Microbial Pathogenesis 199 (2025) 107252

Contents lists available at ScienceDirect

"~ MICROBIAL
PATHOGENESIS

'

Microbial Pathogenesis

FI. SEVIER

journal homepage: www.elsevier.com/locate/micpath

Check for

Upregulation of haematopoetic cell kinase (Hck) activity by a secreted
parasite effector protein (Ta9) drives proliferation of Theileria
annulata-transformed leukocytes

Shahin Tajeri **"""®, Brian Shiels, Gordon Langsley *°, Ard Menzo Nijhof*:"""

& Freie Universitat Berlin, Institute for Parasitology and Tropical Veterinary Medicine, Berlin, Germany

b Freie Universitit Berlin, Veterinary Centre for Resistance Research, Berlin, Germany

€ School of Biodiversity, One Health and Veterinary Medicine, College of Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow, United Kingdom
d Inserm U1016-CNRS UMRS1 04, Institut Cochin, Paris, France

¢ Laboratoire de Biologie Comparative des Apicomplexes, Faculté de Médecine, Université Paris Descartes - Sorbonne Paris Cité, Paris, France

ARTICLE INFO ABSTRACT

Keywords: Reversible transformation of bovine leukocytes by the intracellular parasites Theileria annulata and Theileria
Theileria annulata parva is central to pathogenesis of the diseases they cause, tropical theileriosis and East Coast Fever, respectively.
Ta9

Parasite-dependent constitutive activation of major host transcription factors such as AP-1 (Activating Protein 1)
and NF-kB (Nuclear Factor-Kappa B) sustains the transformed state. Although parasite interaction with host cell
signaling pathways upstream of AP-1 have been studied, the precise contribution of Theileria encoded factors
capable of modulating AP-1 transcriptional activity, and other infection-altered signaling pathways is not fully
understood. We previously showed that the Ta9 protein from T. annulata (TA15705) is secreted into the host cell
cytoplasm and contributes to infection-induced AP-1 transcriptional activity. The current study employed RNA-
seq to investigate the ability of ectopically expressed Ta9 to modulate the gene transcription profile of a bovine
macrophage cell line, BoMac. RNA-seq identified 560 (400 upregulated and 160 downregulated) differentially
expressed genes. KEGG analysis predicted a high number of upregulated genes associated with carcinogenesis
such as CCND1, CDKN1A, ETV4, ETV5, FLI1, FRA1, GLI2, GRO1, HCK, IL7R, MYBL1, MYCN, PIM1 and TALI. Ta9
introduction also affected genes associated with proinflammatory processes such as cytokines, chemokines,
growth factors and metalloproteinases. Enrichment analysis of differentially expressed genes revealed that Ta9 is
potentially involved in activating other host cell signaling pathways in addition to those that lead to induction of
AP-1. Comparing our data with data on differentially expressed BoMac genes modulated by the secreted TashAT2
factor of T. annulata identified the gene encoding the tyrosine protein kinase hematopoietic cell kinase (HCK) as
common to both data sets. HCK is essential for the proliferation of T. parva-transformed B cells and herein, we
demonstrate that enzymatic activity of HCK is also essential for T. annulata- and T. lestoquardi-transformed
macrophage proliferation.

Leukocyte transformation
gene expression
Hematopoietic cell kinase (HCK)

1. Introduction

Theileria parasites belong to the phylum Apicomplexa and are closely
related to Plasmodium parasites, the causal agent of malaria in humans
and animals. However, unlike the mosquito-borne Plasmodium spp.,
Theileria parasites are tick transmitted. Transstadially-infected nymph or
adult ticks inject sporozoites (the parasite stage infective for the verte-
brate host in all Apicomplexans) when feeding on new hosts that include

mammals of the bovidae, ovidae and equidae families. Theileria sporo-
zoites randomly come into contact with leukocytes that reside in tissues
proximate to the tick attachment site. They quickly invade B cells and T
cells (T. parva) or B cells and myeloid cells (T. annulata) in which they
replicate by schizogony. Transforming Theileria species schizonts pro-
voke the uncontrolled proliferation and immortalization of infected
leukocytes [1]. Coincident to this, the parasite population is also
amplified, as during leukocyte cell division schizonts are partitioned
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Fig. 1. Confirmation of GFP expression in BoMac®™ and BoMac®*~T2° cells. A, Bovine macrophages (BoMac) stably expressing GFP, or GFP-Ta9 were grown and
fixed on coverslips. Expression of GFP in both cell lines was confirmed by immunofluorescent microscopy to reveal a cytoplasmic and membrane associated pattern
for GFP-Ta9 that was distinct from the diffuse cytoplasmic and nuclear GFP pattern. The cells were also stained with a rat anti-Ta9 serum (shown in red) to further

confirm high to lower level Ta9 expression only in BoMac®P~Ta9

, and not in BoMac

GFP cells. Bar = 20 pm. B, Western blot of protein extracts prepared from

BoMac " and BoMac®? T2 cells to estimate overall GFP expression in both groups. Expression of the 70 kDa Ta9-GFP protein was detectably lower compared to 25
kDa GFP in the transfected bovine macrophages. Anti-Tubulin antibody was used as a loading control.

into each daughter cell by tightly anchoring to the host mitotic spindle
[2]. During the course of infection, an unknown stimulus provokes
schizonts to develop into merozoites that once released from the
ruptured leukocyte invade red blood cells that can be ingested by ticks,
in which sexual reproduction and sporogony occurs. The three major
transforming species are T. parva and T. annulata in cattle and
T. lestoquardi in sheep and goats: the lymphoproliferative diseases they
cause (East Coast Fever, tropical theileriosis, and malignant ovine
theileriosis, respectively) are frequently fatal and a significant economic
burden in endemic areas such as Asia, the Middle East and Africa [3,4].

Theileria-induced leukocyte transformation results from a complex
crosstalk between host and parasite [5,6]. Many cellular and molecular
changes occur in transformed leukocytes and have been well docu-
mented [7,8]; notable examples include constitutive activation of key
host cell transcription factors such as AP-1 [9,10], NF-xB [11,12],
Hypoxia inducible factor la (HIF1a) [13,14] and c¢-MYC [15]. This
activation results in substantial changes to mRNA and microRNA
expression profiles of infected versus non-infected leukocytes, with
expression of more than 1000 host genes being increased or decreased
following infection [16-21]. Several host kinases (JNK, Src and IKKs)
upstream of these transcription factors have been identified, as being
constitutively activated by live parasites [10,22-27]. For example,
tyrosine kinases of the Src family have been shown to be essential for
proliferation of T. parva-transformed cells [22,23]. Hematopoietic Cell
Kinase (HCK) is specifically expressed by cells of the hematopoietic
lineage [28]. In T. parva-transformed B lymphocytes, HCK is constitu-
tively active due to infection-induced exclusion of the Src inhibitor
C-terminal Src kinase (CSK) from lipid rafts, where HCK is located [22].
Active HCK contributes to both AP-1-driven transcription [22] and in
T. annulata-transformed macrophages it also contributes to modulation
of actin dynamics [29,30].

Theileria, unlike Plasmodium and Toxoplasma, does not reside within
a parasitophorous vacuole, meaning that secreted Theileria proteins can
be delivered directly into the cytosol of infected leukocytes to interact
with host cell proteins. Bioinformatic analysis of the T. annulata genome
identified 3250 genes [31]. Of these, 1197 are expressed in schizonts
and 167 (14 %) were predicted to encode a signal peptide to allow
secretion; reviewed in Ref. [32]. The parasite therefore has the potential
to secrete a large number of putative effector proteins into the host cell
cytosol [33]. One putative secreted effector protein is Ta9 (encoded by
TA15705) that was originally identified as a highly dominant parasite
antigen recognized by protective bovine CD8 T cells [34], and subse-
quently shown to sustain AP-1-driven transcription [35]. The cytosolic
localization of Ta9 was recently characterized as a member of the

exportome of secreted intrinsically disordered proteins and its cytosol
location was validated [36].

In this study we undertook further characterization of Ta9 as a
critical parasite effector of host cell transformation because: 1) Ta9 does
not possess any orthologue in non-transforming T. orientalis; 2) Ta9 is
highly expressed in the cell-transforming schizont stage; 3) Ta9
expression goes down rapidly as host cell division subsides during dif-
ferentiation of schizonts to non-transforming merozoites; 4) Ta9 protein
is abundant in the host compartment of infected leukocytes; 5) Ta9
contributes to AP-1 activation, and sustained AP-1 activation is a hall-
mark of leukocytes transformed by T. annulata and T. parva. Our primary
aim of this study was to examine whether secreted Ta9 can activate
signaling pathways over and above those that lead to AP-1 induction. To
this end, RNA-seq was performed on non-infected bovine macrophages
(BoMac) that stably expressed a green fluorescent protein (GFP)-tagged
version of Ta9 compared to BoMacs stably expressing the GFP tag alone.
Expression of Ta9 clearly altered bovine macrophage gene expression,
demonstrating that Ta9 has the potential to modulate a range of host cell
signaling pathways. Moreover, we provide evidence that Ta9 can
upregulate expression of the host proto-oncogene hck and show that
heightened HCK activity is important for proliferation of both
T. annulata- and T. lestoquardi-transformed macrophages.

2. Materials and methods

2.1. Cell culture and generation of stable GFP expressing bovine
macrophages

SV40 virus transformed peritoneal bovine macrophages (BoMac)
[37] were seeded in six well cell culture plates and were transfected
(X-tremeGENE™ HP DNA transfection reagent, Roche) with 1 pg per
well of plasmid DNA encoding GFP or GFP-tagged Ta9 [35], in separate
plates, at 80 % confluency. Forty-eight hours post transfection cell su-
pernatants were replaced with fresh medium containing 50 pg/pl
hygromycin (Carl Roth, Germany, Art. No. 1287.1) as the selection drug.
Hygromycin was refreshed every 72 h until non-GFP expressing cells
were eliminated and clones emerged. The GFP expressing cells were
then expanded and passaged in 25 pg/pl hygromycin for downstream
experiments. BoMacs were cultured in commercial DMEM medium
containing 15 mM HEPES and 2.5 mM L-glutamine (Cytiva HyClone™).
Heat inactivated bovine serum (FBS, Gibco, Cat. No. A5670501) and
penicillin-streptomycin (10000 U/ml, Gibco, Cat. No. 15140122) were
added to the commercial medium to obtain a final concentration of 10 %
FBS and 100 units per ml of antibiotics (peniciilin/streptomycin).
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Fig. 2. RNA-seq analysis of the impact of Ta9 expression on bovine macrophage gene transcription. A, PCA (Principal Component Analysis) plot of GFP- and GFP-
Ta9-expressing macrophages. PC1 and PC2 are two principal components, color intensity and shapes represent biological replicates for each cell line. B, Global
changes and hierarchical clustering of Ta9-associated DEGs across replicate samples. Each column represents one sample and rows represent genes. Expression levels
were visualized using a scale from least to most abundant ranging from —2.0 (dark blue) to 2.0 (dark red). The expression level of genes (FPKM) was normalized by
log10, i.e. logl0 (FPKM+0.000001). Expression relationships are shown on the left. The top tree indicates the cluster relationship of samples. C, Differential
expression Volcano plot, where each dot represents a gene. X-axis: log2Fold change in expression; Y-axis: log10(FDR). Dots farther from y = O represent genes with
large differences in expression between GFP- and GFP-Ta9-expressing bovine macrophages. Dots farther from x = 0 represent genes where the difference is more
statistically reliable. Blue dots (n = 160) are relatively lower-expressed genes for the GFP-Ta9 line, while red dots (n = 400) are elevated expressed genes, black dots
represent genes displaying no significant difference in expression. The Volcano plot was created with GraphPad Prism v8.4. D, A rich factor bubble plot depicting
KEGG pathway enrichment of Ta9-associated DEGs. Each dot represents a KEGG pathway. Y-axis: Pathway; X-axis: Rich factor. Rich (Enrichment) factor is calculated
as "Enrichment factor = (Ratio of DEGs annotated to the term over all DEGs)/(Ratio of genes annotated to the term over all genes)”. A greater enrichment factor
indicates a more significant enrichment of the pathway. The color of the dots stands for g-value (adjusted p-value). The smaller the g-value the more significant or
reliable is the enrichment. The size of the dots represents the number of DEGs enriched in the pathway. The larger the dot is, the more genes it contains. Top 20

enriched pathways are shown. The plot was created with SRplot platform [80].

Theileria annulata transformed cell lines included TaC12 (macrophage)
[2] and the clinical isolate Ankara [38]. Theileria lestoquardi (Atbara
strain) transformed sheep leukocytes were isolated in Sudan and used at
passage 60 [39]. Buparvaquone resistant TaC12 cells were as described
[40]. All Theileria transformed cells were cultured in cultured in
RPMI1640 + L-glutamine (Gibco™, Cat. No. 11875101) supplemented
with 10 % fetal bovine serum (Gibco™), 10 mM HEPES (Carl Roth, Art.
No. 9157.1), 100 U/ml penicillin/streptomycin (Gibco™) and passaged
three times a week. In cell proliferation assays, the HCK inhibitor
(MedChemExpress, Cat. No.: HY15764) was used at 200 nM, and
buparvaquone (MedChemExpress, Cat. No.: HY17581) at 100 nM for 72
or 96 h depending on the experiment.

2.2. Widefield immunofluorescence microscopy

Initially transfection of BoMacs were confirmed and monitored
during selection for GFP expressing cells with a widefield immunoflu-
orescence microscope (Leica DMI8). Upon establishment of stable GFP
expressing cells, cells were grown on rounded coverslips and fixed with
4 % paraformaldehyde (Morphisto, Germany) for 10 min at room tem-
perature. The cells were stained for Ta9 using polyclonal rat anti-Ta9
serum (1:500, diluted in PBS-1%BSA-0.4%Triton) for an hour at room
temperature (RT). Secondary antibody was Alexa Fluor™ 594 goat anti-
rat IgG (ThermoFisher, 1:500 dilution in PBS-0.4%Triton, 1 h at RT). To
check HCK protein levels in Ta9-expressing BoMacs, an anti-HCK anti-
body (N30, Santa Cruz, sc-72) was used at a 1:250 dilution in the same
dilution solution as described above. The secondary antibody used for
detection was Alexa Fluor™ 594 goat anti-rabbit antibody
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Table 1
List of bovine oncogenes or tumor suppressor genes whose expression were
significantly altered in BoMacC®P-Ta%,

Gene ID Product name Function Direction of False
expression discovery
change (Fold rate (FDR)
change)

CDKN1A Cyclin- Oncogene/ Upregulated 1.21E-28

dependent Tumor (+1.02)
kinase inhibitor suppressor
1

CCND1 Cyclin D1 Oncogene Upregulated 2.76E-16
(+1.13)

ETV4 ETS Oncogene Upregulated 0.00375923

translocation (+1.65)
variant 4
ETV5 ETS Oncogene Upregulated 4.96E-10
translocation (+2.01)
variant 5

FLI1 Friend leukemia Oncogene Upregulated 1.11E-101

integration 1 (+3.79)

FRA1 Fos-related Oncogene Upregulated 1.57E-08

antigen 1 (+1.27)
GLI2 Glioma- Oncogene Upregulated 0.00038047
Associated (+1.17)
Oncogene
Family Zinc
Finger 2

GRO1 Growth- Oncogene Upregulated 3.87E-09
Regulated (+3.09)
Oncogene 1

HCK Hematopoietic Oncogene Upregulated 1.49E-30
Cell Kinase (+3.95)

IL7R Interleukin 7 Oncogene Upregulated 2.29E-10
Receptor (+1.57)

MYB Myeloblastosis Oncogene Downregulated 1.95E-07
(-1.17)

MYBL1 Myb proto- Oncogene Upregulated 6.58E-28

oncogene like 1 (+1.14)

MYCN N-myc proto- Oncogene Upregulated 0.0001711

oncogene (+1.18)

RASGRP1  RAS guanyl- Tumor Upregulated 2.31E-44

releasing protein  suppressor (+1.5)
1
PIM1 Proto-oncogene Oncogene Upregulated 7.97E-10
serine/ (+1.04)
threonine-
protein kinase
TAL1 T-cell acute Oncogene Upregulated 1.95E-08
lymphocytic (+3.9)
leukemia protein
1
WNT5B Protein Wnt-5b Oncogene/ Upregulated 7.37E-09
Tumor (+1.17)
suppressor

(ThermoFisher) at a 1:500 dilution. The coverslips were then mounted
on microscopic slides in medium containing DAPI dye (ROTI®Mount
FluorCare, Carl Roth, Germany, Art. No. HP20.1) to visualize nuclei.
Images of BoMacs stably expressing GFP and GFP-Ta9 were taken using
Leica DMI8 microscope. Captured images were processed in Fiji Image J
software.

2.3. Western blotting for GFP expression

Equal numbers of stable GFP and GFP-Ta9 expressing macrophages
were lysed using a commercial cell lysis buffer (ChromoTek GFP-Trap™
kit, Proteintech) containing Halt™ protease inhibitor cocktail (Thermo
Scientific, Cat. No. 87786) and PhosSTOP™ phosphatase inhibitors
(Roche, Cat. No. 04906845001). Lysates were mixed with 4X Laemmli
buffer (ROTI®Load, Carl Roth, Art. No. K929.2) and boiled for 5 min at
95 °C. Equal amounts of lysate were loaded into wells of 12 % Mini-
PROTEAN® TGX 4-20 % pre-cast protein gels (BIO-RAD, #4561094)
installed in Mini-PROTEAN® tetra vertical electrophoresis cell, filled
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with 1X TG-SDS solution (ROTIPHORESE®, Carl Roth, Germany, Art.
No. 3060.3). The gels were run for 1 h at constant 150 V. Proteins were
transferred to nitrocellulose membranes by electroblot and membranes
blocked for 1 h at room temperature in PBS solution containing 5 % W/V
skim milk (Sigma-Aldrich). The blots were then incubated with HRP-
conjugated anti-GFP antibody (GeneTex, GTX113618-01, 1/10000
dilution in PBS-0.1 % TWEEN® 20 (Merck)- 1 % BSA solution, 1 h at
room temperature), or mouse monoclonal anti-a-tubulin antibody
(Sigma-Aldrich®, T5168; 1/4000 dilution in PBS-0.1 % TWEEN- 1 %
BSA solution, overnight at 4 °C). Secondary antibody for a-tubulin
(Chicken anti-mouse IgG conjugated with HRP, Santa Cruz, sc-2954)
was diluted in the same PBST-BSA solution (1:5000) and incubated
with the membrane for 1 h at room temperature. Protein bands were
rendered visible by adding Pierce™ ECL western blotting substrate
(Thermo Scientific, Cat. No. 32109) on the filters and images taken using
a Fusion Western blot imaging machine (Vilber Lourmat).

2.4. RNA sequencing, identification of differentially expressed genes
(DEGs) and KEGG and GO pathway enrichment analysis

Total RNA was extracted from three independent BoMac®* and
BoMacCf? =129 cell lines. The quality and quantity of RNA was initially
measured by a NanoDrop 1000 (Thermofisher), before processing by
Agilent 2100 machine. Qualified RNA were then processed for library
construction. The procedures are described as follows: mRNA was iso-
lated by Oligo(dT)-attached magnetic beads and mRNA was then
randomly fragmented in fragmentation buffer. First-strand cDNA was
synthesized with fragmented mRNA as template and random hexamers
as primers, followed by second-strand synthesis with addition of PCR
buffer, dNTPs, RNase H and DNA polymerase I. Purification of cDNA
was processed with AMPure XP beads. Double-strand cDNA was sub-
jected to end repair. Adenosine was added to the ends and ligated to
adapters. AMPure XP beads were then applied to select fragments within
a size range of 300-400 bp. A cDNA library was obtained by rounds of
PCR on cDNA fragments generated from the previous step. In order to
ensure the quality of the library, Qubit 2.0 and Agilent 2100 were used
to examine the concentration of cDNA and insert size. Q-PCR was pro-
cessed to obtain a more accurate library concentration. A library with a
concentration larger than 2 nM is considered acceptable. The qualified
library was pooled based on a pre-designed target data volume and then
sequenced on the Illumina NovaSeq 6000 sequencing platform
(BMKGENE). Based on sequencing-by-synthesis (Sequencing By Syn-
thesis, SBS) technology, cDNA libraries were sequenced on Illumina
high-throughput platform, generating significant amounts of high-
quality raw data, saved in FASTQ format. Raw data (raw reads) of
FASTQ format were firstly processed through in-house perl scripts. In
this step, clean data (clean reads) were obtained by removing reads
containing adapter, reads containing ploy-N and low quality reads from
raw data. At the same time, Q20, Q30, GC-content and sequence
duplication level of the clean data were calculated. The Phred Quality
Score (Q-Score) represents the probability of a base-calling error,
calculated as Q = —10 x log;o(P), where P is the error probability.
Higher Q-scores indicate greater base-calling accuracy (e.g., Q20 = 99
%, Q30 = 99.9 %). All the downstream analyses were based on clean
data with high quality. A total of 6 samples were processed for tran-
scriptome sequencing, generating 44.42 Gb of clean data. At least 6.80
Gb clean data were generated for each sample with a minimum 94.51 %
of clean data achieving a quality score of Q30. The clean data were
further mapped to a pre-defined reference genome (Bos_taurus.
GCF_002263795.2.genome.fa) generating mapped data. The HISAT2
[41] system, a more advanced version of TopHat2/Bowtie2, was used
for mapping RNA-seq reads. HISAT2 uses a Burrows-Wheeler Transform
and Ferragina-Manzini (FM) index based search. The mapping ratio of
each sample against the reference genome ranged from 97.65 % to
98.02 %. StringTie [42] was applied to assemble the mapped reads. The
algorithm is established based on optimality theory and utilizes a novel
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Table 2

Bovine inflammation associated genes differentially expressed in BoMac®~Ta%,
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Gene ID Product name Category Direction of expression change  False discovery rate (FDR)
1L6 Interleukin 6 Cytokine Upregulated (+4.23) 3.98E-09
1L18 Interleukin 18 Cytokine Upregulated (+1.29) 2.52E-31
GRO1 (CXCL1)  Growth-Regulated Oncogene 1 Chemokine (IL8- like) Upregulated (+3.09) 2.50E-06
CXCL3 Chemokine (C-X-C motif) ligand 3 Chemokine Upregulated (+1.72) 3.10E-10
CXCL5 C-X-C motif chemokine 5 Chemokine Upregulated (+4.73) 1.61E-62
CXCL9 Chemokine (C-X-C motif) ligand 9 Chemokine Upregulated (+1.83) 4.40E-36
CXCL11 C-X-C motif chemokine 11 Chemokine Upregulated (+2.2) 2.50E-06
TGFB1 Transforming growth factor beta 1 Growth factor Upregulated (+1.43) 1.33E-61
CTGF Connective tissue growth factor Growth factor Upregulated (+1.35) 0.00021033
VGF Nerve growth factor inducible Growth factor Upregulated (+1.76) 0.00268585
VEGFC Vascular endothelial growth factor Growth factor Upregulated (+1.27) 1.15E-12
FGF1 Fibroblast growth factor Growth factor Upregulated (+2.09) 9.01E-40
CXCR4 C-X-C chemokine receptor type 4 Receptor Upregulated (+1.84) 9.50E-09
IL7R Interleukin 7 Receptor Receptor Upregulated (+1.57) 2.29E-10
TNFRSF1B Tumor necrosis factor receptor superfamily member 1B Receptor Upregulated (+1.37) 1.84E-07
TNFRSF11B Tumour necrosis factor receptor superfamily member 11B Receptor Upregulated (+1.93) 6.59E-15
IL20RA Interleukin 20 Receptor Subunit Alpha Receptor Downregulated (—1.76) 1.67E-07
IL17RE Interleukin 17 Receptor E Receptor Downregulated (—1.14) 0.0001542
MMP2 Matrix metalloproteinase 2 Metalloproteinase Upregulated (+3.68) 3.06E-27
ADAMDEC1 ADAM-like, decysin 1 Metalloproteinase Upregulated (+9.55) 1.09E-13
ADAMTS3 A disintegrin and metalloproteinase with thrombospondin motifs 3 ~ Metalloproteinase Upregulated (+1.62) 3.20E-56
ADAMTS16 A disintegrin and metalloproteinase with thrombospondin motifs Metalloproteinase Upregulated (+1.46) 3.81E-27
16
FN1 Fibronectin Extracellular matrix (ECM)  Upregulated (+1.09) 1.74E-25
COL2A1 Collagen type III, alpha-1 chain ECM Upregulated (+1.36) 1.68E-07
COL3A1 Collagen type III, alpha-1 chain ECM Upregulated (+1.02) 1.27E-15
COL7A1 Collagen type VII, alpha-1 chain ECM Upregulated (+1.86) 4.24E-35
COL11A2 Collagen type XI, alpha-2 chain ECM Upregulated (+2.27) 4.01E-20

network flow algorithm, as well as an optional de novo assembly step, to
assemble and quantify transcripts representing multiple spliced variants
for each gene locus. The number of fragments from a transcript is
affected by sequencing data volume (or number of mapped reads),
length of the transcript, expression level of transcripts. In order to reveal
the expression level of each transcript more accurately, the number of
mapped reads was normalized by the length of its transcripts. FPKM
(Fragments Per Kilobase of transcript per Million fragments mapped)
was applied to measure the expression level of a gene or transcript by
StringTie using maximum flow algorithm. The equation for FPKM is
shown below:

cDNA Fragments

FPKM =
Mapped Fragments (Millions) X Transcript Length (kb)

In the equation, cDNA Fragments represents the number of PE reads
mapped to the specific transcript; Mapped Fragments (Millions) is the
number of all mapped reads, which is counted as 10°6; Transcript Length
(kb) is the length of transcript in unit of 10"3 b.

Differential expression analysis was processed by DESeq2 [43]. The
criteria for differentially expressed genes was set as Fold Change (FC)>1
and FDR<0.01. Fold change (FC) refers to the ratio of gene expression
between two samples. False Discovery Rate (FDR) refers to an adjusted
p-value used to measure the significance of the gene expression differ-
ence. Hierarchical clustering analysis was processed on differentially
expressed genes, i.e. genes with the same or similar expression profiles
were clustered together. Principal component analysis (PCA) was per-
formed using FPKM data for each sample. Similarity among samples was
displayed by reducing dimensionality into two or three principal
components.

KEGG [44] is a database resource for understanding high-level
functions and utilities of the biological system, such as the cell, the or-
ganism and the ecosystem, from molecular-level information, especially
large-scale molecular datasets generated by genome sequencing and
other high-throughput experimental technologies (http://www.genome
.jp/kegg/). We used KOBAS [45] software to test the statistical enrich-
ment of differential expression genes in KEGG pathways. The KEGG
annotations of DEGs were classified according to the type of pathways.

To test if KEGG pathways are over-presented within the Ta9 DEG data
set, enrichment factors and fisher test were applied for determination of
enrichment degree and significance. Gene Ontology (GO) enrichment
analysis of the differentially expressed genes (DEGs) was implemented
by the GOseq R packages based on Wallenius non-central hyper-geo-
metric distribution [46] which can adjust for gene length bias in DEGs.

2.5. mRNA expression analysis by quantitative real time qRT-PCR (qRT-
PCR)

Total RNA was extracted from BoMac®? and BoMac®? 14 by using
NucleoSpin RNA plus (Macherey Nagel, REF: 740984.50). Five-hundred
nanograms of RNA was converted to cDNA by the Protoscript II first
strand cDNA synthesis kit (New England Biolabs, Cat. No. E6560S).
cDNA from each sample was diluted 1:20 in DNase free water. The PCR
reaction (20 pl) included 0.5 pl of each forward and reverse primers at
10 pM, 10 pl SYBR green mix (Luna® Universal qPCR Master Mix, New
England Biolabs, Cat. No. M300S), 2 pl diluted cDNA and 7 pl molecular
grade water. Bovine HCK primers were forward: ATCCCTGGTGTG-
CAAGATCG; reverse: ACTTGATGGGGAACTTGGCC. mRNA levels were
normalized to bovine GAPDH with forward: GTTCAACGGCACAGTCAA
and reverse: TCACGCCCATCACAAAC primers [47]. 27A8CT \lethod was
used to calculate relative mRNA expression levels [48].

2.6. Cell proliferation assay

Theileria-transformed cells were seeded in 24 well cell culture plates
(of 1-2 X 10° cells/ml) with or without the drugs. To obtain proliferation
curves, the cells were manually counted using a Neubauer hemocy-
tometer every 24 h for a duration of 3-4 days. The percentage inhibition
of cell proliferation was estimated by dividing the number of cells
counted in treatment groups divided by the number of cells counted
from the drug free control group at the final counting time point.

2.7. Culturing Theileria transformed leukocyte cells in soft agar

Cells were initially cultured in absence or presence of drugs for 72 h,
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Table 3
Transcription factor enrichment in differentially expressed bovine genes in
response to Theileria annulata Ta9.

Rank  Transcription FET p- False discovery rate Odds
factor value (FDR) Ratio
1 MTF2 3,82E-18 1,17E-15 2512
2 TP53" 1,46E-09 2,23E-07 2,66
3 TCF3 2,03E-08 1,87E-06 2078
4 SMAD4" 2,70E-08 1,87E-06 1984
5 SMAD3" 3,04E-08 1,87E-06 2378
6 POU5F1 7,54E-08 3,86E-06 2052
7 ZNF217 1,26E-07 5,50E-06 2153
8 FOXA2 1,57E-07 6,00E-06 1805
9 AR 2,10E-07 7,17E-06 1738
10 WT1 4,63E-07 1,31E-05 1736
11 ESR1 4,70E-07 1,31E-05 2129
12 BACH1 5,65E-07 1,44E-05 2,13
13 PRDM14 7,91E-07 1,87E-05 1981
14 RUNX2 1,41E-06 3,09E-05 1698
15 NR3C1 4,40E-06 7,95E-05 2334
16 TCF21 5,09E-06 8,69E-05 1843
17 OLIG2 6,88E-06 1,11E-04 1856
18 KLF4 8,81E-06 1,35E-04 1,98
19 NANOG 9,26E-06 1,35E-04 1,88
20 CEBPD 1,72E-05 2,40E-04 2707
21 SOX2 2,67E-05 3,41E-04 1588
22 STAT3" 2,91E-05 3,58E-04 1606
23 SRY 3,51E-05 4,14E-04 1615
24 ARNT 3,64E-05 4,14E-04 2071
25 PPARD 4,95E-05 5,43E-04 3821
26 TCF4 5,62E-05 5,75E-04 1531
27 RELA" 7,18E-05 7,11E-04 1912
28 REST 8,72E-05 8,36E-04 1691
29 ZI1C3 1,25E-04 0,00113 2919
30 MNX1 1,43E-04 0,00122 1719
31 JUN® 1,43E-04 0,00122 1768
32 NFE2L2 3,36E-04 0,00229 1898
33 GABPA 3,36E-04 0,00229 1898
34 NROB1 4,24E-04 0,00277 1718
35 SALL4 5,48E-04 0,00339 1954
36 GBX2 6,05E-04 0,00364 2944
37 SOX9 7,55E-04 0,00437 1613
38 TP63 8,01E-04 0,00456 1439
39 STAT6 0,001297 0,00675 2,3
40 TBX3 0,001345 0,00688 1827
41 AHR 0,001788 0,00871 1936

 relevant to Theileria-induced leukocyte transformation.

washed once with PBS and counted. A two-layer low melting tempera-
ture agarose (Carl Roth, Germany, Art. No. 6351.1) was prepared by a
1:1 dilution with 2X complete DMEM F12 medium (Sigma-Aldrich,
D9785) containing 20 % FBS and 200 U/ml Penicillin/Streptomycin.
First, the base acellular layer (1.5 ml of 1 % percent agarose) was laid in
each well of a six-well culture plate (Sarstedt, Germany). Following
solidification of the base layer, the second cellular layer (1.5 ml of 0.7 %
agarose) including 10,000 cells per well was added. The cell-containing
layer was covered with 2 ml complete RPMI1640 medium that was
refreshed twice per week. Colonies were fixed and stained with 0.0001
% crystal violet solution in methanol at 21 days post cell seeding until all
colonies were stained blue. Next, the wells were rigorously washed with
distilled water until the background pale blue color of the agarose gel
turned colorless. This allowed imaging of the plates with the camera of
an iPhone 12 on a white background. The images were then transferred
to Fiji image J software for further processing.

2.8. Statistical analysis
Data were analyzed using two-tailed Student’s t-tests. Results are

expressed as the mean + standard deviation. In the figures, statistical
significance is denoted by p < 0.05 (*).
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3. Results
3.1. Generation of bovine macrophages stably expressing GFP-tagged Ta9

We have shown that exogenous expression of Ta9 activates AP-1-
driven transcription [35] and significantly, the T. parva genome en-
codes an orthologue of Ta9 (Tp9) [31], whilst the non-transforming
T. orientalis does not. Similar to T. annulata-transformed leukocytes,
T. parva-transformed B and T cells also display constitutive activation of
AP-1 [9]. One important transcriptional target of AP-1 is matrix met-
alloproteinase 9 (mmp9), a major driver of Theileria-transformed
leukocyte dissemination [49-51]. Secretion of Ta9/Tp9 and activation
of AP-1 therefore appear to be a common major effector of parasite
virulence [52]. For these reasons, we asked to what extent does the
unique expression of Ta9 impact on macrophage transcription over and
above activation of AP-1. To this end, we transfected GFP-tagged Ta9
into a bovine macrophage cell line (BoMacGFP‘Tag), selected a stable cell
line and performed RNA-Seq relative to a GFP alone transfected control
line. The expression levels were lower when GFP was fused to Ta9
compared to GFP alone (Fig. 1A and B). GFP distribution confirmed
cytoplasmic localization of Ta9 in BoMac®™ T 55 recently described
for T. annulata-transformed macrophages [36].

3.2. Ta9 expression in bovine macrophages results in deregulated
expression of multiple genes involved in oncogenesis and inflammation

To obtain a global view of bovine macrophage genes whose tran-
scription is potentially affected by expression of Ta9, we performed
RNA-sequencing for BoMac®" and BoMac®™ T cell lines. Principal
component analysis (PCA) showed good clustering and separation of the
samples representing each line (Fig. 2A). A hierarchical clustering heat
map of all DEGs highlighted that the gene expression differences be-
tween the two lines showed a strong degree of consistency across
replicate samples (Fig. 2B). Four hundred genes were expressed signif-
icantly higher (log2FC > 1; FDR <0.01) and 160 genes were expressed at
lower level in the TA9 expressing line (Fig. 2C) (Supplementary
Table 1). Based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway classification, the highest number of DEGs were cate-
gorized in cancer associated pathways, but DEGs were also significantly
enriched in cytokine and chemokine receptor signalling (Fig. 2D). The
KEGG classification identified Ta9-DEGs as oncogenes, tumor suppres-
sors and inflammation-associated genes. Strikingly, many oncogenes
(CCND1, CKDN1A, ETV4, ETV5, FLI1, FRA1, GLI2, GRO1, HCK, IL7R,
MYBLI1, MYCN, PIM1 and TAL1) were identified in the Ta9-elevated
group (Table 1). Both microarray and RNA-Seq analyses previously
identified expression of HCK and PIM1 to be infection-induced in
T. annulata-transformed B cells (TBL20) compared to their non-infected
counterparts (BL20) [19,20].

Expression of multiple inflammation-associated genes increased
under the influence of Ta9. These included cytokines (IL6 and IL18),
chemokines (CXCL1, CXCL3, CXCL5, CXCL9 and CXCL11), growth fac-
tors (TGFB1, CTGF, VGF, VEGFC and FGF1), cell surface receptors
(CXCR4, IL7R, TNFRSF1B and TNFRSF11B), secreted effector molecules
(MMP2, ADAMDEC1, ADAMTS3 and ADAMTS16) and components of
the extracellular matrix (FN, COL2A1, COL3A1, COL7A1 and COL11A2)
(Table 2). Consistent with this, gene ontology (GO) analysis performed
on the ‘Cellular Component’ of Ta9-DEGs revealed an enrichment of
genes coding for proteins of the extracellular space and extracellular
matrix (Supplementary Fig. 1).

Ta9-DEGs were investigated to identify specific transcription factor
(s) that might indicate which macrophage signaling pathways are
impacted by Ta9 expression. Transcription factor enrichment analysis
was performed using the publicly available online tool Chip-X Enrich-
ment Analysis (ChEA3) and exploited the ChEA ‘literature’ library that
mines published data (https://maayanlab.cloud/chea3/) [53]. A sig-
nificant (0.01>FDR) enrichment of 40 bovine transcription factors was
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Fig. 3. The tyrosine kinase HCK is important for Theileria-induced leukocyte transformation. A, Merging RNA-seq datasets identified HCK, VWA5A and SPPI as
putative co-modulated, infection-associated genes. Venn diagram was created with (https://bioinformatics.psb.ugent.be/webtools/Venn/). B, Confirmation of
upregulated hck expression by qRT-PCR in bovine macrophages stably expressing GFP-tagged Ta9 compared to control GFP-only macrophages. mRNA expression
levels were normalized to bovine GAPDH that did not show a significant change between samples in the RNA-seq analyses. Two-tailed student’s t-test used to estimate
significance. Mean fold change in mRNA expression level + standard deviations shown. Results are representative of two independent experiments. *, p value < 0.05.
C, Confirmation of increased HCK protein levels in Ta9-expressing BoMacs by immunofluorescence staining. Notably, in the presence of Ta9, macrophages developed
membrane protrusions and microspikes (red arrowheads), which serve as indirect indicators of increased HCK activity. D, The HCK inhibitor A419259 (200 nM)
blocks proliferation of T. annulata-transformed macrophages. Buparvaquone (100 nM) was used as a positive control. E, Two different treatment regimens were
undertaken to evaluate efficacy of A419259 on Theileria-mediated macrophage transformation estimated in a soft agar colony formation assay. The first regimen
included continued treatment of cells prior to seeding and during culture in soft agar with either the HCK inhibitor or buparvaquone. In the second regimen, cells
were treated once for 72 h prior to seeding in agar and then cultured in agar for 21 days in absence of drugs, lower panel of images. F, A ‘one-time’ treatment strategy
was applied to T. lestoquardi-transformed sheep leukocytes. Soft agar experiments were repeated at least two times each with three technical replicates. G, The HCK
inhibitor blocks proliferation of both T. annulata-transformed macrophages harboring wild type parasites, or buparvaquone-resistant parasites. The Bar graph shows
the impact of 96-h drug exposure on transformed cell numbers expressed as % inhibition compared with controls. Two-tailed student’s t-test used to estimate
significance. Results are representative of two independent experiments. *, p value < 0.05. NS, not significant.
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found in the list of Ta9-DEGs (Table 3). Although not ranked among the
top transcription factors, as expected [35] the AP-1 member c-JUN was
enriched. The list also contained several other interesting and Theileria
infection-relevant transcription factors such an NF-xB member v-rel
avian reticuloendotheliosis viral oncogene homolog A (RELA), also
known as p65 [26], Mothers Against Decapentaplegic homolog 3 & 4
(SMAD3 & SMAD4, TGF-p signaling) [54], Signal Transducer and Acti-
vator of Transcription 3 (STAT3) [15] and TP53 [55,56]. The highest
scored transcription factor was MTF2 (Metal Response Element Binding
Transcription Factor 2) which is a member of Polycomb repressive
complex and possess both oncogenic and tumor suppressor roles in
different cellular contexts [57]. Taken together, the RNA-Seq profiling
of bovine macrophages expressing a single T. annulata gene (TA15705)
coding for the protein Ta9 predicted upregulation of multiple host cell
transcription factors associated with driving transcription of genes
participating in inflammatory and oncogenic processes.

3.3. Ta9 upregulates expression of host proto-oncogene HCK, whose
activity is essential for proliferation of Theileria-transformed leukocytes

A recent RNA-Seq study explored the contribution of T. annulata
TashAT2 that is secreted and trafficked to the host nucleus to modulate
expression of bovine genes in the same macrophage cell line BoMac
[58]. Since Both Ta9 and TashAT2 are consistently found in the cyto-
plasm and nucleus of T. annulata-transformed bovine leukocytes,
respectively, we wondered to what extent the transcription modulating
activity of Ta9 and TashAT2 converge to generate perhaps a synergistic
effect on host cell gene expression in infected leukocytes. To this end, we
merged the list of Ta9 modulated genes identified (i.e. 560 genes) with
those of TashAT2 (i.e. 206 genes with log2FC > 1; q value < 0.01) and
also the full list of infection associated genes previously established by
comparing T. annulata-infected B lymphocytes (TBL20) to non-infected
B lymphocytes (BL20) [20]. Three DEG genes were over-represented
across the three datasets (Fig. 3A): hematopoietic cell kinase (HCK),
Von Willebrand Factor A Domain Containing 5A (VW5A) and Secreted
Phosphoprotein 1, also known as Osteopontin (SPP1). We focused on
HCK as it is known to be involved in cancer [28,59] and has previously
described as being upregulated in T. parva-transformed B cells and
T. annulata-transformed macrophages [22,29]. We first confirmed that
the expression of hck was greater in BoMac®™ T2 compared to
BoMac®*’ by qRT-PCR (Fig. 3B) and further validated the increased HCK
protein levels using immunofluorescence imaging (Fig. 3C). Treatment
at the nanomolar range of T. annulata-transformed macrophages
(TaC12 cell line) with the potent HCK inhibitor A419259 (also known as
RK20449) [59,60] blocked proliferation, as measured by cell counting
(Fig. 3D). Continuous HCK inhibitor treatment resulted in complete
blockade of colony formation of macrophages, similar to buparvaquone.
Single HCK inhibitor treatment prior to seeding in agar resulted in
reduction of colonies in both A419259- and buparvaquone-treated
groups; however, to a lesser extent compared to continuous exposure
to drug. In addition, A419259 appeared less potent compared to
buparvaquone in this ‘one-time’ treatment strategy (Fig. 3E). The drug
inhibitory activity of A419259 was confirmed in another independent
T. annulata-transformed leukocyte isolate (Ankara, Turkey)
(Supplementary Fig. 2) and a T. lestoquardi-transformed leukocyte cell
line from the Sudanese Atbara isolate (Fig. 3F). Since A419259 showed
therapeutic potential in vitro, we tested if it could also block proliferation
of T. annulata-transformed macrophages harboring
buparvaquone-resistant parasites [40]. While buparvaquone could
inhibit proliferation of transformed macrophages harboring wild type
parasites, but not macrophages with buparvaquone resistant parasites,
the HCK inhibitor was equally effective against both cell groups
(Fig. 3G).
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4. Discussion

Theileria annulata-transformed leukocytes display extensive modu-
lation of their host gene expression profiles [19-21,58,61,62]. The
intracellular presence of live Theileria parasites contributes to at least
half of the altered expression levels observed in transformed leukocyte
gene expression, as upon elimination of the parasite by buparvaquone
approximately half of the infection-induced deregulated genes revert to
pre-infection expression levels [19]. Candidate effectors are Theileria
secreted proteins that are trafficked to the host nucleus. A family of 17
parasite genes named the Tash family code for secreted proteins that
possess nuclear localization signals and at least five proteins (TashAT1,
TashAT2, TashAT3, SuAT1 and TashHN) have been identified in trans-
formed cell nuclei and are not thought to be encoded by
non-transforming Theileria species [54,63-66]. A recent study described
another family of secreted proteins (nuclear intrinsically disordered
proteins, NIDPs 1-4) in the transformed macrophage nucleus [36].
Herein, we have focused on another secreted protein Ta9 (TA15705)
unique to transforming Theileria spp., since it has previously been shown
to sustain AP-1-driven transcription [35]. Herein, we sought to under-
stand to what level Ta9, as a demonstrated AP-1 activator, contributes to
transcriptional changes of an infection-relevant host cell, the bovine
macrophage.

RNA-seq mediated transcriptional profiling of BoMacs expressing a
GFP-Ta9 fusion protein identified differential expression of genes
involved in cancer-related pathways. The most striking finding was the
upregulation of at least 17 oncogenes (Table 1) and more than 20 genes
directly associated with inflammation (Table 2). Some of the identified
oncogenes and inflammation related genes are highly relevant to trop-
ical theileriosis and hematopoietic malignancies. Therefore, we per-
formed an enrichment analysis on Ta9-elevated DEGs and this showed
that Ta9 might be involved in activation of several transcription factors
in addition to AP-1 (JUN), such as NF-kB (RELA) and STAT3 among
others. It is difficult to precisely say how Ta9 activates AP-1 and the
other transcription factors enriched in the list of Ta9-DEGs. One possible
mechanism could be via Ta9-induced upregulation of tumor necrosis
factor receptor B1 (TNFRS1B). TNF-a facilitates activation of both AP-1
and NF-kB signaling in Theileria-transformed macrophages and over-
expression of a dominant negative version of TNFSRB2 downregulated
NF-kB transcriptional activity in T. parva transformed cells [67,68].
Another potential mechanism could be through Ta9-mediated over-
expression of AP-1 and NF-xB family members, a strategy that is
employed by latent membrane protein (LMP-1) oncoprotein of
Epstein-Barr virus to activate AP-1 and NF-«kB pathways [69]. Interest-
ingly, the Ta9-DEG list included Fos-related antigen 1 (FRAI or FOSLI;
1.2 +FC); a highly expressed infection induced gene, whose expression
reverses upon parasite killing [19]. In addition, many Ta9-induced
(associated) DEGs were significantly enriched for chemokine and cyto-
kine receptor signaling, which could underpin augmented signaling of
multiple host cell transcription factors. Examples include the
pro-inflammatory cytokines IL6 and IL18, and the pro-oncogenic IL7
receptor (IL7R) [70,71].

We focused further on the contribution of Ta9-upregulated host cell
proto-oncogene hck, because comparative transcriptome analysis of the
Ta9-regulated gene dataset with that of infection deregulated genes,
plus genes whose modulated expression was associated with over-
expression of TashAT2 in BoMac highlighted hck, a gene whose
expression is known to be induced upon infection [19-21]. Interestingly,
hck was found to be strongly upregulated by Ta9 expression (significant
+4.4-fold increase in RNA-seq reads and confirmed by qRT-PCR), upon
infection (TBL20 vs BL20) [20], and also identified as displaying lower
expression in TashAT2 transfected cells (significant —1.3-fold decrease
in RNA-seq reads) [58]. The latter is an interesting observation, because
high expression of hck is normally toxic for macrophages [72] and thus,
it could be that in T. annulata-transformed macrophages Ta9 induces hck
and TashAT2 moderates the degree of induction to prevent cytotoxicity.



S. Tajeri et al.

This would be in agreement with the previous observation that predicted
a suppressive role in cancer associated traits of BoMacs expressing
TashAT2 [58]. This leads to the notion that in the context of Theiler-
ia-induced leukocyte transformation, TashAT2 may create a balance in
expression of genes, whose over induction by other parasite factors (e.g.
Ta9) could be detrimental to the survival of the infected leukocyte.
Similar results have previously been found, notably for
Interferon-stimulated gene 15 (ISG15). ISG15 is induced in infected B
cells (TBL) vs non-infected B cells (BL), reduced by TashAT2 and
elevated by buparvaquone treatment [73]. Indeed, quite a number of
genes show this type of modulated profile in infected cells [19].

It is noteworthy that the human hck promoter possess binding sites
for AP-1 [74], and we also detected (not shown) consensus AP-1 binding
sites in the promoter of bovine hck (PROMO v3.0 program, https://a
lggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.
3). In T. parva-transformed B cells HCK is constitutively active and
contributes to heightened AP-1 activity. The constitutive activation of
HCK was ascribed to infection-induced exclusion of the negative regu-
lator C-terminal Src kinase (CSK) from lipid rafts, where location of HCK
was demonstrated [22]. One could hypothesize that a secreted parasite
protein is involved in sequestering CSK, or directly binds and activates
HCK. Thus, it seems that T. annulata uses several factors to affect HCK
activity, TashAT2 and Ta9 to modulate host hck expression and another
unidentified factor to sequester CSK. Similarly, Ta9 and a secreted
parasite prolyl isomerase, TaPIN1, potentiate AP-1 signaling. This tar-
geting of a specific host locus by multiple parasite factors seems to be a
common apicomplexan strategy, as a recent genome-wide loss-of-func-
tion screen identified four Toxoplasma gondii genes (TgIST, GRA16,
GRA24, and GRA28) required for a complete block of the IFN-y response
[75]. In addition, targeting expression of a host gene by a combination of
parasite effectors could be a strategy to ensure parasite survival in
different cellular contexts such as leukocytes (B cell, T cell and macro-
phage for Theileria) and for all nucleated cells for Toxoplasma.

Ta9-expression induced heightened HCK levels and A419259 inhi-
bition of HCK enzymatic activity demonstrated it is essential for pro-
liferation of Theileria-transformed leukocytes. Several past studies have
shown that proliferation of Theileria-transformed leukocytes is suscep-
tible to general Src kinase inhibitors [22,23,26], and a recent drug
screen reported high inhibitory activity of Dasatinib (an inhibitor of the
Src kinase, BCR-ABL kinase and other tyrosine kinases) against
T. parva-transformed cells [76]. We confirmed Dasatinib treatment also
blocks proliferation of T. annulata transformed macrophages (not
shown). Since Dasatinib and A459259 target host Src kinases they have
the potential to be efficacious to counter the spread of parasite resistance
to buparvaquone [77-79], the drug primarily in current use to treat
tropical theileriosis. Further work is required to demonstrate a suitable
therapeutic index for clinical application. Nevertheless, herein we have
shown in vitro that a combination of upregulated hck expression and
increased HCK enzymatic activity are essential for Theileria to exploit
fully its leukocyte transforming ability and provide, therefore, a target
mechanism for therapeutic intervention. Future work will aim to iden-
tify the host leukocyte proteins interacting with Ta9 in the cytosol and
nucleus and elucidation of TA9-dependent AP1 activation.

5. Conclusions

Large-scale transcriptome data highlighted secreted Ta9 is a candi-
date as an important T. annulata virulence factor in the pathogenesis of
tropical theileriosis via activation of AP1 and modulation of host cell
gene expression. We also propose that Ta9 may act in concert with other
secreted Theileria factors to fine tune the bovine transcriptome, as both
Ta9 and TashAT2 were found to be linked to altered hck expression.
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