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Abbreviations

aa: Amino acids

AIDS: Acquired immunodeficiency syndrome
ARP: Apoptosis-related protein

BSA: Bovine serum albumin

BLAST: Basic local alignment search tool
CTL: Cytotoxic T cell

dsDNA: Doublé—strand DNA

ELISA: Enzyme-linked immunosorbent assay
EST: Expressed sequence tag

ESP: Excretory/secretory protein

GFP: Green fluorescent protein

GST: Glutathione S-transferase
HRP: Horseradish peroxidas;a
HSPG: Heparan sulfate proteoglycan
IAP: Inhibitors of apoptosis proteins
1IEM: Imﬁuno-electron microscopy
IFAT: Indirect fluorescence antibody test
IFN-y: Interferon-gamma

IxBou: Inhibitor-kappa B-alpha

IKX: Inhibitor-kappa B kinase

IL: Interleukine

IgG: Immunoglobulin G
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NCBI: National Center for Biotechnology Information

NF-xB: Nuclear factor-kappa B

NK: Natural killer

NO: Nitric oxide

PBS: Phospate-buffered saline

PCR: Polymerase chain reaction

PDCDS: Programmed Cell Death 5

PFA: Paraformaldehyde

PI: Propidium iodide

PV: Parasitophorous vacuole

r: Recombinant

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TGF-f: Transforming growth factor-beta

TNF-o: Tumor necrosis factor-alpha

TUNEL: T@rminal deoxynucieotidyltransferase—mediated dUTP-biotin

nick-end labeling




General introduction

1. The importance of Toxoplasma parasite

Toxoplasma gondii is an obligate intracellular parasite assigned to the phylum
Apicomplexa and class Sporozoa [Beverly, 1976]. It infects virtually all species of
warm-blooded animals, including humans, worldwide. Domestic cats and other felines
are the definitive hosts, and all non-feline hosts are intermediate hosts.

T. gondii infection is vsually asymptomatic in immunocompetent host, and
only rare severe cases occur. However, it is still a serious threat to human health due to
its high prevalenc;e, which is typically 10-30% in most populaﬁons, or even higher. For
example, it is the third most common cause of food-borne deaths in the United States
[Mead et al., 1999]; furthermore, several cases of ocular symptoms, such as retinitis
and retinochoroiditis, were reported as acquired toxoplasmosis due. to se{/eral
outbreaks of acute toxoplasmosis [Masur et .al., 1978; Bowie et al.,‘ 1997; Choi et al.,
1997; Burnett et al., 1998]. Vertical transmission of 1. gondii from mother to fetus
during gestation may cause cong_enital toxoplasmosis, characterized clinically by

abortion, neonatal death, or fetal abnormalities with detrimental consequence for the

- fetus, especially when the transmission occurs at an early stage of pregnancy [Dubey

and Beattie, 1988; Tenter et al., 2000]. It may also significantly reduce the quality of
life in children who survive a prenatal infection [Roberts et al., 1994; Foulon et al.,
1999; Tenter et al., 2000]. Recent estimates based on serological studies suggested
incidences of primary maternal infection during pregnancy to range from about 1-310
per 10,000 pregnancies in different population in Europe, Asia, Australia, and the

Americas [Tenter et 4l., 2000]. About 10% of the prenatal infections result in abortion
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or neonatal death. Another 10-23% of prenatal infected newborns show clinical signs
of toxoplasmosis at birth [Tenter et al., 2000]. In immunocompromised humans, a
previously acquired latent infection can lead to reactivated toxoplasmosis with
encephalitis. Toxoplasmic encephalitis and disseminated toxoplasmosis have been
observed in patients with immunodediciencies due to various causes, such as
Hodgkin’s disease or immunosuppressive therapy because of other malignancies.

Disseminated toxoplasmosis may also complicate transplantation of organs or bone

-marrow. 1. gondii has emerged as one of the most common opportunistic infections in

patients ‘lzvith the accjuired immunodeficiency syndrome (AIDS) [Wanke et al,, 1987]. It
causes severe encephalitis in up to 40% of AIDS patients worldwide, and 10-30% of
AIDS patients infected with 7' gondii succumb to the disease [Ténter et al., 2000].

On the other hand, toxoplasmosis is one of the main causes of infectious
reproductive wastage in sheep, and goats. It may cause fetal resorption, abortion,
stillbirth, and neonatal mortality [Buxton et al., 1998; Freyre et aL,. 1999; Duncanson et
al., 2001]. Although toxoplasmosis in pigs is not severe production problem, clinical
cases has been occurred in young pigs [Dubey, 1986]. In addition to the problem of
such clinical toxoplasmosis in animals, tissue cysts of T gondif contained in meat of
livestock are an important source of infection fgr humans. In meat-producing animals,
tissue cysts of 7. gondii are mbst freﬁuently observed in tissues of infected pigs, sheep,
and goats, and less frequently in infected poultry, rabbits, dogs, and horses [Dubey,
2000; Tenter et al., 2000]. Therefore, I' gondii is of great importance in medical,

veterinary medical, and food hygiene aspects.




2. The life cycle of T. gondii
| There are three infectious stagés: sporozoites in oocysts, invasive tachyzoites
(actively multiplying stage), and encysted bradyzoites (slowly mﬁltiplying stage)
[Dubey and Beattie, 1988]. Oocysts are excreted in feces, whereas tachyzoites and
bradyzoites are found in tissues. Three major ways of transmission are congenital
infection, ingestion of infected tissues, and ingestion of oocyst-contamiﬁated food or
water. Other fninor modes of trénsmission include infected milk and transfusion of
fluids or transplantation of organs [Dubey and Beattie, 1988; Jackson and Hutchison,
1989; Remington and Desmonts, 1990; Evans, 1992; Dubey, 1993; Johnson, 1997].
The enterpepithelial life cycle is found only in the definitive feline host. Most
cats become infected by lingesting intermediate hosts infected with tissue cysts.
Bradyzoites are released from' the tissue cysts in the stomack and intestine when the
cyst wall is dissolved by digestive enzymes. Bradyzoites penetrate the epithelial cells
of small intestine and initiate the asexual stages. After an undet;armined number of
generations, merozoites form male (nﬁcro) and female (macro) gamonts. The
microgamont divides and forms several biflagellate microgametes, which are released
and swim to and penetrate macrogamonts. A wall is formed around the fertilized
macrogamont to form an oocyst. After exposure to air and moisture, oocysts spofulate
aﬁd contain two sporocysts, ea}ch with four sporozoites [Dubey and Beattie, 1988;
Jackson and Hutchison, 1989; Evans, 1992; Dubey, 1993; Duﬁey et al., 1998]. The
entire enteroepithelial cycle of T gondii can be completed within 3 days after ingestion
of tissue cysts. However, following ingestion of oocysts or tachyzoites, the ‘formation
of oocysts is delayed until 3 weeks or more.

"The extraintestinal development of 7. gondii is the same for all warm
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blooded-hosts. Afcer ingestion of oocysts, sporozoités excyst in the lumen of the small
intestine and penetrate intestinal cells including the cells in the lamina propria.
Sporozoites divide into two by an asexual process known as endodyogeny and become
tachyzoites. They multiply‘in almost any kinds of cells in the body. If the cells rupture,
they infect new cells [Dubey and Beattie, 1988; Jackson and Hutchison, 1989; Evans,
1992; Dubey, 1993; Dubey et al., 1998]. Otherwise, they multiply intracellularly for an
undeterrrﬁﬁed period and eventually encyst. 'fissue cysts grow intracellularly and
contain numerous bradyzoites, frequently observed in the central nerve system,
muscles, and visceral orgéns and probably persist for the life of the hosts [Dubey, 1993,

1998; Dubey et al., 1998].

3.l Apoptosis inhibition in host cells by 7. gondii infection

Apoptosis is a complex and highly regulated molecular pathway present in the
cells of metazoans [Rich et _al., 1999; Saraste and Pulkki, 2000]. In addition to its -
critical roles in development and tissue remodeling, apoptosis plays an important role
in responding to infectious agents [Barcinski and DosReis, 1999; DosReis and
- Barcinski, 2001]. Apoptosis is often triggered in response to infection with viruses,
bacteria, and protozoa [Roulston et al., 1999; Gao and AbuKwaik, 2000; Heussler et al.,
2001]. Programmed suicide of infected cells soon after infection slows ‘;he growth of
the pathogen resulting in the mitigation of infection. |

T gondii-mediated resistance agains't apoptosis was oi)sewed in both murine
and human cell lines treated with diverse inducers of apoptosis, including cytotoxic T
lymphocyte (CTL)-mediated. cytotoxicity, ﬁTadiatibn, growth factor withdrawal, tumor

necrosis factor (TNF)-o, and/or several toxic agents [Nash et al., 1998; Goebel et al,,
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12001; Payne et al., 2003]. Decreased apoptosis in primary cells cultured ex vivo after

growth factor withdrawal was also reported [Hisaeda et al, 1997; Channon et al.,
2002]. Importantly, inhibition of apoptosisr has recently also been shown to occur in
vivo after intraperitoneal infection of mice With T gondii [Orlowsky et al., 1999, 2002].
This suggests that interferenge of T gondii with-the suicide program of host cells may
modify the course of toxoplasmosis. Mechanisms that may inhibit the mitochondrial
apoptotic pathway in 1. gondii-infected cells include: blocking mitochondrial
cytochrome ¢ release [Goebel et al., 2001; Carmen et al., 2006], altering the balance
between pro- and anti-apoptotic Bcl-2 proteins [Goebei et al., 2001, Nishika'wa et al,,
2002; Molestina et al., 2003; Carmen et al., 2006], and direct inhibition of cytochrome
c-mediated activation of the caspase cascade [Keller et‘ al., 2006]. Inhibition of
apoptosis by T gondii may also be related to a parasite-drivén increase of inhibitors of -
apoptosis proteins (IAP) whic.h directly inhibits distinct caspases [Blader et al.,, 2001; -
Molestina et al., 2003; Lider and Grof3, 2005]. Parasite-derived inhibitor-kappa B
kinase (IKK) was found to have the ab.ility to phosphorflate inliibitor-kappa B-alpha
(IxBor), which may result in translocation of nuclear factor-kappa B (NF-kB) dimers to

the nucleus and up-regulation of IAP [Molestina et al., 2005].

4. Apoptosis induction in host cells by T. gondii infection

Acute infection of both humans and mice with 7. gondii induces as state of
transient immunosuppression as determined by decreased aﬁtibody and T lymphocyte
responses to antigens [Strickland et al., 1977; Wing et al., 1983; Luft et al., 1984; Yano
et al., 1987]. Among other factors, apoptosis of T lymphocytes triggered by 1. gondii

may restrict the immune response to the parasite [Khan et al., 1996; Liesenfeld et al.,
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1997, Wei et al,, 2002]. Indeed, high levels of apoptosis in splenocytes have been
associated with unrestricted parasite multiplication leading to high parasite burdens in
various tissues of the host [Gavrilescu and Denk-ers, 2001; Mordue et al., 2001].
Lymphocyte apoptosis may also influence the local immune response after natural
parasite transmission via the gut, beceluse oral infection with 7, gonﬁii led to apoptosis
in Peyer’s patch T c;ells [Liesenfeld et al, 1997]. Apoptosis was also observed in
inflammatory cells and eye tissue after intraocular inoculation of T’ gondii [Hu et al,
1999]. In addition to these reports, apoptosis in the peritoneal macrophages of
parasite-infected mice was reported recently [Nishikawa et al., 2007]. This
phenomenon was also confirmed in in vitro study, showing that 7. gondii infection in
J774A.1 mouse macrophage cells with interferon-gamma (iFN—y) Atreatment activated
inducible nitric oxide synthase, and Iconseqﬁentiy produced nitric oxide (NO)
facih’tated apoptosis [Nishikawa et al., 2007]. Such apoptosis observed in immune cells
have been thought to result in the state of immunosuppression, contributing parasite

survival in the host.

5. Aims of the present study

The apoptosis in the macrophages were not only due to NO, but also to the
soluble fraction of parasite-infected culture, suggesting the presence of
para-site-derive(i molecule(s) responsible for the apoptosis [Nishikawa et al.., 2007].
Identification and characterization of such moleculesl may allow us to better understand
the parasite strategy for evasion of host defense system. In this thesis, 1 described the
general and specific features of novel idenfiﬁed pro-apoptotic molecule from T, gondif,

Programmed Cell Death 5 (TgPDCD5) and discussed its significance in the
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host-parasite relationship. The aim in the chapter 1 is to investigate the general
characteristics of TgPDCDS comparing with the homologues found in Plasmodium
and in humans. The chapter 2 is to clarify cell-penetrating and apoptosis—énhancing
activities of TgPDCDS5 by using recombinant protein expressed in Escherichia coli.
The aim of the chapter 3 is to evaluate the pro-apoptotic activity of endogenous

TgPDCDS by using the recombinant parasite overexpressing TgPDCD5.




- Chapter 1
Cloning and general characterization of Toxoplasma gondii

Programmed Cell Death 5 (TgPDCD5)

1-1. Intrbduction

Full-Toxo is a database for a full-length ¢cDNAs from Toxoplasma gondii |

[Khan et al., 2006; http:/fullmal.hge.jp/index_tg_ajax.html]. The cDNA library was
prociuced from the tachyzoite stage parasites using the oligo-capping method and
5'-gnd-one-pass éequences of random clones were determined. These expresseci
sequence tag (EST) sequences obtained from the database were mapped onto the
genome sequences along with arﬁlotated gene structures. The cDNA clones were
screened by BLAST search,' and a gene showed similarity with the human
apoptosis-related molecule, Programmed Cell Death 5 (PDCD3) was chosen and
designated as TgPDCDS3.

The human PDCDS gene was cloned because expression increased during
the apoptosis process induced by cytokine v;fithdrawal in the human erythroleukemia
cell line, TF-1 [Liu et al., 1999]. PDCDS translocates from the cytoplasm to the nuclei
in various apoptotic cells [Chen et al., 2001]. Overexpression of PDCDS5 facilitates
programmed cell death triggered by growth factor withdrawal or serum deprivation in
TF-1, human stomach tumor MGC-803, and human cervical carcinoma HeLa cells
[Liu et al., 1999]. It also enhances paraptotic cell death induced by TAJ/TROY, a novel
member of the tumor necrosis factor receptor family [Wang et al., 2004]. Furthermore, |
the administration of the anti—PDCDS antibc;dy can suppress etoposide-induced

apoptotic effects in HeLa cells [Rui et al., 2002]. These observations strongly suggest
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that PDCDS5 possesses a pro-apoptotic actiﬁty in mammalian cells. Recent study using
recombinant PDCD5 rev;aled its endocytosis by human embryonic kidney HEK293,
human histiocytic lymphoma U-937, and human colorectal adenocarcinoma HT-29
cells and involvement of heparan sulfate proteoglycan (HSPG)-binding motif [Wang et
al., 2006).

In the BLAST search of TgPDCD5, several homologues were found alsé from”
the apicomplexan parasites Plasmodium falciparum, P. yoelii, Aand P vivax. Among
these, there was a report abéut P falciparum apoptosis-related protein (PfARP),
indicating tﬁat PfARP was strongly expressed in the ring stage and trophozoite stage,
and slightly expressed in the schizont stage [Guha et al., 2007]. However, the finction
of this molecﬁle is yet unknown.

In this chapter; cloning of the novel ideﬁtiﬁed TgPDCDS5 gene and general

characterization of its product was described.

1-2. Materials and methods

Cell lines. The mammalian cell lines used in this study were Chinese
hamster ovary epithelial CHO-K1 (Americaﬂ Type Culture Collection [ATCC]
CCL-61), mouse macrophage J774A.1 (ATCC TIB-67), and human promyeloblastic
HL-60 (ATCC CCL-240). Cells were maintained as described in the ATCC
instructions. |

| Parasites. 7. gohdii isolates RH strain and PLK strain were used in all
experiﬁxents. ‘The parasite stock was maintained in vitro by serial passages in a
monolayer of CHO-K1 cells.

Construction and expression of recombinant TgPDCD5 (rTgPDCD5).
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The full-length cDNA clone XTG05779 from Full-Toxo [Khan et al., 2006] was used
as a template DNA to amplify the coding region of one complete and two truncated
versions of rTgPDCDS, as shown in Fig. 1B. The DNA and amino acid sequences of

TgPDCD5 are stored in the GenBank database under accession numbers AK223701

and CAJ20500. The DNA sequence of TgPDCDS5 is also accessible in the ToxoDB

under number 25.m00185. DNA fragment for TgPDCD35 was PCR amplified using the

specific primers (5’-ATC CCG GGA TGC AGC CTG AAG AAT TCG CC-3’ and

5°-ATC TCG AGT CAG AAG TCA TCG TCG TCG TC-3). The PCR products were
digested with Smal and thI and then ligated into the glutathione S-transferase
(GSTj—fused £. coli expression vector pGEX-4T2 (GE Healthcare, Bﬁckinghamshire,
UK), which was digested with the same set of restrictioh enzymes. The nucleotide
sequence was analyzed with a2 model ABI 3100 DNA sequencer {Applied Biosystems,
Inc., Foster City, USA). The rTgPDCDSs were expressed as a fusion protein of the
GST in the E. coli BL21 strain (GE Healthcare) according to the manufacturer’s
instructions. Protein concentration was measured using a BCA protein assay kit
(Thermo Fisher Scientific, Inc., Rockford, USA).

 All experiments with recombinant DNA and recombinant microorganisms

were performed under the Guiding Principles for the Safety Assessment of Research

Involving Recombinant DNA Molecules and Genetically Modified Organisms

promulgatéd by the Obihiro University of Agriculture and Veterinary Medicine.

Production of anti-GST-TgPDCD5 serum and purification of IgG. Fifty

" micro gram of the recombinant GST-TgPDCD5 in Freund’s complete adjuvant (Sigma,

St. Louis, USA) was intraperitoneally injected into 6-week-old female ddY mice

(Japan SLC, Inc., Sizuoka, Japan). The same antigen in Freund’s incomplete adjﬁvant
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(Sigma) was intraperitoneally injectéd into the mice on days 14, 28, and 42.
Immunization of a female Japanese white rabbit (CLEA‘J apan, Inc., Tokyo, Japan) was
also performed using a similar method. Briefly, 300 g of the antigen was inoculated
intradermally for the first immunization, boosted three times\ by injection of 100 pug of
the antigen on days 14, 28, and 42. Sera from immunized mice and the rabbit were
collected 7 days after the last immunization. Tmmuno globulin-G (IgG) was purified
from 2 ml of rabbit sera through Profein A Chromatography Columné according to the
manufacturer’s instructions (Bio-Rad Laboratories, Hercules, USA). The fractions
containing 1gG were pooled and run on sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PA(’}E) to test the purity and quantity. |

Animals used in this study were cared for and used under the Guiding
Principles for the Care and Use of Research Animals promulgated by the Obihiro
University of Agriculture and Veterinary Medicine.

Indirect fluorescent antibody test (IFAT). Localization of TgPDCDS5 in
the parasite was explored using coverslips of confluent CHO-K1 cells infected with 7.
gondii. The coverslips Weré collected at 24 h post-parasite inoculation, washed. twice

with phosphate-buffered saline (PBS) containing 1 mM CaCl, and MgCl, (PBS++),

* and then fixed with 3% paraformaldehyde (PFA) in PBS++. After washing twice with

PBS++, the célls weére permeabilized witﬁ 0.3% Triton X-100 in PBS++ for 5 min at
room temperature. After washing, the coverslips were incubated with 3% bovine serum
albumin (BSA) in PBS++ at room temperature for 30 rmn The coverslips were
incubated with anti-rTgPDCD5 rabbit IgG diluted at 1:100 in 3% BSA in PBS++ for 1
h at room temperature. After washing three times with PBS++, the covgrslips were

incubated with Alexa flour 488-conjugated goat anti-rabbit 1gG (Sigma) diluted at
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1:600 in 3% BSA in PBS++ for 1 h at room temperature and then washed again. After
staining with propidium iodide (PI) to visualize the nuclei, the coverslips were placed
on a glass slide coated with Mowiol (Sigma). The slides were examined using confocal
laser scanning microscopy (TCS-NT, Leica Microsystems GmbH, Wetzlar, Germany).
Detection of natiye TgPDCDS in T. gondii lysate. 1. gondii lysate was
prepared according to the following method. Briefly, CHO-X1 cells. infected with the
RH strain T gondii tachyzoite were scraped from the flask and passed through a 27G
needle 3 times. After filtrating through a 5.0 um pore size nitrocellulose membrane
(Millipore, Bedford, USA), the parasite number was determined. Next, 1 x 10® RH
sfrain tachyzoites were lysed with a lysis buffer (10 mM Tris HC1 [pH 7.4], 1.5 mM
MgClL, 10 mM KCl, 0.5% SDS, and a complete protease inhibitor cocktail [Roche
Diagnostics GmbH, Mannheim, Germany]) for 1 h at 4°C and sonicated. For the
preparation of the host cell Iysate, 1 x 10° HL-60, CHO-K1, and J774A.1 cells were
lysed and sonicated according to the same method. Protein samples were
electrophoresed in each lane of a 15% polyacrylamide gel and transferred onto a
nitrocellulose membrane (Whatman GmbH, Dassel, Germany). The membrane was
washed twice with a wasl;ing solution (0.05% Tween 20 in PBS) and then incubated |
with 5% skim milk in PBS for 30 min at room temperature. After washing twice, the
membrane was incubated with anti-rTgPDCD3 mouse serum diluted at 1:100 in 0.5%
skim milk in PBS for 1 h at room temperature. After washing three times, the
membrane was incubated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG antibodies (Bethyi; Inc., Montgomery, USA) diluted at 1:8,006 in

0.5% skim milk in PBS for 1 h at room temperature. After washing three times, the

" protein was visualized on X-ray film using the ECL Detection Reagents (GE
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Healthcare) according to the manufacturer’s recommendations.

Detection of secreted TngCDS from T. gondii excretory/secretory
protein (ESP). The parasite maintained in vitro by serial passages in monolayers of
CHO-K1 cell was harvested and washed two times with PBS. After céntrifugation (500
x g, 10 min, 2C°C), PBS was replaced by buffer A (116 mM NaCl, 5.4 mM KCl, 0.8
mM MgSQOy, 5.5 mM glucose, and 50 mM HEPES [pH 7.4]), and parasites were
passed through a 5.0 um pore size filter (Millipore). Finéllly, they were layered on a
Percoll density gradient and centrifuged (500 x g, 20 min, 20°C). The Percoll density
gradient was prepared by centrifugation (10,000 x g, 1 h, 20°C) of Percoll-containing
buffer A, the refréction of which was adjusted to 11.4% Brix with a refractbﬁeter
(Asone, Osaka, Japan). Parasites were suspended with bﬁffer A and adjusted to 1 x 10°
cells/ml. After incubation at 37°C for 0, 2, 5, 10 and 15 min, the supernatant was
collected by sequential centrifugations (500 x g, 10 Ihjn, 20°C and then 8,400 x g, 10
min, 20°C) and concentrated with an NANOSEP 3K QMEGA filter (Pall’ Corporation,
East Hills, USA). The protein concentratidn was calculated by spot density, which was
standardized by the BSA standard on a poly vinylidene fluoride membrane (Millipore)
stained with arrﬁdo black. Samples were subjected to SDS-PAGE and Western blotting.
The dilutions of the primary antibodies against rTgPDCD35, TgMIC2 and Tgp-actin
were 1:100, 1:500 and 1:500, respectively. The secondary antibody was diluted to
1:8,000. Secretion was quantified from Western blots using Shimadzu Phoretix
(Shimadzu Corporation, Kyoto, Japan).

Immuno-electron microscopic (IEM) analyses. CHO-K1 cells infécted
with the RH stfain T gondii tachyzoite or J774A.1 treated with 4 uM of rTgPDCD5 -

were scraped from the flask and washed three times with PBS. Cells were fixed in 4%
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PFA including 0.1% glutaraldehyde and 8% sucrose in 0.1 M phosphate buffer (pH
7.4) qvernight at 4°C, washed thoroughly in 0.1 M phosphate buffer (pH 7.4) and
embedded in 2% agarose. After dehydration with an ethanol series, the samples were
embedded in LR Gold resin (Polysciences, ‘Inc., Warrington, USA). Thin sections

(about 80 nm thick) were cut on a Leica UCT ultramicrotome using a diamond knife

-and placed on nickel grids. Sections were exposed at room temperature for 30 min to

5% skim milk in PBS as a blocking ageﬁt, then incubated with anti-rTgPDCDS5 rabbit
IgG overnight at 4°C and subsequently incubated with 10 nm gold-labelled goat
anti-rabbif IgG antibody (GE Healthcare) at room temperature for 2 h. Normal rabbit
IeG was used instead of the primary antibody as a negati;fe control. Finally, these
sections we1:e counter-stained with uranyl acetate before examination with a JEM-1011

transmission electron microscope (JEOL, Tokyo, Japan).

1-3. Results

Identification and general characterization of TgPDCDS5. The ¢DNA
clone, which is similar to the human PDCDS5 gene, an apoptosis-related molecule, was
formgd with 369 bp encoding a polypeptide with 122 amino acids (aa), which was
predicted to be 13,707.5 Da in molecular weight and 6.87 in isoelectrical point. Using
a BLASTP searcﬁ, it was found that TgPDCDS5 is homologous to fhe molecule of |
Homo sapiens (35%) and to P. falciparum (38%), which belongs to the same
apicomplexan protozoa (Fig. 1). There was no signal peptide sequence. There was a
heparan sulfate proteoglycan (HSPG)-binding motif near the C-terminus (aa 107-112),
which Waé constructed with severai basic amino acids flanked by hydrophobic residues

(BXXXBB [B indicates basic residues]) [Ruoslahti, 1989; Wang et al.,, 2006]. This
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domain was also found in human PDCD35 but not in the PFARP [Guha et al., 2007]. In
a conserved domain search, a double-strand (ds) DNA-binding motif was found in the
middle of TgPDCD3, which was also observed in human PDCDS5 and PfARP (NCBI
CDD accession number, pfam01984).

Detection of native TgPDCDS by Western blot analysis. Mice were
innﬁunized with GST-fused rTgPDCD5 to obtain the polyclonal antibody, which
recognized native T gPDCD5 in the lysate of the T gondii RH strain tachyzoite at a
molecular weight of 14.5 kDa with no cross-réaction with any host cell lysates tested
(Fig. 2A). The lysate from 7' gondii PLK strain, a relatively lower pathogenic Type 11
strain, also showed the same reactivity against the antibody in the same molecular size
(dafa not shown). To confirm the secretion of TgPDCDS by the parasite, the ESP from
the purified extracellular parasite was tested. In Western blotting, the relative intensity
of the band of TgMIC2, a typical secreted molecule from 7. gondii, and that of
TgPDCDS5 were increased according to the incubation time, while Tgp-actin,
monitored as a marker for the accidental lysis of thé ﬁarasite, was stable (Fig. 2B). This
result indicates that TgPDCDS5 was secreted from the parasite.

Localization of endogenous TgPDCD5 in 7. gondii. To confirm the

.localization of native TgPDCDS in T gondii, IFAT using purified rabbit IgG against

rTgPDCDS was performed. As shown in Fig. 3A and B, the entire parasite body was

faintly recognized, indicating that the protein was located in the cytoplasm ‘and the
nucleus of the intracellular tachyzoites. Even after proliferation of the parasites, the
localization of the protein did not change. :‘The extracellular parasites were also tested,
resulting in the same localization (data not shown).

To determine -the detailed localization of TgPDCDS5, IEM analysis was
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performed. Although signals recognized by the antibodies were distributed throughout
the para31te body, the strongest signals were detected in the apical end of the para31tes
especially near the rhoptries (Fig. 3C). Other strong signals were located within

vesicle-like structures just under the parasite membrane.

1-4. Discussion
. Human and T, gondii PDCDS have almost the same polypeptide length (125
and 122 aa), while PfARP has much longer sequence (164 aa) due to the additional
N-terminus region (Fig. 1A). Furthermore, TgPDCDS5 possesses the HSPG-binding
motif, which was reported to be essential for the cellular uptake of human rPDCDS5
[Wang et al., 2006], but which is lacking in the homologue in P, falciparum, PTARP
[Guha et al., 2007]. Thus, the molecular features of TgPDCD5 might be more similar
to human PDCDS5 than to PfARP,‘ even though 7' gondii and P. falciparum are
phylogenetically very similar. The cytosolic localization of TgPDCDS5 was consistent
with those of human PDCDS5 and PfARP. in the normal condition {Chen et al., 2001;
Guha et al., 2007]. However, the existence of dsDNA-binding rnotif suggested the
possibilityr that this protein functions in the nucleus or other organelles with DNA such
as mitochondrion and apicoplast. Together with that translocation of human PDCD5 ‘to
the nucleus during apoptosis had been reported {Chen et al., 2001], TgPDCDS5 might
not be a strict cytosolic protein.
Many kinds of secreted molecules from apicomplexan parasitee have been
identified, including microneme, dense-granule, and rhoptry proteins [Cesbron-Delauw,
1994; Carrhthers, 1999; Soldati et al., 2001]. Most models for the secretion of these

proteins were based on the classic pathway involving the endoplasmic reticulum and
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Golgi. rAccording to the pr;eviously identified molecules, appropriate signal sequences
in thé N—tgrminus were required for the processing and transporting of the secreted
proteins via the classic pathway [Joiner and Roos, 2002]. In addition to the result of
secretion assay (Fig. 2B), the localization of TgPDCDS3 near the rhoptry or in the
vesicle-like structure just under the cellular membrane also confirmed its secretion (Fig.
3C). However, no domain was predicted to be the signal sequence in TgPDCDS5 (Fig.
1A), suggesting that this molecule was secreted not via the classic pathway but via an
unknown mechanisﬁl. A study using calcium ionophoré A23187 indicated that the

secretion of TgPDCD5 was not dependent on the elevation of intracellular calcium

-jons (data not shown) suggesting that TgPDCDS5 secretion occurred in a manner

different from that of microneme proteins such as TgMIC2 [Carruthers and Sibley,
1999; Vieira and Moreno, 2000]. To determine the secretion pathway’of TgPDCDS5,

further study is required.
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1-5. Summary

The TePDCDS5 gene, which is a homologue of human apoptosis-related
molecule PDCD5 was cloned from ¢cDNA database and characterized. The predicted
amino acid séquence of TgPDCD5 cénsisted with 122 aa in length, having 35% and
38% similarity to the homologues in . sapiens and P. falciparum. This protein has

dsDNA-binding motif in the middle part and HSPG-binding motif in the C-terminus

“ region. The native TgPDCD5 was recognized by the pdlyclonal antibodies in the

‘parasite lysate as a 14.5 kDa protein. This protein localized in cytosol in intracellular

and extracellular tachyzoites. According to the IEM analysis, the strongest signals

localized in the vesicle-like structures near the rhoptries or just under the parasite

membrane. The secretion of this protein was also confirmed by Western blotting of

ESP.
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Fig. 1. Amino acid sequences of TgPDCD5 and its homologues.

(A) Alignment of PDCDS5 homologues of T. gondii, P. falciparum, and H. sapiens
E (GenBank accession numbers XP_001351965 and CAG33215, respectively). Underline,
’ double-strand DNA-binding domain; dashed-line box, HSPG-binding motif (BXXXBB).
(B) Structure of a series of rTgPDCDS. Dashed line, HSPG-binding motif.
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Fig. 2. Western blot analyses for the detection of native TgPDCDS5.

(A) Lysates of parasite and host cells were electrophoresed in 15% polyacrylamide
gel and transferred onto a nitrocellulose membrane. They were then probed with the
mouse anti-rTgPDCDS5 antibody, followed by the HRP-conjugated goat anti-mouse
1gG antibody. Lane 1, T. gondii lysate; lane 2, CHO-K1 cell lysate; lane 3, J774A.1
cell lysate; lane 4, HL-60 cell lysate.

(B) TgPDCDS5 detected in a secreted protein population. A medium cultured with
purified 7. gondii tachyzoite for 0, 2, 5, 10 and 15 min was electrophoresed,
transferred, and probed as described above. The blot was also immuno-stained with
anti-TgMIC2 antibody as a positive control and with anti-TgB-actin antibody as a
marker of accidental lysis. The histogram indicates the fold change of spot density.
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Fig. 3. Localization of native TgPDCD5 in 7. gondii-infected CHO-K1 cells.

(A) TFAT images of TgPDCDS5 localization. 7. gondii-infected CHO-K1 cells on the
coverslips were fixed and immuno-stained with rabbit anti-rTgPDCD5 IgG and Alexa
flour 488-conjugated goat anti-rabbit IgG. Bar, 10 um.

(B) Merged images from proliferating parasites.

(C) IEM images of TgPDCDS5 localization. T. gondii-infected CHO-K1 cells in the
ultrathin sections were immuno-stained with rabbit anti-rTgPDCD5 IgG and gold-
labelled goat anti-rabbit 1gG antibody. Arrows indicate signals detected in the vesicle-
like structures. R, rhoptries; N, nucleus. Bar, 1 um.
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Chapter 2
HSPG-binding motif-dependent internalization of
recombinant TgPDCDS by host cells and apoptosis

enhancement

2-1. Introduction

The endocytosis after addition of rTPDCDS was reportedly lipid rafi-dependent,
and clathrin-independent [Wang et al., 2006]. This machinery of protein transport was
previously found in the human immunodeficiency virus Tat [Frankel and Pabo, 1988;
Green and Loewenstein, 1988], Drosophila Antennapedia [Joliot et al., 1991], alnd
herpes simplex virus VP22 [Elliot and O’Hare, 1997]. These translocatory proteins
possess strong cell-penetrating capacity, hence they have been used in drug delivery
and gene therapy studies. They shared several common features: they are released from
cells by a pathway distinct from the recognized secretory routes involving a secretion
signals [Helland et al., 1991; Joliot et al., 1998]; they bind to target cells in a
receptor-independent manner; a-nd each of them has a highly basic region that appears
to mediate the ability of these proteins to bind to polyanions, such as heparin/heparan
sulfate, polysialic acid, and nucleic acids. Having these features in common,
TgPDCD5 may be one of the translocatory proteins like human PDCDS5 and other
proteins mentioned above.

Exogenously added human rPDCDS5 to the culture medium can also enhance
apoptosis triggered by growth factor deprivation in TF-1 cells or serum deprivation in
HL-60 cells [Zhang et al., 2006]. Combined with the cell penetrating capacity [Wang et

al., 2006], they provided a novel mechanism for the positive regulation of apoptosis:
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after upregulation of endogenous PDCD5 expression, this protein can be released by
dead cells and then reuptaken by other cells via lipid raft-endocytosis to promote
further apoptosis. In this chapter, recombinant TgPDCD5 protein was used to evaluate

whether it is uptaken by the host cells and enhance host cell apoptosis.

2-2. Materials and methods

Cell lines. The mammalian cell lines used in this study were Chinese
hémster ovary epithelial CHO-K1 (American Type Culture Collecﬁon [ATCC]
CCL-61), mouse macrophage J774A.1 (ATCC TIB-67), and human promyeloblastic
HL-60 (ATCC ' CCL-240). Cells were maintained as described in the ATCC
instructions.

Parasites. A T. gondii isolate RH strain which expresses green fluorescent
protein (GFP) [Nishikawa et al., 2003} was used in all experiments. The parasite stock
was maintairf:led'in vitro by serial passages in a monolayer of CHO-K1 cells.

Preparation of full-length and truncated version of rTgPDCDS5. The
PCR amplification for the full-length TgPDCDS5 gene was performed as described in
the chapter 1. The following primer sets were used to amplify the DNA fragments for
the two truncated TgPDCDS5s; A113;122 and A106-122. For Al113-122, which was
truncated at 9 aa of the C terminus of rTgPDCDS5, the primers (5-ATC CCG GGA
TGC AGC CTG AAG AAT TCG CC-3° and 5’-ATC TCG AGT TAC CGT CTC ATA
GTG ACT TTC GG-3") were used. For A106-122, which wés truncated at 16 aa of the
b terminus, the primers (5’-ATC CCG GGA TGC AGC CTG AAG AAT TCG CC-3°
and 5°-ATC TCG AGT TAC GTA TTC TTC GCC GCA GAC GC-3") were used. The

PCR products were digested with Smal and Xkol and then ligated into the GST-fused E.
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coli expression vector pGEX-4T2 (GE Healthcare), which was digested with the same
set of restriction enzymes. The nucleotide sequences were analyzed with a model ABI
3100 DNA sequencer (Applied Biosystems). One full-length and two truncated
rTgPDCD3s were expressed as a fusion protein of the GST in the E. coli BL21 strain
(GE Healthcare) according to the manufacturer’s h"{structions. GST tags of the
recombinant proteins were removed with thrombin protease (GE Healthcare) according
to the manufacturer’s recommendation. Proteins were purified with Detoxi-GelTM
Endotoxin Removing Gel (Thermo Fisher Scientific, Inc.), and the concentration was
measured using a BCA protein assay kit (Thermo Fisher Scientific, Inc.).
All experiments with recombinant DNA and recombinént microorganisms
were performed under the Guiding Principles for the Safety Assessment of Research
| Involving Recombinant DNA Molecules and Genetically Modified Organisms
promulgated by the Obihiro University of Agriculture and Veterinary Medicine.
Observation of internalized rTgPDCD5. J774A.1 cells (1 % 10°) \a}ere
seeded on coverslips and incubated for 8 h until they adhered. After 12 h incubation of
the cells with 4 UM of rTgPDCD5, A113-122 and A106-122, or GST, the coverslips
were washed 3 times with PBS++, fixed with 3% PFA in PBS++, and used for
immunostaining with anti-rTgPDCD5 mouse serum and Alexa flour 488-conjugated
goat anti-mouse IgG (Sigma). After staining with PI to visualize the nuclei, the
coverslips were placed on a glass slide coated with Mowiol (Sigma)., The slides were
examined using confocal laser scanning microscopy (TCS-NT, Leica Microsystems
GmbH).
Apoptosis induction. J774A.1 (2.5 x 10* cells were seeded in a 48-well

plate and incubated for 8 h until they adhered to the bottom. Cells were incubated with
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differing concentrations of rTgPDCDS5, A113-122, A106-122, or GST for 12 h. Forty
Lg/ml of etoposide (Sigma) was added to the culture for apoptosis induction. After 6 h
of incubation at 37°C, the cells were collected. For HL-60 cells, 5 x 10° cells were
seeded and incubated with the same concentration of recombinant proteins and
étoposide for 2 h. Method for apoptosis induction in cooperation with IFN-y was
described previously [Nishikawa et al., 2007]. Briefly, 2.5 x 10° J774A.1 cells were
inoculated with 5 x 10° 70 gondii RH strain expressing GFP, then incubated with or
without 10 unit/ml of IFN-y (Thermo Fisher Scientific, Inc.) and 2 uM of rTgPDCD35,
A113-122, A106-122, or GST for 24 h at 37°C.

Detection of apoptotic cells. For the detection of apoptosis, cells were
washed two times with PBS, re-suspended in PBS, and placed on glass slides. The
slides were dried and then fixed with 4% PFA in PBS before use. After washing twice
with PBS, the slides were permeabilized with 0.1% Triton X-100 in 0.1% sodium
citrate for 2 min on ice. After washing, the slides were incubated with an /n Situ Cell
Death Detection Kit, TMR red (Roche Diagnostics) at 37°C for 1 h to stain apoptotic
cells with the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end
labeling (TUNEL) method. After washing twice, the slides were examined using a
fluorescence microscope (Nikon, Tokyo, Japan). The mean ratio of apoptotic cells was
calculated by counting TUNEL-positive cells and total cells in three individual fields
from each slide. Each field contained at least three hundred cells. The statistical
signiﬁéance was calculated with the Stﬁdent’s t-test from the mean and S.D. of
triplicate samples.

Caspase-3 measurement. For the caspase-3 assay, _cells treated with

rTgPDCD5 or GST were lysed and the protein concentration was quantified.
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Caspase-3 activity was measured using Caspase-3/CPP32 Colorimetric Assay Kit
(Medical and Biological Laboratories, Nagoya, Japan) according to the manufacturer’s
instructions. Absorbance at 405 nm of each condition was measured and standardized
with that of cells not treated with rTgPDCD5 or etoposide. The ratio was expressed as
relative caspase-3 activity. The statistical significance was calculated with the

Student’s #-test from the mean and S.D. of triplicate samples.

2-3. Results

Internalization of ¥rTgPDCDS5 by host cells. rTgPDCD5 or GST was
added to the culture medium of J774A.1 mouse macrophage cells. An IFAT showed
that rTgPDCD35 was located in the cytosol afier twelve hours incubation, whereas GST
was not detected, indicating the specific internalization of rTgPDCDS5 by the host cells
(Fig. 4A). The result of IEM analysis showed that internalized rTgPDCDS‘ was
localized in the small vesicles in the cytosol (Fig. 4B).

In order to confirm the involvement of HSPG-binding motif in the rTgPDCD5
penetration, two truncated rTgPDCD35s, A113-122 which has the HSPG-binding motif,
and A106-122 which does not have the motif, were constfucted. To confirm the
reactivity of the anti-*TgPDCD5 antibody against these recombinant proteins, Western
blot analysis was performed (Fig. 4C). The full-length rTgPDCD35, A113-122 and
A106-122 were equally recognized by the anti-rTgPDCDS5 antibody, while BSA, a
negative control, was not recognized. These truncated proteins were tested whether
they can be internalized. As shown in Fig. 4D, A113-122 was still internalized by the
cells, while A106-122 was not, indicating that seven amino acids located from position

106 to position 112 corresponding to the HSPG-binding motif were essential for the
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internalization of rITgPDCDS5.

Apoptosis enhancement by rTgPDCDS5 in J774A.1 and HL-60 cells. The
rTgPDCD5 was evaluated whether it shows pro-apoptotic activity as the human
homologue. In addition to the J774A.1 cell, the human promyeloblastic cell, HL-60,

was tested because this cell line was used in a previous study in which human PDCD5

_enhanced apoptosis [Zhang et al, 2000]. J774A.1 cells were pre-cultured with

rTgPDCDS35, and apoptosis was triggered by etoposide, the topoisomerase II inhibitor
[Kaufmann, 1989]. Genomic DNA fragmentation in the treated cells was dete;:ted with
TUNEL staining. ’I;he J774A.1 cells treated with 40 pg/ml etoposide were 5.95 %
0.39% TUNEL-positive, while only 0.06 £ 0.11% of the cells were positive in the
absence of étoposide. The rates of apoptosis in cells increased with the addition of
rTgPDCDS5 to the culture in a dose-dependent manner up to 12.28 = 1.13% (P < 0.05)
(Fig. 5A). However, the cells treated ‘Wiﬂ’l rTgPDCDS35 did not increase apoptosis in the
absence of etoposide, suggesting that rTgPDCD35 alone could not initiate apoptosis.

Caspase-3 activity, a major player in the apoptotic process, was also tested for the

- confirmation of apoptosis. As shown in Fig. 5C, caspase-3 activity of

rTgPDCDS5-treated J774A.1 gradually increased in proportion to the increased
TUNEL-positive cells. This result indicates that rTgPDCD5 has a pro-apoptotic effect
on the cells.

Apoptosis enhancement was also observed when J774A.1 cells were treated
with A113-122 (8.09 = 0.18%, P ‘< 0.01) at almost the same level as full-length
rTgPDCD5 (8.70 £ 0.49%, P < 0.01). However, A106-122 had no enhancing effect
(4.87 £ 0.19%), like the negative controls, PBS (4.74 = 0.56%) and GST (4.55 +

0.81%) (Fig. 6A), indicating that an HSPG-binding motif, which was essential for the
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internalization of rTgPDCDS5, was also required for enhanced apoptosis activity.
Apoptosis enhancement by 1TgPDCDS5 and the requirément of the HSPG-binding
motif was confirmed also in the HL-60 cells (P < 0.05) (Figs. 5B, D, and 6B).
Apoptosis induction by rTgPDCDS in cooperation with IFN-y in J774A.1
cells. The previous study by Nishikawa et al. indicated that 7. gondii infection
resulted in ti'le induction of apoptosis in uninfected bystander cells both in vitro and in
vivo in the presence of IFN-'f and consequently produced NO [2007]. Since the
pro-apoptotic activity of rTgPDCD35 was confirmed in the apoptosis assay using
etoposide, I next evaluated. whether this molecule was active in causing apoptosis in
cooperation with IFN-y, as observed in T gondii infection (Fig. 7). In the presence of
IFN-v, the parasite-infected group showed 20.27 + 4.76% of apoptotic cells, while the
fnock-infectéd group showed only 2.29 + 0.79% (P < 0.01). Cells treated with
rTgPDCD35 and IFN-y showed significantly higher rates of apoptosis (17.40 + 2.16%,
P <0.01) compared to the untreated group. Involvement of the HSPG-binding motif inl
apoptosis induction was also confirmed using A113-122 (11.90 + .3.24%) and
A106-122 (3.49 =+ 1.34%). These results indicated that TgPDCDS5 caused apoptosis in
J774A.1 cells in cooperation with IFN-v in an HSPG-binding motif-dependent manner.
The recombinant proteins and IFN-y were applied to 7. gondii-infected cells.
Apoptosis caused by the parasite and IFN-y was uia-r_egulated by the addition of
rTgPDCDS5 (17.49 = 0.90%) and A113-122 (17.93 + 1.41%) but not by Al106-122
(10.98 = 0.54%) and GST (9.45 + 0.20%) (Table 1). The rate of positive cells in both
GFP and TUNEL staining did not change significantly {0.65 + 0.33% to 1.20 + 0.18%)
éven after the addition of the recombinant protein, indicating that apoptosis occurred

almost exclusively in uninfected cells.
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2-4, Discussion

The penetration of rTgPDCDS5 into the host cells observed in IFAT and IEM
analyses (Fig. 4A and B) suggested a direct interaction of the protein with host cells.
The ways by which the secreted molecules from parasite interact with host cells can be
classified into three groups. The first way is the binding of parasite-secreted proteins to
the host cell surface, including the major secreted protein MIC2, which binds to the
intracellular adhesion molecule 1 of the host cells [Nagineni et al., 2000; Barragan et
al., 2005; Brossier and Sibley, 2005]. This interaction fnakes it possible for the
parasites to migrate across polarized epithelial cells. The second way is observed in
some rhoptry proteins or dense-granule proteins that associate with the parasitophorous
vacuole (PV) membrane. They expose their partial amino acids towards host cell
cytoplasm [Beckers et al.,, 1994, Sinai and quner, 2001; Carey et al., 2004; El1 Hajj et
al., 2007]. The third way is seen in the recent report on ROP16, indicating that the
secreted protein réaches the host-cell nucleus, activating the signal transducer and
activator of transcription pathways and bringing aownstream effects on a host cytokine,
interleukin-12 (IL-12) [Saeji et al, 2007]. The machine'ry‘ by which TgPDCDS5
penetrates into the host cells is distinct from those mentioned above but may be
common with 6ther lipid raft-endocytosed proteins [Frankel 1988; Green 1988; Joliot
1991; Elliot 1997], because of the requirement of HSPG-binding motif for the uptake.

HSPG-binding motif-dependency was also the case in pro-apoptotic effect of
this molecule (Figs. 6, and 7). Considering the role of this motif in protein penetration,
the uptake of rTgPDCD5 scems to lead the cells to enhanced apoptosis directly or

indirectly. The apoptosis induction by rTgPDCDS5 with IFN-y indicated that the
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capacity of this protein was not limited to the artificial apoptosis model using
etopdside, but may be involved in the macrophage apoptosis in parasite-infection
reported previously [Hisaeda et al., 1997; Nishikawa et al., 2007]. The possible
explanation for the apoptosis only observed in uninfgcted bystander cells but not in
parasite-infected cells is yet unknown but can be speculated as follows: the
pro-apoptotic effect of TgPDCDS may not be enough to cause apoptosis; instead, the
effect could be canceled by anti;apoptotic effects, as reported by other groups [Goebel
et al., 2001; Nishikawa et al., 2002; Molestina et al., 2003; Carmen et al., 2006; Keller

et al., 2006].
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© 2-5. Summary |

The capacity of TgPDCDS to penetreite the host célls and to enhance apoptosis -
was evaluated. Studies using recombinant TgPDCDS5 demonstrated that host cells
internalize the molecule in 2 HSPG-binding motif-dependent manner. Furthermore, the
addition of rTgPDCDS5 to culture medium resulted in the enhancement of host-cell
apoptosis triggered by etoposide in macrophage cell line J774A.1 and leukemic cell
line HL-60 cells. Additionally, rTgPDCD35 induced apoptosis in J774A.1 cells in the
presence of IFN-y. These results suggested that TgPDCDS5 might be one of the soluble
factors responsible for the apoptosis observed in macrophages of parasite~infectéd
mice. Since the apoptosis-enhancement was also HSPG-binding 1notif-dependently
occurred, the internalized rTgPDCD35 directly or indirectly lead the cells to apoptosis.
This was the first report of the parasite-derived molecule that exerts a pro-apoptotic

activity on host cells.
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Fig. 4. J774A.1 cells specifically internalize rTgPDCDS5 in an HSPG-binding motif-
dependent manner.
(A) Specific internalization of rTgPDCDS5 by J774A.1 cells. Cells were incubated with 4
UM of full-length rTgPDCDS5 or GST, fixed, and stained with the mouse anti-rTgPDCD5
antibody or anti-GST antibody, followed by Alexa Flour 488-conjugated goat anti-mouse
IgG antibody and PIL. Bar, 10 um. Internalization was confirmed by IFAT using rabbit anti-
rTgPDCDS antibody also (data not shown).
(B) IEM image of internalized rTgPDCDS5. Protein-treated J774A.1 cells in the ultrathin
sections were immuno-stained with rabbit anti-rTgPDCDS5 IgG antibody and gold-labelled
goat anti-rabbit IgG antibody. Arrows indicate signals detected in the vesicles in the cytosol.
N, nucleus; MV, microvillus. Bar, 1 pm.
(C) Mouse anti-rTgPDCDS antibody recognized full-length rTgPDCD5, A113-122, and
A106-122. Each recombinant protein was electrophoresed in a 15% polyacrylamide gel and
transferred onto a nitrocellulose membrane. It was then probed with the mouse anti-
rTgPDCD5 antibody, followed by HRP-conjugated goat anti-mouse IgG antibody. Lane 1,
full-length rTgPDCDS5; lane 2, A113-122; lane 3, A106-122; lane 4, BSA.
(D) Internalization of rTgPDCD5 was dependent on the HSPG-binding motif. J774A.1 cells
were incubated with 4 uM of full-length rTgPDCDS5, A113-122, or A106-122. They were
then fixed and immuno-stained as described above. Bar, 10 um.
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Fig. 5. rTgPDCDS5 enhances host-cell apoptosis triggered by etoposide.

(A) Effects of rTgPDCDS5 on apoptosis enhancement in J774A.1 cells. After incubation
with 1, 2, and 4 uM of full-length rTgPDCD5 or GST for 12 h, the cells were treated
with or without 40 pg/ml etoposide for 6 h.

(B) Effects of rTgPDCDS on apoptosis enhancement in HL-60 cells. Cells were treated
with 1, 2, and 4 pM of rTgPDCD5 or GST and 40 pg/ml etoposide for 2 h. After the
treatment of the cells, genomic DNA fragmentation was detected with TUNEL staining,
and the ratio of apoptotic cells was determined. The histograms indicate the mean and
S.D. of triplicate samples,

(C) Effects of rTgPDCDS5 on caspase-3 activity in J774A.1 cells.

(D) Effects of rTgPDCDS on caspase-3 activity in HL-60 cells. Cells incubated with 1, 2,
and 4 UM of full-length rTgPDCD35 or GST and etoposide were lysed and subjected to
the caspase-3 assay. Absorbance at 405 nm was measured and expressed as the mean of
fold changes £ S.D. of triplicates. Statistical significance was calculated with the
Student’s r-test. ¥ P < 0.05, ** P <0.01. Et, etoposide.
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Fig. 6. Pro-apoptotic effect of -TgPDCD5 was HSPG-binding motif-dependent.

(A) Effects of the HSPG-binding motif on apoptosis enhancement in J774A.1 cells.
After incubation with 2 (M of each recombinant protein for 12 h, cells were treated with
40 pg/ml etoposide for 6 h. .

(B) Effects of the HSPG-binding motif on apoptosis enhancement in HL-60 cells. Cells
were treated with 2 M of each recombinant protein and 40 pg/ml etoposide for 2 h.
After the treatment of the cells, genomic DNA fragmentation was detected with TUNEL
staining, and the ratio of apoptotic cells was determined. The histograms indicate the
mean and S.D. of triplicate samples. Statistical significance was calculated with the
Student’s ¢-test. * P < 0.05. A113, A113-122; A106, A106-122.
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Fig. 7. Apoptosis induction by rTgPDCD5 in cooperation with IFN-y.

J774A.1 cells were incubated with or without 10 unit/m! IFN-y and 2 uM of each
recombinant protein for 24 h. As a positive control of apoptosis induction, cells were
inoculated with . gondii RH strain expressing GFP at moi = 2.0. After the cells were
treated, genomic DNA fragmentation was detected with TUNEL staining, and the ratio
of apoptotic cells was determined. The histograms indicate the mean and S.D. of
triplicate samples. Statistical significance was calculated with the Student’s ¢-test. ** P <
0.01. A113, A113-122; A106, A106-122,
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Table 1. Apoptosis induction by rTgPDCDS5 and IFN-yin T. gondii-infected cells.

Recombinant protein

J774A.1 cells - rTgPDCDS Al13-122 A106-122 GST
% of GFP* 2520 = 1.12 23.56 + 2.00 21.56 £ 4.36 25359 1299 2719 £ 140
% of TUNEL* 1228 £ 2.00 17.49 £ 0.90%* 17.93 £ 1.41** 10.98 = 0.54 9.45 = 0.20

% of GFP* TUNEL* 1.20 = 0.18 0.93 £ 046 0.65 £ 033 0.78 £ 025 1.12 £ 0.20

I774A.1 cells were inoculated with 7. gondii RH strain expressing GFP at moi = 2.0 and
then incubated with 10 unit/ml IFN-y and 2 UM of each recombinant protein for 24 h.
After TUNEL staining, the ratio of apoptotic cells to parasite-infected cells was
determined by counting TUNEL+ cells and GFP+ cells. Results are expressed as the
mean and S.D. of triplicates. Statistical significance was calculated with the Student’s ¢
test. ¥* P <0.01.
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Chapter 3
Evaluation of pro-apoptotic activity of endogenous TePDCD5

during infection in vitro using overexpressing parasite

3-1. Introduction

Overexpression system of homologous or heterologous protein in 7. gondii is
a powerful method for the investigation of host-parasite interactions and functional
analysis of certain molecules. Methods for the transient and stable transfection of DNA
construct into the parasite have been established by many groups [Donald and Roos,
1993; Kim et al., 1993; Soldati and Boothroyd, 1993; Sibley et al., 1994; Messina et al.,
1995], and there has been remarkable progress in the development of multiple
selectable markers and inducible promotors [Roos et al., 1994; Soldati, 1996;
Boothroyd et al., 1997; Roos et al., 1997; Ajioka, 1998; Striepen et al., 1998; Meissner
et al., 2002; Striepen et al., 2002].

In the chapter 2, the capacity of rTgPDCDS to penetrate into the host cells apd
to enhance apoptosis was confirmed by using recombinant protein. In order to clarify
whether the endogenous TgPDCDS5 is really involved in the host cell apoptosis during
f gondz:i infection, the recombinant parasite which overexpresses TgPDCD5 was
established. This chapter discussed the function of endogenous TgPDCD5, by using
the recombinant parasite to evaluate its activity to induce apoptosis in host

macrophages.

3-2. Materials and methods

Cell lines. The mammalian cell lines used in this study were Chinese

37




hamster ovary epithelial CHO-K1 (American Type Culture Collection [ATCC]
CCL-61), mouse macrophage J774A.1 (ATCC TIB-67), monkey kidney adherent
fibroblasts Vero (ATCC CCL-81). Cells were maintained as described in the ATCC
instructions.

Parasites. T gondii isolates used in this study were PLK wild type strain
(PLK-WT), the recombinant PLK strain which expresses green fluorescent protein
(PLK-GFP) [Nishikawa et al., 2003], and the recombinant PLK strains which
overexpresses TgPDCDS (PLK-TgPDCDS) or A106-122 (PLK-A106) (see below). The
parasite stock was maintained in vitro by serial passages in a monolayer of CHO-K1
cells.

Construction of transfer vector. The plasmid for overexpression in 7.
gondii, pPDMG was constructed as follows. The 5’ flanking region of the dense granule
protein 1 (GRAI) gene and the 3’ flanking region of the GR42 gene were PCR
amplified from the plasmid GRAGFP (kindly provided by Dr. J.C.Boothroyd, Stanford
University) by using primers for GRA1-5"UTR (5°-ACG TCG ACC GAA GGC TGT
AGT ACT-3’ and 5°-ACA AGC TTC TTG CTT GAT TTC TTC-3’ and for
GRA2-3’UTR (5’-ACG GAT CCA AGA CTA CGA CGA AAG-3’ and 5’-ACT CTA
GAG TCG ACT GGA ACT ACG-3’), respectively. The PCR products of
GRAI-5UTR and GRA2-3'UTR were digested with Sall-HindIll and BamHI-Xbal,
respectively, and cloned into the corresponding sites of pBluescript KS+, and
pKS/GRA5’-GRA3’ was obtained. The GFP coding sequence was PCR amplified from
plasmid GRAGFP by using specific primers (5’-ACG AAT TCC AAG ATG CAT AAA
GGA-3’ and 5°-ACG AAT TCT TAT TTG TAT AGT TCA-3”). The resulting PCR

product was digested with EcoRI, and cloned into EcoRI site between GRA1-5UTR
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and GRA2-3’'UTR of pKS/GRA5’-GRA3’, and obtained pKS/GRA-GFP. The
Sall-Xbal fragment (GRAS5’-GFP-GRA3’) from pKS/GRA-GFP was blunt ended by
Klenow fragment and inserted into blunt ended Xbal site of pDHFR-TSc3 [Donald and
Roos, 1993] (kindly provided by Dr. D.S.Roos, University of Pennsylvania), and hence,
pDHFR-GFP was obtained. The Sall-Xbal fragment (GRAS’-multicloning sites
[MCS]-GRA3’) from pKS/GRAS5’-GRA3’ was blunt ended by Klenow fragment and
inserted into the blunt ended Spel site of pDHFR-GFP. The plasmid with the
DHFR-GRAS’-MCS-GRA3’-GRAS’-GFP-GRAE»’ fragment was designated as pDMG.
The DNA fragment for full-length TgPDCDS5 was PCR amplified from the
full-Tength cDNA clone XTG05779 of Full-Toxo [Khan et al., 2006] with the primers
(5’-ATC CAT GGA TGC AGC CTG AAG AAT TCG CC-3’ and 5’-TAG CTA GCG
AAG TCA TCG TCG TCG TCA CT-3’). qu the A106-122, the reverse primer
(5’-TAG CTA GCA TTC TTC - GCC GCA GAC GCC GC-3") was used. The resulting
products were digested with Neol and Nhel and inserted into the same sites of
pHXNTPHA (kindly provided by K.A.Joiner, Yale University), and hence,
pHXNTP-TgPDCDS5 (or A106)-HA was obtained. TgPDCD5 (or A106) with HA-tag
(YPYDVPDYA) was obtained from pHXNTP-TgPDCD5 (or A106)-HA by Ncol and
BglIl digestion. This fragment was blunt ended by Klenow fragment and inserted into
the EcoRV site of pDMG; pDMG-TgPDCD35 and pDMG-A106 were obtained.
Transfection and selection of 7. gondii overexpressing TgPDCD5 or
A106-122. Electroporation of tachyzoites was performed as described [Sibley et al.,
1994]. Briefly, purified 7. gondii PLK tachyzoites were resuspended at 107 cells/ml
with cytomix buffer (120 mM KCl, 0.15 mM CaCly, 10 mM K,;HPO,-KH,PO,, 2 mM

EDTA, 5 mM MgCl,, 25 mM HEPES [pH 7.6]), supplemented with 2 mM ATP and 5
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mM glutathione. Cells were transferred to a 2 mm-gap cuvette and electroporated with
2.0 kV at 50 Q with a Gene Pulser II (BioRad Laboratories). After transfection,
tachyzoites were allowed to infect Vero cells in a drug-free culture medium for 18 h to
permit the phenotypic expression of the dihydrofolate reductase-thymidylate synthase
and GFP genes as selectable markers, at which time pyrimethamine was added at a
final concentration of 1 M. Polyclonal transfected pyrimethamine-resistant tachyzoite
cultures were ‘subjected to plaque puriﬁcatiqn. The cultures were passaged three times
in the medium containing 1% agarose and a single plaque was obtained. The |
recombinant 7. gondii clones constructed using transfer vectors, pPDMG-TgPDCD5 and
pDMG-A106 were designated as, PLK-TgPDCD5 and PLK~A106, respectively.

All experiments with recombinant DNA and recombinant microorganisms
were performed under the Guiding Principles for the Safety Assessment of Research

Involving Recombinant DNA Molecules and Genetically Modified Organisms

“promulgated by the Obihiro University of Agriculture and Veterinary Medjcine.

IFAT. Confluent CHO-K1 cells on the coverslips were inoculated with
PLK-TgPDCD5 or PLK-A106. The coverslips were collected at 24 h post-parasite
inoculation, washed 3 times with PBS++, fixed with 3% PFA in PBS++, and used for
immunostaining with anti-HA monoclonal antibody (Covance Research Products, Inc.,
Berkeley, USA) and Alexa flour 594-conjugated goat anti-mouse IgG (Sigma). The
coverslips were placed on a glass slide coated with Mowiol (Sigma). The slides were
examined using confocal laser scanning microscopy (TCS-NT, Leica Microsystems
GmbH).

Western blot analysis of PLK-TgPDCD5 and PLK-A106. The parasite

lysate was prepared according to the following method. Briefly, 1 x 10° PLK-WT,

40




B "“"‘"‘Z;';_

PLK-TgPDCDS and PLK-A106 tachyzoites were harvested and lysed with a lysis
buffer as described in cha}éter 1. Protein samples were electrophoresed in each lane of a
15% polyacrylamide gel and transferred onto a nitrocellulose membrane (Whatman
GmbH). After washing twice with a washing solution, the membrane was incubated
with 5% skim milk in PBS for 30 min at room temperature. After washing twice, the
membrane was incubated with anti-tTgPDCD5 mouse éerum or anti-HA mouse
monoclonal antibody for 1 h at room temperature. The dilution of primary antibodies
were 1:100 for anti-rTgPDCD5 mouse serum and 1:1,000 for anti-HA mouse
monoclonal antibody, respectively. After washing three times, the membrane Was
incubated with HRP-conjugated goat anti-mouse IgG antibodies (Bethyl, Inc.) diluted
at 1:8,000 in 0.5% skim milk in PBS for 1 h at room temperature. After washing three
times, the protein was visualized on X-ray film using the ECL Detection Reagents (GE
Healthcare) according to the manufacturer’s récommendations.

Sandwich enzyme-linked immunosorbent assay (ELISA) forr the detection
of secreted TgPDCD5. Vero cells (1 x 10°) were inoculated with T gondii PLK-WT,
PLK-GFP, PLK-TgPDCD5 and PLK-A106 (5 x 10%) and incubated in the GIT medium
(Nihon Pharmaceutical co., LTD, Tokyo, Japan) at 37°C for 24, 48, 72 and 96 h. The
culture supernatant at each time point were collected by sequential centrifugations (500
% g, 10 min, 20°C and then 8,400 x g, 10 min, 20°C) and concentrated with an
NANOSEP 3K OMEGA filter (Pall Corporation).

Rabbit anti-rTgPDCDS5 polyclonal IgG was purified using Protein A
Chromatography Columns according to the manufacturer’s instructions (Bio-Rad
Laboratories). Protein concentration was measured using a BCA protein assay kit

(Thermo Fisher Scientific, Inc.). One microgram of the IgG diluted in a 0.05 M
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carbonate buffer (pH 9.6) was used as the capture antibody to coat microtiter plates at
4°C overnight. Blocking was performed with a blocking solution (3% skim milfk in
PBS [pH 7.2]) at 37°C for 2 h. The plates were incubated at 37°C for 30 min with each
concentrated . supernatants. After washing 6 times with a washing solution (0.05%
Tween 20 in PBS), anti-rTgPDCD5 mouse serum diluted at 1:100 in a blocking
solution was added in each well as a detection antibody, then incubated at 37°C for 1 h.
After washing 6 times again, the plates were incubated with HRP-conjubgated goat
anti-mouse IgG antibodies (Bethyl, Inc.) diluted at 1:2,500 in a blocking solution at
37°C for 1 h. Binding was visualized with a substrate solution (0.3 mg/ml
2,2’-azino-bis-(3-ethlbenz-thiazoline-6-sulfonic acid), 0.1 M citric acid, 0.2 M sodium
phosphate, 0.003% H,0;). The absorbance at 415 nm was measured by using and
MTP-500 microplate reader (Cbrona Electric, Tokyo, Japan).

Apoptosis assay. J774A.1 cells (2.5 x 10%) were inoculated with T, gondii
PLK-WT, PLK-GFP, PLK—TgPD(fDS\ahd PLK-A106 (5 % 10%) then incubated with or
without 20 unit/ml of IFN-y (Thermo Fisher Scientific, Inc.) for 24 h at 37°C. Cells
were scraped, washed with PBS, re-suspended in PBS, and placed on glass slides. The
slides were dried and then fixed with 4% PFA in PBS before use. After washing twice
with PBS, the slides were permeabilized with 0.1% Triton X-100 in 0.1% sodium
citrate for 2 min on ice. After washing, the slides were incubated with an In Situ Cell
Death Detection Kit, TMR red (Roche Diagnostics) at 37°C for 1 h to stain apoptotic
cells with TUNEL method. After washing twice, the slides were examined using a
fluorescence microscope (Nikon). The mean ratio of apoptotic cells was calculated by
counting TUNEL-positive cells gnd total cells in three individual fields from each slide.

Each field contained at least three hundred cells. The statistical significance was
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calculated with the Student’s #-test from the mean and S.D. of triplicate samples.

3-3. Results

Construction and characterization of 7. gondii overexpressing TgPDCD5.
The recombinant parasite overexpressing TgPDCDS5 with HA tag was established to
confirm the effect of high level TgPDCD5 on the apoptosis in host cells. Two
independent clones were isolated from the transfected polyclonal culture, and
designated as PLK-TgPDCD5-1 and ;2, respectively. The reactivity of the recombinant
parasites to the anti-HA monoclonal antibody was confirmed by IFAT (Fig. 8A). The
cytosolic localization of TgPDCDS5-HA was consistent with that of endogenous
TgPDCDS5 (Fig. 3A).

Western blot analysis was also performed to confirm the expression of
endogenous and induced TgPDCDS5. The blot probed with anti-rTgPDCD5 sera
indicated that PLK-TgPDCDS5 clones expressed additional band in a slightly larger size
(15.5 kDa) than that of endogenous protein (Fig. SE). The expression of induced
TgPDCD5-HA was confirmed also in the anti-HA antibody-probed blot, although the
existence of two bands for each lanes was not expected (Fig. 8B). The upper .band was
consistent with the one observed in the anti-rTgPDCDS5 blot as an additional band,
while the lower one might be the degraded product. A recombinant parasite
overexpressing A106-122 with HA tag, which lacks the HSPG-binding motif, was also
established and designated as PLK-A106. The expression of the na;tive and induced
TgPDCD5 was confirmed in the IFAT and Western blotting as well as the
PLK-TgPDCDS5.

TgPDCDS5 detected in the supernatant of PLK-TgPDCD5-infected cells.
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The secretion of TgPDCDS5 by the extracellular parasite and its dependency on
incubation time was confirmed in the chapter 1. To clarify its secretion/release from
the intracellular parasite and/or parasitized cells, the supernatant of parasite-infected
culture were tested whether TgPDCDS can be detected by using the sandwich ELISA
syétem. The protein detécted in PLK-WT-infected Vero cells increased according to the
time extension up to 0.081 £ 0.016 OD415 nm at 96 h post infection (Fig. 9). Since the
overproduction of ﬁlll-length/trﬁncated TgPDCDS in addition to the native protein was
confirmed in the Western blot analysis (Fig. 8B), I tested the supernatants from the
cells infected with the recombinant parasites. Significantly higher leveis of TgPDCDS
were detected in the culture media of cells infected with PLK-TgPDCD5-1 (0.150 =+
0.012, P <0.01), PLK-TgPDCDS—Z (0.184 £ 0.015, P <0.01), and PLK-A106 (0.194 £
0.028, P < 0.01) compared to the PLK-WT (0.081 = 0.016) and PLK-GFP (0.103 £
0.027) (Fig. 9).

Evaluation of PLK-TgPDCD5 on host cell apoptosis in the presence with
IFN-y. The effect of differing concentration of :TgPDCDS5 on host ceﬂ apoptosis was
confirmed in the chapter 2, indicated the dose-dependency of the pro-apoptotic effect
(Fig. 5). In this experiment, PLK-TgPDCD5-1, -2, and PLK-A106, PLK-WT, and
PLK-GFP parasites were inoculated to the J774A.1 cells and treated with IFN-Y. The
rates of apoptotic cells observed in PLK-TgPDCD35-1- and PLK-TgPDCDS5-2-infected
groups were 24.79 + 0.83% and 24.54 £ 0.75%, respectively, showing significantly
higher levels than those in PLK-A106 (12.07 & 1.10%)-, PLK-WT (9.28 + 0.05%)-,
and PLK-GFP (8.61 = 0.84%)-infected groups (Fig. 10). This result strongly suggested
that the increased amount of TgPDCDS5 protein was linked to the high rate of host cell
apoptosis.
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3-4. Discussion

The sandwich ELISA successfully detected TgPDCD35 protein in the culture
medium, showing gradually increased level according to the incubation time which
also reflects parasite proliferation. In the measurement of TgPDCDS5 from |
PLK-TgPDCDS5-infected culture medium, overproduced TgPDCD5 seemed not to be
confined in the parasite, but secreted to the medium together with the native protein
(Fig. 9). Even at 24 h post infection, the medium from PLK-TgPDCDS5-infected
culture contained significantly higher TgPDCDS35 than control parasite-treated cells.
This may be the case that the protein was derived from extracellular parasite before
invading the host cells, although it may contain not only the actively secreted
molecules but also the ones which were passively released from dead parasites.
Considering the result of apoptosis assay, TgPDCDS5 in the medmum which was
secreted/released by the parasite would be the cause of apoptosis induction in host
cells.

The apoptosis enhancement by recombinant proteins and IFN-y applied to
parasite-infected macrophages showed that the apoptosis rate, to some extent, reflected
the amount of TgPDCD5 in the medium (Chapter 2, Table 1). This observation was
consistent with the result from the cells treated with the different dose of rTgPDCD5
with etoposide (Chapter 2, Fig. 5). The apoptosis assay using overexpress parasite also
theoretically reflected the suitability of dose-dependency (Fig. 10). However,
significantly higher induction of apoptosis was only observed in the PLK-TgPDCDS5
and not in the PLK-A106, suggesting the necessity of HSPG-binding motif as observed

in the assay using recombinant proteins (Chapter 2, Fig. 6). This may be due to that the
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0’verproduced' A106-122 protein, not having the motif which was required for cell
penetration, seemed not to be intemafized by uninfected cells. -

This chapter showed that the parasite-produced TgPDCD5 was active to
induce host cell apoptosis, and the effect ,\évas dependent on the amount of TgPDCD5 in

the medium and cell penetration via HSPG-binding motif.
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3-5. Summary

The repofnbinant parasite which overexpresses TgPDCDS5 was established to
evallurate whether the endogenous TgPDCD5 is really involved in the macrophage
apoptosis during 7. gondii infection. An IFAT study indicated that the overproduced
TgPDCDS5 with HA tag localized in the cytosol, which was consistent with the
localization of the endogenous TgPDCDS. The induced TgPDCDS-HA was recognized
as the 15.5 kDa band by Western blot analysis, showing the successful overexpression
of TgPDCDS. Secretion/release of TgPDCD35 by the parasite was also up-regulated in -
a time-dependent manner, which is also reflecting the overproduction. The apoptosis
caused by the parasite infection and IFN-y was significantly up-regulated by the
overexpression of TgPDCD5. This result suggests that ‘the endogenous TgPDCD5

plays a role in the macrophage apoptosis during parasite infection.
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Fig. 8. Expression of TgPDCDS5 with HA tag in PLK-TgPDCD35 and PLK-A106.

(A) IFAT images of PLK-TgPDCD5 and PLK-A106. 7. gondii-infected CHO-K1 cells
on the coverslips were fixed and immuno-stained with mouse anti-HA monoclonal
antibody and Alexa flour 594-conjugated goat anti-mouse IgG. Bar, 10 pm.

(B) Western blot analysis of PLK-TgPDCD5 and PLK-A106. The lysates from
recombinant and wild type parasites were electrophoresed in a 15% polyacrylamide gel
and transferred onto a nitrocellulose membrane. It was then probed with the mouse anti-
rTgPDCDS5 antibody (left) or the mouse anti-HA monoclonal antibody (right), followed
by HRP-conjugated goat anti-mouse IgG antibody. Lane 1, PLK-TgPDCD5-1; lane 2,
PLK-TgPDCD5-2; lane 3, PLK-A106; lane 4, PLK-WT.
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Fig. 9. TgPDCDS5 detected in the culture medium of parasite-infected cells.

Vero cells (1 X 10°) were inoculated with 7. gondii PLK-TgPDCD5-1, PLK-TgPDCD5-
2, PLK-A106, PLK-WT, and PLK-GFP (5 X 10°) and incubated in the GIT medium.
The culture supernatant at 24, 48, 72 and 96 h post infection were collected and
concentrated. The samples were incubated in the 96-well plate coated with rabbit anti-
rTgPDCDS5 polyclonal 1gG, and detected with mouse anti-TgPDCD5 serum and HRP-
conjubgated goat anti-mouse IgG antibodies. After reacted with the substrate solution,
the absorbance at 415 nm was measured. The line graph indicates the mean and S.D. of
triplicate samples. Statistical significance was calculated with the Student’s s-test.
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Fig. 10. Evaluation of PLK-TgPDCDS5 on host ceil apoptosis in the presence with TEN-y.
J774A.1 cells (5 X 10°) were moculated with 7. gondii PLK-TgPDCD5-1, PLK-
TgPDCDS5-2, PLK-A106, PLK-WT, and PLK-GFP (5 X 10°) incubated with 20 unit/ml
IFN-v. After the cells were treated, genomic DNA fragmentation was detected with
TUNEL staining, and the ratio of apoptotic cells was determined. The histograms

indicate the mean and S.D. of triplicate samples. Statistical significance was calculated
with the Student’s #test. ** P < 0.01.
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General discussion

A variety of factors have been described that may contribute to the 7. gondii’s
ability to establish and maintain a persistent infection in its immunocomi)etent host.
Accumulating evidence indicates that this also includes alterations of apoptosis in
distinct host cell populations [Heussler et al., 2001; Liider et al., 2001]. This is not
surprising because apoptosis is known to play a critical role in the regulation of the
immuﬁe response [Opferman and Korsmeyer, 2003], as an effector meéhanism of
natural killer (NK) cells and cytotoxic T lymphocytes to eliminate infected target cells
[Lieberman, 2003], and as an innate response of cells after infection by intracellular
pathogens [Williams et al., 1994]. More interestingly, 7. gondii both promotes and
inhibits apoptosis. Inhibition of host cell apoptosis may allow undisturbed intracellular
development, thereby facilitating parasite survival. Increased apoptosis of immune
cells after infection, on the other hand, is thought to partially disturb the host immune
responses against 7. gondii, leading to immune evasion.

Both CD8+ and CD4+ T lymphocytes are thought to be critical importance in
mediating host protection against toxoplasmosis [Gazzinelli et al, 1991]. During
primary infection, however, parasite-induced production of down-regulatory cytokines
such as [L~10 [Khan et al., 1995], transforming growth factor-beta (TGF-f) [Bermudez
et al,, 1993], and IFN-y [Channon and Kasper, 1996] as well as reactive nitrogen
intermediates [Candolfi et al., 1994] has been implicated in the immunosuppression.
Furthermore T. gondii actively down-regulates expression of MHC class 1 and class IT
molecules in murine nﬁacrophages/monocyte, which may directly inhibit the antigén

presenting capacity [Liider et al., 1998: Lang et al, 2006]. Apoptosis caused by
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parasite infection in splenocytes, including CD4+ and CD8+ lymphocytes, B
lymphocytes, NK cells, and granuloc}?tes, and in Peyer’s patch T cells also may
contributé to the suppressed immune response [Liesenfeld et al., 1997; Gavrilescu and
Denkers, 2003]. Likewise, the apoptosis observed in macrophages is also considered to
be one of the immune evasion mechanisms of the parasite, by suppression of antigen
presenting cells [Hisaeda et al., 1997; Nishikawa et al., 2007]. Hence, inhibition of
both ant.igen-presentation by the antigen-presenting cells and antigen-recognition by
lymphocytes may be implicated in the reduced immune response caused by T
gondii-infection.

Although rTgPDCD5 itself cannot be an apoptosié initiator, once triggered by
another factor, for example etoposide, or supported by IFN-y, it works as a
pro-apoptotic molecule. The concentration of recombinant protein which showed
apoptosis enhancement was micro-molar order while only pico-molar levels of native
TgPDCDS5 was; detected in the parasitized cell culture (data not shown), suggesting the
presence of other factor(s) involved in parasite-induced apoptosis. Further study to
identify such yet unknown factor(s) will be necessary. The effect of TgPDCDS5 on
other kinds of immune cells and its involvement in the apoptosis observed in various
tissues during parasite-infection should be also addressed.

HSPGs are ubiquitoué molecules found on the surface of most mammalian
cells. HSPG-dependent binding or internalization of bioactive molecules is involved in
various kinds of biological aspects, such as the regulation of growth factor or cytokine
signaling; coagulation factor activity, microbe-host interaction, and lipoprotein
metabolism {Shieh et al., 1992; Paul, 1995; Fuki et al., 1997; Van Putten and Mahley

and Ji, 1997; Dehio et al., 1998; Colin et al., 1999; Shukla et al., 1999]. Many bacteria,
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viruses and parasites have been shown to exploit cell-surface proteoglycans as
adhesion receptors. In protozoan par_asites, the Trypanosoma cruzi and Leishmania
donovani attachment to cells is mediated by HSPGs [Ortega-Barria and Pereira, 1991;
Butcher et al., 1992). In the case of P, falciparum, infection of hepatocytes is initiated
by the recognition of HSPGs [Frevert et al, 1993]. The involvement of

circumsporozoite protein and thrombospondin-related anonymous protein, both of

“which have the highly basic region consistent with HSPG-binding motifs, was

confirmed [Sinnis et al., 1996; Pinzon-Ortiz et al, 2001; Rathore et al, 2001;
Matuschewski et al.,2002; Sinnis et al., 2002; Akhouri et al, 2004]. The parasite
attachment to the host cell proteoglycans was observed also in 7. gondii and was
necessary fér the parasite invasion [Ortega-Barria and Boothroyd, 1998; Carruthers et
al., 1999]. MIC2 and SAGB proteins were identified as the parasite ligands for the
attachment, which also had the HSPG-binding motifs [Carruthers et al., 1999; Jacquet
et al, 2001]. In contrary to MIC2 and SAG3 which play roles in the parasite
attachment to the cells, TgPDCDS5 penetrates the host cells via HSPG and exerts its
function within the cells to facilitate apoptosis. Thus this molecule gave us a new
insight of interaction between host ceHs and parasite.

Several reports on human PDCDS5 have provided insights into where and how
TgPDCDS5 functions. Translocation of ehdogenous or artificially added recombinant-
PDCDS from the cytosol to the nucleus during apoptosis [Chen et al., 2001; Wang et
al., 2006] may suggest a role of this molecule in thé nucleus. Several reports on
apoptosis have focused on distinctive nuclear morphological changes in the apoptotic-
process [Hengartner, 2000; Robertson et al., 2000]. Even though I did not find direct

evidence for the nuclear localization of the molecule, TgPDCDS5 may have functions
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related to nuclear changes and may facilitate host-cell apoptosis.

Another possible explanation for the function of this molecule is alteration of
host anti-/pro-apoptotic molecules, In the case of apoptosis in T lymphocytes of 7.
gondii-infected mice, the up-regulation of Fas and Fasl. was reported, which was
regulated by the secretion of proinflammatory cytokines, IL-12 and IFN-y, and may be
counterbalanced by activation of NF-¥B; [Caamano et al., 2000]. On the other hand,
human dendritic cells infected with T gondii have been shown to induce T lymphocyte
apoptosis in a contact-dependent and Fas-independent fnanner [Wei et al., 2002]. These
reports suggested the possibility that both Fas-dependent and -independent cell déath
depléte T cells during toxoplasrﬁosis. The apoptosis observed in peritoneal
macrophages from infected mice has been shown to be\du.e to NO [Nishikawa et al.,
2007]. In the case of macrophages treated with NO donor such as S-nitrosoghutathione
in vitro, apoptosis-signaling kinase .1 was repcrtedi to be activated, which then induces
programmed cells death via MAP kinase-dependent pathway [Sumbayev, 2003;
Yasinska et al,, .200-4]. This study didl not address the point in which TgPDCDS5
functions. Further study to elucidate the whole mechanism by which TgPDCD5
stimulates apoptosis in 7. gondii-infected cells or animals will be required.

In conclusion, this is the first report to identify the parasite molecule that
exerts a pro-apoptotic effe.ct on host cells. Further study for detailed functions of this
molecule and other yet un-identified parasite molecules will lead us to elucidate the
whole mechanisms of parasite-mediated apoptosis and its interaction with

pathogenesis.
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General summary

Although parasite-ihfected host cells become resistant to apoptosis, uninfected
bystander cells undergo apoptosis during Toxoplasma gondii infection. The
Programmed Cell Death 5 (TgPDCDS5) gene, a homoiogue of the human
apoptosis-related molecule, was cloned from a T, gondii_ﬁlll-length cDNA database
and subsequently characterized. The native TgPDCDS5 was located in the cytosol and
also detected in the secreted fraction. Immuno-electron microscopic analysis showed
TgPDCDS5 was primarily located close to the rhoptries or vesicle-like structures near
the surface membrane of the parasite. Studies using recombinant TgPDCD5
(rTgPDCD5) demonstrated that host cells internalize the molecule na hepafan sulfate
proteoglycan—binding motif-dependent manner. Furthefmore,‘ the addition of
rTgPDCD5 to culture medium resulted in the enhancement of host-cell apoptosis
triggered by etoposide in macrophage cell line J 774A.1 and leukemic cell line HL-60
cells. Additionally, tTgPDCD5 induced apoptosis in J774A.1 cells in the presence of
IFN-y. The study using recombinant parasite overexpressing TgPDCD5 clearly
indicated the involvement of this protein in the apdptosis observed in macrophages
during T gondii infection. This report is the first to identify a parasitic molecule of T

gondii that has a pro-apoptotic effect on host cells.

55




Acknowledgements

First of all, I am grateful to Professor Xuenan Xuan, my supervisor at the
National Research Center for Protozoan Diseases (NRCPD), Obihiro University of
Agriculture and Veterinary Medicine (Obihiro Univ. Agric. Vet. Med.), for accepting
me in his research unit and providing me the intellectual guidance, constructive
criticism, everlasting encouragement and the universal supports during the period of
my study.

I would like to thank Associate Professor Yoshifumi Nishikawa (NRCPD,
Obihiro Univ. Agric. Vet. Med.) for his support with teaching me experimental skills
and the scientific guidance.

I would like to acknowledge Dr. Hideyuki Nagasawa, the president of Obihiro
Univ. Agric. Vet. Med., and Dr. Naoyoshi Suzuki, the former president, for providing
me & chance to study in this university again. Also I appreciate Professor Toshihisa
Kanayama, the director of Animal and Food Hygiene Major, Graduate School of
Obihiro Univ. Agric. Vet. Med., and Professor Akio Miyamoto, the former director, for
management of informative lectures and internship programs in the PhD. course.

| I am also grateful to Professor Ikuo Igarashi, the director of NRCPD (Obihiro
Univ, Agric. Vet. Med.), Professor Hiroshi Suzuki, Professor Shinichiro Kawazu,
Professor Hirotaka Kanuka, Proféssor Panagiotis Karanis, Associate Professor Naoaki
Yokoyama, Associate Professor Noboru Inoue, Associate Professor Makoto Igarashi,
Lecturer Shinya Fukumoto (NRCPD), and Professof Kozo Fujisaki (Kagoshima Univ.)
for their helpful suggestion, constructive criticism and comments,

My special thanks are to Dr. Osamu Kawase (Obihiro Univ. Agric. Vet. Med.)

for technical support, Professor Chihiro Sugimoto (Hokkaido Univ.) and Dr. Junichi

56




Watanabe (Tokyo Univ.) for providing me the cDNA clones, Dr. Tomohide Matsuo
(Kyorin Univ.) for providing data with IEM analyses.

I thank Associate Professor M. Igarashi (NRCPD) for providing the
anti-B-actin antibody. I also thank Dr. K.A. Joiner (Yale Univ.) for providing the
anti-TgMIC2 monoclonal antibody (T3-4A11) and the plasmid vector (pHHXNTPHA),
and Dr. D.S. Roos (Univ. Pennsylvania) for providing the plasmid vector
(pDHFR-TSc3). _

This study was supported by a grant from the 21% Century COE Program
(A-1) and Grants-in-Aid for Scientific Research on Priority Areas (19041008), the
Ministry of Education, Culture, Sports, Science and Technblogy of Japan, and
Research Fellowships of the Japan Socicty for the Promotion of Science for Young
Scientists (19-21).

I also would like to give my gratefilness to Ms. .Akiko Kumagai, Ms,
Chinatsu Nakamura, Mr. Shin-ichi Sakakibara and éH undergraduate students, doctoral
students and staff in the Research Unit for Genetic Biochemistry 1n NPCPD for their
kindness and friendship. Many thanks addressed to all the scientific and non-scientific
staff, as well as students at the NRCPD for their kind co-operation and help in many
ways.

I wish to express my heartfelt gratitude and decpest thanks to Iﬁy wife,
Michiko, my parents, Tadashi and Yoshjko, my brother, Akira, and my special friends,
Ms. Shuko Monden, Ms. Satoko Kubota, and.Mr. Takaaki Kugo for their spiritual

support.

57




References

Ajioka JW. 1998. Toxoplasma gondii: ESTs and gene discovery. Int J Parasitol
28;1025-1031.

Akhouri R, Bhattacharyya RA, Pattnaik P, Malthotra P, and Sharma A. 2004. Structural
and functional dissection of the adhesive domains of Plasmodium Jalciparum
thrombospondin-related anonymous protein (TRAP). Biochem J 379; 8§15-822.

Barcinski MA, and DosReis GA. 1999. Apoptosis in parasites and parasite—induced‘
apoptosis in the host immune system: a new approach to parasitic diseases. Braz J
Med Biol Res 32;395-401.

Barragan A, Brossier F, and Sibley LD. 2005. Transepithelial migration of Toxoplasma
gondii involves an interaction of intercellular adﬁesion molecuie 1 ICAM-1) with
the parasite adhesion MIC2. Cell Microbiol 7;561-568.

Beckers CJ,l Dubremetz JE, Mercereau-Puijalon 'O, and Joiner KA. 1994. The
Toxoplasma gondii thoptry protein ROP2 is inserted into the parasitophorous
vacuole membrane, surrounding the intracellular parasite, and is exposed to the
host cell cytoplasm. J Cell Biol 127,947-961.

Bermudez LE, Covaro G, and Rerlrﬁngton JS. 1993. Infection of murine.macrophages
with Toxoplasma gondii is associated with felease of transforming growth factor-3
and downregulation of expression of tumor necrosis factor receptors. Infect Immun
61;4126-4130.

Beverly JK. 1976. Toxoplasmosis in animals. Vet Rec 99;123-127.

Blader iJ, Manger ID, and Boothroyd JC. 2001. Microarray analysis reveals previously

unknown changes in Toxoplasma gondii-infected human cells. J Biol Chem

58




27 6;24223-24231.

Boothroyd JC, Black M, Bonnefoy S, Hehl A, Knoll L1, Manger ID, Ortega-Barria E,
and Tomavo S. 1997. Genetic and biochemical analysis of development in
Toxoplasma gondii. Philos Trans R Soc Lond B Biol Sci 352;1347-1354.

Bowie WR, King AS, and Werker'DH. 1997. QOutbreak of toxoplasmosis associated -
with municipal drinking water: Lancet 350;173-177.

Brossier F, and Sibley LD. 2005. Toxoplasma gondii: microneme protein MIC2. Int J
Biochem Cell Biol 37;2266-2272.

Burnett AJ, Shortt SG, Isaac-Renton J, King A, Werker D, and Bowie WR. 1998.
Multiple cases of acquired toxoplasmosis retinitis presenting in an outbreak.
Ophthalmology 105;1032-1037.

Butcher BA, Sklar LA, Seamer LC, and Glew RH. 1992. Heparin enhances the
interaction of infective Leishmania donovani promastigotes with mouse peritoneal
macrophages: a fluorescence flow cytometric analysis. J Immunol 148;2879-2886.

Buxton D. 1998. Protozoan infections (Toxopl;:zsma gondii, Neospora caninum and
Sarcocystis Spp.) in sheep and goats: recent advances. Vet Res 29;289-310.

Caamano J, Tato C, Cai G, Villegas EN, Speirs K, Creig L, Aleﬁander J, and Hunter
.CA. 2000. Identification of a role for NF-kB2 in the regulation ;)f apoptosis .and in
maintenance of T éell-rﬁediated immunity to Toxoplasma gondii. J Immunol
165;5720-5728. |

Candolﬁ E, Hunter CA, and Remington JS. 1994. Mitogen- and antigen-specific
proliferation of T cells in murine toxoplasmosis is irﬂﬁbited by reactive nitrogen
intermediates, Infect Immun 62;1995-2001.

Carey KL, Jongco AM, Kim K, and Ward GE. 2004. The Toxoplasma gondii thoptry

59



protein ROP4 is secreted into the parasitophorous vacuole and becomes
phosphorylated in infected cells. Fukaryot Cell 5;1320-1330.

Carmen JC, Hardi L, and Sinai AP. 2006. Toxoplasmé gondii inhibits ultraviolet
light-induced  apoptosis  through  multiple  interactions  with  the
mitochondrion-dependent pn;)grammed cell death pathway. Cell Microbiol
8;301-315.

Carruthers VB. 1999. Armed and dangerous: Toxoplasma gondii uses an arsenal of
secretory proteins to infect host cells. Parasitol Int 48;1-10.

Carruthers VB, Giddings OK, and Sibley LD. 1999. Secretion of microhemal proteins
1s associated with Toxoplasma invasion of host cells. Cell Microbiol 1;225-236.,
Carruthers VB, and Sibley LD. 1999. Mobilization of intracellular calcium stimulates

microneme discharge in Joxoplasma gondii. Mol Microbiol 31;421-428.

Cesbron-Delauw MF. 1994. Dense-granule organelles of 7oxoplasma gondii: their role
in the hos;c-parasite relationship. Parasitol Today 10;293-296.

Channon JY, and Kasper LH. 1996. Toxoplasma gondii-infected immune suppression
by human peripheral blood monocytes: role of gamma interferon. Infect Immun
64;1181-1189.

Channon JY, Miselis KA, Minns LA, Dutta C, and Kasper LH. 2002. f'oxoplasma
gondii induces granulocyte colony-stimulating factor and granulocyte-macrophage
clolony-stimulating factor secrétion by human fibroblasts: implications for
neutrophil apoptosis. Infect Immun 70,6048-6057.

Chen YY, Sun RH, Han WL, Zhang Y, Song Q, Di C, and Ma D. 2001. Nuclear
translocation of PDCD5 (TFAR19): an early signal for apoptosis? FEBS Lett

509;191-196.

60




Cho1 WY, Nam HW, Kwak NH, Huh W, Kim YR, Kang MW, Cho SY, and Dubey JP.
1997. Fo'odborne outbreaks of human toxoplasmosis. J Infect Dis 175;1280-1282.

Colin S Jeanny JC, mascarelli F, Vienet R, Al-Mahmood S, Courtois Y, and Labarre I.
1999. In vivo involvement of heparan sulfate proteoglycan in the bioavailability,
internalization, and catabolism of exogenous basic fibroblast growth factor. Mol
Pharmacol 1;74-82.

Dlehio 'C, Freissler E, Lanz C, Gomez-Duarte OG, David G and Meyer TF. 1998.
Ligation of cell surface heparan sulfate proteoglycans by antibody-coated beads
stimulates phagocytic uptake into epithelial cells: a model for cellular invasion by
Neisseria gonorrhoeae. Exp Cell Res 242;528-539. .

Donald RG and Roos DS. 1993. Stable molecular transformation of Toxoplasma
gondii: a selectable dihydrofélate reductase-thymidylate synthase marker based on
drﬁg-resistance mutations in malaria. Proc Nat! Acad Sei USA 90;1 1703-1170_7..

DosReis GA, and Barcinski MA. 2001. Apoptosis and parasitism: from the parasite to
the host ﬁnmune response. Adv Parasitol 49;133-161.

Dubey JP. 1986. A review of toxoplasmosis in pigs. Vet Parasitol 19;181-223.

Dubey JP. 1993. Toxoplasma, Neospom, Sarcocystis, and other tissue cyst-forming
goccidian of humans and animals. In: Kreier JP and Baker JR, editors. Parasitic
Protozoa, 2" ed. Parasitic Protozoa vol. 6. San Diego: Academic Press, pp. 1-158. |

Dubey JP. 1998. Toxoplasmosis, sarcocystosis, isosporosis, and cyciosporosis. In:
Palmer SR, Soulsby EJL, Simpson DIH, editors. Zoonoses. Oxford: Oxford
University Press, pp. 579-597.

Dubey JP. 2000. The scientific basis for prevention of Toxoplasma gondii infection:

“studies on tissue cyst survival, risk factors and hygiene measures. In:

61



Ambroise-Thomas P, and Petersen E, editors. Congenital toxoplasmosis: scientiﬁé
background, clinical management ﬁnd control. Paris: Springer-Verlag, pp..271-275.

Dubey JP and Beattie CP. 1988. Toxoplasmosis of animals and man. Boca Ranton:
CRC Press, pp.1-220. |

Dubey JP, Lindsay DS, and Speer CA 1998. Structures of Toxoplasma gondii
tachyzoites, bradyzoites, and sporozoites and biology and development of tissue
cysts. Clin Microbiol Rev 11;267-299.

Dunlg_anson P, Terry RS, Smﬂ:h JE, and Hedé G 2001. High levels of congenital
‘transmission of Toxoplasma gondii in a commefcial sheep flock. Int J Parasirolr
31;1699-1703. |

El Hajj H, Lebrun M, Fourmaux MN, Vial H, and Dubremetz JF. 2007. Inverted
topology of the Toxoplasma gondii ROP5 rhoptry protein provides new insights
into the éssociation of the ROP2 protein family with the parasitophorous vacuole
membrane. Cell Microbiol 9;54-64,

Elliott G, and O’Hare P. 1997. Intracellular trafficking and protein delivery by- a
herpesvirus structural protein. Cell 88;223-233. '

Evans R. 1992. Life cycle and animal infection. In:’ Ho-Yen DO, and Joss AWL,
editors. Human toxoplasmosis. Oxford: Oxford University Press, pp. 26-55.

Foulon W, Villena I, Stray-Pedersen B, Decoster A, Lappalainen M, Pinon JM, Jenum
PA, Hedman K, and Naessens A. 1999. Treatment of toxoplésmosis during
pregnancy: a multicénter study of impact on fetal transmission and children’s
sequelae at age 1 year, Am J Obstet Gynecol 180;410-415.

Frankel AD, and Pabo CO. 1988. Cellular uptake of the tat protein from human

immunodeficiency virus. Cell 55;1189-1193.

62




Frevert U, Sinnis P, Cerami C, Shreffler W, Takacs B, and Nussenzweig V. 1993.
Malaria circumsporozoite protein binds to heparan sulfate proteoglycans associated
with the surface membrane of hepatocytes. J Exp Med 177;1287-1298.

Freyre A, Bonino J, Falson J, dastells D, Correa O, and Casaretto A. 1999. The
incidence and economic significance of ovine toxoplasmosis in Uruguay. Vet

. Parasitol 81;85-88. |
Fuki IV, Kuhn KM, Lomazov IR, Rothman VL, Tuszynski GP, Iozzo RV, Swenson TL,
Fisher EA, and Williams KJ. 1997. The syndecan family of proteoglycans. Novel
receptors mediating internalization of atherogenic lipoproteins in vitro. J Clin
Invest 100;1611-1622.

Gao LY, and Abu Kwaik Y. 2000. The modulation of host cell apoptosis by intracellular
bacterial pathogens. Trends Microbiol 8;306-313.

Gavrilescu LC, and Denkers EY. 2001 IFN-y overproduction and high level apoptosis
are associated with high but not low virulence Toxoplasma gondii infection. J
Immunol 167,902-909.

Gavrilescu LC, and Denkers EY. 2003. Interleukin-12 p40- and Fas ligand-dependent
é.poptotic pathways involving STAT-1 phc;sphorylation are triggered during
infection with a virulent str‘ain of Toxoplasma gondii. Infect Immun 71;2577-2583.

Gazzinelli RT, Hakim FT, Hieny S, Shearer GM, and Sher A. 1991. Synergistic role of
CD4+ and CD8+ T lymphocytes in [EN-y production and protective immunity
induced by an attenuated Toxoplasma gondii vaccine. J Immunol 146;286-292.

Goebel S, GroB8 U, Lider CGK. Inhibition of host cell apoptosis by Toxoplasma gondi;'
is accompanied by reduced activation of the caspase céscade and alterations of poly

~ (ADP-ribose) polymerase expression. J Cell Sci 2001;114:3495-3505.

63



Green M, and Loewenstein PM. 1988, Autonomous funcﬁonal domains of chemically
systhesized human immunodeficiency virus tat trans-activator protein. Cell
55;1179-1188.

Guha M, Choubey V, Maity P, Kumar S, Shrivastava K, Puri SK, and Bandyopadhyay
U. 2007. Overexpressif)n, purification and localization of apoptosis related protein
trom Plasmodium falciparum. Protein Expr Purif 52;363-372.

Heiland DE, Welles JL, _Caputo A, and Haseltine WA. 1991. Transcellular
transactivation by the human immunodeficiency virus type 1 tat protein. J Firol
65;4547-4549.

| Hengartner MO. 2000. The biochemistry of apoptosis. Nature 407;770-376.

Heussler VT, Kuenzi P, and Rottenberg S. 2001. Inhibition of apoptosis by intracellular
protozoan parasites. Int J Parasitol 31;1166-1176,

Hisaeda H, Sakai T, Ishikawa H, Maekawa Y, Yasﬁtorﬁd K, Good RA, and Himeno K.
1997. Heat shock protein 65 induced by Y8 T cells prevents apoptosis of
macrophages and contributes to host defense in mice infected with Toxoplasma
gondii. J Immunol 159;2375-2381.

Hu MS, Schwartzman JD, Yeaman GR, Collins J, Seguin R, Khan [A, and Kasper LH.
1999. Fas-FasL interaction involved in pathogenesis of ocular toxoplasmoéis in
mice. Infect Immun 67;928-935.

Jacquet A, Coulon L, De Neve I, Daminet V, Haumont M, Garcia L, Bollen A, Jurado
M, and Biemans R. 2001. The surfac;e antigen SAG3 mediates the attachmem of
Toxoplasma gondii to cell-surface proteoglycans. Mol Biochem Parasitol
116;35-44.

Joliot A, Maizel A, Rosenberg D, Trembleau A, Dupas S, Volovitch M, and Prochiantz

64




A. 1998. Identification of a signal sequence necessary for the unconventional
secretion of Engrailed homeoprotein. Curr Biol 8,656-863,

Johot A, Pernelle C, Deagostine-Bazin H, and Prochiantz A. 1991. Antennapedla
homeoboxpeptide regulates neural morphogenesis. Proc Nail Acad Sci USA
88;1864-1868.

Jackson.MH, and Hutchison WM. 1989. The prevalence and source qf Toxoplasma
infection in the environment. Adv Parasitol 28;55-105.

Johnson AM. 1997. Speculation on possible life cycles for the clonal lineages in the
genus Toxoplasma. Parasitol Today 13;393-397.

Joiner KA, and Roos DS. 2002. Secretory traffic in the eukaryotic parasite Toxo?lasma
gondii: less is more. J Cell Biol 157;557-563.

Kaufmann SH. 1989. Induction of endonuc—léolytic DNA cleavage in human acute
myelogenous leukemia cells by etoposide, camptothecin, and other cytotoxic
antican-cer drugs: a cautionary note. Cancer Res 49,5870-5878.

Khan IA, Matsuura T, and Kasper LH. 1995, IL-10 fnediates Immunosuppression
following primary infection with Toxoplasma gondii in mice. Parasite Immunol
17;185-195.

Khan IA, Matsuura T, and Kasper LH. 1996. Activation-mediated CD4+ T cell

- unresponsiveness during acute Toxoplasma gondii infecﬁon.in mice. Int Immunol
8;887-806.

Khan A, Béhme U, Kelly KA, Adlem E, Brooks K, Simmonds M, Mungall K, Quail
'MA, Arrowsmith C, Chillingworth T, Churcher C, Harris D, Collins M, Foster N,
Fraser A, Hance Z, Jagels K, Moule S, Murphy-L, O’Neil 8, Rajandream MA,

Saunders D, Seeger K, Whitehead S, Mayr T, Xuan X, Watanabe J, Suzuki Y,

65




Wakaguri H, Sugano S, Sugimoto C, Paulsen I, Mackey AJ, Roos DS, Hall N,
Berriman M, Barrell B, Sibley LD, and Ajioka JW. 2006. Common inherita,nc¢ of
chromosome la associated with clonal expansion of Toxoplasma gondii. Genome
Res 16;1119-1125.

Keller P, Schaumburg F, Fischer SF, Hicher G, GroB3 U, and Liider CGK. 2006. Direct
inhibition of cytochrome c-induced caspase activation in viro by Toxoplasma
gondii réveals novel mechanisms of interference with host cell apoptosis. FEMS
Microbiol Lett 258;312-319.

Kim K, Soldati D, and Boothroyd JC, 1993. Gene replacement in Toxoplasma gondii
with chloramphenicol acetyltransferase as selectable marker. Science 262;911-914.

Lang C, Algner M, Beinert N, Grof3 U, and Liider CGK. 2006. biverse mechanisms
employed by Toxoplasma gondii to inhibit IFN-y-induced major histocompatibility
complex class II gene expression. Microb Infect 8;1994-2005.

Lieberman J. 2003. The ABCs of granule-mediated cytotoxicity: new weapons in the
arsenal. Nat Rev Immunol 3;361-370. |

Liesenfeld O, Kosek JC, and Suzuki Y. 1997. Gamma interferon induces
Fas-dependent apoptosis of Peyer’s patch T cells in mice following feroral
infection with Toxoplasma gondii. Infect Immun 65;4682-4689.

Lin HT, Wang YG, Zhang YM, Song Q, Di C, Chen G, Tang J, and Ma D. 1999,
TFARI19, a novel apoptosis-related gene cloned from human leukemia cell line
TF-1, could enhance apoptosis of some tumor cells induced by growth factor.
withdrawal. Biochem Biophys Res Commun 254;203-210.

Liider CGK, and GroB U. 2005, Apoptosis and its modulation during infection with

Toxoplasma gondii: Molecular mechanisms and role in pathogenesis. Curr Top

66




Microbiol Immunol 289;219-237.

Liider CGK, GroB U, and Lopes MF. 2001. Intracellular protozoan parasites and
apoptosis: diverse strategies to modulate parasite-host mferactiOns. Trends
Parasitol 17;480-486.

Liider CGK, Lang T, Beuerle B, and GroB3 U. 1998. Down-regulation of MHC class IT
molecules and inability to up-regulate class I molecules in murine maqr;)phages
after infection with Toxoplasma gondii. Clin Exp Immunol 112:308-316.

Luft BJ, Kansas G, Engleman EG, _and Reming‘ton JS. 1984. Functional and
quantitative alterations in T lymphocyte subpopulations in acute toxoplasmosis. J
Infect Dis 150;761-767.

Mahley RW and Ji ZS. 1997. Remnant lipoprotein metabolism: key pathways
invoh?ing cell-surface heparan sulfate proteoglycans and apolipoprotein E. J Lipid
Res 40;1-16. | |

Masur H, Jones TC, Leﬁnpe_rt JA, and Cherubini TD. 1978. Outbreak of foxoplasmosis
in a family and documentation of acquired retinochoroiditis. 4m J Med
64;396-402.

Matuschewski K, Nunes AC, nussenzweig V, and Menard R. 2002. Plasmodium
sporozoite invasion into insect and mammalian cells is directed by the same dual
binding system. EMBQ J 21;1597-1606.

Mead PS, Slutsker L, Griffin PM, and Tauxe RV. 1999, Food-related illness and death
in the United States. Emerg Infect Dis 5;841-842,

Meissner M, Schluter D and Soldati D. 2002. Role of Toxoplasmar gondii myosin A in
powering parasite gliding and host cell invasion. Science 298,837-840.

Messina M, Niesman I, Mercier C, and Sibley LD. 1995. Stable DNA transformation

67



of Toxoplasma gondii using phleomycin selection. Gene 165;213-217.

Molestina RE, Payne TM, Coppens I, and Sinai AP. 2003. Activation of NF-kappaB by

Toxoplasma gondii correlates with increased expression of antiapoptotic genes and

localization of phosphorylated IkappaB to the parasitophorous vacuole membrane.

J Cell Sci 116;4359-4371.

Molestina RE, and Sinai AP. 2005. Detection of a novel patasite kinase activity at the
Toxoplasma  gondii  parasitophorous vacuole membarane capable of
phosphorylating host IkappaBalpha, Cell Microbiol 7;351-362.

Mordue DG, Monroy F, La Regina M, Dinarello CA, and Sibley LD. 2001. Acute

toxoplasmosis leads to lethal overproduction of Thl cytokines. J Immunol
167;4574-4584.

Nagineni CN, Detrick B, and Hooks II. 2000. Toxoplasma gondii infection induces

gene  expression and

secretion of interleukin 1  (IL-1), IL-6,

granulocyte-macrophage colony-stimulating factor, and intracellular adhesion
molecule 1 by human retinal pigment epith'elial cells. Infect Immun 68;407-410.
Nash PB, Purner MB, Leon RP, Clarke P, Duke RC, and Curiel TJ. 1998. Toxoplasma

gondii-infected cells are resistant to multiple inducers of apoptosis. J Immunol
160;1824-1830.

Nishikawa Y, Kawase O, Vielemeyer O, Joiner KA, Xuan X, aﬁd Nagasawa H. 2007.

Toxoplasma gondii infection induces apoptosis in noninfected macrophages: role of

nitri'cvoxide and other soluble factors. Parasite Immunol 29,375-385.
Nishikawa Y, Makala L, Otsuka H, Mikami T, and Nagasawa H. 2002. Mechanisms of

apoptosis in murine fibroblasts by two intracellular protozoan parasites,

Toxoplasma gondii and Neospora caninum. Parasite Immunol 24;347-354.

68




‘Nishikawa Y, Xuan X, Makala L, Vielemeyer O, Joiner KA, and Nagasawa H. 2003.
Characterization of Toxoplasma gondii engineered to express mouse
interferon-gamma. Int J Parasitol 33;1525-1535.

Opfe@an JT, and Korsmeyer SJ. 2003. Apoptosis in the development and maintenance
of the immune system. Nat Immunol 4;410-41 5.

Orlofsky A, Somogyi RD, Weiss LM, and Prystowsky MB. 1999. The murine
antiapoptotic protein Al is induced in inflammatory macrophages and
constitutively expressed in neutrophils. J Immunol 163;412-419.

Orlofsky A, Weiss LM, Kawachi N, and Prystbwsky MB. 2002. Deficiency in the -
anti-apoptotic protein Al-a results in a diminished acute iﬁﬂammatory response. J
Immunol 168;1840-1846.

Ortega-Barria E, and Boothroyd JC. 1999. A Toxoplasma lectin-like activity specific
for sulfated polysaccharides is involved in host cell infection. J RBiol Chem
274;1267-1276.

Ortega-Barria E, an(‘i Pereira ME. 1991. A novel T cruzi heparin-binding protein
promotes fibroblast adhesion and penetration of engineered bacteria and
trypanosomes into mammalian cells. Cell 67;411-21,

Payne TM, Molestina RE, and Sinai AP. 2003. Inhibition of caspase activation and a
requirement for NF-xB function in the Zoxoplasma gindiﬁmediated blockade of
host apoptosis. J Cell Sci 116;4345-4358,

Pinzon-Ortiz C, Friedman J, Esko J, and Sinnis P. 2001. The binding of the
circumsporozoite protein to cell surface heparan sulfate proteoglycans is required
for Plasmodium sporozoite éttachment to target cells. J Biol Chem

276;26784-26791.

69




Rathore D, McCutchan TF, Garboczi‘ DN; Toida T, Hernaiz MJ, LeBrun LA, Lang SC,
and Linhardt RJ. 2001. Direct measurement of the interactions of
glycosaminoglycans apd- a heparin decasaccharide with the malaria
circumsporozoite protein. Biochemistry 40;11518-11524.,

Remington J S, and Désmonts G. 1990. Toxoplasmosis. In: Remington JS, aﬁd Klein JO,
editors. Infectious diseases of the fetus a’nd newborn infant, 3" ed. Philadelphia:
WB Saunders, pp. 89-195.

Ric‘;h T, Watson CJ, and Wyllie A. 1999. Apoptosis: the germs of death. Nat Cell Biol

- 1;E69-71. |

Robeﬁs T, Murrell KD, and Marks S. 1994, Economic losses causeci by food-borne
parasitic diseases. Parasitol Today 10;419-423. |

Robertson JD, Orrenius S, and Zhivotovsky B. 2000. Review: nuclear events in

| apoptosis. J Struct Biol 129;346-358.

Roos DS, Donald RG, Morrissette NS, and Moulton AL. 1994. Molecular tools for -
genetic dissection of the protozoan parasite Tt oxoplasma gondii. Meth Cell Biol
45;27-63.

Roos DS, Sullivan WJ, Striepen B, Bohne W and Donald RG. 1997. Tagging genes

~ and trapping promoters in 7 oxoﬁlasma gondii by insertional mutagenesis. Methods
13;112-122.

Roulston A, Marcellus R, and Brantion P. 1999, Viruses and apoptosis. Annu Rev
Microbiol 53;577-628.

Rui M, Chen YY, Zhang YM, and Ma DL. 2002. Transfer of anti—TFAR1§ monoclonal
antibody into HeLa cells by i situ electroporation can inhibit the apoptosis. Life

Sei T1,1771-1778.

70




Ruoslahti E. i989. Proteoglycans in cell regulation. .7 Bio! Chem 264;13369-13372.

Saeij. JP, Coller S, Boyle IP, Jerome ME, White MW, and Boothroyd JC. 2007.
Toxoplasma co-opts host gene expression by injectibn of a polymorphic kinase
homologue. Na;,‘ure 445;324-327.

Saraste A, and Pulkki K. 2000. Morphologic and biochemical hallmarks of apoptosis.
Cardiovasc Res 45;528-537. |

Shieh MT,. WuDunn D, Montgomery RI, Esko JD, and Spea:r‘PG. 1992. Cell surface
receptofs for herpes simplex virus are heparan sulfate proteoglycans. J Cell Biol
116;1273-1281.

Shukla D, Liu J, Blaiklock P, Shwarak NW, Bai X, Esko JD, Cohen GH, Eisenberg RJ,
Rosenberg RD, and.Spear PG. 1999. A novel role for 3-O-sulfated heparan sulfate
in herpes simplex virus 1 entry. Cell 99; 13-22. |

Sibley LD, Messina M, and Niesman IR. 1994. Stable DNA transformation in the
obligate intracellular parasite Zoxoplasma gondii by coinplementation of
tryptophan auxotrophy. Proc Natl Acad Sci USA 91;5508;5512.

Sinai AP, and Joiner KA. 2001. The T oxoplasma gondii protein ROP2 mediates host
organelle association with the parasitophoroﬁs vacuole membrane. J Cell Biol
154;95-108. |

Sinnis P, and Nardin E. 2002. Sporozdite antigens: Biology and immunology of the
circumsporozoite protein and thrombospondin-related anonymous protein. Chem
Immunol 80;70-96. |

Sinnis P, Willnow TE, Brilolnes MRS, Herz J, and Nussenzweig V. 1996. Remnant
lipoproteins inhibit malaria sporozoite invasion of hepatocytes. J Exp Med

184;945-954.

71




Soldati D. 1996. Molecular genetic strategies in Toxoplasma gondii: close in on a
successful invader, FEBS Lett 389;80-83.

Soldati and Boothroyd. 1993. Transiént transfection and expression in the obligate
intracellular parasite Toxoplasma gondii. Science 260;349-352.

Soldati D, Dubremetz JF, and Lebrun M. 2001, Microneme proteins: structural and
functional requirements to promote adhesion and invasion 7by the apicomplexan
parasite Toxoplasma gondii. Int J Parasitol 31;1293-1302.

Strickland GT, and Sayles PC. 1977. Depressed antibody responses to a
thymus-dependent antigen in toxoplasmosis. Infect Immun 15 ;1'84-190.

Striepen B, He CY, Matrajt M, Soldati D, and Roos DS. 1998. Expression, selection,
and organellar targeting of the green fluorescent protein in Toxoplasma gondii. Mol
Biochem Parasitol 92;325-338.

Striepen B, White MW, Li C, Guerini MN, Malik SB, Logsdon JM Jr, Liu C, and
Abrahamsen MS. 2002. Genetic complementation in apicomplexan parasites. Proc
Natl Acad Sci US4 99;6304-6309.

Sumbayev VV. 2003, S—nitrosyla;tion of thioredoxin mediates activation of apoptosis
signal-regulating kinase 1. Arch Biochem Biophys 415;133-136.

Tenter AM, Heckeroth AR, and Weiss LM. 2000. Toxoﬁasma gondiig From animal to
humans. /nt J Parasitol 30;1217-1258.

Van Putten JPM, and Paul S. 1995. Binding of syndecan-like cell surface proteoglycan
receptors is required for Neisseria gonorrhoeae entry into human mucosal cells.
EMBO J 14;2144-2154. : _ T

Vieira MC, and Moreno SN. 2000. Mobilization of intracellular calcium upon

attachment of Toxoplasma gondii tachyzoites to human fibroblasts is required for

72



invasion. Mol Biochem Parasitol 106;157-162.

Wang Y, Li D, Fan H, Tian L, Zhong Y, Zhang Y, Yuan L, Jin C, Yin C, and Ma D.
2006. Cellular uptake of exogeﬁous human PDCbS protein. J Biol Chem
281;24803-24817.

Wang Y, Li XT, Wang L, Ding P, Zhang Y, Han W, and Ma D, 2004, ‘An alternative
form of paraptosis—like cell death, triggered by TAJTROY and enhanced by
PDCDS5 overexpression. J Cell Sci 117;1525-1532.

Wanke C, Tuazon CU, Kovacs A, Dina T, Davis DO, Barton N, Kafz D, Lunde M,
Levy C, and Conley FK. 1987. Toxoplasma enc;ephalitis in patients with acquired
immune deficiency syndrome: diagnosis and response to therapy. Am J Trop Med
Hyg 36;509-516.

Wei S, Marches F, Borvak J, Zou W, Chanﬁon J, White M, Radke J, Cesbron-Delauw
MF, and Curiel TI. 2002, Toxoplasma <érondii—infected human myeloid dendritic
cells induce T-lymphocyte dysfunction and contact-dependent apoptosis. Infect
Immun 70;1750-1760.

Williams GT. 1994. Programmed cell death: a fundamental protective response to
pathogens. Trends Microbiol 2;463-464.

Wing EJ, Boehmer SM, and Christner LK. 1983. Toxoplasma gondii: decreased
resistance to intracellular bacteria in mice. Exp Parasitol 56;1-8.

Yano A, Norose K, yamashita K, Aosai F, Sugane K, Segawa K, and Hayashi S. 1987.
Immune response to Toxoplasma gondii-analysis of suppressor T cells in a patient
with symptomatic acute toxoplasmosis. J Parasitol 73;954-961.

Yasinska IM, Kozhukhar AV, and Sumbayev VV. 2004. S-nitrosylation of thioredoxin

in the nitrogen monoxide/superoxide system activates apoptosis signal-regulating

73



