the alteration of host cell phenotype by a number 

intracellular pathogens (viruses, bacteria and parasites) involves both activation 

and modulation of mammalian transcriptional factors (Gyles et al. , 

2007;Julkunen et al. , 2001;Luder et al. , 2009). As a survival and defence 

strategy it is likely that  Theil eria , like other pathogens, have attained 

sophisticated mechanisms to interfere with the host response to infection. These 

mechanisms include the unique ability of pathogens to directly and indirectly 

manipulate and evade inflammatory and innate cellular d efence pathways 

[reviewed in (Finlay and McFadden, 2006;Leiriao et al. , 2004;Luder et al. , 

2009;Mogensen, 2009)]. It is clear from a large number of studies that leukocyte 

signal transduction pathways are significantly altered by Theileria  parasites. 

Thus, in Theileria  transformed cells, activation of c -Jun NH2-terminal kinase 

(JNK), NF- B, casein-kinase 2 (CK2), PI3K-PKB and JAK2/STAT3 pathways have 

been documented [reviewed in (Baumgartner et al. , 2000;Dessauge et al. , 

2005a;Dessauge et al. , 2005b;Dobbelaere and Kuenzi, 2004;Shiels et al. , 2006)] 

(see Figure 1.3). These pathways and factors are known to contribute to 

stimulation and regulation of the inflammatory, innate immune and cellular 
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defence responses. A summary of key transcription factors activated in 

Theileria -infected cells studied to date, and the role they play in regulation of 

inflammatory and innate immunity is discussed below.  

 

Figure 1.3:  Pathways implicated in manipulation of Theileria-infected host cell phenotype   
Theileria parasites invade bovine leukocytes and activate a number of signal transduction pathwys 
resulting in translocation of transcription factors to host nucleus. The transcription factors AP-1 and 
ATF-2 are constitutively activated via c-Jun NH2-terminal kinase (JNK) that is permanently 
activated in Theileria infected leukocytes. Constitutive cMyc expression is dependent on the 
JAK2/P-STAT3 pathways and is also influenced by AP1. Constitutive activation of NF- B occurs 
via recruitment of IKK complexes (signalosomes) to the macroschizont surface.  p53 apoptotic 
pathway of host cells is not induced by Theileria and it has been shown that parasite is involved in 
cytoplasmic sequestration of p53. Association of host-cell p53 with the parasite membrane has 
been postulated to either interact directly with p53, or mediate cytoplasmic sequestration of p53 by 
interacting with other host cell proteins regulating p53 localization. Apapted from (Shiels et al., 
2006) 

1.7.2.1 Nuclear Factor kappa B (NF- B) 

NF- B is a family of inducible, dimeric transcription factors that regulate the 

expression of genes involved in the inflammatory response, immune response, 

cell proliferation and apoptosis (Baldwin, Jr., 1996;Barkett and Gilmore, 

1999;Barnes and Karin, 1997;Gilmore, 1999). NF- B was first characterized as a 

transcription factor that constitutively binds to the ƥB motif in the enhancer 

element within the immunoglobulin ƥ light-chain gene (Sen and Baltimore, 

1986). The family of NF- B transcription factors consist of five subunits:  RelA 

(also called p65), RelB, c -Rel, NF- B1 (p50) and NF- B2 (p52). The last two 
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proteins are synthesized as larger precursors of 105 (p105) and 100 kDa (p100), 

respectively, which are then proteolytically processed to their sub -unit forms. 

Activated het ero or homodimers of combinations of these subunits are then 

translocated into the nucleus to regulate the expression of a wide range of 

target genes (Hayden and Ghosh, 2004;Karin et al. , 2002). In unactivated cells, 

NF- B/Rel dimers are sequest ered in the cytoplasm in an inactive form as a 

result of their association with members of another family of proteins called 

Inhibitors of NF- B (IƥBs). IƥBs form another evolutionary conserved multigenic 

family, composed of IƥBƜ and IƥBɓ. In response to recognition of a wide variety 

of stimuli via Toll, IL1 and TNF receptors, a multi sub -unit kinase complex called 

IƥB kinase (IKK), consisting of two catalytic subunits IKK1 (IKkƜ) and IKK2 (IKKɓ), 

and a modulating subunit NEMO (IKKƞ) is generated (see Figure 1.4) .  

 

Figure 1.4:  Schematic illustration of NF- B activation pathway in general   
Major signaling pathways that lead to NF- B activation. NF- B can be activated by a variety of 
receptors on the cell surface that transduce the signal via number of adaptor proteins (e.g TRAFs) 
and kinases (IRK and MEKK3/NIK). Classical activation of NF- B occurs via recruitment of IKK 
complexes leading to phosphorylation and degradation of the IkB. Inputs for the classical pathway 
include TNFR1/2, TLR/IL-R. The alternative pathway involves NIK activation of IKKŬ and leads to 
phosphorylation and processing of p100, activating p52/RelB heterodimers.  
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The IKK complex phosphorylates specific serine residues within the IƥBs, leading 

to their ubiquitination and degradation through the proteasome pathway. 

Ultimately free NF- B dimers translocate to the nucleus to regulate the 

transcription of a large number of target genes (Weil et al. , 1997;Whiteside and 

Israel, 1997).  

In uninfected cells the activation of NF- B is usually triggered through a range of 

different surface receptors or intr acellular events, including cellular stress 

[reviewed in (Oeckinghaus et al. , 2011;Perkins, 2012)]. The parasite factor(s) 

that induces  NF- B activation are still unknown but it has been postulated that 

parasite proteins either expressed on the surface of the schizont or secreted into 

the host cell cytoplasm may interfere with the signal -transduction pathway of 

the host cells. Heussler et al ., (2002) provided remarkable evidence that 

parasite associated factors almost certainly contribute to NF- B activation, as it 

was shown by immunofluorescence imaging that the macroschizont stage of the 

parasite infected cell is decorated with active IKK Signalosome complexes. Due 

to the apparent proximity of the signalosome formation with the parasite it was 

logical to propose that parasite derived proteins located at the surface of the 

schizont act directly as a ligand for an IKK protein, leading to enforced 

oligomerisation of the signalosome complex and subsequent òproximity induced 

activationó. However, after extensive research it has not yet been possible to 

establish a direct interaction between parasite protein and components of the 

signalosome (Dobbelaere and Kuenzi, 2004;Heussler et al. , 2002). One possibility 

is that additional host proteins that act as a scaffold for IKK oligomerisation are 

required, and evidence that the actin cytoskeleton promotes formation of 

parasite dependent IKK signalosomes has been found (Schmuckli-Maurer et al. , 

2010). 

A clear role for activated NF- B in preventing apoptosis of Theileria infected 

leukocytes has been established (see below). However, activated NF- B is 

unlikely to be restricted to this role, as NF- B is known to regulate genes that 

are important for several other vital cellular processes such as proliferation, 

differentiati on, and development. NF- B is also a critical activator of genes 

involved in inflammation and immunity activated via Toll like receptors, IL1 and 

TNF receptors (Gerondakis et al. , 1998;Li and Verma, 2002) and it is well known 

that prolonged activation of NF- B is associated with diseases that result from 
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chronic stimulation of the inflammatory response (Aggarwal et al. , 2006;Makarov 

et al. , 1997). Thus NF- B is a transcription factor with a wide range of potential 

functions which includes regulation of genes encoding cytokines and growth 

factors, adhesion molecules, acute phase reactants and receptors and 

chemoattractants which influence the outcome of diseas e (Schwartz et al. , 

1999). It has been predicted that NF- B dependent regulation of inflammatory 

genes contributes to the pathogenesis of theileriosis (Heussler et al. , 2002).  

1.7.2.2 Activator Protein 1 (AP-1) 

AP-1 is a complex multi -protein transcription factor, composed of proteins from 

a number of families [members of Fos (c -Fos, FOSB, FRA1, FRA2), c-Jun (c-Jun, 

JUNB, JUND), ATF (ATF2, ATFa, ATF3, ATF4, B-ATF) and MAF (c-MAF, MAFA, 

MAFB)] that exists ubiquitously as either a homo - or heterodimeric complex. 

These complexes are formed via the basic leucin e zipper, a domain that is 

important for dimerisation and DNA binding, and is represented in a large family 

of proteins  that act as DNA binding proteins (Halazonetis et al. , 1988;Hess et al. , 

2004a). In response to various inflammatory stimuli, activated AP -1 in turn 

regulates the expression of genes that control a number of critical cellular 

events including proliferation, differentiation and apoptosis (Ameyar et al. , 

2003;Jacobs-Helber et al. , 1998). Furthermore, regulation of these cellular 

events is dependent on the relative abundance of AP -1, the composition of AP -1 

dimers, and the types of stimuli and cellular context of t he activation event 

(Kaminska et al. , 2000). 

Ap-1 proteins have versatile functions in the regulation of cell proliferation, and 

several direct targets have been identified whose expression is directly linked to 

the cell cycle regulatory apparatus  [reviewe d in (Jochum et al. , 2001)]. 

Normally activation of AP -1 is dependent on activation of various signaling 

cascades including JNK, ErK and mitogen activating protein kinases (MAPKs). It 

has been shown that for Theileria -infected bovine leukocytes, AP -1 activity is 

exclusively dependent on JNK via its main substr ate c-jun (Chaussepied and 

Langsley, 1996;Lizundia et al. , 2006). Supporting evidence has also been 

provided by Chaussepied et al ., (1996) who demonstrated that both JNK activity 

and elevated nuclear localisation of jun proteins occur in T. parva-transformed B 

cells compared to uninfected B cells. The elevated activity of JNK in an infected  
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cell causes constitutive phosphorylation of the N -terminus of c-jun, which in turn 

results in up -regulation of AP-1 driven transcription.  

The constitutive activation of AP -1 is believed to contribute significantly to the 

metastatic potential of the infected cell line. In support of this conclusion, AP1 

has been implicated in induction of host cell metalloprotease -9 (MMP9) gene 

expression (Adamson and Hall, 1997). In addition, a ttenuated vaccine cell lines  

exhibiting lower metastatic potential display reduced metalloprotease gene 

expression. The reduction was postulated to be associated with loss of a parasite 

induced AP-1 recognition factor, as indicated by an altered (EMSA) profile of 

proteins binding to the AP -1 site in the promoter region of the MMP9 gene 

(Adamson et al., 2000) . 

1.7.3  Induction of proliferation by Theileria 

Several studies have shown that resting leukocytes have the ability to proliferate 

after stimulation; however most of the cells are sensitive to inflammatory 

stimuli and die via a special mechanism called activation induced cell death 

(AICD) (Arnold et al . , 2006;Donjerkovic and Scott, 2000) . In contrast, 

macroschizont-infected cells of T. annulata  and T. parva  display continuous 

proliferation and are resistant to AICD. Uncontrolled proliferation is one of the 

most important features of Theileria -transformed cells. Previously it has been 

reported that Theileria -transformed leukocytes exhibit moderate but 

constitutive levels of PI3K (Baumgartner et al. , 2000). Moreover this study 

showed that this constitutive PI3 -kinase activity is essential for proliferation of 

the infected cell using the specific inhibitors LY294002 and wortmannin. It was 

also shown that the granulocyte -monocyte stimulating factor (GM -CSF) is 

induced by PI3-Kinase, allowing postulation that a GM -CSF autocrine loop 

functions to maintain proliferation of the host leukocyte. A second study 

confirmed a role for constitutive PI3 -K activity in contributing to proliferation of 

the infected cell (Heussler et al. , 2001). Furthermore both studies generated 

evidence through the use of inhibitors that PI -3K activity was not required to 

protect the cell from apoptosis. However discrepancies between the two studies 

were obtained in relation to activa tion of Akt/PKB and NF- B. Heussler et al. , 

found no role for PI3 -K in activation of NF- B, while Baumgartner concluded PI3 -
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K did not act via PKB. How the PI3-K pathway is activated is not conclusively 

known but an indirect event via surface receptors or adhesion molecules 

upregulated in infected cells have  been proposed (Heussler et al. , 2001). More 

recent studies proposed a role for the Src family kinas e Hck (Baumgartner et al. , 

2000), with constit utive activation of PI3 -K postulated to result from a loss of 

negative regulation of Hck present in lipid rafts of Theileria  infected leukocytes.  

As discussed by Huessler et al.,  (2001), Akt/PKB could feed into regulation of 

prolif eration of  Theileria -infected cells at different levels by stimulating 

expression genes that control cell cycle progression such as c -fos, c-myc and the 

G1 cyclins. Regulation of the cell cycle may also be achieved via negative 

regulation of tumour suppres sors such as p53 and retinoblastoma protein and 

activation of the E2F transcription factor [reviewed by (Shiels et al. , 2006)]. PI3-

K activation may also contribute to metastasis of the infected cell by increased 

expression of c-Fos and inhibition of PI3 -K was found to reduce AP-1 

transcriptional activity ( Baumgartner et al. , 2000).  

1.7.4  Inhibition of host cell apoptosis by Theileria 

Many infections are strongly associated with activation of the NF- B pathway and 

stimulation of the inflammatory response. Upon activat ion NF- B translocates to 

the nucleus and is found in this location in Theileria  infected cells. However, 

after elimination of t he parasites by BW720c, NF- B is no longer located in the 

nucleus indicating that a viable parasite is require d for its constitutive activation 

(Heussler et al. , 1999;Ivanov et al. , 1989). Although studies have shown that NF-

B can be involved in promoting proliferation of transformed cells, for the 

Theileria  infected cell, the proven role of NF- B is in protecting cells from 

programmed cell death (apoptosis), with a potential to promote proliferation 

presumed but not substantiated  (Dessauge et al. , 2005b;Guergnon et al. , 

2003;Palmer et al. , 1997). Thus, inhibition of constitutive NF- B activation by 

dominant negative inhibitor s of NF-kB has been shown to induce rapid apoptosis 

of infected cells, supporting the key role of NF- B in the survival of Theileria  

transformed cells (Heussler et al. , 1999). Since apoptosis and proliferation are 

two physiologically active phenomena  closely linked and regulated (Ginaldi et 

al. , 2000), it was difficult to conclude what the effect on proliferation was 
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following inhibition of NF -kB. Constitutive activation of NF - B has been shown to 

protect the Theileria  infected  cell  from apoptosis probably via up -regulation of 

some well known antiapoptotic proteins such as c -FLIP, X-IAP, c-IAP (Dobbelaere 

and Kuenzi, 2004). Regulation of these proteins by NF - B has also been 

demonstrated for other cell types, supporting their role as putative anti -

apoptotic targets of NF - B in Theileria -transformed cells. NF - B mediated 

expression of anti -apoptotic proteins can provide protection a gainst apoptosis at 

different levels. For instance, c -FLIP could block the processing of procaspase 

8/10, triggered upon ligand -induced activation of death receptors (e.g. 

Fas). IAPs counter effector  caspases, and pro-survival proteins of the  Bcl-

2 family prevent mitochondria -initiated  apoptosis, by regulating  cytochrome C 

release (Kataoka et al. , 2000;Peter, 2004;Schimmer and Dalili, 2005;Tschopp et 

al. , 1998;Yang et al. , 1997). 

In addition to NF - B, other factors and pathways have also been implicated in 

protecting the infected cell from cell ular death. In the study of (Dessauge et al. , 

2005a) constitutive expression of the onco genic protein c -myc via Jak-Stat signal 

transduction was described. Inhibition of c -myc was shown to induce death of 

infected cells and it was postulated that the anti -apoptotic effect could be due 

to c -myc-dependent induction of Bcl -2 family member, Mcl -1. As predicted, 

expression of c-myc was shown to be dependent on the presence of a viable 

parasite (Dessauge et al. , 2005b). The transciption factor c -Myc is well 

established as an oncogneic protein with a broad range of cellular functions, 

including regulation of cell cycle progression, cell growth, differentiation, 

transformation, angiogenesis and apoptosis [reviewed in (Gonzalez and Hurley, 

2010)]. C-Myc can act as an inducer and suppressor of its target genes and these 

include:  Cyclin A, Cyclin D and Cdk4, p53, MHC class 1, C/EBPƜ, cdc42 (Dang, 

1999;Dang et al. , 2006). 

The tumour suppressor p53 is a key molecule involved in regulation of cell cycle 

progression and cell death and provides a major checkpoint in the prevention of 

cells becoming cancerous (Collins et al. , 1997). The function of p53 in normal 

cells is to arrest cell division and initiate apoptosis in response to cellular stress  

and DNA damage [reviewed in (Amaral et al. , 2010)]. Loss or block of p53 

function is a common featu re of transformed cells and it might be expected that 

Theileria infected leukocytes limit functional expression of thi s tumour 
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suppressor protein. This prediction was tested by Haller et al .,  (2010), who 

investigated p53 apoptosis related events as a target of parasite modulation. 

This result indicated that T.annulata  infected cells are able to inhibit the p53 

apoptotic pathway, mainly by sequestratio n of the majority of p53 to the 

cytoplasm of the infected cell. Immunodetection revealed close association of 

p53 with the schizont membrane, and this sequestration was destabilized 

following elimination of the viable parasite with BW720c. This led to nucl ear 

translocation of p53 and was associated with upregulation of proapototic 

proteins Bax and Apaf1 and downregulation of anti -apoptotic Bcl -2. It was 

proposed that modulation of p53 activity could occur via direct interaction with 

a parasite surface prote in or via other host proteins that regulate localisation of 

p53 (Haller et al. , 2010).  

Although, it has been shown that PI3K/PKB pathways in Theileria annulata -is 

primarily linked to the promotion of proliferation some evidence has been 

produced that residual PKB activity can contribute to protection against cell 

death in Theileria -infected BL3 cells. Thus in the study of (Guergnon et al. , 

2006) apoptosis could only be inhibited by dual inhibition of PKB together with 

PKA. It was concluded however, that PKA was predominant in the infected cell, 

and functioned by inhibiting the pro -apoptotic molecule Bad (member of the 

BCL-2 family). Ta ken together these studies indicate the parasite must 

manipulate cellular pathways that promote programmed cell death in response 

to stress or induction of uncontrolled proliferation.  

1.7.5  Manipulation of activated host cell gene expression 

Constitutive activa tion of inflammatory transcription factors could result in 

events that are detrimental as well as beneficial to the infected cell. Thus, 

constitutive activation of factor s primarily associated with anti -apoptotic 

activity may lead to the death of lymphocyt es under certain circumstances 

(Dutta et al. , 2006). NF- B, for example generally protects cells from apoptosis 

by inducing the expression of genes responsible for encoding anti -apoptotic 

proteins (Dobbelaere and Kuenzi, 2004). However, the role of NF- B in apoptosis 

can vary markedly in different cell contexts and it can sensitize cells to a variety 

of death inducing stimuli like pro -inflammatory cytokin es, Tumour Necrosis 
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Factor alpha (TNFƜ) and inducible Nitric Oxide Synthase (iNOS) (Dutta et al. , 

2006). Consequently NF- B was described as a Janus-like transcriptional factor 

(Youssef and Steinman, 2006). Moreover, constant activation of NF- B can lead 

to chronic inflammatory conditions by promoting the expression of cytokine 

genes (Beinke and Ley, 2004) or contributing to pathogenesis associated with 

many tumors (Basseres and Baldwin, 2006). Therefore, parasite associated 

persistent activation of NF- B and other Janus-like transcription factors, c -Jun 

(Chaussepied et al. , 1998) and c-Myc (Dessauge et al. , 2005a), have the 

potential to be detri mental to the transformed infected leukocyte and the 

infected host.  

The first evidence that Theileria parasites may manipulate the outcome of 

infection was provided by Sager et al ., (1997) who demonstrated that 

lipopolysaccharide (LPS) induced expression of pro-inflammatory cytokines IL -1, 

TNFƜ and iNOS in the Theileria annulata  transformed cells were impaired, as 

none of these activities were up regulated following LPS treatment relative to  

significant elevation in uninfected cells. Sager et al.,  (1997) also provided 

evidence that infection of macrophages by T. annulata  induces a reversible 

dedifferentiation event, that may occur as a consequence of, or is involved in 

establishing, cellular transformation. Further evidence for modulation of 

macrophage status has also been provided by the more recent study of Jen sen et 

al.,  (2009) which demonstrated a parasite dependent suppression of MAF 

transcriptio n factors. MAFs are known to be involved in regulating the 

monocyte/macrophage differentiation step from myeloid precursor cells.   

Oura et al.,  (2006) also demonstrated the ability of parasite infection  to down-

regulate the expression of pro -inflammatory genes associated with cellular 

defence. Thus, while infection induced an increase in expression of genes 

involved in the interferon inducible ISG ylation pathway, the level of expression 

was significantly lower tha n that obtained by stimulation of uninfected cells with 

LPS. Furthermore, killing the cell with BW720c led to a significant elevation in 

interferon stimulated gene 15 (ISG15) and ubiquitin like protease (UBP-3) gene 

expression, indicating full expression of these genes is repressed by a viable 

parasite. ISG15 has been shown to be a direct target of NF- B (Li et al. , 2001) 

and NF- B and AP-1 are strongly activated via LPS to induce expression of pro -

inflammatory cytokines IL -1, TNFƜ and iNOS (Cho et al. , 2005). Since NF- B and 
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AP-1 are constitutively activated in Theileria  transfor med cells, it can be 

hypothesised that the attenuated expression profile of genes such as TNFƜ, iNOS 

and ISG15 (Oura et al. , 2006;Sager et al. , 1997) is due to active modulation by 

the parasite -infected leukocyte.  

1.7.6  Candidate parasite regulators of the transformation 

phenotype 

Despite the wealth of information on modulation of host cell gene expression, 

parasite factors responsible for controlling these  events have not been 

conclusively identified. However, three major points of parasite -host interaction 

(parasite surface, host cytoplasm, and nucleus) are under current investigation, 

with candidate proteins obtained both from experimental work and mining  the 

available genome sequences of T. annulata and T. parva (Pain et al. , 2005;Shiels 

et al. , 2006).  

One of the most obvious points of interaction is the interface between the 

membrane surface of the macroschizont and the host cell cytoplasm. This is a 

key area for the mechanism  behind IKK signalosome formation, as it has been 

postulated that the primary event is likely to be an interaction between a 

signalosome component and a parasite-encoded surface ligand. In this context, 

it has recently been shown that the parasite surface protein known as TpSCOP 

(T. parva schizont-derived cytoskeleton binding protein) has the ability to 

interact with F -actin (Hayashida et al., 2010)  and activate NF- B in transfected 

mammalian cells. Furthermore, transient transfection of TpSCOP in T. parva-

infected cells also showed enhanced activation of NF - B. However, this protein 

is expressed by the piroplasm stages of Theileria species that are non-

transforming, and it is known that altering actin structure can result in 

activation of host dependent NF -kB signalling. Furthermore, co -localisation of 

TpSCOP and parasite/signalosome complexes was not demonstrated.  

 Additional parasite proteins studied as c andidates for interaction with the host 

cytoskeleton include TaSP, TaSE and gp34. T. annulata  secretory protein (TaSE) 

is secreted into the host cell compartment and is speculated to have a functional 

role in host -parasite interaction (Schneider et al. , 2007). Confocal microscopic 
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examination revealed co -localisation of TaSE with host cell microtubules, 

especially apparent during mitosis. Evidence of specific inte raction was provided 

by co-precipitation of TaSE and alpha -tubulin. However, co -localisation and co -

immunoprecipitation experiments showed that only a fraction of the expressed 

TaSE associated with tubulin, suggesting that TaSE may interact via microtubule -

associated proteins. Based on the patterns identified for TaSE during mitosis it 

was postulated that this protein might play a role in ensuring the uniform 

distribution of schizont into the host -daughter cells during cell division 

(Schneider et al. , 2007). 

A similar ro le has been proposed for TaSP, an immunodominant Theileria 

annulata  surface protein proposed to be involved in the attachment of the 

parasite to the host cell microtubule network (Seitzer et al. , 2010). TaSP was 

shown to co-localise with the mitotic spindle of dividing cells and co -

immunoprecipitated with alpha -tubulin in transiently transfected Cos -7 cells. 

Moreover, results obtained from pull -down assay provided evidence of direct 

interaction between TaSP and polymerised microtubules. Immunofluorescence 

analysis located TaSP at various sites of mitotic cells including spi ndle poles, 

mitotic spindle apparatus and the mid -body (Seitzer et al. , 2010). Based on 

localisation to the microtubule organising centre, it was speculated that TaSP is 

involved in regulation of microt ubule assembly in the host cell.  

One further protein identified as potentially interacting with the host cell 

cytoskeleton is gp34, a GPI anchored protein specifically expressed at the 

macroschizont surface (Xue et al. , 2010). Tagged T. parva -gp34 but not T. 

annulata -gp34 localised to the central spindle and mid body. Interestingly gp34 

was associated with a disruption of cytokinesis, as over expression of transgene 

increased the number of bi -nucleate cells detected. It was proposed that this 

result could reflect a capacit y of gp34 to interact with regulators of host cell 

cytokinesis 

The T. annulata  encoded antigen Ta9 is an immunodominant protein recognised 

by CD8 T cells, indicating presentation of peptides at the infected cell surface 

(MacHugh et al. , 2011). Sequence analysis of Ta9 genes from field isolates of T. 

annulata revealed extensive divergence, resulting in amino acid polymorphism 

within two distinct majo r histocompatibility restricted T cell ep itopes. 
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Functional studies have confirmed that differences in sequence of this epitope 

correspond with differential recognition of infected cells by individual CD8 T cell 

clones. The Ta9 protein is predicted to have  a cleaved signal peptide, indicating 

secretion by the parasite into the cytosolic compartment. Identification of Ta9 

polypeptide in the cytoplasm of macroschizont -infected cells was reported 

(MacHugh et al. , 2011). It is unknown what role TA9 plays in the transformation 

process, if any. However, given it is a major antigen it seems reasonable to 

propose that it must bear some important function, since as a present ed T cell 

antigen it would appear to generate a selective disadvantage to the survival of 

the infected cell. Conserved signal sequence and partially conserved motifs were 

described at the c -terminus of TA9 and a clear orthologue is present in T. parva . 

Ta9 is a secretome protein and is encoded by a member of a small gene family (5 

genes). Two additional larger secretome gene families have been described in 

some detail (Pain et al., 2005). The subtelomere -encoded variable secreted 

protein (SVSPs) family consists of 85 members in T. parva  and 51 members in T. 

annulata  (Pain et al. , 2005;Schmuckli-Maurer et al. , 2009;Shiels et al. , 

2006;Weir et al. , 2010). Almost all SVSPs are expressed at the RNA level by the 

macroschizont stage. SVSPs consist of a short conserved N-termin al region, 

containing a putative signal peptide for secretion, followed by a highly variable 

QP-rich region which is predicted to be highly unstructured (Pain et al., 

2005;Schmuckli-Maurer et al., 2009) . Interestingly, a number of SVSPs also 

contain functional nuclear localisation signals (NLS), suggesting that proteins 

released from the parasite could contribute to phe notypic changes of the host 

cell (Schmuckli-Maurer et al. , 2009). This study also suggested that the 

transcript levels of single SVSP genes can vary considerably depending on the 

parasite genotype but no evidence was found for a possible influence of the host 

cell background on differential SVSP mRNA expression (Schmuckli-Maurer et al. , 

2009). Despite the identification of conserved motifs, a potential biological 

function for the SVSPs has yet to be proposed. In the study performed by Weir et 

al., 2010, a large number of allele s were sequenced and assessed for evidence of 

selection of amino acid substitutions. None was found and it was proposed that 

SVSPõs have evolved in a neutral manner and may act to subvert protective 

immunity.  
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The second secretome family that has been studi ed in some detail is the TashAT 

family. In  T. annulata  this family consists of 17 contiguous genes. The first 

member to be identified encodes the Tas hAT2 polypeptide that was shown to be 

located to the host cell nucleus of the transformed leukocyte. It has  been 

postulated that these parasite polypeptides have the ability to modulate bovine 

gene expression since they contain AT hooks. AT hooks are motifs that primarily 

function in transportation of proteins to the nucleus and bind to AT-rich DNA. AT 

hook domain proteins are conserved in eukaryotes from yeast to humans and 

play critical roles in regulation of gene expression and determination of cell fate 

(Cleynen and Van de Ven, 2008;Reeves, 2010;Reeves and Beckerbauer, 2001). AT 

hook proteins are commonly associated with the generation of neopla sias (Fusco 

and Fedele, 2007). Five AT hook bearing TashAT proteins are encoded in the 

genome: TashAT2, TashAT1/3, TashHN, and SuAT1 (Shiels et al. , 2004;Swan et 

al. , 1999;Swan et al. , 2001;Swan et al. , 2003). Interestingly no AT hook motif 

has been identified in T. parva , although an orthologous cluster of 18 TpHN 

genes have been described. The reason for this is not known, but may be due to 

the different preferred lineage of leukocyte infected by either species (Shiels et 

al., 2006).  

Functional data supporting a role of TashAT cluster proteins in manipulating 

bovine gene expression was reported by Shiels et al.,  (2004) and Oura et al ., 

(2006). Thus TashAT 1/3, TashAT2 and SuAT1 have all been shown to bind to AT 

rich DNA. Stable transfections of both TashAT2 and SuAT1 into a bovine 

macrophage cell line was found to be associated with changes to cellular 

morphology, mRNA profile and the proteome  of TashAT expressing cells (Shiels 

et al. , 2004;Swan et al. , 1999). Interestingly SuAT1 promotes changes to the 

level of intermediate proteins that function to control cell shape, and repression 

of these proteins (cytokeratins) was demonstrated to be under control of a 

viable parasite (Shiels et al. , 2004). Cytokeratins are a large family of proteins 

which form the intermediate filament (IF) of the cytoskeleton and have been 

found to modulate host-cell proliferation process (Paramio et al. , 1999). 

Furthermore it is known that mammalian AT hook genes funct ion to modulate 

the expression of genes targeted by NF- B in myeloid cells. TashAT factor 

proteins can theref ore be considered as candidates for parasite -encoded factors 

that function  to manipulate the profile of host gene expression resulting from 
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infecti on associated cellular activation events.  Summary of candidate parasite 

proteins released into the host cell cytoplasm and their interactions with the 

transformed -host cell is shown in  Table 1.1. 

Table 1.1:  List of Theileria proteins that are candidate manipulators of host cell phenotype 

Parasite 
proteins  

Location  SignalP NLS Relationship to host cell transformation  

     
TaSP -Parasite membrane  Yes - Interact s with host cell microtubule 

network . (Seitzer et al. , 2010) 
TaSE -Parasite membrane 

-Schizont  
-Host cell cytoplasm  
 

Yes - Close association of TaSE with the host 
tubulin network and co -localization at 
distinct points with host microtubule 
(with centromere, mitotic spindle and mid 
body) has been demonstrated.  (Schneider 
et al. , 2007) 

gp-34 -Parasite membrane Yes - gp-34 is a GPI-anchored protein that is 
expressed at the schizont surface and 
interacts with regulators of the host cell 
cytokines and localize to the 
central  spindle and midbody.  Predicted to 
have functional role during host cell 
division. (Xue et al. , 2010) 

Ta9 
 

-Parasite 
- Host cell cytoplasm  

Yes - An immunodominent protein recognised 
by CD8+ T cells. The presence of a signal 
peptide indicates that  T9 is likely to be 
secreted by the parasite and hence be 
available for cytosolic antigen processing . 
(MacHugh et al. , 2011) 

TashATs 
TashAT2 
TashAT1/3 
SuAT1 
TasHN 

Host cell cytoplasm  
Host cell nucleus  

Yes  Yes  Members of TashAT family bearing AT-
hook motifs are secreted by the parasite 
and translocated to the host cell nucleus . 
These proteins are predicted to function 
as accessory factors for regulators of gene 
expression. [reviewed in (Shiels et al. , 
2006)] and  (Weir et al. , 2010) 

SVSPs * Host cell cytoplasm  
* Host cell nucleus 
 

Yes Yes  SVSPs are sub-telomeric hypothetical 
proteins . A subset of these is predicted to 
be secreted suggesting their role in 
phenotypic changes of the infected host 
cell . (Schmuckli-Maurer et al. , 2009) 

TPSCOP Released into the 
cytoplasm of infected 
cells  

Yes  TPSCOP is a schizont derived cytoskeleton 
binding protein and has the ability to 
interact with F -actin and can result in 
activation of host dependent NF -kB 
signaling. (Hayashida et al. , 2010) 

Unknown  - - - Parasite proteins involved in the 
formation of parasite -dependent IKK 
signalosome and interaction between its 
component  

Unknown  - - - Parasite proteins involved in sequestration 
of p53 in host cell cytoplasm  

* Minority of the SVSP family members are secreted into the host cell cytoplasm and translocated 
to the nucleus. However, almost all are expressed at the RNA level by the macroschizont stage.  
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1.8 Aims and objectives 

Theileria  is a major pathogen, causing a significant economic burden to 

countries where this parasite is endemic. Research to understand the factors 

contributing to disease pathology is required and is of scientific interest. An aim 

of this thesis was to elucidate one of the primary molecular mechanisms 

implicated in Theileria  pathology, the induction of host leukocyte proliferation 

and prevention of apoptosis by the macroschizont stage of the life cycle. 

Evidence from literature has indicated that this may be a two -step process 

involving parasite -induced activation of host transcription factors, particularly 

NF- B and Ap-1, followed by modulation of the outcome of transcription factor 

activation in controlling host cell gene expression. Data supporting this 

postulat ion at a global level was required particularly with regard to whether 

the parasite is able to alter the outcome of activating inflammatory signal 

transduction pathways. The mechanisms utilised by the parasite in directing host 

cell gene expression have not been identified. However, parasite polypeptides 

(TashATs) that are translocated to the host cell nucleus of the infected 

leukocyte are candidates for this role.  

The main objectives of the work presented in this thesis were as follows:  

I.   Establishment and characterisation of an experimental model for comparison 

of uninfected and Theileria -infected cells activated by stimulation with 

inflammatory mediators.  

II. Identification of host cell gene expression changes representative of 

uninfected and infected cells following stimulation with inflammatory 

mediators and identification of profiles indicating modulation of 

inflammatory gene expression by parasite infection  

III. Bioinformatic analysis of any infection modulated dataset to identify gene 

expression events that can be predicted to benefit the establishment of the 

infected leukocyte: with emphasis on transcription factors and pathways 

known to be associated with Theileria  infection.  
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IV. To investigate a parasite protein (TashAT2) as a candidate factor f or 

modulation of bovine gene expression profiles associated with infection and 

inflammatory stimulation.  

It was anticipated that by addressing these aims and objectives further insight 

into the complex relationship between Theileria parasites and host cell 

regulatory pathways responsible for the establishment of the activated, 

transformed leukocytes would be gained. Furthermore, knowledge arising from 

this study could lead to the development of novel intervention strategies against 

theileriosis, inflammato ry and neoplastic diseases. 
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2 Materials and methods 

2.1 Maintenance of cell culture 

All types of cell lines used in this study were maintained in culture at 37 ºC, with 

5 % CO2. Cells were cultured in tissue culture flasks (25cm 2 or 75cm2) and the 

cell number of each culture  was started at  2 x 105 cells/ml and maintained by 

feeding with fresh complete medium every two to three days at, usually, a 1 in 5 

dilution. Details of specific cell lines used and their media requirements are 

given in relevant chapters.  

2.1.1   Preparation of cell culture reagents  and complete medium  

Reagents used for making complete medium  

1. RPMI-1640 with added L-Glutamine and 25mM HEPES (Gibco) 

2. Heat-inactivated foetal bovine serum (FBS;  Sigma) 

3. Streptomycin  8 µg/ml,  

4. Penicillin  8 units/ml   

5. Amphotericin B 0.6  µg/ml  

6. Sterile sodium bicarbonate  0.05%. 

2.1.2   Cryopreservation and thawing of cell  lines  

Cell lines were preserved in liquid nitrogen for long term storage. Approximately 

8 ml of cell culture was centrifuged at 750 ×g for 5 min at 4 ºC and resuspened in 

3 ml of appropriate complete medium containing 10 % dimethylsulphoxide 

(DMSO). The resuspended cells were split betwee n two 2 ml cryotubes, wrapped 

in cotton wool and frozen in pre chilled polystyrene box at -80ºC freezer 

overnight before transfer to liquid nitrogen.  

To recover cells from liquid nitrogen, cryopreserved tubes were quickly thawed 

at 37ºC and added immediat ely to 8 ml prewarmed complete medium (37 ºC). 

The cells were pelleted by centrifugation at 750 ×g for 5 min at room 

temperature to wash off the traces of DMSO. Cells were washed twice in pre -
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warmed medium with 5 ml of fresh medium to ensure complete remova l of 

DMSO. Finally the cell pellet was resuspended in 5 ml fresh complete medium 

and transferred to 25cm2 culture flasks and incubated at above mentioned 

culture conditions.  

2.2 Reagents and Solutions  

The buffers and solutions commonly used in the experimenta l protocols of this 

thesis are listed below:  

2.2.1  Dual Luciferase Assay 

Luciferase assays in cells transfected with firefly luciferase (NF -kB-LUC) and 

Renilla luciferase (phRG-TK renilla) plasmids were carried out using the Dual -

Luciferase® reporter Assay kit (Promega: cat # E1910).  

Dual luciferase ® reporter (DLR) assay chemistry  

The DLR assay system provides an efficient means of performing dual reporter 

assay which is based on the simultaneous use and sequential measurement of 

Firefly ( Photinus pyralis ) luciferase and Renilla ( Renilla reniformis ) luciferase 

activities in order to directly obtain normalised data. Each luciferase breaks 

down its distinct substrate allowing discrimination between the 2 different 

bioluminescent reactions (Figu re 2.1).  The Renilla luciferase provides a 

measurement of the amount of cells successfully co -transfected (i.e. that 

contain the firefly vector) and the ratio of Firefly/Renilla gives the actual 

luciferase value that corresponds to the gene of interest bei ng studied (NF- B). 

The Renilla control vector allows measurement of the baseline transcription 

levels and normalises the differences in cell viability, cell lysis efficiency, 

transfection efficiency etc.  Thus, using phRG-TK, Renilla luciferase, allows 

eff icient use of both the experimental and control vectors to be measured using 

the same apparatus and in the same units. These can then be compared directly 

without any separation of the samples or conversion of th e units.  
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Figure 2.1:  Bioluminescent reactions catalysed by firefly and Renilla luciferase 
http://kirschner.med.harvard.edu/files/protocols/Promega_dualluciferase.pdf 

Product Components and Storage Conditions  

Reporter Assay System 100 assays E1910 

Reporter Assays. Includes:  

Å 10ml Luciferase Assay Buffer II 

Å 1 vial Luciferase Assay Substrate (lyophilized Product) 

Å 10ml Stop & Glo® 

Buffer  

Å 200ĳl Stop & Glo® Substrate, 50X 

Å 30ml Passive Lysis Buffer, 5X 

Once the Luciferase Assay Substrate were reconstituted, working aliquots were stored at -20°C 
for up to 1 month or at -70°C for up to 1 year. 

2.2.2  Indirect immunofluorescence analysis 

2.2.2.1 Phosphate buffered saline (PBS x 1) 

Dissolve 8g NaCl, 0.2g KCl, 1.15g Na2HPO4 and 0.2g KH2PO4 in dH2O up to 1 L of 

total volume and adjust to pH 7.4.  

2.2.2.2 Paraformaldehyde fixation solution (3.7 %) 

Dissolve 3.7g paraformaldehyde in 100ml of 1  x PBS, Add 150µl of 1M NaOH, heat 

to 50ºC in microwave (do not boi l), cool on ice and PH to 7.4 with HCl.  Store at 

4oC (lasts for about 1 week).  

Beetle Luciferin  Oxyluciferin  

Coelenterazine 
Luciferin  

Coelenteramide 
Luciferin  

http://kirschner.med.harvard.edu/files/protocols/Promega_dualluciferase.pdf
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2.2.2.3 Permeabilisation solution (Triton x 0.2) 

Add 200 µl Triton X -100 in 100ml 1 x PBS, Stir contonously until dissolved 

properly and store  at room temperature.   

2.2.2.4 Mounting medium 

For 1 ml solution, add 50 % glycerol in 1 x PBS (i.e. 0.5ml glycerol, 0.5ml 1X 

PBS), 10µl of anti -fade reagent (diphenylamine @ 100mg/ml) and 1 µl of DAPI (4', 

6-diamidino -2-phenylindole, dihydrochloride)  for nuclear staining and store at -

20oC before use (lasts for about 1 month ). The antifade working solution was 

stored at 4° C in the dark  

2.2.2.5 0.1% (w/v) Evans blue stain  

Dissolve 0.1g Evans blue in 90ml 1 x PBS and bring to 100 ml with 1 X PBS and 

store at room temperature.  

2.2.3  Caspase 3/7-Glo assay 

In order to measure apoptosis, an assay measuring caspase -3 and -7 activity was 

used. In the presence of these caspases, a substrate containing tetrapeptide 

DEVD sequence is cleaved and light is produced by luciferase (Figure 2.2). Thus, 

luminescence generated is directly proportional to caspase activity. Detailed 

protocol of caspase 3/7 assay is given in respective chapter s where subsequent 

experiments were performed.  

Caspase-3/7 reagent kit  

Each system Contains  

1% (v/v) Caspase-Glo® 3/7 substrate Z -DEVD-R110 (lyophilized)   

Caspase-Glo® 3/7 Buffer  

Both components were elements of the Apo -ONE® 

The Caspase-3/7 reagent was prepared freshly before use.  
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Figure 2.2:  Bioluminescent reaction of caspase 3/7 Assay. 
Caspase cleaves a substrate (containing tetrapeptide DEVD sequence) for luciferase (amino-
luciferin) which is then consumed in luciferase reaction to produce luminescence. 
(http://www.promega.com/resources/protocols/technical-bulletins/0/apoone-homogeneous-
caspase-3-7-assay-protocol/) 

2.2.4 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 

Western blotting 

Total proteins extract were analysed by sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) using the Mini-Protean Cell System (Bio-Rad, UK). 

Separation of proteins was carried out either in 10% or 12% polyacrylamide gels. 

Approximately, equal amounts protein extracts dissoled in 1x PBS was mixed 

with SDS-PAGE sample buffer (Laemmli 2x concentrate (Sigma; S3401) , briefly 

sonicated to shear DNA and boiled for 10 min prior to analysis by SDS-PAGE gel 

electrophoresis. For the assessment of equal lo adings, gels were stained with 

Coomassie blue (Section 2.2.4.11) for 60 min and destained in the destaining 

solution ( Section 2.2.2.13).  Proteins separated by SDS-PAGE were transferred 

onto 0.45-µM nitrocellulose m embranes (Protan BA 85, Whatman) using the Mini 

Trans-Blot Electrophoretic Transfer Cell System (Bio -Rad, UK). The transfer set 

up consisted of pre -wetting the nitocellulose membrane in transfer buffer 

(Section 2.2.4.9). The transfer sandwich was assembled with a fibre pad pre -

soaked in transfer b uffer. Then two pre-soaked filter paper s were laid on top, 

followed by the equilibrated membrane. The SDS-PAGE gel, having been 

equilibrated in transfer buffer for 15 min, was then laid on the membrane. 

Another layer of pre-soaked filter paper s was laid on the gel and finally, a pre -

soaked fibre pad completing the transfer sandwich. The completed cas sette was 

placed in the module and electroblotting was performed a t a constant 280 

milliamps current for 60 min. Following protein transfer, the mem brane was 

Caspase-3/7  
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stained with Ponceau S (Section 2.2.4.14) for 5 min with slight agitation to 

confirm that the transfer of protein to the NCP membrane was achieved. The 

membrane then was incubated in blocking solution (Section 2.2.4.10) for 60 min 

at room tempera ture with gentle agitation.  Recipe of various important buffers 

utilised for SDS-PAGE and western blotting are given in the following.  

2.2.4.1 10% (w/v) SDS 

Dissolve 10 g SDS in 90 ml dH2O and bring to 100 ml with dH 2O and store at room 

temperature.  

2.2.4.2  10x SDS-PAGE running buffer, pH 8.3 (makes 1 L) 

Dissolve 30.3 g Tris-base, 144.0 g Glycine, and 10.0 g SDS with dH2O up to 1 L of 

total volume and store at 4 oC before use. Dilute 50 ml of 10x stock with 450 ml 

dH2O for each electrophoresis.  

2.2.4.3  Western blotting buffer/Transfer buffer (makes 1 L) 

Dissolve 3.0 g Tris-base, 14.0 g Glycine in 200 ml dH2O, add 200 ml Methanol and 

dH2O to make up to 1 L. Store buffer at 4 oC before use. 

2.2.4.4  Separating gel buffer (1.5 M Tris-HCl, pH 8.8)  

Dissolve 18.2 g Tris-base in 80 ml dH2O. Adjust to pH 8.8 with HCl. Bring total 

volume to 100 ml with dH 2O and store at 4oC. 

2.2.4.5  0.25 M Tris-HCl, 0.2 % SDS, pH 6.8/ Stacking gel buffer 

Dissolve 3 g Tris base, 2 ml of 10 % SDS in 60 ml dH2O. Adjust to pH 6.8 with HCl. 

Bring total volume to 100 ml with dH 2O and store at 4oC. 

2.2.4.6  10% (w/v) APS 

Dissolve 0.1 g ammonium persulfate (APS) in 1 ml dH2O. Always prepare fresh as 

required .  
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2.2.4.7  Separating gel formulation (10 or 12 % SDS-PAGE gel) 

For 12% resolving gel, add 3.35 ml dH2O, 4 ml 30% Acrylamide/Bis, 2.5 ml 1.5 M 

Tris-HCl pH 8.8, 100 Õl 10% (w/v) SDS, 50 ĳl 10% (w/v) APS and 5.0 ĳl TEMED.  

For 10% resolving gel, add 4.05 ml dH2O, 3.3 ml 30% Acrylamide/Bis, 2.5 ml 1.5 

M Tris-HCl pH 8.8, 100 Õl 10% (w/v) SDS, 50 ĳl 10% (w/v) APS and 5 ĳl TEMED. 

2.2.4.8  5% Stacking gel formulation 

Add 1.8 ml dH2O, 0.63 ml 30% Acrylamide/Bis, 2.5 ml of stacking gel buffer, 50 

Õl 10% (w/v) SDS, 50 ĳl 10% (w/v) APS and 5.0 ĳl TEMED. 

2.2.4.9 Transfer buffer 

Dissolve 3.03 g Tris-base, 14.0 g Glycine in 200 ml dH2O; add 200 ml Methanol 

and dH2O to make uo to 1 L. Store buffer at 4 oC before use. 

2.2.4.10  5% blocking buffer for Western blotting 

Dissolve 5.0 g of dried milk to 50.0 ml 1 x PBS. Add 10ml of horse serum, 10 ml 

of 10 x Tris-saline, 100 µl of Tween -20, 100 µl of 10% Thimerosol.  Add 1 x PBS to 

give total volume of 100.0 ml.  Prepare fresh as required.  

2.2.4.11 Washing buffer 

Dissolve 1 ml of Tween-20 in 1 L 1 x Tris-saline. Store at 4 oC.  

2.2.4.12 Coomassie blue staining R-250 (makes 500 ml) 

Dissolve 1.25 g of Coomassie blue in 250 ml methanol, 50 ml acetic acid and 200 

ml dH2O and and keep at room temperature.  

2.2.4.13 Destaining solution (makes 1.7 L, 10% acetic acid solution) 

Add 175 ml of acetic acid and 500 ml methanol to 1.025 L of dH 2O and store at 

room temperature.  
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2.2.4.14 Ponceau stain 

Add 3.0 g of TCA (Trichloroacetic acid) to 100 ml of dH 2O and add 0.2 g of 

Ponceau S. Store at room temperature.  

2.2.4.15 Antibody detection  

Detection of any bound antibody was achieved by using enhanced 

chemiluminescence PlusTM Western blot detection reagent (ECL; Amersham) and 

exposed to autoradiography.  

2.2.5  Semiquantitative RT-PCR  

2.2.5.1 One-Step Semiquantitative RT -PCR System  

SuperScriptTM One-Step RT-PCR with Platinum® Taq, cat no. 12574 -026  

Kit Components  100-rxn kit  

RT/ Platinum ® Taq Mix     100 Õl 

2X Reaction Mix (a buffer containing 0.4 mM of 

each dNTP, 2.4 mM MgSO4) 

3  × 1 ml 

5 mM Magnesium Sulfate      500 Õl 

5 mM Magnesium Sulfate       1 ml 

Store all components at -20°C  

Standard reaction mix used in the RT-

PCR 

Volume/ 50 ÕL Volume/ 25 ÕL 

2x Reaction Mix  25 ÕL 2.5 Õl 

Forward primer (10 ÕM)  1 ÕL 0.5 Õl 

Reverse  primer (10 ÕM)  1 ÕL  1 ÕL 0.5 Õl 

Template RNA   (12.5 ng)  2 ÕL     1 Õl 

RT/ Platinum® Taq Mix 1 ÕL  0.5 Õl 

Autoclaved double distilled water to  50 ÕL  25 Õl 

Note: Reactions master mix was made for multiple reactions and aliquots were dispensed in micro 
centrifuge PCR tubes 
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2.2.5.2 Tris-acetate-EDTA (TAE) buffer 50X (makes 1 L) 

Dissolve 242 g Tris in 100 ml of 0.5 M EDTA pH 8.0 with glacial acetic acid, make 

uo to 1 L with sterile dH 2O and store at room temperature. Dilute to 1 x for 

working concentration .  

2.2.5.3 DNA  loading buffer  

0.25% bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll (type 400; 

Pharmacia) in dH2O and store at room temperature.  

2.2.6 Two step quantitaive RT-PCR system 

2.2.6.1 cDNA synthesis  

AffinityScript QPCR cDNA Synthesis Kit, Cat no 600559, Stratagene. 

Kit Components  100-rxn kit  

cDNA synthesis Master mix  (2x)      500 Õl 

AffinityScript RT/ RNasae Block Enzyme mixture       50 Õl  

Oligo(dT) primer  (100ng/ Õl)       15 Õg 

Random primers   (100ng/ Õl)      15 Õg 

RNase-free H2O    1.2 ml  

Store all components at -20°C  

2.2.6.2 Brilliant SYBR® Green QPCR Master Mix, Cat no. 600548 

Kit Components  100-rxn kit  

2 x Brilliant SYBR Green QPCR master mix      2 x 2.5 ml  

Reference dye, 1 mM           100 Õl 
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3 Development of an experimental model for study 

of infection-associated modulation of activation 

status in Theileria annulata infected cells 

3.1 Introduction 

An important and interesting feature of the Theileria  parasite is the unique 

ability of the multinucleate intracellular  macroschizont stage to induce 

transformation and prolif eration of the infected host cell (Spooner et al. , 1989). 

However, the transformation state of parasite infected cells is reversible and 

requires the presence of a viable parasite, as treatment of infected cells with 

the theilericidal drug buparvaquone (BW720c) halts the process of proliferation 

and induces cell death (McHardy et al. , 1985).  

Transformation of bovine leukocytes infected with T. annulata  and the closely 

related species, T. parva,  is known to be dependent upon constitutive ac tivation 

of bovine transcription factors and associated signal transduction pathways. The 

mechanism underlying this transformation event has been extensively studied, 

but is not yet fully elucidated [reviewed in (Ahmed et al. , 1999;Dessauge et al. , 

2005a;Dobbelaere and Heussler, 1999;Dobbelaere and Kuenzi, 2004)]. Previous 

work has demonstrated that an extremely complex network of interactions exists 

between the parasite and infected host cell, involving numerous cellular 

pathways and their associated host cell transcription factors such as; A ctivator 

protein 1 [AP-1] (Chaussepied et al. , 1998), Activating transcription factor 2 

[ATF-2] (Botteron  and Dobbelaere, 1998), Signal transducer and activator of 

transcription 3 [STAT3], c -Myc (Dessauge et al. , 2005a), Nuclear factor kB [ NF-

B] (Heussler et al. , 2002;Ivanov et al. , 1989), c -jun NH2-terminal kinase [JNK] 

(Galley et al. , 1997) phosphoinositide-3 kinase [PI3-K] (Baumgartner et al. , 2000) 

and SRC-related tyrosine kinase (Eichhorn and Dobbelaere, 1994). Activation of 

these factors is likely to bring about a range of beneficial phenotypic alterations, 

only some of which have been defined  at the cellular level.   

Activation of NF- B involves translocation from the cytosol to the nucleus,  

where it binds to its consensus sequences within the promoter region of target 
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genes, consequently promoting the transcription of a variety of proinflammatory 

genes (Baeuerle and Henkel, 1994). For example, NF- B is known to regulate the 

transcription of a variety of cytokines [ Interleukin (IL-1), IL2,  IL-6, IL-8, tumor 

necrosis factor (TNF) as well as some adhesion molecules (e.g. intercellular 

adhesion molecules (ICAM-1), vascular adhesion molecule (VCAM-1)]  and some 

specific enzymes such as inducible nitric oxide synthase [iNOS] (Baeuerle and 

Henkel, 1994;Collins et al. , 1995a;Read et al. , 1995;Xie et al. , 1994). Similarly 

constitutive activation of AP -1, a dimeric transcription factor composed of 

members of Jun and Fos proto-oncogene families (Curran and Franza, Jr., 1988) , 

is also involved in regulating gene expression required for host cell proliferation 

and a transformation state (Kovary and Bravo, 1991) in fibroblast cells. 

Constitutive activation of c -Jun, a dominant com ponent of AP-1, is thought to 

play an important role in metastasis of Theileria  infected cells via regulation of 

metalloprotease gene expression (Adamson et al. , 2000;Baylis et al. , 1995) and 

activation of NF- B confers protection against apoptosis probably by regulating 

anti -apoptotic genes (e.g. c -IAP-1/2, XIAP, TRAF2, Bcl-2 and Bcl-XL) and the 

cell -cycle regulator cyclin D1, which increase cellular survival and proliferation 

respectively (Dessauge et al. , 2005b;Heussler et al. , 1999;Karin and Lin, 2002).  

Despite the strong evidence of NF- B and c-Jun transcription factors as anti -

apoptotic factors, there is increasing evidence indicating  that they also have 

pro-apoptotic functions (Janus -like factors) and have the potential to 

compromise the survival of an infected host cell (Gagliardi et al. , 2003;Lindwall 

and Kanje, 2005;Youssef and Steinman, 2006). For example, Kasibhatla et al.,  

(1999) have provided evidence that NF- B and Ap-1 induce pro-apoptotic Fas 

ligand protein in response to chemotherapeutic agents or T -cell activation that 

promotes apoptosis. Similarly there is evidence that NF- B can regulate 

expression of the tumour suppressor p53, which is required to induce cell death 

(Dutta et al. , 2006;Shishodia and Aggarwal, 2004). Indeed the possibility that the 

transformation event may not be guaranteed was illustrated in a recent study 

which showed that only a proportion of T. parva  infected leukocytes successfully 

progress to proliferation, while the rest undergo apoptosis (Rocchi et al. , 2006). 

Thus, events that are detrimental to the infected cell occur following sporozoite 

invasion and in order to establish transformation, potential detrimental 

processes may have to be overridden or blocked, suggesting that a delicate 
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balance exists between sending a Theileria  infected cell towards sustained 

proliferation or death.   

There have been few studies investigating the phenotypic and functional 

alterations imparted in macrophages (m ) by T. annulata.  Sager et al .,  (1997) 

have reported that T. annulata  infection is associated with modulation of the 

bovine m  phenotype and impairment of its cellular defence function. In this 

particular study, transformation was associated with a progressive loss of m -

specific properties (e.g phagocytosis, lipopo lysaccharide (LPS) induced tumor 

necrosis factor -Ɯ (TNF-Ɯ) and nitric oxide production) and cell surface markers 

(e.g CD14, CD11b, CD11a/CD18). Furthermore elimination of parasite by 

treatment with BW720c resulted in re -acquisition of monocyte lineage 

properties.  

More recently, a study was also performed by Jensen et al ., (2009)  to 

investigate the possible role of T. annulata  infection in regulation of m  

differentiation. This work has investigated the effect of T. annulata infection on 

the expression of the m  differentiation markers. It was observed that mRNA 

levels of transcription factor such as Musculoaponeurotic fibrosarcoma oncogene 

(MAF) family, c-MAF associated with bovine monocytes differentiation to m , 

was suppressed by T. annulata infection. c -MAF has been implicated as a 

candidate marker for human m  differentiation studies (Liu et al. , 2008). In 

addition to its role in differentiation, c -MAF was originally identified as an 

oncogene (Kataoka et al. , 1993). Similarly the down stream targets of c -MAF 

such as integrin B7 (ITGB7) and chemokine receptor 1(CCR1) suppressed by T. 

annulata were increased while Interleukin 12A (IL12A) was decreased upon 

elimination of parasite with buparvaquone treatment (Jensen et al. , 2009). This 

supported the hypothesis that the parasite may modulate the differentiation 

state of the host cell, which may be linked to and essential for establishment of 

the parasite -induced transformation event.  

Further evidence for parasite mediated control of the infected host cell has 

recently been provided  by evidence that parasite infected cells are able to 

modulate the expression of LPS and type I interferon inducible pro -inflammatory 

cytokine genes, genes associated with cellular defence, cell growth a nd 

differentiation. For example, parasite -mediated repression of high -level mRNA 
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expression has been shown to occur for ISGylation pathway genes (UBP43 and 

ISG15), which are co-ordinately induced by IFNs and LPS (Oura et al. , 2006). LPS 

is a known inducer of NF- B and in a murine pre -B lymphoma cell line high level 

induction of ISG15 expression was found to be a direct target of LPS induced NF -

ƥB activation (Li et al. , 2001). High level expression of these genes has been 

reported to occur in response to infection of cell by various microorganisms such 

as viruses and bacteria (Kim and Zhang, 2003;Zhang et al. , 1999). It has been 

proposed that ISG15 conjugation plays a role in the stress response of cells and 

provides protection against infection. Thus negative control of bISG15 induction 

may allow Theileria -infected cells to bypass a protective immune response (Oura 

et al. , 2006), despite constitutive activation of transcription factors (Ap -1 and 

NF- B) associated with this ev ent.  

Taken together the above mentioned findings lead to the hypothesis that 

Theileria  parasite may modulate gene expression networks associated with 

activation of host cell transcription factors, and that this manipulation promotes 

an outcome that favour s establishment of the transformed cell.  In order to test 

this hypothesis it was necessary to develop an experimental system allowing 

comparison of gene expression profiles of Theileria -infected and un -infected 

cells under conditions that induce cellular activation. The ultimate strategy was 

to obtain global expression profiles of activated uninfected cells relative to 

control cells and compare this to the expression profile of infected cells.  

To establish methodology for investigation of the influence of Theileria  infection 

on host cellular activation status by gene expression profiling, we utilised an 

available uninfected immortalised bovine lymphosarcoma (BL20) and its in vitro  

T. annulata infected (TBL20) counterpart. Several reasons exist behind select ion 

of BL20 cell line as an experimental model in the current study:  BL20 is a 

spontaneous B-cell lymphosarcoma exhibiting the uncontrolled proliferation 

characteristic of immortalized cell lines; it is amenable to sporozoite infection 

and as TBL20 cells possess a higher proliferation rate compared to uninfected 

BL20 (Figure 3.2;  unpublished supporting data kindly provided by Dr. Jane 

Kinnaird), a homogeneous parasite infected population can be obtained 

following sporozoite infection and passage in culture ; utilisation of BL20 

therefore  provides an identical host cell background for comparative gene 

expression studies (Firestein and Pisetsky, 2002).  Importantly, BL20 leukocytes 
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acquire characteristics of naturally infected cells. For example, TBL20 cells 

exhibit significant changes to the shape of the host leukocyte; BL20 cells possess 

a smaller more uniform shape whereas TBL20 cells display a larger, uneven 

shape with cytoplasmi c projections and blebs (see Figure 3.1). Morevover, 

Theileria  infection of BL20 has been shown to result in activation of NF- B  

(Heussler et al. , 2002;Schmuckli-Maurer et al. , 2010) and as in in vivo  derived 

infected cells, NF- B is also activated in TBL20 cells via IKK signalosome 

aggregation on the surface of macroschizont surface ( Schmuckli-Maurer et al ., 

2010; Figure 2A). In addition preliminary experiments showed that BW720c 

treatment of TBL20 results in arrest of host cell division, whereas BL20 cells 

treated in parallel show no phenotypic effects of the treatment ( Figure 3.2) 

(Oura et al. , 2006). In addition, TBL20 can undergo differentiation of the 

macroschizont to generate extracellular merozoites on culture at 41 ºC and 

during this event host cell proliferation subsides (Shiels and Kinnaird, 

unpublished data). Therefore,  parasite infected BL20 cells have characteristics 

typical of naturally infected bovine cells and provide a useful tool to enable 

studies investigating the consequences of parasite infection on host cell 

activation.  

To fully trigger a cellular activation r esponse in uninfected cells in a manner 

resembling activation via parasite infection, bacterial lipopolysaccharide (LPS) 

was used. LPS, which belongs to a class of pathogen-associated molecular 

patterns (PAMPs), is a potent biological response modifier and  is well known to 

activate the inflammatory responses in a wide variety of cell types. Activation of 

cells, mostly macrophages, monocytes and lymphocytes results in activation of 

transcription factors, production of cytokines and other inflammatory molecul es 

(Wong et al. , 2007). Because of this, LPS has been used extensively by various 

Theileria research groups to stimulate monocytes/macrophages and un -infected 

BL20 cells for investigating expression of genes predicted to be under parasite 

control (Jensen et al. , 2006b;Oura et al. , 2006;Sager et al. , 1997).  

Objectives of this study  

A major aim of the work presented in this thesis was to investigate the 

possibility that changes to host gene expressio n profiles associated with parasite 

infection are functionally relevant for establishment of an activated , 
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transformed leukocyte.  The starting point for study of such parasite mediated 

manipulation at a global level was development of an experimental model  

allowing comparison of uninfected and Theileria infected cells under cellular 

activation conditions.  Described in this section are experiments performed to 

characterise the viability and proliferation response s of BL20 and TBL20 cells 

following LPS stimulation. In addition, assessment of NF-ƥB activation and the 

expression profiles of a panel of selected host genes were performed.  
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Figure 3.1:  Morphological differences of Theileria-infected and uninfected BL20 cells   
Panel A, BL20 cells stained with Giemsa showing uniform cell morphology  
Panel B, TBL20 cells stained with Giemsa showing parasite macroschizont and significant 
morphological alterations to the host cell membrane and formation of membrane blebs. Bar 
=25µm  

 

 

Figure 3.2:  Comparative growth rate analysis of Theileria-infected TBL20 and uninfected 
BL20 cells following Buparvaquone treatment 
For analysis of comparative growth rates cultures were set up in triplicate at 1.5 x 10

5
 / ml using 

fresh starter cultures and buparvaquone (BW720c) added to 50ng /ml after overnight incubation 
(15 hours). Cell numbers were estimated each day by Trypan Blue exclusion. As required, cultures 
were fed by 2 fold dilution with fresh medium and drug to maintain growing cultures in exponential 
phase. Calculation of growth rate (cell number / ml) was determined by extrapolation using the 
dilution factors. 
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3.2 Methods 

3.2.1  Cell lines and culture 

BL20, an uninfected bovine lymphosarcoma cell line (Morzaria et al. , 1982;Olobo 

and Black, 1989) and TBL20, a T. annulata  (Ankara strain) infected  BL20 cell line 

previously derived from in vitro  infection (Shiels et al. , 1986), were used in the 

experimental model. Cells were cultured in standard complete medium using 

RPMI-1640 with added L-Glutamine and 25mM HEPES (Gibco), supplemented with 

20% heat-inactivated foetal bovine serum (FBS;  Sigma), 8µg/ml streptomycin, 8 

units/ml penicillin, 0.6µg/ml amphotericin B and 0.05% sterile  sodium 

bicarbonate. Generally the cell number of each culture was started at 2x10 5 /ml 

and maintained by feeding with fresh medium every two to three days at, 

usually, a 1 in 5 dilution.   

3.2.2  Stimulation of cells with lipopolysaccharide (LPS) 

Cells were cultured in tissue culture flasks (25cm 2 or 75cm2) and complete 

medium at 5% CO2 and 37°C humidified atmosphere, until they reached a density 

of approximately 5×10 5 cells/ml (i.e. in the logarithmic phase of growth). 

Stimulation of cells was carried out in  6 well plates with the cell concentration 

adjusted to give 5×10 6 cells/well in a total of 5ml medium.  Cells were then 

stimulated by adding 1Õg/ml final concentration of LPS (Sigma: L 2630) and 

incubated at various time points ranging from 6h -48h depending on the 

individual experimental protocol. Preliminary LPS titration experiments were 

performed to measure the minimum concentration of drug required to stimulate 

cells (based on NF- B reporter activity, see section 3.2.3) without causing rapid 

cellular  cytotoxicity (data not shown). Thus, 1Õg/ml of LPS was subsequently 

determined as an appropriate standard stimulation concentration. LPS was 

dissolved in dimethyl -sulfoxide (DMSO; Sigma D-8418) and non-stimulated control 

cells were incubated w ith the same vo lume of DMSO as vehicle contol .   
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3.2.3  NF- B dependent reporter assay (Dual Luciferase Assay) 

and LPS stimulation 

Estimation of NF- B activity was performed by transient co -transfection of  a 

reporter plasmid containing a promoter with an  NF-kB3 recognition sequence 

linked to Firefly  luciferase (NF-ǰB-LUC) and a Renilla luciferase plasmid (phRG-

TK renilla), followed by sequential measurement of Firefly and Renilla luciferase 

activity, essentially as described by Heussler et al ., (2001). 2.0Õg of NF-kB3-Luc 

and 0.5Õg of phRG-TK Renilla plasmids were mixed in an electroporation gene 

pulser cuvette (0.4cm electrode gap) with 4×10 6 BL20 or TBL20 cells in 300µl of 

RPMI-1640-2% FBS without antibiotics.  Electroporation was performed using a 

Gene pulser (Bio-Rad) set at 220V, 950µF. After electroporation cells were 

immediately added to 5ml of pre -warmed complete medium and incubated in six 

well p lates.  

After 24h recovery, LPS (1Õg/ml) or equal volume of DMSO were added for 4h. 

Cells were then harvested from each well, centrifuged at 750 × g and 4°C, for 5 

minutes. The cell pellet was then washed with 500µl of 1x  PBS (phosphate buffer 

saline) and centrifuged at 925 × g for 2 min.  

A commercially available luciferase assay reagent kit (Dual Luciferase® Reporter 

Assay System; Promega) was used to assay luciferase activity, using the 

manufacturerõs protocol. Briefly, 100ĳl of Passive Lysis Buffer (PLB) was added 

to the cell pellet recovered from the previous step and mixed gently for 15min 

in the dark. Samples were briefly centrifuged (14000rpm) and kept on ice. 20µl 

cell extract was used per assay with 100µl of LAR (Luciferase Assay Reagent) and 

100µl of Stop & Glo reagent. A TD-20/20 luminometer (Turner Designs) was used 

for detection of luminescence. NF- B promoter activity was calculated by 

normalizing firefly luciferase activity relative to the activity of constitutive 

Renilla luciferase, the internal control for electroporation efficiency, for each 

sample. Each electroporation and luciferase assay was performed in 

quadruplicate.  
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3.2.4  Indirect immunofluorescence analysis 

Indirect Immunofluorescence (IFA) analysis of uninfected and infected cells wi th 

or without LPS treatment was performed using the basic protocol described by 

Schmuckli-Maurer et al . (2010).125Õl from cultures of approximately 2ķ106 

cells/ml were cytospun on to glass slides at 1500rpm for 5 min using a Shandon 

cytospin 2 centrifuge. Different fixation protocols were performed for the 

immunodetection by each primary antibody and are detailed in 3.2.4.1 and 

3.2.4.2. Following fixation and incubation with antibodies slides were washed 

three time s in 1×PBS for 3min each then incubated with secondary antibody 

(either goat anti -rabbit (Invitrogen; A -11034) or -mouse IgG (Invitrogen; A-11029) 

conjugated to Alexa 488) at 1 in 200 dilution for 1h at RT, followed by PBS 

washes as before. After the final  wash, cells were counter -stained with 0.1% 

Evanõs blue for 1min, rinsed in 1ķ PBS and allowed to dry. Slides were then 

mounted in 10Õl of mounting medium containing 50% glycerol in PBS, 4, 6-

diamindino-2-phenylindole (DAPI) at 1µg/ml and phenydiamine at 1 mg/ml. 

Immunofluorescence images were examined using an Olympus BX60 microscope 

and acquired by SPOT camera and SPOTTM Advanced image software Version 

Mac: 4.6.1.26 (Diagnostic Instruments, Inc).  

3.2.4.1 Fixation protocol for anti-mouse IKKɔ /NEMO  

For detection of IKKƞ (NEMO) containing signalosomes, slides were dried for 

5min, fixed in 3.7% Paraformaldehyde in 1x PBS, pH 7.4 at 4oC for 30min.  Slides 

were washed three times briefly with 1x  PBS then extracted in 0.2% Triton X-100 

in 1x PBS for 10min at room temperature (RT) and washed three times with 1x  

PBS. Anti-IKKƞ/NEMO (BD Biosciences 611306) antibody was used at a dilution of 

1/50 in complete culture medium for 1h at RT.  

3.2.4.2 Fixation protocol for anti-p65 (NF-kB sub-unit) 

For detection of the p65 sub unit of NF-kB, slides were immediately fixed in ice 

cold 3.7% Paraformaldehyde-PBS, pH 7.4 for 30min. Slides were then washed 

three times briefly with 1×PBS and incubated in methanol pre -chilled to -20oC 

for 5min followed by washing three times with PBS. Anti - NF-kB p65 (sc-372; 
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Santa Cruz) antibody was used at a dilution of 1/50 in complete medium for 1h 

at room temperature .  

3.2.5  Cell proliferation/viability assay 

Assessment of viable cell counts on cultures following stimulation with LPS or 

DMSO was performed using Trypan Blue exclusion. Dead or damaged cells stain 

with trypan blue, while viable cells exclude the dye. Four replicate cultures of 

BL20 and TBL20 were seeded with 2.5×105 cells/ml and incubated at 37 oC for 24 

and 48h in the presence of LPS (1µg/ml) or DMSO (1ĳl/ml). An aliquot (50Õl) of 

the cell culture was mixed with an equal volume of 0.4% (w/v) trypan blue 

solution (Gibco) and the numbers of non -viable and viable cells counted using a 

haemocytometer. Cell viability was expressed as the percentage of trypan  blue 

negative cells compared to the total number of cells (Shiels et al. , 1992). Viable 

and dead cells were expressed as cell number/ml for each cell culture.  

3.2.6  Cell apoptosis assay (caspase 3/7 assay) 

To assess cellular apoptosis, Caspase-3/7 activities were measured using a 

commercial Caspase-3/7 Assay kit (Promega; Madison, WI) according to the 

manufacturer's protocol. Assays were performed for four replicate cultures per 

experimental condition  at designated time points (24h and 48h).  In cell culture 

experiments, cells were washed three times with phosphate -buffered saline 

(PBS). 50Õl Caspase-Glo reagent was added to an equal volume of cell suspension 

containing 2.0x104 cells and incubated for 1h at room temperature to lyse the 

cells. The assay utilizes a luminogenic caspase 3/7 substrate (Bayascas et al. , 

2002). After caspase cleavage, a substrate (amino -luciferin) for added luciferase 

is released resulting in the generation of luminescence. In addition to an 

untreated DMSO control, a no-cell control was performed to account for ba seline 

signal generated from fresh complete medium. The baseline signal was 

subtracted from the signal produced by LPS treated and untreated cells. Caspase 

3/7 activity is reported as relative fluorescence unit (RFU) of  cells compared to 

DMSO-treated uninf ected BL20 cells. 
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3.2.7  Statistical analysis 

Statistical analysis and generation of graphs presented were performed using 

GraphPad Prism Software version 5.0 (La Jolla, CA). Data were expressed as 

mean, ±standard error of the mean (SEM). Differences  and significance between 

mean values of each experimental condition were calculated using a two -tailed 

Student's t  test  and p-values less than 0.05 were considered as statistically 

significant.  

3.2.8  Total RNA isolation 

Total RNA was isolated from infected and  uninfected cells with TRI Reagent 

(Sigma; T9424), according to the manufacturer's instructions. Processing of RNA 

was carried out in RNase-free 14ml poly propylene tubes (Sarstedt). Cell pellets 

of approximately 6 -9×106 cells were resuspended and homogenized in 3 ml of TRI 

Reagent by pipetting up and down ~15 times and left at room temperature for 

5min. Insoluble debris was removed by centrifuging at 12080 ×g for 10min at 4 ºC. 

The supernatant was transferred to a fresh tube and 0.2  ml chloroform per ml of 

TRI Reagent and mixed with the lysate by vigorous shaking for 15  sec and left at 

room temperature for 5min. Following centrifugation at 12080 ×g for 15min at 

4oC the top aqueous layer containing the RNA was removed to a fresh tube. RNA 

was precipitated by adding 500Õl of isopropanol per ml of original TRI Reagent, 

mixed and incubated  for 10min at RT. The RNA was pelleted by centrifugation at 

12080 ×g for 10min at 4 oC. The supernatant was discarded and the RNA pellet 

washed with 1ml of 75 % ethanol per ml of initial TRI Reagent and centrifuged at 

12080 ×g for 5min at 4 oC. Finally, the RNA pellet was  briefly dried then  dissolved 

in 80Õl of DEPC treated RNase free water and stored at -80oC for further 

purification and analysis. 

3.2.9  RNA processing  

3.2.9.1 Handling, storage and quantification 

RNase contamination was minimised by use of DNase/RNase-free plastic ware and 

pipette tips. Total RNA samples were stored at -80oC and multiple aliquots made 

to minimise freeze/thawing . RNA samples were quantified and purity assessed by 
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UV-absorbance at 260nm and 280nm. A A260/A280 ratio of 2 or greater was 

indicative of good quality RNA. A260/ A280 ratios for RNA samples obtained for 

Tri  Reagent preparations ranged from 2.057 to 2.195. Quantification and 

assessment of RNA was repeated after the DNase I treatment and clean up 

protocol.  

3.2.9.2 Clean up of total RNA and removal of genomic DNA by DNase I 

treatment  

To eliminate  possible contamination with genomic DNA, RNA samples to be used 

in RT-PCR analysis were treated with DNase I (Qiagen; 79254) either before 

column purification  on a silica-gel membrane based RNeasy® column (Qiagen 

cat. 74104) or by an on-column DNase I treatment. DNase I treatment and 

column purification was carried on approximately 100Õg RNA exactly according 

to manufacturerõs protocol. For q uantification after the column purification 2 Õl 

of purified RNA was diluted in TE buffer (1M Tris Cl, 0.5M EDTA, ph 8.0)  and 

absorbance measured as above.  A260/A280 ratios obtained for all samples fell 

in the acceptab le range of 1.78 -2.1. The highly purified RNA was stored in 

aliquots at -80oC.  

3.2.9.3 Assessment of RNA quality using gel electrophoresis 

To analyse the quality and integrity of the total RNA preparations gel 

electrophoresis (1.2% agarose TBE gel, with ethidium bromide, 100V,  1h) was 

performed, using the standard protocol described by Applied Biosystems 

(http://www.ambion.com/techlib/append/supp/rna_gel.html ). Agarose gels 

were visualised under UV light using a FluorChem 5500 transilluminator system 

and image capturing software (Alpha Innotec ; San leandvo, CA USA). The 

integrity of total RNA samples (2.0Õg each) was assessed on the basis of 

visualisation of 28S and 18S ribosomal RNA subunits from the gel image as bands 

at positions 4.8 kb and 1.8  kb, respectively, as shown in F igure 3.3. The RNA 

preps were considered to show no obvious pattern of degradation if the 28S: 18S 

band ratio was estimated to be approximately 2:1.  

http://www.ambion.com/techlib/append/supp/rna_gel.html
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Figure 3.3:  Example of RNA quality assessment by gel electrophoresis  
Gel image of total RNA samples extracted under different experimental conditions separated on 
denaturing formaldehyde agarose gel. 1ɛg of RNA was loaded in each well. 

3.2.10 Semi-quantitative Reverse-Transcription PCR (RT-PCR)  

Relative gene expression levels of the selected candidate genes of interest were 

analysed by semi-quantitative PCR using Superscript III -One Step RTPCR and 

standard protocols outlined by Invitrogen . 

http://tools.invitrogen.com/content/sfs/manuals/superscriptIII_onestepRTPCR_

man.pdf) . 

3.2.10.1 Primers design and analysis 

All primers for standard RT -PCR were designed and tested for specificity  using 

NCBIõs online program (http://www.ncbi.nlm.nih.gov/tools/primer -

blast/index.cgi)  and oligonucleotide properties calculator 

(http://www.basic.northwestern.edu/biotools/oligocalc.html ). 

Primer sequences, GenBank accession numbers, annealing temperatures and 

product lengths for all gene -specific primers used in this study are given in Table 

3.1. Primers were synthesized and purcha sed from Eurofins MWG Operon 

(Ebersberg, Germany). Whenever possible, primers were designed to the 

following criteria: primers were between 18 -27 bp long; the predicted product 

5 6 3 4 1 2 

1.  BL20    2.  BL20-LPS 4h    3.  BL20-LPS 18h 

4.  TBL20  5.  TBL20-LPS 4h   6. TBL20-LPS 18h 

http://www.basic.northwestern.edu/biotools/oligocalc.html
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of the PCR was between 159-321bp; the primer spanned an intron so that only 

cDNA could be amplified or the predicted product spanned at least one intron in 

the target gene to give differentially sized genomic and cDNA products; the 

melting temperatures of  both primers of each primer pair  were closely matched 

to achieve a similar anne aling temperature. All Primers were diluted to a stock 

concentration of 100ÕM and the working concentration of all primers for PCR was 

10ÕM. 

3.2.10.2 RT-PCR reagents and cycling conditions 

Initial PCR optimisation reactions were performed to ascertain the best 

annealing temperature (Tm), Magnesium Concentration and overall PCR 

efficiency. RT -PCR was performed in a final reaction volume of 25 Õl containing: 

gene-specific primers, 12.5 ng of R NA template and 12.5Õl of 2 × reaction mixes 

(SuperScript® III One-Step RT-PCR System with Platinum® Taq DNA polymerase; 

Invitrogen, Cat no.  12574-026). The thermal cycling conditions were: an initial 

cycle 50°C for 30 min, 94°C for 2 min: followed by 36 c ycles of 94°C 15 sec, X°C 

for 30 sec (where X°C indicates the experimentally determined annealing 

temperature (generally Tm of primers minus 3°C) and 72°C for 1 min; a final 

extension step was performed at 72°C for 10 min. Tm of primers, product length 

and primer sequences are indicated in Table 3.1 . 

3.2.10.3 Gel electrophoresis and quantification of RT-PCR products  

RT-PCR products were resolved relative to a 1kb DNA ladder molecular weight 

standard by electrophoresis through 1% (W/V) agarose gels prepared by 

dissolving powdered agarose (Sigma Aldrich) in 1 x TAE solution and ethidium 

bromide staining. Gels were cast and run in 1 x TAE buffer using horizontal 

electrophoretic tanks. Visualisation and q uantitation of band intensity was 

performed using the image analys is software FluorChem 500 spot density method 

(Biosciences; Santa Clara, CA, USA). Values for each band were based on image 

pixel intensity and designated as an òintegrated density valueó (IDV). Image 

background values were automatically subtracted.  
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Table 3.1:  Primers used in RT-PCR for candidate gene expression profiling  

S
.N

o Gene 
symbol 

Accession No  Primer sequences  
Product  

size(bp)  
Tm 

1 ZNF828 AJ817183 F 5'-AGCAGTGACCAAGAGCAGGT-3' 205 60.0 

   R 5'-TGGACCTGAGCTTTAACTACCTG-3'  59.0 

2 TLR4 NM_174198 F 5'-TTCCCGTCAGTATCAAGGTG-3' 159 59.8 

   R 5'-TTCCCGTCAGTATCAAGGTG-3'  58.5 

3 ISG15 NM_174366 F 5'-ATCGCCCAGAAGATCAATG-3' 167 58.6 

   R 5'-TTGTCGTTCCTCACCAGG-3'  58.0 

4 IL8 NM_173925 F 5'-CTGGCTGTTGCTCTCTTGG-3' 218 59.7 

   R 5'-CAGACCTCGTTTCCATTGG-3'  59.0 

5 IL10 NM_174088 F 5'-CAAGCCTTGTCGGAAATG-3' 191 57.7 

   R 5'-CTCTTCACCTTCTCCACCG-3'  58.3 

6 IFNß NM_174350 F 5'-AGGACGAAGGACATTCACTCTG-3' 201 60.6 
   R 5'-CACTCTTTAAGGCTCTGACGTTG-3'  60.4 

7 IL2RA NM_174358 F 5'-ACGGTTCATTACCAGTGCG-3' 223 59.5 
   R 5'-TGGTCCCTGCCATCCTG-3'  61.7 

8 TNF-Ɯ NM_173966 F 5'-AAGTTGCTTGTGCCTCAGC-3' 187 59.1 
   R 5'-TACCGGCTTGTTACTTGAGG-3'  57.9 

9 iNOS NM_001076799 F 5'-AAGACACGCTTCACCAGAAG-3' 222 58.0 
   R 5'-TTGTTACTGCTTCCACCCTG-3'  58.7 

10 CD14 NM_174008 F 5'-CAGTCTCCGTAACGTATCGTG-3' 221 58.3 
   R 5'-ACTTGTTCGGACAGAGAGCTG-3'  59.6 

11 IFN-Ɯ Z46508 F 5'-ACAAGAGCCTCCTGGACAAG-3' 139 59.4 
   R 5'-AAGTATTTCCTCACAGCCAGG-3'  58.3 

12 IFN-Ʋ XM_001250228 F 5'-ACTTGTCTCCGAACCACG-3' 169 57.0 
   R 5'-AGGTTGAAGCTCTGCTGGAG-3'  59.7 

13 TLR3 NM_001008664 F 5'-GGTGTCCTTGAACTTGAAGC-3' 320 57.3 
   R 5'-GAATTTCTGGACCCAAGTGC-3'  59.5 

14 IL6 NM_173923 F 5'-AGCAAGGAGACACTGGCAG-3' 262 59.1 
   R 5'-TTGTGGCTGGAGTGGTTATTAG-3'  59.1 

ZNF828, zinc finger protein 828 (control); TLR4, toll-like receptor 4; ISG15, ISG15 
ubiquitin-like modifier; IL8, interleukin 8; IL10, interleukin 10; IFNb, interferon type b; 
IL2RA, IL-2 receptor subunit alpha; TNF-Ŭ, tumor necrosis factor a ; iNOS, inducible nitric 
oxide synthase; CD14, CD14 molecule; IFN-Ŭ, Interferon alpha ; IFN-ɤ, Interferon 
omega-1; TLR3, toll-like receptor 3 ; IL6, interleukin 6.  

For all semi-quantitative RT -PCR assays the expression levels of candidate genes 

were normalised to the levels obtained with primers for the gene encod ing the 

zinc finger protein 828 (ZNF828), previously denoted as Chromosome 13 open 

reading frame 8. ZNF828 has been used as a normalizing gene for both 

microarray and qRT-PCR analysis, as it was assessed as a constitutively and 

moderately expressed gene in activated T. annulata infected and resting bovine 

monocytes (Jensen et al. , 2008). 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=126723186
http://www.ncbi.nlm.nih.gov/nuccore/NM_174366.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_173925.2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nuccore&val=31342230
http://www.ncbi.nlm.nih.gov/nuccore/NM_173966.2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=41386759
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=565392
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=119932034
http://www.ncbi.nlm.nih.gov/nuccore/NM_173923.2
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3.2.11  Western Blotting 

3.2.11.1 Sample preparation of whole cell extracts 

Total cell extracts were prepared from approximately 5x10 6 cells growing in 

logarithmic phase at a density of 1x10 6 cells/ml in a six well plate. Cells were 

either incubated with LPS or equal volume of DMSO (LPS 1Õg/ml or DMSO 1ĳl/ml) 

for 4 h or 18. Proteasomal inhibition was achieved by adding 4Õg /ml of MG132 

(Sigma-Aldrich; C2211) for 3 hours prior to harvesting the cells. Cells were 

harvested from each well and centrifuged at 4°C, 750 ×g, for 5 min. The cell 

pellet was washed twice with 3ml 1xPBS and the last traces of supernatant were 

carefully removed withou t disturbing the pellet. The cell pellet was resuspended 

in 100µl of 1xPBS and lysed with an equal volume of SDS sample buffer (Laemmli 

2x concentrate (Sigma; S3401). Samples were sonicated briefly to shear the DNA, 

boiled for 10 min, prior to analysis by SDS-PAGE gel electrophoresis. 

3.2.11.2 SDS gel electrophoresis and Immunoblotting 

Total proteins extracts were separated by polyacrylamide gel electrophoresis 

(SDS-PAGE) using a 12% resolving gel with a 5% stacking gel (see Section 2.2.4.7). 

After 1h of electrophor esis at 120V, proteins were electroblotted onto 0.45 -µM 

nitrocellulose membrane (Protan BA 85, Whatman ®) in a standard Tris -Glycine-

methanol transfer buffer (ref) for 1 h using a constant 280 milliamps current. 

Transfer of proteins to the nitrocellulose me mbrane and assessment of equal 

protein loading was confirmed using Ponceau S staining. Adjustments for equal 

protein loading between samples were previously estimated by SDS -PAGE and 

Coomassie Blue staining 

3.2.11.3 Immunodetection  

The membrane was washed briefly with a wash buffer (1xTris -saline with 0.1% 

Tween 20) to remove Ponceau stain and then pre -incubated with block buffer for 

1h at room temperature with gentle agitation. Blots were incubated with 

polyclonal rabbit anti -TLR4 (sc-10741, 1:1000; Santa Cruz-Biotechnology) or 

monoclonal mouse anti-Tubulin (TUB-1A2; 1:5000; Sigma T9028) diluted in fresh 

block buffer (5% Marvel skimmed milk in Tris buffered saline plus 0.1% Tween 2 0) 
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over night at 4°C with constant gentle agitation. The membranes were washed 

twice briefly then twice for 15min each with wash buffer. The membranes were 

incubated with appropriate secondary antibodies; goat-anti -rabbit -HRP (1:10000, 

Sigma, A6154) or anti -mouse IgG peroxidase conjugate (1:10000, Sigma, A5906) 

diluted in block buffer for 1h at room temperature. T he membranes were 

washed as above with a final brief wash with 1x Tris-saline without Tween 20. 

Detection was carried out using a SuperSignal® West Pico Chemiluminescent 

Substrate kit (Pierce, supplied by Thermo  Scientific, Rockford, IL). The blot s 

were immediately exposed to X-ray film to capture the chemiluminescent signal . 

Several exposures were made to achieve the optimal signal for each antibody.  

The molecular weight of proteins was determined by compari son with Precision 

Plus ProteinTM Standard dual colour  marker (Bio-Rad Laboratories; 161-0374).  

Complete details of reagents and buffers used in western blotting are 

described separately in chapter2 . 
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3.3 Results  

3.3.1  Response of uninfected (BL20) and Theileria annulata 

infected (TBL20) cells to stimulation with LPS. 

3.3.1.1 NF-əB activation by T. annulata and LPS  

Constitutive activation of NF- B and other inflammatory associated transcription 

factors is known to be a critical component of Theileria dependent host cell 

transformation. However, the phenotypic response to activation and the 

mechanism of activation relative to uninfected cells has not been directly 

compared. To perform this type of analysis, initial experiments compared the 

cellular activation sta tus of infected and uninfected cells following stimulation 

by bacterial lipopolysaccharide (LPS). LPS is known to be a strong inducer of NF-

B transcription factor complexes and persistent activation of NF- B can be 

achieved by exposure to soluble agonists such as LPS (Hauf et al. , 1997;McKinsey 

et al. , 1996;Thompson et al. , 1995). Therefore, BL20 (uninfected) and TBL20 

(infected) cells were stimulated with LPS and NF- B dependent luciferase -

reporter assays performed to assess the levels of NF- B activation. The results 

represented in Figure 3.4 showed that stimulation of BL20 significantly elevated 

NF- B ctivity (P< 0.005), as a 16 fold induction of NF- B reporter activity was 

observed in LPS-stimulated BL20 cells relative to non -treated BL20 cont rol 

cultures. In contrast, stimulation of TBL20 (infected cells) with LPS did not show 

significant induction of NF- B activity relative to the TBL20-DMSO (control ) 

cultures (P> 0.05). The data also indicated that constitutive NF- B activity 

observed in TBL20 cells was significantly higher than LPS stimulated and un -

stimulated BL20 cells(P< 0.001) (Figure 3.4).  
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Figure 3.4:  NF- B dependent reporter activity in LPS stimulated BL20, TBL20 and control 
cells 
Activated levels of NF- B in Theileria annulata infected cell TBL20 & uninfected BL20 cells 
(control) following stimulation with or without LPS are shown. Cells were transiently co-transfected 
with luciferase reporter constructs. After 24h of co-transfections, cells were either stimulated with 
LPS (1µg/ml) or DMSO (1µl/ml) for 4h before luciferase assay. Cell extracts were prepared to 
measure NF- B promoter activity, which is expressed as ratio of NF- B Firefly luciferase/Renilla 
activity (mean ± S.E, n = 4). The asterisk (*) above the bars indicates the statistical significance of 
the results (Studentôs t-test, *P < 0.005, **P < 0.001). Whereas, (n.s) indicates non-statistical 
difference of TBL20 LPS results relative to TBL20 cells. 

3.3.1.2 Activation of NF- B by LPS and Theileria infection are both 

associated with nuclear translocation of p65 

In an attempt to confirm that elevated reporter activity was associated with 

activation of  NF- B, assessment of the level of NF- B in the nucleus of 

stimulated cells was carried out by immunofluorescence assay for the p65 sub -

unit of  NF- B. The result shown in  Figure 3.5 (panel 1 and 2) clearly indicated 

elevated host cell nuclear reactivity using the anti -p65 antibody in LPS 

stimulated BL20 cells relative to control cells. In addition, while the nuclear 

reactivity of p65 in TBL20 cells was greater than that detected for LPS 

stimulated BL20 cells, no significant difference in levels of p65 nuclear staining 

was detected in TBL20 when stimulated with LPS ( Figure 3.5; panel 1 -4) relative 

to the TBL20 DMSO control cells.  

 

** 
** 

n.s 

 

* 
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3.3.1.3 Activation of NF- B by LPS and Theileria infection are both 

associated with IKK signalosome aggregation  

Theileria  dependent activation of NF- B has been shown to involve aggregation 

of IKK signalosomes complexes close to or at the surface of the macroschizont. 

Aggregation of the kinase complex results in phosphorylation of NF- B inhibitor, 

IKBŬ, which is then constitutively degraded, subsequently allowing the 

translocation of the previously sequestered cytoplasmic NF- B to the nucleus 

(Heussler et al. , 2002). To test whether a similar mechanism operated following 

LPS stimulation in BL20 or whether LPS might alter signalosome levels in TBL20, 

IKK signalosome complexes were assessed by immunofluorescence (Figure 3.5), 

using a monoclonal antibody against IKKƞ as described previously (Schmuckli-

Maurer et al. , 2010). The results showed increased reactivity against IKKƞ in the 

form of punctate bodies in the cytoplasm of LPS -stimulated BL20 cells relative to 

control ( Figure 3.5; panel 5 -6). It was concluded that these bodies were highly 

likely to represent aggregated sig nalosomes. Similar bodies were also detected 

in the proximity of the multinucleated schizont in parasite infected TBL20 cells 

and supporting results of previous studies (Heussler et al. , 2002;Schmuckli-

Maurer et al. , 2010) have indicated aggregation of signalosomes at this location. 

However, no obvious difference in the level of anti -IKKƞ reactivity was obtained 

in TBL20 cells when stimulated with LPS relative to unstimulated TBL20 cells 

(Figure 3.5; panel 7 -8). These results together with the results obtained from 

the NF- B reporter assay suggest LPS significantly activates NF- B in uninfected 

BL20- cells but has no effect on the infected TBL20 counterpart . 
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Figure 3.5:   mmunofluorescence analysis of activated NF- B levels in BL20 and TBL20 cells in response to LPS stimulation 
Panels1-4: Immunofluorescence analysis of activated NF- B levels using anti-p65 against BL20, LPS stimulated BL20, TBL20 and LPS stimulated TBL20 cells 
respectively. Expression and nuclear localization of anti-p65 in BL20 LPS, TBL20 and LPS stimulated TBL20 cells. 
Panels 5-8: Immunofluorescence analysis of IKK signalosomes using a mouse monoclonal anti-IKKɔ against BL20, LPS stimulated BL20, TBL20 and LPS stimulated 
TBL20 cells respectively. Immunodetection of IKK signalosomes (green dots) are detected by anti-IKKɔ of BL20 LPS, TBL20 and LPS stimulated TBL20 cells. Bar =   
20µm.
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3.3.2  Differential growth response of BL20 and TBL20 cells to 

stimulation by LPS 

Prolonged stimulation of cells with LPS and cons titutive cellular activation of NF-

B have both been associated with a detrimental effect on cell viability (Garay-

Malpartida et al. , 2011). To test whether the response of BL20 and TBL20 to LPS 

stimulation is associated with a potential detrimental outcome, cultures were 

treated with LPS and the numbers of viable and dead cells counted after 24 and 

48 hours incubation. The results showed that the growth potential of uninfected 

BL20 cells stimulated with LPS at 48h was significantly reduced, with a 1.73 -fold 

reduction in cell number relative to the un -stimulated control (see Fig ure. 3.6). 

In addition, this loss of growth was accompanied by a significant elevation in the 

percentage of non-viable cells in the BL20 -LPS cultures (Figure 3.7) at both 24 

and 48 hours. Theileria  infected cells, in contrast, were found to be resistant 

to a loss of growth potential following stimulation with LPS  and continued to 

proliferate at a rate comparable to untreated control cells  (Figure 3.6).  

Furthermore, although an increase in the percentage of non -viable cells was 

obtained in LPS-stimulated TBL20 (2.55 fold) relative to control cells at 48 hr, 

this was significantly less than the increase in percentage cell death found for 

the LPS stimulated uninfected cells (22.5 fold).  

To determine whether the increase in non -viable cells may be linked to 

activation of programmed cell death, caspase 3/7 activity was assayed using cell 

lysates generated from cultures at both the 24h and 48h time points. A 2.5 fo ld 

and 5.7 fold induction in caspase 3/7 activity was detected in lysates of BL20 

cells stimulated with LPS at 24h and 48h respectively (Fig ure 3.8). In contrast, 

while Theileria infected TBL20 cells showed a higher baseline caspase 3/7 

activity level rela tive to control uninfected BL20 cells, there was no detection of 

a significant elevation in activity following stimulation of TBL20 with LPS at 

either time point (see  Figure 3.8). In addition, the level of caspase activity in 

LPS stimulated TBL20 at 48 hr was shown to be significantly lower (1.86 fold) 

than LPS stimulated uninfected BL20 cells at this time point.  
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Figure 3.6:  Proliferation assays of BL20 and TBL20 cells following LPS stimulation relative 
to control cells. 
Cell viability of BL20 and TBL20 cells in cultures was assessed using Trypan blue exclusion in the 
presence of either LPS (1µg/ml) or the DMSO vehicle control (1µl/ml) at 24h and 48h post-
treatment as described previously (section 3.2.5). Results are presented as Mean ± SE, n = 4 from 
one of several independent experiments. The asterisk (*) above the data points indicates the 
statistical significance of the pair wise comparisons tested against the controls (Studentôs t-test, 
*P< 0.01, **P< 0. 001). Whereas, n.s indicates non-statistical differences of the data points relative 
to controls (BL20 cells) at given conditions. 

 

Figure 3.7:  Assessment of cell death of BL20 and TBL20 cells following LPS stimulation. 
Cells were cultured in the absence or presence of LPS (1µg/ml) for 24h and 48h. Cell death was 
measured using the trypan-blue exclusion assay and is expressed as percentage of cell. Values 
are presented as Mean ± SE of four replicate cell cultures from one of several independent 
experiments. The asterisk (*) above the bars indicates the statistical significance of the pair wise 
comparisons tested against the controls (Studentôs t-test, *P< 0.05, **P< 0.001). Whereas, (n.s) 
indicates non-statistical difference of TBL20 LPS results relative to TBL20 cells and control cells. 

n.s 

** 

* 
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Figure 3.8:  Caspase 3/7 activity assayed in TBL20 and BL20 cells following stimulation with 
LPS.  
Caspase activation was determined using a modified caspase 7 or 3-like protease substrate where 
cleavage yields a product that activates a reaction and generates a measurable fluorescence. 
Caspase 3/7 activity was determined after incubation of cells in the presence of either LPS 
(1µg/ml) or the DMSO vehicle control (1µl/ml) for 24h and 48h. Results are expressed as relative 
fluorescence units (mean, ± SEM, n = 4). The asterisk (*) above the bars indicates the statistical 
significance of the pair wise comparisons tested against the controls (Studentôs t-test, *P< 0.005, 
**P< 0.00001). Whereas, (n.s) indicates non-statistical difference of TBL20 LPS results relative to 
TBL20 cells at given conditions. 

3.3.3  Comparison of candidate gene expression profiles of BL20 

and TBL20 cells stimulated with LPS 

From the results presented above,  it can be concluded that the outcome of LPS 

stimulation and activation of uninfected BL20 cells relative to the infected 

TBL20 counterpart is different. A premise of this thesis was that such a 

difference would be manifest at the level of gene expression and that infection 

may manipulate the outcome of the gene expression profile associated with LPS 

stimulation. Prior to testing this hypothesis at a global level, it was decided to 

conduct a preliminary analysis using semi -quantitative RT -PCR on a panel of 

genes. This panel of genes was selected on the basis that their expression profile 

is manipulated by Theileria  infection, or they were known LPS response gene 

and/or targets of activated  NF- B. The panel of genes and their pred icted 

expression profile with respect to infection, LPS stimulation and NF- B 

activation is shown in Table 3.2.  

 * 
 

n.s 

   ** 

 * 

 

n.s 
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Table 3.2:  Panel of genes and their predicted expression profile with respect to infection, 
LPS stimulation and NF- B activation  

S.No 
Gene 

symbol 
Stimulus/context  

Predicted 
expression  

References  

1 TNF-Ɯ 

Theileria infection  Induced (Guergnon et al. , 2003;Preston 
et al. , 1993;Schnittger et al. , 
2000) 

LPS stimulation  Induced (Jones et al. , 2001) 

NF- B stimulation  Induced (Collart et al. , 1990) 

2 iNOS 
Theileria infection  Repressed (Brown et al. , 1995b;Sager et 

al. , 1998) 

  
LPS or NF- B 

stimulation  

Induced  (Jungi et al. , 1996;Sager et al. , 
1997;Xie et al. , 1994) 

3 CD14 Theileria infection  Repressed (Sager et al. , 1997) 

  LPS stimulation  Induced (Yang et al. , 1995) 

4 IFN-Ɯ 
Theileria infection  No expression (Brown et al. , 1995b;Sager et 

al. , 1998) 

  
LPS stimulation  Induced  (Jungi et al. , 1996;Sager et al. , 

1998) 

5 IFN-Ɲ Theileria infection  Induced  (Sager et al. , 1998) 

  
LPS or NF- B 

stimulation  

Induced  (Lenardo et al. , 1989;Sager et 
al. , 1998;Yamamoto et al. , 
2003) 

6 IFN-Ʋ Theileria infection  No expression (Sager et al. , 1998) 

  LPS stimulation Induced  (Sager et al. , 1998) 

7 ISG 15 Theileria infection  Repressed (Oura et al. , 2006) 

  
LPS or NF- B 

stimulation  

Induced (Kim et al. , 2005;Malakhova et 
al. , 2002;Oura et al. , 2006) 

8 TLR4 Theileria infection  No literature  Not reported  

  
LPS  Induced  (Elner et al. , 2005;Jensen et 

al. , 2006b) 

9 TLR3 LPS Induced  (Hoebe et al. , 2003) 

  NF- B stimulation  Induced  (Alexopoulou et al. , 2001) 

10 IL2R 

Theileria infection  Induced  (Dobbelaere et al. , 
1990;Herrmann et al. , 
1989;Heussler et al. , 
1992;McKeever et al. , 1997) 

  NF- B stimulation  Induced (Cross et al. , 1989) 

11 IL6 Theileria infection  Induced (Campbel and Spooner, 1999) 

  
LPS or NF- B 

stimulation  

 (Helfgott et al. , 1987;Sanceau 
et al. , 1989) 

12 IL-10 
Theileria infection  Induced (Campbel and Spooner, 

1999;McKeever et al. , 1997) 

  
LPS or NF- B 

stimulation  

 (Barsig et al., 1995;Chanteux et 
al., 2007)  

  Theileria infection  Induced (Schnittger et al. , 2000) 

13 IL8 LPS stimulation Induced (Jensen et al. , 2006b) 

  NF- B stimulation  Induced (Kunsch and Rosen, 1993) 

     

TNF-Ŭ, tumor necrosis factor a ; iNOS, inducible nitric oxide synthase; CD14, CD14 molecule; 
IFN-Ŭ, Interferon alpha; IFNb, interferon type b; IFN-ɤ, Interferon omega-1; ISG15, ISG15 
ubiquitin-like modifier; TLR4, toll-like receptor 4; TLR3, toll-like receptor 3 ; IL2RA, IL-2 receptor 
subunit alpha; IL6, interleukin 6; IL10, interleukin 10; IL8, interleukin 8;  
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Following RT-PCR the amplified cDNA reaction products were analysed by 

agarose gel electrophoresis. No product was obtained  for primer pairs designed 

to amplify TNF-Ɯ, iNOS, CD14, IFN-Ɯ and IFN-Ʋ. RT-PCR for these genes was 

repeated at a later date with different primer sets for each of these genes and 

validated a lack of PCR product for these genes. Products were obtained for the 

other 7 primer sets and the expression profile across the different cellular 

conditions t ested for these genes, relative to the constitutive control (ZNF828). 

For one of these genes, TLR3, no observable difference in expression level across 

the range of conditions could be detected (data not shown).  

The other six genes displayed a range of modulated expression profiles. Of these 

the profile obtained for IL8 and IL2RA (CD25) appeared to be of least interest 

because although they showed evidence of elevated expression associated with 

parasite infection of BL20; i.e. clearly higher in TBL20 vs BL 20, there was no 

obvious difference in the levels of expression products amplified from RNA 

representing TBL20-LPS cells vs uninfected BL20-LPS cells. In a similar manner, 

the profile for IL10 indicated that while slightly elevated expression of this gene 

was associated with parasite infection of the host cell, an increase in product 

was not detected for LPS stimulated BL20 cells ( Figure 3.9). Therefore a 

conclusion that infection can modulate the expression outcome of an LPS 

responsive gene could not be made on the basis of these profiles.  

The final three genes all showed evidence for infection -associated modulation of 

an LPS stimulated response. Thus, the profiles obtained for both TLR4 (CD284) 

and IFNB1 indicated that the parasite repressed expression of these genes, 

despite evidence for induction of elevated expression following LPS stimulation 

of BL20 cells. The profile for ISG15 also showed evidence for infection associated 

repression relative to an LPS (4h) induced expression profile obtained in the 

BL20 line. In non -stimulated cells though, the level of expression was higher in 

TBL20 cells vs uninfected BL20 (Figure 3.9). This profile of ISG15 expression, 

indicative of infection associated activation but repression of higher -level 

expression, was observed previously by northern blotting (Oura et al. , 2006). 
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Figure 3.9:  Semi quantitative RT-PCR expression analysis of candidate genes following 
stimulation (of BL20 and TBL20 cells) with LPS    
Differential mRNA expression levels of six candidate genes. Gel electrophoresis analysis of all RT-
PCR products showed the appropriate size on ethidium bromide stained agarose gels. The mRNA 
expressions of TLR4, ISG15, IL8, IL10, IFNB and IL2R genes normalized against ZNF828 are 
shown for TBL20 & BL20 cells (control) stimulated with LPS (1µg/ml).  

3.3.4  Theileria annulata infection of BL20 cells is associated with 

repression of TLR4 expression  

Following initial results obtained from the semi -quantitative PCR, i t was of 

interest to further validate the infection associated repression profile of TLR4 

expression at the protein level. Western blotting was performed to determine 

whether decreased TLR4 mRNA expression is manifest post-translationally in 

Theileria infected cells. Th e western blot results showed that the TLR4 protein 

profile reflected the trend obtained at the mRNA level. Thus, a marked decrease 

in TLR4 expression was observed in TBL20 cells compared to BL20 cells (Figure 

3.10). However, unlike the RNA p attern no significant differences were noticed 

in the protein levels of TLR4 when stimulated BL20 cells were stimulated with 

LPS while infected cells continued to display evidence of repression relative to 

their uninfected counterpart. In general, the leve ls of Tubulin detected by 

western blotting (constitutive control) appeared to be slightly lower for the LPS 

stimulated extracts (see Fig ure 3.10).  
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Figure 3.10:  Imunoblot analysis of TLR4 protein expression following stimulation of BL20 
and TBL20 cells with LPS    
Expression of TLR4 was detected by western blot analysis of total cell extracts derived from 
uninfected and Theileria infected cell cultures either stimulated with LPS or unstimulated (DMSO). 
Tubulin expression was used as constitutive control. 
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3.4 Discussion 

The aim of the work presented in this chapter was to establish a cellular model 

for comparing the gene expression profiles of uninfected and Theileria infected 

cells following induction of cellular activation by an inflammatory mediator. 

Therefore, experim ents were performed to assess the influence of LPS on the 

activation state of NF- B in uninfected and parasite infected host cells.  

The reporter construct data (Fig ure 3.4) showed that LPS stimulation of 

uninfected BL20 cells significantly induces NF- B activation. Further 

confirmatory evidence of NF- B activation was obtained by immunofluorescence 

analysis, as LPS stimulation was associated with detection of IKK signalosome 

aggregation in the cytoplasm of the uninfected BL20 cells. Such IKK complexes, 

consisting of two kinases, IKKŬ, IKKɓ and the regulatory unit NEMO (IKKɔ), have 

been shown to serve as the focal point for signalling pathways that are activated 

by numerous stimuli such as TNFŬ, dsRNA and LPS, all of which lead to activation 

of NF- B [reviewe d in (Kanarek et al. , 2010)] .  

As in the case of LPS stimulated BL20 cells, parasite infected TBL20 cells provide 

strong evidence for NF- B activation via aggregation of IKK signalosomes. In 

agreement with previous studies, TBL20 cells displayed a uniform pattern of 

parasite-associated signalosome complex over the surface of the macroschizont. 

This particular finding supports the previous mode l of proximity -induced IKK 

activation, where it is hypothesised that membrane parasite and/or complexed 

host proteins act as platform for the formation of parasite dependent IKK 

complex (Heussler et al. , 2002). No obvious increase in the number or intensity 

of detected signalosomes was observed following LPS stimulation of TBL20 cells 

and this is supported by data indicating high levels of constitutive NF- B 

activation, which did not show significant change fol lowing stimulation by LPS 

(see Figures 3.4 and 3.5). Possible reasons for this finding may be that either 

Theileria  infected cells are refractory to stimulation by LPS or activated NF- B is 

maximal in the infected cell. The latter possibility appears to be  unlikely as 

Schmuckli-Maurer et al . (2010) have shown that T. annulata  infected cell lines 

can show increased levels of activated NF- B following stimulation by 

cytochalasin D. 
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To investigate whether activation of the host cell by LPS is potentially associated 

with a detrimental outcome, the BL20 and TBL20 cell lines were stimulated with 

LPS and measurements made on cell viability and death. The results 

demonstrated that s timulation of uninfected BL20 cells with LPS proved to be 

detrimental and causes cell death. Similar responses have been reported in 

several studies indicating that prolonged activation with LPS induces apoptosis 

through various mechanisms such as modulation of TLR4 signalling, NF- B 

activation, activation of caspases, prolonged or excessive production of 

cytokines, production of nitric oxide and induction of apoptotic signalling 

molecules (Akgul et al. , 2001;Alikhani et al. , 2003;Bannerman et al. , 

2002;Garay-Malpartida et al. , 2011) . In contrast Theileria  infected cells 

displayed no adverse effect following LPS treatment and continued to proliferate 

at th e same rate as the untreated control.  

Experimental evidence of LPS induced programmed cell death of BL20 cells was 

obtained by performing caspase 3/7 activation assays. In general the caspase 

results revealed a similar trend to the data obtained for cell p roliferation and 

death, with stimulation of uninfected BL20 cells generating a significantly higher 

level of caspase activation relative to the unstimulated control and its infected 

TBL20 counterpart. No significant difference was observed between un -

stimulated and control TBL20 cells (Fig ure 3.8), suggesting TBL20 cells are 

refractory to LPS stimulated caspase activation.  Activation of caspases is 

considered to be a hallmark of apoptosis (Porter and Janicke, 1999;Saraste and 

Pulkki, 2000) and in vitro  studies have shown that LPS can induce apoptosis 

through activation of caspase 3 and 7 (Bannerman and Goldblum, 2003;Deaciuc 

et al. , 1999). Thus, in the context of uninfected BL20 cells, LPS stimulation is 

associated with activation of  NF- B, elevated cell death and loss of proliferation 

potential; while infected TBL20 cells show constitutive activation of NF- B that 

confers resistance to apoptosis (Heussler et al. , 1999;Schmuckli-Maurer et al. , 

2010), and these cells are refractory to cell death or the loss in proliferation 

potential associated with LPS stimulation of BL20 cells. This apparent Janus -like 

response to LPS stimulation and NF- B activation could be explained by the 

ability of infected c ells to generate a modulated NF- B target gene expression 

profile compared to that of LPS activated BL20 cells, although it should be borne 

in mind that additional activation pathways and transcription factors such as AP-
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1 are likely to operate in establis hing the distinct activation phenotypes 

associated with infection (TBL20) and infla mmatory stimulation (LPS-BL20). 

To investigate whether parasite dependent control of infected host cell 

phenotype could be associated with major modulation of leukocyte gene  

expression, RNA profiling was performed using RT-PCR. Initially, investigation 

was limited to a small subset of 13 genes with expression profiles obtained for 

LPS stimulated BL20 and TBL20 cells relative to non-stimulated controls. Primer 

sets representing seven of these genes gave clear specific PCR products. While it 

cannot be discounted that the failure to obtain a PCR product for the other six 

genes was due to incorrect primer design or function, the repeated failure with 

redesigned sets of primers for  each of these genes (TNF-Ŭ, iNOS, CD14, IL6, IFN-

Ɯ and IFN-Ʋ) suggest this is unlikely. An alternative explanation is that these 

genes are expressed below the detection limit of the assay in the context of the 

tested cell types and conditions. For example as CD14 is considered to b e 

primarily a monocyte and macrophage cell surface marker (Song et al. , 2001), 

that plays an important role in L PS binding (Anas et al. , 2010;Duchow et al. , 

1993;Steinemann et al. , 1994;Ulevitch and Tobias, 1995) , failure to detect 

mRNA expression of CD14 could be due to the fact that the BL20 cell model 

belongs to the lymphocyte lineage. A number of studies have postulated that 

Theileria transformed bovine macrophage cells actively repress LPS inducible 

TNF, iNOS and IFN induction by modulating CD14 repression (Sager et al. , 

1997;Sager et al. , 1999). However, lack of CD14 in BL20 cells clearly does not 

remove LPS associated activation of NF- B or induction of other LPS associated 

response genes tested by RT-PCR (see below). It is possible that a requirement 

for a CD14, LPS interaction can be supplied by the soluble form CD14 (sCD14) 

present in fetal calf serum (FCS), or LPS activation of BL20 cells operates in a 

CD14 independent manner (Cohen et al. , 1995;Lynn et al. , 1993;Sauter et al. , 

2007). The lack of gene expression for the 6 genes in the context of BL20 is 

supported by the array analysis performed in Chapter 4 of this thesis.  

TLR3 mRNA was shown to be constitutively expressed in both infected and 

uninfected cells and the levels did not change across the ra nge of experimental 

conditions. This finding indicates that TLR3 mRNA is not regulated by LPS or 

parasite infection and is therefore not indicative of an infection associated 

modulation of inflammatory/  NF- B induced gene expression. 
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Of the six differentia lly expressed genes, IL8 and IL2RA mRNA were expressed at 

similar levels in LPS stimulated uninfected BL20 cells and infected TBL20 cells. 

However, for both of these genes the level of PCR -product was higher in non -

treated TBL20 compared to control BL20 ce lls.  The elevated levels of IL8 and 

IL2 receptor (IL2RA) mRNA expression observed in response to LPS stimulation 

was consistent with an earlier study where bovine peripheral blood monocyte 

(PBMC) cells were shown to exhibit high levels of induction of the se genes when 

stimulated with LPS (Jensen et al. , 2006b). It may not be surprising that the 

expression level of IL8 and IL2R were up-regulated in BL20 cells when stimulated 

with LPS or infected with Theileria , since both are known targets of NF- B 

(Toshchakov et al. , 2002;Yoshida et al. , 1998). The results suggest that these 

genes are targets for transcription factors activated by LPS treatment (BL20) and 

parasite infection and that their elevated expression is either of benefit to 

infected cells or has limited (neutral) detrimental potential. There is no 

evidence, however, that the outcome of  LPS associated induction is significantly 

manipulated by infection of BL20 cells by the parasite.  

Regardless of whether TBL20 or BL20 cells were treated with LPS or left un -

stimulated, a slight induction of IL10 mRNA expression was observed in TBL20 

compared to BL20 cells. Previous studies have also shown that in vitro  infection 

of bovine lymphocyte lineages with T. parva and a macrophage derived cell line 

infected with T. annulata  were associated with IL -10 expression (Brown et al. , 

1995b;McKeever et al. , 1997). Indeed, it appears that IL -10 is universally 

expressed in T.parva  and T. annulat a transformed cell lines. Though NF- B has 

been proposed to be involved in the up -regulation of IL -10 expression in 

Theileria -transformed cells (Dobbelaere and Heussler, 1999), it appears to be 

unlikely in the BL20 model as LPS stimulation of BL20 cells failed to generate any 

differences in IL -10 mRNA expression levels while clearly activating  NF- B. 

Interestingly phosphatidylinositol 3 -kinase (PI-3K) has been reported to 

contribute toward IL -10 expression (Crawley et al. , 1996). PI-3K is continuously 

activated in Theileria  transformed cells (Heussler et al. , 2001) and speculated to 

have an important role in cellular proliferation and survival of the parasitized 

cell via IL -10 expression (Dobbelaere and Heussler, 1999;Dobbelaere and Kuenzi, 

2004). Moreover, IL-10 serum levels have been found to correlate with tumor 

progression in murine B16 melanoma cell line (Sredni et al. , 2004) and in vitro  
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studies have demonstrated that IL -10 can favour tumor growth by stimulatin g 

cell proliferation and inhibiting cell apoptosis (Mocellin et al. , 2005). 

Stimulation of uninfected BL20 cells with LPS showed elevated expression of 

Interferon stimulated gene -15 (ISG15), IFN-beta (IFNɓ) and Toll -like receptor -4 

(TLR4) but the parasite -infected TBL20 cells were clearly refractory to induction 

of ISG15 at 4h and INFɓ/TLR4 at both 4 and 18 hours LPS treatment. ISG15 was 

essentially a positive contr ol for parasite -mediated manipulation of an LPS 

activation response. Previous northern blot analysis had shown that Theileria  

infection renders TBL20 cells refractory to a high level induction of ISG15 

expression, 14h post LPS treatment. The marked elevati on of ISG15 mRNA in 

BL20 LPS stimulated cells detected by both northern blotting (Oura et al. , 2006) 

and RT-PCR validated an expected LPS induction response for this cell line in the 

current study.  

Like ISG15, the results presented in Figure 3.9 indicate that infection by the 

parasite modulates the LPS activation expression profile of the IFN -ɓ1 gene, a 

member of the family of type I IFNs. Thus, upon stimulation with LPS, BL20 cells 

displayed higher levels of IFN-ɓ relative to the untreated cells. Moreover, in the 

context of infected TBL20 the level of product remained lower than the BL20 

counterpart whethe r stimulated with LPS or not. This profile indicates a 

requirement of infected TBL20 to repress expression of the IFN -ɓ1 gene and 

maintain this repression in the face of stimulation with an inflammatory mediator. 

There have been numerous citations indicati ng the possibility of NF- B 

involvement in IFN-ɓ gene regulation (Lenardo et al. , 1989;Megyeri et  al. , 1995). 

A Type I interferon (IFN -alpha/beta) response is one of the major host defence 

mechanisms against viruses and has been shown to exhibit diverse functions 

under inflammatory conditions; for instance it could act in an anti -proliferative 

and immunoregulato ry manner (Dunn et al. , 2006). These functions are 

considered to be of prime importance in Theileria  associated infection. Studies 

pertaining to regulation of different types of IFN in Theileria -infected cells have 

shown that only T. annulata but not  T. parva transformed cell lines are 

restricted to IFN -ɓ production (Sager et al. , 1998). However, T. annulata 

infected leukocytes  were found to be resistant to this high level induction of 

IFNɓ expression by LPS. In contrast, high level expression was induced by 

stimulation of several T. annulata infected cell lines with poly (I:C), indicating 
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subtle manipulation by parasite infection of the signal transduction pathways 

associated with regulation of IFNɓ expression (Sager et al. , 1998). This finding is 

in agreement with the above mentioned study indicating similarity of the BL20 

system infected with T. annulata used in the current study.  

The TLR4 (CD284) receptor complex has been identified as the major receptor 

involved in recognition and transduction of the LPS stimulated activation event 

(Beutler, 2000;Beutler, 2002;Hoshino et al. , 1999;Kalis et al. , 2003). TLR4 

belongs to a class of pathogen recognition receptors (PRRs) and has the ability to 

recognize a variety of microbial products bearing pathogen -associated molecular 

patterns (PAMPs) (Garay-Malpartida et al. , 2011;Takeda and Akira, 2005).  

Activation via this receptor is known to operate thro ugh activation of NF- B and 

IRF3 (Kawai and Akira, 2007) and results in up-regulation of IFN-ɓ and a range of 

inflammatory cytokines [reviewed in (Akira and Takeda, 2004;Honda et al. , 

2005)] involved in triggering innate immune responses. In addition, infection of 

BL20 cells with T. annulata  is associated with significant repression of T LR4 at 

both the mRNA (Figure 3.9) and protein level (Fig ure 3.10) relative to control 

and LPS stimulated cells. Therefore f ollowing initial results obtained from the 

semi-quantitative PCR, it was of interest to further validate the infection 

associated repression profile of TLR4 expression at the protein level. Western 

blotting was performed to determine whether decreased TLR4 mRNA expression 

is manifest post -translationally in Theileria -infected cells. Th e western blot 

results showed that the TLR4 protein profile reflected the trend obtained at the 

mRNA level. Thus, a marked decrease in TLR4 expression was observed in TBL20 

cells compared to BL20 cells (Figure 3.10). However, unlike the RNA pattern no 

significant differences were noticed in the protein levels of TLR4 when 

uninfected BL20 cells were stimulated with LPS while infected cells continued to 

display evidence of repression relative to their uninfected counterpart. In 

general, the levels of Tubulin detected by western blotting (constitutive contr ol) 

appeared to be slightly lower for the LPS stimulated extracts (see Fig ure 3.10).  

Why should Theileria  repress expression of TLR4? Simplistically this would 

appear not to be in the interest of the parasite infected cell, since it has been 

demonstrated t hat constitutive activation of NF- B is required for its survival  

(Heussler et al. , 1999;Palmer et al. , 1997). However, Heussler et al., (2002) 

demonstrated using dominant negative mutants that signal transduction events 
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upstream of IKK signalosome aggregation are not required for NF- B activation in 

the Theileria -infected leukocyte.  Thus, the parasite bypasses a requirement for 

transduction of the NF- B activation signal from the cell membrane, potentially 

allowing down regulation of mo lecules involved in this event.  

The outcome of reducing the influence of TLR4 activation pathways can only be 

speculated upon, but a number of potential benefits to the infected cell can be 

postulated. Reduction of a major route of extrinsic stimulation of NF- B could 

allow the level of NF- B activation to be determined primarily by parasite 

dependent IKK signalosome aggregation. Cellular activation via the  TLR4 

receptor can induce apoptosis (Haase et al. , 2003;Ruckdeschel et al. , 2004), 

hence repressing expression of TLR4 may therefore promote parasite 

establishment. In myeloid cells TLR4 can synergise with the TREM1 pathway 

leading to neutrophil degranulation, phagocytosis and the respiratory burst 

(TREM1 review SAB biosciences). The generation of pro -inflammatory cytokines 

via a host dependent pathway could abrogate parasite -mediated modulation of 

these effector molecules, leading to stimulation of the innate immune response 

by the infected cell. Several protozoan parasites such as Entamoeba histolytica 

(Maldonado et al., 2000) , Trypanosoma spp (Ropert and Gazzinelli, 2004) , 

Leishmania spp (Tuon et al. , 2008), Toxoplasma gondii  (Kim et  al. ,  2004b) and 

Plasmodium falciparum  (McCall et al. , 2007) have been shown to actively 

modulate the expression of various TLR receptors especially TLR4 and TLR2 and 

their associated immune  responses. It can be postulated therefore that the 

infected cell may down -regulate TLR4 to prevent extraneous activation via this 

receptor, allowing the activated infected cell to be under control deployed by 

the Theileria  parasite to provide protection against stimulation  of the immune 

response. 

Despite the evidence that T. annulata may suppress the ability of the host cell 

to respond to LPS signalling, infection of the cell generates a dichotomy, since 

transcription factors that operate in cellular activation and induce a pro -

inflammatory cytokine response ( NF- B, AP1, STAT3 and ATF2) are constitutively 

activated by infection. If the outcome of parasite mediated activation is to be 

advantageous for the parasite then it can be postulated that expression of target 

genes that are beneficial would be promoted/allowed while those that are 

detrimental are suppressed. The preliminary d ata presented in this chapter and 
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data from previous studies (Jensen et al. , 2009;Oura et al. , 2006;Sager et al. , 

1997) suggests that such modulation occurs. For example, IL2RA and IFNB are 

both NF- B dependent genes but Figure 3.9 shows that IFNB is repressed while 

IL2RA is elevated relative to uninfected control cells. However, the extent and 

specificity to which the par asite manipulates the expression profile of the 

activated host cell is unknown.  If detailed knowledge on the pathways that the 

parasite utilises to establish the infected cell phenotype is to be gained, a global 

analysis of the gene expression profile of TBL20 relative to uninfected activ ated 

BL20 cells is required. 

In summary, use of the current cellular model generated data that was both 

biologically valid as well as consistent with the past studies associated with 

Theileria  infection. These findings ind icated that in vitro  stimulation of bovine 

leukocytes with LPS shows similarity to a typical activation of NF- B via IKK 

signalosome complex formation and represents a valuable model system for the 

study of the mechanisms of the host cellular activation st ate. Activation of the 

cell can be detrimental but evidence using only a limited number of genes 

indicated that T. annulata subverts the normal response of transcription factor 

activation. Apparently this may operate by blocking signal transduction pathway s 

that responds to inflammatory mediator like TLR4. The results have indicated 

that the parasite manipulates the outcome of cellular events to promote the 

establishment of infect ed cells and prevent cell death.  
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4 Modulation of activation associated host cell 

gene expression by T. annulata 

4.1 Introduction 

Bioinformatics combined with high -throughput technologies such as microarray 

analysis and next generation sequencing have been of great use to studies 

investigating the molecular mechanisms that underlie normal and dysfunctional 

biological processes. Such methodologies provide the ability to measure the 

expression level of tens of thousands of genes simultaneously using a single RNA 

sample (Gobert et al. , 2005;Manger and Relman, 2000). This property clearly has 

advantage over conventional northern blot analysis or more recent real time -

PCR-based techniques that are more applicable for expression profiling a smaller 

number of target genes. To date, several different types of microarray platforms 

have been developed to monitor the expression levels of thousands of genes, the 

basis for each methodology being essentially a glass slide or membrane spotted 

or "arrayed" with DNA fragments or oligonucleotides that represent specific gene 

regions predicted to encode mRNA and prot ein. Purified RNA or cDNA is then 

fluorescently labelled and hybridized to the slide/membrane. In some cases, 

hybridization is performed simultaneously with reference RNA to facilitate 

comparison of data across multiple experiments. After thorough washing,  raw 

data is obtained by a laser scanning system. With the advancement of 

microarray technology, a new generation of terminology and acronyms has 

evolved and examples of these are included in Table 1.1, Appendix 1.  

Gene expression profiling has emerged as a powerful tool to investigate host 

pathogen interactions and is increasingly being used in the field of parasitology 

in general. Thus, a number of large -scale array projects have been performed to 

expression profile RNA derived from different parasites a nd/or their respective 

infected host cells. These include several parasites of medical and veterinary 

importance such as Trypanosma spp, Plasmodium spp., Toxoplasma, Leishmania 

spp. and Schistosoma spp. (Bahl et al. , 2003;Blader et al. , 2001;Bozdech et al. , 

2003;Leifso et al. , 2007;Minning et al. , 2003;Verjovski -Almeida et al. , 2003). 

Such studies include comparison of gene expression profiles obtained from, or 
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during transition of, different parasite life cycle stages. For example, Minning et 

al.  (2003) utilised 4400 probes to monitor the transformation of Trypanosoma 

cruzi  from the trypomastigote to the amastigote in an axenic system. Similarly, 

Le-Roch et al.  (2003) also used high-density oligonucleotide array to identify 

expression profiles of both human and mosquito derived stages of the malaria 

parasite (P. falciparum ) lifecycle. In this study nine different stages of the 

parasite lifecycle were examined u sing array of 367,226 probes. 

Recent microarray studies in apicomplexan parasites have focused on specific 

biological/cellular events including regulation of host cell gene expression 

associated with parasite infection. Significantly, these studies have highlighted 

that parasit e infection can dramatically alter host cell gene expression to 

overcome immune responses directed against the parasite. For example, Blader 

et al .,  (2001) examined gene expression profiles generated from human foreskin 

fibroblasts  (HFF) infected with  Toxoplasma gondii, using a human cDNA 

microarray consisting of ~ 22,000 known genes and uncharacterized expressed 

sequence tags. The results revealed significant changes to expression of host 

genes encoding pro-inflammatory cytokines, MHC encoding genes involved in 

antigen presentation and genes encoding proteins that protect against apoptosis. 

Indeed, T. gondii has been shown to actively inhibit/ block IFN -gamma induced 

upregulation of MHC class II mRNA and proteins (Lang et al. , 2006). Investigation 

of the ability of T. gondii  to block a host cell IFN -ɔ response was also performed 

by Kim et al., (2007), using a microarray representing 23,228 putative human 

genes. The results demonstrated that parasite infection resulted in dysregulation 

of 65 of the 127 identified IFN -ɔ-inducible genes in human fibroblasts an d that 

all 127 genes were refractory to IFN -ɔ stimulation in infected compared to 

uninfected fibroblast cells. Since 46 of the 127 IFN -gamma-responsive genes 

were already induced and 19 suppressed before infected cells were exposed to 

IFN-gamma, it was concluded that other stimuli produced during infection could 

regulate these genes. 

To date, only a limited number of studies have used microarray methodology to 

characterise parasite or host gene expression profiles of Theileria -infected 

leukocytes. Recently, Schmuckli -Maurer et al.  (2009) analysed 

subtelomeric  variable  secreted  proteins ( SVSPs) expression in five different T. 
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parva-transformed cell lines established in vitro  by infection of T or B-

lymphocytes.  Macroschizont transcript levels were compared using a 70 -mer 

oligonucleotide microarray representing 4060 T. parva  genes and included 78 of 

the 85 SVSP genes. Transcripts for 56 genes were identified and, for the 

majority, expressio n was found to be simultaneous and stable, with only minor 

variation in the profiles established from the different infected cell lines that 

were tested. For the small percentage of genes displaying evidence of 

differential expression, it was concluded tha t this is likely to be largely defined 

by the parasite genotype and not host background or cell type.  

To investigate the response of bovine macrophages to important activation 

stimuli and study early immune responses,  Jensen et al. ,  (2006b) developed a 5K 

bovine macrophage specific (BoMP) cDNA microarray. The array was developed 

to investigate gene expression in bovine myeloid cells and was generated with 

clones derived from specially created normalised bovine macrophage library: 

representative of Bos taurus and Bos indicus derived monocytes and m  subject 

to various stimuli, including infection with T. annulata . The established array 

was then used to investigate the response of bovine monocytes to stimulation 

with interferon -ƞ and LPS. In this study, 695 genes were identified as 

dif ferentially expressed at 2 and 16 hours post stimulation and included a 

number of genes of immunological significance, such as interleukins, chemokine 

and TLR-4. 

The validated BoMP array was also used by Jensen et al. , (2008) to compare the 

transcriptional response induced by T. annulata  infection of bovine monocytes 

derived from disease resistant (Sahiwals, Bos indicus) and susceptible (Holstein -

Friesians, Bos taurus) cattle breeds. 156 genes were identified exhibiting breed -

specific differential expression during the course of infection. 25% of these 

genes had no functional annotation, whereas of the known genes a large 

proportion ( 30%) encode predicted proteins expressed on the plasma membrane 

or in the extracellular space, with cellular adhesion being one of the major 

biological processes identified. The study also allowed limited discrimination 

between the breed specific response of monocytes to infection and general 

activation, with several genes (TLR10, PRNP, ICAM1 and TNFRSF18) being 

highlighted.  
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As indicated above, previous studies demonstrate the suitability of microarray 

technology to investigate alteration of gene expression  profiles following cellular 

activation or parasite infection. However, this has only been performed to a 

limited extent for T. annulata  infection, as the published studies mainly focused 

on identification of breed specific differences in the response of macrophages to 

infection and activation. Moreover, the genome coverage of the BoMP array was 

limited by the available bovine genomic sequ ence and the number of annotated 

representative cDNA sequences derived from the constructed library. This lack 

of coverage has been resolved by completion of the bovine genome sequencing 

project and the design and generation of a new microarray platform by  the 

Glasgow Theileria  group. This array represents 34,315 putative or known RNA 

sequences, compiled from available transcriptomic databases of Bos taurus (Bt) 

version 4.0 (Btau_4.0) and T. annulata (Ta) , a format that allows simultaneous 

analysis of parasite and host gene expression profiles. Table  4.1 summarizes 

probe-based design features included on the Bt_Ta array.  

Work in the previous chapter established that relative to uninfected BL20 cells, 

Theileria  infected TBL20 showed resistance to a detrimenta l response induced 

by stimulation with LPS, a known major inflammatory mediator. In addition, 

while the identified down regulation of the TLR4 LPS receptor in TBL20 could 

generate the refractory behaviour of these cells to LPS, the results confirmed 

that T BL20 display high levels of constitutive activation of NF- B. Since 

activation of NF- B is a major event that transduces stimulation by LPS into a 

pro-inflammatory cellular response, it can be postulated that Theileria  infection 

must modulate the outcome o f cellular activation mediated by  NF- B. Moreover, 

such modulation could extend to other infection activated events that prevent 

establishment of the macroschizont -infected cell. To study these possibilities 

the primary aims of the work presented in this c hapter were as follows:  

1) To use the Bt_Ta microarray platform to generate differential gene 

expression profiles representative of LPS stimulated uninfected cells (BL20 -

LPS) and infected TBL20 cells. 

2) Compare the expression profiles and perform bioinformatic analysis to 

screen for evidence of infection -associated modulation of LPS activated 

gene expression. 
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3) Focus on bioinformatics analysis of the NF- B pathway and genes targeted 

by activated NF- B to test postulation that Theileria  infection modulates 

the outcome of this activation event.  
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4.2 Methods  

4.2.1  Microarrays experiment 

To access global expression differences among Theileria  infected and LPS 

stimulated uninfected cells we utilized our previously studied model of 

uninfected bovine lymphosarcoma and Theileria infected bovine lymphosarcoma 

cell lines. The details of cell lines, cell culture protocol and stimulation of cells 

with LPS are described in section 3.2.1and 3.2.2 of Chapter 3     

4.2.1.1 Total RNA Extraction, Clean-up and Quantification  

Total RNA Extraction was performed using TRI reagent (Sigma; T9424-200ML) and 

RNeasy® Kit (Qiagen cat.74104) according to manufactureõs instructions. The 

concentration and quality of the resultant RNA was determined using  a NanoDrop 

spectrophotometer (ND-1000; NanoDrop Technologies). RNA integrity was 

verified by gel electrophoresis as described previously. For all  samples the 

260/280-nm ratio was >2.03 and the 260/230 -nm ratio was >1.8. Detailed 

methodology of RNA extraction, DNase 1 treatment, Clean up and quantification 

is described in Chapter 3 (see Section 3.2.8 & 3.2.9).  

4.2.1.2 Microarray pilot experiment 

Total RNA Samples were prepared from three independent replicate cultures for 

each experimental condition according to the NimbelGen standards. All RNA 

Samples were submitted (30µg of total RNA per sample) to Roche NimbleGen 

Systems, Iceland for further processing. Figure 4.1 illustrates the design of the 

microarray experiment.  
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Figure 4.1:  Schematic diagram illustrating microarray experimental design and the steps 
involved  
Total RNA was isolated from uninfected and Theileria infected cells, the cells were either 
stimulated with LPS or unstimulated. Total RNA was shipped to Roche Nimblegen, Iceland for 
further processing and analysis to investigate the gene expression changes. Images courtesy of 
www.nimblegen.com   

4.2.1.3 Design & specifications of array 

The oligonucleotide microarray us ed in this study included all bovine RNA RefSeq 

DB available at NCBI (26751) obtained from latest Btau_4.0 (as of Oct. 4, 2007) 

assembly of the genome of Bos taurus, Hereford breed.  

(http://www.ncbi.nlm.n ih.gov/RefSeq/ ) and a number of bovine putative RNA 

Sequences and ESTs (4730) (personal communication Kirsty Jensen, Roslin 

Institute, University of Edinburgh). This constituted of a total of 31481 bovine 

RNA sequences. In addition to these sequences the array contained 

oligonucleotide probes (3769) representing Theileria  annulata  genome obtained 

from GeneDB (http://www.genedb.org/Homepage/Tannulata ). This array design 

http://www.nimblegen.com/
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.genedb.org/Homepage/Tannulata
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provides us an extensive platfor m that represents majority of the parasite and 

bovine transcriptome. Data from the Theileria  probe set was not analysed during 

the course of this study. The final microarray design used in this study consisted 

of 34,315 features, making this the largest mi croarray available for the analysis 

of the B.taurus  and T. annulata  transcriptome simultaneously. The summary of 

the features present on the array is presented in Table 4.1.  

Table 4.1:  Summary of the microarray design and specifications used in the study   

 

Array format  

 

NimbleGen (similar to Affymetrix)  

Array design  
Oligonucleotide tiling array (60mers) 
max 385,000 probes set per array    

Species coverage  
Bovine (Bos taurus)  
Parasite (Theileria  annulata ) 

Array per slide  1    

Slide Size:   Slide Size: 1" x 3" (25 x 75mm) 

Array Size     17.4 x13mm 

Feature Size  16Õm x 16Õm 

Numbers of genes 

Total of 35250 gene sequences were submitted to 
NimbleGen which included all parasite ORFs (3769), 
Bovine  RNA RefSeq DB at NCBI (26751) and Bovine Non-
validated  RNA Seqs and ESTs (4730). The final probe 
coverage per gene on array obtained is summarised as 
follow.  
 

Probes per genes  None 1 2 3 4 5 

Parasite (3769  genes) 18 6 13 2 2  3746 

Bovine  (31481 genes) 351 24 10 15 10 30569 

Hybridisation  
Isothermal  
probes selected to have Tm within a set temperature 
range 

  

4.2.1.4 Microarray cDNA synthesis, fluorescent cDNA labelling, 

hybridisation and data scanning     

The process of cDNA synthesis, labeling with Cy3, hybridization  to array  and data 

scanning were performed by Roche NimbleGen following their standard 

operating protocol. See www.nimblegen.com . The arrays were scanned to 

extract data using NimbelScan software. The a rray design files, raw gene 

expression data and RMA-normalised gene expression data was obtained and 

subjected to further subsequent analysis.  

http://www.nimblegen.com/
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4.2.1.5 Raw data processing and Normalisation   

The raw data (.pair file) was subjected to RMA (Robust Multi -Array Analysis) 

(Irizarry et al. , 2003), quantile normalization (Bolstad et al. , 2003), and 

background correction as implemented in the NimbleScan software package 

(Roche NimbleGen, Inc). Various types of data files were obtained from 

NimbelGen which contained information about the samples, arrays used, raw 

gene expression values and normalised gene expression files. Details of gene 

expression data and types of files obtained from Roche NimbleGen can be found 

in the Table 1.2, Appendix 1 .  

4.2.1.6 Annotation 

An updated annotation database was assembled for the Bos taurus probesets 

(genes) present on the array. Data were sourced from Bos taurus RefSeq DB 

available at NCBI.  

4.2.2  Microarray statistical analysis  

4.2.2.1 Identification of differentially expressed genes by Rank Product 

analysis 

Differentially expressed genes were ide ntified by using Rank Product Analysis 

(RPA). RP score obtained by RPA sorts all the genes in a dataset according to 

their expression changes and assigns statistical confidence levels to each change 

in the form of false discovery rates (FDR) (Benjamini and Hochberg, 1995). This 

method is more robust than other techniques to find differentially expressed 

genes (such as Significance of microarray (SAM)) (Breitling et al. , 2004). All 

normalised hybridisation expression values w ere transformed to Log 2 expression 

values and subjected to further analysis by RPA. The output files generated from 

RPA of various pair wise comparisons were used in the subsequent analysis steps. 

Genes with FDR cut-off of 5% and Ó 2 fold change were considered statistically 

significant, where a 5% FDR corresponds to a p-value of 0.05. Schematic 

illustration of overall methodology and steps involved in microarray analysis in 

the current study is described in Figure 4.2.  
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Figure 4.2:  Flow chart of steps involved in the microarray data analysis  
Schematic illustration of main steps in microarray data processing involving, statistical analysis, 
and filtering approach to identify differentially expressed genes, functional analysis and validation. 

Analysis of differentially expre ssed genes 
Perl Script:  Various pair wise comparisons by Rank Product analysis   
             e.g BL20 vs BL20 LPS 4hr/18h, BL20 vs TBL20, TBL20 vs TBL20 LPS4hr/18h  

 

Profiling of modulated dataset based on response to LPS / infection  

Validation  of Microarray data  
Top candidate genes from each profile by qRT -PCR and semi quantitative RT-PCR 

 

Steps performed at Theileria  Lab Steps performed at Roche NimbleGen  

                                                        
         Select all  genes where LPS response is observed in BL20 (4hr+/or 18hr) 

                                                        
Discard biphasic response genes 

                                                        
        Discard genes where LPS response in BL20 (4hr+/or  18hr) is similar to infection 

response in BL20 (TBL20) 

                                                        
        Discard genes where LPS response in BL20 (4hr+/or  18hr) is similar to LPS 

response in TBL20 (4hr+/or  18hr) 

                                                        
Identification of infection modulated LPS response genes 

                                                       
 

NimbleGen design file                                              Normalized_Calls_Files  
080829_B_taurus_JK_EXP.ndf                All_norm_calls.txt  
 

NimbleGen Raw_Data_Files  
Calls_Files  and Pair_Files 

Profile 
no.  

Response 
to LPS 

Response to 
infection  

Description of Profiles  

Id
e

n
ti
fi
c
a

ti
o

n
 o

f 
N

F
-k

B
 

ta
rg

e
t 

 g
e

n
e

s
 

 

1 ŷ ŷŷ Up_Up         (Up in TBL20 vs BL20 LPS) 

2 ŷ Ź Up_down     (Down in TBL20 vs BL20 LPS)  

3 ŷŷ ŷ Up_Up         (Down in TBL20 vs BL20 LPS) 

4 ŷ Ĭ Up_NC         (Down in TBL20 vs BL20 LPS) 

5 Ź ŹŹ Down_Down (Down in TBL20 vs BL20 LPS) 

6 Ź ŷ Down_Up     (Up in TBL20 vs BL20 LPS) 

7 ŹŹ Ź Down_Down (Up in TBL20 vs BL20 LPS)  

8 Ź Ĭ Down_NC     (UP in TBL20 vs BL20 LPS) 

Key: ŷ,Up; Ź,down;Ĭ,No change  

 

Functional analysis of infection associated modulated dataset  
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4.2.2.2 Monte Carlo simulation and Chi square test 

In order to access the relationship and significance of the overlap between the 

differentially expressed genes identified by RPA in TBL20 and LPS stimulated 

BL20 datasets, Monte Carlo simulation was used to estimate the expected 

overlap likely to occur by chance between the results obtained from the two 

datasets (Kabakchiev et al. , 2010;METROPOLIS and ULAM, 1949). Only the most 

differentially exp ressed genes (FDR< 0.05, FCÓ2) in each dataset were 

considered for this analysis and chi -quared test was used to compare the 

expected to the observed proportion of overlap as outlined below:   

 

4.2.3  Ingenuity Pathway Analysis 

In order to identify gene expression networks which wer e enriched for genes 

highlighted in this study, Ingenuity Pathway Analysis V9 (Ingenuity ® Systems, 

www.ingenuity.com ) was utilised. Each bovine RNA sequence represented on the 

array was mapped to its corresponding gene in the Ingenuity Pathways 

Knowledge Base.  

4.2.3.1 Canonical pathway analysis 

The list of canonical pathways in the IPA system was augmented with a number 

of specific pathways, namely the NF - Bˁ pathway, NF- Bˁ response genes, the 

c-MYC pathway, validated targets of c -MYC transcriptional repression, validated 

targets of c -MYC transcriptional activation, AP1 target genes, ATF2 network 

genes and the WNT signalling pathway. The significance of the association 

between novel gene lists and each pathway was measured in two ways. Firstly, a 

ratio was calculated for the number of g enes in a given list that map to the 

pathway divided by the total number of genes on the array that map to the same 

pathway. Secondly, Fisher's exact test was used to calculate a p value to 

Number of genes 
expected to be common 

to lists A and B 

 

Number of genes 

common to lists A and B 

Total number of genes in list A 
and B, not common to both 

lists 

Number of genes not 
expected to be common  

to lists A and B 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_issn=18743919&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.ingenuity.com
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determine  the probability that an association between gene list and the 

canonical pathway occur by chance alone.  

4.2.3.2 Functional analysis 

Gene lists identified from RPA that met FDR cut -off of 5% and 2-fold change (up- 

and downregulated)  were uploaded in Ingenuity Pathway Analysis software (IPA 

9.0; Ingenuity Systems;http://www.ingenuity.com ). Fisher's exact test was used 

to calculate a p-value to determine  the probability that each biological function 

assigned to that dataset can occurs by chance alone. 

4.2.4  Comparison of Microarray data with other studies 

performed in Theileria Lab at University of Glasgow  

Similar Microarray study has been conducted in Theileria  Lab by Kinnaird et al 

(unpublished) to identify the gene set which are under direct control of a viable 

parasite showing reversion of TBL20 expression pattern upon treatment  with 

theilericidal drug. In this experiment the parasite has been killed by 

buparvaquone (BW720c) (Datasets: BL20, TBL20 and buparvaquone treated BL20, 

TBL20). The gene set identified from BW20c experiment is of interest for 

comparison to my LPS dataset. Therefore, where necessary, this experimental 

dataset was superimposed and compared to my experimental datasets and is 

indicated in the subsequent analysis.  

4.2.5  Reverse-transcriptase polymerase chain reaction (RT- PCR)  

Microarrays evaluate thousands of genes in a single assay, but the data they 

produce may not always be reliable with respect to particular mRNAs expression, 

due to the diversity of experimental conditions and replicates involved in th e 

hybridization process. Consequently an alternate methodology has to be used for 

validation of microarray results. Therefore, in this study semi-quantitative RT -

PCR and quantitative real time RT-PCR techniques were used to confirm the 

results for those ge nes showing greatest fold change across the experimental 

conditions.  

http://www.ingenuity.com/
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4.2.5.1 Primers design and analysis 

The primers design software and methodology utilised in this study was same as 

described in chapter 3 (see section 3.2.10.1). Whenever possible, all primers 

were designed to the following criteria: Primers were all between 19 -29bp long; 

the PCR product for all genes was between 159-346bp; for all genes the product 

spanned at least one intron to give differentially sized genomic and cDNA 

products. The melting tem perature of the primer pairs were matched and were 

between 55 and 65ºC. Details of primer sequences, GenBank accession number, 

annealing temperature and product length for all gene -specific primers used in 

this study are listed in the Table 1.3, Appendix 1 . 

4.2.5.2 House keeping genes 

In this study actin, beta (ACT ɓ) and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) were used as normalising genes. These constitutively expressed genes 

did not show significant changes on our array analysis and have been extensively 

used as normalizing genes in differential gene expre ssion studies in bovine 

(Anstaett et al. , 2010;Hruz et al. , 2011;Sager et al. , 1997). Amplification of 

ACTɓ and GAPDH were used as positive controls for equal amounts of RNA across 

the samples.  

4.2.5.3 Total RNA samples utilised in RT-PCR assay 

Previously isolated and purified batch of total RNA samples used for the 

microarray experiment were utilised in subsequent RT -PCR assays for the 

validation  of microarray results. Detailed methodology for RNA extraction and 

processing is described in chapter 3 (see section 3.2.8 -9) whereas, reagents and 

kits used in the RNA extraction procedure are described  separately in  chapter2.  

4.2.5.4 Semi-quantitative Reverse-Transcription PCR (RT-PCR) 

Changes observed in the microarray results for differentially expressed top 

candidate genes were validated by semi -quantitative reverse -transcriptase 

polymerase chain reaction and gel electrophoresis analysis of the resultant PCR 

products. Semi-quantitative RT -PCR was conducted using Superscript III One-Step 
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RT-PCR kit from Invitrogen Corp (Cat no.  12574-026). Detailed methodology for 

semi-quantitative RT -PCR used in this study was same as outlined in chapter 3 

(see section 3.2.10. 2) whereas, all PCR reagents and kits used in this study are 

described in chapter2.  

4.2.6  Quantitative Real-time Reverse-Transcription PCR (qRT-

PCR) 

With the advancement of PCR methodology, new technical developments 

refining its use have been developed. One o f the powerful tools for analysing 

small scale gene expression is òreal-timeó PCR product quantification by 

fluorescence-kinetic detection methods. In this technique, PCR product is 

measured as it accumulates during sequential amplification cycles. The 

advantage of this method is that no post -PCR manipulation or product analysis is 

required since the quantitative measurement of the reaction product is known at 

the end of the cycling process. Therefore, in order to verify microarray results of 

differentially  expressed genes in this study SYBR QRT-PCR methodology was 

utilized to quantify the mRNA expression of top candidate genes.  

4.2.6.1 SYBR Green I chemistry 

SYBR Green I is a fluorescent intercalating dye which binds to the double 

stranded DNA and generates a fluorescent signal upon binding. In qPCR, DNA 

product accumulates during amplification and fluorescent signal increases 

proportionally to the DNA concentration ( Figure 4.3). When bound to double 

stranded DNA the dye absorbs light of 494nm and emits light wavele ngth 521nm, 

which makes it compatible with the use on any real -time thermo cycler.  

The SYBR Green methodology has several advantages, such as the ability to add 

melting point analysis to the run. This allows comparison of the melting 

temperatures of the s pecific product and any suspected non -specific products. 

However, there is a limitation that it detects all double stranded products, 

including primer -dimers, which may result in an overestimation of the target 

concentration, and false positive results in cases where the melting curve does 

not clearly discriminate between primer -dimer and specific amplified produ ct . 

Therefore, several important steps were taken to ensure accurate results. cDNA 
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synthesis and qPCR were performed on purified DNase I treated RNA samples, no 

template controls and no reverse transcriptase control were always included in 

the PCR reactions for all samples. In case of primers design special care was 

taken to avoid primer -dimers formation, and secondary structures. Wherever 

possible, primers were designed to span introns to minimise the risk of potential 

contamination of genomic DNA.  

 

Figure 4.3:  Schematic diagram illustrating SYBR Green I Chemistry during PCR 
amplification 
SYBR Green I dye has a higher affinity for double-stranded DNA than single-stranded DNA or 
RNA. The SYBR Green I dye does not bind to the single-stranded RNA during denaturation and 
annealing stage and hence does not fluoresce. The cycle is repeated and the fluorescence is 
measured at the end of each extension reaction with the total amount of fluorescence being relative 
to the concentration of the amplified product. 

4.2.6.2 Two-step qRT-PCR 

In two -step qRT-PCR it is possible to store cDNA samples for later use in 

experiments at convenient conditions relative to the use of RNA for one step 

qRT-PCR. Although one-step qRT-PCR allows quantification in a single reaction 

which minimises the possibility of cross -contamination and provides a convenient 

system since less time and effort  is involved. However, two -step qRT-PCR 

systems are generally considered to provid e a somewhat higher sensitivity and 

Denaturing  
Unbound SYBR Green I Dye 
Molecules  

Annealing   
SYBR Green I dye when bound 
to double -stranded DNA shows 

an increase in fluorescence  

Extension  
Double-stranded PCR products 
with SYBR Green I dye fully 
incorporated causing SYBR 
Green I to fluoresce (yellow 
lightning symbol)  

PCR Cycling continues 

5/ 

5/ 3/ 

Template strands  

PCR Primers  

3/ 

5/ 

5/ 
3/ 

3/ 

5/ 

5/ 
3/ 

3/ 
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specificity than one -step QRT-PCR systems (Bustin, 2000). Therefore in this study 

two step methodology of qRT -PCR was used to validate the expression of genes. 

The details protocols and steps involved are described in the following .  

4.2.6.2.1  Complementary DNA ( cDNA) synthesis from total RNA  

The first step in any RT -PCR methodology is to generate cDNA by reverse 

transcription of template RNA.  First strand complementary DNA (cDNA) was 

reverse transcribed from 2.0 µg of previously purified and DNase treated total 

RNA samples. cDNAs synthesis was carried out in a total volume of 20 µl 

according to the manufacturerõs instructions using oligo(dT) primers provided 

with the Affinityscript  QPCR cDNA synthesis kit (Stratagene, USA; Cat 

no. 600559). cDNA synthesis was carried out for 25°C for 5 min, 42°C for 25 min 

and 25°C for 5 min in a Techne thermocycler system (TC-512; Techne, UK). 

4.2.6.2.2  qRT-PCR reaction parameters  

Real-time fluorescence detection was achieved by using a Brilliant SYBR Green 

QPCR Master Mix buffer (Stratagene, 600548) which contains SYBR Green I dye, 

and Sure Start Taq DNA polymerase. The final concentration of primers was 

approximately 500 nM in a total reaction volume of 25 µl. Each 25µl of PCR 

reaction mix contained 10 µl Nuclease-free PCR-grade water  (including cDNA), 

1µl of forward prime r, 1µl of reverse primer and 13 µl of 2 × qPCR master mix 

buffer. Real time fluorescence detection was performed in 96-Well Semi-Skirted 

Flat Deck PCR Plates (Thermo Fisher Scientific) . A Stratagene Mx3005P Real-

Time PCR System was used with the following thermal cycling parameters:  10 

min at 95°C (enzyme activation  and initial denaturation ); 40 cycles of 0.5min at 

95°C (denaturation ), 0.5min of annealing at X °C and 0.5min at 72 °C 

(extension). Fluorescence was measured at the end of the elongation phase 

(72°C) during each cycle of quantification. Where, X°C indicates corresponding 

annealing temperatures (Tm of primers minus 3°C) specific to different 

candidate genes tested. After 40 cycles of amplification, a melting curve 

analysis was carried out to verify the correct product by its specific melting 

temperature (Tm). The thermal profile for melting curve analysis consisted of a n 

additional denaturation  cycle for 1 min at 95°C, lowered to 55°C for 0.5min and 
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a gradient to 95°C with continuous fluorescence rea dings. All qPCR data was 

captured and analysed by Strat agene MxPro v4.10 software.  

Additionally, standard curves for all primer set were run over 4 -fold dilutions of 

the cDNA samples from 1:10-1:1000. Where necessary, the efficiency of the 

qPCR assay was determined by generating a set of standard curves for each 

primer pair. In most of the cases primer set generated a standard curve with an 

efficiency of 85 -110 and an Rsq of 0.98-1.00, over the range of experimental 

sample dilutions. Rsq value is an indica tor of the quality of the fit of all data to 

the standard curve plot, where 1 corresponds to perfect alignment and the 

closer the value is to 1, the better the fit of the line. In some cases despite 

several attempts being made to optimise the PCR this was not achievable. 

However, Standard curves were assessed for all qPCR reactions and their 

efficiencies applied to the quantitation algorithm for that experiment. Every 

plate for all experimental samples contained technical replicates of each cDNA 

sample, no-template controls with PCR grade water instead of cDNA templates 

and No RT control templates.   

4.2.6.2.3  Statistical analysis  

Real-time RT-PCR data were captured and analyzed using Stratagene MxPro 

v4.10 software (Strategene). The relative quantity values were norma lized to 

the house keeping gene, which was either Ɲ-actin or GAPDH and fold changes 

were calculated relative to the calibrator (DMSO -treated uninfected BL20 cells) 

using -2-ĵĵCt equation (Livak and Schmittgen, 2001). All normalised Ct values of 

the sample quantity relative to normaliser gene and log 2 fold change of the 

samples relative to the calibrator calculated by MxPro software were exported 

as a text file for furt her analysis. Statistical analysis and generation of graphs 

presented were performed using  a two-tailed  Studentõs t-test with GraphPad 

Prism Software version 5.0 (La Jolla, CA). The difference was considered to be 

significant if the p -value was Ò 0.05. 

4.2.7  Indirect immunofluorescence analysis 

Indirect immunofluorescence analysis of BL20 cells and TBL20 cells was 

performed essentially using the same protocol described in chapter 3 (see 
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section 3.2.4). Following cytospin preparations, fixation protocol was carri ed out 

immediately in pre -chilled methanol at -20oC incubated for 10min. Slides were 

then washed briefly with 1x  PBS and incubated with acetone in ice -cold ( -20oC) 

for 1min and washed three times with 1x  PBS for 3min each. Immunodetection of 

LMO2 was acquired by incubation of fixed cells with monoclonal anti -LMO2 (1A9-

3B11) (NB110-78626) (Novus Biologicals, USA) as primary antibody at a dilution of 

1/100 in a complete medium for 1h at room temperature (RT) . Cells were then 

washed three times with PBS for 3min each. Alexa Fluor 488 goat anti -mouse IgG 

(Invitrogen; A -11029) was used as secondary antibody at a dilution of 1/200 and 

incubated for 1h at RT. Following incubation of cells with antibodies slides we re 

finally washed three times in 1×  PBS for 3min each. After the final wash, cells 

were counter -stained with 0.1% Evanõs blue for 1min, rinsed in 1ķPBS three 

times and allowed to dry. Slides were then mounted in 10Õl of mounting medium 

containing DABCO/glycerol, 4, 6 -diamindino-2-phenylindole (DAPI) at 1mg/ml 

and phenydiamine at 1mg/ml and a cover slip. Immunofluorescence images were 

acquired using an Olympus BX60 microscope, a SPOT camera and SPOTTM 

Advanced image software Version Mac: 4.6.1.26 (Diagnostic Instruments, Inc).  

4.2.8  Western Blotting 

Sample preparation of whole extracts, SDS gel electrophoresis and 

immunoblotting was carried out as described previously in chapter 3 (see 

3.2.11). Following electroblotting of the sample extracts onto membrane and 

Ponceau stain assessment, immunodetection was carried out by washing the 

membrane briefly with a wash buffer (1xTris -saline with 0.1% Tween 20) and 

then pre -incubated with block buffer for 1h at room temperature with gentle 

agitation. Blots were incubated wit h the following antibodies/reagent:  

monoclonal mouse anti -LMO2 (LMO2 Antibody; 1:2000; Novus NB110-78626; 

Novus Biologicals, Littleton, CO, USA), monoclonal mouse anti -Tubulin (TUB-1A2; 

1:5000; Sigma T9028), polyclonal rabbit anti -VCAM1(sc- 8304, 1:1000; Santa 

Cruz-Biotechnology) were diluted in fresh block buffer (5%  Marvel skimmed milk 

in Tris buffered saline plus 0.1% Tween 20) overnight at 4°C with constant gentle 

agitation. The membrane was washed twice briefly then twice for 15min each 

with wash buff er. The membranes were incubated with appropriate secondary 

antibodies; goat-anti -rabbit -HRP (1:10000, Sigma, A6154) or anti -mouse IgG 
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peroxidase conjugate (1:10000, Sigma, A5906) diluted in block buffer for 1h at 

room temperature. T he membranes were washed as above with a final brief 

wash with 1x Tris-saline without Tween 20. Detection was carried out using a 

SuperSignal® West Pico Chemiluminescent Substrate kit (Pierce, supplied by 

Thermo Scientific, Rockford, IL). The blot s were immediately exposed to X-ray 

film to capture the chemiluminescent signal . Several exposures were made to 

achieve the optimal signal for each antibody.  The molecular weight of proteins 

was determined by compari son with Precision Plus ProteinTM Standard dual colour  

marker (Bio-Rad Laboratories; 161-0374).  Complete details of reagents and 

buffers used in western blotting are described separately in chapter 2.  
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4.3 Results 

4.3.1  Microarray analysis of LPS stimulated BL20 and TBL20 cell 

lines 

Gene expression profiling was performed by employme nt of a microarray 

representing the entire available bovine RNA REFSEQ database (26,751 

sequences) and all T. annulata  predicted mRNA open reading frames (3769 

sequences). RNA was isolated from three replicate cultures of TBL20 and BL20 

(DMSO) control cells and cultures treat ed with LPS for 4 hr and 18 hr.  

4.3.2  Identification of differentially expressed genes  

Following array hybridisation of each RNA sample in triplicate, differential gene 

expression on the normalised dataset provided by Roche/Nimblegen was in itially 

assessed by pairwise comparisons using Ranked Product Analysis (RPA). This 

analysis allows a cut-off for significance of differential gene expression values to 

be set according to a false discovery rate (FDR) and fold change. In this study, 

differe nces in gene expression were taken to be statistically significant at Ó 2 

fold change with a FDR<0.05, a standard cut off for statistical significance 

commonly applied to microarray data  (Benjamini and Hochberg, 1995;Jensen et 

al. , 2006b). Data analysis was also conducted using the Studentõs T-test (Ó 2 

fold, F test Anova P-value <0.05) in the ArrayStar v2.1 software suite and the 

results of both analysis vali dated by cross comparison of the obtained datasets. 

The use of ArrayStar software also allowed enhanced visualisation of the data 

using scatter plot analysis, K -means clustering and heat maps with hierarchical 

clustering . 

4.3.2.1 Rank product analysis of various microarray comparisons 

Rank product analysis (see section 4.2.1.7.1) was used for the identification of 

genes that were up or down -regulated in Theileria  infected and LPS stimulated 

uninfected cells. The descriptive statistics of this analysis is shown in T able 4.2. 

While the proportion of probe sets representing up or down -regulated genes is 

shown in Figure 4.4. Applying cut -off criteria of FC  Ó 2, FDR< 0.05, a total of 

3643 genes were altered by LPS stimulation of BL20 cells (BL20-LPS dataset). 
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There were ~ 12.3% more up-regulated genes than down-regulated genes in LPS 

stimulated dataset. The highest fold change in hybridization value in the dataset 

of BL20-LPS up-regulated genes was recorded for myxovirus (influenza virus) 

resistance 2 (MX2) which was elevated 100 fold, while the most down -regulated 

gene was aquaporin 3 (AQP3) showing reduction of  39.3 fold . 

Table  4.2:  Descriptive statistics of microarray data analysis for all pair wise comparisons  

Comparison Largest Fold 
Change 
(Absolute)  

No of Up-
regulated 

genes 

No of Down-
regulated 

genes 

Total No 
of gene  

Up Down 

BL20 LPS  4h vs BL20 272.5 37.4 887 989 1876 

BL20 LPS 18h vs BL20 100.5 39.2 1691 1082 2773 
Composite BL20 LPS 
response vs BL20 

100.5 39.2 2045  1598  3643 

TBL20 vs BL20 618 367.6  810 2145  2955 

TBL20 LPS  4h vs TBL20 6.16 6.4 153  70 223 

TBL20 LPS 18h vs TBL20 45.9 3.1 293 31 324 

Composite TBL20 LPS 
response vs TBL20 

45.9  6.4  369 98 467 

Genes that were altered at a fold change of Ó 2 and FDR < 0.05 across all experimental conditions 
were considered as statistically significant and were selected for further analysis. Comparisons 
highlighted in grey represent the datasets that were subsequently used in further analysis. The 
composite datasets were generated from LPS stimulated datasets at to two different time points, 
where maximal fold change was taken in account at either time points.  

 

Figure 4.4: Pie chart showing the percentage of probe sets displaying evidence of altered 
expression values on pairwise comparison of TBL20 Vs BL20 and BL20-LPS Vs BL20 
FDR<0.05 and FC Ó 2.  
The array contained 30656 probe sets, each representing a putative bovine gene. The percentage 
of probe sets displaying evidence of elevated expression in TBL20 and BL20-LPS are denoted by 
the red slice of the pie chart, while the green slice indicates probe sets with evidence of reduced 
expression. 

5% 6% 2% 6% 

A: Infectio n response genes 
TBL20 Vs BL20  

A: LPS response genes 
BL20 LPS Vs BL20  
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A large number of bovine genes (2955) also showed significant alteration in 

expression levels associated with infection of BL20 cells by T. annulata  (TBL20-

infection associated dataset (TBL20 vs BL20). However, in contrast to the BL20 -

LPS dataset, 45% more genes were identified as down-regulated genes relative to 

those displaying evidence of up -regulation. In this dataset the highest fold 

change for an up-regulated gene was 618-fold, detected for a predicted gene 

similar to KIAA1598 protein (KIAA1598); while in the  down -regulated dataset  an 

unannotated Clone (CB467496), currently matching a bovine EST sequence  

exhibited 367.6 fold drop in expression value in TBL20 relative to uninfected 

BL20. 

In a third pairwise comparison  (TBL20 vs TBL20 LPS), the number of genes that 

showed evidence of significant alteration to expression following LPS stimulation 

of TBL20 cells (TBL20-LPS dataset) was obtained. Interestingly this dataset 

contained a significantly lower number of genes (467) relative to that obtained 

for uninfected BL20 -LPS. This result indicates, as predicted from previous 

experiments (see Chapter 3) that infected TBL20 cells are significantly less 

responsive to stimulation by LPS, than the uninfected BL20 counterpart.  

4.3.2.2 Comparative microarray analysis of the BL20-LPS and parasite 

infection associated (TBL20) datasets 

In order to reveal the genes that are commonly regulated in parasite associated 

infection and LPS stimulated dataset, overlapping of the two datasets was 

performed by Excel based sorting and Venn diagram. A total of 2955 gene s for 

parasite response genes set in TBL20 cells (dataset A) and 3,643 genes for LPS 

response genes set in BL20 (dataset B) were obtained from microarray analysis. 

Comparison of the BL20-LPS dataset and the TBL20 dataset generated an overlap 

of 1,296 genes (see Figure 4.5). To identify the statistical significance of the 

overlap, Monte Carlo (MC) simulation was used to measure the probability of the 

overlap of differentially expressed genes varying from the number expected by 

chance. In each simulation, the  gene list for each condition was permutated and 

the random overlap between gene lists was recorded. From MC simulation, 369 

genes were expected to be common between the two datasets and from 

observed analysis, 1296 genes were found to be common.  
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Finally after estimating the expected random overlap from MC, the empirical P -

value was determined by Chi square analysis which estimated the probability 

that was significantly (P<0.001) greater than could have occurred by chance. The 

summary of the equation used to estimate the significance of the overlap is also 

described in Figure 4.5.  

 

Figure 4.5:  Comparison of differentially expressed gene sets using Venn diagram  
The generated lists of significant genes (FDR<5%, FC Ó 2) from each experimental condition 
contained a modulated set of 1,296 genes common to parasite infection and LPS treatment of 
uninfected cells. The identified overlap between two datasets was found to be highly significant 
(P<0.001). Whereas summary of observations obtained from Monte Carlo simulation and chi 
square analysis are also shown. 

4.3.2.3 Identification of LPS stimulated gene expression profiles in BL20 

cells with evidence of modulation in parasite infected TBL20. 

To determine whether infection with T. annulata  results in modulat ion of gene 

expression changes that occur in uninfected cells in response to LPS stimulation, 

the BL20-LPS and TBL20 datasets were compared. A subset of genes was 

identified representing BL20 -LPS response genes that showed evidence of 

modulation by parasite infection. This subset was then reduced by removal of 

the relatively small number of genes that displayed an expression value in the 

Summary of Monte Carlo  and Chi-square analysis  

 

  (P < 0.001) 

3643 
LPS response genes 

(BL20) 

2955 
Infection response 

genes (TBL20) 

Number of genes expected to be  
common to lists A and B (470) 

Number of genes common to lists A 
and B (1,296) 

Number of genes not expected to be 
common to lists A and B  (5,658) 

Total number of genes in list A and 
B, not common to both lists  (4,006) 

 
Overlapping gene set n = 1,296   (p<0.001, highly significant ) 
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context of TBL20-LPS that was not significantly different from BL-20-LPS (146 

genes). The final dataset (TBL20-M-LPS) representing infection associated 

modulation of BL20-LPS stimulated expression consisted of 1,959 genes (see 

Figure 4.6).  Of the 1,959 genes, 269 were found to be elevated to a greater 

level in infect ed TBL20 cells relative to BL20-LPS cells, while for genes repressed 

in TBL20 cells relative to BL20-LPS the number was considerably higher (1,690). 

A more detailed analysis of the modulated gene expression associated with 

infection relative to LPS stimula tion was then conducted by expression profiling 

the 1,959 genes. This was achieved by sequential pairwise comparisons across all 

six cellular conditions and partitioning of genes with a similar kinetic profile 

(e.g. down in BL20-LPS Vs BL20; up in TBL20 Vs BL20-LPS and no change (NC) in 

TBL20 Vs TBL20-LPS) and representation of each profile in graphical form. In 

addition, information (obtained in an independent study; Kinnaird et al. 

unpublished) on the response of host cell gene expression following treatment of 

TBL20 with BW720c to kill the parasite was superimposed on to the profile 

datasets. This indicated whether target genes of interest were likely to be under 

direct control of parasite infection and operated in the predicted manner (i.e. 

reversed an infection -associated modulation). Eight gene clusters with distinct 

infection associated modulated BL20 LPS profiles were obtained; and for all 

eight profiles > 95% of the genes showed no significant change (NC) in expression 

in TBL20 cells stimulated  with LPS. 
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Figure 4.6:  Hierarchical clustering of gene set modulated by Theileria infection   
Visualization of changes in gene expression level of 1,959 genes identified by microarray analysis, 
showing modulated expression in Theileria infection. Hierarchical clustering was performed on 
modulated dataset and the results are shown as a heat-map. Each horizontal row represents an 
individual gene, where colour is used to represent arbitrary gene expression level based on log 
intensity values (see colour scale at the bottom): blue (low), yellow (intermediate), red (high).  

Cell line      BL20        BL20        BL20         TBL20       TBL20      TBL20 
Treatment   LPS           LPS            -                 -             LPS           LPS 

Time           18h            4h                                              4h           18h 

  

  +15.2(High)  

 

 

Expression (log 2) 
 

+3.8 (Low)  
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4.3.2.4 Validation of house-keeping genes for quantitative real-time PCR 

expression analysis 

To normalise qRT-PCR data it is important to select one or more reference genes 

with stable expression. Use of a valid normalising gene helps in correcting non -

specific variation, such as  differences in RNA or cDNA quantity and quantity 

which can affect the efficiency of the PCR reaction. Several reports have been 

published regarding variation in apparently stable reference genes (Schmittgen 

and Zakrajsek, 2000;Selvey et al. , 2001). In addition, it has been demonstrated 

that errors of up to 20 -fold can be generated through normalization to a single 

house keeping gene (Vandesompele et al. , 2002). Consequently, normalisation to 

a single reference gene is thought to be insufficient and it is recommended that 

potential reference genes are validated for stability across the experimental 

conditions. In this stu dy normalisation of RT-PCR data was carried out against 

actin, beta (ACTƝ) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

These constitutively expressed genes did not show significant changes on my 

array analysis and have been extensively used as a normalizing gene in 

differential gene expression studies in the bovine (Anstaett et al. , 2010;Hruz et 

al. , 2011;Sager et al. , 1997). These genes were used to calculate a composit e 

normalisation factor for analysis in qRT -PCR analysis. Figure 4.7 shows that 

mRNA expression of ACTɓ was not changed when normalised against GAPDH and 

the same was true for vice versa.  
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Figure 4.7:  Microarray and qRT-PCR results of reference genes  
Consistency of the average expression levels of house keeping genes across different 
experimental conditions is shown. (A) Microarray results of mRNA expression showing average 
hybridisation values (Log2) of ACTB and GAPDH. Error bars indicate standard deviations obtained 
for six replicates from each cell lines. (B) qRT-PCR validation of changes in ACTB expression 
normalised against GAPDH. As predicted, these genes are constitutively expressed, and there was 
no significant gene expression difference between the groups for ACTB when normalised against 
GAPDH or vice versa. The lines for each bar on the graph represent the range in the relative 
expression and no statistical significance was obtained in the expression by using Studentôs t-test. 

4.3.2.5 Expression profiles of genes modulated in parasite infected TBL20 

Vs LPS stimulated uninfected BL20 (BL20-LPS) 

Profile 1 : Profile 1 is comprised of 44 genes whose expression was significantly 

enhanced (Ó 2 fold change, FDR < 5 %) in infected cells relative to an amplified 

uninfected BL20-LPS response (See Figure 4.8). The top 20 genes (based on 

highest fold expression difference  between TBL20 Vs BL20 LPS) of the profile are 

listed in Table 4.3 and the full gene list for this profile is given in the Appendix 

2.1.1).  

A 

B 
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Figure 4.8:  Graphical display of profile 1 showing the expression patterns of differentially 
expressed genes and modulated response in Theileria infection. 
All candidate genes from profile 1 (n = 44) whose expression is elevated in both LPS stimulated 
BL20 and TBL20 cells, whereas TBL20 exhibit enhanced elevation relative to BL20-LPS. The x-
axis corresponds to the experimental conditions, the y-axis to expression values (log2) from array 
data. Each line represents an individual gene. 

Table 4.3:  Top 20 candidate genes of profile 1 showing pattern of modulated response in 
TBL20 cells relative LPS response in BL20 cells. 

 
Summary of top 20 candidate genes whose expression was significantly altered (FDR<5%, FCÓ 2) 
in Theileria infected or LPS stimulated uninfected BL20 cells (maximal LPS response at 4h/or18) 
relative to control cells. Data is arranged in descending order of absolute fold difference between 
BL20-LPS and TBL20. Genes highlighted in light blue indicates Bw720c response previously 
identified in an independent microarray experiment (Kinnaird et al; unpublished). Gene symbols in 
bold indicate most recent annotation of the genes identified from NCBI. 

Gene 
Symbol 

Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  
Vs BL20 

 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

48h 

   
   

 

SLAMF7 Similar to 19A protein (CD319) (LOC790164) 0.000 2.8 415.38 148 ï 

LRRTM4 Similar to GFHL3075, transcript variant 3 
(LOC521137) 

0.000 3.6 242.65 67.93 ï 

----- CO876689 BovGen_05014 normal cattle 
brain Bos taurus cDNA clone 

0.007 2.0 114.17 55.85 ï 

MMP13 Matrix metallopeptidase 13 (collagenase 3) 0.001 3.1 168.24 54.2  
XCL1 Chemokine (C motif) ligand 1 0.000 8.5 356.63 42  
WC1 Similar to BoWC1.1 (LOC783109) 0.004 2.4 93.91 39.63 ï 
TP73 Similar to P73 alpha protein (LOC515105) 0.002 2.7 53.59 20.04 ï 

LOC788785 Similar to ATXN1 protein 0.001 2.9 42.99 15 ï 
SH3BGRL2 SH3 domain binding glutamic acid-rich 

protein like 2 
0.000 3.2 44.97 14.01 ï 

IL2RB Similar to IL2RB (LOC510185) 0.000 8.3 93.15 11.16 ï 

CD122 Similar to Interleukin-2 receptor subunit beta 
precursor (IL-2 receptor) (P70-75) (High 
affinity IL-2 receptor subunit beta) (CD122 
antigen) 

0.000 4.5 45.48 10.03 ï 

SELL selectin L (lymphocyte adhesion molecule 1) 0.008 2.2 21.43 9.561  
LOC786204 Similar to chemokine CCL1/I-309  0.000 3.0 27.12 9.16  

MEIS3 Similar to Homeobox protein Meis3 (Meis1-
related protein 2) (LOC617311) 

0.000 8.3 71.00 8.521  

LOC785733 Similar to BoWC1.1 (LOC785733) 0.021 2.1 16.43 7.77 ï 
LOC786443 Hypothetical protein  0.000 14.4 92.29 6.403 ï 

ICAM1 Intercellular adhesion molecule 1(CD54) 0.000 3.8 22.81 6.029 ï 
LOC788239 Similar to regulator of G-protein signaling 

16/-r 
0.025 2.0 9.63 4.743 ï 

PGPEP1 Pyroglutamyl-peptidase I  0.000 4.8 22.43 4.709 ï 
LOC785427 Similar to epidermis-specific serine protease-

like protein 
0.000 4.7 22.10 4.662  
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For many of the genes in profile 1 the amplitude of enhanced expression 

associated with infection was considerable. Thus, mRNA expression levels of the 

SLAMF7 gene, a member of the immunoglobulin gene super family, is highly 

elevated in TBL20 cells with an absolute fold change of 148; followed by genes 

encoding MMP13, chemokine (C motif) ligand 1 and IL2RB which showed 

respective elevated responses of 54. 2, 42 and 11.1 fold relative to the maximal 

BL20-LPS response (Table 4.3). A further 14 genes of this profile also displayed 

an elevation of greater than 5 fold. Of the 16 BW720c sensitive genes identified, 

10 (62.5 %) responded in a predictive manner, i.e . expression was significantly 

reduced by treatment over 48 hours.  

To determine any insight into potential biological relevance of the parasite 

associated modulation of LPS stimulated gene expression, the dataset for each 

profile was subjected to ingenuity  pathway analysis software for enrichment of 

predicted molecular and cellular functions. Functional prediction (using data 

obtained from the bovine REFSEQ and NCBI databases) that may provide insight 

for the infection -associated modulation event was also utilised.  For profile 1 the 

two most significant predicted functional groups were molecules involved in 

control of cellular movement and cell -to-cell signalling and an association with 

inflammation was identified. In addition, a number of genes in profile 1 show 

similarity with alterations that have been linked to the phenotype of Theileria  

transformed leukocytes. Thus, elevated expression of a matrix metallopeptidase 

gene (MMP13), the IL2 receptor B gene (IL2RB), genes encoding cellular adhesion 

molecules (ICAM1 and SELL) and genes that regulate the cytoskeleton (SDC4 and 

CTTN) were detected.  

For profile validation, 3 to 9 genes were selected for semi -quantitative RT -PCR. 

Selection was based on amplitude of infection -associated modulation and/or 

bioinformat ic functional prediction (using data obtained from the bovine REFSEQ 

and NCBI databases) that could provide possible insight for the infection -

associated modulation event. Two validated genes with a predicted function of 

interest were then selected for eac h profile to compare the kinetics and 

amplitude of modulation obtained by micro -array analysis relative to the results 

of qRT-PCR. Semi-quantitative RT -PCR was performed for 8 genes of profile 1, 

all of which validated the microarray profile (see Figure 4.9); the gene encoding 

the Meis3 transcription factor, for example, showed a clear elevation in P CR 
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product in LPS-stimulated uninfected BL20 cells but was significantly enhanced 

in infected TBL20, with no obvious detectable alteration of product levels 

fol lowing LPS stimulation of TBL20. Furthermore, the RT -PCR profile for these 

genes following BW720c drug treatment of TBL20 validated the microarray 

expression profile obtained independently by Dr. Jane Kinnaird. Further 

validation of profile 1 was obtained by performing qRT-PCR for the Cortactin and 

Meis homeobox 3 genes. The results showed correlation between the microarray 

and qRT-PCR data, with qRT-PCR giving a 5.98 fold elevation (log2) in expression 

level of MEIS3 in TBL20 relative to BL20-LPS compared to a difference of 3.1 fold 

(log2) generated by the array data; while correlation of the profile was even 

stronger for Cortactin gene,  as qRT-PCR calculated the difference to be 1.3 1 fold 

(log2) relative to the 1.1 8 fold (log 2) computed from the array data . 

 

Figure 4.9:  Validation of microarray results for profile 1 
A. Semi-quantitative RT-PCR results showing mRNA expression of 8 candidate genes (XCL1, 
MMP13, MEIS3, CTTN, IL2RB, SELL, ICAM1 and SLC6A6) in BL20 cells and TBL20 cells either 
stimulated or un-stimulated with LPS. Semi-quantitative PCR products obtained using the gene 
specific primers were resolved on 1% agarose gel, whereas ACTB was used as an internal control. 
B. Real-time qRT-PCR validation changes in MEIS3 mRNA expression.  
C. Real-time qRT-PCR validation changes in CTTN mRNA expression.  
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, *P< 0.01).The lines for each bar on the graph represent the range in the 
relative expression. Whereas, n.s indicates statistically non-significant results in TBL20 LPS 
relative to TBL20 cells 

A 
B 

C 
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Profile 2 

Profile 2 represents genes elevated by LPS stimulation of uninfected cells that 

are significantly repressed in infec ted TBL20, with 98 % showing no significant 

change following stimulation of TBL20 with LPS. This profile generated one of 

the larger datasets and contained 254 genes ( Figure 4.10). The top 20 genes of 

the profile, absolute fold change in expression, respon se to BW720c and 

functional prediction are presented in Table 4.4 whereas full list of gene is 

presented in Appendix 2.1.2.  

 

Figure 4.10: Graphical display of profile 2 showing the expression patterns of differentially 
expressed genes and modulated response in Theileria infection. 
Top 50 candidate genes from profile 2 (n = 254) whose expression is elevated in BL20-LPS but 
significantly repressed in TBL20 cells; this repression was even greater in TBL20 when compared 
to BL20-LPS. The x-axis corresponds to the experimental conditions, the y-axis to expression 
values (log2) from array data. Each line represents an individual gene. 

Almost all of the 116 genes that were sensitive to BW720c treatment responded 

in the predicted manner (i.e. 98.2 % showed elevated expression with bpq 

treatment), indicating  active repression by a viable parasite. Many genes showed 

a combined (up in BL20-LPS x down in TBL20-infection associated) absolute fold 

change >10 fold (128 genes). Genes of interest with major differences in 

expression values between TBL20 Vs BL20-LPS include MPEG1 (449.4 fold 

difference), CLU (280 fold), CD200 (132 fold), BOLA-DYA (132 fold), IL15 (107 

fold), STAP1 (43 fold), and IJG (58 fo ld).  IPA analysis showed enrichment for 

genes predicted to function in cell to cell signalling, cell morphology, cellular 

development and cellular growth and proliferation. A significant number of 

genes were associated with cancer and included molecules associated with 

apoptosis. 
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Table 4.4:   Top 20 genes of profile 2 showing repression in TBL20 cells relative to an 
elevated LPS response in BL20 cells. 

 

20 genes from the profile whose expression was significantly altered (FDR<5%, FC Ó 2) in 
Theileria infected or LPS stimulated uninfected BL20 cells (maximal LPS response at 4h/or18) 
relative to control cells. Data is arranged in descending order of absolute fold difference between 
BL20-LPS and TBL20. Genes highlighted in light blue shows Bw720c response previously 
identified in an independent microarray experiment (Kinnaird et al; unpublished). Gene symbols in 
bold indicate most recent annotation of the genes identified from NCBI. 

The profile was validated for 7 genes by semi -quantitative RT -PCR (Figure 

4.11A). The gene encoding MPEG1, for example, showed an elevation in PCR 

product in LPS-stimulated uninfected BL20 cells while the  relative level of 

product was clearly repressed in infected TBL20, and this repression was 

reversed upon treatment of TBL20 with BW720c. Similar results were obtained 

for STAP-1, IGJ and BOLA-DYA. Additionally, qRT-PCR validation was performed 

for the BOLA-DYA and BIRC3 genes (Figure 4.11B and C). The qRT-PCR assay 

validated the micro -array profile, giving a 11.33 fold difference (log 2) in 

expression level of BOLA-DYA in TBL20 relative to BL20-LPS compared to a 

difference of 7.16 fold (log 2) generated by t he array data; while qRT -PCR 

calculated the difference for BIRC3 to be 7.14 fold (log 2) relative to the 4.69 

fold (log 2) computed from the array data.  

Gene 
Symbol 

Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  
Vs BL20 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

48h 

   
    

MPEG1 Macrophage expressed gene 1 0.000 79.8 -5.63 -449.4  
CLU Clusterin 0.000 8.9 -31.71 -280.7 ï 
------- CO882151 BovGen_10476 normal cattle 

brain cDNA clone RZPDp1056F0925Q 5', 
mRNA sequence 

0.000 46.8 -3.98 -186.2 ï 

------- Clone tghc9907 immunoglobulin gamma 1 
heavy chain constant region mRNA 

0.000 49.0 -3.62 -177.4 ï 

CD200R CD200 Receptor( LOC529709) 0.000 5.2 -25.41 -132.8  
BOLA-DYA Major histocompatibility complex, class II, DY 

alpha 
0.000 27.4 -4.82 -132.1  

EPHA7 Eph receptor A7   0.000 4.6 -26.04 -120.1 ï 
LOC789139 Similar to IGLV3S1 0.000 7.4 -16.30 -119.8  
SMARCA1 Hypothetical (LOC535439) 0.000 3.4 -33.93 -115.3  

IL15 Interleukin 15 0.000 5.7 -18.88 -107.3 ï 
-------- N-acetylgalactosaminyltransferase A blood 

gro-like 
0.000 2.8 -35.45 -99.96 ï 

------- CO894237 BovGen_22562 normal cattle 
brain cDNA clone RZPDp1056O1038Q 5' 

0.000 21.4 -4.61 -98.7 ï 

-------- CO874773 BovGen_03098 normal cattle 
brain cDNA clone RZPDp1056C1255Q 3' 

0.000 8.2 -11.46 -94.19 ï 

-------- CO894397 BovGen_22722 normal cattle 
brain cDNA clone RZPDp1056H2051Q 5' 

0.000 6.7 -12.71 -85.28  

BTN3A2 Butyrophilin, subfamily 3, member A2  0.000 6.5 -12.79 -82.84  
TNXB Tenascin XB 0.000 6.6 -11.85 -78.05 ï 

LOC515679 Similar to putative protein product of 
HMFN0672 

0.017 2.0 -32.39 -65.13  

THBS1 Thrombospondin 1 0.000 2.5 -25.72 -65.01 ï 
RGS18 Similar to regulator of G-protein signaling 13, 

transcript variant 2 (LOC613624) 
0.000 29.2 -2.16 -63.29 ï 

IGJ Immunoglobulin J chain 0.001 2.9 -20.28 -58.06  

 



Chapter 4                                                                                                                                        139    

 

Figure 4.11: Validation of microarray results for profile 2 
A. Semi-quantitative RT-PCR results showing mRNA expression of 7 candidate genes (CLU, IL15, 
STAP1, IGJ, MPEG1, BOLA-DYA, BIRC3) in BL20 cells and TBL20 cells either stimulated or un-
stimulated with LPS. Semi-quantitative PCR products obtained using the gene specific primers 
were resolved on 1% agarose gel, whereas; ACTB was used as an internal control. B. Real-
time qRT-PCR validation changes in BOLA-DYA mRNA expression. C. Real-time qRT-PCR 
validation changes in BIRC3 mRNA expression.  
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, * P< 0.01).The lines for each bar on the graph represent the range in the 
relative expression. Whereas, n.s indicates statistically non-significant results in TBL20 LPS 
relative to TBL20 cells 

Profile 3  

Profile 3 represents 55 genes that are elevated by LPS stimulation of BL20 and by 

Theileria  infection relative to control BL20 cells, but for these genes elevation in 

TBL20 was significantly less than BL20-LPS (Figure 4.12). No significant alteration 

occurred in TBL20-LPS for 96% of the dataset. The top 20 candidate genes of this 

profile are rep resented in Table 4.5, while a full list of 55 genes is presented in 

Appendix 2.1.3. An example of this profile is the gene for interferon induced 

protein 15, ISG15: elevated 121 fold in BL20 -LPS but only 26 fold by infection 

(TBL20-IA) and no change in TBL20-LPS. These kinetics match the profile of 

expression previously obtained by norther n blotting  (Oura et al. , 2006). Of the 

25 bpq responsive genes in profile 320 (80 %) were elevated upon treatment, 

indicating r epression by a viable parasite.  

B 

C 

A 
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Figure 4.12: Graphical display of profile 3 showing the expression patterns of differentially 
expressed genes and modulated response in Theileria infection. 
Top 50 candidate genes from profile 3 (n = 55) whose expression is elevated in both LPS 
stimulated BL20 and TBL20 cells, whereas there is significant repression in TBL20 when 
compared to BL20-LPS. The x-axis corresponds to the experimental conditions, the y-axis to 
expression values (log2) from array data. Each line represents an individual gene. 

Table 4.5:  Top 20 genes of profile 3 showing repression in TBL20 cells relative to LPS 
response in BL20 cells. 

 

20 genes whose expression was significantly altered (FDR<5%, FC Ó 2) in Theileria infected or 
LPS stimulated uninfected BL20 cells (maximal LPS response at 4h/or18) relative to control cells. 
Data is arranged in descending order of absolute fold difference between BL20-LPS and TBL20. 
Genes highlighted in light blue shows Bw720c response previously identified in an independent 
microarray experiment (Kinnaird et al; unpublished). Gene symbols in bold indicate most recent 
annotation of the genes identified from NCBI. 

Gene Symbol Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  Vs 
BL20 

 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

48h 

   
    

OAS2 2'-5'-oligoadenylate synthetase 2, 69/71kDa 0.000 125.9 3.93 -32.07  
CD83 CD83 molecule  0.000 57.1 2.07 -27.51 ï 

CXCL10 Chemokine (C-X-C motif) ligand 10 0.000 272.5 11.23 -24.25  
LOC789736 Hypothetical protein LOC789736  0.000 38.2 2.88 -13.27  

----- CB457261 714599 MARC 6BOV Bos taurus 
cDNA 5' 

0.000 37.1 3.35 -11.08  

RELB Similar to I-REL (LOC522670) 0.000 27.2 2.54 -10.74 ï 
LOC788393 Hypothetical protein LOC788393  0.000 36.9 3.68 -10.04  
TNFAIP3 Hypothetical LOC508105 (LOC508105) 0.000 57.1 6.60 -8.649 ï 

TGFBR3 Similar to transforming growth factor, beta 
receptor III (betaglycan, 300kDa)  

0.000 37.0 4.48 -8.275  

CX3CR1 Chemokine (C-X3-C motif) receptor 1  0.000 48.5 5.93 -8.182  
LOC783896 Similar to TRAF-interacting protein with a 

forkhead-associated domain  
0.000 31.9 4.09 -7.809 ï 

LOC789731 Hypothetical protein LOC789731  0.000 29.1 3.91 -7.428  
TIFA Hypothetical protein LOC783855  0.000 34.8 4.96 -7.025 ï 
CD69 CD69 molecule 0.000 37.7 5.75 -6.56  

ZBP1   Z-DNA binding protein 1(LOC508333) 0.000 46.3 7.38 -6.273  
DDX58 Similar to DEAD/H (Asp-Glu-Ala-Asp/His) 

box polypeptide RIG-I, transcript variant 1 
(LOC504760)  

0.000 13.9 2.23 -6.243 ï 

USP18 Ubiquitin specific peptidase 18 0.000 21.5 3.74 -5.739 ï 
----- AJ819856 AJ819856 KN206 Bos sp. cDNA 

clone C0006016l04 
0.000 13.9 2.45 -5.664 ï 

---- DV934772 LB0308.CR_E16 GC_BGC-30 
Bos taurus cDNA clone IMAGE:8135034 5' 

0.000 39.3 7.13 -5.507 ï 

BCL2L11 BCL2-like 11 (apoptosis facilitator)  0.000 14.7 2.81 -5.224  
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IPA analysis showed enrichment for genes predicted to function in protein 

modification, the antimicrobial response and the inflammatory response. 

Indeed, the top candidate gene in this profile is annotate d as OAS2 (elevated 

125.9 fold in BL20-LPS Vs BL20 but only 3.93 fold up in TBL20 Vs BL20) that 

encodes an essential protein involved in the innate immune response to viral 

infection. The dataset also contains additional genes predicted to function in 

cellular defence/innate immune response (e.g. ISG15, MX2, IRF5 and IL7) and 

genes associated with transcription factors activated by Theileria  infection 

(NFˁ B2, NFˁ BIZ and Jun). 

5 genes in the cluster were validated by semi quantitative RT -PCR (see (Figure 

4.13A) and showed the expected profile of lower expression in TBL20 relative to 

the peak in BL20-LPS. Similarly Figure 4.13 B and 4.13 C show the qRT-PCR 

results for the CD69 and ISG15 genes respectively, validating the micro -array 

profile. A 3.37 fold (log 2) reduction in expression being computed for CD69 in 

TBL20 relative to BL20-LPS compared to a difference of 2.6 fold (log 2) generated 

by the array data; while qRT -PCR calculated the modulation for ISG15 to be 2.67 

fold (log 2) for TBL20 Vs BL20-LPS, compared to 2.21 fold (log 2) from the array 

data.
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Figure 4.13: Validation of microarray results for profile 3 
A. Semi-quantitative RT-PCR results showing mRNA expression of 5 candidate genes (CD69, 
ISG15, CXCL10, MX2, CX3CR1) in BL20 cells and TBL20 cells either stimulated or un-stimulated 
with LPS. Semi-quantitative PCR products obtained using the gene specific primers were resolved 
on 1% agarose gel. Whereas, ACTB was used as an internal control. 
B. Real-time qRT-PCR validation changes in ISG15 mRNA expression.  
C. Real-time qRT-PCR validation changes in CD69 mRNA expression.  
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, *P< 0.01). The lines for each bar on the graph represent the range in the 
relative expression. Whereas, n.s indicates statistically non-significant results in TBL20 LPS 
relative to TBL20 cells 

Profile 4  

Profile 4 represents genes elevated by LPS stimulation of BL20 but showed no 

change on comparison of BL20 with TBL20, and 95% of the dataset showed no 

significant change following stimulation of TBL20 with LPS ( Figure 4.14). The 

dataset consisted of 1,093 genes and was the largest obtained by the study. The 

top 20 candidate genes of this profile are represented in Tabl e 4.6, while a full 

list of 1,093 genes is presented in Appendix  2.1.4.  Only a small number (16) of 

these genes were sensitive to BW720c and all of these were elevated upon 

treatment, indicating repression by the parasite. 248  genes displayed a > 5 fold 

difference between TBL20 and BL20-LPS. 

A 

B 

C 
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Figure 4.14: Graphical display of profile 4 showing the expression patterns of differentially 
expressed genes and modulated response in Theileria infection. 
Top 50 candidate genes from profile 4 (n = 1093) whose expression is significantly elevated in 
BL20-LPS but not changed in TBL20 cells, Furthermore this condition was associated with 
repression in TBL20 when compared to BL20-LPS. The x-axis corresponds to the experimental 
conditions, the y-axis to expression values (log2) from array data. Each line represents an 
individual gene. 

Table 4.6:  Top 20 genes of profile 4 showing elevated expression in LPS- BL20 cells, but 
no change in TBL20 Vs BL20 cells.  

 

Summary of top 20 genes whose expression was significantly altered (FDR<5%, FC Ó 2) in 
Theileria infected or LPS stimulated uninfected BL20 cells (maximal LPS response at 4h/or18) 
relative to control cells. Data is arranged in descending order of absolute fold difference between 
BL20-LPS and TBL20. Gene symbols in bold indicate most recent annotation of the genes 
identified from NCBI. 

Gene 
Symbol 

Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  Vs 
BL20 

 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

48h 

 
 

 
 

No change   
(ï)  

 

VCAM1 Vascular cell adhesion molecule 1 0.000 183.1 -1.01 -184.6 ï 
TFEC Transcription factor EC 0.000 34.2 -1.38 -47.09 ï 

LOC518403 Hypothetical LOC518403 0.000 30.5 -1.48 -45.13 ï 

LOC613624 Similar to regulator of G-protein signaling 13, 
transcript variant 1 

0.000 27.5 -1.54 -42.28 ï 

LOC511753 Similar to seven transmembrane helix 
receptor 

0.000 35.2 -1.13 -39.7 ï 

LOC786647 Hypothetical protein LOC786647 0.000 26.9 -1.25 -33.52 ï 
LOC784595 Similar to olfactory receptor Olfr1174  0.000 16.1 -1.67 -26.81 ï 
LOC616145 Similar to ADAMTS-like protein 5 precursor 

(ADAMTSL-5) 
0.000 15.6 -1.71 -26.64 ï 

LOC783981 Similar to ribonuclease 12 0.000 14.4 -1.84 -26.51 ï 

LOC504861 Hypothetical LOC504861 0.000 13.5 -1.79 -24.22 ï 

ITK IL2-inducible T-cell kinase 0.000 16.2 -1.39 -22.56 ï 

LOC509794 Similar to TESC protein, transcript variant 1 0.000 16.5 -1.36 -22.51 ï 

SYTK1 Serine/threonine/tyrosine kinase 1  0.000 23.1 1.08 -21.42 ï 
VCAM1  Vascular cell adhesion molecule 1 0.000 14.4 -1.45 -20.9 ï 

SRGAP1 

 
SLIT-ROBO Rho GTPase activating protein 
1 (LOC539452) 

0.000 27.7 1.32 -20.88 ï 

----- AJ814580 AJ814580 KN206 Bos sp. cDNA 
clone C0005204g20 

0.000 10.4 -1.98 -20.59  

TP63 Tumor protein 63 (LOC615335) 0.000 36.2 1.90 -19.06 ï 
IRAK2  Interleukin-1 receptor-associated kinase 2 0.000 9.4 -1.97 -18.5 ï 
AICDA Activation-induced cytidine deaminase  0.000 16.0 -1.14 -18.26 ï 
CCR8 Chemokine C-C motif receptor 8  0.000 18.2 1.03 -17.74 ï 
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IPA analysis showed enrichment for genes predicted to function in cell death, 

cell func tion and maintenance, and cellular development. An association with 

the inflammatory response and inflammatory disease was indicated, and it was 

of interest that activation of IRF by cytosolic pattern recognition receptors and 

interferon signalling were si gnificant top canonical pathways. In addition a 

number of these genes possess interesting predicted functions that could be 

associated with parasite infection including: VCAM1 (184.6 fold elevation in BL -

20 LPS Vs TBL20), IFIT3 (14.7 fold), IF16 (9 fold), TP63 (34 fold) CFLAR (8.6 fold) 

and RUNX2 (5.3 fold). Semi-quantitative RT -PCR results of six candidate genes 

and qRT-PCR validation results of VCAM1 and RUNX2 are shown in Figure 4.15. 

 

Figure 4.15: Validation of microarray results for profile 4 
A. Semi-quantitative RT-PCR results showing mRNA expression of 6 candidate genes (VCAM1, 
CCL4, RUNX2, IFIT3, DTX4, CFLAR) in BL20 cells and TBL20 cells either stimulated or un-
stimulated with LPS. Semi-quantitative PCR products obtained using the gene specific primers 
were resolved on 1% agarose gel. Whereas ACTB was used as an internal control. 
B. Real-time qRT-PCR validation changes in VCAM1 mRNA expression.  
C. Real-time qRT-PCR validation changes in RUNX2 mRNA expression.  
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, * P< 0.01).The lines for each bar on the graph represent the range in the 
relative expression. Whereas n.s indicates statistically non-significant results in TBL20 (+/- LPS) 
relative to BL20 cells.  

 

B 

 

C 

A 



Chapter 4                                                                                                                                        145    

Profile 5 : Profile 5 is the reciprocal of profile 1 and represents 288 genes whose 

expression is repressed in BL20-LPS but super-repressed in TBL20 (see Figure 

4.16).  

 

Figure 4.16: Graphical display of profile 5 showing the expression patterns of differentially 
expressed genes and modulated response in Theileria infection. 
Top 50 candidate genes from profile 5 (n = 288) whose expression is repressed in both LPS 
stimulated BL20 and TBL20 cells, however TBL20 exhibit super-repression relative to BL20-LPS. 
The x-axis corresponds to the experimental conditions, the y-axis to expression values (log2) from 
array data. Each line represents an individual gene. 

No significant alteration occurred in > 95% of the genes in TBL20-LPS. 40 of these 

genes showed major repression (> 10 fold) in TBL20 Vs BL20 LPS. Of the 136 

genes sensitive to BW720c 99.2% responded in the predicted manner (up), 

indicating active repression by a viable parasite. The top 20 candidate genes of 

this profile are represented in Table 4. 7, while a full list of 288 genes is 

presented in Appendix 2.1.5. IPA showed enrichment of genes predicted to 

function in cell death, development, growth and proliferation and cellular 

function and maintenance. An association with infectious disease, cellular 

function and maintenance was identified. Interestingly genes encoding 

membrane proteins are prominent in the dataset (91) of which 34 are predicted 

to encode membrane receptors (26 G-protein coupled and 8 transmembrane 

receptor genes). Down-regulated recep tor genes included those encoding the 

IGFR1 receptor (down 85 fold in TBL20 relative to BL20-LPS), the Toll-like 

receptor 4 (down 21.4 fold), the G -protein -coupled receptor  CCR6 (down 23.18 

fold), S1PR1 (down 5.8 fold) and the thrombospondin receptor (down 4.6 fold).  A 

number of genes encoding transcription factors were also present in the datase t 

including LEF-1 (down 14.9 fold) and LMO2 (down 7.7 fold), both of which are 

strongly associated with leukaemia.  
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Table 4.7:  Top 20 candidate genes of profile 5 showing evidence of super repression in 
TBL20 cells relative to BL20-LPS stimulated cells. 

 
Summary of top 20 candidate genes whose expression was significantly altered (FDR<5%, FC 
Ó 2) in Theileria infected or LPS stimulated uninfected BL20 cells (maximal LPS response at 
4h/or18) relative to control cells. Data is arranged in descending order of absolute fold 
difference between BL20-LPS and TBL20. Genes highlighted in light blue shows Bw720c 
response previously identified in an independent microarray experiment (Kinnaird et al; 
unpublished). Gene symbols in bold indicate most recent annotation of the genes identified from 
NCBI. 

Nine genes of this profile were validated by RT -PCR and agreed with the array 

profile ( Figure 4.17A), although only a low level increase in the TLR4 gene PCR 

product was detected for the BW720c treated sample. qRT -PCR validation was 

performed for TLR4 and MYL4 and showed good correlation with the micro -array 

profile (see Figure 4.17 B & C), with strong evidence of super repression of gene 

expression associated with Theileria  infection compared to LPS-stimulation of 

BL20. Thus for TLR4, qRT-PCR data showed that expression was repressed by 

7.08 fold in TBL20 Vs BL20, while for BL20-LPS Vs BL20 expression was only 

repressed 1.34; the corresponding array values being 6.04 and 1.63 fold 

repression, respectively.  

Gene 
Symbol 

Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  
Vs BL20 

 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

48h 

 
 

 
   

 

----- CB467496 733248 MARC 6BOV Bos 
taurus cDNA 5' 

0.000 -2.8 -367.58 -132.5 ï 

LOC786899 Hypothetical protein  0.010 -2.1 -220.93 -106.5  
LOC785289 Hypothetical protein 0.004 -2.2 -203.63 -93.3  
LOC404176 T-cell receptor delta chain 0.000 -2.7 -238.33 -88  

IGF1R Insulin-like growth factor 1 receptor  0.012 -2.0 -171.47 -85.15 ï 
LOC507299 Hypothetical LOC507299  0.001 -2.7 -222.27 -83.31 ï 

F13A1 Similar to Coagulation factor XIII A chain 
precursor (Coagulation factor XIIIa) 
LOC617881 

0.002 -2.3 -165.61 -71.17 ï 

SORCS3 Similar to Sortilin-related VPS10 domain 
containing receptor 3 (LOC531405) 

0.000 -5.4 -364.83 -67.3 ï 

LOC513984 Similar to peptide transporter 3  0.002 -2.4 -158.80 -66.73  
LAIR1 Leukocyte-associated Ig-like receptor 1b 

(LOC615295) 
0.000 -3.3 -174.72 -52.82 ï 

LOC786880 Hypothetical protein LOC786880  0.001 -2.4 -114.35 -47.42  
LOC786327 Hypothetical protein LOC786327 0.001 -2.5 -96.91 -39.12  
PPP1R14C Protein phosphatase 1, regulatory 

(inhibitor) subunit 14C 
0.000 -6.0 -218.98 -36.29 ï 

LOC789595 Hypothetical protein LOC789595  0.000 -4.2 -148.18 -35.48  
LOC512903 Similar to carboxypeptidase A3 0.000 -3.4 -119.24 -35.17  

CD22 B-cell receptor CD22-B (LOC514582) 0.001 -2.4 -82.08 -34.81  
LOC785058 Hypothetical protein LOC785058  0.000 -7.3 -243.50 -33.54  

----- EG706640 nbm28c02.y1 Cow lens. 
Unnormalized (nbm) Bos taurus cDNA 
clone nbm28c02 5 

0.000 -3.0 -90.80 -30.1  

----- DT891920 1473102 MARC 7BOV Bos 
taurus cDNA 5 

0.004 -2.2 -62.92 -28.27 ï 

FCRLA Fc receptor-like A (LOC782871) 0.000 -2.8 -80.27 -28.2  
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Figure 4.17: Validation of microarray results for profile 5 

A. Semi-quantitative RT-PCR results showing mRNA expression of 9 candidate genes (MYL4, 
CD36, CALD1, CCL3, MFAP2, LMO2, PGM5, IL18, TLR4) in BL20 cells and TBL20 cells either 
stimulated or un-stimulated with LPS. Semi-quantitative PCR products obtained using the gene 
specific primers were resolved on 1% agarose gel, whereas; ACTB was used as an internal 
control. B. Real-time qRT-PCR validation changes in TLR4 mRNA expression. 
C. Real-time qRT-PCR validation changes in MYL4 mRNA expression.  
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, * P< 0.01). The lines for each bar on the graph represent the range in the 
relative expression. Whereas, n.s indicates statistically non-significant results in TBL20 LPS 
relative to TBL20 cells 

Profile 6 : Profile 6 is the reciprocal of profile 2 and represents 71 genes th at 

were repressed by LPS treatment of uninfected BL20 cells but were elevated in 

TBL20 vs BL20 cells (Figure 4.18). All 71 genes showed no significant difference 

following LPS treatment of TBL20. The combined (down in BL20 -LPS, up in 

TBL20) change in expression of a number of genes in this profile was 

considerable. For example the genes encoding AHNAK, CMRF-35 and SLA were 

amplified, respectively 235.4 fold, 99 fold and 45.4 fold and a further 44 genes 

were elevated by more than 10 fold. The top 20 candidate genes of this profile 

are represented in Table 4.8, while a full list of 71 genes is presented in 

Appendix 2.1.6. 

A 

 

C 

B 
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Figure 4.18: Graphical display of profile 6 showing the expression patterns of differentially 
expressed genes and modulated response in Theileria infection. 
Top 50 candidate genes from profile 6 (n = 71) whose expression is significantly repressed in 
BL20-LPS but elevated in TBL20 cells, Furthermore this condition was associated with enhanced 
up-regulation in TBL20 when compared to BL20-LPS. The x-axis corresponds to the experimental 
conditions, the y-axis to expression values (log2) from array data. Each line represents an 
individual gene.  

Table 4.8:  Top 20 candidate genes of profile 6 showing repression in BL20-LPS but 
elevated response in TBL20 relative to BL20 cells. 

 

Summary of top 20 candidate genes whose expression was significantly altered (FDR<5%, FC 
Ó 2) in Theileria infected or LPS stimulated uninfected BL20 cells (maximal LPS response at 
4h/or18) relative to control cells. Data is arranged in descending order of absolute fold 
difference between BL20-LPS and TBL20. Genes highlighted in light blue shows Bw720c 
response previously identified in an independent microarray experiment (Kinnaird et al; 
unpublished). Gene symbols in bold indicate most recent annotation of the genes identified 
from NCBI. 

Gene 
Symbol 

Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  
Vs BL20 

 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

      
 

AHNAK Similar to AHNAK nucleoprotein, transcript 
variant 1 (LOC510341) 

0.007 -2.1 112.38 235.4 ï 

LOC514557 Similar to OAF homolog (Drosophila)  0.000 -23.4 5.73 134.1  

CD99 CD99 molecule (LOC509230) 0.000 -5.1 22.26 113.1 ï 

LOC512831 Similar to Heterogeneous nuclear 
ribonucleoproteins A2/B1 (hnRNP A2 / B1) 

0.001 -2.4 44.46 106.1  

THEM4 Thioesterase sUperfamily member 4  0.000 -19.4 5.38 104.2 ï 
CD300C CD 300c molecule (LOC526163) 0.010 -2.1 47.40 99.01 ï 
TMEM62 Transmembrane protein 62, transcript variant 

2 (LOC515078) 
0.000 -3.3 22.75 75.4 ï 

RNASEL Ribonuclease L (2',5'-oligoisoadenylate 
synthetase-dependent) 

0.000 -3.3 18.55 60.56 ï 

----- AJ677254 KN224 cDNA clone KN224-
023_E12, mRNA sequence 

0.000 -7.6 7.68 58.62 ï 

SPARC Secreted protein, acidic, cysteine-rich  0.000 -14.0 3.82 53.38 ï 

SLA SRC-like-adaptor  0.001 -2.5 18.37 45.47 ï 
NDRG1 N-myc downstream regulated gene 1 0.000 -7.9 5.52 43.42 ï 
PDE4C Similar to phosphodiesterase 4C  0.001 -2.4 17.13 41.51  

ANGPT4 Angiopoietin 4 0.000 -7.5 4.88 36.45  
LOC789368 Similar to Solute carrier family 38, member 5  0.000 -9.8 3.72 36.38 ï 

GALNT6 UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase 6 

0.000 -2.6 12.41 32.77 ï 

LRRC6 Leucine rich repeat containing 6 0.000 -6.0 5.30 31.87 ï 
RNASEL Similar to 2-5A-dependent RNase 0.002 -2.4 12.94 31.21 ï 
GCET2 Germinal centre expressed transcript 2  0.000 -8.1 3.70 30.13  

LOC790449 Similar to Pcdh19 protein  0.000 -5.2 5.64 29.36  
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Interestingly, a greater proportion (60%) of the 15 BW720c sensitiv e genes 

responded in a non-reciprocal manner (i.e. were up regulated by BW720c). IPA 

showed enrichment of genes predicted to function in cell death, development, 

growth and proliferation and cellular function and maintenance. An association 

with infectious  disease, cellular function and maintenance was identified. Of the 

51 genes that could be mapped by IPA, 21 showed association with cancer. 

Significant IPA predicted molecular functions included cell movement, cell death 

and cell growth and proliferation. Gene ontology predicted that a number of 

genes operate in signal transduction events and are associated with cancer. The 

microarray expression profile of the cluster was validated by RT -PCR for six 

genes (see Figure 4.19A).  

 

Figure 4.19: Validation of microarray results for profile 6 

A. Semi-quantitative RT-PCR results showing mRNA expression of 6 candidate genes (BCL9, 

ANGPT4, NDRG1, PAK1, RNASEL, PIK3R6) in BL20 cells and TBL20 cells either stimulated or 

un-stimulated with LPS. Semi-quantitative PCR products obtained using the gene specific primers 

were resolved on 1% agarose gel. Whereas, ACTB was used as an internal control. 

B. Real-time qRT-PCR validation changes in ANGPT4 mRNA expression.  
C. Real-time qRT-PCR validation changes in NDRG1 mRNA expression.  
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, *P< 0.01).The lines for each bar on the graph represent the range in the 
relative expression. Whereas, n.s indicates statistically non-significant results in TBL20 LPS 
relative to TBL20 cells 

A 

 

C 

 

B 
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qRT-PCR validation was performed for ANGPT4 and NDRG1 and showed good 

correlation with the micro -array profile (see Figure 4.19 B & C). For example, 

qRT-PCR estimated that NDRG1 was down regulated 1.06 fold (log2) in BL20-LPS 

Vs BL20 but up regulated 2.96 fold (log2) in TBL20 Vs BL20, while the array data 

indicated a 1.78 fold (log2) repression in BL20 -LPS and a 2.49 fold (log2) up ð

regulation in TBL20.  

Profile 7 : Profile 7 was the reciprocal of profile 3 and represented genes that 

were repressed more significantly in BL20 -LPS relative to TBL20-LPS (see Figure 

4.20).  

 

Figure 4.20: Graphical display of profile 7 showing the expression patterns of differentially 

expressed genes and modulated response in Theileria infection. 

Candidate genes from profile 7 (n = 22) whose expression is repressed in both LPS stimulated 

BL20 and TBL20 cells, however TBL20 exhibit up-regulated response relative to BL20-LPS. The x-

axis corresponds to the experimental conditions, the y-axis to expression values (log2) from array 

data. Each line represents individual gene. 

This profile represented the smallest number of genes (22), and 6 out of the 7 

(85.7%) BW720c sensitive genes were elevated upon treatment. A full list of the 

22 genes of this profile is presente d in Table 4.9. An enrichment of genes with 

predicted functions that could be associated with the infected cell phenotype 

was not observed, although several receptors were present in the dataset. The 

microarray expression profile of the cluster was validat ed by RT-PCR for 3 genes 

(see Figure 4.21). 
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Table 4.9:  Top 20 candidate genes of profile 7 showing evidence of an attenuated 
repression response in TBL20 cells relative BL20-LPS stimulated cells.  

 
Summary of top 20 candidate genes whose expression was significantly altered (FDR<5%, FC Ó 
2) in Theileria infected or LPS stimulated uninfected BL20 cells (maximal LPS response at 
4h/or18) relative to control cells. Data is arranged in descending order of absolute fold difference 
between BL20-LPS and TBL20. Genes highlighted in light blue shows Bw720c response 
previously identified in an independent microarray experiment (Kinnaird et al; unpublished). Gene 
symbols in bold indicate most recent annotation of the genes identified from NCBI. 

Gene Symbol Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  Vs 
BL20 

 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

      
 

----- EH149305 LB01342.CR_C18 GC_BGC-
13 Bos taurus cDNA clone  

0.000 -25.8 -2.15 11.99 ï 

NLRP1 NLR family, pyrin domain containing 1  

(LOC790698) 
0.000 -19.4 -3.97 4.891  

LOC781353 Similar to receptor-like tyrosine kinase  0.000 -11.3 -2.69 4.196 ï 

CYP3A4 Cytochrome P450, subfamily IIIA, 
polypeptide 4  

0.000 -9.4 -2.65 3.535 ï 

STXBP6 Syntaxin binding protein 6 (amisyn)  0.000 -10.3 -2.92 3.517  
CYP4F3 Cytochrome P450, family 4, subfamily F, 

polypeptide 3 
0.000 -12.4 -3.63 3.402 ï 

GALNT4 UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
acetylgalactosaminyltransferase 4  

0.000 -10.5 -3.21 3.279  

LOC528166 Similar to NAC-beta splice 0.000 -11.5 -3.63 3.176  
PGLYRP1 Peptidoglycan recognition protein 1  0.000 -8.4 -2.70 3.121 ï 

TRAF3IP3 TRAF3 interacting protein 3  0.000 -6.8 -2.39 2.859 ï 

----- DN641773 UMC-bof_0A02-012-f10 
Ovarian follicle pre-ovulatory 

0.000 -37.4 -13.58 2.751  

LOC537817 Similar to KIAA0882 protein  0.000 -5.4 -2.09 2.596 ï 
LOC782612 Hypothetical protein LOC782612  0.000 -5.6 -2.27 2.469 ï 
LOC789663 Similar to KIAA0882 protein  0.000 -5.3 -2.18 2.425 ï 
LOC503620 VEGF-receptor 0.000 -5.1 -2.21 2.314 ï 

AQP3 Aquaporin 3 (Gill blood groUp) 0.000 -39.2 -17.16 2.287  
DNTT Deoxynucleotidyltransferase, terminal  0.000 -5.7 -2.67 2.151  
----- CO893215 BovGen_21540 normal 

cattle brain Bos taurus cDNA clone 
RZPDp1056D0646Q 5' 

0.000 -8.2 -3.81 2.144 ï 

CYP3A4 Cytochrome P450, family 3, subfamily 
A, polypeptide 5(LOC785314) 

0.000 -5.4 -2.56 2.13 ï 

TSPAN7 Tetraspanin 7 0.000 -5.0 -2.38 2.106 ï 

LOC614782   Riken cDNA 4930503b20 gene 0.00 -5.0 -2.2 2.1 --- 

--- Ee895542 a98111a FFB cDNA 
clonea9811 3' 

0.00 -4.6 -6.5 2.0 --- 
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Figure 4.21: Validation of microarray results for profile 7 
A. Semi-quantitative RT-PCR results showing mRNA expression of 3 candidate genes (AQP3, 
CYP4F3, RYK) in BL20 cells and TBL20 cells either stimulated or un-stimulated with LPS. Semi-
quantitative PCR products obtained using the gene specific primers were resolved on 1% agarose 
gel, whereas; ACTB was used as an internal control. 
B. Real-time qRT-PCR validation changes in CYP4F3 mRNA expression.  
C. Real-time qRT-PCR validation changes in RYK mRNA expression.  
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, *P< 0.01).The lines for each bar on the graph represent the range in the 
relative expression. Whereas, n.s indicates statistically non-significant results in TBL20 LPS 
relative to TBL20 cells 

Profile 8: Profile 8 was the reciprocal of 4 and represented 132 genes that were 

down regulated in BL20-LPS but showed no change associated with infection 

(BL20 vs TBL20) (see Figure 4.22). 99% of the dataset also showed no significant 

change in TBL20-LPS. Genes sensitive to BW720c treatment were under 

represented, and of the 2 present in the dataset, one was elevated and one 

repressed. The top 20 candidate genes of this profile are represented in Table 

4.10, while the full list of 132 genes is presented in Appendix  2.1.7.  

IPA showed enrichment for genes predicted to function in cell signalling, small 

molecule biochemistry and metabolism. Genes that could be putatively 

associated with the infected cell phenotype included toll like receptor 3 (TLR3), 

a Myeloid-associated differentiation marker, a janus kinase and microtubule 

interacting protein (JAKMIP1) and NFKB activating protein -like (NKAPL).  

 

A 

 

B 

 

C 
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Figure 4.22: Graphical display of profile 8 showing the expression patterns of differentially 
expressed genes and modulated response in Theileria infection. 
Top 50 candidate genes from profile 8 (n= 132) whose expression in repressed in LPS stimulated 
BL20 but not changed in TBL20 cells, whereas there is significant elevation in TBL20 when 
compared to BL20-LPS.The x-axis corresponds to the experimental conditions, the y-axis to 
expression values (log2) from array data. Each line represents individual gene. 

Table 4.10: 20 candidate genes of profile 8 showing evidence of repression of expression 
in BL20-LPS but no change in TBL20 Vs control BL20 cells.  

 

Summary of top 20 candidate genes whose expression was significantly altered (FDR<5%, FC 
Ó 2) in Theileria infected or LPS stimulated uninfected BL20 cells (maximal LPS response at 
4h/or18) relative to control cells. Data is arranged in descending order of absolute fold 
difference between BL20-LPS and TBL20. Gene symbols in bold indicate most recent 
annotation of the genes identified from NCBI. 

Gene Symbol Annotation  BL20 LPS     
Vs BL20 

FDR 
(4h/or18 ) 

BL20 LPS     
Vs BL20 
Abs: FC 

(4h/or18 ) 

TBL20  Vs 
BL20 

 

TBL20 Vs 
BL20 LPS 

Abs:FC 
(4h/or18)  

BW720c 
Response 

 
 

 
 

No change 
(ï)  

 

M6PRBP1 Mannose-6-phosphate receptor binding 
protein 1 

0.000 -9.5 1.82 17.24 ï 

BCOR BCL-6 corepressor (LOC784529) 0.000 -21.0 -1.38 15.25 ï 

SERPINE2 Serpin peptidase inhibitor, clade E 2  0.000 -9.2 1.63 15.05 ï 

LOC505234 Similar to FYVE, RhoGEF and PH 
domain-containing protein 4 (Actin 
filament-binding protein frabin)  

0.000 -9.4 1.58 14.87 ï 

C10orf132 Hypothetical protein C10orf132  0.000 -5.7 1.88 10.79 ï 

CAMKV CaM kinase-like vesicle-associated  0.000 -15.7 -1.47 10.63 ï 
ARMCX6 Armadillo repeat containing, X-linked 6 0.000 -15.5 -1.52 10.2 ï 

LOC616063 Similar to Myeloid-associated 
differentiation marker  

0.000 -8.3 1.17 9.737 ï 

----- CO891936 BovGen_20261 normal cattle 
brain  

0.000 -13.1 -1.37 9.61 ï 

NID2 Nidogen 2 (osteonidogen)  0.000 -8.7 1.03 8.98 ï 

LOC524078 Similar to cystine/glutamate exchanger  0.000 -9.3 -1.06 8.805 ï 
PLCL1 Phospholipase C-like 1(LOC537873) 0.000 -12.5 -1.42 8.802 ï 

LOC787162 Similar to Armadillo repeat containing, X-
linked 6 

0.000 -12.3 -1.46 8.47 ï 

LOC540831 Similar to FLJ20273 protein, transcript 
variant 1  

0.000 -4.5 1.80 8.052 ï 

IGFBP4 Insulin-like growth factor binding protein 4  0.000 -4.4 1.78 7.918 ï 
----- CO871894 BovGen_00219 normal cattle 

brain Bos taurus cDNA clone 
RZPDp1056I1952Q 3'e 

0.000 -5.4 1.24 6.759 ï 

TNS1 Tensin 1  0.000 -10.8 -1.65 6.559 ï 
RGS1 Regulator of G-protein signalling 1, 

transcript variant 1 (LOC540836) 
0.000 -5.6 1.16 6.553 ï 

SLC1A5 Solute carrier family 1 (neutral amino acid 
transporter), member 5 

0.000 -3.6 1.83 6.527 ï 

PLVAP Plasmalemma vesicle associated protein 0.000 -4.3 1.53 6.517 ï 
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The microarray data was validated by RT -PCR for three genes (see Figure 4.23A).  

qRT-PCR data for BCOR and RGS1 was also in agreement with the microarray 

data(Figure 4.23B-C). Thus, based on qRT-PCR, BCOR was repressed by 5.98 fold 

(log2) in BL20-LPS compared to no significant alteration in TBL20 Vs BL20, while 

the array data computed a repression of 4.36 fold (log2) for BL20-LPS and no 

change for TBL20 Vs BL20. 

 

Figure 4.23: Semi-quantitative RT-PCR confirmation of microarray results for profile 8 

A. Semi-quantitative RT-PCR results showing mRNA expression of 3 candidate genes (BCOR, 
NID2, RGS) in BL20 cells and TBL20 cells either stimulated or un-stimulated with LPS. Semi-
quantitative PCR products obtained using the gene specific primers were resolved on 1% agarose 
gel, whereas; ACTB was used as an internal control. 
B. Real-time qRT-PCR validation changes in BCOR mRNA expression.  
C. Real-time qRT-PCR validation changes in RGS1 mRNA expression. 
For microarray results the asterisk (*) above the bars indicate the statistical significance of the 
relative log fold change compared to BL20 cells (*FDR< 0.05, ± S.E.M, n = 6). For qRT-PCR data 
the asterisk denotes the statistical significance of the relative log fold change compared to BL20 
cells (Studentôs t-test, *P< 0.01). The lines for each bar on the graph represent the range in the 
relative expression. Whereas, n.s indicates statistically non-significant results in TBL20 (+/- LPS) 
relative to BL20 cells. 

 

B 

 

C 

 

A 
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4.3.3  Analysis of the infection associated modulated dataset by 

Ingenuity Pathway Analysis 

Following identification of genes exhibiting modulated expression in Theileria  

infected cells relative to LPS stimulation of uninfected cells, Ingenuity pathway 

analysis (IPA) was used to investigate whether the modulation event could be 

associated with important biological functions. All genes previously identified as 

modulated by infection (5% FDR and Ó 2 fold change) were uploaded to the IPA 

programme. The analysis was conducted in two different ways: firstly, global  

analysis was performed on the entire dataset of 1052 modulated genes that 

could be mapped by IPA; secondly,  analysis was performed after dividing the 

dataset into two major subsets, genes showing evidence of repression or 

elevation of expression in parasite infected cells relative to BL20 -LPS. In 

addition to the functional cl assification, canonical pathways analysis was also 

performed to identify most relevant and significant known biological pathways 

manipulated by the parasite for a given set of genes.  

4.3.3.1 The infection modulated dataset is enriched for genes in important 

functional categories 

Analysis of the global dataset of 1 052 genes provided evidence that parasite 

infection extensively mod ulates a wide range of biological functions and/or 

diseases. Right-tailed Fisherõs exact test was used to calculate a P-value 

determ ining the probability that each biological function and/or disease 

assigned to sets of genes enriched in the dataset could be due to chance alone. 

Genes placed in a number of important categories showed significant enrichment 

within the dataset were obtain ed. Thus, key categories identified included; 

Inflammatory response, Tissue morphology, Cellular movement, Cancer, Cell -to-

Cell Signaling and Interaction, Cell Death, Cell -mediated Immune Response, 

Antimicrobial Response, Cellular Assembly and Organization (See Figure 4.24). A 

full list of functional categories identified is presented in Appendix 2.2. 
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Figure 4.24: Important biological functions and diseases associated with genes significantly 
modulated by parasite infection relative to LPS response  
Biological functions associated with genes enriched in the infection-modulated dataset of 1052 
genes are shown along the y-axis with the significance of the enrichment (ïlog) denoted along the 
y-axis. Each bar represents ïlog (p-value) for the enrichment of genes in selected category. The 
orange vertical line represents the threshold for significance (p-value < 0.05). 

While enrichment for a molecular function in the infection -modulated gene list 

is informative, prediction of how altered gene expression influences the 

outcome of  the function would provide greater insight into the modulation 

event. To attempt this, further enrichment analysis was undertaken. Thus, IPA 

analysis was conducted for two subsets of genes, those displaying repressed 

expression in TBL20 Vs BL20-LPS (down-regulated dataset) and those that 

showed evidence of elevated expression (up -regulated dataset). Th ese two 

datasets obtained were then compared on the basis of genes that were enriched 

and associated with different biological process and molecular function al 

categories (P-value < 0.05),  combined with the IPA prediction of whether the  

gene promoted (pro) or inhibited (anti) the designated function. The proportion 

of genes designated as pro- or anti - for each functional category was then 

directly compared for  the up- and down-regulated  datasets. Selection of a 

category as informative was made on the basis that the observed ratio in the 

number of pro - or anti -genes for one dataset (e.g. down) was either absent (no 

genes present) or altered in the other dataset.  A number of informative 
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categories of molecular function were identified, where the ratio of the number 

of pro - and anti -effect genes for one gene -set contrasted with that of the other 

(see Appendix 2.4 for full list of comparisons) . Moreover, functional categories 

highlighted by this analysis predominantly show an association with a phenotype 

that is known or could be reasonably predicted for the infected cell. Thus, genes 

placed in the metastasis of cells sub -category showed a pattern indicative of 

anti -metastasis genes being repressed by parasite infection, while those that 

promote this function were favoured in the gene set associated with elevated 

expression. Moreover, there appeared to be a bias for elevation in expression of 

genes classified as pro-cancer and pro-tumourigenesis, but repression of genes 

predicted to be anti -disease of tumor and anti -growth of tumor. In a similar 

fashion parasite infection is known to be associated with changes to cell shape 

and manipulation of the actin cytoskeleton (Schmuckli-Maurer et al. , 2010). 

Enrichment of genes in categories (Cellular assembly and organisation and Cell 

morphology) associated with these alterations was obtained, with a bias towards 

pro-function for the up but not the down dataset. Additional categories 

highlighted by t he analysis include the inflammatory  response, cellular 

movement, cellular assembly and organisation, cellular growth and proliferation 

and cell death. A summary of the results  and denotation of important genes 

within selected categories identified as modulated by infection is given below.   

While this analysis was informative it should be noted that many genes were 

simultaneously placed in multiple categories by the IPA software. This could 

indicate a diverse functional role of these genes in determining the infected cell 

phenotype but could also hinder identification of the primary role that the gene 

plays in this process. 
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Table 4.11: Important biological functions identified by Ingenuity associated with genes 

modulated by Theileria infection relative to BL20-LPS 

  Repressed by infection Enhanced by infection 
 Important functions  no. Genes 

(Pro/anti)  
p-value no. Genes   

(Pro/anti)  
p-value 

      
1 Inflammatory Response  111 34 
 Immune response 100 (43,27) 2.12E-09 27 (15,7) 4.51E-04 

 Activation of leukocyte  46 (27,9) 2.67E-06 13 (9,1) 3.76E-03 

 Antimicrobial response  19 (3,1) 4.88E-05 _ _ 

 Activation of lymphocyte  31 (19,7) 9.48E-05 9 (5,1) 1.20E-02 

 Antiviral response 13 (3,1) 9.60E-05 2 (0,0) 1.17E-02 

 Inflammation  30 (12,3) 7.22E-04 12 (3,2) 6.49E-04 

 Inflamatory response 41 (17,10) 3.34E-04 16 (7,3) 2.30E-04 

2 Cancer 189 60 
 Metastasis of cells  10 (2,6 ) 3.23E-03 13 (3,1) 2.29E-03 

 Tumourigenesis 179 (26,25) 1.73E-03 60 (6,2) 1.74E-05 

 Cancer 173 (16,13) 7.55E-05 56 (3,1) 1.58E-05 

 Disease of tumor 18 (2,4) 7.29E-04 _ _ 

 Growth of tumor  20 (2,9) 1.18E-03 _ _ 

 Tumor _ _ 43 (4,2) 1.11E-04 

3 Cellular Movement  100 46 

 Movement of cells  82 (42,29) 1.67E-04 38 (19,12) 4.47E-09 

 Migration of leukocytes  36 (22,9) 1.75E-03 17(6,3) 2.49E-05 

 Invasion of eukaryotic cells _ _ 14(10,3) 5.92E-04 

 Infiltration of leukocytes 25 (8,6) 3.30E-04 14 (2,3) 1.41E-06 

 Migration of antigen presenting 
cells 

14 (7,1) 1.65E-04 _ _ 

 Influx of leukocytes  7 (4,1) 2.02E-03 _ _ 

 Chemoattraction of leukocytes 6 (6,0) 4.19E-03 _ _ 

4 Cellular Assembly and 
Organization  

21 19 

 Formation of actin filaments _ _ 8 (3,1) 1.30E-03 

 Formation of cellular protrusions _ _ 10 (4,0) 2.71E-03 

 Formation of actin cytoskeleton 4 (0,0) 1.01E-03 4 (2,0) 1.10E-02 

 Formation of filaments _ _ 9 (5,1) 4.06E-03 

 Formation of cytoskeleton 5 (0,0) 2.11E-04 _ _ 

 Elongation of plasma 
membrane projection 

7 (4,0) 3.95E-03 _ _ 

5 Cellular Growth and 
Proliferation  

140 45 

 Proliferation of normal cells  87 (43,29) 4.07E-05 29 (13,6) 1.48E-04 

 Proliferation of eukaryotic cells 111 (56,47) 7.55E-05 35 (15,9) 3.51E-04 

 Proliferation of cells  124 (72,51 3.13E-03 40 (18,13) 8.48E-04 

 Proliferation of leukocyte 50 (25,17) 1.75E-06 6 (4,0) 7.66E-03 

 Induction of leukocyte  9 (7,3) 2.23E-04 _ _ 

 Stimulation of leukocytes  11 (9,3) 2.87E-03 _ _ 

6 Cell Death  170 52 
 Cell death of cancer cells 20 (6,4) 1.15E-05 _ _ 

 Apoptosis of tumor cell line 72 (34,22) 2.34E-06 20 (12,7) 3.07E-03 

 Apoptosis 134 (70,53) 2.10E-05 42 (24,19) 1.13E-04 

 Cell death of tumor cell line 78 (38,28) 2.10E-05 24 (13,9) 9.39E-04 

 Cell death 151 (75,62) 6.59E-05 49 (26,22) 3.22E-05 

 Cytotoxicity of lymphocytes 15 (8,6) 1.65E-04 _ _ 
 Cell death of normal cell _ _ 23 (8,9) 6.77E-03 
      

The criteria applied for the selection of major biological function categories were maximum 
number of genes and the P-value of significance. P-values in the range of 2.12E-09 to 
1.10E-02 indicated statistical significance. 
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4.3.3.1.1  Modulation of inflammatory respo nse genes 

Modulation of the inflammatory response was highlighted by IPA software and 

several subcategories showed a bias for the infection associated repressed or 

elevated gene sets. Thus genes associated with a pro antimicrobial/viral 

response are predicted to be repressed by infection. On the other hand genes 

associated with cellular activation show evidence of elevation in infected cells  

(see Table 4.11). Many of the genes in this category have been documented to 

be involved in pro -inflammatory cascades. For example, several trans -membrane 

receptors genes (IGF1R, LAIR1, CCR6, TLR4 and CD40) predicted to be pro-

inflammatory were down regulated in infected ce lls. Indeed, within the 

inflammation subcategory the bias was towards parasite -associated repression of 

pro inflammation genes. Interestingly a majority of the genes (CX3CR1, CXCL10, 

IL15, IRAK2, IRF8, CLU and VCAM1) enriched in the pro-inflammatory respon se 

category were related to TLR and NF- B signalling pathway (see Table 4.12).  In 

contrast anti -inflammatory genes upregulated (e.g. TNFRSF1BTNFR2) by parasite 

infection relative to BL20 -LPS could also be identified. It should be noted 

however that a clea r bias toward repression of pro -inflammatory or elevation of 

anti -inflammatory gene expression was not detected for the dataset, in general.  

4.3.3.1.2  Modulation of cancer associated genes  

Perhaps not surprisingly, a highly significant category for enrichment of g enes in 

the dataset was ôcancerõ. Interestingly the percentage of genes placed in this 

functional category was higher (24%) for the up regulated relative to the down 

regulated subsets of genes (11.5%). Moreover, clear differences in the ratios for 

pro and anti function were observed when comparing the up and down datasets 

for several of the cancer related sub categories. For example, the down -

regulated dataset was enriched for anti -cancer (metastasis of cells, 

tumourigenesis and cancer) molecules relative t o the up-regulated dataset, 

which was enriched for pro -cancer genes (see Table 4.11). Important genes 

identified in the down -regulated dataset included anti -cancer CD40, HTATIP2 

and IRF8, whereas the up-regulated pro -cancer genes included IL2RB, CCR7, 

TP73, ANGPT4, FOXA3, PAK1 and CTTN. Representative genes together with 

their  relative fold change in gene expression and indication of a pro - or anti -
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cancer effect are shown in Table 4.12 (up regulated dataset) and 4.13 (down 

regulated dataset) respectively.  

4.3.3.1.3  Modulation of cellular movement associated genes  

IPA analysis highlighted a group of genes linked to cellular movement function, 

revealing an impact of altered gene expression on cell motility and invasiveness. 

Within the up -regulated dataset for this category, several genes were predicted 

to promote cell migration, infiltration and invasion of cells. Of particular note, is 

that significant enrichment of genes in the ôinvasion of eukaryotic cellsõ category 

was only obtained for the up -regulated dataset (see Table 4.11). Furthermore, 

10 out of 14 genes (e.g. CCL1, CTTN, MMP13, ENPP2, F2R, HBEGF, PODXL, 

SLC2A1, SPARC and SPP1) in this sub category were predicted to have positive 

influence on this process.  

Genes predicted to promote ôinfiltration of leukocytesõ and ômigration of 

leukocytesõ were also identified and included ICAM1, IL2RB, XCL2, SELL, TP73 

and NDRG1. However, as shown in Table 4.11 when the up and down datasets 

were compared for the ratio of pro and anti genes in ôinfiltration of leukocytesõ 

the indicated trend was repression of this function (elevation of anti combined 

with repression of pro). This result could be of significance as enrichment of 

genes in categories ômigration of antigen presenting cellsõ, ôinflux of leukocytesõ 

and chemo-attr action of leukocytes was identified only for the down regulated 

dataset and suggested repression of pro function genes.  

4.3.3.1.4  Modulation of cellular assembly and organisation associated genes  

An interesting category distinctly altered by parasite infection was ôcellular 

assembly and organisationõ, which includes processes such as formation of actin 

filaments, formation of actin cytoskeleton and elongation of plasma membrane 

projections (podosomes, lamellipodia and filopodia). Several of these processes 

can be related to alterations in morphology and phenotype of the Theileria  

infected cell (Baumgartner, 2011b;Shiels et al. , 1989;Shiels et al. , 2004). 

Enrichment of genes in the majority of the associated sub -categories was 

predicted to promote these functions: i.e bias of pro -function in the parasite 

associated up-regulated dataset ( see Table 4.11). Important pro -function genes 
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identified within the elevated dataset included ICAM1, F2R, PAK1, ELN and CTTN 

(see Table 4.13). In contrast, gene enrichment or information relating to pro - or 

anti effect on function was absent for most of th e sub-categories in down-

regulated dataset (see Table 4.11).  

4.3.3.1.5  Modulation of cellular growth and proliferation  

Based on the comparison of up and down datasets, no clear difference was 

observed in the pro/ anti ratio of genes placed in the first three sub cat egories 

of ôcellular growth and proliferationõ, although the trend was to a bias in the pro 

function for up regulated genes relative to down. This bias was more pronounced 

for the sub -category ôproliferation of leukocyteõ with 4 out of 6 genes in the up-

regulated dataset designated as pro -proliferation. In contrast, the last two sub -

categories showed evidence, relative to all other sub -categories, of a bias 

towards repression of genes that promote ôinduction of leukocytesõ and 

ôstimulation of leukocytesõ. Thus, in general, genes with an anti -proliferative 

effect (e.g CD40, CD80, LAIR1 and TP53INP1) were more likely to be present in 

the repressed by parasite infection dataset (Table 4.12); while genes predicted 

to have a positive effect on proliferation were proportionally more abundant in 

the parasite associated up -regulated dataset and included: ICAM1, IL2RB, ELN 

and TP73 (Table 4.13). 

4.3.3.1.6  Modulation of cell death associated genes  

Enrichment of genes in the category ôcell death associatedõ genes which are 

known to be involved in apoptosis and pro -inflammatory processes was identified 

for both the up and down datasets, with no obvious difference in the ratio of 

pro- or anti function genes. Indeed for most sub -categories the ratio between 

the number pro -and anti wa s approximately the same (all <2), the only 

exception to this being the ôcell death of normal cellõ category where there was 

an increase in the number of anti cell death genes relative to pro. Selected 

genes identified in this category, repressed by the pa rasite included CFLAR, 

CD40, CD80, CD69, TP53INP1, EPHA7, TP63, THBS1 and CASP4 (Table 4.12). All 

of these genes have been implicated in promoting the process of cellular death. 

Thus differential regulation of these could potentially be related to the obse rved 

phenotype of LPS stimulated BL20 cells. Similarly, selected genes up regulated 
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by parasite infection relative to LPS stimulation and predicted to be anti -cell 

death include CCR7, TP73, RNASEL, CD5 and ARNT2 (see Table 4.13). 

Table 4.12: Modulated genes present in the function categories significantly down-regulated 
by Theileria infection relative to BL20-LPS 

Category  Molecules with fold change 

Inflammatory Response 
(pro)  

(Immune response, Antimicrobial response) 

Transmembrane Receptor  LAIR1 (52.8), IGF1R (85.15), CCR6 (23.18), CD69 (6.56), CD40 (13.8), 
TLR4 (44.15), CD80 (37.8) 

G-protein couple receptor  CCR8 (17.7), CX3CR1 (8.18), CASR (13.15)   
Transcription Regulator  ATF3 (7.27), IRF8 (8.7), EPAS1 (39.8) 
Cytokine CXCL10 (24.2), CCL4 (17.3), IL15 (107.3) 
Kinase  IRAK2 (18.49) 
Other CD207 (42.8), CD200R1 (132.8), CLU (280.7),   CD83 (27.5), VCAM1 

(184.5), CD48 (10.32)  
  

Cancer (anti)  (Tumor, transformation of cells, growth of tumor)  

Transmembrane Receptor  CD40 (13.8) 
Transcription Regulator  HTATIP2 (27.86), IRF8 (8.77) 
Other COL18A1 (19.5), NFKB1A (13.01), THBSI (65.01)  

  

Cellular Movement (Pro)  Migration of antigen presenting cells, Influx of leukocytes, 
Chemoattraction of leukocytes 

Transmembrane Receptor  CD40 (13.8), TLR4 (44.15), IL6R (4.82) 
Transcription Regulator  IRF4 (3.36) 
Cytokine CCL4 (17.3), IL15 (107.3), CSF1 (5.13), IL12B (2.69), IL18 (2.43), SPP1 

(9.74), C5 (3.15)  

  

Cell Death (pro)  (Apoptosis, apoptosis of cancer cells, apoptosis of leukocyte)  

Transmembrane Receptor  CD40 (13.8), CD69 (6.56), CD80 (37.8), IGF1R (85.15), ITGB3 (6.29), 
LAIR1 (52.8), TLR4 (44.15)   

G-protein couple receptor  CASR (13.15) 

Transcription Regulator  ATF3 (7.27), HTATIP2 (27.86),IRF8 (8.77), LEF1 (14.9), TP63 (19.06)  
Enzyme  IFIH1 (7.27), OAS1 (6.9)  

Cytokine CCL4 (17.3), IL15 (107.3) 
Kinase  CDK5R1 (11.75), EPHA7 (120.1), IKBKE (6.47), MAP3K8 (5.2), SGK1 

(9.92), TGFBR3 (8.2)    
Growth Factor  BMP4 (12.38) 

Other CD48 (10.32), CFLAR (8.57), CLU (280.74), COL18A1 (19.5), KNG1 
(8.43), THBS1 (65.01), TP53INP1 (18.93), TRAF4 (8.07), UBD (22.80) 

  

Cellular assembly and 
organisation (anti)  

(Organization of cytoskeleton, formation of actin cytoskeleton)  

----------------------  -----------------------------------------------------------------------------------  

  

Cellular growth and 
proliferation (anti)  

(Proliferation of leukocyte, growth of leukocyte ) 

Transmembrane Receptor  CD40 (13.8), CD80 (37.8), LAIR1 (52.8), TLR4 (21.37), 
G-protein couple receptor  CASR (13.15) 
Transcription Regulator  IRF8 (8.77), 

Cytokine CCL4 (17.3), IL15 (107.3), CXCL10 (24.2), 
Growth Factor  BMP4 (12.38) 
Other CD83 (27.5), COL18A1 (19.5), TP53INP1 (18.93), CLU (280.74), NFKB1A 

(13.01) 

The given table represents the most relevant biological process categories and key molecules 
from each category that can be linked to parasite infection and LPS stimulation of BL20 cells. 
Similarly, the prediction of whether the molecules promoted (pro) or inhibited (anti) the 
designated functional category by IPA is also indicated. The absolute fold change for each 
molecule is given in brackets. 
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Table 4.13: Modulated genes present in the function categories significantly up-regulated by 

Theileria infection relative to BL20-LPS 

Category  Molecules with fold change 

  
Inflammatory Response 
(anti)  

(Immune response, Antimicrobial response)  

Transmembrane Receptor  TNFRSF1B (5.85) 
Other RGS1 (6.55),  

 
Cancer (pro)  

 
(Tumor, transformation of cells, growth of tumor)  

Transmembrane Receptor  IL2RB (11.15),  
G-protein couple receptor  F2R (5.97), CCR7 (17.9) 
Transcription Regulator  TP73 (20.04), FOXA3 (10.84),  
Enzyme  ENPP2 (10.02), PDE4C (41.5) 
Kinase  PAK1 (22.33), NDRG1 (43.4) 

Peptidase MMP13 (54.20), EPHX1 (10.25), GZMA (24.8),  
Growth Factor  ANGPT4 (36.45),  

Transporter AP3M2 (10.35) 

Other CTTN (4.47), FGD4 (14.8), PLIN3 (17.23) 

 
Cellular Movement (pro)  

 
Infiltration, Invasion of cells, Migration of cells  

Transmembrane Receptor  ICAM1 (12.02), IL2RB (11.15) 
G-protein couple receptor  CCR7 (17.94) 
Transcription Regulator  TP73 (20.04), ETV5 (6.22) 
Enzyme  ENPP2 (10.02) 

Cytokine CCL1 (9.16), XCL2 (42) 
Kinase  PAK1 (22.33), NDRG1 (43.4) 
Peptidase MMP13 (54.20)  
Other CTTN (4.47), ELN (3.216), SELL (9.50), SEMAF3 (5.09), SPARC (53.3), 

TNS1 (6.55) 

 
Cell Death (anti)  

 
(Apoptosis, apoptosis of cancer cells, apoptosis of leukocyte)  

Transmembrane Receptor  CD5 (4.8) 
G-protein couple receptor  CCR7 (17.94) 

Transcription Regulator  TP73 (20.04), ARNT2 (4.26),  
Enzyme  RNASEL (60.5) 

Kinase  HCK (6.3), MLLT3 (13.94), PAK1 (22.33), SEMAF3 (5.09), SERPINE2 
(15.05) 

Transporter SLC7A11 (8.80) 

Other ANTXR2 (5.39), NLRP1 (4.89), SPARC (53.3), 

 
Cellular assembly and 
organisation ( pro ) 

 
(Organization of cytoskeleton, formation of actin 
cytoskeleton ) 

Transmembrane Receptor  ICAM1 (12.02, 
G-protein couple receptor  F2R (5.97), 
Kinase  PAK1 (22.33), 
Other SDC4 (2.6), ELN (3.2), CTTN (4.47),  

 
Cellular growth and 
proliferation (pro)  

 
(Proliferation of leukocyte, growth of leukocyte )  

Transmembrane Receptor  ICAM1 (12.02), IL2RB (11.15), FCGR2B (5.4), TNFSRSF1B (5.85) 
G-protein couple receptor  F2R (5.97), 
Transcription Regulator  TP73 (20.04) 
Kinase  HCK (6.3) 
Other ELN (3.2), MLLT3 (13.9), LAMC1 (4.2), SUMO3 (6.03),  
  

The given table represents the most relevant biological process categories and key 
molecules from each category that can be linked to the phenotype of parasite infection and 
LPS stimulation of BL20 cells. Similarly, prediction of whether the molecules promoted (pro) 
or inhibited (anti) the designated functional category identified by IPA is also indicated. The 
absolute fold change for each molecule is given in brackets.  
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4.3.3.2 Canonical pathway analysis 

IPA analysis of the infection modulated date set identifie d several important 

canonical pathways as being manipulated by the parasite infection relative to 

LPS stimulation of BL20 cells. Significant pathways were identified by screening 

for enrichment of genes placed within canonical pathways available in the IPA  

library. The most significant canonical pathways identified are shown in Figure 

4.25, while the full list of pathways can be view in Appendix  2.3. Not 

surprisingly, identified pathways included signalling pathways associated with 

the inflammatory and anti -microbial response including NF- B and PI3K 

signalling pathways known to be manipulated by parasite infection. In addition, 

other pathways relevant to stimulation of the inflammatory response that 

showed evidence of modulation by parasite infection were  ôactivation of IRF by 

cytosolic patt ern recognition receptorõ, ôTNFR2 signallingõ, ôrole of pattern 

recognition receptors in recognition of bacteria and virusesõ, ôCD40 signallingõ, 

ôLPS-stimulated MAPK signallingõ, ôG-protein coupled receptor signallingõ, ôToll-

like receptor signallingõ and interferon (IFN) signalling. Enrichment of genes that 

operate in pathways associated with induction of cell death/apoptosis (ôdeath 

receptor signallingõ, ôp53 signallingõ) were also identified by IPA.  

 

Figure 4.25: Identification of top canonical pathways in infection associated modulation 
dataset  
Bar chart shows important canonical pathways enriched for genes significantly modulated by 
Theileria infection compared to LPS stimulation of BL20 cells. Each bar represents ïlog (p-value) 
for over representation of genes in the selected pathway. Threshold (orange line) denotes P = 
0.05. 
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Detailed exploration of the canonical NF- B signalling pathway showed a number 

of interesting infection associated modulations relative to the LPS stimulated 

response. These can be divided into two general categories: repression of genes 

encoding receptors that perceive a signal that activates  NF- B, and partial up -

regulation of components of the pathway downstream of the IKK signalosome 

(p100/p52, RelB). Two additional modulations of note were found: (a) levels of 

the IkB inhibitors (NFKBIA, NFKBIE and NFKBIZ) were repressed in TBL20 relative 

to LPS-stimulated BL20 and (b) two PI3K regulatory subunits (PIK3R5 and PIK3R6) 

were predicted to be elevated in TBL20 but repressed in BL20 -LPS. Similarly, 

several molecules upstream of the IKK signalosomes (TRAF2, PKR and TNFAIP3 

A20/MAD6) were also predict ed to be repressed in TBL20 but elevated in BL20-LPS 

(see Figure 4.26). 

4.3.3.3 Custom pathway analysis 

Infection of bovine leukocytes with T. annulata  or T. parva  is known to result in 

constitutive activation of transcription factors associated with the inflammat ory 

response. To investigate whether the outcomes of transcription factor/signalling 

pathway activation were being effectively modulated, sets of known target 

genes were uploaded to IPA using the custom pathways feature and screened for 

evidence of signifi cant enrichment of genes within infection -modulated dataset. 

Pathways were selected on the basis of a known association with the Theileria  

transformed cells and generated using available lists of known and predicted NF-

B0(http://www.bu.edu/nf -kb/gene -resources/target -genes/),0C-myc 

(http://www.ncbi.nlm.nih.gov/biosystems/169353 )0and0TGFb 

(http://www.netpath.org ) response/target genes.  As shown in Figure 4.27, 

significant enrichment in targets of NF- B and cMYC repression targets was 

observed, together with a particular enrichment of genes known to be regulated 

in response to TGFb signalling.  

Interestingly, 75 percent (46) of the 61 NF - B target genes identified as 

modulated by infection showed a down -regulated response relative to LPS 

stimulated BL20 cells. Whereas a lower number of the NF - B target genes (15) 

were up-regulated in TBL20 relative to BL20 LPS. For the 46 genes in the 

repressed dataset, enrichment was found in several IPA categories that c ould 

influence establishment of the parasite infected leukocyte and included: 
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activation of leukocytes (with a strong bias in genes designated as pro -function), 

differentiation of leukocytes (pro); apoptosis (pro and anti); immune response 

(pro) and inflam matory response (pro).  Genes belonging to several members of 

NF- B activation cascade and regulatory subunits were also present in the 

repressed dataset. 

 

Figure 4.26:  Modulation of NF- B pathway in infection associated modulated dataset  

NF- B signaling pathway was the most significant (P< 0.001) canonical pathway modulated by 
parasite infection relative to LPS response. Modulated dataset was clustered into canonical 
pathway using IPA. The genes which are coloured are differentially expressed in TBL Vs BL (red = 
up in TBL, green = down in TBL). The arrows are beside those genes which are on the LPS 
modulated list (1,053/1,959). Green and red arrows indicate down and up-regulation response 
respectively. Whereas arrow signs before vertical bar (ƅ) indicates LPS response and after bar 

indicates parasite response. For example ҧҧƅҧ = super-up, up and ҧ- means up, no change. The 

data for IL-1R/TLR and growth factor receptor are exploded in two boxes. 

© 2000-2011 Ingenuity Systems, Inc. all rights reserved  
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Figure 4.27: Custom pathway analysis of infection associated modulated dataset   
Bar chart shows customised pathway analysis, performed by enrichment of modulated gene set 
against literature based compiled gene lists of selected pathways. Each bar represents ïlog (p-
value) for over representation of the modulated genes in the selected pathway. Threshold (orange 
line) denotes the P= 0.05 level. 

Thus, genes encoding NF- B inhibitor proteins (NFKBIA/IkBŬ, NFKBE/IkBƠ and 

NFKBIZ), responsible for the sequestration of NF- B in the cytoplasm, and 2 NF-

B subunits (REL-B and NFKB2/p52) were identified (see Figure 4.28). The number 

of target genes up -regulated by parasite infection was too small to screen for 

enrichment but up -regulation of several of these NF- B targets (e.g. ICAM-1 and 

SPARC) could be predicted to strongly influence the phenotype of the infected 

cell. Secreted Protein Acid and Rich in Cystein (SPARC), for example, has been 

implicated in apoptosis, differentiation, metastasi s and regulation of immune 

cell response. Moreover recent studies have indicated that SPARC can be pro-

tumorigenic via inactivation of the p53 tumour suppressor (Fenouille et al . , 

2011a). 

Modulated NF- B target genes included several chemokines and cytokines 

predicted to be involved in pro - or anti -inflammatory response: IL15, CXCL10, 

CCL4, and IL12B were significantly suppressed by the parasite infection; whereas 

CCL1, CCR7 and XCL2 were significantly up-regulated in infected cells. 

Additional molecular function categories designated to modulated NF- B target 

genes belonged to transcription regulation (down regulated), protein binding 

activity (predominantly down), cell adhesi on (up and down regulated), 

immunoreceptors (down regulated) and regulators of apoptosis (down regulated, 

Table 4.12).  
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Figure 4.28:  Expression profile of NF- B response genes identified in infection associated 

modulated dataset 
Data are presented in visualized expression of hybridization values as a heat map. The rows 
represent individual genes and columns represent each experimental condition. The red and blue 
colours reflect high and low expression (log2-transformed scale) levels, respectively, as indicated in 
the scale bar.  
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Table 4.14: Molecular function or biological process categories of NF- B target 
genes modulated by Theileria infection relative to BL20-LPS 

Gene 
Symbol 

Modulation 
(Fold change) 

Gene 
Symbol 

Modulation 
(Fold change) 

Gene 
Symbol 

Modulation 
(Fold change) 

Cytokines/ Chemokines  Immunoreceptors  Enzymes 

CCL1 15.60 PGLYRP1 3.12 APOD Ĭ8.69 
CCR7 17.94 CD80 Ĭ37.89 ADAM19 Ĭ19.78 
XCL2 54.23 CD83 Ĭ27.51 BMP4 Ĭ12.38 
IL15 Ĭ107.32 PIGR Ĭ16.02 CSF1 Ĭ5.14 

CXCL10 Ĭ24.25 TNFRSF5 Ĭ13.83 KCNK5 Ĭ4.77 
CCL4 Ĭ17.31 CD48 Ĭ10.33 GCNT1 Ĭ4.44 
IL12B Ĭ2.69   LYZ Ĭ3.83 

Regulators of apoptosis  Transcription regulation   Protein binding activity  

WNT10B Ĭ42.63 TFEC Ĭ47.09 SLC6A6 8.48 
CFLAR Ĭ8.58 LEF1 Ĭ21.21 SERPINE2 15.05 
TRAF1 Ĭ7.23 NFKBIA Ĭ13.01 NDRG1 43.42 
CASP4 Ĭ2.74 RELB Ĭ10.74 SPARC 53.38 

Others  SNAI1 Ĭ7.28 THBS1 Ĭ65.01 
SDC4 12.29 NFKB2 Ĭ4.0 LCN2 Ĭ18.46 
NRN1 11.84 NFKBIE Ĭ3.38 AICDA Ĭ18.26 

PRF1 8.94 NFKBIZ Ĭ3.59 TNFAIP3 Ĭ8.65 
TNFRSF1B 5.86 NR4A2 Ĭ3.51 TIFA Ĭ7.02 

SPP1 Ĭ9.74 NF-EM5 Ĭ3.37 FABP6 Ĭ6.41 
IER2 Ĭ3.07 ANKRD1 2.72 MYLK Ĭ4.21 
IFI44L Ĭ5.62 JUNB Ĭ2.72 B2M Ĭ2.48 

KLRA1 Ĭ2.7 Cell adhesion molecules  RIPK2 Ĭ2.91 

  ICAM1 12.03 CDKN1A Ĭ2.64 
  VCAM1 Ĭ20.9   

Modulated NF- B response genes are described as those whose expression was 
altered in TBL20 relative to BL20-LPS cells, making a simple designation of either up- 
or down-regulated response. Fold change of individual gene is shown, and minus 
indicates down-regulated expression in parasite infection. 

Investigation of genes classified as cMyc validated repression genes indicated 

that the majority, 7 out of 10, have an e xpression profile consistent with 

maintenance of repression associated with infection. The NDRG1 gene, however, 

showed a contrasting pattern from the rest of the dataset, as the RNA level for 

this gene was found to be elevated in infected TBL20 cells but r epressed in LPS 

stimulated BL20 cells. 7 of the 10 genes in this pathway were designated as 

located to the nucleus with a predicted function as a regulator of transcription 

or a kinase.  

Evidence for modulation of TGFb target genes was also obtained, as th e 

predicted  response to stimulation could not be identified: r oughly equivalent 

numbers of target genes that are up - or down-regulated by TGFƝ were identified 

within the ôparasite-repressedõ gene list, with a similar finding for  the ôparasite-

enhancedõ gene list.  TGFƝ targets modulated by the parasite were categorised in 
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cancer, cell death, cellular growth and development. Of particular note was that 

inflammatory response TGFƝ target genes were generally associated with 

repression of expression by parasite infection. These results may be explained, 

in part, by the observation that expression of genes encoding TGFB2, TGFB3 and 

the TGFBR3 are slightly elevated in parasite infection of BL20 cells, while TGFB1 

is slightly reduced. The TGFb signalling pathway has been implicated as a 

determinant of pathogenicity and metastatic activity in tropical theileriosis. 

Reduced TGFb2 expression and lower virulence was measured for infected cells 

derived from an attenuated vaccine line and disease resistant Sahiwal ( Bos 

indicus) cattle (Chaussepied et al. , 2010). Differential expression of TGF b target 

genes was also identified for the attenuated vaccine cell line, with elevated as 

well as repressed expression detected. Thus, modulation of TGFB signalling and 

the respective target genes appears to be a common event associated with T. 

annulata  infected leukocytes.  

4.3.4  Proteomic validation of microarray results 

In addition to validation of modulation of Toll -like receptor 4 at the protein level 

(see Chapter 3) a further two proteins were validated for differential expression 

in Theileria  infected and uninfected cells before and following LPS stimulation. 

These proteins were selected on the basis of high fold -change, interesting 

biological functions and availability of commercial antibodies suitable for 

western blot or immunofluorescence analysis.  

The first gene of interest investigated was LIM domain only 2 (LMO2) , which 

encodes a cysteine-rich, two  LIM-domain protein that has a central and crucial 

role in  hematopoietic  development. Immunoblot analysis of LMO2 detected a 

~ 24 kDa protein that was expressed in BL20 cells at a high level, with repression 

in LPS stimulated BL20, but associated with significant repression in Theileria  

infected control and LPS stimulated T BL20 cells (see Figure 4.29A). Thus, the 

protein data agreed with the RNA data indicating super repression associated 

with infection (profile 6). The expression pattern of LMO2 was also assessed by 

immunofluorescence analysis (IFA) of LPS stimulated and un-stimulated BL20 and 

TBL20 cells (see Figure. 4.29B). The results clearly showed high -level reactivity 

against LMO2 in BL20 relative to a virtually complete lack of stai ning in TBL20 

cells (see Figure. 4.29B: panel 1 Vs panel 2). Moreover, as predicted from its 

http://en.wikipedia.org/wiki/LIM_domain
http://en.wikipedia.org/wiki/Haematopoiesis
http://neuro-oncology.oxfordjournals.org/content/12/3/243.full#F4
http://neuro-oncology.oxfordjournals.org/content/12/3/243.full#F4


Chapter 4                                                                                                                                        171    

function as a regulator of gene expression, the IFA clearly demonstrated that the 

protein was located to the nucleus of BL20 cells. A significant reduction in 

staining by IFAT was not evident for LPS-stimulated BL20 cells.  (Figure 4.29B: 

panel 1 Vs panel 3).  

The second gene tested encoded Vascular cell adhesion molecule 1 (VCAM1), a 

member of the Ig superfamily which encodes a cell surface sialoglycoprotein and 

mediates leukocyte cell adhesion and signal transduction. As predicted VCAM1 

prote in was detected at 110 kDa, and was only detected in extracts derived from 

LPS stimulated BL20 cells (see Figure 4.29A). Consistent with the microarray and 

RT-PCR results, No band of predicted size (110 kDa) was observed in un-

stimulated BL20, TBL20 and LPS stimulated TBL20 cells. Furthermore with 

respect to LPS stimulation of BL20 cells, VCAM1 was detected at a higher level at 

18h relative to 4h post LPS stimulation. It was concluded that the strong band 

detected just below 110 kDa was due, most likely, to  non-specific recognition of 

a protein by the poly -specific anti -VCAM1 serum. 

http://neuro-oncology.oxfordjournals.org/content/12/3/243.full#F4


Chapter 4                                                                                                                                        172    

 

Figure 4.29: Validation of proteomic expression profile of candidate genes  
A. Shows validation of the protein expression of 3 candidate genes by Immunoblotting. Expression 
of LMO2 and VCAM1 was detected by western blot analysis of total cell extracts derived from 
uninfected and Theileria infected cell cultures either stimulated with LPS (4h/18h) or unstimulated 
(DMSO). Equal protein loading was assessed by immunodetection of the Tubulin expression using 
a monoclonal anti-actin antibody (TUB-1A2). 
B. Immunofluorescence analysis of LMO2 expression in un-infected BL20 and Theileria infected 
TBL20 cells. Panel 1 and 2, anti-LMO2 reactivity in BL20 and TBL20 cells respectively. Bar = 
20µm. Panel 3 and 4, anti-LMO2 reactivity in LPS stimulated BL20 and TBL20 cells respectively. 
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4.4  Discussion 

The aim of the work presented in this chapter was to investigate the postulation 

that infection of the bovine cell modulates the  outcome of a cellular activation 

event at the global level. This was performed using an oligonucleotide 

microarray platform designed by the Glasgow Theileria  group that represented 

the largest number of genes, at the time, for putative or known bovine RNA 

features (31,481). The Glasgow microarray therefore provided a considerable 

increase in the number of represented bovine genes compared to the cDNA 

(BoMP) array generated by Jensen et al ., 2006 and 2008, and limited gene 

expression studies performed by other co -workers (Jensen et al. , 2009;Oura et 

al. , 2006;Sager et al. , 1997). Moreover, studies using the BoMP array were 

aimed, primarily, at comparing the response of cells from different cattle breeds 

infected with T. annulata or stimulated with LPS. Therefore, the results 

described are the most comprehe nsive analysis to date of gene expression 

changes that occur following activation of uninfected cells compared to changes 

in gene expression associated with infection.  

4.4.1 Interpretation of microarray data 

It is clear form the results that both infection and LPS stimulation result in 

alteration in expression to a large number of bovine genes (approximately 3000 

genes, 10% of array features). These numbers, although high, are supported by 

the earlier study of Jensen et al ., 2008 that reported 695 altered genes 

associated with LPS & IFN stimulated macrophages and 1000 differentially 

expressed genes associated with parasite infection (unpublished data in Jensen 

et al., 2008) using the smaller BoMP array. Of the 3634 BL20 LPS response genes 

12.3% more showed evidence of elevated expression, while in contrast, 45% 

more of the infection altered genes showed evidence of repression. While this 

result may indicate that parasite infection is more associated with repression 

than elevation of host cell gene expression, it i s possible that the large excess in 

repressed genes is caused by an unknown skew in the normalised dataset that 

increases the probability of a down regulated gene being scored as significant. 

However such a skew, if present, is unlikely to influence genera tion of the 

infection modulated dataset (1959 genes) as this represents genes scored as 
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significant  by ranked product analysis (FDR < 0.05, fold change Ó 2) in the BL20 

dataset and a Ó 2 fold difference between the expression value in TBL20 and LPS 

stimulated BL20.  

Rank product analysis  (Breitling et al. , 2004) has now been widely adopted to 

study differential gene expression due to its robust nature and has been utilised 

by several recent studies performed to identi fy differentially expressed genes 

(Leifso et al. , 2007;Morrison et al. , 2010;Veit ch et al. , 2010). Gene expression 

analysis was also performed using a Studentõs T test (Ó2 fold, F test Anova P-

value <0.05) in the ArrayStar software suite and the results of both analyses 

were validated by cross comparison of the obtained datasets.  

Comparison of the infection (TBL20) Vs the LPS (BL20) response datasets and 

Chi-square analysis demonstrated that a signifi cant number of genes (1296) 

showed an altered expression response associated with both parasite infection 

and LPS stimulation of BL20 cells (see Figure 4.5). This result is important as it 

clearly demonstrates that the gene expression profile of the parasi te-infected 

cell is related to an activated state induced by a classical inflammatory 

mediator. Indeed IPA analysis of the LPS BL20 dataset showed that enrichment 

for inflammatory response genes was of greatest significance ( Figure 4.24). 

Thus, as indicated from previous studies it is likely that the parasite infection 

results in constitutive activation of transcription factors that are also activated 

by inflammatory mediators such as LPS. What is not clear from this analysis, 

however, is the degree of vari ability in the outcome of the activation event in 

these two cellular states and whether a difference in outcome could be 

predicted to influence the establishment of the parasite infected cell.  

Initial analysis of the array results also showed that TBL20 c ells were refractory 

to major LPS-induced global expression changes, as only a small subset of genes 

(1.5%) showed altered expression following stimulation of TBL20 with LPS. These 

results clearly indicated that parasite is a dominant suppressor of 

lipopol ysaccharide (LPS) inducible gene expression. One way in which the 

parasite infected TBL20 cell may be able to achieve this relative non -

responsiveness is via down regulation of the major LPS receptor TLR4 (see 

chapter 3). Consistent with the results obtain ed in the previous chapter, 

microarray and real time RT -PCR confirmed repression of 21-fold in TBL20 cells 
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relative to BL20 -LPS. Furthermore, analysis of the TBL20 VS BL20 array data 

(Kinnaird et al., un -published) indicated that other genes encoding LPS r eceptors 

(integrin, alpha L (CD11a) and platelet -activating factor receptor (PTAFR)) are 

also down regulated by infection. Therefore the mechanism that leads to altered 

expression of the 1.5% genes of TBL20 that were stimulated by LPS may involve 

alternati ve surface molecules able to bind to LPS. For example, low -affinity 

lipopolysaccharide receptors P and L-selectin, which are exclusively expressed in 

parasite infection or HSP90/70 and class B scavenger receptor molecules 

(SCARB1 and SCARB2) are expressed at equal levels in BL20/TBL20 cells (non -LPS 

response genes identified in microarray analysis of Kinnaird et al ; unpublished), 

each of which have been reported to bind LPS in various cell types (Bocharov et 

al. , 2004;Malhotra et al. , 1998;Malhotra and Bird, 1997a;Malhotra and Bird, 

1997b;Pearson, 1996;Triantafilou and Triantafilou, 2004) . Therefore, it is likely 

that the minor subset of LPS -inducible response genes associated with parasite 

infection is mediated via TLR -4 independent signalling.  

The BL20 Vs TBL20 model was chosen for this study because it provided a cell 

cultu re system that would provide a reproducible response to simulation and 

infection. Moreover, TBL cells have been used in a number of previous studies to 

investigate infection -associated phenotypes (Baylis et al. , 1995;Dando and 

Shiels, 1997;Oura et al. , 2006) and it has been demonstrated that TBL cells are 

dependent on a viable parasite and undergo apoptosis when the schizont is killed 

by BW720c (see chapter 3). The results of the array data in general support the 

use of the TBL20 model to investigate parasite control of the infected cell 

phenotype. Thus, differential expression of a number of genes (for example, 

CCR1, ICAM1, TLR 10, ITGB7, ISG15) previously reported as altered in the 

context of infection was found (Jensen et al. , 2008;Jensen et al. , 2009;Oura et 

al. , 2006) . In addition, a significant number of genes show a change in 

expression pattern wh en TBL20 was treated with BW720C over a short time 

period (48h). Some of these changes are non-reciprocal and indicate that on 

removal of the parasite the cell does not simply revert to the uninfected BL20 

state but instead progresses towards cell death. I t has been concluded from the 

parallel study of Kinnaird et al.,  that infection of the cell promotes a major 

alteration to the profile of host transcription factors resulting in a 

reconfiguration of gene expression networks that is not reversible following  
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removal of the parasit e encoded signal(s) that control the infected cell 

phenotype. Irreversible reconfiguration of gene networks associated with 

cellular differentiation is increasingly proposed for stem cell systems  

(Chickarmane et al. , 2006;Wang et al. , 2010).   

4.4.2 Interpretation of modulated expression profiles 

The results presented in this chapter provide strong evidence that infection of 

BL20 cells with T. annulata  is associated with modulation of gene expression 

changes induced by LPS. 8 profiles of modulated expression were obtained by 

comparison of expression data across all 6 cellular conditions.  Two of these 

profiles (profile 1 and 5) represented an enhancement of the expression change 

induced by LPS (e.g. elevated expression of an LPS stimulated up regulated  

gene; repression of an LPS repressed gene) and it could be argued that these 

patterns of expression are caused by a greater activation status in the infected 

BL20 cell relative to the LPS stimulated counterpart. For example, the level of 

NF- B reporter ac tivity is significantly higher in TBL20 compared to LPS 

stimulated BL20 (see Figure. 3.4, Chapter  3). Therefore, if expression levels of 

the target genes were directly linked to quantitative changes in the level of an 

activated regulator, these enhanced ex pression profiles would be generated. 

This postulation is probably over simplistic and is also unlikely to account for the 

other 6 modulation profiles where infection is associated with either: a reversal 

of the change induced by LPS (profile 2 and 6); an attenuated response of the 

LPS induced alteration (profile 3 and 7); and no infection associated change in 

expression, compared to an LPS induced response (profile 4 and 8). This last 

modulation event (profile 4 and 8) could be explained in part by proposi ng that 

the infected cell simply does not respond to LPS stimulation. As stated above, 

infection down regulates receptors required for transduction of the LP S signal. 

For this mechanism to operate factors that control target gene expression in 

response to LPS stimulation of BL20 would not be activated by parasite 

infection. The observation that the largest number of genes were recorded for 

profile 4, and that the vast majority showed no response to BW720c, supports a 

lack of response mechanism, although in some cases this model may not be 

appropriate. VCAM1 for example is a classical NF- B dependent gene but shows 

no change in expression associated with infection, and it is conceivable that 
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infection is modulating expression (repressing) of this gene in a mo re direct 

manner. 

Direct modulation of host gene expression can be postulated where expression is 

reversed or attenuated by infection (and may also operate for enhanced 

expression e.g. profile 1). Where expression is reversed (profile 2 and 6), it can 

be postulated that the infected cell requires the gene to be strongly repressed 

or elevated and interestingly IPA analysis of the genes in profile 6 (elevated by 

infection) showed an associated with cancer, while IPA analysis of profile 2 

(repressed by infecti on) showed an enrichment for genes in a range of 

categories, including cancer and apoptosis. Relative to LPS stimulation, 

repression of genes placed in profile 2 can be high (over 50 fold). These include 

repression of genes encoding the macrophage expressed MPEG1, the 

inflammatory cytokine IL15, and the major histocompatibility complex class II DY 

alpha. Repression of these genes could be predicted to be advantageous to the 

parasite infected cell by manipulating the immune response and promoting 

macrophage dedifferentiation.  

A significant number of genes in these two profiles were sensitive to BW720c, 

also indicating direct modulation by infection. How this operates requires 

further investigation but could involve parasite -encoded molecules or a 

qualitative change in bovine regulators of gene expression induced by an 

infection dependent alteration of host cell status. Previous studies have 

concluded that the differentiation state of the host cell is under control of the 

T. annulata  parasite (Sager et al. , 1997) and that this involves changes in 

expression regulators that regulate myeloid development (Jensen et al. , 2009). 

Microarray data generated in my study and the parall el study of Kinnaird et al  

showed significant changes to the expression levels of genes encoding regulators 

of developmental gene expression.  

Like profiles 2 and 6 it can be proposed that infection promotes high level 

expression of genes in profile 1 and r epression of genes in profile 5 because they 

are likely to be advantageous or detrimental to the infected cell, respectively. 

This supposition is supported by identification of gene classes in profile 1, in 

particular, previously identified as being marker s for the macroschizont infected 

cell phenotype (e.g. IL2R, MMP13, ICAM1). Other potentially signifi cant genes in 
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this profile include  the lymphocyte adhesion molecule selectin L gene, the 

homeobox protein Meis 3 gene and the gene encoding cortactin. Profi le 5 

represents super repressed genes and indicates a requirement for the parasite -

infected cell to down -regulate their expression. Genes encoding membrane 

proteins, including a number of important receptors are prominent in this 

profile. The data from thi s profile and others strongly suggests that the parasite 

significantly modulates the infected cell surface to influence interaction of the 

infected cell with a range of ligands, inflammatory mediators and cells of the 

bovine immune system. 

A prediction tha t the modulations represented by profiles 3 and 7 are beneficial 

by repressing or elevating target gene expression is more difficult, since they 

represent attenuation of the LPS response. Thus, elevation of a target gene 

(profile 3) could be beneficial but  does not occur at the same level as BL20 cells 

stimulated by LPS (e.g. the Jun proto oncogene). On the other hand it is 

possible, as postulated previously, that high -level expression of cellular defence 

genes, such as ISG15, that occur via activation of t he cell are repressed by the 

parasite infection, as they are potentially detrimental. The enrichment of 

important genes (OAS2, ISG15, MX2, IRF5 and IL7) was associated with the 

interferon/innate immune/cellular defence response  (Gessner et al. , 

1993;Hovanessian and Justesen, 2007;Jin et al. , 1999;Lu et al. , 2006;Pitha-Rowe 

and Pitha, 2007;Sieling et al. , 1995). Furthermore, expression of 80% of the 

BW720c sensitive genes in profile 3 was elevated upon treatment, indicating a 

requirement for active repression by the parasite. IPA analysis for profile 7 

showed enrichment for genes predicted to have a function in cellular 

metabolism. Metabolism genes were also enriched in profile 8 and since these 

two profiles could be taken as evidence for elevation in gene expression relative 

to the LPS response, it is possible they reflect a requirement for maintenance of 

cellular metabolism pathways in the infected cell.  

4.4.3 Interpretation of qRT-PCR data 

In addition to validation of genes representing each of the 8 profiles by semi -

quantitative PCR analysis, sixteen genes candidate genes were also validated by 

real-time RT-PCR using relative quantification (ĵĵCt) methodology. Real time 
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PCR has advantages over semi-quantitative methodology, being quicker to 

perform and relatively more sensitive, allowing quantification of less er fold 

changes in RNA levels (Ponchel et al. , 2003;Wong and Medrano, 2005). In  the 

current study, the use of ACTɓ or GAPDH as reference genes proved to be a good 

choice: they were validated as being equally expressed across all experimental 

conditions in both the microarray and RT -PCR experiments. These genes have 

previously been used as reference genes in several studies using RT-PCR (Habibi 

et al. , 2009;Lizundia et al. , 2006;Sager et al. , 1997) as they allow normalisation 

of candidate genes expression against potential variation in the amount of cDNA 

used in the reaction. In addition they allowed demonstration that PCR 

efficiencies of the target genes were in the acceptable range for comparative 

analysis. This is an essential standard for ĵĵCt equation, where the efficiencies 

of the control and target genes need to be approximately equal (Livak and 

Schmittgen, 2001). The results obtained from qRT -PCR were consistent with t he 

microarray analysis and the trends in the expression pattern obtained were 

similar for all genes tested across the different expression profiles. However, 

qRT-PCR showed higher magnitudes of expression level alteration, presumably 

because qRT-PCR is a more sensitive technique than microarray (Bruder et al. , 

2007). 

4.4.4 Interpretation of IPA analysis of the infection modulated LPS 

dataset 

In addition to performing analysis for predicted gene function on genes placed 

within th e 8 profiles, IPA was performed on the 1052 genes of the complete 

infection modulated LPS dataset that could be mapped. This was carried out to 

give a more global assessment of the most important molecular functions, 

diseases and pathways manipulated by infection. Reassuringly, the most 

significant category mapped for the dataset was the inflammatory response, 

with many other categories that could be linked to the infected cell phenotype 

highlighted e.g. tissue morphology, cancer, cell death, antimicrobial response 

and cell signalling. Furthermore, enrichment of genes in the dataset that 

mapped to biological pathways highlighted modulation of signalling pathways 

associated with the inflammatory response and included the  NF- B, TNFR2 and 

interferon signalling pathways. Thus, it can be concluded that the infected cell 
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is significantly modulating pathways and a large number of target genes that 

regulate and execute the inflammatory response and cellular transformation. 

Also, the dataset is rich for mining infection associated candidate genes t hat 

operate in these processes. 

Attempts were made using IPA to make the output of the analysis more 

predictive. This was performed utilising the designated pro or anti function of a 

given molecule and screening two lists representing genes displaying infection 

associated elevated or repressed expression for a change in the pro/anti bias 

across different functional categories. The power of the prediction is based on 

the number of genes enriche d for each category, confidence of the IPA 

designation (accurate and unequivocal) and, preferably, an equal number of 

designated pro and anti genes. Unfortunately the gene number was often small, 

the designation equivocal and throughout the dataset a bias in pro-function was 

observed. These characteristics may, for example, have made it difficult to 

observe for the apoptosis category any obvious bias in upregulation of anti - 

together with down regulation of pro -apoptotic genes. Moreover genes 

functioning in  apoptosis commonly switch from a pro to anti function depending 

on cellular context (Fannjiang et al. , 2003;Hess et al. , 2004b) and without 

knowledge of the context, a prediction of overall outcome would be impossible. 

Despite these caveats a number of interesting predicted outcomes were 

obtained that fit with known phenotypes displayed by Theileria  infected cells 

(pro-metastasis and pro alteration of cell shape, for example). Mining functional 

categories highlighted by this ana lysis should provide candidate novel pathways 

and genes that operate in establishment of the infected cell. Two example 

categories are given below.  

Cancer:  This category showed significant enrichment for genes in the infection 

modulated LPS-dataset. Using the IPA knowledgebase, 60 genes (24%) were 

placed in the cancer category with high statistical significance (p -value, 1.56E-

05 ð1.57E-02). These include, for example, pro cancer genes MMP13, SPARC, 

NDRG1, PAK1, ICAM1, ANGPT4, IL2RB, RGS1, SELL, SERPINE2, CCR7, CTTN, 

LTB4R, SLC2A1 and TP73 which are expressed at significantly higher levels in 

parasite infection relative to BL20 -LPS and are known to be involved in 

carcinoma, metastasis, tumourigenesis and malignant tumor conditions 

[reviewed in (Dummler et al. , 2009;Rosette et al. , 2005;Tai and Tang, 
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2008;Yamaguchi and Condeelis, 2007) and (Balbin et al. , 1999;Buchholz et al. , 

2003;Elnemr et al. , 2003;Jiang et al. , 2010;Mannori et al. , 1995;Stiewe and 

Putzer, 2002)]. Interestingly the majority of these pro cancer genes and a 

significant proportion of cancer genes identified (21) were grouped in a distinct 

expression profile (profile 6; see Fig ure 4.18). Since thi s profile shows significant 

elevation of expression associated with infection but repression of expression 

associated with LPS stimulation of BL20, it can be postulated that they are likely 

to be involved in establishing the transformed infected TBL20 cell  phenotype 

and possibly the loss of proliferation potential dis played by LPS stimulated BL20. 

An example of an identified pro cancer gene is MMP13, which was found to be 

robustly up -regulated (54-fold) in TBL20 cells relative to BL20 LPS. MMP13 is a 

member of the matrix metalloproteinases (MMPs), a large group of secreted 

proteinases. MMPs have been reported to be involved in a variety of 

physiological and pathological processes including tissue remodelling, 

angiogenesis, cell proliferation and regulation of tumor progression, tumor cell 

invasion and metastasis (Deryugina and Quigley, 2006;Folgueras et al. , 

2004;Sounni and Noel, 2005). Furthermore, altered expression of MMPs at the 

protein and mRNA levels has been strongly correlated to poor disease prognosis 

in various human cancer studies (Kondratiev et al. , 2008). 

Previous studies have reported induction of other types of MMPs (MMP9 and 

MMP2) as important mediators of the metastatic phenotype of Theileria  infected 

leukocytes via in vitro  or in vivo model systems (Adamson and Hall, 

1997;Adamson and Hall, 1996;Baylis et al. , 1992;Somerville et al. , 1998a). 

Evidence of involvement of MMPs in the metastatic potential of Theileria 

annulata  infected has also been provided in initial studies where T. annulata 

infected attenuated vaccine cell li nes were found to exhibit reduced MMP9 with 

a concomitant reduction in metastatic potential (Adamson et al. , 2000;Hall et 

al. , 1999). An association of high MMP13 production in low passage Theileria  

infected cell lines has been recently reported (Habibi et al. , 2009). 

Intercellular adhesion molecule -1 (ICAM-1/ CD54) is another gene whose 

expression is elevated at higher levels (12 -fold) in TBL20 cells relative to BL20 -

LPS. ICAM-1 is a transmembrane glycoprotein and  a member of the 

immunoglobulin supergene family. Although ICAM1 is known to play an important 



Chapter 4                                                                                                                                        182    

role in the immune response (Yockell-Lelievre et al. , 2009), it has also been 

implicated to play a role in cancer metastasis and can illustrate tumor prognosis 

and progression in several types of cancer (Huang et al. , 2004;Li et al. , 1997;Lin 

et al. , 2006). It has been known for some time that infection and transformation 

of bovine cell s with T. annulata  generates alteration at the infected cell surface 

including the appearance and loss of specific polypeptides (Shiels et al. , 1989). A 

study on altered surface marker expression in T. annulata  was performed where 

attempts were made to characterise a novel surface glycoprotein o f 125 kDa. 

Peptide sequencing results indicated sequence homology with human ICAM-

1(Dando, 1997). 

Recently Jensen et al . ,  (2008) have also shown that mRNA expression level of 

ICAM-1 is up-regulated following infection of monocytes with T. annulata  

infected cells. In addition it was shown that  while the level of  ICAM1 mRNA was 

similar in infected mon ocytes derived from disease susceptible (Holstein) and 

disease resistant (Sahiwal) breeds at 2 h post infection the level of mRNA was 

significantly reduced in Sahiwal -derived monocytes at 72 h post infection.  

Expression of the ICAM-1 gene is regulated by NF- B (Chen et al. , 

2001;Voraberger et al. , 1991), and IPA canonical and custom pathway analysis 

identified ICAM1 as an infection modulated NF- B signaling response genes. 

Therefore it is possible that modulated ICAM -1 in different breeds could be due 

to differences in the le vel of NF- B activation or a qualitative difference in a 

parasite dependent mechanism that modulates the expression of NF- B target 

genes. Interestingly NF- B regulated expression of ICAM-1 has also been shown in 

other apicomplexan parasite system, Plasmodium falciparum ; elevated 

expression of ICAM1 occurring in human brain microvascular endothelial cells in 

response to exposure to Plasmodium falciparum -infected erythrocytes  (Tripathi 

et al. , 2006). 

Expression of ICAM-1 is known to have crucial role in cell ðcell contact and  cellð

matrix adhesion  and is associated with contact -mediated immune responses 

(Boyd et al. , 1988). The significance of ICAM-1 expression in the pathogenesis of 

Theileria  infection is not clear. However, studies on T. parva  have shown that 

continuous proliferation requires surfa ce stimulation mediated via cell -cell 

contact (Dobbelaere et al. , 1991a) and it is possible that ICAM-1 plays a role in 
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this process (Boyd et al. , 1988) as well as recruitment of and interaction with 

cells of the immune response. Further investigations are required to characterise 

the role ICAM-1 expression in determining establishment and  virulence of the T. 

annulata  infected cell.  

Secreted protein acidic and rich in cysteine (SPARC/ Osteonectin/BM-40) is 

another interesting gene found to be up -regulated by 53-fold in Theileria  

infected cells relative to BL20 -LPS (placed in profile 6). SPARC is a matricellular 

protein that influences cell -matrix interactions and has been reported to have 

multiple functions playing a role in immune evasion, inflammatory processes cell 

morphology, Inhibition of cell cycle progression and synthesis of the 

extracellular matrix (Bradshaw and Sage, 2001;Rempel et al. , 2001;Rittling and 

Chambers, 2004). In addition to its normal physiological role, SPARC has been 

correlated with cancer progression, as many cancer types exhibit increased 

SPARC levels upon invasion or metastasis (Massi et al. , 1999;Podhajcer et al. , 

2008;Yamashita et al. , 2003). Furthermore, SPARC is well established to have 

pro-invasive activity and is known to alter the process of transformation related 

to tumor -host interaction (Fenouille et al. , 2011c). 

Recent studies have implicated an interesting connection between exp ression of 

SPARC and the tumour suppressor p53 in melanoma cells (Fenouille et al. , 

2011b).  Essentially these studies showed that SPARC can act as an anti-stress 

factor by inactivating p53 throu gh Akt-mediated MDM2 phosphorylation to 

promote melanoma cell survival. SPARC, PI3K/AKT has also been shown to be a 

potent pro -survival pathway that contributes to the malignancy of gliomas and in 

this system SPARC may mediate survival through increased AK T and decreased 

caspase 3/7 activity (Shi et al. , 2004). Whether SPARC could play a related role 

in Theileria  infected cells is unclear, but worthy of consideration. The 

acquisition of a survival pathway promoting resistance to apoptosis is a 

characteristic feature of Theileria  infected cells  and has been linked to 

constitutive activation of both NF- B and PI3-K/AKT pathways (Baumgartner et 

al. , 2000;Heussler et al. , 2001). The prediction from the findings of Fenouille et 

al.  would be that if SPARC operated in a similar manner in Theileria  infected 

cells, p53 protein levels would be reduced due to elevated degradation 

promoted by MDM2. Interestingly findi ngs by the Glasgow group indicate that 

while levels of p53 mRNA are high, protein levels are virtually undetectable in T. 
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annulata  infected cells (Shiels and McKellar unpublished) and similar results 

implicating a role for MDM2 and constitutive degradation  of p53 have been 

obtained by Yashida et al (personal communication). p53 has been implicated in 

repression of SPARC expression via tumor protein 53 induced nuclear protein 1, 

TP53INP1 (Seux et al. , 2011). TP53INP1 expression is down regulated in Theileria  

infected cells relative to LPS stimulated BL20 (profile 2). Moreover SPARC is 

identified in my study as an elevated NF- B response gene (see Figure 4.28) and 

has previously described as a c-Jun-responsive target gene (Briggs et al. , 2002). 

Thus, it would appear that the infected cell promotes expression of SPARC and 

further investigation of the role of this oncogenic protein in establishment of the 

transformed phenotype is warranted.  

Additional genes that could promote a cancer phenotype of the T. annulata 

infected cell include NDRG1, ANGPT4, CCR7, XCL2 and CCL1. These genes have 

not been previously associated with the infected cell but were expressed at 

significantly higher fold diffe rences relative to uninfected BL20 -LPS. 

Overexpression of NDRG1 has been reported in different human prostate, breast 

and colon cancers and renal cell carcinomas (Cangul, 2004;Caruso et al. , 

2004;Nishie et a l. , 2001). Similarly, ANGPT4 has been implicated in promoting 

tumor cell progression by enhancing viability and angiogenesis in human 

glioblastoma (Brunckhorst et al., 2010) . In summary, the microarray results 

strongly suggest an association of parasite infection in acquiring a cance r like 

cell phenotype. Identification of novel candidate genes and potential pathways 

will help to provide more detailed understanding of how the parasite 

manipulates the infected cell to achieve this state . 

Cellular assembly and organisation:  IPA significantly identified 17 genes in the 

infection -modulated dataset categorised as involved in cellular assembly and 

organisation. Genes belonging to this functional category were found to be 

distinctly up -regulated by parasite infection. Interesting  genes include CTTN, 

SDC4, ICAM1, PAK1, ELN, SPARC, SORBS1, TNS1 and F2R that encode proteins 

involved in the formation of actin filaments and cellular protrusions, 

reorganisation of cytoskeleton, assembly of focal adhesion, size of lamellipodia 

and format ion of podosomes (Barker et al. , 2005;Cosen-Binker and Kapus, 

2006;Illes et al. , 2006;Longley et al. , 1999;Papakonstanti and Stournaras, 

2002;Robinet et al. , 2005;Webb et al. , 2005;Webb et al. ,  2006;Yang et al. , 
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2006). Theileria  infection is known to alter the morphology of the infected host 

cell (Baumgartner, 2011b;Schneider et al. , 2007;Shiels et al. , 2004) and it has 

been postulated tha t changes to the cytoskeleton impact on parasite dependent 

host cell activation and transformation status ( Schmuckli-Maurer et al. , 2010). 

However the mechanisms and molecules underlying these changes are not 

understood completely.  

Recent elegant studies performed by Baumgartner (2011b) have shown that 

parasite dependent polarisation of actin based structures are critical for both 

attachment to substrates and motility [reviewed by (Baumgartner, 2011a)]. Thus 

Baumgartner (2011b) showed that T. annulata  infection promotes alterations to 

the actin cytoskeleton of macrophage to regulate adherence and cell motility via 

enhanced podosomes and lamellipodia formation. Cell movement involves a 

sequential process that requires cell protrusions at the leading edge and 

retraction at the trailing edge of the cell, and the actin cytoskeleton plays a 

critical role in both processes. Furthermore  polarised infected cell morphology is 

characterised by the formation of actin -rich single lamellipodium and cortactin -

rich podosome type-adhesions (PTAs). Modulation of host cell actin dynamics has 

also been linked to the virulent host cell phenotype (Chaussepied et al. , 2010) 

by demonstration of a difference in the TGF -b2 dependent invasive potential of 

Theileria -transformed cells derived from disease resistant and susceptible 

cattle, and a cell line with an attenuated virulence profile. Thus, Theileria  

infected disease susceptible macrophages were found to exhibit increased actin 

dynamics in their lamellipodia and podosomal adhesion structures and develop 

more membrane blebs. Molecules thought to function in regulation of these 

structures include the Src kinase, Hck; the R ho kinase, ROCK, cortactin and ERM 

proteins [Reviewed by Baumgartner, 2011a).  

The finding that expression of the cortactin (CTTN , also known as EMS1) and Hck 

genes are up-regulated at higher levels (4.4 -fold and 6.3 fold, respectively) in 

TBL20 cells relative to BL20-LPS (profile 1) is, based on the above studies, likely 

to be of importance to regulation of cell shape. This difference for cortactin was 

even higher (25-fold) in TBL20 when compared to BL20 cells. CTTN has been 

shown to enhance lamellipodial p ersistence and the rate of adhesion formation 

in lamellipodia, consistent with an important function in regulation of directed 

cell motility (Bryce et al. , 2005). Modulation of cell motility and cell adhesion is 
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also believed to be an essential phenomenon for metastasis and arises as a result 

of changes in the cytoskeletal architecture (Yamaguchi et al. , 2005). Over 

expression of cortactin has been reported to promote contact and 

communication between the cell and the extracellular environment by 

modulating the clustering of ICAM1 and selectin receptors on endothelial cells in 

order to promote adherence of leukocytes at the site of inflammation (Barreiro 

and Sanchez-Madrid, 2009;Tilghman and Hoover, 2002). All of these molecules 

(CTTN, ICAM1 and SELL) were expressed at an elevated level in infected cells in 

my study (all profiled 1, enhanced elevation), and RT -PCR results successfully 

validated the microarray data (see Fig ure 4.9). Interestingly in line with previous 

findings in other cellular models (Barker et al. , 2005;Longley et al. , 

1999;Robinet et al. , 2005), the array data identified additional up -regulated 

genes SDC4, PAK1, ELN and SAPRC that have potential roles in altering host cell 

cytoskeletal dynamics in the Theileria  infected c ell.  

The gene "PAK1" encoding the p21 protein (Cdc42/Rac) -activated kinase 1 

(family member of serine/threonine p21 -activating kinases) was significantly up -

regulated (>22 fold) in Theileria  infection compared to BL20 -LPS (profile 6) the 

elevation profile being confirmed by semi -quantitative RT -PCR (see Figure 4.19). 

Pak1 has been reported to have a number of functions including cell survival and 

motility, proliferation, and has been implicated in cell transformation and tumor 

progression (Huynh et al. , 2010). Furthermore, the role of Pak1 in coordinating 

the dynamics of the actin and microtubule cytoskeletons during directional 

motility of cells, cell -cell contact [reviewed by (Bokoch, 2003)] and formation of 

lamellipodias and filopodias (Crespin et al. , 2009) has been reported. It is also 

well known that cell -cell contact of Theileria  infected T cells increases their 

proliferation (Chaussepied et al. , 2006;Dobbelaere et al. , 1991b) and the 

formation of actin -rich single lamellipodium and cortactin -rich podosome type-

adhesions has been reported recently (Baumgartner, 2011b). Due to the function 

of Pak1 as a key molecule in the regulation of actin dynamics further studies are 

required to investigate the consequence of up -regulating this gene on the 

transformed phenotype of the Theileria  infected cell. For example PAK plays a 

crucial role in formation of podosomes and membrane ruffles and can 

phosphorylate cortactin to regulate the dynamics of branched actin filaments 

(Webb et al. , 2006). More intriguingly, PAKs have been reported to activate  
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transcription factors associated with the Theileria  infected cell: ATF 2, c-Jun and 

NF- B (Neumann et al. , 2006). Furthermore PAK1 also mediates signals through 

PI3K and Akt to sustain cell transformation.  

Cellular defence and inflammatory response genes:  A number genes associated 

with host cell defence responses against invading pathogens and the immune 

responses were identified in analysis of the microarray data. Many of the genes 

identified within this category are regulated by  NF- B, encoding proteins 

involved in signaling and regulation of transcription, as well as immune 

responses and defence mechanism pathways. Among these genes several 

cytokine and chemokine receptor genes were differentially expressed in TBL20 

and BL20-LPS cells. These included genes encoding anti-inflammatory proteins 

(CCR7, CCL1 and XCL2) whose expression was associated with 15- to -54-fold 

enhancement in parasite infection versus LPS stimulated BL20. Modulated 

expression of the chemokine receptor CCR7 and other chemokines has also been 

reported during the early stage of infection with Leishmania major  parasite in 

human dendritic cells in vitro  (Steigerwald and Moll, 2005) . Expression of CCL1 

and XCL2 has been implicated as key players in cancer (Arya et al. , 2003). Genes 

encoding pro-inflammatory cytokines and chemokines whose expression was 

significantly down regulated by infection compared to LPS included CXCL10, 

CCL4 and IL15. CXCL10/ IP-10 for example is a member of the chemokine family 

of cytokines and is induced in a variety of c ell types in response to interferon 

gamma and lipopolysaccharide administration (Ohmori and Hamilton, 

1990;Ohmori and Hamilton, 1995) . Elevated expression of CXCL10 has been 

reported to inhibit the process of angiogenesis (Angiolillo et al., 1995)  and 

reduced tumour angiogenesis (Sgadari et al. , 1996). Additionally, it has been 

reported that over expression of CXCL10 is involved in inhibition of proliferation 

process in variety of cell types including endothelial and melanoma cells  

(Feldman et al. , 2002;Luster et  al. , 1995;Nagpal et al. , 2004;Romagnani et al. , 

1999). Manipulation of chemokines/chemokine receptor expression is certainly 

an exciting area of research in  the field of host -parasite interaction as 

expression of these factors can be used to either enhance or limit various 

cellular responses to infection. It is clear that the parasite interacts with and 

manipulates the immune and innate cellular defence respo nses. Further 
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investigation of the genes identified will provide greater insight into how the 

parasite avoids host defence mechanisms and stimulates them to cause disease.  

4.4.5 Interpretation of pathways analysis and modulation of 

pathway response genes  

The most significant pathways modulated by parasite infection were TNFR2, 

pattern recognition receptors, CD40, NF- B, PI3K, LPS stimulated MAPK and 

interferon signaling pathways. Detailed exploration of individual pathways 

revealed that many of the transcr ipts identified were commonly associated with 

other pathways. Moreover, an event that is common to many of these pathways 

is the activation of NF- B and the general implication is that the parasite 

infection of BL20 modulates signalling pathways associated  with the 

inflammatory response relative to LPS stimulated BL20. Indeed the results of the 

study demonstrate that the Theileria  parasite modulates the NF- B at multiple 

levels. Firstly the parasite constitutively activates NF- B by sequestration and 

activation of the IKK signalosome to its surface (Heussler et al. , 2002). This 

event may be aided by manipulation of the host actin cytoskelelton (Schmuckli-

Maurer et al. , 2010) and involve elevation of PAK1 pathway genes (see above). 

Interestingly the microarray data generated little evidence for repression of the 

signalling pathway below the level of the activated sig nalosome: the repression 

of the IkB inhibitor (relative to LPS) would promote NF- B activation. Secondly 

the parasite infected cell clearly represses expression of the gene encoding the 

TLR4, a major receptor that recognises extrinsic signals that activate  NF- B, 

(see chapter 3). Thirdly results from the custom pathway analysis indicate that 

infection relative to LPS stimulation modulates the response of NF- B activation 

by either repression or elevating target gene expression. Thus a major premise 

of this study that the parasite infection modulates the outcome of activation is 

supported by the pathway analysis. The postulation that this modulation event is 

likely to be beneficial to the establishment of the infected cell is also indicated. 

For example, NF- B response genes repressed in parasite infected cells showed 

enrichment by IPA for pro inflammatory response genes and pro  differentiation 

of leukocytes.  
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Two genes included in the modulated dataset of NF- B target encode  molecules 

(ICAM-1 and VCAM-1) that  have important functional roles in cellular adhesion 

and immune responses (Van and Mallard, 2001). Both genes were up regulated by 

LPS in uninfected BL20 and are known be regulated by immunomodulators, such 

as LPS and PMA and cytokines, including TNF-Ɯ (Bevilacqua, 1993;Carluccio et 

al. , 2007;Fakler et al. , 2000). Additionally, these molecules are known to 

contain sequences consistent with NF- B and AP-1 binding sit es (Dhawan et al. , 

1997;Iademarco et al. , 1992;Lindner and Collins, 1996;Roebuck and Finnegan, 

1999). Despite NF- B being activated in both systems (TBL20/BL20-LPS), parasite 

infection was found to be associated with down -regulation VCAM-1(184-fold) but 

up-regulation of ICAM-1 (12-fold) when compared to BL20 -LPS. At present it is 

not clear why parasite infection selectively modulates the expression of these 

two molecules. However, it is possible that activation of NF- B alone is not 

responsible for the expression of these adhesion molecules. In fact, NF- B-

independent induction of VCAM-1 has also been reported in endothelial cells 

(Wolle et al. , 1996). Similarly differential expression of other host cell or 

parasite associated factor(s) could influence selective expression of these genes . 

Repressed NF- B target genes also included regulators of apoptosis. Several of 

these genes, CFLAR, CASP4, TRAF1 and WnT10B, up-regulated in BL20-LPS 

(repressed by parasite) are known to be  involved in multiple biological effects on 

cells such as cell proliferation, cytokine production and cellular death response 

(Chang et al. , 2002;Henkler et al. , 2003;Mao et al. , 2010;Speiser et al. , 

1997;Yoshikawa et al. , 2007;Zaitseva et al. , 2011) and include caspase gene 

family members CASP4 and CFLAR that are regulators of apoptosis (see table 

4.12). The number of up regulated NF- B response genes was too small for 

enrichment analysis, but did provide some interesting candidate genes e.g. 

SPARC (see above), ICAM1 and NDRG1. 

NDRG1 was also mapped by the custom pathway analysis as a repression target 

of c-MYC. Constitutive activation of cMYC is known to occur in Theileria  infected 

leukocytes and the data obtained in the present studies indicate a requirement 

for the parasit e to maintain repression of these target genes. These include 

CFLAR, interferon regulatory factor 8(IRF8) and two inhibitors of the cell cycle 

(CDKN1A and CDKN2B) (Cazzalini et al. , 2010;Fournier et al. , 2004;Park and Lee, 

2003;Satyanarayana et al. , 2008). In marked contrast to these genes, the N -myc 
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downstream regulated 1 ( NDRG1) gene shows a significant elevation associated 

with parasite infection (profile 6), indicating a requirement for elevation of this 

cMYC repressed target. While NDRG1 has been associated with carcinogenesis 

(see above) elevation by the parasite infect ed cell is potentially 

counterintuitive. Thus NDRG1 has been proposed to be a suppressor of 

metastasis (Liu et al. , 2011) and has been found to operate as an attenuator of 

NF- B activation (Hosoi et al. , 2009). However the function of NDRG1 can be 

strongly influenced by cellular context and has been linked to p53 dependent 

apotosis by some studies, while others have attributed pr o-survival and anti -

apototic functions [reviewed by (Kitowska and Pawelczyk, 2010)]. Interestingly, 

a role for NDRG1 at the spindle check-point of mitosis has been shown and it is 

thought to be important for maintaining correct microtubule functioning (Kim et 

al. , 2004a) and spindle formation. Recent work by the group of Dobbelare have 

shown an intricate relationship between the Theileria  schizont and host cell 

mitotic and central spindles, dependent on recruitment and catalytic activity of 

host cell Polo-like kinase (von et  al. , 2010). Further work investigating the role 

of NDRG1 in the relationship between parasite and host cel l spindle would be of 

interest.  

A further relevant pathway identified within the modulated dataset was 

PI3K/AKT. Of particular note, two cytosolic  effectors or regulatory subunit 

(PIK3R5, and PIK3R6) of PI3K were identified to be up-regulated in parasite 

infection. PI3K/AKT is implicated in the process of proliferation and cell survival 

[reviewed in (Fresno Vara et al. , 2004;Hennessy et al. , 2005;Osaki et al. , 2004)]. 

Acquisition of survival pathways in promoting r esistance to apoptosis is a 

characteristic feature of Theileria  infected cells  and has been linked to 

constitutive activation of the PI3 -K/AKTpathway (Baumgartner et al. , 

2000;Heussler et al. , 2001).  

In summary, analysis of the microarray data presented in this chapter 

demonstrate that although the gene expression profiles of LPS stimulated 

uninfected BL20 and infected TBL20 cells significantly overlap, parasite infection 

promotes a major reorganisation of gene expression associated with cellular 

activation. Moreover, the findings indicate that parasite i nfection can modulate 

the outcome of a host cellular activation state in a manner that is predicted to 
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be beneficial for establishment and survival of the proliferating transformed 

cell.  

Further work is needed to examine alteration of host gene expression at the 

proteomic level as well as test for predicted functional implication of altered 

expression. Investigations are also required to identify the mechanisms that the 

parasite utilises to manipulate the outcome of cellular activation. This is likely 

to in volve a major reorganisation of host factors and chromatin states that 

regulate gene expression, as identified in a parallel microarray study conducted 

by Kinnaird et al., (unpublished).  However the export of polypeptides from the 

parasite that have the p otential to manipulate gene expression could also be 

involved (Shiels et al. , 2004). Parasite encoded AT-hook DNA-binding proteins of 

the TashAT family have been implicated in altering gene expression in 

transfected uninfected bovine macrophage cells (Oura et al. , 2006). In addition, 

Theileria AT hook DNA binding protein SuAT1 (Shiels et al. , 2004) and secreted 

Theileria  protein (TaSE) (Schneider et al. , 2007) has been identified as possible 

parasite regulators of host cell morphology. The work in the next chapter set out 

to investigate whether a TashAT 2 gene could alter bovine ge ne expression in a 

related manner to parasite infection and manipulate the outcome of stimulation  

with inflammatory mediator s. 
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5 Global identification of modulated gene 

expression in a bovine macrophage (BoMac) 

cell line stably transfected with the T. annulata 

TashAT2 gene 

5.1 Introduction 

In the previous chapter, it was established using a comparative micr oarray 

analysis approach that T. annulata  infection imposes a remarkable level of 

control over host cell gene expression by modulating the outcome of a 

classical cellular activation response that is typically stimulated by 

inflammatory mediators such as LPS. An important question is how might the 

Theileria  macroschizont stage achieve this degree of control over host cell 

gene expression? Increasingly, evidence points to multiple mechanisms that 

converge to promote a modulated activation status required for 

establishment, proliferation and dissemination of the parasite infected cell.  

It is highly probable that significant modulation of host gene expression by 

apicomplexan parasites occurs via secretion of regulatory molecules into the 

host cell compartment. W ithin the Apicomplexa, predominantly in 

Toxoplasma, Plasmodium and Theileria , a number of proteins synthesised by 

the parasite have been located in the host cell (Luder et al. , 2009;Plattner 

and Soldati-Favre, 2008;Ravindran and Boothroyd, 2008;Saeij et al. , 2007) 

and data indicates that some interfere with the host cell signal transduction 

pathways. Theileria  parasites are unique in that, unlike Plasmodium and 

Toxoplasma, they do not develop within a parasitophorous vacuole following 

invasion and the macroschizont membrane is in direct contact with the host 

cell cytoplasm (Shaw, 2003). It has been proposed that because of this 

fundamental difference in transport, control mec hanisms engendered by 

apicomplexan secreted molecules are unlikely to be highly conserved 

(Ravindran and Boothroyd, 2008). In T. gondii  infection it has been shown 

that parasite actively subverts host defence responses and co -opts various 

host cell processes. These processes have been shown to involve various 
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candidate parasite proteins secreted via the surface or from secretory 

organelles such as rhoptries, micronemes and dense granules into the host 

cell compartment during invasion process.  Secreted molecules include protein 

phosphatase 2C (PP2C-hn) and rhoptry protein 16 (ROP16) both of which have 

been located to the host nucleus (Gilbert et al. , 2007;Ong et al. , 2010). 

Additionally, ROP16 has been reported to influence the activation of host 

signal transducer and activator of transcription (STAT) signalling pathways 

and expression of STAT target genes such as interleukin (IL) -12 (Saeij et al. , 

2007). Since Theileria  macroschizonts do not possess rhoptries, an orthologue 

of ROP16 could be considered unlikely to play role in maintaining the 

transformed host leukocyte.  

Activation of NF- B is central to the establishment of the Theileria  

transformed leukocyte and has been implicated in modulation of the host cell 

apoptosis and survival pathways in both Toxoplasma gondii and Plasmodium 

[reviewed in (Leiriao et al. , 2004) and (Nash et al. , 1998;Payne et al. , 2003)]. 

In Theileria , NF- B is activated via aggregation of IKK complexes on the 

surface of the macroschizont (Heussler et al. , 1999;Heussler et al. , 2002) but 

evidence for this event was not obtained for Toxoplasma (Molestina et al. , 

2003;Molestina and Sinai, 2005). Recently, a parasite derived protein; TpSCOP 

has been shown to be involved in the activation of NF- B in T. parva -infected 

lymphocytes (Hayashida et al. , 2010), but the parasite molecule responsible 

for aggregation of the IKK signalosome at the parasite membrane is still 

unknown (Schmuckli-Maurer et al. , 2010).  

Results obtained from chapter 4 showed a range of NF- B target genes 

associated with cellular activation were differentially regulated in parasite 

infected cells. In T.annulata  there is evidence that modulation of gene 

expression in the infected cell occurs by secretion of parasite encoded 

regulatory molecules that have the ability to localise to the host cell nucleus. 

T. annulata genome sequence data has identified a number of parasite genes 

that could function to manipulate the phenotype of infected cells (Pain et 

al. , 2005). Parasite polypeptides have been identified that are likely to be 

expressed on the surface of parasite or secreted into the host cell 

compartment. Some of these polypeptides have been described as potential 
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candidates for manipulators of gene expression a nd are known to possess 

signal peptides, nuclear localisation signals and DNA binding motifs. These are 

encoded by members of the TashAT and SuAT gene families (Shiels et al. , 

2004;Swan et al. , 1999;Swan et al. , 2001;Swan et al. , 2003). Transfection of 

a construct expressing the T. annulata  TashAT2 protein in uninfected bovine 

macrophages resulted in identification of a number of differentially expressed 

host genes by proteomic and RNA display analysis (Oura et al. , 2006). 

Although relatively small -scale, this analysis served to underpin the potential 

importance of parasite encoded TashAT proteins in manipulation of host cell 

gene expression. 

The TashAT cluster of T. annulata contains seventeen contiguous genes, 

twelve of which encode proteins that are predicted to localise to the host 

nucleus (Pain et al. , 2005). Recent studies using comparative genomic 

analysis have also revealed that the TashAT and related T. parva TpHN gene 

clusters are probably specific to Theileria  species that transform the 

leukocytes (Shiels et al. , 2006;Weir et al. , 2009). Experimental data obtained 

to date confirms that five TashAT parasite proteins are detected in the 

nucleus of infected leukocyte. In addition to localising to the host nucleus, 

members of TashAT family (TashAT1/3, TashAT2, and SuAT1) possess domains 

containing AT hook motifs that suggest the ability to bind DNA (Shiels et al. , 

2004;Swan et al. , 1999) and TashAT1 and 2 have been experimentally shown 

to bind to AT -rich DNA sequences (Shiels et al. , 2004;Swan et al. , 1999;Swan 

et al. , 2001). 

AT hooks are DNA binding motifs that show conservation in arrangement and 

sequence across multiple alleles of SuAT1, TashAT2 and TashAT3, implying 

they confer functional and target specificity (Swan et al. , 2001;Weir et al. , 

2010). Interestingly AT hook motifs are also found in a range of DNA binding 

proteins including the mammalian High Mobility Group A (HMGA) family 

(Reeves, 2010). HMG proteins act as architectural elements by modulati ng 

chromatin structure and, therefore, regulating expression of large numbers of 

genes that control cell fate (Cleynen and Van de Ven, 2008;Reeves, 

2001;Reeves, 2010). The majority of the HMG proteins are highly mobile, bind 

transiently to chromatin and compete with histone H1 for nucleosome binding 
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sites, thus loosening the nucleosomal structure to enable access of 

transcriptional r egulators (Catez et al. , 2004;Garcia-Heras et al. , 2009). 

Furthermore, HMGA proteins can physically interact with a large number of 

proteins, including transcription factors such as NF- B (p50/65), AP-1, ATF-2, 

IRF1, c-Jun, Oct-1, Oct-2A, PU.1 and NF-AT (Lewis et al. , 2001;Reeves, 

2001;Thomas and Travers, 2001). Recently, other important molecular 

partners have also been discovered that suggest involvement of HMGA 

proteins in a variety of functions such as DNA replication and processing of 

RNA, as well as structural organisation and re-modelling of chromatin (Sgarra 

et al. , 2005). Over-expression of HMGA1 proteins has also been associated 

with certain types of malignant neoplasia and benign tumours (Catez et al. , 

2004;Fedele et al. , 2001;Flohr et al. , 2003;Sarhadi et al. , 2006;Wood et al. , 

2000;Wunderlich and Bottger, 1997)  and may be a central event in 

oncogenesis (Resar, 2010;Wood et al. , 2000). 

HMGA1/2 potentially controls expression of a wide range of target genes, 

including those encoding inflammatory mediators and cytokines (John et al. , 

1995;Lin, 2006;Martinez et al. , 2004). Interestingly, TashAT2 bears three AT 

hook DNA binding motifs whose arrangement shows significant similarity to 

that in HMGA1 (Weir et al. , 2010), which is known as a co-regulator of 

inflammatory response genes including those targeted by NF- B (Amiri et al. , 

2006;Collins et al. , 1995a;Takamiya et al. , 2008;Yie et al. , 1997). The 

majorit y of these genes are positively regulated and their promoter regions 

contain multiple stretches of AT -rich sequence. Transcriptional activation 

may involve formation of ôenhancesosomesõ which are multi-protein 

complexes containing HMGA/transcription factor s. Likewise negative 

regulation of gene transcription by AT hook proteins may occur via inhibition 

of enhancesosome formation, possibly by preventing functional binding of 

critical transcription factors to their recognition sites in gene promoters 

(Reeves, 2001). 

To date, functional analysis has shown that parasite polypeptides TashAT2 

and SuAT1 can alter the morphology of transfected bovine cells. A small 

number of candidate response genes whose RNA and protein expression may 

altered in a similar way to that obser ved in parasite infected leukocytes have 
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been identified (Oura et al. , 2006;Shiels et al. , 2004). This small-scale 

analysis confirmed that members of the TashAT family should be considered 

prime candidates as modulators of infected host cell phenotype.  

In summary, taking together the conclusive evidence of extensive modulation 

of inflammatory response gene expre ssion, including targets of NF- B in 

parasite infected cells presented in Chapter 4, and the evidence from 

previous studies where the functional role of TashAT2 protein was partly 

characterised, it was highly relevant to undertake a global analysis to iden tify 

the potential of TashAT proteins to alter bovine gene expression. Given the 

structural similarity to HMGA proteins, it was of particular interest to 

determine whether any of the differentially expressed genes might also be 

targeted by NF- B or other t ranscription factors. The primary aims of the 

work presented in this chapter were as follows.  

Objectives of this study  

1. To use the available bovine microarray platform to perform a second 

microarray experiment to test the ability of a single member of the T ashAT 

family, TashAT2, to function as a modulator of bovine gene expression, 

using a bovine cell line stably transfected with the TashAT2 plasmid.  

2. To compare any TashAT2-altered dataset with the infection -modulated 

datasets (TBL/LPS-BL20 datasets) obtained in the previous chapter, to 

reveal host genes that may be manipulated by TashAT2 in the context of T. 

annulata infection.  

3. To test the ability of TashAT2 to modulate altered gene expression induced 

by stimulation with an inflammatory mediator and compare a ny obtained 

dataset with the dataset representing infection -associated modulation of 

LPS induced gene expression obtained in the previous chapter.  

4. To identify transcription factor (s) target genes, in particular NF- B that 

may exhibit altered expression le vels associated with to TashAT2 
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expression, and compare with the NF- B target genes identified in 

infection associated datasets.  

5. To perform Ingenuity Pathway Analysis of the TashAT2 manipulated dataset 

and compare with the results derived from the infectio n-associated 

datasets. 
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5.2 Methods  

5.2.1  Cell lines and culture 

Cell lines, BoMac-TashAT2 and BoMac-pCAGGS, used in this study were 

previously derived (Oura et al. , 2006) by transfection of an SV40 transformed 

bovine macrophage (BoMac) cell line (Stabel and Stabel, 1995). BoMac-

pCAGGS contains a control plasmid (pCAGGS) and BoMac-TashAT2, the same 

pCAGGS plasmid expressing the TashAT2 gene.  

Also used in this study were stably transfected BL20_TashAT2, BL20_pCAGGS, 

D7-TashAT2 and D7-pCAGGS,  cell lines which were previously generated in 

this laboratory (Shiels et al.,  unpublished) using the plasmids as described 

above. BL20 is the previously described uninfected bovine lymphosarcoma 

(BL20) cell line (Chapters 2 and 3), and D7 is a T. annulata  (Ankara) infected 

cloned cell line (Swan et al. , 2003). Transfected BL20 and D7 cell lines were 

cultured as described in Chapter 2, except that the medium was 

supplemented with 250  µg/ml of Geneticin (Gibco; 1013 -019). Transfected 

BoMac cells were cultured under similar conditions, except that 10% heat -

inactivated foetal calf serum was used with 500 µg/ml of Geneticin. BoMac 

cell lines were maintained by trypsinisation followed by d ilution into fresh 

medium twice per week.  

5.2.1.1 pCAGGS-TashAT2 construct  

Generation of the pCAGGS-TashAT2 construct, transfection protocol and 

selection of lines was carried out previously and fully described (Oura et al. , 

2006) Briefly, the TashAT2 coding sequence with a V5 epitope tag was cloned 

into the vector pCAGGS-Bstx1 IRES Bgeo (pCAGGS), which contains an internal 

ribosomal entry site (IRES) immediately downstream of the gene of interest, 

followed by the  neomycin resistance gene. Thus the TashAT2 gene and the 

neomycin gene are transcribed as one long mRNA from a single chicken Ɲ-

actin promoter with a human cytomegalovirus (CMV) immediate early 

enhancer. This construct was called pCAGGS-TashAT2 and guarantees 
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expression of the TashAT2 transgene following successful selection of a stably 

transfected cell line.  

5.2.2  Stimulation of cells with inflammatory mediators 

Cells in logarithmic phase (approximately 5×10 5 cells/ml) were stimulated 

either by adding LPS (Sigma; L2630) to a final concentration of 1Õg/ml for 4h 

or phorbol myristate acid (PMA) (Sigma; P8139) at 10ng/ml for 6h. Following 

stimulation, cells were harvested for luciferase assays, immunofluorescence  

assay or total RNA isolation. Prolonged stimulation (24 -72h) was also 

performed where necessary for cell viability and caspase assays.  

5.2.3  Treatment of pCAGGS-TashAT2 transfected Theileria 

infected (D7) cells with BW720c 

Buparvaquone treatment of D7 -TashAT2 cells was carried out as described 

(Oura et al. , 2006). Cells at  1×105 /ml were incubated in the presence of 50 

ng/ml of BW720c for either 48 or 72h, followed by immunofluorescen ce 

assays or isolation of RNA for RT PCR.     

5.2.4  NF-kB dependent reporter assay (Dual Luciferase Assay) 

and PMA stimulation 

The NF- B dependent reporter assay was essentially performed as described 

previously in Chapter 3, section 3.2.3 except that following  transfection of 

the reporter constructs, BoMac cells were cultured in 75cm 2 flasks and 

stimulated with PMA for 6h.  

5.2.5  Indirect immunofluorescence analysis 

Cytospin preparation of cells and indirect immunofluorescence analysis (IFA) 

of TashAT2-transfected BoMac or BL20 cells was performed using the basic 

protocol described by Oura et al (2006). Approximately 2 -3 x 105 cells were 

used per cytospin preparation and centrifuged at 1500rpm for 5 minutes 

(Shandon cytospin 2).  
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For detection of the anti -V5 tag, cyto spin slides were immediately fixed in 

pre-chilled methanol at -20°C for 10 min followed by acetone for 1 min. 

Detection was achieved using monoclonal anti -V5 (Sigma; V8012) primary 

antibody at 1/500 dilution in complete medium for 1h at room temperature 

(RT). The Lim Domain Only 2 (LMO2) protein was detected by IFAT using fixed 

cells as above and monoclonal anti -LMO2 (1A9-3B11) (NB110-78626) 

(Novus Biologicals, USA) at a 1/100 dilution. Slides were then washed three 

times with PBS for 3min each. Alexa Fluor  488 goat anti -mouse IgG 

(Invitrogen; A -11029) was used as secondary antibody at 1/200 dilution and 

incubated for 1h at RT followed by washing in 1×  PBS. After the final wash, 

cells were counter -stained with 0.1% Evanõs blue for 1min, rinsed in 1ķ PBS 

and allowed to dry. Slides were then mounted in 10Õl of mounting medium 

containing 50% glycerol in PBS, 4, 6-diamindino-2-phenylindole (DAPI) at 

1µg/ml and phenylenediamine at 1mg/ml.  

5.2.6  Giemsa stain analysis 

Morphological assessment of TashAT2 transfected BoMac cells following PMA 

stimulation was carried out on Giemsa stained samples. Cells were grown in 

standard culture conditions on a sterile slide in a Petri dish. 24 or 48h post -

PMA incubation, slides were air dried at room temperature for 10 min, fixed 

in absolute methanol for 20 min, dried at room temperature for 20min and 

stained in 4% Giemsa solution for 30 min. Finally the slides were rinsed in tap 

water for 5 min; air dried and examined using an Olympus BX60 microscope. 

Images were acquired by a SPOT camera and SPOTTM Advanced image 

software Version Mac: 4.6.1.26 (Diagnostic Instruments, Inc).     

5.2.7  Cell proliferation, viability and caspase 3/7 assay   

Estimation of cell numbers and viability following stimulation with PMA or 

DMSO was performed using Trypan Blue exclusion as described previously in 

chapter 3 (see section3.2.5). Each experimental condition: 24, 48 and 72h 

incubation with PMA (10 ng/ml) or DMSO (1µl/ml) as unstimulated control, 

was carried out in quadruplicate. Cell viability and caspase 3/7 activity were 

then measured as described previously in section 3.2.6 of chapter 3. Caspase 
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3/7 was measured as relative fluorescence unit (RFU) of PMA stimulated cells 

compared to DMSO-treated control cells in either pCAGGS -TashAT2 or pCAGGS 

transfected BoMacs. 

5.2.8  Comparative microarray analysis of Gene expression in 

BoMac-TashAT2 and BoMac-pCAGGS cell lines 

5.2.8.1 Total RNA Extraction, Clean-up and Quantification  

Detailed methodology of RNA extraction, DNase 1 treatment, clean up and 

quantification is described in  Chapter 3 (see Section 3.2.8 & 3.2.9).   

5.2.8.2 Hybridisation and Analysis of Data 

In order to globally identify expression changes in host genes due to the 

influence of TashAT2, RNA was prepared from BoMac-TashAT2 and BoMac-

pCAGGS with and without PMA stimulation, as described in section 5.2.1 -2. 

Total RNA Samples were prepared from three independent replicate cultures 

for each experimental condition. 30µg from each RNA preparation was 

submitted to Roche NimbleGen Systems for cDNA synthesis and hybridisation. 

Figure 5.1 illustrates the design of the microarray experiment and steps 

involved in the analysis of microarray data. Details of the microarray, 

hybridisation, processing of raw data, statistical analysis, Ingenuity Pathway 

Analysis and Monte Carlo simulation are described in section 4.2.  

5.2.9   Validation by semi-quantitative Reverse-Transcription 

PCR (RT-PCR) 

Gene expression changes observed in the microarray analysis were validated 

for selected genes by semi-quantitative RT -PCR followed by gel 

electrophoresis analysis of the PCR products. RT-PCR validation was 

performed using the same RNA samples prepared for microarray analysis. 

Methodology for semi-quantitative RT -PCR used was similar to that outlined in 

chapter 3. Details of gene specific primer sequences, Ge nBank accession 
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numbers, annealing temperature and length of predicted product are listed in 

Table 1.3, Appendix 1. 

 

Figure 5.1:  Schematic diagram illustrating microarray experimental design and the steps 
involved in data analysis 
Total RNA was isolated from BoMac cells transfected with control (pCAGGS) or pCAGGS-
TashAT2 construct; the cells were either stimulated with PMA or unstimulated.  
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BoMac pCAGGS  

(Control) 

BoMac pCAGGS-

TashAT2  

BoMac pCAGGS-

TashAT2 PMA 

BoMac pCAGGS  

(Control) PMA  

Pilot TashAT2 transfected BoMac microarray experiment   

Total RNA samples 

Microarray hybridisation and normalisation by Roche NimbleGen 

 

Identification of NF -kB target genes 

modulated by TashAT2 in response to PMA 

RT-PCR validation of PMA response genes 
modulated by TashAT2  

 

Analysis no 2  

Analysis no 1 

Identification of TashAT2 modulated PMA response genes in BoMac cells  
Pair wise comparisons of Control Vs Control-PMA: and TashAT2-PMA Vs Control-PMA  

 
Overlap of BoMac-TashAT2_PMA modulated datasetwith infection modulated LPS dataset  

 
IPA for enrichment of functions/pathways in TashAT2-PMA modulated dataset 

 
Identification of modulated profiles based on response to PMA by TashAT2  

 
 

 

BoMac pCAGGS  

(Control) 

BoMac pCAGGS-

TashAT2  

BoMac pCAGGS-

TashAT2 PMA 

BoMac pCAGGS  

(Control) PMA  

TashAT2 transfected BoMac microarray  analysis   

Total RNA samples 

Microarray hybridisation and normalisation by Roche NimbleGen 

Microarray Rank Product Analysis, microarray comparisons, Ingenuity 
pathway analysis, RT -PCR validation  

Identification of NF -kB target genes 

modulated by TashAT2 
Validation of top candidate genes by RT-PCR 

analysis in comparison to infected cells  

 

 Identification of TashAT2 altered genes  
Pair wise comparison to obtain genes altered in  BoMac-TashAT2 vs BoMac-Control: plus 

altered genes unique to TashAT2-PMA Vs Control-PMA                            

 
Overlap of BoMac-TashAT2 altered gene list wit h infection modulated LPS response 

datasetplus additional infection associated genes (TBL20 Vs BL20) 
IPA for enrichment of functions/pathways in the set of genes showing significant overlap 

with parasite modulated dataset  

 
Identification of candidate genes modulated in a similar  directional manner  as in parasite 

infection  
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5.3 Results 

5.3.1  Validation of TashAT2 expression in BL20 and BoMac 

transfected cell lines  

The gene expression analysis by microarray presented in the previo us chapter 

was based on a comparison between the bovine lymphoid cell line BL20, with 

its T. annulata  infected counterpart TBL20, under conditions of LPS 

stimulation. Experimental evidence has shown that TashAT2, a member of a 

parasite encoded family of DN A-binding proteins exported to the host cell, is 

involved in modulation of host cell gene expression. A BL20 cell line (BL20 -

TashAT2) stably transfected with the plasmid pCAGGS ðV5_TashAT2 was 

available in the laboratory and was tested as to its suitabilit y for use in a 

global microarray analysis. Unfortunat ely, immunofluorescence analysis using 

a monoclonal antibody to the V5 tag showed extremely weak fluorescence in 

the nucleus of the TashAT2-transfected BL20 cells (Figure 5.1 panels A & B).  

 

Figure 5.2:  Expression levels of V5 tagged TashAT2 in the stable cell lines, BL20-
TashAT2 and BoMac-TashAT2  
TashAT2 expression was detected by immunofluorescence analysis using an anti-V5 
monoclonal antibody. (A) BL20 transfected with pCAGGS (control) (B) BL20 transfected with 
pCAGGS-V5_TashAT2 construct. (C). pCAGGS transfected BoMacs (control) (D) pCAGGS-
V5_TashAT2 transfected BoMacs 

A B 

C D 
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In contrast the previously reported (Oura et al. , 2006) transfected bovine 

macrophage cell line (BoMac-TashAT2) exhibited evidence of strong 

expression of V5 tagged TashAT2 in the nucleus (Figure 5.1 panels C and D) 

compared to a control cell line transfected with plasmid vector and was used 

for the remainder of the experimental work presented in this chapter.  

5.3.2  Response of pCAGGS-TashAT2 transfected BoMac cells 

to cellular activation  

In chapter t hree of the current study I compared the response of uninfected 

(BL20) cells and Theileria -infected (TBL20) cells under activated cellular 

conditions. The results clearly demonstrated that stimulation of uninfected 

cells with LPS was detrimental, resulting  in cell death whereas Theileria -

infected cells were refractory to LPS stimulation and continued to proliferate 

at the same rate as the unstimulated control. As an aim of the work 

performed in this chapter was to characterise the response of BoMac -TashAT2 

cell line to cellular activation by microarray analysis, preliminary experiments 

were performed to assess the influence of inflammatory mediators (LPS and 

PMA) on TashAT2 transfected and control BoMac cell lines.  

5.3.2.1 Influence of TashAT2 expression on NF- B reporter activity in 

response to LPS and PMA stimulation 

Activation of the transcription factor NF- B is a central event in Theileria -

infection of lymphoid cells. It was of major interest, therefore, to investigate 

the ability of TashAT2 to influence NF- B activity. NF- B dependent 

luciferase -reporter assays were performed to compare the levels of NF- B 

activity between BoMac -pCAGGS (control) and BoMac-TashAT2 cell lines and 

following activation with either LPS or PMA. No difference in NF- B reporter 

activit y was found in non-stimulated BoMac cells expressing TashAT2 

compared to the control (Fig ure. 5.3). In addition, when exposed to LPS, both 

control and TashAT2-transfected BoMac cell lines exhibited no significant 

increase in NF- B reporter activity indicat ing that both cell lines were 

insensitive to stimulation by LPS. In contrast, significant elevation in NF- B 

reporter activity was obtained for both control and TashAT2 -expressing BoMac 
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cells when Phorbol myristate acid (PMA) was used for stimulation . 

Furthermore, PMA stimulation of BoMac-TashAT2 cells resulted in a much 

greater increase in NF- B reporter activity  compared to the control line. 

Therefore PMA stimulation was used to induce a cellular ( NF- B) activation 

state in all further experiments.  

 

Figure 5.3:  NF- B-dependent reporter assays on BoMac cells expressing TashAT2 and 
control cells without treatment and following LPS or PMA stimulation.  
Cells were either non-stimulated (DMSO) or stimulated with LPS (4h) or PMA (6h). NF- B 
promoter activity was measured as the ratio of NF- B Firefly luciferase/renilla activity (Mean ± 
S.E, n = 4). The asterisk (*) above the bars indicates the statistical significance of the results 
(Studentôs t-test, *P< 0.05, **P< 0.01) relative to control cells, whereas (n.s) indicates non-
statistical difference of TashAT2 relative to pCAGGS controls in stimulated or non-stimulated 
conditions.  

5.3.2.2 Differential growth response in pCAGGS and pCAGGS-TashAT2 

transfected BoMac cells following PMA stimulation 

Data presented in Chapter 3 demonstrated that stimulation of uninfected 

BL20 cells with LPS and constitutive activation of  NF- B, led  to a loss in 

viability. Theileria -infected (TBL20) cells, despite having high NF- B activity, 

were refractory to LPS induced cell death. To test whether expression of 

TashAT2 could influence the cellular activation  response, the viability and 

proliferatio n of BoMac-TashAT2 cells compared to control cells was studied 

following PMA exposure for 24, 48, 72 hours.  The results showed that growth 

potential of control cells stimulated with PMA at  24h was significantly 

* 

n.s 

** 

n.s 
n.s 
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reduced, by 1.32-fold, relative to the unstimulated control (see Fig ure 5.4). 

This reduction in growth rate was even more pronounced (1.9 -fold) by 72h of 

PMA stimulation. In contrast, TashAT2 transfected BoMac cells displayed no 

adverse effect when stimulated with PMA and continued to prolifera te at the 

same rate as the untreated control (see Fig ure 5.4).  

 

Figure 5.4:  Proliferation assays of pCAGGS and pCAGGS-TashAT2 transfected BoMac 
cells following PMA stimulation relative to control cells.  
Numbers of viable cells in control and BoMac-TashAT2 cultures growing in the presence of 
either PMA (10ng/ml) or the DMSO vehicle control (1µl/ml) were assessed using Trypan Blue 
exclusion at 24h, 48h and 72h exposure as described previously (3.2.5). Values are presented 
as Mean ± SE of four replicate cell cultures. The asterisk (*) sign associated with the data 
points indicate the statistical significance of the results (Studentôs t-test, *P< 0.05, **P< 0.01) 
of the data points relative to controls at given conditions. 

In additio n, this loss of growth was accompanied by a significant elevation in 

percentage of dead cells in the PMA stimulated control cells (see Fig ure 5.5) 

at 24h, 48 and 72 hours which was not seen in PMA- treated BoMAc-TashAT2 

cells. A slight increase in the percentage of dead cells at 48 and 72 h was 

obtained in all cell lines but differences between controls and BoMac -TashAT2 

PMA-treated cultures we re not statistically significant and were considerably 

less than the level of cell death found for the PMA stimulated pCAGGS-

transfected BoMac cells.  

 

** * 
 

 

** 

n.s 
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Figure 5.5:  Estimation of cell death in pCAGGS and pCAGGS-TashAT2 transfected 
BoMac cells following PMA stimulation relative to untreated control cells.  
Cells were cultured in the absence (DMSO) or presence of PMA (10ng/ml) for 24h, 48h and 
72h. Cell death was measured using the Trypan Blue exclusion assay and is expressed as 
percentage of the total cell number for each culture. Values are presented as Mean ± SE of four 
replicate cell cultures. The asterisk (*) above the bars indicates the statistical significance of the 
pair wise comparisons tested against the controls (Studentôs t-test, *P< 0.01) cells at given 
conditions. Whereas, n.s indicates statistically non-significant results in BoMac-pCAGGS 
TashAT2 (+/- PMA) relative to BoMac-pCAGGS (control) cells. 

To confirm that TashAT2 expressing cells were resistant to cell death caspase 

3/7 activity, a marker of apoptosis, was assayed using cell lysates obtained 

from the same cultures at 24, 48 and 72 hours.  Significantly higher  levels of 

caspase 3/7 activity was observed at all time points in BoMac -pCAGGS cells 

treated with PMA than in any of the other cultures (5.2, 3.8 and 2.4 -fold 

increase compared to the untreated  control at 24,48 and 72h respectively) 

(see Figure 5.6). This confirmed activation of the caspase cascade and 

initiation of apoptosis on stimulation with PMA in BoMac -pCAGGS cells and 

also that BoMac cells expressing TashAT2 were resistant to induction of  

apoptosis following exposure to PMA. 

  

 

  *  

* 

 * 

n.s 

n.s  n.s 
n.s n.s 
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Figure 5.6:  Caspase 3/7 activity assayed in BoMac-pCAGGS and BoMac-
pCAGGSTashAT2 cells following PMA stimulation relative to unstimulated control cells. 
Caspase 3/7 activity was determined after incubation of cells in the presence of either PMA 
(10ng/ml) or the DMSO vehicle control (1µl/ml) for 24h, 48h and 72h. Results are expressed as 
relative fluorescence units (Mean ± SE, n = 4). The asterisk (*) above the bars indicates the 
statistical significance of the pair wise comparisons (treated and untreated) tested against the 
controls (Studentôs t-test, *P< 0.05, **P< 0.01) cells at given conditions. Whereas, n.s indicates 
statistically non-significant results in BoMac-pCAGGS TashAT2 (+/- PMA) relative to BoMac-
pCAGGS (control) cells. 

5.3.2.3 Morphological assessment of BoMac-TashAT2 cells compared 

to BoMac-pCAGGS control cells following PMA stimulation 

It was observed by Oura et al ., (2006) that the overall morphology of the 

BoMac-TashAT2 cell line was different from the control cell line; TashAT2 

expressing cells tended to be slightly larger and more uniformly spread out 

with fewer cytoplasmic processes r elative to pCAGGS control cells (see 

Figure.5.7 , C and D). In this study, changes in the morphology were examined 

following exposure to PMA. Interestingly, Giemsa stain analysis of BoMac-

pCAGGS cells when stimulated with PMA had typical morphological changes 

associated with apoptosis. These included cell shrinkage, reduction in cell 

volume, formation of cytoplasmic blebs and change from a rounded cell shape 

to a more elongated shape with extended cytoplasmic processes (see Fig ure 

5.7, E) (Benjamin et al. , 1984;Hsu et al. , 1998;Malide et al. , 1998). In 

contrast, as shown in Figure 5.7, F TashAT2 expressing cells displayed little 

change in morphology when treated with PMA. Additionally, th ese results 

 

n.s 
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  ** 
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n.s 

 * 
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suggest that the PMA-induced morphological alterations in the pCAGGS 

control cell line are associated with the detrimental out come of cellular 

activation i.e. cell death.  

 

Figure 5.7:  Morphological analysis of BoMac-pCAGGS (control) and BoMac-TashAT2 
following PMA stimulation.  
Immunofluorescence analysis with anti-V5 monoclonal antibody of pCAGGS-transfected 
BoMacs (A) and pCAGGS-TashAT2-transfected BoMacs (B) confirming expression of 
TashAT2: Bar = 25 µm; Giemsa stain of BoMac-pCAGGS (control) cells (C), BoMac-TashAT2- 
cells (D) growing under normal culture conditions; Bar = 25 µm. Giemsa staining of control 
cells stimulated with PMA (E) and the TashAT2 expressing BoMac cell line stimulated with 
PMA (F): panel A-B, 60x and panel C-F 20x.  

A B 

C D 

E F 
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5.3.3  Microarray analysis to identify the influence of TashAT2 

on BoMac gene expression 

Microarray analysis was performed in order to test the ability of TashAT2 to 

function as modulator of bovine gene expression. RNA was prepared in 

triplicate from cultures of unstimulated BoMac -pCAGGS and BoMac-TashAT2 

cell lines and also following PMA stim ulation for six hours. Array hybridisation 

and normalisation of the dataset was performed by Roche -NimbleGen as 

described in Chapter 4 and similar statistical analysis approaches were 

adopted as described in chapter four (see section 4.2.1.7.1). A number o f 

pair-wise comparisons were undertaken: BoMac-pCAGGS Vs BoMac-TashAT2; 

BoMac-pCAGGS_PMA vs BoMac-TashAT2_PMA; BoMac-pCAGGS Vs BoMac-

pCAGGS_PMA. Differentially expressed genes were identified using Rank 

Product analysis applying the criteria of a fold chan ge > 2, and FDR < 0.05.  

5.3.3.1 Differentially expressed genes identified from pair-wise 

comparisons 

The summary data from the various pairwise comparisons obtained from this 

Rank Product analysis are shown in Table 5.1. In the first pair wise 

comparison, BoMac-pCAGGS (control) vs pCAGGS-TashAT2, a total of 3,734 

genes were differentially expressed and similar numbers of up -regulated and 

down-regulated genes were identified. The highest fold changes observed 

amongst the up-regulated genes was for cadherin 2 (CDH2) which showed a 

fold change of 598 and for down -regulated genes, matrix  metallopeptidase 14 

(MMP14) showed a -366 fold change. 

Similarly a large number of genes (3,927) were altered in  the BoMac- TashAT2 

line  relative to the control when both cell lines were treated with PMA . As in 

the non-PMA treated dataset, the highest up -regulated fold change observed 

in TashAT2 PMA-treated dataset was also that of cadherin 2 (CDH2) showing 

785-fold difference . In the gene set that was down-regulated  in PMA-treated 

TashAT2 cells, the greatest fold change was observed for the transcription 

factor ERG; v-ets erythroblastosis virus E26 oncogene homolog (avian) which 

exhibited a massive -511 fold change in expression level . 
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In the third pairwise comparison,  PMA response genes were identified in 

BoMac cells by comparing unstimulated BoMac-pCAGGS cells with the same 

cells under PMA stimulation. A total of 1,177 PMA response genes were 

identified in BoMac cells and of these 690 genes were up -regulated and 487 

genes were down-regulated (see Table 5.1). Here, the gene showing the 

greatest down-regulation ( -19 fold) was chemokine (C-X3-C motif) ligand 1 

(CX3CL1) while the gene showing the greatest up-regulation (109 fold) was an 

un-annotated bovine clone (CO884224) representing an identified bovine EST 

(Jensen et al. , 2006a) sequence.  

Table 5.1:  Summary statistics for all the pair wise comparisons undertaken in this 
microarray analysis  

Comparison 

Largest Fold 
Change 

(Absolute) 

No of Up-
regulated 

genes 

No of Down -
regulated 

genes 

Total no 
of gene  

Up Down 

1.  BoMacs pCAGGS-TashAT2 
vs BoMacs pCAGGS 

598 -366 1884 1850 3734 

2.  BoMacs pCAGGS-TashAT2 PMA  
vs BoMacs pCAGGS PMA 

785 -511 2001 1926 3927 

3.  BoMacs pCAGGS PMA vs 
BoMacs pCAGGS 

108.8 -19 690 487 1177 

Differentially expressed genes identified using Rank Product Analysis (Ó 2 fold change and 
FDR < 0.05) and selected for further analysis.  

The pCAGGS (control) vs pCAGGS-TashAT2 dataset was compared with the 

dataset of the same cell lines stimulated with PMA revealing a large number 

of commonly altered genes (n = 2,804) (Figure 5.8). These results indicate 

that a large proportion of genes (40  %) altered in BoMac-TashAT2 cells were 

also differentially regulated in the pCAGGS control BoMac response to PMA. In 

contrast, 60 % of the genes differentially expressed in BoMac -TashAT2 cells 

were also altered in TashAT2 expressing BoMac cells treated with PMA vs the 

PMA treated control. Overall, this suggests that while BoMac -TashAT2 cells 

have the ability to respond to PMA, many genes are already altered by 

expression of TashAT2. In addition, over 800 genes exhibited altered 

expression in BoMac-TashAT2 cells in response to PMA that are not normally 

sensitive to PMA stimulation. Although the majority of these were close to the 

threshold for statistical significance (755 genes), the remaining 128 showed 

large differences in fold change of expression in TashAT -PMA stimulated c ells 

relative to all other cellular conditions.  
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Figure 5.8:  Commonly altered genes across experimental conditions  
Total number of genes showing altered expression levels identified by pair-wise comparisons 
is shown by Venn diagram illustration. Numbers of genes for individual and intersecting 
datasets are shown in the table. 

5.3.3.2 Identification of TashAT2 as manipulator of bovine gene 

expression 

In order to identify putative TashAT2 target genes that are also modulated by 

infection, the gene set altered by TashAT2 expression in BoMac cells was 

compared with a combined TBL20-LPS modulated and TBL20 altered gene list 

(individual lists identified previously, see Chapter 3) to generate a global list 

of 4,280 parasite infection -LPS modulated candidate genes. In an attempt to 

identify TashAT2 modulated genes, all genes obtained for dataset 1 (see 

Figure 5.8) plus a further 1,123 (883 + 240) TashAT2 modulated genes unique 

to dataset 2 (Figure 5.8) were combined for a global list of 4 ,857 genes 

putatively altered by TashAT2 in the absence or presence of PMA. Comparison 

of the two datasets identified an overlapping subset of 1,206 genes 

(Figure 5.9). Using Monte Carlo simulation and Chi square analysis, it was 

determined that the size o f the overlap was significantly greater than would 

be expected by chance (p  < 0.001). A summary of the analysis used to 

estimate the significance of the overlap is shown in Figure 5.9.  

Datasets  
Number of 

differentially 
expressed genes 

1 3734  

2 3927  

3 1177  

1 only  779  

2 only  883  

3 only  473  

1 & 2  2804  

2 & 3  553  

1 & 3  464  

1 & 2  & 3  313  

1 & 2 only  2491  

2 & 3 only  240  

1 & 3 only  151  

 

Dataset 1 

 TashAT2 Vs pCAGGS 

Dataset 2   

TashAT2 PMA Vs pCAGGS PMA  Analysis key  

Dataset 3  

pCAGGS Vs pCAGGS PMA  
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Additional filtration was  performed on the overlapping dataset of 1,206  genes 

to identify those that were altered by TashAT2 expression and by infection in 

a predictable manner (i.e. up in TashAT2 and up in parasite infection or vice 

versa). This process identified a subset of 466 genes which are listed in 

Appendix 3.1.  

 

Figure 5.9:  Comparison of differentially expressed gene sets  
The lists of differentially expressed genes from the two global experimental datasets 
contained a set of 1,206 genes common to parasite infection and TashAT2-expressing 
BoMac cells. This overlap was found to be significantly larger than expected by chance 
alone (p < 0.001). A summary of the observations obtained from Monte Carlo simulation 
and Chi square analysis are also shown. 

5.3.3.3 TashAT2 modulates gene expression profiles associated with 

Theileria infection 

In the filtered dataset of 466 genes, expression of 353 genes was significantly 

repressed and 113 significantly elevated both by TashAT2 and parasite 

infection  and are listed in Appendix 3.1.1 and 3.1.2, respectively . In the 

repressed gene set, 41 showed greater than ten -fold down -regulation in 

BoMac-TashAT2 when compared to pCAGGS control and also exhibited 

repression in infected (TBL20) compared to the uninfected (BL20) cont rol. 

The 15 most down-regulated  genes, ranked on expression difference between 

Number of genes expected to be 
common to lists A and B (903)  

Number of genes common to lists A 
and B (1,206)  

Number of genes not expected to be 
common to lists A and B  (7,331)  

Total number of genes in list A and 
B, not common to both lists (6,725)  

 

Overlapping gene set n = 1,206   p<0.001, highly significant  

Summary of M onte Carlo  and Chi-square analysis  

4280 
Total no of genes significantly 

altered in infection -LPS modulated 
data set  

 
 

4857 
Total no of genes significantly 

altered  in BoMac-TashAT2 under 
PMA stimulated and non-stimulated 

conditions  

3074  1206 3651  
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BoMac-TashAT2 and BoMac-pCAGGS are listed in Table 5.2. For example, 

expression of the Microfibrilla r-associated protein 2 (MFAP2) gene is highly 

repressed in BoMac-TashAT2 cells (fold change, -52.9); and also repressed by -

22.5 fold in TBL20 cells relative to BL20  controls.  

Table 5.2:   Top 15 genes showing repression in BoMac-TashAT2 cells together with 

repression in TBL20 cells relative to BL20 cells or to the BL20 LPS response. 

 

15 genes from the filtered overlap gene set of 353 that showed the greatest level of repression 
in BoMac-TashAT2 cells where the Theileria-infected BL20 cellular model showed a parallel 
profile. Data is arranged in descending order of absolute fold difference between BoMac-
TashAT2 compared to BoMac pCAGGS. Bw720c indicates the direction of a buparvaquone 
response where present. Where expression was validated by semi-quantitative RT-PCR 
genes are highlighted in light blue. 

Two other genes of note were identified in this group. Runt -related 

transcription factor 2 (RUNX2) and tumour protein p63 (TP63) were 

significantly repressed by 11.6 and 11.4 fold respectively in Bomac -TashAT2 

relative to the cont rol. Both also exhibited a significant degree of repression 

in parasite infection compared to control when stimulated by LPS.  

The expression profiles of six genes MFAP2, RAB15, RUNX2, TP63, C1QTNF1 

and IL18, from this group were validated by semi -quantitat ive RT-PCR. Thus, 

  TashAT2 transfected 
BoMac array results 

Infection associated 
TBL20 array results 

Gene 
Symbol 

Annotation  TashAT2  
vs 

PCAGGS 
control  
Abs: FC 

TashAT2 
PMA vs 

Control PMA 
 

Abs: FC  

TBL20 
vs  

BL20 
 

TBL20 
LPS vs 

BL20 LPS  
Abs:FC 

(4h/or18)  

BW720c 
Response 

       
       

MFAP2 Microfibrillar-associated protein 2 -52.9 -68.4 -22.5 -8.6  
FAM20A family with sequence similarity 20, 

member A 
-31.3 -18.1 -21.3 -18.3 ï 

RAB15 RAB15, member RAS onocogene 
family 

-17.5 -7.6 1.7 -5.0 ï 

KIF1A Kinesin family member 1A -11.9 -14.2 -23.7 -18.0 
 

RUNX2 PREDICTED: runt-related 
transcription factor 2 

-11.6 -2.9 1.2 -5.7 ï 

TP63 tumor protein p63 -11.4 -3.6 1.9 -36.7 ï 
ANK1 Ankyrin 1, erythrocytic (ANK1), mRNA -11.3 -10.1 -93.6 -82.9 

 
ANGPTL1 Angiopoietin-like 1 -9.6 -3.8 -8.7 -10.4 

 
MYOM1 Myomesin 1, 185kDa -9.3 -2.9 -9.7 -8.3 

 
C1QTNF1 C1q and tumor necrosis factor related 

protein 1 
-7.4 -8.5 -150.3 -69.5 

 
LOC520070 PREDICTED: Tumor endothelial 

marker 1, 
-6.9 -6.0 -22.0 -13.9 ï 

IL18 interleukin 18 (interferon-gamma-
inducing factor) 

-6.7 -3.7 -10.4 -4.3 
 

LOC515697 Apolipoprotein L, 3-like (LOC515697), 
mRNA 

-6.2 -9.4 -15.0 -11.8 
 

RASGEF1A RasGEF domain family, member 1A -5.5 -5.4 -6.2 -11.7 
 

BOLA-DOB Major histocompatibility complex, 
class II, DO beta 

-4.4 -3.7 -11.6 -27.6 
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for example, the gene encoding MFAP2 showed positive correlation of the RT -

PCR results with the microarray profile, showing strong repression both in 

TashAT2 expressing cells and in Theileria  infection relative to their 

corresponding controls. Similar supporting results were obtained for RUNX2 

and TP63 mRNA where the RT-PCR analysis showed repression in Bomac-

TashAT2 cells and in Theileria infected cells relative to their corresponding 

control cell lines (BL20_LPS for TP63) (see Figure 5.10). 

 

Figure 5.10: Semi-quantitative RT-PCR validation of microarray results for selected 
repressed genes in BoMac-TashAT2 cells compared to their profiles in the BL20-
TBL20_LPS model 
The RT-PCR expression pattern of MFAP2, TP63, RUNX2, C1QTNF1, IL-18 and RAB15 genes 
in BoMac-TashAT2 cells is shown in the left panel. The panel on the right represents RT-PCR 
results for the corresponding genes in TBL20 and BL20 cells (LPS +/-). ACTB was used as a 
constitutive standard. 

113 genes had significantly elevated expression in BoMac -TashAT2 relative to 

the pCAGGS control and also showed elevated expression in Theileria  infected 

cells when compared to BL20 cells either without or in the presence of LPS 

(LPS +/-) (see Appendix 3.1.2). 19 genes in this group showed an elevation 

greater than 10 fold and the top 15 are shown in Table 5.3. These included 

Von willebrand factor a domain containing 5a (VWA5A) elevated b y 116 fold, 

Melanoma associated antigen (mutated) 1 -like 1 (MUM1L1), 91 fold,  Collagen 

type viii, alpha 1 (COL8A1), 74 fold,  Thymocyte selection -associated high 

mobility group box (TOX), 64 fold and RasGEF domain family, member 1B 
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(RASGEF1B) by 5.8 fold. Furthermore, these genes also showed elevated 

expression in TBL20 relative to BL20 (LPS+/-) cells (Table 5.3).  

Table 5.3:  Top 15 genes showing elevation in BoMac-TashAT2 cells together with 
elevation in TBL20 cells relative to BL20 cells or to the BL20 LPS response. 

 
The top 15 genes whose expression is significantly elevated in BoMac-TashAT2 and in the 
Theileria-infected BL20 cellular model are shown. Data is arranged in descending order of 
absolute fold difference between BoMac-TashAT compared to the BoMac-pCAGGS (control). 
Bw720c indicates the direction of a buparvaquone response where present. Where 
expression was validated by semi-quantitative RT-PCR genes are highlighted in light blue. 

Six members from this elevated group were validated by RT-PCR, and the 

results gave good correlation with the profile obtained by microarray. For 

example, genes encoding VWA5A, COL8A1, MUML and ALDH1A1 showed a 

clear elevation in the amount of PCR product in BoMac -TashAT2 cells relative 

to BoMac-pCAGGS control cells. A pattern of elevated expression was also 

observed for these genes in TBL20 cells when compared to BL20 (LPS+/-) cells 

(see Figure 5.11). 

  TashAT2 transfected 
BoMac array results 

Infection associated 
TBL20 array results 

Gene 
Symbol 

Annotation  TashAT2  
vs 

PCAGGS 
control  
abs: FC 

TahAT2 PMA 
vs control 

PMA 
 

abs: FC  

TBL20 
vs  

BL20 
 

abs: FC 

TBL20LPS 
vs BL20 

LPS  
abs:FC 

(4h/or18)  

BW720c 
Response 

       
       

VWA5A Von willebrand factor a domain 
containing 5a 

116.3 199.8 31.5 33.2 ï 

MUM1L1 Melanoma associated antigen 
(mutated) 1-like 1 

91.4 85.2 28.8 25.8 ï 

COL8A1 Collagen, type viii, alpha 1 74.9 100.6 5.0 3.2  
TOX Thymocyte selection-associated 

high mobility group box 
64.2 32.8 8.1 3.5 ï 

TMEM62 Transmembrane protein 62 61.8 50.9 22.8 65.5 ï 
PRSS23 protease, serine, 23 16.7 31.2 23.3 30.6 ï 

INPP4B Inositol polyphosphate-4-
phosphatase, type II, 105kDa 

14.8 23.2 4.0 2.1  

ALDH1A1 Aldehyde dehydrogenase 1 family, 
member A1 

10.5 112.8 14.0 64.4  

PDE3B Phosphodiesterase 3B, cGMP-
inhibited 

9.1 11.7 3.0 2.3 ï 

SORL1 Sortilin-related receptor, L(DLR 
class) A repeats containing 

8.9 6.5 4.1 18.5  

ZBTB20 Zinc finger and BTB domain 
containing 20 

7.0 5.7 6.7 16.1 ï 

RASGEF1B RasGEF domain family, member 1B 5.8 9.4 32.9 2.14 ï 
SERPINE1 Serpin peptidase inhibitor, clade E 

(nexin, plasminogen activator 
Inhibitor type 1), member 1 

4.3 3.2 67.6 43.6  

RNASEL Ribonuclease L (2',5'-
oligoisoadenylate synthetase-
dependent) 

2.6 3.1 18.6 72.8 ï 

SLC6A6 Solute carrier family 6, member 6 2.4 2.3 55.6 8.3  
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Figure 5.11: Validation of microarray results for selected up-regulated genes in BoMac-
TashAT2 cells compared to their profiles in the BL20-TBL20_LPS model.  
Semi-quantitative RT-PCR results showing the expression pattern of genes elevated in 
TashAT2-BoMacs and in Theileria infected TBL20 cells, relative to their respective controls. 
Panel on the left shows RT-PCR results of mRNA expression pattern of vWA5A, COL8A1, 
MUM1L1, SERPINE1, SLC6A6 and ALDH1A1 in BoMac-TashAT2 and BoMac-pCAGGS cell 
lines. Panel on the right shows RT-PCR results for the corresponding genes for TBL20 and 
BL20 (LPS +/-) cells. ACTB was used as a constitutive standard. 

5.3.3.4 Ingenuity Pathway Analysis of the overlapping gene set 

identified for TashAT2 transfected BoMacs and Theileria 

infection. 

Following identification of the common set of differentially expressed genes 

between the TashAT2 and infection -modulated global datasets, Ingenuity 

Pathway Analysis (IPA) was performed to identify potentially important 

biological functions and disease categories that could be associated with 

modulation of host gene expression by TashAT2/parasite infection. Thus, the 

dataset of 1,206 genes was uploaded to IPA software suite and analysis was 

performed to identify significant bio logical functions and disease categories, 

canonical and custom pathways, and target genes of selected known 

infection -associated transcription factors.  
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5.3.3.5 TashAT2 modulates set of genes enriched for important 

functional categories associated with Theileria infection. 

Functional analysis of the d ataset identified significant enrichment of genes 

for important biological function and disease categories. The statistical 

analysis used by IPA for determining the p -value for each functional category 

is discussed previously in Section 4.3.3.1. Important categories identified 

include; Cancer, Cell Death, Inflammatory Disease, Cellular movement, 

immunological disease, Cellular Growth and Proliferation, Cell -Cell-Signaling 

and Interaction, and Cell morphology (See Figure 5.12). The complete list of 

molecular functions and disease categories identified in TashAT2/infection 

modulated dataset is presented in Appendix  3.4. 

 

Figure 5.12:  Selected key biological functions and diseases categories identified as 

significantly enriched by IPA in the TashAT2-modulated dataset  
Biological functions associated with genes in the TashAT2-altered overlapping dataset of 1,206 
genes are shown along the y-axis with the significance of the enrichment (ïlog transformed) 
denoted along the x-axis. Each bar represents ïlog (p-value) for the enrichment of genes in a 
category. The orange vertical line represents the threshold for significance (p-value = 0.05). 

Interestingly m ost of the functional categories highlighted were also 

indentified in the IPA performed in Chapter 4 on the parasite modulated LPS 

dataset (TBL20-M-LPS). However, the significance of the enrichment for 

different categories differed between the two analysis  with Cancer 

highlighted as most significantly enriched followed by inflammatory disease 

and Cell death for the TashAT2 IPA, while for the infection modulated LPS 
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dataset IPA order of significa nce was ôInflammatory Responseõ, ôTissue 

Morphologyõ, ôCelular Developmentõ, ôCellular Movementõ, ôCell Deathõ, 

ôInflammatory Diseasesõ, ôCancerõ and so on (see Appendix 2.2 for the 

sequence of full ana lysis). 

IPA was also performed on the subset of 466 TashAT2-modulated genes that 

show the same directional change of expression in response to parasite 

infection of BL20. The functional categories obtained by IPA for this subset 

was then compared to the analysis performed on the complete 

TashAT2/infection overlapping dataset of 1,206 genes, with the proportion of 

genes altered in each category being computed. Thus, it appeared that a 

greater percentage of genes were altered for the categories of Cancer 

(26.6%), Immune response (12%) and Cell morphology (12.2%) in the subset of 

genes relative to complete dataset (20.8%, 7.6% and 6.9% genes altered in 

these categories, respectively ). A summary of the results is presented in 

Appendix 3.4. Many of the genes identified were placed in multiple categories 

within the IPA knowledge database. While this indicates a possible diverse 

functional role of these genes, it may hinder identification of the primary role 

that they may play in determining the phenotype of the T ashAT2-transfected 

BoMac or parasite-infected TBL20 cell.  

As highlighted above, the number of genes enriched in the category ôCancerõ 

was highly significant for the TashAT2 -modulated and infection -modulated 

datasets. Important genes in this category includ ed Aldehyde dehydrogenase 

1 family, member A1 (ALDH1A1), Angiopoietin -like 1 (ANGPTL1), 

Apolipoprotein D (APOD), Bone marrow stromal cell antigen 2 (BST2), CD3g 

molecule, gamma (CD3G), Insulin-like growth factor binding protein 6 

(IGFBP6), LIM domain only 2 (LMO2), Melanoma associated antigen (mutated) 

1-like 1 (MUM1L1), Ribonuclease L (2',5'-oligoisoadenylate synthetase-

dependent) (RNASEL), sphingosine-1-phosphate receptor 1 (S1PR1), Serpin 

peptidase inhibitor, clade E, member 1 (SERPINE1), Tumour protein 63 (TP63) 

and von Willebrand factor A domain containing 5A (VWA5A) (see Appendix 

3.6).  



Chapter 5                                                                                                                                  221 

Another interesting category mo dulated by TashAT2 and infection was 

ôInflammatory responseõ which included genes placed in relevant sub-

categories such as ôimmune responseõ,õinflammationõ, ôphagocytosis of cellõ, 

and ôadhesion of phagocytesõ. Important genes identified within this category 

included Interleukin 18 (IL18), Interferon regulatory factor 8 (IRF8), Inhibitor 

of kappa light polypeptide gene enhancer in B -cells,  kinase epsilon (IKBKE), 

Interferon (alpha, beta and omega) receptor 2 (IFNAR2), Immediate early 

response 3 (IER3), Sphingosine-1-phosphate receptor 1 (S1PR1), Vascular cell 

adhesion molecule 1 (VCAM1) and Serpin peptidase inhibitor, clade E, 

member 1 (SERPINE1). 

Enrichment of genes in the category ôCell morphologyõ was also identified for 

TashAT2/infection -modulated dataset with a marked increase in enrichment 

for the subset of 446, where TashAT2-induced and infection -associated 

expression agree. Sub-categories identified were ôshape changesõ, 

ômorphology of cellsõ, ôreorganisation of cytoskeletonõ and ôrufflingõ. Genes 

of particular interest  are presented in Appendix 3.6 and  included Cdc42 

guanine nucleotide exchange factor (ARHGEF9), BAI1-associated protein 2 

(BAIAP2), CD3g molecule, gamma (CD3G), chimerin 1 (CHN1), LIM domain only 

2 (LMO2), Nerve growth factor receptor (NGFR), Phosphodiesterase 3B, cGMP-

inhibited (PDE3B) and Serpin peptidase inhibitor, clad e E, member 1 

(SERPINE1). 

5.3.3.6 TashAT2 and Theileria infection modulate expression of genes 

in important canonical and custom pathways. 

IPA analysis of the TashAT2/infection modulated common dataset also 

indicated enrichment of genes in important canonical and custom pathways. 

Important top ranking canonical p athways identified by IPA are shown in 

Figure 5.13; the full list of pathways along their ðlog (p-value) is presented in 

Appendix 3.5. Interestingly, identified pathways included ôProduction of nitric 

oxide and reactive oxygen species in macrophagesõ, ôRole of tissue factor in 

Cancerõ, ôG-Protein Coupled Receptor Signalingõ, ôTNFR2/ 1 Signalingõ, ôNF-ƥB 

Signalingõ, ôCD40 Signalingõ, ôNF-ƥB Activation by Virusesõ, ôPI3K Signaling in B 

Lymphocytesõ, ôLPS-stimulated MAPK Signalingõ and ôapoptosis signallingõ. 
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Figure 5.13: Identification of top canonical pathways in TashAT2 modulated / infection-
associated dataset  
Bar chart shows selected important canonical pathways enriched for genes modulated both by 
TashAT2 transfection and Theileria infection compared to LPS stimulation of BL20 cells. Each 
bar represents ïlog (p-value) for the enrichment of genes in a category. The orange vertical line 
represents the threshold for significance (p-value = 0.05). 

To investigate whether TashAT2 could modulate the expression of genes that 

are targets of transcription factors known to be associated with Theileria 

infection, IPA was performed using a  custom pathway library of known 

transcription factors  targets. Interestingly, significant enrichment of gene 

targets of NF- B (33 genes), AP-1 (06 genes), ATF-2 (05genes) and cMYC (03 

genes) was obtained. Expression levels of 12 of the 33 NF- B target genes 

were modulated by TashAT2 in a similar manner to the alteration associated 

with parasite infection (see Table 5.4). Functional categories associated with 

these NF- B targets genes included chemokines (CCL5 and IL-8) predicted to 

be prime mediators of  the inflammatory res ponse; enzymes (TNFAIP3 and 

TGM2); growth factors (BMP and HGF); peptidases (MMP9 and ADAM19), 

transcription regulators (FOS and JUNB) and transmembrane receptors (CD3G, 

IL2R and TNFRSF1B). 
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Table 5.4:  NF- B target genes set commonly altered/ modulated in TashAT2 transfected 

BoMacs and Theileria infection 

Gene    
Symbol 

Annotation  TashAT2 
altered/ 

modulated 
response  

Infection 
altered/ 

modulated 
response  

                            
                           Cytokines/ Chemokines  

 

1 CCL5 Chemokine (C-C motif) ligand 5     
2 IL8 Interleukin 8    
  Enzyme   

3 GBP1 Guanylate binding protein 1, interferon -inducible    
4 TGM2 Transglutaminase 2     
5 TNFAIP3 Tumor necrosis factor, alpha -induced protein 3     
  G-protein coupled receptor    

6 CCR7 Chemokine (C-C motif) receptor 7     
  Growth Factor    

7 BMP4 Bone morphogenetic protein 4    
8 HGF Hepatocyte growth factor    
9 MDK Midkine (neurite growth -promoting factor 2)    
  Ligand-dependent nuclear receptor    
10 NR4A2 Nuclear receptor subfamily 4, group A, member 2    
  Peptidase  

  
11 ADAM19 ADAM metallopeptidase domain 19   
12 MMP9 matrix metallopeptidase 9     
13 PLAU plasminogen activator, urokinase   
  Phosphatase   
14 PTPN13 protein tyrosine phosphatase, non -receptor type 

13 
   

  Transcription regulator    
15 FOS FBJ murine osteosarcoma viral oncogene homolog 

  
16 JUNB Jun B proto-oncogene   
  Transmembrane receptor    
17 CD3G CD3g molecule, gamma (CD3-TCR complex)   
18 FAS Fas (TNF receptor superfamily, member 6)  

  
19 IL2RA Interleukin 2 receptor, alpha     
20 TLR2 Toll-like receptor 2     
21 TNFRSF1B Tumor necrosis factor receptor superfamily, 

member 1B 
   

  Transporter    
22 ABCB1 ATP-binding cassette, sub-family B, member 1     
23 APOD Apolipoprotein D    
24 SLC6A6 Solute carrier family 6, member 6  

  
  Other    
25 BCL2A1 Bcl2-related protein A1     
26 CD274 CD274 molecule    
27 FCER2 Fc fragment of IgE, low affinity II  (CD23)   
28 IER3 Immediate early response 3 

  
29 TIFA TRAF-interacting protein with forkhead -associated 

domain 
  

30 TNFAIP2 Tumor necrosis factor, alpha -induced protein 2     
31 TRAF1 TNF receptor-associated factor 1    
32 VCAM1 Vascular cell adhesion molecule 1   
33 WNT10B Wingless-type MMTV integration site family, 

member 10B 
  

NF- B response genes are shown whose expression was modulated in BoMac-TashAT2 and 
in Theileria-infected cells relative to control or uninfected counterparts. Gene expression 
patterns are indicated by either red (up-regulated) or green (down-regulated) arrows. Genes 
highlighted in grey are modulated in a similar direction. 
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Genes classified in the ôotherõ category by IPA includes those encoding 

products predicted to be involved in protein binding ( FCER2, IER3, TIFA and 

TRAF1) and cell adhesion molecule binding (VCAM1), and the expression 

profile of all five of these genes showed a similar alteration associated with 

TashAT2 and infection (see Table 5.4).  

Other transcription factor  target genes identified in TashAT2/infection 

modulated dataset included AP -1 and ATF2. Detailed exploration of the AP -1 

target gene list identified six genes in the common dataset (IL8, JUNB, MMP9, 

PLAU, NFATC1 and PLAUR) and several of these genes (IL8, JUNB, MMP, and 

PLAU) are also known to be targets of NF- B (see Table 5.4). Similarly, five 

ATF2 target genes were identified (IL8, JUNB, PLAU, HES1 and CSRP2) with 

IL8, JUNB and PLAU also identified as NF- B and AP-1 targets.  

5.3.4  TashAT2 modulates the expression profile of genes 

stimulated by PMA 

To investigate whether transfecting BoMac cells with TashAT2 would result in 

modulation of gene expression changes associated with PMA stimulation of 

BoMac-pCAGGS (control) cells, the BoMac pCAGGS-PMA and pCAGGS-TashAT2 

PMA datasets were compared and a subset of 553 genes identified 

representing a PMA response in pCAGGS with evidence of modulated 

expression in pCAGGS-TashAT2-PMA. Further analysis revealed 342 genes 

whose expression was up-regulated by PMA stimulation of BoMac control cells. 

From the pair -wise comparisons, three distinct patterns of expression could 

be obtained and these are graphically represented in Figure 5.14  while the 

full list of 342 genes is presented in  Appendix 3.2. The first profile consisted 

of subset of 52 genes whose elevated expression in pCAGGS-PMA was 

amplified in pCAGGS-TashAT2-PMA. Based on fold change, the top 15 genes 

from this profile are listed in tabulated form (see Figure 5.14, profile1).  Many 

of these genes showed a considerable level of amplified expression in 

TashAT2-PMA relative to pCAGGS (control)-PMA. Important genes identified 

include a kinase (TRIB2, 13.3 f.c.), peptidases (AQPEP, 9.5 f.c. and MMP1, 3.4 

f.c.), transcription regulat ors (SMAD7, 3.4 f.c.; TGIF1, 2.8 f.c. and JUNB, 2.1 

f.c.) and chemokines such as IL24 with a fold change of 2.4.  








































































































































































































































