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ABSTRACT

Toxoplasma gondii is an obligate intracellular parasitic protozoan of the phylum apicomplexa
which causes zoonotic infection across wide range of homeothermic animals worldwide. The
parasite possesses three distinctive proliferative stages: rapidly multiplying tachyzoites,
slowly replicating bradyzoites in tissue cysts and sporozoites in oocysts. The dynamic life
cycle of T. gondii facilitates its transmission and persistence across a wide range of hosts.
During an acute infection, the immune system drives T. gondii tachyzoites into bradyzoites
(cyst form) which leads to chronic infection. The mechanisms of T. gondii differentiation
remains elusive and elucidating the factors that drive stage conversion may shed light to the
development of novel anti-toxoplasma drug targets and therapeutics against toxoplasmosis.

The cathepsin B inhibitor and potential pro-oxidant, Benzyloxycarbonyl-phenylalanine-
alanine-fluoromethylketone (z-FA-FMK) was shown to inhibit T. gondii (RH strain and
ME49 strain) infectivity and proliferation in Hs68 cells which subsequently led to cyst
formation. The intracellular cysts were shown to reactivate and regain proliferation upon z-
FA-FMK withdrawal. Using this in vitro model which facilitates interconversion between
tachyzoites and bradyzoites in Hs68 cells, the anti-proliferative effects of z-FA-FMK and
mechanism of T. gondii differentiation were further studied.

The z-FA-FMK analogue, Benzyloxycarbonyl-phenylalanine-alanine-diazomethylketone (z-
FA-DMK) which is more specific in cathepsin B inhibition blocked T. gondii parasite
proliferation in Hs68 cells and induced cyst formation in a similar manner to z-FA-FMK.
Results further showed that both z-FA-FMK and z-FA-DMK readily inhibited cathepsin B
activity in host cells and T. gondii parasites. These results strongly suggest that the anti-
proliferative effects of z-FA-FMK are mediated through cathepsin B inhibition, which is
associated with the proteolytic activity of the parasite vacuolar compartment (VAC). z-FA-
FMK treated parasites were also shown to depend on autophagy to regain proliferation. The
results collectively indicate that the disruption of VAC causes starvation in parasites which
could drive cyst formation and induce autophagy as a stress response to preserve intracellular
parasite survival.

The results further demonstrated that z-FA-FMK did not increase ROS levels in both Hs68
cells and T. gondii parasites. However, the co-treatment of z-FA-FMK with BSO which
blocks GSH synthesis exhibited synergistic effect in inhibiting T. gondii RH strain
proliferation. The results collectively imply that z-FA-FMK and BSO appears to exert
different form of stress to T. gondii, where the effect of z-FA-FMK is not attributed to
oxidative stress but could be potentially enhanced in combination with redox stress inducers.
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CHAPTER ONE

INTRODUCTION



1.1 Toxoplasma gondii and toxoplasmosis

Toxoplasmosis is one of the most prevalent and widespread parasitic infections in the world,
yet one of the most overlooked disease. The causative agent of toxoplasmosis is Toxoplasma
gondii (T. gondii), an obligate intracellular parasitic protozoan belonging to the
apicomplexan phylum (Hill and Dubey, 2002, Hill and Dubey, 2018, Kim and Weiss, 2004).
Other members of parasites from the phylum apicomplexan are responsible for several major
human and animal diseases. This includes Plasmodium which infects human and replicate
within erythrocytes causing malaria. Eimeria and Neospora are of veterinary importance as
they inflict diseases among livestock animals including cattle and sheep. Lastly,
Cryptosporidium is a well-established opportunistic human pathogen which causes

gastrointestinal and respiratory illness (Hu et al., 2004, Saeij et al., 2005).

T. gondii can infect any nucleated cells of homeothermic animals including humans and
marine mammals, rendering them one of the most successful parasites on earth (Hill and
Dubey, 2002, Tu et al., 2018). Although T. gondii infection is widespread throughout the
world, its prevalence varies and depends on the geographical location, cultural habits and
hygiene standards (Hill et al., 2005, Robert-Gangneux and Dardé, 2012). Toxoplasmosis
prevalence in the United Kingdom and the United States is estimated to be around 16 - 40%
of the population, whereas it can increase up to 50 - 80% in Central and South America as
well as some parts of Europe (Hill et al., 2005). Generally, cold-temperate or arid regions
have lower prevalence compared to warm and humid regions (Kasper, 2001). Apart from
climate influences, socio-economic background is also a major determinant as toxoplasmosis
are often reported in communities with poor hygiene and sanitation (Flegr et al., 2014).
Serological studies estimate that about 30% of the global human population have been
infected with T. gondii, thus making toxoplasmosis one of the most prevalent chronic
infections that is faced by humans (Hill and Dubey, 2018, Nath and Sinai, 2003, Tenter et al.,
2000).
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Morphologically, T. gondii is crescent shaped and is approximately 5um long and 2um wide
as depicted in Figure 1.1. It has a pointed anterior and a rounded posterior end that contains
a complex cytoskeletal and organellar arrangement (Black and Boothroyd, 2000, Tu et al.,
2018). T. gondii possess several basic organelles including a nucleus, a single elongated
tubular mitochondrion, ribosomes, Golgi apparatus, smooth and rough endoplasmic
reticulum (Hill and Dubey, 2018, Khan and Grigg, 2017, Clough and Frickel, 2017). The
parasite also possesses specialized secretory organelles such as micronemes, rhoptries and
dense granules which carry out specialized functions during parasite infection and
proliferation (Harker et al., 2015, Hill and Dubey, 2002, Hu et al., 2006). T. gondii parasites
are motile and they move by gliding, flexing, undulating, and rotating despite the lack of
locomotion structures such as cilia, flagella, or pseudopodia (Besteiro et al., 2011b, Blader
et al., 2015, Dubey et al., 1998).

To date, T. gondii can be classified into 3 major clonal lineages, namely type-1, 2 and 3 based
on restriction fragment length polymorphism (RFLP) analysis and their virulence in
laboratory mice (Niehus et al., 2014, Saeij et al., 2005, Simon et al., 2019). Type-1 strain is
the most virulent, with LD1oo Of less than 10 parasites in mice (Simon et al., 2019). On the
other hand, both type-2 and type-3 strains are less virulent, with LDso of 100 and 10°
respectively (Kim and Weiss, 2004). The three T. gondii strains only have a genetic
difference of 1 - 2% despite their marked differences in virulence (Saeij et al., 2005, Su et
al., 2003). In general, type-1 (RH) strain is the most virulent and is associated with high
replication rate within any kind of host cells (Saeij et al., 2005, Sullivan et al., 2009).
Although type-2 (ME49) and type-3 (VEG) strains have lower virulence and replication at a
slower rate, they have the ability to differentiate into tissue cysts easily (Niehus et al., 2014,
Skariah et al., 2010). According to epidemiological survey, the type-2 (ME49) strain has the
highest prevalence cause of human toxoplasmosis especially in immunosuppressed patients
(Araujo and Slifer, 2003, Tu et al., 2018).
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Figure 1.1. Schematic structure illustration of a tachyzoite (left) and a bradyzoite (right)
of T. gondii parasite

Tachyzoites and bradyzoites share high structural similarities with slight variations in
organelles and their positioning within the parasite. For instance, the nucleus of bradyzoites
is located towards the posterior end as compared to tachyzoites while the nucleus of the
tachyzoites is located centrally. Additionally, bradyzoites also contains amylopectin granules
which serve as energy storage while these granules are usually absent in tachyzoites (Adapted
from Dubey et al., 1998).
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Toxoplasmosis is characterized by cellular and tissue destruction, presenting as necrotic
lesions in the body due to actively multiplying parasites (Elsheikha and Khan, 2010). The
parts of our body most commonly invaded and infected by Toxoplasma parasites are the brain,
eyes, liver, lungs and skeletal muscles (Tenter et al., 2000, Uttah et al., 2013). Depending on
the type of tissues or organs that are infected, toxoplasmosis can lead to diverse range of
clinical complications (Tenter et al., 2000). Individuals having toxoplasmosis typically
display mild flu-like symptoms, such as mild fever, malaise, myalgia and headache or can be
asymptomatic in healthy individuals having a functional immune system (Dubey and Jones,
2008, Dunay et al., 2018, Foulon et al., 1988). The primary infection is usually acute and
self-limiting where the parasites are subjugated by the immune system. However, the parasite
may escape immunological clearance and differentiate into bradyzoite cysts leading to
chronic infection (Bharti et al., 2016, Jeffers et al., 2018, Sutterland et al., 2015). The
infected individual will acquire a lifelong immunity against T. gondii parasites following the
primary infection as long as the host retains a competent immune system (Bharti et al., 2016,
Sutterland et al., 2015). Nevertheless, individuals that have a weakened or suppressed
immune system, such as having acquired immunodeficiency syndrome (AIDS) due to
infection of human immunodeficiency virus (HIV) or under immunosuppressive therapy may
suffer from toxoplasmosis as the bradyzoite tissue cysts will reactivate into highly infectious
tachyzoites (Bharti et al., 2016, Ozgonul and Besirli, 2017, Sutterland et al., 2015).

On the other hand, vertical transmission or known as congenital transmission of Toxoplasma
occurs when the expecting mother acquires primary infection or the chronically infected
mother become immunocompromised during gestation (Jones et al., 2003, Many and Koren,
2006, McAuley, 2014, Montoya and Remington, 2008). The acute primary infection can lead
to parasitemia where the parasites can cross the placenta and infect the developing fetus
(McAuley, 2014, Uttah et al., 2013). The risk of transplacental transmission and the severity
of the resulting fetal infection depend on the time of maternal infection (Hill et al., 2005,
Tenter et al., 2000). The severity of the disease is inversely related to the transmission risk.

The risk of transmission is the lower (~25%) when the maternal infection is acquired during
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the first trimester and higher risk (~70%) during third trimester (Capobiango et al., 2016,
Capobiango et al., 2014, Many and Koren, 2006). Fetal infection acquired during the first
trimester often have a higher risk of miscarriage or neonatal death, which occurs in
approximately 10% of all congenital toxoplasmosis cases (Montoya and Liesenfeld, 2004,
Montoya and Remington, 2008, Remington et al., 1985). The fetus who are infected later
during gestation may develop other clinical complications such as microcephaly,
hydrocephalus, chorioretinitis, seizures and deafness (Jones et al., 2003, McAuley, 2014).
Although newborn that survives congenital infection may appear asymptomatic at birth, they
may subsequently develop visual impairment, learning disabilities, or mental retardation later
in life (Capobiango et al., 2016, Jones et al., 2003, Uttah et al., 2013). The incidence of
congenital toxoplasmosis is affected by the immunity of women entering pregnancy and risk
of exposure to T. gondii during pregnancy, with an everage infection between 1 in 3000 to 1
in 10 000 live births in the United States (McAuley, 2014).

1.2 Life cycle and transmission of T. gondii

The life cycle of T. gondii parasites can be classified into two distinct phases, namely the
sexual and asexual cycle that is associated to specific differentiation stages of the parasite
(Blader et al., 2015, Dzierszinski et al., 2004, Ferguson, 2004). The T. gondii life cycle is
highly adaptive in order to ensure successful transmission, pathogenesis and persistence in
the infected host (Dzierszinski et al., 2004, Ferguson, 2004, Nath and Sinai, 2003). T. gondii
is usually transmissible via ingestion of either: (i) oocysts (sporozoites) which are shed into
the environment from the feline host, (ii) viable tissue cysts (bradyzoites) in infected meat of
intermediate hosts or (iii) vertical transmission (tachyzoites) from infected mother to
developing fetus (Figure 1.2) (Dubey, 1998, Hill and Dubey, 2018, Jeffers et al., 2018).

1.2.1 Sexual cycle

As depicted in Figure 1.2, the sexual phase of the T. gondii life cycle occurs exclusively in
the Felidae family, which makes feline hosts the primary host (Blader et al., 2015, Dubey,
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1998, Hill and Dubey, 2018). The sexual cycle occurs solely within the intestines of the
definitive host, generating and expelling oocysts which sporulates and become infectious
(Skariah et al., 2010). The sexual cycle begins upon ingestion of tissue cysts by a feline, the
gastric enzymes destroys the cyst wall and release with bradyzoites (Robert-Gangneux and
Dardé, 2012). The bradyzoites then proceed to invade the intestinal enterocytes of the feline
host and undergo the sexual reproduction cycle (entero-epithelial cycle) (Robert-Gangneux
and Dardé, 2012). Alternatively, the parasite may differentiate into tachyzoites and actively
disseminate throughout the body known as the extra-intestinal cycle (Blader et al., 2015,
Dubey, 1995, Hill and Dubey, 2018). The sexual cycle begins with the bradyzoites
undergoing asexual multiplication to form schizonts, which further develop into merozoites
via schizogony in the feline intestinal epithelial cells (Dubey, 1995, Ferguson, 2004, Hussain
et al.,, 2017). The resulting merozoites undergo sexual differentiation to form
microgametocytes (male) and macrogametocytes (female), which further forms haploid
flagellated microgamete and macrogamete respectively to allow fertilization (Dumetre and
Darde, 2003, Ferguson, 2004, Harker et al., 2015). A diploid zygote is formed following
gamete fertilization, in which the zygote then develops into an unsporulated oocyst which is

eventually passed out into the environment via the intestinal lumen (McAuley, 2014).

The duration between initial infection and the shedding of unsporulated oocysts into the
environment by the feline host is known as the prepatent period, which goes on for 3-10 days
(Dubey, 1988, Dubey, 1995, Hill and Dubey, 2002). Following the prepatent period, the
infected feline host expels millions of highly resilient unsporulated oocysts in the feces for
about 2 weeks (Blader et al., 2015, Dubey, 1995). Although the parasite’s definitive hosts
include various felids such as ocelots, bobcats, tigers and domestic cats, oocyst excretion was
found to be the greatest in domestic cats (Dubey, 1995). The shedding of oocysts halts once
the infected feline develops immunity towards T. gondii parasites and re-shedding of oocysts
is extremely uncommon (Dubey, 1995, Dubey and Jones, 2008). The expelled oocysts are
highly resilient towards adverse environmental conditions while remaining infectious in the

environment for up to a year (Dzierszinski et al., 2004, Ferguson, 2004). The expelled oocyst
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undergoes sporulation over time and is disseminated further across the environment via
insects and rodents, contaminating soil, food and water in the process (Cook et al., 2000,
Tenter et al., 2000). As shown in Figure 1.2, infection in all mammals including humans is
normally acquired by ingestion of oocysts, followed by differentiation into the tachyzoite
form which replicates and disseminates rapidly, causing an acute infection driven by the
asexual cycle (Dubey, 1998, Hill and Dubey, 2018, Tu et al., 2018). Upon infection, the
proliferative form of the parasite (tachyzoite) may differentiate into a tissue cyst (bradyzoite)
that can be transmitted to new hosts when consumed, particularly in raw or uncooked meat

of previously infected intermediate hosts (Dzierszinski et al., 2004, Ferguson, 2004).

1.2.2 Asexual cycle (Acute phase)

As shown in Figure 1.2, the asexual phase of the T. gondii life cycle occurs in the intermediate
host and can be classified into two distinct stages of infection, known as the acute and chronic
phase (Black and Boothroyd, 2000). The acute phase of toxoplasmosis is characterized by
active dissemination of tachyzoites within the infected host (Blader et al., 2015, Joyce et al.,
2011). The acute phase of the asexual cycle of T. gondii begins when an intermediate host
ingests sporulated oocyst (sporozoites) or viable tissue cyst (bradyzoites). The sporozoites or
bradyzoites are released from oocyst and cyst, respectively by proteolytic enzymes in the gut
(Yan et al., 2016) before invading the intestinal epithelial cells and differentiate into
tachyzoites (Robert-Gangneux and Dardé, 2012, Yan et al., 2016). Tachyzoites are defined
as the infectious and rapidly multiplying form of the parasite during acute toxoplasmosis,
which can be easily subjugated by a functional immune system (Black and Boothroyd, 2000,
Hill and Dubey, 2018, Jeffers et al., 2018, Tu et al., 2018).

1.2.3 Asexual cycle (Chronic phase)

In contrast, the chronic infection stage of toxoplasmosis is defined by the development of
tissue cysts, through the differentiation from tachyzoites to bradyzoites (Black and

Boothroyd, 2000, Joyce et al., 2011). Tachyzoites could avoid immunological clearance by
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differentiating into the slow replicating bradyzoite encapsulated in a resilient cyst wall, which
resides primarily in the muscle tissues, central nervous system (CNS) and retina (Blader et
al., 2015, Dubey, 1988, Dubey and Jones, 2008). Bradyzoites appears morphologically
identical to tachyzoites but grows much slower and more resistant to proteolytic degradation
than tachyzoites (Dzierszinski et al., 2004, Hill and Dubey, 2018, Jacobs et al., 1960). Tissue
cysts containing bradyzoites are metabolically quiescent and replicates very slowly, evading
immune detection and does not invoke any immune response (Harker et al., 2015, Nath and
Sinai, 2003, Tomita et al., 2013). However, T. gondii cysts sporadically reactivate, thus
sustaining chronic infection over the lifetime of the host (Dzierszinski et al., 2004, Guimaraes
et al., 2009, Jeffers et al., 2018). Studies have shown that T. gondii cysts undergoes episodic
cycles of differentiation between tachyzoites and bradyzoites even while under control by
the immune system (Watts et al., 2015). During the formation of cysts, the parasitophorous
vacuole membrane (PVM) undergoes modification through addition of chitin, glycoproteins,
and glycolipids to form the cyst wall. Additionally, the differentiating parasite shows increase
in amylopectin granules presumably to increase glucose storage (Sugi et al., 2017). The
bradyzoites is generally characterized by subcellular reorganization such as relocation of the
nucleus to the posterior end and redistribution of the secretory organelles (Dzierszinski et al.,
2004).

T. gondii is a highly virulent parasite that also affects domesticated animals. Infected
livestock presents a major source of transmission, contributing to the high prevalence of
toxoplasmosis in humans through the consumption of meat harboring viable tissue cysts
(Hussain et al., 2017, Wilking et al., 2016). T. gondii cysts ingested through raw or
undercooked infected meat rupture along the digestive tract, releasing bradyzoites which
proceeds to infect the epithelium of the intestinal lumen (Black and Boothroyd, 2000). This
is followed by differentiation of the bradyzoites back to the highly virulent tachyzoite,
thereby initiating the acute phase of the asexual cycle (Black and Boothroyd, 2000, Blader et
al., 2015).
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Chronic toxoplasmosis and its complications are due to the ability of T. gondii parasites to
respond to the host’s immune system and form resilient tissue cysts (Jeffers et al., 2018, Nath
and Sinai, 2003, Tenter et al., 2000). In healthy individuals, Toxoplasma cyst is constantly
suppressed by the immune system and may undergo cycles of differentiation between active
tachyzoites and dormant bradyzoite without clinical complications (Chew et al., 2012,
Takashima et al., 2008). However, the infection in immune-privileged organs such as the
eyes (ocular toxoplasmosis) even in healthy individuals leads to progressive degeneration of
vision and may result in permanent blindness (Bosch-Driessen et al., 2002a). Clinical
manifestation of chronic toxoplasmosis occurs in the absence of immune surveillance,
particularly the loss of T-cell immunity which facilitates the reactivation of tissue cysts and
leads to the uncontrolled tachyzoite replication (Israelski et al., 1993, Khan et al., 2019,
Watts et al., 2015).
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Figure 1.2. Life cycle of Toxoplasma gondii

T. gondii parasites undergo sexual replication exclusively in felines (definitive host). The
sexual cycle occurs in the gut of the feline host where parasites transform into schizonts in
the intestinal epithelial cells. The schizonts undergo schizogony to form merozoites, which
further differentiates into microgametocytes (male) and macrogametocytes (female) via
gamogony. The fusion of the resulting gametes completes the fertilization process which
produces oocyst which is excreted into the environment via the feline’s feces. On the other
hand, the T. gondii asexual cycle occurs in the intermediate host via ingestion of oocysts or
tissue cysts. Excysted sporozoites and bradyzoites infects the intestinal cells and
differentiates into tachyzoites which further disseminate across the infected host body. Under
the pressure of the immune system, invaded tachyzoites can convert into latent bradyzoites

residing in tissue cysts (Adapted from Robert-Gangenux and Dardé, 2012).
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1.3 T. gondii proliferation and lytic cycle
1.3.1 Host cell invasion

In both primary and secondary hosts, the T. gondii infection process is often described as the
Iytic cycle, which consist of parasite invasion, replication and egress (Uttah et al., 2013).
Apicomplexans such as T. gondii possess specialized secretory organelles such as
micronemes, rhoptries and dense granules, which deploy proteins in a regulated manner
during the parasite invasion process (Carruthers, 1999, Hill and Dubey, 2018). As shown in
Figure 1.3, the parasite invasion begins by active adhesion of the posterior end via calcium
dependent micronemal secretion of adhesins, which facilitates the initial attachment and
penetration into the host cell (Carruthers, 2002, Drewry and Sibley, 2015). One of the adhesin
known as apical membrane antigen 1 (AMAL1) interacts with rhoptry neck (RON) proteins
secreted by the rhoptries to form the moving junction (MJ) (Blader et al., 2015, Gilson and
Crabb, 2009). This provides a strong anchorage on to the host cytoskeleton to facilitate
penetration into the host cell (Alexander et al., 2005, Besteiro et al., 2011b, Drewry and
Sibley, 2015).

During active penetration of the host cell, the parasite moves across the MJ from the apical
end to the posterior end. Throughout this process, the MJ also serves to prevent association
of host membrane integral proteins to the forming PVM (Blader et al., 2015, Laliberte and
Carruthers, 2008). Rhoptry protein secretions is also associated with the establishment of the
PVM that envelops and delimits the PVM from the host cell cytoplasm (Guimaraes et al.,
2009, Hoppe et al., 2000, Uttah et al., 2013). The composition of the PVM consist of parasite
rhoptry secretions (20%), while the majority of the PVM are derived from the infected host
cell (Clough and Frickel, 2017, Harker et al., 2015, Suss-Toby et al., 1996). The PVM is a
subcellular compartment that serves as a selective barrier between the parasite and the host
cell and protects the parasite against free radicals, pH, osmolarity stress and immunological

detection (Guimaraes et al., 2009). Most importantly, the parasitophorous vacuole (PV) resist
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fusion with the host endocytic lysosomal compartments and allow parasite persistence within
the host cell (Guimaraes et al., 2009, Harker et al., 2015).

AMA1
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Rhoptry bulb

Host PM:
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Rhoptry bulb
contents

Figure 1.3. Host cell invasion process by T. gondii tachyzoites

The T. gondii invasion process begins with attachment of the parasite to the host cell
membrane mediated via secretion of adhesin. Subsequently, the parasite apically attaches to
the host cell membrane surface and secretes AMAL1 and RON proteins. This results in the
formation of the MJ, which allows the parasite to actively penetrate the cell membrane. The
parasite moves across the MJ as the PVM is formed. The invasion process is completed when
the parasite is fully internalized and enclosed within a PVM (Adapted from Alexander et al.,
2005).
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1.3.2 Replication via endodyogeny and egress

T. gondii parasites replicate asexually within the host cell by repeated endodyogeny, a
specialized form of reproduction in which two clonal progenies form within the cytoplasm
of a single mother parasite (Hill et al., 2005, Nishi et al., 2008, Sheffield and Melton, 1968).
As shown in Figure 1.4, endodyogeny begins with the division of the Golgi apparatus and
the formation of nascent conoid at the apical end. This is followed by the formation of the
inner membrane complex (IMC) and the subpellicular microtubules, which elongates from
the apical nascent conoid towards the posterior end (Jacot et al., 2013, Nishi et al., 2008).
Subsequently, the apicoplast, nucleus and all the other cytoplasm contents is divided across
each forming daughter cell (Carruthers, 2002, van Dooren et al., 2009). As the development
progresses, the IMC of the two daughter parasites will enclose the divided cellular contents
and replace the mother cell’s IMC (Carruthers, 2002, Jacot et al., 2013). Towards the end of
endodyogeny, the specialized organelles such as the rhoptries and micronemes are
regenerated de novo from the Golgi apparatus (Jacot et al., 2013, Morlon-Guyot et al., 2014).
The newly formed tachyzoites maintains a residual linkage at the posterior end which results
in the “rosette” arrangement as the parasite continues to further replicate within the PVM
(Carruthers, 2002, Bisio et al., 2019).
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Figure 1.4. Endodyogeny of T. gondii tachyzoites

Endodyogeny begins with the formation of two nascent conoid at the apical end of the parent
parasite. Subsequently, the subpellicular microtubules and IMC forms and extends from the
conoid to the posterior end. The organelles divide and segregate into each daughter cell
before being fully enveloped by the extending IMC. The daughter parasite’s IMC replaces
the parent IMC while the parent plasmalemma is retained to envelope the newly formed
daughter parasites. The daughter parasite then separates to form independent bodies while
leaving behind a residual body of the parent parasite (Adapted from Jacot et al., 2013).
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T. gondii are parasitic auxotrophs which needs to obtain nutrients such as phospholipids,
cholesterol, arginine, polyamines, tryptophan and purine nucleosides across the PVM for
sustenance to drive proliferation (Charron and Sibley, 2002, Clough and Frickel, 2017, de
Melo and de Souza, 1996, Sehgal et al., 2005). T. gondii parasites acquire these nutrients
from the host cell cytoplasm through diffusion and active transport across the PVM (Coppens
et al., 2000). The PVM is formed by structural modification from the T. gondii dense granule
secretory proteins to confer protection to the parasites and facilitate nutrient transfer from the
host cytoplasm (Carruthers, 1999, Cesbron-Delauw, 1994, Zhou et al., 2005).

As T. gondii parasites undergo synchronous replication via endodyogeny, the PV swells in
volume and eventually rupture the infected host cell, thus completing the lytic cycle with the
egress of parasites to continue infecting adjacent cells (Figure 1.5) (Black and Boothroyd,
2000, Hortua Triana et al., 2018, Watts et al., 2015). Intracellular T. gondii parasites replicate
with a doubling time of 6 - 8h in vitro and yields approximately 64 - 128 parasites after a
single complete lytic cycle (Black and Boothroyd, 2000, Khan and Grigg, 2017).
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Figure 1.5. Lytic cycle of T. gondii tachyzoites

The lytic cycle of T. gondii tachyzoite proliferation begins with the attachment and invasion
of a target host cell. The intracellular T. gondii parasites undergoes synchronous replication
via endodyogeny and doubles in number exponentially until the infected host cell ruptures.
The tachyzoites then egress from the PV as the host cell ruptures and completes the lytic
cycle. The egressed parasites actively seek out and invades adjacent cells, repeating the Iytic

cycle (Adapted from Hortua Triana et al., 2018).
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1.4 Diagnosis of toxoplasmosis
1.4.1 Serological tests

The gold standard for Toxoplasma diagnosis is the Sabin-Feldman dye test (SFDT) or also
known as the methylene blue dye (MBD) test (Sabin and Feldman, 1948, Uttah et al., 2013).
It is a serological test and involves methylene blue staining of live T. gondii parasites to
determine the presence of anti-Toxoplasma antibodies in a patient’s serum. A positive anti-
Toxoplasma antibody test serum saturates the parasite surface antigen, which prevents
methylene blue dye uptake (Ozgonul and Besirli, 2017, Udonsom et al., 2010, Villard et al.,
2016) . MBD test is highly reliable and accurate, however it requires availability and routine

maintenance of viable T. gondii parasites in a diagnostic facility (Ozgonul and Besirli, 2017).

1.4.2 Enzyme-linked immunosorbent assay (ELISA)

Another highly utilized diagnosis for toxoplasmosis is ELISA, widely utilized to diagnose
Toxoplasma infection in both humans and livestock. The ELISA detects the presence of
specific 1gG, IgM or IgA antibodies against T. gondii in test serums (Ozgonul and Besirli,
2017, Villard et al., 2016). In this technique, T. gondii antigens are immobilized on the
surface of microwells, which binds antibodies present in the test serum samples. A positive
anti-Toxoplasma antibody test serum allows binding of a horseradish peroxidase (HRP) or
alkaline phosphatase (AP) conjugated secondary antibody, which catalyzes chromogenic
enzyme reaction detectable using a spectrophotometer (Hammouda et al., 2006, Liu et al.,
2015). ELISA is the preferred diagnostic approach used in epidemiological studies as it is
rapid and the test kits are highly reliable and commercially available (Glor et al., 2013, Liu
etal., 2015).
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1.4.3 Biological tests

Another approach to the diagnosis for toxoplasmosis involves the use of immunohistological
staining of biopsy samples or examining the presence of T. gondii in isolated tissue samples
and bodily fluids (Hill et al., 2005, Montoya and Remington, 2008). Extracellular T. gondii
parasites are usually scarce in bodily fluids and tissues due to immunological suppression
which renders isolation for histological examination challenging (Uttah et al., 2013).
However, this approach is predominantly suitable for diagnosing toxoplasmosis in
immunocompromised individuals, which lacks production of antibodies used for

conventional serological diagnosis (Villard et al., 2016).

1.4.4 Molecular diagnosis (polymerase chain reaction)

Polymerase chain reaction (PCR) diagnosis of toxoplasmosis utilizes a set of T. gondii
specific primers to selectively amplify parasite genetic sequences. PCR based Toxoplasma
diagnosis and detection was first developed in 1984, and the Toxoplasma Bl gene was
targeted for amplification as this gene was found to be conserved specifically in all strains of
Toxoplasma parasite (Remington et al., 2004). Diagnosis of toxoplasmosis using PCR has
been extensively applied in prenatal screening using amniotic fluid, as well as in suspected
patients using bodily fluids such as blood, urine, cerebrospinal fluid (CSF) and ocular
samples (Basavaraju, 2016, Remington et al., 2004).
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1.5 Treatment of toxoplasmosis

Several chemotherapeutic drugs are used to treat symptomatic toxoplasmosis or to prevent
clinical manifestation. The most effective and established therapy for the treatment of
toxoplasmosis is the synergistic combination of pyrimethamine and sulfadiazine, which
impairs folic acid biosynthesis and metabolism in the parasites (Dunay et al., 2018, Montoya
and Remington, 2008). Pyrimethamine works by inhibiting the enzymes dihydrofolate
reductase (DFHR) in the folic-folinic acid cycle while sulfonamides inhibit dihydropteroate
synthetase (DHPS) of the p-aminobenzoic acid (PABA) pathway (Alday and Doggett, 2017).
Symptomatic toxoplasmosis may require combination therapy of pyrimethamine,
sulfadiazine and folinic acid with minimum of two to a maximum of six weeks (Ben-Harari
etal., 2017).

Although this treatment is effective towards the tachyzoites (acute phase), it is accompanied
by many adverse effects and is not effective towards encysted bradyzoites (chronic phase),
allowing possibility of recurrence after treatment (Dunay et al., 2018, Montazeri et al., 2017,
Montoya and Liesenfeld, 2004). This treatment regimen is usually supplemented with folinic
acid to reduce the risk of bone marrow suppression (Remington et al., 2004). Unfortunately,
these drugs have other potential side effects such as thrombocytopenia, neutropenia,

leucopenia and hypersensitivity reactions (Dunay et al., 2018, Montazeri et al., 2017).

Other alternative anti-Toxoplasma drugs that are commonly used include atovaquone,
spiramycin, clindamycin, or diaminodiphenylsulphone (Hill and Dubey, 2002). Side effects
of these drugs have been reported, particularly spiramycin which is a teratogen and cannot
be used to circumvent prenatal toxoplasmosis (Montoya and Remington, 2008). Since these
drugs possess side effects and are ineffective against tissue cysts, there has been a continuous
need to develop new anti-Toxoplasma drugs (Alday and Doggett, 2017, Montazeri et al.,
2018).
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1.6 Peptidyl methyl ketones

Peptidyl halomethyl ketones are synthetic protease inhibitors specifically designed to
elucidate enzyme function and reaction mechanisms of serine and cysteine proteases (Liow
and Chow, 2013, Rajah and Chow, 2015). Both peptidyl chloromethylketone (CMK) and
peptidyl fluoromethylketone (FMK) are widely used as pharmacological and biochemical
tools, where the peptidyl moiety serves as the affinity group complementary to the S1 and S2
sites of the enzyme. The halomethyl ketone moiety functions as the reactive entity and forms
irreversible thiomethyl ketone with the cysteine or serine residue at the active site and
subsequently inactivates the enzyme (Lawrence et al., 2006, Powers et al., 2002). Peptidyl
CMKs are strong alkylating agents and possess numerous side effects besides blocking serine
or cysteine proteases. Peptidyl FMKs on the other hand are poorer alkylating agents and
therefore reduce significantly the non-specific alkylating effects. One of the first peptidyl
FMK synthesized was z-FA-FMK, which was designed to irreversibly block human
cathepsin B (Rasnick, 1985). However, it possesses immunosuppressive effects and blocks

T-cell proliferation (Lawrence et al., 2006) through oxidative stress (Rajah and Chow, 2015).

Proteases or proteolytic enzymes can be generally classified into 7 major groups based on
their catalytic residue: Aspartic, Cysteine, Glutamic, Serine, Threonine, Metallo and
Asparagine (Dou and Carruthers, 2011, Powers et al., 2002, Grzonka et al., 2001). The
peptidyl fluoromethylketone z-FA-FMK inhibits cathepsin B, a lysosomal cysteine protease
of the papain family involved in protein catabolism hydrolyzing peptide bonds in
polypeptides (Dou and Carruthers, 2011, Rasnick, 1985). Cysteine peptidases also called
thiol peptidases, are proteases that use a catalytic mechanism involving the nucleophilic thiol
group of cysteine for hydrolysis (Dou and Carruthers, 2011, Turk et al., 2012). Cathepsin
proteases are widely distributed in eukaryotic organisms which act classically as lysosomal
hydrolases that digest endogenous and exogenous endocytosed polypeptides (Barrett and
Kirschke, 1981). However, it is increasingly appreciated that cathepsins can also play more

specialized roles in higher eukaryotic organisms including spermatogenesis, antigen
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presentation, tumor invasion, degradation of matrix proteins and TNF-induced apoptosis
(Dou and Carruthers, 2011).

Interestingly, similar to higher eukaryotes, protozoan parasites appear to use cathepsin
endopeptidases for protein degradation and other specialized functions (Dou and Carruthers,
2011). Cysteine proteases are important for the growth, survival and pathogenesis of
apicomplexan parasites that infect humans (Siqueira-Neto et al., 2018, Turk et al., 2012,
Zhao et al., 2013). The apicomplexan T. gondii expresses five members of the papain-like
cysteine proteases, including one cathepsin L-like (TgCPL), one cathepsin B-like (TQCPB)
and three cathepsin C-like (TgCPCL1, 2 and 3) proteases (Siqueira-Neto et al., 2018). Recent
genetic, biochemical and structural studies revealed that these cathepsin-like proteases play
an important function in microneme and rhoptry protein maturation, host cell invasion,
replication and nutrient acquisition (Dou and Carruthers, 2011). Inhibition of TgCPB with
antisense RNA was reported to reduce infection in a chick embryo model of toxoplasmosis
(Que et al., 2004). TgCPL knockout strains and cathepsin L inhibitor treatment blocked
autophagy in cysts and reduce their survival (Di Cristina et al., 2017). The inhibition of
TgCPC1 and TgCPC2 by peptidyl inhibitor, Gly-Phe-dimethylketone reduced intracellular
parasite growth and proliferation (Que et al., 2007). Since these cathepsin-like cysteine
proteases appears to play important roles in T. gondii proliferation and infection processes,

this makes them potential anti-Toxoplasma drug targets.
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1.7 Stress response in T. gondii parasites

The T. gondii parasite possessing high virulence and a broad range of compatible host,
reflects the plasticity of the parasite to infect and converting the host nutrients and resources
to support its intracellular growth (Tymoshenko et al., 2015). As an obligate intracellular
parasite, T. gondii needs an intracellular environment rich with nutrients and shielded from
the host immune response to survive and multiply (Blader and Saeij, 2009, Blume and Seeber,
2018, Clough and Frickel, 2017, Jeffers et al., 2018). However, extracellular T. gondii
parasites are exposed to various forms of stress during acute infection, such as heat shock
(fever), oxidative stress and inflammatory cytokines (immune response) (Lyons et al., 2002).
In addition, host deprived extracellular tachyzoites are deprived of the protection and
nutrient provided by the host cell and may only remain viable for a limited duration
(Vonlaufen et al., 2008, Weiss and Kim, 2000). Hence, the parasites must adapt and cope
with these stresses to ensure successful infection and persistence within the host. The
differentiation of T. gondii between distinct stages, i.e. sporozoites, tachyzoites and
bradyzoites is essential for the parasite’s survival and transmission between hosts (Ferreira
da Silva Mda et al., 2008, Hill and Dubey, 2018). Studies over the years have documented
that exogenous stress factors, such as alkaline pH, IFN-y, drugs, heat shock, and nutrient
deprivation increases bradyzoite development in vitro (Gross et al., 1996, Soete et al., 1994,
Tomavo and Boothroyd, 1995, Weiss et al., 1995, Yahiaoui et al., 1999). Hence, T. gondii
differentiation is widely recognized as a stress-related response towards hostile
environmental conditions (Vonlaufen et al., 2008, Weiss and Kim, 2000).

Translational repression in T. gondii parasites towards stress has been reported and it is
associated with the elevation of phosphorylated Toxoplasma eukaryotic initiation factor-2
(TgIF2a) (Ghosh et al., 2012). This stress response pathway involves the phosphorylation of
the alpha subunit of the TgIF2a by stress-activated TgIF2a kinases (TgIF2Ks).
Phosphorylated TgIF2a represses protein translation, but only allowing translation of a subset
of mMRNAs associated with stress responsive factors (Narasimhan et al., 2008, Sullivan and

Jeffers, 2012). Interestingly, elevated TgIF2a phosphorylation was reported during T. gondii
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differentiation into bradyzoites. This suggests that the translation control is involved in the
modulation of gene expression to facilitate T. gondii stage conversion (Narasimhan et al.,
2008, Sullivan and Jeffers, 2012). Furthermore, bradyzoites in the quiescent state were found
to have higher levels of phosphorylated TgIF2a compared to actively proliferating
tachyzoites (Narasimhan et al., 2008). The translational repression mediated via TgIF2a
decreases protein synthesis in the parasite while promoting translation of a subset of mMRNASs
for the expression of genes associated with stress coping mechanisms and stage of
differentiation (Gebauer and Hentze, 2004, Jeffers et al., 2018, Nguyen et al., 2017b). Further
understanding on the mechanism of stress mediated response in driving T. gondii stage
conversion may reveal new approaches to tackle chronic toxoplasmosis (Bohne et al., 1999).

1.7.1 Oxidative stress in T. gondii parasites

Oxygen plays a critical role in all major metabolic processes in aerobic organisms where it
serves as the terminal electron acceptor in the oxidative phosphorylation pathway to drive
adenosine triphosphate (ATP) production (Gorlach et al., 2015). The incomplete or partial
reduction of oxygen leads to generation of Reactive Oxygen Species (ROS) intracellularly
as by product of normal cellular aerobic metabolism (Birben et al., 2012, Gorlach et al., 2015,
Rahal et al., 2014, Turrens, 2004). Exogenous derived ROS on the other hand are exposed to
cells directly possibly originating from environmental insults (Martindale and Holbrook,
2002). To protect against ROS-mediated damages, aerobic organisms are capable of
producing enzymes such as catalase, glutathione peroxidase, and superoxide dismutase,

which scavenges ROS (Liguori et al., 2018, Ozougwu, 2016, Rahal et al., 2014, Simon et al.,
2000). Oxidative stress occurs when there is an imbalance between pro-oxidant and
antioxidants which results in excessive levels of ROS (Poljsak et al., 2013, Rahal et al., 2014).
Excessive ROS levels directly causes oxidative damage to vital cellular macromolecules such
as DNA, membrane proteins and lipids which could lead to cellular dysfunction (Andreyev
et al., 2005, Martindale and Holbrook, 2002, Slesak et al., 2016, Trachootham et al., 2008).
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Being an aerobic protozoan parasite, T. gondii derives its energy mainly from a single tubular
mitochondrion, the main site of cellular respiration and oxidative phosphorylation which
drives cellular function (Turrens, 2004). Despite T. gondii being adapted to living within the
host cell, they are sensitive and continuously challenged by the redox balance within the
parasite (Liguori et al., 2018, Peng et al., 2003, Xue et al., 2017). Additionally, the host cell
also exerts oxidative stress towards the intracellular parasites due to the cell’s higher
metabolism and substrate turnover in the cytosol and the mitochondria (Andreyev et al., 2005,
Bosch et al., 2015, Gorlach et al., 2015). Therefore, ROS could directly cause harm to the
parasite or indirectly via disruption of the redox balance of the infected host cell (Bosch et
al., 2015, Jones and Go, 2010, Pino et al., 2007). Therefore, antioxidants are crucial in
providing protection against cellular damage caused by ROS in both T. gondii and its host

cell.

T. gondii have been shown to have an extensive network of antioxidants which includes
glutathione/glutathione disulphide, peroxiredoxins, superoxide dismutase and thioredoxins
which play a critical role in regulating the redox levels and to counter ROS mediated damages
(Bosch et al., 2015, Jones and Go, 2010, Odberg-Ferragut et al., 2000, Xue et al., 2017). In
the early phases of parasitic infection, host macrophages and natural Killer cells which serves
as the first line of immunological defense, utilize oxidative stress to counter infections
(Cabral and DaMatta, 2017, Denkers et al., 2003, Mammari et al., 2019). Interestingly, T.
gondii has been shown to differentiate from tachyzoite to bradyzoite form in response to the
oxidative stress induced by the immune system (Bohne et al., 1999, Bosch et al., 2015).
Remarkably, many of the current anti-parasitic drugs, such as anti-malarials (chloroquine)
and anti-trypanosomal agents (nifurimox and beta-lapachone) are pro-oxidants which
induces oxidative stress to counteract parasitic protozoan infections (Alday and Doggett,
2017, Montazeri et al., 2018, Pal and Bandyopadhyay, 2012). These accumulating evidences
show that parasitic protozoans in general are sensitive and vulnerable to oxidative stress.
Hence, investigation of the susceptibility and stress response mechanism of parasitic

protozoans toward oxidative stress can certainly provide new insights for novel anti-parasitic
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drug targets and formulation of therapeutic strategies by disrupting vital redox reactions and

to induce oxidative stress.

1.7.2 Nutrient requirements and starvation in T. gondii

T. gondii is an auxotroph which is not capable of synthesizing specific type of nutrients de
novo and thus must rely on scavenging them from the host cell. These essential nutrients
include small molecules such as glucose, arginine, iron, tryptophan, and purine nucleosides
(Zhuetal., 2019, McGovern et al., 2018, Tymoshenko et al., 2015). The parasite may acquire
these nutrients via diffusion across the PVM and transportation into the parasite via carrier
proteins or active membrane transport (Blader and Saeij, 2009, Fox et al., 2004). Intracellular
T. gondii parasites redirects host derived cholesterol into the PV by manipulating and
redirecting the host’s endosomal transport system (Charron and Sibley, 2002, Coppens et al.,
2013, Laliberte and Carruthers, 2008). The parasite primarily utilizes glucose for glycolysis
or mitochondrial oxidative phosphorylation as energy sources. However, bradyzoites have
amylopectin reserves, which is not found in tachyzoites. In this case, amylopectin serves as
an energy reserve for encysted bradyzoites during differentiation back into tachyzoite form
(Coppens et al., 2013). No apicomplexan parasites including T. gondii are able to replicate
or survive for extended durations in axenic media in the absence of host (Blume and Seeber,
2018, Clough and Frickel, 2017, Hill and Dubey, 2018). This indicates that T. gondii parasites
are heavily dependent on host to obtain sustenance for survival. The deprivation of the
essential amino acid arginine alone was reported to efficiently trigger differentiation of
replicative tachyzoites into bradyzoites (Blume and Seeber, 2018, Fox et al., 2004).
Additionally, nutrient deprivation in T. gondii parasites is also reported to lead to TgIF2a
phosphorylation, which is stress response mechanism which leads to translational repression
(Joyce et al.,, 2011, Narasimhan et al., 2008, Nguyen et al., 2017b). These findings
collectively demonstrate that nutrient starvation is a potent stress factor and inducer of

differentiation in T. gondii parasites.
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T. gondii was reported to possess several cathepsin-like cysteine proteases that are involved
in nutrient acquisition and other specialized roles which are important for the growth and
survival of apicomplexan parasites (Dou and Carruthers, 2011). The Toxoplasma lysosomal
vacuolar compartment (VAC) is an acidified organelle that bears resemblance to a plant-like
vacuole (Dou and Carruthers, 2011, Miranda et al., 2010, Parussini et al., 2010). Studies have
reported VAC contains two cathepsins, termed TgCPL and TgCPB as mentioned earlier (Dou
et al., 2013, Miranda et al., 2010, Parussini et al., 2010) and these proteases are closely
associated with lysosomes where protein degradation occurs. This implies that the VAC
functions as the terminal compartment of the parasite endolysosomal system (Dou and
Carruthers, 2011, Parussini et al., 2010). The VAC cathepsins have been reported to possess
proteolytic functions which are vital for parasite survival and persistence both in vitro and in
vivo. The disruption of VAC cathepsins has been shown to result in accumulation of parasitic
material and organelle remnants which led to the demise of the parasites (Di Cristina et al.,
2017). The digestion and breakdown of cellular components in the VAC is suggested to be
associated with autophagy, which may play an important role in T. gondii survival (Di
Cristina et al., 2017).
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1.7.3 Autophagy

The ability to sense nutrient deprivation and respond to starvation is important for cell
survival. The most notable features in response to starvation are the induction of both
translational repression and autophagy (Ghosh et al., 2012). Autophagy is a key catabolic
process of targeted degradation of dysfunctional or expendable proteins, cellular organelles
and cytoplasm components in eukaryotic cells (Inoue and Klionsky, 2010, Mizushima, 2007,
Siqueira-Neto et al., 2018). Autophagy is a cytoprotective response towards physiological
stresses such as nutrient starvation, oxidative stress, and accumulation of unfolded proteins
(Weidberg etal., 2011, Yorimitsu and Klionsky, 2005). As depicted in Figure 1.6, the process
of autophagy is characterized by the de novo formation of the isolation membrane, which
comprise of double membranes. The isolation membrane will envelop both cytoplasm and
organelle components into an enclosed autophagosome that acts as a containment site for
autophagic degradation. The subsequent fusion of the autophagosome with hydrolytic
compartments such as lysosomes would lead to specific and contained degradation of the
captured cellular components (Ghosh et al., 2012, Nguyen et al., 2017b, Weidberg et al.,
2011). The degradation of material within the autophagosome would regenerate building

blocks to ensure cellular survival during nutrient limitation (Weidberg et al., 2011).

The molecular machinery of autophagy was shown to have a high level of genetic
conservation from yeast to higher eukaryotes where 31 of autophagy-related genes (ATG)
and their proteins in yeast are largely conserved across mammals (Duszenko et al., 2011,
Herman et al., 2006, Klionsky et al., 2011, Yorimitsu and Klionsky, 2005). Although
intracellular parasites like T. gondii established itself within an intracellular host cell
environment which is nutrient rich, they do encode autophagy genes (Ghosh et al., 2012).
Bioinformatic studies have revealed the presence of homologues of many but not all of the
yeast ATG genes across several parasitic protozoa including T. gondii (Duszenko et al., 2011,
Herman et al., 2006, Klionsky et al., 2011). In line with this, studies have reported presence
of autophagosome-like structures in T. gondii parasite when subjected to nutrient limiting

conditions in vitro, but how and when the parasite encounters such conditions in vivo remains
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unclear (Besteiro et al., 2011a, Ghosh et al., 2012). Despite the fact that T. gondii parasites
do not possess lysosomes, autophagosome-like bodies are still formed thus implying that T.
gondii parasites may not share the exact autophagic pathway as eukaryotes (Duszenko et al.,
2011, Nguyen et al., 2017b, Subauste, 2019). Studies have reported that the knockout or
inhibition of the cysteine protease cathepsin L resulted in accumulation of autophagic
material in the bradyzoite VAC. This suggest that the VAC functions as part of the parasite
endolysosomal system, and associate with autophagosomes in the degradation of autophagic
material during chronic infection (Kannan et al., 2019, Siqueira-Neto et al., 2018). Some
studies have also suggested that T. gondii could modulate autophagic pathways in the
infected host cell and take advantage of the host autophagy to increase nutrient availability
to enhance its proliferation (Halonen, 2009, Subauste, 2019, Wang et al., 2009). Autophagy
in T. gondii parasites appears to be activated by stress and may play a critical role in
overcoming nutrient limitation via bulk protein turnover to enhance parasite survival during
chronic infection (Di Cristina et al., 2017, Ghosh et al., 2012, Nguyen et al., 2017b).

43



Autophagosome

{{isolation { ’ ; |
‘membrane J%C J\ ®.
N\ \ @J\to\

VESICLE
ELONGATION

VESICLE
NUCLEATION

J;'

Ly§ ohoms Lysosomal hydrolase

/ b / Autolysosome
~ ,
¢ v, g .
‘o,
s [ Y, -4 ~Ny
| f‘-_:’ - e 3 ]
L_} \ ;.\ > ¢ w
\ A w
DOCKING VESICLE BREAKDOWN
& FUSION & DEGRADATION

Figure 1.6. Schematic depiction of the mechanism of autophagy

Autophagy begins with the de novo formation of the phagophore or isolation membrane. The

phagophore vesicle elongates and envelops the targeted cytoplasm and organellar

components to form the autophagosome (vesicle elongation). The autophagosome

subsequently fuses a lysosome (docking and fusion) to form the autophagolysosome. In the

autophagolysosome, the engulfed material is degraded and recycled by the cell (vesicle
breakdown and degradation) (Adapted from Meléndez, A. and Levine, B. 2009).
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1.8 Aims and objectives

T. gondii is a highly virulent parasite that can infect all nucleated cells of homeothermic
animals including humans. T. gondii infection is highly prevalent, infecting almost one-third
of the global human population (Tu et al., 2018). T. gondii is the causative agent of
toxoplasmosis and it can lead to devastating congenital complications and life-threatening
diseases. T. gondii is capable of establishing lifelong chronic infection under immunological
pressure by differentiating into encysted bradyzoites which remain dormant as tissue cysts.
However, tissue cysts are able to reactivate back into a tachyzoite form under favorable
conditions, most notably in individuals with a compromised immune system (Bharti et al.,
2016, Ozgonul and Besirli, 2017, Sutterland et al., 2015). The dynamic and adaptive
differentiation of T. gondii from tachyzoites into bradyzoites in response to various stresses
during the chronic phase of toxoplasmosis is unclear. Despite the growing attention in
understanding the chronic phase of toxoplasmosis and cysts formation, not much is known
about the mechanism of differentiation from tachyzoites into bradyzoites. The
interconversion between these two stages of T. gondii plays a critical role in establishing
chronic infection and disease reactivation. Therefore, understanding the mechanism and
triggers of cyst formation is the key to minimizing parasite transmission and managing
chronic infection (Sullivan and Jeffers, 2012). The inability of current anti-Toxoplasma drugs
to eliminate cysts further highlights the importance in elucidating the underlying mechanisms
of this parasite differentiation. Understanding the underlying mechanisms of this process
could provide valuable insight into bradyzoite biology as well as identifying targets for the
treatment of chronic toxoplasmosis and its symptomatic diseases. To this end, our findings
indicate that the cathepsin B inhibitor, z-FA-FMK, which induces oxidative stress in T-cells
(Rajah and Chow, 2015) is able to inhibit the proliferation of T. gondii and induced a cyst-
like morphological change in the parasite. Therefore, we sought to characterize the altered
morphology of the parasites and to identify the possible mechanisms that underlie the

differentiation of T. gondii.
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CHAPTER TWO

MATERIALS AND METHODS



2.1 MATERIALS

2.1.1 Reagents
Table 1. 1 List of reagents

Reagents

3-Methyladenine (3-MA)
Ammonium oxalate

Bovine serum albumin (BSA)
Bradford reagent

Buthionine sulfoximine (BSO)
CHAPS

Chloroquine (CQ)

Crystal violet

DAPI

DBA-FITC
Dichlorofluorescin diacetate (DCFH-DA)
Dihydroethidium (DHE)
Dimethyl sulfoxide
Dithiothreitol

Dulbecco’s modified eagle’s medium (DMEM) high
glucose

Ethanol

Fetal bovine serum

HEPES

L-Glutamine

Magic red

Monochlorobimane (MCB)
MTS
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Supplier
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Merck, Germany
Bio-Rad, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA

Vector Laboratories, USA

Sigma-Aldrich, USA
Molecular Probes, UK
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Gibco, USA

J. Kollin, UK

Gibco, USA

Gibco, USA
Sigma-Aldrich, USA
ImmunoChemistry
Technologies, USA
Sigma-Aldrich, USA
Promega, USA



Paraformaldehyde (PFA)
Penicillin/Streptomycin
Phosphate buffered saline (PBS)
Phenazine methosulfate (PMS)
ProLong® Gold antifade mountant
Radio-Immunoprecipitation Assay (RIPA) cell lysis
buffer

Sucrose

Trypan blue

Trypsin 0.25% in ImM EDTA
z-FA-DMK

z-FA-FMK

z-RR-AMC
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Sigma-Aldrich, USA

Gibco, USA

Calbiochem, USA

Sigma, Ukraine

Thermo Fisher Scientific, USA
Thermo Fisher Scientific, USA

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Gibco, USA

Bachem, switzerland
Bachem, switzerland

Bachem, switzerland



2.1.2 Materials

Table 1. 2 List of materials and equipment

Equipment and consumables
27-gauge needles

96-well plates

Automatic pipettor

Camera

Cell scraper

Centrifuge

Centrifuge tubes (15ml)
Centrifuge tubes (50ml)
Cryovial

Eppendorf tubes (0.5 and 1.0ml)
FACSCalibur flow cytometer
Falcon tube

Fluorescent microscope

Gloves

Hemacytometer and cover slips
Humidified cell culture incubator
Inverted microscope

Lamina flow hood

Microtitre plate reader

Pipette tips

Pipettes (0.5-10ul)

Pipettes (100-1000ul)

Pipettes (10-100ul)
Polycarbonate membrane filter
Syringe

Water bath

Supplier

Terumo, Japan

Orange Scientific, Belgium
Finnpipette, Finland

Nikon Digital Sight (DS-U2), Japan
SPL life sciences, Korea

Thermo Fisher Scientific, USA
Orange Scientific, Belgium

Becton Dickinson, USA

Corning, USA

Axygen, USA

Becton Dickinson, USA

Becton Dickinson, USA

Olympus (Model BX51), Japan
IRONSskin, UK

Hirschmann Laborgerate, Germany
RS Biotech (Galaxy S), UK

Nikon Eclipse TS100, Japan

ESCO Lab Culture Class Il Type A2,
Singapore

BIO-TEK M200, USA

Axygen Scientific, USA
Eppendorf, USA

Eppendorf, USA

Eppendorf, USA

Whatman, UK

Terumo, Japan

Stuart, USA
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2.2 Cell culture techniques

2.2.1 Culture of human foreskin fibroblast (Hs68) cells

The human neonatal foreskin fibroblast cell line (Hs68) was obtained from ATCC (CRL-
1446). Handling of all cell culture procedures were performed in Class Il biosafety cabinets.
Hs68 cells were maintained in Dulbecco’s modified eagle’s medium (DMEM) high glucose,
supplemented with 10% (v/v) fetal bovine serum (FBS), 2mM L-glutamine and antibiotics
(penicillin-100 units/ml and streptomycin-100 pg/ml). The Hs68 cells were cultured in 75¢cm?
cell culture flask in a humidified incubator at 37°C with 5% CO- in air. The culture medium
was replaced every 48h until the Hs68 cells reached confluence. For subculture of Hs68 cells,
confluent cells were rinsed with phosphate buffer saline (PBS) before incubating with 0.25%
trypsinin ImM EDTA (2ml) at 37°C for 2min to detach the cells from the culture flask. Once
the cells were confirmed detached by observing under the inverted microscope, 10ml of
DMEM was added to the cells to inactivate the trypsin. The detached cells in suspension

were then subcultured into four 75cm? culture flasks.

2.2.2 Cryopreservation and revival of Hs68 cells

Detached Hs68 cells in DMEM were centrifuged at 1200rpm for 10min at 4°C. Following
centrifugation, the cell pellet was suspended with 1ml of pre-cooled freezing medium
consisting of 95% (v/v) DMEM medium and 5% (v/v) dimethyl sulfoxide (DMSO). The
Hs68 cells in freezing medium were transferred to pre-cooled cryovials and stored in a -80°C
freezer. After 24h, the frozen vials were transferred and stored in liquid nitrogen for long-
term cryopreservation. Revival of cryopreserved Hs68 cells was performed by thawing a
frozen vial of cells in 37°C water bath. The thawed cell suspension was transferred to 10mi
DMEM media pre-warmed to 37°C and centrifuged at 1200rpm for 10min. The cell pellet
was resuspended with 15ml of 37°C pre-warmed DMEM media and transferred into a 75cm?®

tissue culture flasks before incubation in a humidified incubator at 37°C with 5% CO: in air.
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2.2.3 Continuous in vitro culture of T. gondii (RH and ME49 strain)

2.2.3.1 Infection of Hs68 cells with T. gondii tachyzoites

Hs68 cells were used as host cells for the continuous culture of RH and ME49 strains of T.
gondii. All the experimental procedures involving T. gondii tachyzoites (RH and ME49
strain) were performed in Class Il biosafety cabinets. Once the Hs68 cells reach confluence,
the media was replaced with infection media (complete DMEM with 1% (v/v) FBS) and
simultaneously inoculated with 4x10° tachyzoites (RH or ME49 strain). Subsequently, the
tachyzoites were allowed to infect the Hs68 cells for 24h and unattached parasites were

removed by rinsing the host cells with 10ml pre-warmed infection medium.

2.2.3.2 Harvesting of T. gondii from infected Hs68 cells

After 48h post-infection, most of the Hs68 monolayer would lyse, releasing tachyzoites into
the culture supernatant. Any intact Hs68 cells harboring tachyzoites were scraped using a
cell scraper. Next, both the host cells and tachyzoites in suspension were passed through a
27-gauge needle in order to completely lyse the host cells. This will facilitate the release of
every remaining intracellular tachyzoites into the culture medium. The lysed cell suspension
containing parasites was centrifuged at 1000g for 15min and the pellet was resuspended in
5ml DMEM media before filtering through a 3um polycarbonate membrane filter. Cell debris
were removed during filtration while the tachyzoites pass through the filter. Finally, the
filtered parasite suspension was centrifuged again at 400g for 15min before resuspension in
5ml of infection media. The number of freshly harvested tachyzoites was counted using

trypan blue exclusion assay for subsequent experiments, serial passaging or cryopreservation.
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2.2.3.3 Cryopreservation of T. gondii tachyzoites

Freshly harvested and purified extracellular tachyzoites were centrifuged at 400g for 10min.
Following centrifugation, the parasite pellet was resuspended with 1ml of pre-cooled freezing
medium consisting of 85% (v/v) FBS and 15% (v/v) DMSO. The tachyzoites in freezing
medium were transferred to pre-cooled cryovials and stored in a -80°C freezer for 24h before
transferred to liquid nitrogen for long-term cryopreservation.

Revival of cryopreserved tachyzoites was carried out by thawing a frozen vial in a 37°C
water bath. The entire thawed parasite suspension was added to confluent Hs68 cells in a
culture flask with 10ml of 37°C pre-warmed infection media. The cells inoculated with the
parasites were incubated in a humidified incubator at 37°C with 5% CO; in air. After 24h
post infection, any unattached parasites were removed by rinsing off the Hs68 cells with 10ml

of pre-warmed infection medium.
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2.2.4 Determination of cell and T. gondii density

Trypan blue exclusion assay was used to quantify the density of viable cells present in the
cell suspension. Trypan blue is a vital dye that permeates and selectively stains dead cells
with compromised membrane integrity (Strober, 2001, Tran et al., 2011). Viable cells are
able to exclude the entry of trypan blue and thus appear to be translucent and unstained,
whereas dead cells will be stained blue. Trypan blue exclusion was therefore used to

determine both viability and density of cells and T. gondii parasites in suspension.

e For Hs68 cells, 10ul of the Hs68 cell suspension was added with 10ul of 0.4 % (w/v)
trypan blue dye (1:2 dilution factor).

e For T. gondii parasites, 0.5ul of the parasite suspension was added with 19.5ul of
trypan blue dye (1:40 dilution factor).

The cell/parasite suspension with added trypan blue was incubated at room temperature for
Imin. Following incubation, 10ul of stained cell/parasite suspension was pipetted onto a
haemocytometer and the viability of Hs68 cells and tachyzoites were scored using an inverted

microscope at 100x and 200x magnification respectively.

The Hs68 cell and tachyzoite density in number of cells/ml or tachyzoites/ml was calculated
using the formula as described below:

Number of cells / tachyzoites per ml = N/4 x DF x 10*

N = The total number of counted viable cells / parasite across all four quadrants
DF = The dilution factor of cell / parasite suspension added with trypan blue

10* = Volume correction factor
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2.3 Treatments of tachyzoites

Freshly isolated T. gondii tachyzoites from Hs68 cells were treated with various
concentrations of benzyloxycarbonyl-phenylalanine-alanine-fluoromethylketone (z-FA-
FMK) or benzyloxycarbonyl-phenylalanine-alanine-diazomethylketone (z-FA-DMK) where
indicated. z-FA-FMK and z-FA-DMK were dissolved sterile DMSO to obtain stock solution
of 50mM. The different concentrations of z-FA-FMK and z-FA-DMK were prepared by
diluting the peptidyl FMK with infection media accordingly. To study the role of oxidative
stress, tachyzoites were treated with buthionine sulfoximine (BSO) at concentrations where
indicated with or without the presence of z-FA-FMK. The final concentration of the carrier
solvent (DMSOQO) in each treatment never exceeded 0.2% (v/v). Chloroquine (CQ), and 3-
methyladenine (3-MA) were prepared using sterile deionized water (dH20). All tachyzoites
were treated at a density of 4x10%/well in a final volume of 1ml in a humidified incubator at
37°C in 5% atmospheric CO. As shown in Figure 2.1., the tachyzoites were allowed to
invade the host cells for 24h to establish infection before treatment with various compounds
begin where indicated. The treatment duration ranged from 72h or 96h depending on the

assay parameters.

Infection of

confluent Hs68 z-FA-FMK
treatment
monolayer
| | | l | ]
| | | | | L
-24h 0h 24h 48h 72h 96h
l Plaque Assay

PV count

Parasite count
DBA-FITC staining

Reversibility assay

Figure 2.1. T. gondii treatment and experimental timeline
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2.4 Biochemistry and cell biology assays

2.4.1 MTS cell viability assay

The MTS assay is a colorimetric quantification of cell viability in mammalian cells. It utilizes
MTS  [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium], a tetrazolium salt which is bioreduced into a soluble formazan product by the
mitochondrial dehydrogenase enzymes in metabolically active cells (Johnson et al., 2000).
The bioreduction of MTS requires the presence of PMS (Phenazine methosulphate) as an
electron carrier (Hua et al., 2019). The absorbance of the formazan formed can be determined
at 490nm, and the amount is directly proportional to the number of living cells. After
treatments where indicated, 20ul of freshly prepared MTS/PMS solution at (5:1 v/v) were
added to the cell culture (100ul media) in the wells of a 96-well plate.

The plate was incubated at 37°C in an incubator with 5% CO in air for 2h before reading the
absorbance at 490nm using a Tecan 200 ELISA plate reader. All samples were assayed in
triplicate. The absorbance of the supernatant in treated cells was compared to control cells

and the percentage of viability was calculated as follows:

Adjusted absorbance of treated cells
00%

P t f viability (%) =
ercentage of viability (%) Adjusted absorbance of control cells x

(Adjustment of absorbance was done by subtracting the blank absorbance)
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2.4.2 Monitoring infectivity of T. gondii tachyzoites via parasitophorous vacuole (PV)

formation

The lytic proliferation cycle of T. gondii tachyzoites involves active invasion and subsequent
PV formation in the infected host cell. The number of PVs formed thus correlates directly to
the ability of the parasite to infect cells or proliferate and complete the lytic cycle. By
monitoring the number of PVs formed, the infectivity and progression of the lytic cycle of
the parasites in a monolayer cell can be studied in vitro. Hs68 cells were grown to confluence
in 24-well plate before inoculated with T. gondii tachyzoites for 24h before treatment as
described in Section 2.3. Optimized number of tachyzoites were inoculated to the confluent
Hs68 cells so that a complete destruction of the monolayer was achieved at the end of the
experiment timeline. The infected cultures with treatments were examined every 24h using
an inverted microscope with a 40x objective. The number of PV formed directly correlates
with the ability of T. gondii tachyzoites to infect cells, PVs were scored in 10 randomized
microscopic field across the infected Hs68 cells.

2.4.3 Assessment of T. gondii tachyzoite proliferation using trypan blue exclusion
assay

Trypan blue is a vital dye that selectively stains dead cells with compromised membrane
integrity (Strober, 2001, Tran et al., 2011). This allows the determination of total viable
tachyzoite count following treatment, which correlates to the proliferation of the parasite
culture. Confluent Hs68 cells grown in 24-well plate were inoculated with T. gondii
tachyzoites for 24h before treatment as described in Section 2.3. After 72h treatment, the
remaining intact Hs68 cells in the 24-well plate were detached using a cell scraper. The cell
and tachyzoite suspension were passed through a 27-gauge needle to release any remaining
intracellular tachyzoites into the suspension. The number of viable T. gondii parasites in the
suspension across all treatment groups was examined using the trypan blue exclusion assay
as described in Section 2.2.4. The dilution of the parasite suspension with trypan blue was

adjusted accordingly based on the number of tachyzoites present.
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2.4.4 Assessment of intracellular T. gondii tachyzoites lytic growth using plaque assay

The plaque assay serves as a reliable assessment of T. gondii virulence which relies on
successful lytic proliferation cycle which requires parasite invasion, replication, egress and
subsequent invasion (Ufermann et al., 2017, Vinayak et al., 2014). Repeated T. gondii
tachyzoite lytic cycles result in lysis of host cells and leads to formation of visible plaques
on monolayer of cells. Confluent Hs68 cells grown in 24-well plates were inoculated with
tachyzoites for 24h before treatment as described above (Section 2.3). Following 96h
treatment with various compounds where indicated, the monolayer cells were rinsed with
PBS twice before fixing using ice-cold absolute ethanol for 5Smin. The monolayer cells were
then stained with crystal violet solution (2.5% crystal violet, 30% ethanol, 1% ammonium
oxalate) for 1min. The cells were rinsed with PBS to remove excess crystal violet stain. Intact
cells will be stained with crystal violet dye while lysed cells (plaque) appear as empty and
unstained regions. The plaques formed were examined and captured across randomized
microscopic fields using an inverted microscope under 200x magnification. The
measurement of plaque area formed was performed using NIS Elements Basic Research

Microscope Imaging Software (Nikon).
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2.4.5 Detecting intracellular T. gondii cyst using Dolichos biflorus agglutinin (DBA)

lectin

Confluent Hs68 cells grown in 8-well chamber slides were inoculated with T. gondii
tachyzoites for 24h prior to treatment where indicated. The formation of cyst wall was
determined by detecting a characteristic modification in the cyst membrane component (N-
acetyl-D-galactosamine) which selectively binds to DBA-lectin (Buchholz et al., 2013).
Following treatment for 72h, the cells were rinsed with PBS for 10min and subsequently
fixed and permeabilised using ice-cold methanol for 5min. The fixed cells were washed with
ice-cold PBS for 10min before incubating with DBA-lectin conjugated with fluorescein
isothiocyanate (FITC) at the concentration of 20pug/ml in PBS with 3% bovine serum albumin
(BSA) for 2h in the dark. Following incubation, the cells were washed with PBS and stained
with DAPI before mounted with ProLong® Gold antifade mountant. After mounting with
coverslips, the slides were allowed to cure for 24h at 4°C in the dark prior to fluorescence
microscopic examination under 60x objectives using Olympus fluorescence microscope
(Model BX51).
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2.4.6 Assessment of z-FA-FMK withdrawal on T. gondii propensity to proliferate in
Hs68 cells

As shown in Figure 2.2, confluent Hs68 cells grown in 24-well plate were inoculated with T.
gondii tachyzoites for 24h before treatment as described earlier (Section 2.3). Following
treatments for 72h where indicated, the medium was replaced with 1ml fresh pre-warmed
infection medium without z-FA-FMK. Following the withdrawal of z-FA-FMK, the number
of PVs were determined across 10 randomized microscopic field in the infected Hs68 cells
at the time points where indicated. After 6 days (144h), the monolayer cells were scraped and
lysed, and the number of viable tachyzoites determined using trypan blue exclusion assay.
At this stage, control treated cultures start to show plaques indicating the destruction of the
Hs68 cells.

Infection of
confluent Hs68
monolayer

| | |

| | L
| | |

-24h Oh 72h

z-FA-FMK z-FA-FMK
treatment withdrawal

Reversibility assay

PV count (24h interval) l

Parasite count

Figure 2.2. Treatment timeline to assess effect of z-FA-FMK withdrawal on the

virulence of T. gondii
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2.4.7 Measurement of intracellular glutathione (GSH) levels using monochlorobimane
(MCB)

Monochlorobimane (MCB) is a cell permeable non-fluorescent probe which specifically
forms a highly blue fluorogenic adduct when bound to GSH (Kamencic et al., 2000). MCB
Is widely used to measure intracellular GSH levels in both mammalian cells and parasites
(Al-Adhami et al., 2006, Kathuria et al., 2014, Palit et al., 2012, Williams et al., 2014).
Following treatments where indicated, Hs68 cells or T. gondii parasites were washed with
100ul of PBS before resuspension in 100ul of MCB (100uM) in PBS. The fluorescence
intensity was measured following incubation at 37°C for 30min in the dark, using excitation
wavelength of 390nm and emission wavelength of 460nm in a Tecan 200 ELISA plate reader.

Complete media with MCB was used as background fluorescence control.

2.4.8 Measurement of intracellular reactive oxygen species (ROS) production in Hs68

cells

2.4.8.1 Intracellular ROS (superoxide) measurement using dihydroethidium (DHE)

The production and intracellular accumulation of superoxide ROS in treated both Hs68 cells
and extracellular tachyzoites was detected using DHE probe. DHE is a redox sensitive
fluorogenic probe that reacts with superoxides to form 2-hydroxyethidium, which
subsequently intercalates with nuclear DNA to emit red fluorescence (Kim et al., 2016,
Owusu-Ansah et al., 2008). Following treatments where indicated, Hs68 cells were
trypsinized and transferred to a 5ml tube and centrifuged down at 1000rpm for 10min. The
cell pellet was washed with PBS before incubated with 10uM DHE in 500ul serum-free
DMEM medium at 37°C in the dark for 30min. For the parasites, treated extracellular
tachyzoites were processed the same way as Hs68 cells. Following DHE staining, Hs68 cells
or extracellular tachyzoites were washed twice using ice-cold PBS and resuspended in 500pl
PBS prior to flow cytometry analysis (FACSCalibur, Becton Dickinson). The fluorescence
intensity of DHE was monitored using FL-2 channel (excitation wavelength at 519nm and

emission wavelength at 605nm).
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2.4.8.2 Intracellular ROS (peroxyl and hydroxyl radicals) measurement using
dichloro-fluorescein diacetate (DCFH-DA)

Dichloro-fluorescein diacetate (DCFH-DA) is a cell permeable peroxyl and hydroxyl radical
specific probe which is trapped intracellularly following deacetylation by cellular esterases
to form DCFH. Intracellular peroxyl and hydroxyl radicals reacts with DCFH to produce the
highly fluorescent form 2,7-dichlorofluorescein (DCF) (Aranda et al., 2013, Baranwal et al.,
2014). Accumulation of intracellular peroxyl and hydroxyl radicals in Hs68 cells and
extracellular tachyzoites were assessed using flow cytometry analysis. Following treatments
where indicated, Hs68 cells were trypsinized and transferred to a 5ml tube and centrifuged
down at 1000rpm for 10min. The cell pellet was washed with PBS before incubating with
10puM DCFH-DA in 500pul serum-free DMEM medium at 37°C in the dark for 30min. For
parasites, the treated extracellular tachyzoites were transferred to a 5ml tube and centrifuged
down at 3000rpm for 10min. The tachyzoite pellet was processed the same procedure as Hs68
cells. Following DCFH-DA staining, Hs68 cells or extracellular tachyzoites were washed
twice using ice-cold PBS and resuspended in 500ul PBS prior to flow cytometry analysis
(FACSCalibur, Becton Dickinson). The fluorescence intensity of DCFH-DA was monitored

using FL-1 channel (excitation wavelength at 488nm and emission wavelength at 525nm).
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2.4.9 Preparation of cell lysates and determination of protein concentration

2.4.9.1 Extraction of cell lysates

After treatments where indicated, Hs68 cells were harvested by trypsinization and
centrifuged at 1500rpm for 15 min at 4°C. Extracellular tachyzoites were centrifuged at
1000g for 15min at 4°C. The cells or tachyzoites were washed with 1x PBS before
resuspended in 25ul Radio-Immunoprecipitation Assay (RIPA) cell lysis buffer and
subjected to 3% freeze-thaw cycle using liquid nitrogen to obtain the cell lysates. The cell
lysates were stored at -20°C freezer until use. The protein concentrations of the cell lysates
were determined using Bradford protein assay and normalized prior to subsequent

experiments.

2.4.9.2 Protein quantification using Bradford protein assay

The Bradford protein assay was used to determine the concentration of protein in the cell
lysates. The assay utilizes Coomasie Brilliant Blue G-250 dye that converts into a blue
unprotonated form in the presence of proteins (Grintzalis et al., 2015). The intensity of
Coomasie Brilliant Blue which correlates and is proportional to the amount of protein could
be quantitatively measured at 595nm. A series of protein standards were prepared using serial
dilutions of bovine serum albumin (BSA) (2mg/ml). Cell lysates that were extracted as
described earlier (Section 2.4.9.1) were diluted (1:20) with dH-O prior to Bradford protein
assay. Aliquots of 5ul each of protein standards and diluted lysate samples were transferred
to a 96-well microtiter plate with 250l of Bradford reagent. The mixture was incubated at
room temperature for 30min in dark, before measuring the absorbance at 595nm using a
Tecan 200 ELISA plate reader. A standard curve was constructed from the protein standards

and the cell lysate protein concentration was calculated.
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2.4.10 Measurement of cathepsin B activity

2.4.10.1 Measurement of cathepsin B activity in lysates using fluorogenic substrate z-
RR-AMC

Cathepsin B activity in Hs68 cells or tachyzoite lysates was measured by detecting the
cleavage of the fluorogenic substrate z-RR-AMC. The cathepsin B specific substrate contains
the fluorescent leaving group, AMC which is released upon cleavage of the P1 and P2 sites
(Que et al., 2002). The cathepsin B activity in Hs68 cell or tachyzoite lysates was assayed
using 30pg protein in a final concentration of 100uM substrate in 1mM HEPES buffer
containing 10% sucrose, 0.1% CHAPS, 2% DMSO and 10mM dithiothreitol (DTT) in a final
volume of 100ul. The fluorescence signal was measured following incubation at 37°C for
30min using a Tecan 200 ELISA plate reader at excitation and emission wavelength of

370nm and 440nm respectively.

2.4.10.2 Measurement of cathepsin B activity in live cells using Magic Red cathepsin B
assay

Magic Red is a cell permeable cathepsin B specific probe that emits red fluorescence upon
enzymatic cleavage by cathepsin B at one or both arginine (R) amide linkage sites on the
cresyl violet fluorophore conjugated to Magic Red. The Magic Red fluorogenic substrate
penetrates across internal cellular organelles such as lysosomes, thus allowing detection of
cathepsin B activity in live cells (Kratschmer and Levy, 2018). Magic Red substrate was used
to detect cathepsin B activity according to the manufacturer’s protocol. Following treatment
where indicated, Hs68 cells or extracellular tachyzoites were incubated with Magic Red
diluted in 1ml final volume of prewarmed DMEM culture media. The cells or parasites were
incubated with the Magic Red staining solution in the dark at 37°C for 60min. Following that,
the staining solution was aspirated and the cells or tachyzoites were washed twice with PBS.
The fluorescence signal was measured using a Tecan 200 ELISA plate reader at excitation
and emission wavelength of 592nm and 628nm respectively. Cathepsin B activity in live cells

or tachyzoites was also visualized using a Olympus fluorescence microscope (Model BX51).
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2.5 Statistical analysis

The results obtained were analyzed using the GraphPad Prism Software. Results shown were
the mean value * standard error of the mean (SEM) from three independent experiments.
Comparisons between two independent groups were analyzed using Student’s t-test.
Statistical difference between multiple independent groups were analyzed using one-way
analysis of variance (ANOVA) followed by post hoc comparison using Tukey’s test. The

statistical p-value less than 0.05 were considered as statistically significant.
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CHAPTER THREE

The cathepsin B inhibitor, z-FA-FMK inhibits
proliferation of T. gondii parasites and induces
parasite cyst formation
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3.1 Introduction

Toxoplasma gondii is a unicellular parasitic protozoan with worldwide distribution and T.
gondii infection leads to the development of a disease called toxoplasmosis (Hill and Dubey,
2002). Toxoplasmosis can lead to devastating congenital complications, neonatal mortality
and various life-threatening diseases in both humans and homeothermic animals alike (Bharti
et al., 2016, Sutterland et al., 2015). Acute toxoplasmosis is usually self-limiting and lack of
clinical symptoms as the parasites are usually suppressed by the host immune response
(Gross et al., 1996, Hill et al., 2005, Lyons et al., 2002). Toxoplasmosis can progress into
chronic stage when tachyzoites differentiates into encysted bradyzoites, which remains
dormant and harmless under immunological surveillance (Lyons et al., 2002). However, once
the individual immune system is weakened due to AIDS, cancer chemotherapy or undergoing
immunosuppressive therapy following organ transplant, latent infection reactivates through
the differentiation of encysted bradyzoites into tachyzoites which leads to the manifestation
of clinical complications (Bharti et al., 2016, Sutterland et al., 2015).

Pathogen persistence and latency are conserved strategies that are advantageous to various
pathogens to increase their chances of successful transmissions. The ability of Toxoplasma
to form latent cysts is an evolutionary trade-off to enhance parasite persistence and
transmission (Sullivan and Jeffers, 2012). The interconversion between tachyzoites and
bradyzoites plays a critical role in toxoplasmosis pathogenesis via establishing a chronic
infection and enabling disease reactivation (Lyons et al., 2002). Additionally, the ability of
T. gondii to differentiate into encysted bradyzoites prevents their eradication by both immune
system and current anti-Toxoplasma drugs such as pyrimethamine and sulfadiazine (Montoya
and Liesenfeld, 2004, Sullivan and Jeffers, 2012). Despite the growing scientific interest and
studies on the chronic toxoplasmosis and cyst biology, not much is known about the

mechanism of T. gondii differentiation (Watts et al., 2015).

In recent years, various stress conditions have been used to trigger tachyzoite differentiation

into tissue cysts in vitro and this has contributed significantly to the understanding of T.
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gondii cyst biology (Dzierszinski et al., 2004, Singh et al., 2002). These approaches to induce
T. gondii differentiation can be classified into different stress factors such as alkaline medium,
interferon gamma (IFN-y), heat shock, chemicals or drugs and nutrient depletion (Ferreira da
Silva Mda et al., 2008). One of the simplest and most widely used approaches to induce T.
gondii cyst formation in vitro involves growing the parasites in alkaline medium (Lyons et
al., 2002, Soete et al., 1993). However, alkaline medium stress treatment does not represent
a physiological stress condition in vivo (Ferreira da Silva Mda et al., 2008). On the other
hand, formation of bradyzoite cysts via stresses such as heat shock and pro-inflammatory
cytokines are more physiological, attributed to fever and various factors in the host immune
response respectively in vivo (Sullivan et al., 2009).

T. gondii are auxotrophic obligatory intracellular parasites, which makes them very sensitive
to axenic conditions, deprivation of essential nutrients and growth factors (Black and
Boothroyd, 2000, Blader and Koshy, 2014). The highly virulent tachyzoite form has a higher
nutritional demand than the slow replicating bradyzoite form. It has also been reported that
deprivation of the amino acid arginine inhibits parasite replication and triggers formation of
cyst in vitro (Fox et al., 2004). Other than that, disrupting pyrimidine de novo biosynthesis
which is essential for producing the building blocks for nucleic acid synthesis appears to
induce bradyzoite differentiation in T. gondii tachyzoites (Fox and Bzik, 2002). Tachyzoites
exposed to axenic conditions briefly have increased tendency to form cyst and exhibit signs

of bradyzoite differentiation when they establish infection later on (Yahiaoui et al., 1999).

A characteristic hallmark during the differentiation from tachyzoites to bradyzoites is the
formation of the cyst wall (Sullivan and Jeffers, 2012). The cyst wall consists of the
glycoprotein CST1, which protects the bradyzoites physically and also from the immune
system, allowing the bradyzoites to enter a dormant state and establish chronic infection
(Tomita et al., 2013, Zhang et al., 2001). The glycoprotein CST1 consists of N-acetyl-
galactosamine and was shown to localize exclusively to cyst wall in vivo and in vitro (Tomita

et al., 2013). The highly glycosylated structure of the cyst wall allows it to be readily stained
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and identified with Dolichos biflorus lectin (DBA) which specifically binds to N-acetyl-
galactosamine (Buchholz et al., 2013, Tomita et al., 2013).

Recent studies have suggested that parasitic cysteine proteases may be potential
chemotherapeutic intervention targets across various protozoan pathogens such as
Plasmodium spp., T. brucei, T. cruzi and T. gondii (Engel et al., 1998, Rosenthal et al., 1993,
Scory et al., 1999, Shaw et al., 2002). These pathogens appear to utilize cysteine proteases
for similar functions such as establishing infection, virulence and growth (Siqueira-Neto et
al., 2018). The T. gondii cathepsin B cysteine protease has been shown to play a vital role
during parasite invasion and proliferation (Chaparro et al., 2018, Que et al., 2004). One of
the earliest cathepsin-B inhibitors synthesized is z-FA-FMK, with amino acids phenylalanine
and alanine on the P1 and P2 position respectively (Lawrence et al., 2006, Powers et al.,
2002). This cathepsin B inhibitor is a synthetic peptide inhibitor that irreversibly alkylates
the cysteine residue at the cathepsin B active site, thereby irreversibly blocking its proteolytic
activity (Ahmed et al., 1992, Bang et al., 2004, Schotte et al., 2001). The main objective in
this chapter was to examine the potential anti-proliferative effects of the cathepsin B inhibitor,
z-FA-FMK on T. gondii tachyzoites (RH and ME49 strains) in vitro. Secondly, to examine
whether T. gondii treated with z-FA-FMK undergoes stage differentiation from tachyzoites

into intracellular cysts.
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3.2 Results

3.2.1 The cathepsin B inhibitor, z-FA-FMK is non-toxic in Hs68 cells and T. gondii
tachyzoites

In order to examine the effect of z-FA-FMK on T. gondii proliferation, its potential toxic
effect on Hs68 host cells and extracellular tachyzoites was first examined. Hs68 cells were
treated with various concentrations of z-FA-FMK for different time points and the cell
viability was determined using the MTS cell viability assay. As shown in Figure 3.1A, z-FA-
FMK did not induce any toxicity in Hs68 cells with increasing concentrations up to 100uM.
The viability of z-FA-FMK treated Hs68 cells remained high (>90%) even after 72h
treatment. Similarly, z-FA-FMK at concentrations increasing up to 100uM was also non-
toxic to extracellular tachyzoites of the RH strain and ME49 strain up to 6h as shown in
Figure 3.1B and 3.1C respectively. The results indicate that z-FA-FMK possesses no adverse

effects and is non-toxic to Hs68 cells and both RH and ME49 strains of T. gondii tachyzoites.
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Figure 3.1. Effect of z-FA-FMK on Hs68 cell and tachyzoites (RH and ME49 strain)
viability

Hs68 cells were treated with various concentrations of z-FA-FMK and the cell viability (A)
was determined at different time points where indicated using the MTS assay as described in
Materials and Methods. Extracellular T. gondii tachyzoites RH strain (B) and ME49 strain
(C) were treated with various concentrations of z-FA-FMK and the number of viable
tachyzoites was determined at different time points where indicated using the trypan blue

exclusion method as described in Materials and Methods. The results represent the means +
SEM from three independent experiments.
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3.2.2 z-FA-FMK reduces the invasion of extracellular T. gondii parasites (RH and
MEA49 strains) into Hs68 cells

Since z-FA-FMK is non-toxic to Hs68 cells and extracellular tachyzoites, the potential anti-
proliferative effects of this peptidyl FMK on both Type-1 (RH) and Type-2 (ME49) strains
were examined. To this end, confluent Hs68 monolayer cells were inoculated with
tachyzoites from RH or ME49 T. gondii strains in the presence of z-FA-FMK. The formation
of PVs following successful invasion into host cells was assessed after 24h post-infection.
As shown in Figure 3.2A, z-FA-FMK significantly reduced the number of PV formed in a
dose-dependent manner after 24h in the RH strain, indicating that z-FA-FMK readily blocks
the invasion of tachyzoites into Hs68 host cells. On the other hand, z-FA-FMK was less
effective with the ME49 strain and much higher concentration (>75uM) was required to
reduce significantly the number of PV formed in the host cells (Figure 3.2B). These results
indicate that z-FA-FMK was able to reduce the infectivity of tachyzoites by preventing the
invasion of tachyzoites into Hs68 host cells.
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Figure 3.2. Effect of z-FA-FMK on extracellular T. gondii (RH and ME49 strain)
tachyzoite infectivity

Number of PV formed in Hs68 cells by RH strain (A) and ME49 strain (B) tachyzoites
following parasite inoculation in the presence of z-FA-FMK for 24h. The PVs formed were
examined under 40x magnification and the number of PV was scored across 10 randomized
microscopic field. The results represent the means = SEM from three independent
experiments, where * indicates p < 0.05 versus untreated control.
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3.2.3 z-FA-FMK inhibits PV formation and reduces total parasite count in T. gondii
infected Hs68 cells

The proliferation of T. gondii in Hs68 host cells consists of repeated lytic cycle involving
host cell invasion, proliferation and rupture. Previous results (Figure 3.2) indicated that host
cell invasion or infectivity was blocked by z-FA-FMK. However, it is not clear whether z-
FA-FMK could block intracellular tachyzoite proliferation within the PVs. To examine
whether z-FA-FMK inhibits intracellular tachyzoite proliferation, the intracellular replication
(number of PV and total parasites) was determined. To this end, confluent Hs68 cells were
pre-infected with RH or ME49 strain parasites for 24h before exposing the host cell
containing with intracellular tachyzoites with various concentrations of z-FA-FMK for
another 72h.

As shown in Figure 3.3A and 3.4A, z-FA-FMK effectively reduced the PV formation in Hs68
cells mediated by both strains of T. gondii (RH and ME49 strains respectively) in a dose- and
time-dependent manner. On the other hand, untreated Hs68 cells infected with tachyzoites
showed increase in PV over 72h as a result of normal progression of the parasite proliferation
cycle. High concentrations of z-FA-FMK (100uM) almost completely inhibited PV
formation mediated by T. gondii over 72h. The reduction in tachyzoite proliferation leads to
less host cell rupture and subsequently less tachyzoites are available to invade new host cells.
This correspond to the decrease in intracellular tachyzoite proliferation and the inability to
complete the lytic cycle to establish new infections. Interestingly, z-FA-FMK (100uM)
almost completely inhibited PV formation in RH strain while in the ME49 strain, a slight
increase in PV was observed (Figure 3.4A). The results suggest that z-FA-FMK at 100uM
was more effective in suppressing PV formation in the RH strain than the ME49 strain. In
contrast, lower concentrations of z-FA-FMK on the other hand appear to have a greater

inhibition of PV formation on the ME49 strain compared to the RH strain.

Since a single PV harbors varying number of tachyzoites, the anti-proliferative effects of z-
FA-FMK was further determined by counting the number of viable parasites obtained from
the Hs68 cells after 72h culture following treatment with z-FA-FMK. Consistent with the
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reduction of PV, the presence of z-FA-FMK induced a dose-dependent decrease in T. gondii
number compared to control. Our results indicate that all the concentrations of z-FA-FMK
used significantly reduced tachyzoite proliferation in both RH strain (Figure 3.3B) and ME49
strain (Figure 3.4B). As observed earlier, the ME49 strain appears to be more susceptible to
z-FA-FMK as indicated by a greater reduction in parasite number at lower concentrations of
z-FA-FMK (12.5uM and 25uM). Collectively, the results suggest that z-FA-FMK dose-
dependently inhibits T. gondii replication.
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Figure 3.3. Effect of z-FA-FMK on T. gondii (RH) tachyzoite proliferation

Time dependent effect of z-FA-FMK on the number of PV (A) and total parasite count in
Hs68 cells after 72h treatment (B). Following treatment, intracellular tachyzoites were
examined under 40x magnification and the number of PVs formed were scored across 10
randomized microscopic field. The total number of viable tachyzoites was determined using
the trypan blue exclusion method as described in Materials and Methods. The results
represent the means = SEM from three independent experiments, where * indicates p < 0.05
versus untreated control.
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Figure 3.4. Effect of z-FA-FMK on T. gondii (ME49) tachyzoite proliferation

Time dependent effect of z-FA-FMK on the number of PV (A) and total parasite count in
Hs68 cells after 72h treatment (B). Following treatment, intracellular tachyzoites were
examined under 40x magnification and the number of PVs formed were scored across 10
randomized microscopic field. The total number of viable tachyzoites was determined using
the trypan blue exclusion method as described in Materials and Methods. The results
represent the means = SEM from three independent experiments, where * indicates p < 0.05
versus untreated control.
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3.2.4 z-FA-FMK inhibits plague formation in Hs68 cells induced by T. gondii (RH and
MEA49 strains)

Our earlier results have shown that z-FA-FMK inhibits T. gondii proliferation dose-
dependently by blocking PV formation and reducing total parasite number. The lytic cycle
of T. gondii proliferation ultimately results in rupture of the host cell when the number of
parasites overwhelms the physical capacity of the cell. Plaques which reflect the proliferation
capability of the parasite and are formed after repeated cycles of host invasion and rupture
(Ufermann et al., 2017, Vinayak et al., 2014). Thus, the visualization and quantification of
T. gondii plaque area correlates to the tachyzoite replication rate in vitro. To further
determine if z-FA-FMK has any effects on the T. gondii proliferation, confluent Hs68 cells
were infected with tachyzoites (RH or ME49 strain) for 24h prior to treatment with z-FA-
FMK. The Hs68 cells infected with tachyzoites were incubated for a further 96h in the

presence of z-FA-FMK and the plaque area formed was determined.

As shown in Figure 3.5A, Hs68 cells infected with RH strain tachyzoites alone developed
~70% plaques, indicating that a lot of the cells were dying as the parasites proliferate
normally. In contrast, uninfected cells have less plaque as the Hs68 cells were not dying.
However, the presence of z-FA-FMK was shown to inhibit the formation of plaques in Hs68
cells mediated by the tachyzoites in a dose-dependent manner. At 100uM z-FA-FMK, the
amount of plaques induced by the parasite in Hs68 cells was reduced to >30% indicating that

less cells were dying compared to the infected Hs68 cells alone.

For the ME49 strain, the same amount of plaques (~70%) were observed in Hs68 cells
infected with tachyzoites alone (Figure 3.5B). Similarly, z-FA-FMK also prevented plaque
formation induced by the ME49 strain of parasites. At 12.5uM z-FA-FMK there was a
marked decrease in plaque area (>40%) and complete inhibition at 50uM. This finding

suggests that the ME49 strain may be more sensitive to z-FA-FMK.
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Figure 3.5. Effect of z-FA-FMK on plaque formation in Hs68 cells infected with T.
gondii (RH and MEA49 strain)

Hs68 host cells were infected with RH strain (A) and ME49 strain (B) T. gondii in the absence
or presence of various concentrations of z-FA-FMK for 96h. The area of the plaques formed
was quantified using the NIS-Elements Microscope Imaging Software. The results represent
the means £ SEM from three independent experiments.
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3.2.5 z-FA-FMK induces cyst-like organelles in T. gondii infected Hs68 cells

Besides blocking PV formation and reduce parasite count in T. gondii infected Hs68 cells, z-
FA-FMK at high concentrations (>50uM) was shown to induce morphological changes in
the PVs, which resembled intracellular cysts. As depicted in Figure 3.6, the observed cysts-
like structures (red arrow) appear as randomly arranged parasites without the classical
‘rosette’ formation enclosed within an enlarged PV. The results suggest that z-FA-FMK
inhibits T. gondii proliferation and may have induce cyst formation in Hs68 cells infected
with both the RH and ME49 strains. Since z-FA-FMK at 100uM almost completely inhibited
parasite proliferation in both strains, this concentration was used in subsequent experiments
to determine whether the cyst-like organelles are indeed cysts. To this end, DBA-FITC (a
lectin from Dolichos biflorus) which specifically binds to N-acetyl-galactosamine on the T.
gondii cyst wall was used to detect the presence of cyst wall (Buchholz et al., 2013). Hs68
cells infected with T. gondii parasites (RH or MEA49 strains) were treated with 100uM of z-
FA-FMK for 72h prior to DBA-FITC staining.

As shown in Figure 3.7A, the untreated T. gondii (RH) PVs in Hs68 cells were not stained
by DBA-FITC, indicating that the parasites were not developing cyst wall under normal
culture conditions. However, spontaneous cyst formation was observed in Hs68 cells infected
with the MEA49 strain of T. gondii as shown by the positive DBA-FITC staining in some of
the intracellular organelles (Figure 3.7B). The treatment with z-FA-FMK (100uM) which
effectively inhibited proliferation of T. gondii in both RH and MEA49 strains indicated positive
DBA-FITC staining of intracellular organelles (Figure 3.7C and 3.7D respectively). The
ME49 strain also exhibited more cysts being formed following z-FA-FMK treatment
compared to untreated ME49 parasites. This indicates that treatment with z-FA-FMK
(100uM) for 72h leads to the development of cyst wall in both parasite strains (RH and
ME49).

The kinetics of cyst wall formation over time for both strains of T. gondii following 100pM
z-FA-FMK treatment was next examined. As shown in Figure 3.8, cyst wall formation in RH

strain intracellular tachyzoites was apparent after 48h which becomes increasingly prominent
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after 72h. Since the parasite proliferation was suppressed after 24h following z-FA-FMK
treatment, the results showed that the inhibition of parasite proliferation precedes the
formation of the cyst wall organelles. For the ME49 strain, the formation of cyst wall
organelles was detectable as early as 24h in comparison to RH strain which was only
detectable 48h following z-FA-FMK treatment (Figure 3.8 and Figure 3.9). These results
suggest that the ME49 strain of T. gondii form cyst more readily compared to RH strain after
z-FA-FMK treatment.

Figure 3.6. Representative image of T. gondii cysts-like organelle in Hs68 cells observed
following z-FA-FMK treatment

Normal PV with rosette formation (Green arrow). Cysts-like structure having randomly
arranged parasites enclosed within an enlarged PV space (Red arrow). Scale bars, 10um.
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Figure 3.7. Fluorescence microscopy of T. gondii stained with DBA-FITC and DAPI

Cells harboring T. gondii were fixed and stained with DBA-FITC and DAPI as described in
Materials and Methods. Control untreated intracellular T. gondii; RH strain (A) and ME49
strain (B) and after treatment with z-FA-FMK (100uM) for 72h; RH strain (C) and ME49
strain (D). The parasite morphology and fluorescence staining were examined under 600x

magnification using fluorescence microscopy. BF, brightfield. Scale bars, 10um.
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Figure 3.8. Time-dependent development of cyst wall in z-FA-FMK-treated T. gondii of

RH strain

Following treatment with 100uM z-FA-FMK for various time points where indicated,
infected Hs68 cells harboring T. gondii (RH strain) were fixed and stained with DBA-FITC
and DAPI as described in Materials and Methods. The parasite morphology and fluorescence
were examined under 600x magnification using fluorescence microscopy. BF, brightfield.

Scale bars, 10pm.
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Figure 3.9. Time-dependent development of cyst wall in z-FA-FMK-treated T. gondii of
MEA49 strain

Following treatment with 100uM z-FA-FMK for various time points where indicated,
infected Hs68 cells harboring T. gondii (ME49 strain) were fixed and stained with DBA-
FITC and DAPI as described in Materials and Methods. The parasite morphology and

fluorescence were examined under 600x magnification using fluorescence microscopy. BF,

brightfield. Scale bars, 10um.
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3.2.6 Anti-proliferative effects of z-FA-FMK on T. gondii is reversible

Our collective results have shown that z-FA-FMK at 100uM effectively blocked proliferation
of T. gondii tachyzoites from both RH and MEA49 strains, and induced development of cyst
wall. Since the parasites remain viable following z-FA-FMK treatment, their ability to
resume proliferation following withdrawal of z-FA-FMK was examined. To this end, Hs68
host cells infected with T. gondii (RH or ME49 strains) were treated with z-FA-FMK
(100uM) for 72h. The treated infected cells were either continuously exposed to 100uM z-
FA-FMK or treated with fresh culture media without z-FA-FMK and cultured for another
144h.

As shown in Figure 3.10A, following withdrawal of z-FA-FMK treatment, RH strain
parasites showed a slight increase in PV gradually over 72h followed by a marked recovery
up to 144h. Similarly, ME49 strain parasites also indicated a gradual increase in PV number
following the removal of z-FA-FMK (Figure 3.10C). These results indicate that after z-FA-
FMK withdrawal, the intracellular parasites appear to proliferate within the PVs and resume
the lytic cycle. This will release more infectious tachyzoites to invade adjacent cells, leading
to an increase in the number of PVs. On the other hand, the presence of z-FA-FMK continued

to inhibit the increase in PV formation over 144h.

To further confirm if the parasites resume proliferation after the withdrawal of z-FA-FMK,
the total viable parasites were quantified after 144h. Indeed, the number of parasites
quantified in both RH and ME49 strains showed a significant increase in parasites (Figure
3.10B and 3.10D, respectively) compared to parasites that were continuously exposed to z-
FA-FMK. These findings collectively indicate that the parasites remain viable during z-FA-
FMK treatment and the parasites with their proliferation inhibited were able to regain the

ability to proliferate upon the withdrawal of z-FA-FMK.
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Figure 3.10. Recovery of T. gondii proliferation following z-FA-FMK withdrawal

Hs68 cells infected with T. gondii (RH and ME49 strains) were treated with 100uM z-FA-
FMK. After 72h, the infected Hs68 cells were either continuously exposed to 100uM z-FA-
FMK or replaced with normal culture media without z-FA-FMK and maintained in culture
for another 144h. The number of PVs (A, C) was determined every 24h interval, and the total
number of parasite (B, D) isolated from Hs68 cells was quantified after 144h. The number of
PV was scored across 10 randomized microscopic field under 40x magnification. The
number of tachyzoites was determined using the trypan blue exclusion method. The results
represent the means £ SEM from three independent experiments, where * indicates p < 0.05

versus z-FA-FMK treatment.
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3.3 Discussion

T. gondii possess a dynamic and complex life cycle which involves interconversion between
proliferative and latent stages (Lyons et al., 2002, Sullivan and Jeffers, 2012). The
proliferative stage involves the tachyzoite form, which actively replicates intracellularly
inside the PVs via endodyogeny. On the other hand, the latent stage is when the tachyzoites
differentiate into quiescent bradyzoites within a modified PV known as the cyst wall
(Sullivan and Jeffers, 2012). The current anti-Toxoplasma drugs are only efficient against the
tachyzoites which is responsible for acute infections but remain incapable of eradicating
tissue cysts which sustains chronic infection (Lapinskas and Ben-Harari, 2019). At present,
there are no effective drugs that prevents cyst formation or eradicate T. gondii residing within
tissue cysts (Zhu et al., 2019). Hence it is important to elucidate the mechanisms of T. gondii
differentiation to discover new strategies or drug targets to tackle toxoplasmosis at both acute
and chronic phase. It is well documented that stress factors that impede the parasite growth
plays an important driving force in T. gondii stage conversion (Vonlaufen et al., 2008). One
of the classical in vitro approaches is to use alkaline pH treatment, around pH 8.0 - 8.2 (Soete
et al., 1994). Other stress agents used successfully include heat shock treatment, sodium
nitroprusside which causes nitrosative stress and inhibitors of parasite mitochondrial
respiratory chain (Bohne et al., 1994, Soete et al., 1994, Tomavo and Boothroyd, 1995).
Nutrient deprivation via axenic culture and arginine starvation were also able to induce
tachyzoites differentiation into bradyzoites (Fox et al., 2004, Yahiaoui et al., 1999). However,
it remains unknown whether these stresses directly affect the parasites during extracellular
phase of the lytic cycle, and/or indirectly towards intracellular parasites by stressing the host
cell altogether (Sullivan and Jeffers, 2012). Hence, it is crucial that novel strategies
developed are specifically targeted to suppress or eradicate T. gondii in the cyst form while

avoiding excessive stress to the host.

In T. gondii, cysteine proteases such as cathepsins B are involved in parasite invasion, protein
processing and digestion, which are essential processes during parasite invasion and

proliferation (Chaparro et al., 2018, Dou et al., 2014, Que et al., 2007, Ramirez-Flores et al.,
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2019). Studies have shown that the T. gondii cysteine protease, cathepsin L (TgCPL) is
essential to cyst survival during the chronic phase of infection (Zwicker et al., 2018). These
studies collectively indicate that cysteine proteases are potential drug targets in T. gondii

parasites which appears to be effective towards both acute and chronic phase infections.

T. gondii parasites can be classified into different strains according to their genotype and
pathogenicity. In this study, we used the RH and ME49 strain to study how these strains with
different propensity to differentiate respond to z-FA-FMK treatment. The highly virulent RH
strain has been extensively studied in the majority of T. gondii studies and associated with
acute infections (da Costa-Silva et al., 2012). On the other hand, the less virulent ME49 strain
accounts for the majority of human toxoplasmosis and also has a higher tendency to form
cysts than the RH strain (Araujo and Slifer, 2003, Saeij et al., 2005). The Hs68 cells infected
with tachyzoites were used as a model to study the effects of the cathepsin B inhibitor, z-FA-

FMK on the proliferation of intracellular tachyzoites.

Based on our results, we have shown that the cathepsin B inhibitor, z-FA-FMK is not toxic
to Hs68 cells. Our findings are in line with previously reported studies where z-FA-FMK
was also shown to be non-toxic towards Jurkat T-cells (Liow and Chow, 2013) and human
primary T-cells (Lawrence et al., 2006). The average duration required for T. gondii
tachyzoite to complete the host cell invasion requires only 15 - 30 seconds (Sibley et al.,
1999), and to this end the results showed that z-FA-FMK is not toxic to both RH and ME49
strain extracellular T. gondii tachyzoites up to 6h. This indicates that z-FA-FMK does not
cause any toxic effects to the T. gondii parasites in a proliferation model using Hs68 cells.
Subsequently, it was shown that z-FA-FMK blocks T. gondii invasion into Hs68 cells in a
dose-dependent manner. T. gondii being an obligate intracellular parasite, relies on cell
invasion mediated via secretion of microneme and rhoptry neck proteins (RON) to establish
entry into host intracellular compartment for its survival (Zhu et al., 2019). The micronemes
and rhoptries discharge their contents during cell invasion to mediate successful parasite
anchorage to host cell membrane followed by entry (Carruthers, 2006). Since cathepsin B

has been shown to take part in microneme and rhoptry protein maturation in T. gondii
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parasites (Di Cristina et al., 2017, Dou and Carruthers, 2011, Dou et al., 2014, Que et al.,
2007). Therefore, the cathepsin B inhibitor z-FA-FMK could have interfered with microneme

and rhoptry function which prevented T. gondii invasion into Hs68 cells.

To further examine if z-FA-FMK continues to affect T. gondii after invasion into Hs68 cells,
we assessed the ability of intracellular parasites to establish new PVs over time. Our results
indicate that z-FA-FMK dose-dependently inhibited the formation of new PVs in the infected
Hs68 monolayer. The natural lytic cycle of T. gondii begins with invasion into a host cell
where the intracellular parasite begins to replicate via endodyogeny within a PV. The parasite
continues to proliferate until it ruptures the host cell from within, releases all the tachyzoites
to freely invade adjacent cells (Uttah et al., 2013). Based on our findings, the intracellular
parasites treated with z-FA-FMK were not able to effectively establish new infections as seen
from the decreased number of PVs formed. Our earlier results showed that z-FA-FMK could
only partially block parasite invasion. However, high concentrations of z-FA-FMK were
shown to almost completely block new PV formation. This suggests that z-FA-FMK also
blocks replication of intracellular tachyzoites within Hs68 cells. To assess if the T. gondii
proliferation was indeed blocked by z-FA-FMK, the total number of viable parasites
following z-FA-FMK treatment was determined. Our results strongly indicate that the
intracellular parasites remain viable and the total parasite number was markedly reduced
following z-FA-FMK treatment. Our collective results so far indicate that z-FA-FMK dose-
dependently impede T. gondii lytic cycle by blocking host cell invasion and intracellular
proliferation. In line with this, the plaque assay results demonstrated that z-FA-FMK
inhibited plague formation in Hs68 cells infected with tachyzoites. In summary, z-FA-FMK
blocks the lytic cycle of the parasite by blocking both invasion (establishment of PV) and
intracellular proliferation (total parasite count), which eventually lead to less parasite egress

(plaque formation).

Studies have documented a strong correlation between reduced T. gondii tachyzoite growth
as a result of stress conditions and propensity to differentiate and form cyst (Bohne et al.,
1994, Gubbels et al., 2008, Radke et al., 2003, Sullivan and Jeffers, 2012). Furthermore, T.
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gondii differentiation/cyst formation is often preceded by a reduction in parasite proliferation.
The presence of DBA-lectin positive organelles in Hs68 cells infected with RH and ME49
strains of parasites following z-FA-FMK treatment indicates the development of cyst wall.
Time course examination on formation of cysts in response to z-FA-FMK also demonstrated
that growth inhibition of the parasites precedes the formation of the cyst wall. The findings
from this study that z-FA-FMK inhibits T. gondii proliferation prior to cyst wall formation is
in line with reported studies, where differentiation into bradyzoites in cysts is often preceded
by a decrease in parasite proliferation (Jerome et al., 1998, Radke et al., 2003). Interestingly,
the ME49 strain appears to be more sensitive to the inhibitory effects of z-FA-FMK and
formed cysts more readily compared to the RH strain. The difference in propensity to form
cysts is in line with previously documented studies where the slower growing type-2 (ME49)
and type-3 (VEG) strains have higher cyst forming tendency than the hypervirulent type-1
RH strain (Skariah et al., 2010, Soete et al., 1994, Sullivan and Jeffers, 2012). Previous study
has also suggested that cell cycle arrest does not trigger cyst formation, demonstrating that
cell cycle progression is needed for cyst formation (Gubbels et al., 2008). Whether the anti-
proliferative effects of z-FA-FMK involves cell cycle blockage is unclear and more work is

needed to confirm this in the T. gondii parasites.

The present results demonstrated that z-FA-FMK inhibits the proliferation of tachyzoites
followed by the formation of cysts without Killing the parasites. This suggests that the anti-
proliferative effects of z-FA-FMK may involve some form of stress induction. However, it
is unclear if the effects are dependent on the continuous presence of the z-FA-FMK. Hereafter,
we examined the reversibility of z-FA-FMK mediated anti-proliferative effects on T. gondii
parasites by withdrawing z-FA-FMK after 72h treatment. Interestingly, intracellular T.
gondii was able to regain proliferation and revert into the fast growing tachyzoites to infect
more host cells following the withdrawal of z-FA-FMK, albeit after a latent period. This
latent period may be attributed to z-FA-FMK irreversibly alkylating the cysteine residue at
the active site and forming a covalent bond (Lawrence et al., 2006, Rajah and Chow, 2015).
Secondly, a number of studies have indicated a complex and distinct subset of genes being
expressed during interconversion between tachyzoite and bradyzoite, e.g. the ribosomal

89



protein family, dense granule protein family, microneme protein family (MIC proteins) and
heat shock protein family (Alonso et al., 2019, Chen et al., 2018, Pittman et al., 2014).
Therefore, the latent period following z-FA-FMK withdrawal may involve gene expression

during re-differentiation back into tachyzoites to regain virulence and proliferate.

During an acute infection, T. gondii parasites are challenged by a variety of cellular stresses
from the host immune system and the extracellular environment (Joyce et al., 2011, Lyons
et al., 2002, Weiss and Kim, 2000). Even in between lytic cycles, egressed tachyzoites must
cope with the stress of the extracellular environment, which lacks essential nutrients and
metabolites necessary for survival. Hence, the only condition where T. gondii parasite are
able to evade these stresses is within the host cell intracellular environment, where protection
and nutrients are available for survival and proliferation (Coppens et al., 2000, Zhou et al.,
2005).

In summary, our results in this chapter showed that the irreversible cathepsin B inhibitor z-
FA-FMK blocks T. gondii lytic proliferation cycle in both RH and ME49 strains by reducing
PV formation and parasite number, leading to decreased plaque formation and cyst formation.
Withdrawal of z-FA-FMK treatment resulted in the parasites regaining virulence and
proliferation. Collectively, z-FA-FMK treated Hs68 host cells infected with T. gondii could
be a useful model to study the interconversion between tachyzoites and encysted bradyzoites.
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CHAPTER FOUR

T. gondii anti-proliferative effects mediated by
z-FA-FMK in Hs68 cells are associated with
cathepsin B inhibition, and its recovery
Involves autophagy
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4.1 Introduction

Proteases are enzymes that catalyze the breakdown of proteins into smaller polypeptides or
amino acids via hydrolysis of peptide bonds, and are vital to major biological processes, such
as protein digestion, enzyme activation and differentiation (Dou and Carruthers, 2011,
Siqueira-Neto et al., 2018, Zhao et al., 2013). There 7 major classes of proteases are classified
based on the catalytic residue: Aspartic, Cysteine, Glutamic, Serine, Threonine, Metallo and
Asparagine (Dou and Carruthers, 2011, Sajid and McKerrow, 2002). Cathepsins are
lysosomal proteases of the cysteine protease family which digests endogenous and
exogenous endocytosed polypeptides in eukaryotic cells (Que et al., 2007, Que et al., 2002,
Sajid and McKerrow, 2002, Siqueira-Neto et al., 2018). It is now clear that cathepsins are
also involved in more specialized cellular functions, including antigen presentation,
spermatogenesis, tumor invasion, and TNFa-induced apoptosis (Dou and Carruthers, 2011,
Guicciardi et al., 2000). Similar to higher eukaryotes, protozoan parasites appear to utilize
cathepsin proteases for protein degradation and various specialized functions that are
important for survival, making them attractive targets for potential anti-parasitic drug
development (Dou and Carruthers, 2011). For example, the cysteine proteinase cathepsin L
in P. falciparum is vital for the digestion of hemoglobin in the parasite food vacuole during
erythrocyte infection (Rosenthal, 2004), while cathepsin B in T. brucei is essential for iron
acquisition (O'Brien et al., 2008).

In T. gondii, cysteine proteases have been shown to play a significant role in parasite invasion,
processing of functional proteins and digestion of host derived proteins (Dou et al., 2014,
Que et al., 2007, Ramirez-Flores et al., 2019). The Toxoplasma genome project has indicated
a lower redundancy of cathepsin protease genes in T. gondii compared to other parasites,
further corroborating them as potential anti-Toxoplasma drug targets (Siqueira-Neto et al.,
2018). There are 5 cathepsin-like cysteine proteases (TgCPs) in T. gondii which consists of
one cathepsin L-like (TgCPL), one cathepsin B-like (TgCPB) and three cathepsin C-like
(TgCPC1, 2 and 3) (Dou and Carruthers, 2011). These cathepsins have been shown to play

roles in host cell invasion (microneme and rhoptry protein maturation), digestion of host

92



proteins for nutrition and cyst survival in T. gondii parasites (Di Cristina et al., 2017, Dou
and Carruthers, 2011, Que et al., 2007, Que et al., 2004).

As shown in Figure 4.1. the Toxoplasma lysosomal vacuolar compartment (VAC) is an
organelle that contains mainly proteolytic cathepsins and functions as the parasite’s
endolysosomal system (Dou and Carruthers, 2011, Miranda et al., 2010, Parussini et al.,
2010). The VAC exists in various forms at different stages of the T. gondii lytic cycle. It
appears as an intact organelle during the initial infection stage but fragments during
intracellular replication (Parussini et al., 2010). How the parasite regulates the morphological
changes that occur to the VAC organelle at different stages of the lytic cycle is still unclear.
Nevertheless, VAC dysfunction is known to reduce invasion, replication, and virulence of
the T. gondii parasite (Parussini et al., 2010, Dou et al., 2014).

Structurally, the Toxoplasma VAC consist of internal membrane tubules and vesicles,
resembling multivesicular bodies that are involved in protein degradation and turnover (Dou
and Carruthers, 2011). In fact, the VAC may function as the terminal compartment of the
parasite endolysosomal system where protein degradation occurs as seen in the lysosomes of
metazoans (Dou and Carruthers, 2011, Parussini et al., 2010). There are only 4 proteins in
the VAC, that is TQCPL, TgCPB (a cathepsin B-like protein), TQCRT (T. gondii chloroquine
resistance transporter), and TgVP1 (a pyrophosphatase) (Di Cristina et al., 2017, Dou and
Carruthers, 2011, Warring et al., 2014). As depicted in Figure 4.1, both TgCPL and TgCPB
serve as the functional component of the VAC, presumably by digesting host-derived
proteins to support parasite survival and persistence in vitro and in vivo (Dou and Carruthers,
2011, Dou et al., 2013, Que et al., 2002). On the other hand, TgCPC is an exopeptidase that
is secreted into the PV digest exogenous proteins (Dou and Carruthers, 2011). Recent studies
have reported the critical importance of VAC-localized TgCPL and TgCPB cathepsins in T.
gondii which plays a role in maturation of invasion effectors, digestion of exogenous proteins
and autophagosomes (Dou and Carruthers, 2011, Miranda et al., 2010, Parussini et al., 2010,
Thornton et al., 2019).
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Interestingly, studies have reported that the knockout of VAC cathepsins resulted in the death
of intracellular T. gondii which is characterized by excessive accumulation of organellar
remnants (Di Cristina et al., 2017, Ghosh et al., 2012, Nguyen et al., 2017c). These findings
suggest that the knockout of cathepsins may disrupt autophagy process in the parasites,
leading to lack of autophagosome degradation and breakdown of cellular components by
VAC (Di Cristina et al., 2017). Autophagy is a process of self-engulfment to recycle and
remove misfolded proteins and dysfunctional organelles in eukaryotic cells (Di Cristina et
al., 2017, Inoue and Klionsky, 2010, Mizushima, 2007). The autophagic process serves as a
means of cell preservation under nutrient limitation by turnover of excess cellular capacity
to sustain cellular function (Di Cristina et al., 2017, Kristensen et al., 2008, Weidberg et al.,
2011). To this end, it has been suggested that autophagy may alleviate nutrient limitation
experienced by T. gondii cysts during chronic infection stage (Di Cristina et al., 2017).
Accumulating evidence suggests that autophagy plays an important role in facilitating T.
gondii tachyzoites survival against extracellular stress and persistence in latent infection,
despite living in a nutrient rich microenvironment in the host (Di Cristina et al., 2017, Ghosh
et al., 2012). Bioinformatic studies have indicated the presence of autophagy-related genes
(ATG) homologues in several parasitic protozoa including T. gondii (Duszenko et al., 2011,
Herman et al., 2006, Klionsky et al., 2011). Despite the lack of lysosomes and not encoding
all the known ATG genes, T. gondii was reported to form autophagosomes (Di Cristina et al.,
2017, Ghosh et al., 2012, Nguyen et al., 2017c).

Recent studies indicated that the VAC also plays an important role in T. gondii autophagy
where autophagosomes are degraded to sustain the survival of T. gondii during chronic
infection (Figure 4.2) (Nguyen et al., 2017b, Siqueira-Neto et al., 2018, Subauste, 2019).
One of the VAC cathepsin, TgCPL have been shown to degrade autophagosomes and
blocking this enzyme resulted in accumulation of undigested material in the VAC, and
ultimately lead to diminished chronic infection in mice (Di Cristina et al., 2017, Parussini et
al., 2010, Subauste, 2019). This suggest that nutrient limitation within the cyst may be
overcome by bulk protein turnover mediated via autophagy to enhance parasite survival
during chronic infection (Ghosh et al., 2012, Nguyen et al., 2017c, Subauste, 2019). The
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toxoplasma VAC therefore appears to be involved in protein digestion and degradation of
autophagosomes (Figure 4.2). In short, the various cysteine proteases of T. gondii play
important roles in facilitating T. gondii infection and persistence, making them potential
therapeutic targets as well as vaccine candidates. Hence, the main objective in this chapter is
to characterize the involvement of cathepsin B and autophagy in the anti-proliferative activity
mediated by z-FA-FMK in T. gondii parasites.
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Figure 4.1. The endosomal system of T. gondii and the subcellular locations of T. gondii
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cathepsins

Toxoplasma cathepsin TgCPL and TgCPB are predominantly localized in the VAC. The
TgCPL facilitates maturation of pro-microneme proteins via the early endosome (EE) and
late endosomes (LE). The rhoptry also contains TQCPB which processes pro-rhoptry proteins.
The exopeptidase, TQCPC is secreted into the PV following invasion to digest exogenous
proteins. Exogenous proteins are endocytosed possibly via the micropore and subsequently
trafficked to the VAC for further digestion (Modified from Dou and Carruthers, 2011).

96



Digestion of

exogenous
Toxoplasma proteins
lysosomal Increase nutrient
vacuolar pool to alleviate
compartment nutrient limitation
(VAC) Degradation of
autophagosomes

Figure 4.2. The role and function of the T. gondii VAC in nutrient acquisition and

autophagy to alleviate nutrient limitation

Toxoplasma VAC contains the cysteine proteases TgCPB and TgCPL and function similarly
to the mammalian lysosome in degrading proteins. The VAC may also fuse with
autophagosomes during autophagy in the parasites. The digested material is then converted

to substrates needed for parasite growth and proliferation.
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4.2 Results

4.2.1 The cathepsin B inhibitor z-FA-DMK inhibits and induces cyst formation in T.
gondii (RH and MEA49 strain)

Our findings in chapter 3 indicate that the cathepsin B inhibitor, z-FA-FMK inhibits T. gondii
proliferation and induce cyst formation. Previous study has reported that cysteine proteases
such as cathepsin B play a critical role in facilitating parasite invasion and proliferation (Dou
and Carruthers, 2011). Since z-FA-FMK possess other side effects besides blocking
cathepsin B, it is not clear whether the blocking of T. gondii proliferation and cyst formation
mediated by z-FA-FMK is due to the inhibition of cathepsin B. To examine this, the effects
of z-FA-FMK on T. gondii were compared with z-FA-DMK, an analogue of z-FA-FMK,
which appears to have no other side effects besides blocking cathepsin B (Green and Shaw,
1981, Liow and Chow, 2013).

To this end, the effects of z-FA-DMK on the formation of plaques in T. gondii infected Hs68
cells was first determined. As shown in Figure 4.3A and Figure 4.3B, z-FA-DMK induced a
dose-dependent reduction in plaque formation in Hs68 cells infected with both RH and ME49
strains after 96h respectively. Similar to z-FA-FMK, z-FA-DMK also induced a dose- and
time-dependent decrease in the formation of PV in Hs68 cells infected with both RH and
ME49 T. gondii strains (Figure 4.4A and Figure 4.5A, respectively). The total viable parasite
following z-FA-DMK treatment was markedly reduced in a dose-dependent manner in Hs68
cells infected with both RH (Figure 4.4B) and ME49 strain (Figure 4.5B) in a dose-dependent
manner. Collectively, these results demonstrate that z-FA-DMK induced similar effects on
the parasites as seen with z-FA-FMK. Similar to z-FA-FMK, z-FA-DMK was more effective
in blocking the proliferation of ME49 strain in Hs68 cells. This is indicated by the greater
reduction in PV and parasite number in the ME49 strain at lower concentrations of z-FA-
DMK (Figure 4.4 and Figure 4.5). The next step was to examine whether z-FA-DMK could
induce formation of cyst wall in Hs68 cells infected with the parasites. Infected Hs68 cells

were treated with 100uM z-FA-DMK, which was the most effective concentration in
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blocking the proliferation of T. gondii (RH and MEA49 strain). As illustrated in Figure 4.6,
cyst wall formation was readily detected in Hs68 cells infected with both RH and ME49 T.
gondii strains using DBA-lectin following z-FA-DMK treatment. These results collectively
demonstrate that the effects mediated by z-FA-DMK on T. gondii infected Hs68 cells are
similar to that seen with z-FA-FMK. Both z-FA-FMK and z-FA-DMK are cathepsin B
inhibitors which were shown to block T. gondii proliferation in a dose-dependent manner
followed by induction of cyst formation. This suggest that the inhibition of cysteine proteases
such as cathepsin B is likely to be involved in blocking the parasite proliferation and

subsequently lead to cyst formation.
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Figure 4.3. Effect of z-FA-DMK on plague formation in Hs68 cells infected with T.
gondii (RH and MEA49 strain)

Hs68 cells infected with T. gondii RH strain (A) and ME49 strain (B) were treated with
various concentrations of z-FA-DMK for 96h. Plaque assay was subsequently performed,
and the plaque area was quantified using NIS-Elements Microscope Imaging Software. The
results represent the means = SEM from three independent experiments, where * indicates p
< 0.05 versus tachyzoite infected treatment.
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Figure 4.4. Effect of z-FA-DMK on T. gondii (RH) tachyzoite proliferation

Hs68 cells infected with T. gondii RH strain tachyzoites were treated with various
concentrations of z-FA-DMK for different time points where indicated and the number of
PV (A) and total parasite count in Hs68 cells (after 72h) (B) were determined. The number
of PV was scored across 10 randomized microscopic field under 40x magnification. The total
number of viable tachyzoites was determined using the trypan blue exclusion method as
described in Materials and Methods. The results represent the means + SEM from three
independent experiments, where * indicates p < 0.05 versus untreated control.
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Figure 4.5. Effect of z-FA-DMK on T. gondii (ME49) tachyzoite proliferation

Hs68 cells infected with T. gondii ME49 tachyzoites were treated with various concentrations
of z-FA-DMK for different time points where indicated and the number of PV (A) and total
parasite count in Hs68 cells (after 72h) (B) were determined. The number of PV was scored
across 10 randomized microscopic field under 40x magnification. The total number of viable
tachyzoites was determined using the trypan blue exclusion method as described in Materials
and Methods. The results represent the means + SEM from three independent experiments,
where * indicates p < 0.05 versus untreated control.
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Figure 4.6. Fluorescence microscopy of T. gondii stained with DBA-FITC and DAPI

Hs68 cells infected with T. gondii (RH or ME49 strains) were treated with 100uM z-FA-
DMK for 72h. Following treatments, the infected cells were fixed and stained with DBA-
FITC and DAPI as described in Materials and Methods. RH strain (A) and ME49 strain (B).
The parasite morphology and fluorescence staining were examined under 600x magnification

using fluorescence microscopy. BF, brightfield. Scale bars, 10um.
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4.2.2 z-FA-FMK and z-FA-DMK dose-dependently inhibits cathepsin B activity in
Hs68 cells

Similar to z-FA-FMK, the analogue z-FA-DMK possess similar anti-proliferative effects and
was able to induce cyst formation (Figure 4.6) in Hs68 cells infected with T. gondii parasites.
These results strongly suggest that the inhibition of parasite proliferation mediated by both
these cathepsin B inhibitors is most likely be due to the blocking of cathepsin B-like activity

in T. gondii parasites.

To corroborate the effects of these inhibitors, cathepsin B activity was determined in cell
lysates derived from Hs68 cells treated with z-FA-FMK or z-FA-DMK for 6h. As depicted
in Figure 4.7A, both z-FA-FMK and z-FA-DMK induced a dose-dependent inhibition (up to
100uM) of cathepsin B activity in the cell lysates with ~70% inhibition in cathepsin B activity
after 6h treatment. The cathepsin B activity in live cells was subsequently determined using
Magic Red cathepsin B substrate. As shown in Figure 4.7B, both z-FA-FMK and z-FA-DMK
dose-dependently (up to 100uM) significantly inhibited cathepsin B activity in live Hs68

cells with ~50% inhibition of cathepsin B activity after 6h treatment.

Collectively, the results shown in Figure 4.7A and 4.7B indicate that cathepsin B activity in
Hs68 cells was significantly inhibited by both z-FA-FMK and z-FA-DMK. To further
examine the effects of these inhibitors on cathepsin B activity after extended to 72h treatment,
live cell imaging of cathepsin B activity in Hs68 cells treated with 100uM z-FA-FMK or z-
FA-DMK was carried out. As shown in Figure 4.8, untreated Hs68 cells exhibit a strong red
fluorescence within the cytoplasm compartment, demonstrating the normal level of cathepsin
B activity in the live cells. In contrast, Hs68 cells treated with z-FA-FMK or z-FA-DMK
exhibit a marked reduction in cathepsin B activity as indicated by reduced red fluorescence
intensity in the cell. These results demonstrate that the presence of both z-FA-FMK and z-
FA-DMK readily inhibited cathepsin B activity in Hs68 cells up to 72h.
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Figure 4.7. Effect of z-FA-FMK and z-FA-DMK on cathepsin B activity in Hs68 cells

Hs68 cells were treated with various concentrations of z-FA-FMK or z-FA-DMK for 6h. Cell
lysates were prepared from these cells and cathepsin B activity determined using the
fluorogenic substrate z-RR-AMC (A) or in live cells using Magic Red cathepsin B assay (B)
as described in Materials and Methods. The cathepsin B activity from the cell lysates was
normalized to protein concentration (30ug). The results are the means £ SEM from three
independent experiments, where * indicates p < 0.05 versus untreated control.
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Figure 4.8. Fluorescence live cell imaging of cathepsin B activity in Hs68 cells

Hs68 cells were treated with 100uM z-FA-FMK or z-FA-DMK for 72h. The cells were
stained with Magic Red cathepsin B substrate and counterstained with DAPI as described in
Materials and Methods. Cells were examined under 20x magnification using fluorescence
microscope. Scale bars, SOum.

106



4.2.3 z-FA-FMK and z-FA-DMK inhibits cathepsin B activity in extracellular and
intracellular T. gondii tachyzoites

Since both z-FA-FMK and z-FA-DMK effectively blocked cathepsin B activity in Hs68 cells
(Figure 4.7 and 4.8), the effects of these inhibitors on T. gondii parasites cathepsin B-like
activity was determined. Using live cell imaging, the cathepsin B activity in T. gondii infected
Hs68 cells following treatment with 100pM z-FA-FMK or z-FA-DMK for 72h were
analyzed. As shown in Figure 4.9., Hs68 cells infected with both strains of T. gondii (control
RH strain and ME49 strain) without z-FA-FMK treatment exhibited a strong red fluorescence
within the cytoplasm indicating the presence of cathepsin B activity in the live cells.
Specifically, the live T. gondii parasites in the PVs (green arrow) were shown to display
cathepsin B-like activity. Following z-FA-FMK or z-FA-DMK treatment, there was a
marked reduction in cathepsin B activity in the cytosolic compartment as well as within the

parasite PV of cells infected with parasites (RH and ME49 strain).

These findings were further corroborated by examining the effect of z-FA-FMK or z-FA-
DMK on cathepsin B-like activity in extracellular T. gondii parasites. Lysates were prepared
from parasites treated with z-FA-FMK or z-FA-DMK and the cathepsin B-like activity was
determined using the fluorogenic substrate z-RR-AMC as described in Materials and
Methods. As shown in Figure 4.10, the results indicated that both z-FA-FMK (Figure 4.10A)
and z-FA-DMK (Figure 4.10B) readily inhibited cathepsin B activity in T. gondii (RH strain)
in a time-dependent manner as shown by the decreased cathepsin B-like activity in the
parasite lysates. The cathepsin B activity in the RH strain parasites was markedly reduced
after 4h treatment with z-FA-FMK or z-FA-DMK. Similarly, z-FA-FMK (Figure 4.10C) and
z-FA-DMK (Figure 4.10D) also induced a time-dependent inhibition of cathepsin B activity
in the ME49 strain parasites.

To confirm these results, the effect of z-FA-FMK or z-FA-DMK on cathepsin B-like activity
in T. gondii was determined using live imaging of extracellular parasites. As illustrated in
Figure 4.11 and 4.12, live untreated extracellular parasites (RH and ME49 strain) exhibit a
red fluorescence signal indicating the presence of cathepsin B-like activity in T. gondii
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parasites. Following treatment with 100uM z-FA-FMK or z-FA-DMK for 6h, the cathepsin
B activites in the extracellular parasites of both RH and ME49 strains were markedly
diminished (Figure 4.11 and 4.12, respectively). These findings collectively suggest that z-
FA-FMK and z-FA-DMK were able to block cathepsin B-like activity in both intracellular
and extracellular parasites. Firstly, our results collectively indicate the presence of cathepsin
B-like activity was detected in intracellular and extracellular T. gondii parasites and was
readily blocked by z-FA-FMK and z-FA-DMK. Secondly, since T. gondii parasites undergo
cyst formation following z-FA-FMK or z-FA-DMK treatment, this shows that cyst formation

is not dependent upon cathepsin B-like activity in the parasites.
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Figure 4.9. Live cell imaging of cathepsin B activity in T. gondii infected Hs68 cells

Hs68 cells infected with T. gondii were treated with 100uM z-FA-FMK or z-FA-DMK for
72h prior to staining with Magic Red cathepsin B substrate (Red signal), and counterstained
with DAPI (Blue signal) as described in the Materials and Methods. Green arrows indicate
PV containing T. gondii parasites. Cells were examined under 20x magnification using
fluorescence microscope. Scale bars, 50um. (Refer to Appendix: Figure A1-6 for full size
images).
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Figure 4.10. Effect of z-FA-FMK and z-FA-DMK on cathepsin B activity in T. gondii
parasite lysates

Isolated extracellular T. gondii parasites from RH strain (A and B) and ME49 strain (C and
D) were incubated with 100uM z-FA-FMK or z-FA-DMK for the time point where indicated.
The cathepsin B activity in the parasites were determined using the fluorogenic substrate z-
RR-AMC as described in the Materials and Methods. The cathepsin B activity from the
lysates was normalized to protein concentration of 30ug. The results are the means + SEM
from three independent experiments, where * indicates p < 0.05 versus Oh treatment.
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Figure 4.11. Effect of z-FA-FMK and z-FA-DMK on cathepsin B activity in T. gondii
parasites (RH strain)

Extracellular RH strain T. gondii parasites were incubated with 100uM z-FA-FMK or z-FA-
DMK for 6h and the cathepsin B activity in the live parasites determined using Magic Red
substrate and counterstained with DAPI as described in Materials and Methods. Parasites
were examined under 60x magnification using fluorescence microscope. BF, brightfield.

Scale bars, 20pm.
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Figure 4.12. Effect of z-FA-FMK and z-FA-DMK on cathepsin B activity in T. gondii
parasites (ME49 strain)

Extracellular ME49 strain T. gondii parasites were incubated with 100uM z-FA-FMK or z-
FA-DMK for 6h and the cathepsin B activity in the live parasites determined using Magic
Red substrate counterstained with DAPI as described in Materials and Methods. Parasites
were examined under 60x magnification using fluorescence microscope. BF, brightfield.

Scale bars, 20um.

112



4.2.4 Proliferation of T. gondii tachyzoites is not dependent on autophagy

Earlier results showed that cathepsin B-like activity in both Hs68 cells (Figure 4.7 and 4.8)
and intracellular T. gondii parasites (Figure 4.9) were markedly inhibited following z-FA-
FMK and z-FA-DMK treatment. These findings suggest that T. gondii cyst formation
mediated by z-FA-FMK and z-FA-DMK may be associated with the inhibition of cathepsin
B-like activity. To this end, studies have been reported that T. gondii possess cathepsin B-
like protease known as TgCPB, which is associated with the proteolytic function of the VAC
(Di Cristina et al., 2017, O'Brien et al., 2008, Que et al., 2002). The VAC is mainly
responsible for protein digestion where its disruption could potentially lead to starvation and
induction of autophagy in T. gondii parasites (Di Cristina et al., 2017, Dou et al., 2014,
Siqueira-Neto et al., 2018, Subauste, 2019). The results so far suggest that the cathepsin B
inhibitor, z-FA-FMK may be blocking T. gondii proliferation by inducing starvation via the
disruption of VAC proteolytic function.

To thisend, if z-FA-FMK is indeed inducing parasite starvation by disrupting VAC function,
then this would lead to the impairment of protein catabolism and induction of autophagy in
T. gondii. Therefore, the involvement of autophagy in T. gondii proliferation was investigated
using autophagic inhibitors, Chloroquine (CQ) and 3-Methyladenine (3-MA). Firstly, the
role of autophagy is required during normal T. gondii parasite proliferation in the absence of
z-FA-FMK was examined. Hs68 cells infected with both strains (RH or ME49) T. gondii
parasites were treated with various doses of CQ or 3-MA across different time points where
indicated.

As shown in Figure 4.13, CQ up to 15uM was shown to have minimal effect on formation
of new PVs in both RH and ME49 strains of T. gondii over 72h (Figure 4.13A and 4.13C
respectively). Similarly, CQ up to at 15uM has little effect on total parasite number in both
RH and ME49 strains (Figure 4.13B and 4.13D respectively). Similar to CQ, 3-MA which
blocks the formation of autophagosomes was found to have little effect on PV formation and
total parasite count in Hs68 cells infected with both strains of T. gondii (RH and ME49) as

shown in Figure 4.14. Collectively, these findings demonstrate that blocking the autophagic
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pathway using autophagic inhibitors, CQ and 3-MA, have no significant inhibitory effect on
intracellular parasite proliferation under normal conditions and that the parasites were able

to progress through the proliferative lytic cycle.

114



A RH C ME49
400 400
® Control ® Control
350 350
MCQ 1.875uM M CQ 0.625uM
300 300
. CQ 3.75uM . CQ 1.25uM
< 250 € 250
= ¥CQ 7.5uM S ¥CQ 2.5uM
o
3 200 *CQ 15uM 3 200 ¢CQ 5uM
> >
250 & 150
100 100
50 50
0 0
0 24 48 72 0 24 48 72
Time (hours) Time (hours)
B RH D ME49
10000 10000
- -
= 3
o 8000l T T T o 80001 T T
E 1 I 1 =< g =1 T [
- T T 2 1
© 6000 S 6000 T
° T s
© © £
o o
© 4000 © 4000
(] ()
e} o
€ £
S 2000 S 2000
z 4
0 0
Control 1.875 3.75 7.5 15 Control 1.875 3.75 7.5 15
Chloroquine (pM) Chloroquine (pM)

Figure 4.13. Effect of CQ on T. gondii tachyzoite proliferation in Hs68 host cells

Hs68 cells infected with T. gondii, were treated with various concentrations of CQ. The
number of PV were determined at time points where indicated (A, C) and parasite count (B,
D) were determined 72h following CQ treatment. The number of PVs were scored across 10
randomized microscopic field. The number of tachyzoites was determined using the trypan
blue exclusion assay as described in Materials and Methods. The results represent the means
+ SEM from three independent experiments.

115



A RH C ME49

® Control ® Control

H3-MA 0.625mM H3-MA 0.625mM

%®3-MA 1.25mM % 3-MA 1.25mM
250 ¥3-MA 2.5mM

*3-MA5mM

250 ¥ 3-MA 2.5mM
4 3-MA 5mM

0 0
0 24 48 72 0 24 48 72
Time (hours) Time (hours)
B RH D ME49
10000 10000
- .
= T 2
. 8000 T T T a:_ o 8000 -
(] (4]
= J— J_ = L 1 . -
12 12}
® 6000 = © 6000 -
© «© -
o o
- -
© 4000 © 4000
(] [
o Qo
€ £
S 2000 S 2000
z z
0 0
Control 0.625 1.25 2.5 5 Control 0.625 1.25 2.5 5
3-Methyladenine (mM) 3-Methyladenine (mM)

Figure 4.14. Effect of 3-MA on T. gondii tachyzoite proliferation in Hs68 host cells

Hs68 cells infected with T. gondii, were treated with various concentrations of 3-MA. The
number of PV were determined at time points where indicated (A, C) and parasite count (B,
D) were determined 72h following 3-MA treatment. The number of PVs were scored across
10 randomized microscopic field and number of tachyzoites was determined using the trypan
blue exclusion assay as described in Materials and Methods. The results represent the means
+ SEM from three independent experiments.
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4.2.5 Autophagy inhibitor CQ and 3-MA inhibits recovery of T. gondii following z-FA-
FMK inhibition

The induction of autophagy in T. gondii parasites has previously been observed in the
parasites following drug treatment or conditions which leads to starvation (Besteiro et al.,
2011a, Ghosh et al., 2012). Therefore, it is not surprising that both CQ and 3-MA have no
apparent effect on the proliferation of intracellular T. gondii tachyzoites as they were not
under any form of stress of starvation. To further corroborate if z-FA-FMK disrupts VAC
proteolytic function and leads to nutrient starvation in T. gondii parasites, we examined the
induction of autophagy in proliferation inhibited parasites following z-FA-FMK treatment.
The activation of autophagic pathway following z-FA-FMK treatment would imply that the
T. gondii parasites are likely to be undergoing starvation due to the disruption of VAC. To
this end, Hs68 cells infected with T. gondii were treated with z-FA-FMK for 72h before
washing off the drug. The infected Hs68 cells were replaced with fresh media supplemented
with either CQ or 3-MA and further cultured for 144h. To this end, we examined the effects
of blocking autophagy on the ability of z-FA-FMK treated T. gondii parasites to regain

proliferation over time.

As shown in Figure 4.15A and 4.15C, the number of PVs remain unchanged following 72h
post withdrawal of z-FA-FMK in Hs68 cells infected with both strains of T. gondii (control).
The lack of PV increment during the first 72h post withdrawal of z-FA-FMK could be due
to the irreversible effect of the cathepsin B inhibitor. Thereafter, the number of PVs in Hs68
cells start to increase and reaches ~250 PVs in cells infected with both RH and MEA49 strains.
The presence of CQ dose-dependently inhibited the recovery of proliferation inhibited T.
gondii (RH and MEA49 strain, respectively) indicated by the decrease in PVs following z-FA-
FMK withdrawal. Similarly, the increased in total number of parasites in Hs68 cells infected
with both RH and ME49 strain after removal of z-FA-FMK was significantly reduced as the
concentration of CQ increased (Figure 4.15B and 4.15D respectively). These results showed
that CQ at 15uM exhibited the strongest effect on T. gondii recovery as indicated by the

lowest number of PV and parasite count.
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Similarly, the presence of 3-MA also decreased the formation of PVs for RH and ME49
strains following z-FA-FMK withdrawal in a dose-dependent manner (Figure 4.16A and
4.16C, respectively), suggesting that the recovery of encysted T. gondii has been impaired.
Likewise, the increase in total parasite number in both RH and ME49 strains following z-
FA-FMK withdrawal was significantly reduced dose-dependently by the presence of 3-MA
(Figure 4.16B and 4.16D, respectively). Similarly, a high concentration of 3-MA (5mM) had

the strongest inhibitory effect on encysted T. gondii recovery.

Collectively, these results demonstrated that autophagy inhibitors CQ and 3-MA prevented
the z-FA-FMK treated parasites from regaining the ability to proliferate upon the withdrawal
of z-FA-FMK. This highlights that autophagy appears to be essential for the z-FA-FMK
treated T. gondii parasites to recover and regain virulence. Hence, the results do suggest that
z-FA-FMK may induce stress in T. gondii tachyzoites which is associated with nutrient

starvation that leads to the induction of autophagy.
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Figure 4.15. Effect of CQ on the recovery of T. gondii PV formation following z-FA-
FMK withdrawal

Hs68 cells infected with T. gondii (RH or ME49 strains) were treated with 100uM z-FA-
FMK for 72h. After treatment, the infected Hs68 cells were washed off z-FA-FMK, replaced
with fresh media before cultured in the presence or absence of various concentrations of CQ.
The number of PVs (A, C) in Hs68 cells were determined at the time points where indicated
and the total parasite count (B, D) was determined after 144h. The PVs were examined under
40x magnification and scored across 10 randomized microscopic field. The number of
tachyzoites was determined using the trypan blue exclusion as described in Materials and
Methods. The results represent the means = SEM from three independent experiments, where
* indicates p < 0.05 versus control.
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Figure 4.16. Effect of 3-MA on the recovery of T. gondii proliferation following z-FA-

FMK withdrawal

Hs68 cells infected with T. gondii (RH or ME49 strains) were treated with 100uM z-FA-
FMK for 72h. After treatment, the infected Hs68 cells were washed off z-FA-FMK, replaced
with fresh media before cultured in the presence or absence of various concentrations of 3-
MA. The number of PVs (A, C) was determined at the time points where indicated whereas
the total parasite count (B, D) in Hs68 cells was assessed after 144h. The PV's were examined
under 40x magnification and scored across 10 randomized microscopic field. The total
number of tachyzoites was determined using the trypan blue exclusion as described in
Materials and Methods. The results represent the means + SEM from three independent
experiments, where * indicates p < 0.05 versus control.
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4.3 Discussion

In eukaryotic cells, cathepsin proteases are primarily known to function as lysosomal
enzymes that digest endocytosed polypeptides for nutrient acquisition (Dou and Carruthers,
2011). Similarly, protozoan parasites also utilize cathepsin proteases for protein degradation
and other specialized functions which are essential for parasite survival (Dou and Carruthers,
2011). For example, the cysteine proteinase cathepsin L in P. falciparum has been shown to
be vital for the digestion of hemoglobin in the parasite food vacuole (Rosenthal, 2004), while
cysteine protease cathepsin B is essential for iron acquisition in T. brucei (O'Brien et al.,
2008). Furthermore, blocking the cysteine proteinase, cruzipain in T. cruzi reduced infection
and amastigotes replication (Franke de Cazzulo et al., 1994, Harth et al., 1993). Cathepsins
have been shown to be important in T. gondii parasites for cell invasion, digestion of host
proteins for proliferation (Dou et al., 2014, Que et al., 2007), and involved in autophagy to
maintain the survival of cysts (Di Cristina et al., 2017). The redundancy of cathepsin genes
is lower in T. gondii than in most other studied parasites where it encodes only one cathepsin
B (TgCPB), one cathepsin L (TgCPL), and three cathepsin Cs (TgCPCL1, 2, and 3), potentially
making them more effective drug targets. Therefore, parasite cathepsin proteases have been
explored as potential targets for anti-parasitic drug development. Despite the seemingly
importance of cathepsin proteases in T. gondii, there are currently still no approved drugs

targeting this group of enzymes (Siqueira-Neto et al., 2018).

Earlier results have shown that z-FA-FMK, which is an irreversible cathepsin B inhibitor,
readily blocked T. gondii proliferation and induced the formation of cysts in infected Hs68
cells (chapter 3). To ascertain that the effects of z-FA-FMK are due to the inhibition of
cathepsin B, the effect of a highly specific cathepsin B inhibitor, z-FA-DMK on T. gondii
proliferation was compared. Being an analogue of z-FA-FMK, z-FA-DMK has no reported
side effects and unreactive towards other classes of proteinases (Green and Shaw, 1981, Liow
and Chow, 2013). The results showed that similar to z-FA-FMK, z-FA-DMK was able to
inhibit T. gondii parasite proliferation dose-dependently and induced cyst formation. These
findings suggest that inhibition of cathepsin B is likely to be involved in blocking T. gondii

121



parasite proliferation followed by cyst formation in Hs68 host cells mediated by both z-FA-
FMK and z-FA-DMK.

The cathepsin B of Toxoplasma gondii, TQCPB have a specific substrate specificity for
Arg/Arg substrates, such as the z-Arg-Arg-AMC (z-RR-AMC), where z, acts as the N-
terminal blocking group while AMC is a fluorogenic leaving group following substrate
hydrolysis (Que et al., 2002, Sajid and McKerrow, 2002). Using the cathepsin B specific
fluorogenic substrate z-RR-AMC and Magic Red cathepsin B substrate, the results indicate
that both cathepsin B inhibitors, z-FA-FMK and z-FA-DMK readily inhibited cathepsin B
activity in Hs68 cells and T. gondii parasites (RH and ME49 strain) in a dose- and time-
dependent manner. Live imaging of cathepsin B activity in Hs68 cells and T. gondii parasites
using Magic Red cathepsin B substrate further confirm the diminished cathepsin B activity
upon z-FA-FMK or z-FA-DMK treatment. Collectively, these findings strongly suggest a

correlation between diminished cathepsin B activity and inhibition of T. gondii proliferation.

Several studies have proposed that both T. gondii cathepsins, TgCPB and TgCPL work in
unison in numerous specialized functions to support T. gondii infection and persistence. Both
TgCPB and TgCPL are predominantly localized in the Toxoplasma lysosomal VAC, a
lysosome-like organelle where endocytosed host cytosolic proteins are digested for nutrient
acquisition (Di Cristina et al., 2017, Dou and Carruthers, 2011, McGovern et al., 2018).
Inhibition of TgCPB with a peptidyl cathepsin B inhibitor or antisense RNA led to
impairment of host cell invasion, diminished in vitro growth and reduced in vivo infection in
chick embryo by T. gondii (Dou et al., 2013, Que et al., 2002, Que et al., 2004). Treatment
of T. gondii parasite with the cathepsin inhibitor morpholinurea-leucyl-homophenyl-vinyl
sulfonephenyl (LHVS) blocked host cell invasion by inhibiting parasite microneme secretion
(Larson et al., 2009, Teo et al., 2007). Furthermore, TgCPL knockout and inhibition have
been shown to impair T. gondii cyst survival in chronic infection (Di Cristina et al., 2017).
The results presented in this chapter which demonstrated the association between cathepsin
B inhibition and reduced parasite proliferation are very much in line with these published
findings. Since both TgCPB and TgCPL are predominantly situated in the Toxoplasma VAC,
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their proteolytic function are pivotal for Toxoplasma persistence both in vitro and in vivo (Di
Cristina et al., 2017). Upregulation of TJCPB and TgCPL have been reported in mice with
chronic toxoplasmosis infection, suggesting potential importance of these enzymes in T.
gondii cysts formation during chronic infection (Pittman et al., 2014). In line with this,
studies have reported that Toxoplasma cyst demise caused by the inhibition of both TgCPB
and TgCPL, exhibited excessive accumulation of organellar remnants in the VAC (Di
Cristina et al., 2017, Siqueira-Neto et al., 2018). This suggests that autophagy is likely to be
important for bradyzoites during chronic infection, possible involved in organelle turnover
during parasite differentiation or as a survival response towards nutritional limitation (Di
Cristina et al., 2017).

The results in this chapter also demonstrated that both autophagy inhibitor CQ and 3-MA
had no significant effect on T. gondii tachyzoite proliferation under normal culture conditions.
CQ is a well-known anti-malarial drug which also inhibits downstream of the autophagy
cascade by impairing autophagosome fusion with the lysosomes (Mauthe et al., 2018). On
the other hand, 3-MA inhibits type Il Phosphatidylinositol 3-kinases (PI-3K) which
ultimately blocks the formation of the autophagosome entirely upstream of the autophagy
cascade (Stroikin et al., 2004). It has been suggested that autophagy in T. gondii cysts
facilitates the renewal of organelles during the chronic stage or a stress response towards
limited nutrient availability (Di Cristina et al., 2017). Our results therefore indicate that

autophagy is not required in actively proliferating tachyzoites in the absence of stress.

To determine whether z-FA-FMK-treated T. gondii parasites are under stress conditions
associated with nutrient deprivation, the involvement of autophagy following z-FA-FMK
treatment was examined. To this end, we utilize the fact that upon z-FA-FMK withdrawal
from T. gondii infected Hs68 cells the parasite will slowly recover, and eventually proliferate
and resume the lytic cycle. Both autophagy inhibitors, CQ and 3-MA inhibited the recovery
of T. gondii parasites in Hs68 cells following z-FA-FMK withdrawal in a dose-dependent
manner. These results demonstrated that CQ and 3-MA, prevented the T. gondii parasites

from regaining virulence and the ability to proliferate as shown by the low number of PVs
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and decreased total parasite count. This suggested that T. gondii parasites in Hs68 host cells
treated with z-FA-FMK are dependent on the autophagic process to regain virulence.
Therefore, the inhibition of both host and T. gondii parasite autophagy using 3-MA could
greatly limit amino acid availability, and amino acid deprivation is a potent inducer of
autophagy (Ghosh et al., 2012, Wang and Klionsky, 2011, Wang et al., 2009). The
autophagic cascade assumes a cell survival function under nutrient limitation, by selective
degradation of dispensable cellular components and organelles in the cell in exchange for
increased pools of nutrients to sustain cellular functions and cope with starvation (Klionsky
et al., 2011, Kristensen et al., 2008, Weidberg et al., 2011). Therefore, the results
demonstrated that autophagy inhibitors CQ and 3-MA, which showed no effect on the
proliferation of untreated parasites blocked the recovery of T. gondii proliferation following
z-FA-FMK withdrawal. Hence, this demonstrates that autophagy is essential for the z-FA-
FMK treated parasites in order to regain its proliferation upon withdrawal of z-FA-FMK.

Taken together, our results in this chapter demonstrated that the z-FA-FMK analog, z-FA-
DMK was able to block the proliferation of T. gondii parasites and induce cyst formation.
This suggest that the anti-proliferative effects of these inhibitors are associated with cathepsin
B activity inhibition. In line with this, both z-FA-FMK and z-FA-DMK inhibited cathepsin
B activity in both Hs68 cells and T. gondii parasites. Since cathepsin B is associated with the
proteolytic function of VAC in T. gondii parasites, z-FA-FMK treatment is likely to induce
starvation in T. gondii parasites by disrupting protein catabolism mediated via cathepsin B in
the VAC. To this end, we have demonstrated that z-FA-FMK treatment is associated with
the induction of autophagy in T. gondii parasites, possibly as a stress response towards

starvation.
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CHAPTER FIVE

Role of oxidative stress in the anti-proliferative
effects of z-FA-FMK and possible synergistic
effects with BSO on T. gondii proliferation
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5.1 Introduction

Oxygen plays a vital role in the oxidative phosphorylation pathway. It acts as the terminal
electron acceptor and drives adenosine triphosphate (ATP) production and major metabolic
processes in aerobic organisms (Quijano et al., 2015). Reactive oxygen species (ROS) are
chemically reactive molecules containing oxygen, which are produced endogenously by
living organisms during normal cellular metabolism, predominantly via the incomplete or
partial reduction of oxygen (Gorlach et al., 2015, Mailloux et al., 2013, Mansfield et al.,
2004). On the other hand, ROS are also generated endogenously in cells upon exposure to
xenobiotics or environmental insults (Birben et al., 2012, Kurutas, 2016, Martindale and
Holbrook, 2002). Additionally, immune effector cells also utilize ROS in a process known
as oxidative burst to combat microbial infection (Kwok et al., 2004, Liguori et al., 2018,
Phaniendra et al., 2015). Oxidative stress in cells occurs when the balance between
antioxidants and pro-oxidants is disrupted, often defined by the depletion of antioxidant
levels accompanied by excessive accumulation of ROS (Birben et al., 2012, Ozougwu, 2016,
Rahal et al., 2014). ROS can be classified into free radicals and non-radicals. The former are
reactive molecules containing one or more unpaired electrons and the latter consist of 2 free
radicals with shared unpaired electrons which give rise to non-radical ROS (Birben et al.,
2012). The 3 major subclasses of ROS that are of physiological significance are superoxide
anions, hydrogen peroxide (H202) and hydroxyl radicals (Birben et al., 2012, Zang et al.,
2013, Zou et al., 2017). Among these classes of ROS, hydroxyl radicals are the most reactive
and can readily react with organic and inorganic molecules and cause severe oxidative
damage to cells (Birben et al., 2012, Phaniendra et al., 2015).

Excessive increase in intracellular ROS leads to oxidative stress in a cell and can cause
adverse modifications to vital cellular components, mainly lipids, proteins, and DNA, which
could lead to cellular dysfunction and cell death (Andreyev et al., 2005, Birben et al., 2012,
Slesak et al., 2016, Trachootham et al., 2008). Despite the harmful effects associated with
ROS, low to moderate concentrations are often found to be involved in physiological
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processes or as secondary messengers of signal transduction pathways (Gorlach et al., 2015,
Reczek and Chandel, 2015).

In order to regulate ROS levels and protect against ROS-mediated damages, aerobic
organisms have robust antioxidant systems, including enzymatic and non-enzymatic
antioxidants which are extremely efficient in controlling intracellular ROS (Birben et al.,
2012, Rahal et al., 2014, Slesak et al., 2016). The non-enzymatic antioxidants have the ability
to inactivate ROS rapidly and mainly consist of low molecular weight molecules, including
glutathione, ascorbic acid, tocopherols and flavonoids (Mironczuk-Chodakowska et al., 2018,
Schippers et al., 2012, Slesak et al., 2016, Waskiewicz et al., 2014). The enzymatic
antioxidants, which include superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx) work by breaking down ROS and scavenging free radicals (Halliwell, 1999,
Simon et al., 2000). In living cells, SODs catalyze superoxide radicals into H>O2 and
oxygen (Fridovich, 1995, Younus, 2018), whereas GPx and CATs break down H;O> into
water and oxygen (Lubos et al., 2011). Enzymatic antioxidants can be classified into primary
or secondary enzymatic antioxidants. Primary enzymatic antioxidants such as CAT and SOD
react directly with pro-oxidants whereas secondary enzymatic antioxidants such as
glutathione reductase (GR) and glutathione-s-transferase (GST) regenerates low molecular
weight antioxidant molecules to ensure their continuous antioxidant activity (Halliwell, 1999,
Kurutas, 2016).

Most of the pathologically significant parasitic protozoa including T. gondii are aerobic
organisms and depend on oxidative phosphorylation in the mitochondria to drive cellular
function (Turrens, 2004). Obligate apicomplexan intracellular parasites such as T. gondii
have evolved to cope with the intracellular environment of their host and adapt to the redox
state inside the cells (Bosch et al., 2015, Peng et al., 2003). To overcome these hostile
oxidative microenvironments, T. gondii have developed a variety of ROS-detoxifying
mechanism such as the thioredoxin and glutaredoxin systems (Bosch et al., 2015, Kwok et
al., 2004, Liu et al., 2013, Xue et al., 2017). These systems act as thiol/disulfide pairs, where
glutathione/glutathione disulfide (GSH/GSSG) which plays a critical role in mediating redox
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balance while thioredoxins (Trx) is involved in redox signaling and the detoxification of
H2O2 (Arner and Holmgren, 2000, Jones and Go, 2010). The intracellular antioxidant
glutathione exists in both reduced (GSH) and oxidized (GSSG) states. Reduced GSH is able
to reduce unstable molecules such as ROS using the cysteine thiol functional group. As a
result, the oxidized GSH readily reacts with another reduced GSH to form glutathione
disulfide (GSSG) which is subsequently regenerated by glutathione reductase (GSR)
(Bahrami et al., 2016, Couto et al., 2013). Interestingly, T. gondii parasites in particular
possess cytosolic catalase (CAT) enzyme which is absent in most pathogenic protozoans
(Ding et al., 2000, Halliwell, 1999, Kwok et al., 2004). Cytosolic catalase is primarily
involved in the detoxification of host derived peroxides as a result of high substrate turnover
of the host cell (Ding et al., 2000, Kaasch and Joiner, 2000). Additionally, T. gondii also
possess 2 superoxide dismutases TgSOD2 and TgSOD3 which are localized to the parasite’s
single tubular mitochondrion (Melo et al., 2000). These different ROS-detoxification and

antioxidants work together to protect the parasite against oxidative stress.

Despite having all the different ROS-detoxification mechanisms, T. gondii is still vulnerable
to oxidative stress. During the early phase of T. gondii infection, the host’s innate immune
system defense mechanism is activated and results in large amount of ROS being generated
by the macrophages and neutrophils to eliminate the parasites (Denkers et al., 2003). In
response to this oxidative stress insult, the parasites will stop proliferating and differentiate
from the tachyzoite into the bradyzoite form (Bohne et al., 1999, Bosch et al., 2015, Pino et
al., 2007). This is also the reason why healthy individuals following infection with T. gondii
are usually asymptomatic. However, a dysfunctional immune system would facilitate and
allow tissue cysts reactivation and uncontrolled toxoplasmosis with clinical symptoms
(Israelski et al., 1993, Nath and Sinai, 2003, Sullivan and Jeffers, 2012).

Our previous studies have indicated that z-FA-FMK depletes GSH and induces ROS
production in mammalian T-cells besides blocking cathepsin B (Rajah and Chow, 2015,
Liow and Chow, 2013). A previous study has suggested that z-FA-FMK inhibits the growth

of malaria parasites through the induction of oxidative stress (Vandana et al., 2018). The
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earlier findings in this study (chapter 3 and 4) also demonstrated that anti-proliferative effects
of z-FA-FMK on T. gondii parasites which induced cyst formation was mediated via
cathepsin B inhibition. As z-FA-FMK is both the irreversible inhibitor of the cysteine
protease cathepsin B and a potential pro-oxidant, therefore this prompt us to investigate
whether the anti-proliferative effects observed could be contributed by oxidative stress
induction as well. Therefore, the main objective in this chapter is to examine if the anti-
proliferative activity of z-FA-FMK in T. gondii parasites involves oxidative stress and the

potential synergistic effect with BSO which blocks GSH biosynthesis.
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5.2 Results

5.2.1 Effects of z-FA-FMK and z-FA-DMK on intracellular GSH levels in Hs68 cells

and extracellular T. gondii tachyzoites

The results in chapter 3 and chapter 4 indicate that the cathepsin B inhibitor, z-FA-FMK was
able to inhibit T. gondii proliferation and induce cyst formation. Previous studies have
indicated that the cathepsin B inhibitor, z-FA-FMK but not z-FA-DMK inhibits T-cell
proliferation through the induction of mild oxidative stress (Rajah and Chow, 2015).
Therefore, in this present chapter, the involvement of oxidative stress in the anti-proliferative
effects induce by z-FA-FMK and its analogue, z-FA-DMK was examined. To this end, the
intracellular GSH levels in Hs68 host cells and extracellular T. gondii following z-FA-FMK

and z-FA-DMK treatment was examined.

As shown in Figure 5.1, both z-FA-FMK and z-FA-DMK at 100uM did not induce
significant depletion of intracellular GSH levels in Hs68 cells after 72h. This result suggests
that z-FA-FMK behaves similarly to z-FA-DMK in Hs68 cells, which disagrees with
previous studies where z-FA-FMK depleted GSH levels in human T-cells (Rajah and Chow,
2015). Subsequently, the effect of z-FA-FMK and z-FA-DMK on isolated extracellular T.
gondii was examined. As depicted in Figure 5.2A and 5.2B, the results showed that the
intracellular GSH levels in both the untreated extracellular T. gondii strains (RH and ME49
strain) remained unchanged over 6h. The presence of 100uM z-FA-FMK significantly
depleted the intracellular GSH in both the RH and ME49 strains within the first hour and the
level remain depleted in a sustained level for 6h. In contrast, 100uM z-FA-DMK has no effect
on the intracellular GSH levels in both the T. gondii strains. The results collectively indicated
that z-FA-FMK at 100uM may be inducing oxidative stress in the redox sensitive parasites
directly while having negligible effect on the Hs68 host cells. Conversely, z-FA-DMK did

not have any effect on the intracellular GSH in both parasites and Hs68 host cells.
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Figure 5.1. Effect of z-FA-FMK or z-FA-DMK on intracellular GSH levels in Hs68 cells

Hs68 cells were treated with 100uM of z-FA-FMK or z-FA-DMK for different time points
where indicated. Intracellular GSH levels were measured using the fluorogenic dye MCB as
described in Materials and Methods. The results represent the means =+ SEM from three
independent experiments.

131



Intracellular GsH levels

Intracellular GsH levels

(% of control)

(% of control)

110
100
90

80
70

60

50

® Control
®z-FA-FMK100uM
* z-FA-DMK100uM

40
30
20
10

0 1 2 3 4 5 6
Time (hours)

ME49
110

90 —
—
80 *

70 X *
60

50
® Control
®z-FA-FMK100uM

*z-FA-DMK100uM

40
30
20
10

0 1 2 3 4 5 6
Time (hours)

Figure 5.2. Effect of z-FA-FMK on intracellular GSH levels in extracellular T. gondii

Isolated tachyzoites RH strain (A) or ME49 strain (B) were treated with 100uM of z-FA-
FMK or z-FA-DMK for different time points where indicated. Intracellular GSH levels were
measured using the fluorogenic dye MCB as described in Materials and Methods. The results
represent the means = SEM from three independent experiments, , where * indicates p < 0.05
versus Oh untreated control.
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5.2.2 z-FA-FMK and z-FA-DMK do not induce ROS production in Hs68 host cells and

extracellular T. gondii parasites

As shown earlier (Figure 5.1) both z-FA-FMK and z-FA-DMK have no effect on the
intracellular GSH levels in Hs68 cells. However, z-FA-FMK significantly depletes
intracellular GSH in extracellular T. gondii parasites while z-FA-DMK has no effect (Figure
5.2). To reconcile these results and confirm whether z-FA-FMK and z-FA-DMK induce
oxidative stress, the production of ROS in Hs68 cells and extracellular T. gondii parasites
was next determined. The major classes of ROS with physiological significance are
superoxide anions, hydroxyl radicals and H2O, (Ozougwu, 2016). To determine the various
classes of ROS, Hs68 cells were treated with 100uM z-FA-FMK or z-FA-DMK for various
time points where indicated before the amount of ROS generated was determined using redox
sensitive dyes DHE (superoxides) and DCFH-DA (peroxyl and hydroxyl radicals). As shown
in Figure 5.3, H202 (500uM) added to Hs68 cells as a positive control, readily induced the
increase in ROS (superoxides) by 5-fold (Figure 5.3A and 5.3B), while peroxyl and hydroxyl
radicals increased by 15-fold (Figure 5.3A and 5.3B) after 30min when compared to control
cells. As shown in Figure 5.3A and 5.3B, both z-FA-FMK and z-FA-DMK, respectively did
not induce any increase in superoxide production in Hs68 cells over 72h. Similarly, both z-
FA-FMK and z-FA-DMK did not induce significant production of peroxyl and hydroxyl
radicals in Hs68 cells over 72h (Figure 5.3C and 5.3D, respectively). These results
collectively suggest that z-FA-FMK and z-FA-DMK at 100uM did not induce any notable
oxidative stress towards Hs68 cells. Therefore, the reduced proliferation and formation of T.
gondii cysts in response to z-FA-FMK and z-FA-DMK appears not to be due to intracellular

oxidative stress exerted from within the host cells.

Since T. gondii parasites would be exposed to the extracellular environment during egress
and invasion of a new host cell. Therefore, the effect of z-FA-FMK and z-FA-DMK at
100uM on ROS production in extracellular tachyzoites was examined subsequently. As
illustrated in Figure 5.4, all control untreated extracellular parasites showed slight increase

in ROS over 6h using DHE (superoxides) and DCFH-DA (peroxyl and hydroxyl radicals)

133



probes. Both z-FA-FMK and z-FA-DMK at 100uM did not induce any increase in
superoxides (Figure 5.4A) or peroxyl and hydroxyl radicals (Figure 5.4C) in extracellular T.
gondii RH strain parasites over 6h compared to untreated parasites. Similarly, in the avirulent
ME49 strain parasites, both z-FA-FMK and z-FA-DMK did not induce accumulation of
superoxides (Figure 5.4B) or peroxyl and hydroxyl radicals (Figure 5.4D). Our results
collectively indicate that z-FA-FMK and z-FA-DMK did not induce oxidative stress in the

parasites or Hs68 host cells following treatments.
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Figure 5.3. Effect of z-FA-FMK and z-FA-DMK on intracellular ROS accumulation in

Hs68 cells

Hs68 cells were treated with 100uM z-FA-FMK or z-FA-DMK for different time points
where indicated. Accumulation of intracellular superoxides was measured using DHE (A-B)
or peroxyl and hydroxyl radicals using DCFH-DA (C-D) as described in Materials and
Methods. The results represent the fold increase of ROS over control + SEM from three

independent experiments.
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Figure 5.4. Effect of z-FA-FMK and z-FA-DMK on intracellular ROS accumulation in
T. gondii parasites

Extracellular T. gondii parasites were purified and treated with 100uM z-FA-FMK or z-FA-
DMK for different time points where indicated. Accumulation of intracellular superoxides
was measured using DHE (A-B) or peroxyl and hydroxyl radicals using DCFH-DA (C-D) as
described in Materials and Methods. The results represent the fold increase of ROS over
control + SEM from three independent experiments.

136



5.2.3 Intracellular T. gondii proliferation is redox sensitive

The results so far have suggested that z-FA-FMK did not induce any increase in ROS
production in both Hs68 cells and extracellular T. gondii parasites. However, z-FA-FMK but
not z-FA-DMK was shown to partially deplete intracellular GSH in extracellular T. gondii
parasites. These results led us to examine whether reducing the availability of GSH in Hs68
host cells has any effect on T. gondii proliferation induced by the z-FA-FMK. To this end,
we used BSO to block intracellular GSH production in the Hs68 cells. BSO is a potent
inhibitor of the enzyme y-glutamylcysteine synthetase (y-GCS), and blocks intracellular GSH
synthesis in cells (Drew and Miners, 1984, O'Dwyer et al., 1996, Tagde et al., 2014). The
effect of BSO on the intracellular GSH levels in Hs68 cells was first examined. As shown in
Figure 5.5, BSO at 2mM was able to reduce intracellular GSH levels in Hs68 cells by ~35%
compared to control cells after 24h and remained unchanged after 72h. As expected, z-FA-
FMK did not deplete intracellular GSH levels in Hs68 cells. When Hs68 cells were co-treated
with BSO, the depletion of GSH remained similar to BSO alone.

Having established that BSO can reduce intracellular GSH level by ~35%, its effect on T.
gondii proliferation in Hs68 cells was then examined. As illustrated in Figure 5.6, BSO at
2mM significantly reduced total proliferated parasite number after 72h in both RH strain and
ME49 strain. The results suggest that the depletion of GSH antioxidant in the host

intracellular environment reduces T. gondii parasite proliferation.
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Figure 5.5. Effect of BSO and z-FA-FMK on intracellular GSH levels in Hs68 cells

Hs68 cells were treated with 2mM of BSO or 100uM of z-FA-FMK or both for different time
points where indicated. Intracellular GSH levels were measured using the fluorogenic dye
MCB as described in Materials and Methods. The results represent the means £ SEM from
three independent experiments, where * indicates p < 0.05 versus respective untreated control
over time.
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Figure 5.6. Effect of BSO on intracellular T. gondii parasite number following 72h
treatment

Hs68 cells infected with T. gondii tachyzoites RH strain or ME49 strains were treated with
2mM BSO for 72h and the number of tachyzoites was determined using the trypan blue
exclusion assay as described in Materials and Methods. The results represent the means +
SEM from three independent experiments, where * indicates p < 0.05 versus control.
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5.2.4 Depletion of GSH by BSO enhances anti-proliferative effects of z-FA-FMK

Previous study has demonstrated that BSO is able to potentiate the effect of anti-parasitic
drugs such as nifurtimox and benznidazole against T. cruzi (Faundez et al., 2005). BSO was
shown to abrogate pyrimethamine and sulfadoxine resistance in malaria parasites
(Songsungthong et al., 2016). Therefore, whether BSO could potentiate or increase the
sensitivity of the intracellular T. gondii tachyzoites towards z-FA-FMK treatment was
investigated. To this end, Hs68 cells infected with T. gondii (RH or ME49 strains) were

treated with various concentrations of z-FA-FMK in the presence of 2mM BSO over 72h.

As shown in Figure 5.7 and Figure 5.8, the presence of BSO markedly enhanced the anti-
proliferative effects of z-FA-FMK on T. gondii RH and ME49 strains, respectively. The
number of PV formed over time in RH strain tachyzoites was further reduced in z-FA-
FMK-treated host cells infected with parasites in the presence of BSO (Figure 5.7B)
compared to z-FA-FMK treatment alone (Figure 5.7A). Likewise, the total parasite count
was also reduced, further confirming that BSO potentiated the dose-dependent anti-
proliferative effects of z-FA-FMK on the RH strain T. gondii as shown in Figure 5.7C.
Similarly, BSO also exhibited potential synergistic effect with z-FA-FMK in the ME49
strain parasites (Figure 5.8B) compared to z-FA-FMK treatment alone (Figure 5.8A). As
seen with the RH strain, the total number of ME49 strain parasites was also reduced in the
presence of BSO plus z-FA-FMK (Figure 5.8C). The results collectively indicated that the
presence of BSO resulted in a marked reduction in parasite growth across lower
concentrations of z-FA-FMK (<100uM) in both RH and ME49 strain. No enhancement on
T. gondii proliferation was seen at 100uM z-FA-FMK in the presence of BSO. These results
also suggest that the RH strain parasite proliferation is more sensitive to z-FA-FMK plus
BSO compared to the MEA49 strain. Our findings collectively suggest that the depletion of
intracellular GSH mediated by BSO synergistically enhanced the anti-proliferative effects of
z-FA-FMK towards RH tachyzoite strain. These results collectively suggest that the anti-
proliferative effects induced by z-FA-FMK in T. gondii can be enhanced with GSH
depletion using BSO.
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Figure 5.7. Effect of BSO (2mM) on proliferation of z-FA-FMK treated RH strain T.
gondii tachyzoites

Hs68 host cells were preinfected with the RH strain parasites for 24h before treated with z-
FA-FMK or together with BSO. The time course for PV formed in Hs68 cells following z-
FA-FMK treatment alone (A) or in combination with 2mM BSO (B). Total number of viable
parasites after 72h following treatment with z-FA-FMK alone or co-treated with 2mM BSO
(C). The treated Hs68 cells infected with tachyzoites were examined under 40x
magnification and the number of PV was scored across 10 randomized microscopic fields.
The number of tachyzoites was determined using the trypan blue exclusion assay as described
in Materials and Methods. The results represent the means + SEM from three independent
experiments.
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Figure 5.8. Effect of BSO (2mM) on proliferation of z-FA-FMK treated ME49 strain T.
gondii tachyzoites

Hs68 host cells were preinfected with the ME49 strain parasites for 24h before treated with
z-FA-FMK or together with BSO. The time course for PV formed in Hs68 cells following z-
FA-FMK treatment alone (A) or in combination with 2mM BSO (B). Total number of viable
parasites after 72h following treatment with z-FA-FMK alone or co-treated with 2mM BSO
(C). The treated Hs68 cells infected with tachyzoites were examined under 40x
magnification and the number of PV was scored across 10 randomized microscopic fields.
The number of tachyzoites was determined using the trypan blue exclusion assay as described
in Materials and Methods. The results represent the means + SEM from three independent
experiments.
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5.3 Discussion

Obligate intracellular parasites including the apicomplexans have complex life cycles and
require the transmission from one host to another. The complete lytic cycle of T. gondii
parasites involves the intracellular proliferation phase and extracellular invasion phase
(Blader et al., 2015, Jeffers et al., 2018, Tu et al., 2018). Therefore, obligate intracellular
parasites such as T. gondii needs to cope with the redox stress which could arise from the
intracellular environment of their hosts and/or the extracellular environment (Bosch et al.,
2015, Peng et al., 2003). Oxidative stress is described as the imbalance between anti-oxidant
and pro-oxidant levels which is often characterized with the depletion of intracellular GSH
pools coupled by accumulation of ROS (Chandra et al., 2000, Liguori et al., 2018, Orrenius,
2007, Sun, 2010). In physiological conditions, immune effector cells such as macrophage
and neutrophils exploit detrimental properties of ROS to combat infections via ‘oxidative
burst’, which rapidly increases the oxidative burden to eradicate the targeted infectious agent
(Nguyen et al., 2017a, Slauch, 2011).

Earlier findings in chapter 4 indicated that the anti-proliferative effects of z-FA-FMK in T.
gondii parasites were associated with the inhibition of cathepsin B. However, one of the side
effects of z-FA-FMK is acting as a pro-oxidant and inhibits T-cell proliferation via oxidative
stress (Rajah and Chow, 2015). In line with this, z-FA-FMK has been reported to inhibit the
growth malaria parasites mediated via the induction of oxidative stress via ROS production
(Vandana et al., 2018). Hence in this chapter, the involvement of oxidative stress on the anti-
proliferative effects of z-FA-FMK on T. gondii in Hs68 host cells was examined. To this end,
we examined the effect of z-FA-FMK and its analog, z-FA-DMK on intracellular GSH levels
and ROS production in both Hs68 cells and T. gondii parasites. Like z-FA-FMK, z-FA-DMK
readily inhibits T. gondii proliferation in host cells but has no reported side effects (Green
and Shaw, 1981, Liow and Chow, 2013). In the previous study, z-FA-FMK readily depletes
intracellular GSH and promotes ROS accumulation in T-cells to block cell proliferation
(Rajah and Chow, 2015). In sharp contrast, the results showed that z-FA-FMK and z-FA-
DMK have no effect on intracellular GSH levels in Hs68 cells. Surprisingly, the findings
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differ from the reported depletion of GSH in human T-cells induced by z-FA-FMK. In the
study of T. gondii parasites, interestingly z-FA-FMK but not z-FA-DMK induced a moderate
decrease in intracellular GSH in extracellular tachyzoites from both ME49 and RH strains.
This suggests that z-FA-FMK could be causing a mild oxidative stress in the extracellular
parasites but not in the host cells. The results also indicate that it is likely that during the
transition between egress and invasion, the extracellular tachyzoites will be affected by z-

FA-FMK in the culture media during treatment.

Accumulation of ROS in cells is known to have detrimental effects on cells and parasites
(Andreyev et al., 2005, Birben et al., 2012, Kwok et al., 2004, Slesak et al., 2016). Aside
from the redox balance within the parasite, the host cell also exerts oxidative stress towards
the intracellular parasites due to the cell’s higher metabolism and substrate turnover in the
cytosol or the mitochondria (Andreyev et al., 2005, Trachootham et al., 2008). Therefore,
ROS could directly affect the survivability of the parasite or indirectly via disruption of the
oxidative balance of the host cell (Bosch et al., 2015). Since T. gondii parasites proliferate
entirely within the infected host cell, the redox state of the host cell would be an indicator of
oxidative stress imposed towards the proliferating parasites. The major classes of ROS with
physiological significance are superoxide anions, hydroxyl radicals, and peroxyl radicals
(Ozougwu, 2016).

In this study, two different ROS sensitive dyes (DHE and DCFH-DA) were used: DHE for
measurement of superoxide anions and DCFH-DA for the specific detection of hydroxyl
radicals and peroxyl radicals. The results obtained indicate that both z-FA-FMK and z-FA-
DMK does not induce ROS accumulation in Hs68 cells, suggesting that both compounds did
not induce oxidative stress in the host cells. Similarly, both z-FA-FMK and z-FA-DMK did
not promote increase in ROS in extracellular T. gondii. Firstly, the results showed that z-FA-
DMK is a specific cathepsin B inhibitor and did not induce any oxidative stress in both Hs68
and T. gondii altogether, which is in line with reported studies (Rajah and Chow, 2015).
Collectively, these findings suggest that z-FA-FMK does not induce oxidative stress in the
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host cells, whereas it may induce mild oxidative stress in the extracellular tachyzoites during

the transition period after egressing and finding the next host via the depletion of GSH.

Depleting intracellular GSH in cells will affect the redox balance and several studies have
used BSO to block GSH synthesis in cells by inhibiting y-GCS. The resulting imbalanced
redox state was shown to increase the effectiveness of a number of anti-parasitic drugs
(Faundez et al., 2005, Gibellini et al., 2010, Songsungthong et al., 2016, Tagde et al., 2014).
Our results show that BSO at non-toxic concentrations was able to deplete intracellular GSH
in Hs68 cells by ~35% and was able to partially reduce intracellular tachyzoite proliferation.
As expected, there was no further reduction in intracellular GSH levels in Hs68 host cells
treated with both z-FA-FMK and BSO, confirming that z-FA-FMK does not deplete
intracellular GSH levels, despite the replenishment of GSH being blocked by the presence of
BSO.

However, under this condition, the results suggest that BSO have a potential synergistic effect
with z-FA-FMK and further enhanced the anti-proliferative effect of z-FA-FMK on RH strain
of T. gondii. These results suggest that the inhibition of GSH biosynthesis with BSO,
increased the sensitivity of the two strains of parasites to z-FA-FMK. Interestingly, the
synergistic effects of BSO were only effective when used with lower concentrations of z-FA-
FMK and more pronounced with the RH strain but not apparent in the ME49 strain of T.
gondii. These findings are very much in line with previous reports where BSO treatment
enhances the effects of several anti-parasitic drugs (Faundez et al., 2005, Pal and
Bandyopadhyay, 2012, Songsungthong et al., 2016, Turrens, 2004). Indeed, these results
demonstrated that T. gondii like other studied parasitic protozoans in general are sensitive
and vulnerable to oxidative stress, suggesting that disruption of parasite/host redox

homeostasis could be an effective approach to control infections (Bosch et al., 2015).

Since T. gondii differentiation can be driven by various stress factors (physical and
physiological) and preceded by slowed growth (Sullivan and Jeffers, 2012, Sullivan et al.,
2009). Therefore, the combination of BSO and z-FA-FMK may be introducing imbalanced

redox state and starvation via cathepsin B inhibition, which further impedes intracellular
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replication which results in the enhancing the potency of z-FA-FMK. These findings suggest
that stress inducers against T. gondii which acts via different mechanisms could apply a

synergistic inhibitory effect towards T. gondii proliferation.

In summary, our results have shown that z-FA-FMK and z-FA-DMK both did not induce
ROS accumulation in Hs68 cells and extracellular tachyzoites. However, only z-FA-FMK
was able to deplete ~35% GSH levels in extracellular tachyzoites. Additionally, the results
showed that that the intracellular redox state mediated via the availability of antioxidants
affects the proliferation of T. gondii parasites. We suggest that oxidative stress is not involved
in the anti-proliferative effects of z-FA-FMK on T. gondii. Nevertheless, the induction or
sensitization towards oxidative stress may be combined with z-FA-FMK to increase the

strength of inhibition towards intracellular T. gondii parasite proliferation.
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CHAPTER SIX

GENERAL DISCUSSION, CONCLUSION
AND FUTURE WORK
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6.1 General discussion

Toxoplasma gondii is an obligate intracellular opportunistic parasitic protozoan of the
apicomplexan phylum that causes toxoplasmosis. Toxoplasmosis is highly prevalent due to
the wide host range compatibility, leading to widespread infections in both animals and
humans worldwide. The T. gondii life cycle involves differentiation between sporozoites,
tachyzoites and bradyzoites to facilitate parasite dissemination and persistence (Ferreira da
Silva Mda et al., 2008, Vonlaufen et al., 2008). Toxoplasmosis can be classified into the
acute phase and the chronic phase, where the acute infection by tachyzoites which is
generally subclinical and asymptomatic (Dubey and Jones, 2008, Montazeri et al., 2017).
Acute toxoplasmosis may develop into chronic infection, characterized by the differentiation
of tachyzoites into bradyzoites which remains dormant as cysts (Weiss and Kim, 2000).
Dormant cysts may reactivate and manifest as symptomatic toxoplasmosis in
immunocompromised or congenitally infected individuals, leading to severe complications
and mortality (Dubey and Jones, 2008, Montazeri et al., 2017, Vonlaufen et al., 2008).

The current standard treatment for acute toxoplasmosis is pyrimethamine and sulfadiazine.
These drugs which possess undesirable side effects are also ineffective against T. gondii cysts
(chronic toxoplasmosis) (Bosch-Driessen et al., 2002b, Schmidt et al., 2006, Silveira et al.,
2002). To date, toxoplasmosis remains incurable due to the resilient cysts which avoid
immunodetection and the quiescent metabolic activity of cysts increases the challenges for
pharmacological intervention (Samuel et al., 2003, Sullivan and Jeffers, 2012, Sullivan et al.,
2009). The ability of T. gondii to differentiate into bradyzoites and form cysts is critical in
establishing chronic infection. Therefore, understanding the mechanism that underlie the
differentiation of T. gondii tachyzoites to bradyzoites and cyst formation may unravel new
strategies to combat T. gondii infection. (Ferreira da Silva Mda et al., 2008). Indeed, an
attenuated strain of T. gondii that has lost the ability to differentiate into bradyzoites has been
used as a vaccine (Toxovax) in sheep to curb zoonotic transmission (Buxton and Innes, 1995,
Buxton et al., 2007).
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The differentiation of T. gondii has been widely recognized as a response towards stress or
hostile environmental conditions (Ferreira da Silva Mda et al., 2008, VVonlaufen et al., 2008,
Weiss and Kim, 2000). How T. gondii responds to stress and differentiates remains elusive
and the underlying mechanisms are of major scientific interest. In the present study, the anti-
proliferative effect of the irreversible cathepsin B inhibitor z-FA-FMK on two different
strains of T. gondii (RH and ME49) with different propensity to form cyst in vitro using in

Hs68 host cells infected was studied.

The main objectives in chapter three were to examine and characterize the anti-proliferative
effects of the irreversible cathepsin B inhibitor, z-FA-FMK on Hs68 cells infected with T.
gondii tachyzoites. Parameters correlating to parasite lytic cycle including PV formation,
total viable T. gondii parasite number and plaque area formation were looked at. The findings
demonstrated that z-FA-FMK dose-dependently impaired the T. gondii lytic cycle at multiple
stages, which include parasite invasion (PV count), intracellular replication (total parasite
count) and egress (plaque formation) in both RH and ME49 strains. The T. gondii cathepsin
B is involved in the processing of rhoptry proteins which is a secretory organelle required for
parasite invasion into cells and its inhibition has been reported to impair cell invasion (Que
et al., 2002). In line with this, results have also indicated that z-FA-FMK partially blocks T.
gondii invasion, suggesting the involvement of T. gondii cathepsin B inhibition. Interestingly,
the findings also clearly demonstrated that z-FA-FMK blocks the overall lytic cycle by
inhibiting intracellular T. gondii proliferation. Additionally, the avirulent ME49 strain
appears to be more sensitive to z-FA-FMK and formed cysts readily as compared to the

virulent RH strain.

Most of the reported stress conditions that promote T. gondii differentiation into bradyzoites
also reduce the proliferation of tachyzoites (Gubbels et al., 2008, Sullivan and Jeffers, 2012).
There is also evidence to suggest that the trigger for differentiation in T. gondii may be a
programmed response activated by slow growth and is independent of cellular stress (Bohne
et al., 1994, Jerome et al., 1998, Sullivan et al., 2009). Since z-FA-FMK was able to block

T. gondii proliferation within Hs68 cells, we then examined if T. gondii differentiate and
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form cysts after z-FA-FMK treatment. The results showed that parasites treated with z-FA-
FMK developed cysts wall in both RH and ME49 strains. In line with reported studies, our
time-course examination of cyst formation in response to z-FA-FMK indicate that the
inhibition of parasite proliferation preceded cyst wall formation. Since cell cycle progression
is required for cyst formation, as cell cycle arrest does not trigger bradyzoite differentiation
(Gubbels et al., 2008). Therefore, is remain unclear if the anti-proliferative effects of z-FA-
FMK involves inducing cell cycle arrest in the parasites and more work is needed to confirm
this. Next, we further examined if the parasites could regain virulence and proliferation
following withdrawal of z-FA-FMK. The results demonstrated that the intracellular parasites
gradually regained its proliferation following z-FA-FMK withdrawal. This shows that the
anti-proliferative effects of z-FA-FMK in T. gondii may be stress related and are reversible
over time upon withdrawal. Using this model, the anti-proliferative effects of z-FA-FMK on

tachyzoite and bradyzoite interconversion were further characterized.

In chapter four, the objective was to examine if the anti-proliferative effects of z-FA-FMK
towards T. gondii parasites in Hs68 cells involve cathepsin B inhibition. Cathepsins are
cysteine proteases which play important role in the biology of T. gondii parasites. Aside from
basic catabolic functions and protein processing, cathepsins have been shown to involve in
cell and tissue invasion, nutrient acquisition, excystment/encystment and replication (Dou
and Carruthers, 2011, Sajid and McKerrow, 2002). As a negative control for z-FA-FMK, one
of its analogues, z-FA-DMK which has no reported side effects besides blocking cathepsin
B was used (Rajah and Chow, 2015). Similar to z-FA-FMK, z-FA-DMK also effectively
inhibited parasite growth and induced cyst formation. These results suggest that the anti-
proliferative effect on tachyzoites induced by both z-FA-FMK and z-FA-DMK is through
the inhibition of cathepsin B. As expected, both z-FA-FMK and z-FA-DMK inhibited
cathepsin B activity in Hs68 cell lysates and in live Hs68 cells. Live cell imaging of cathepsin
B activity in T. gondii infected Hs68 cells indicate the presence of cathepsin B-like activity
in parasite PVs which was reduced following z-FA-FMK and z-FA-DMK treatment. This
was corroborated when the cathepsin B activity in T. gondii parasite lysates and extracellular
parasites were readily inhibited by z-FA-FMK and z-FA-DMK. Collectively, our results
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indicated that the anti-proliferative effects of z-FA-FMK and z-FA-DMK are associated with

the inhibition of cathepsin B in T. gondii parasites.

T. gondii parasites possesses a lysosome-like organelle known as the VAC which is the major
site for the cathepsins, TgCPL and TgCPB (Dou and Carruthers, 2011, Parussini et al., 2010).
T. gondii tachyzoites ingests and catabolize host-derived cytosolic proteins in the VAC to
drive proliferation (Dou et al., 2014, McGovern et al., 2018). Studies have shown that T.
gondii bradyzoites deficient in VAC-localized cathepsins accumulate large quantities of
undigested material in the VAC in vitro, suggesting that autophagy mediates organelles
turnover during parasite differentiation or serves as a survival response to overcome nutrient
limitation (Di Cristina et al., 2017). The results from this study showed that both autophagy
inhibitors, CQ and 3-MA have no effect on T. gondii proliferation in Hs68 cells, suggesting
that autophagy is not activated under normal culture conditions. However, the proliferation
of T. gondii which resumes following z-FA-FMK withdrawal were blocked in the presence
of CQ and 3-MA. These results demonstrated that autophagy is involved as the parasites

began to proliferate to regain infectivity and proliferation following z-FA-FMK withdrawal.

In line with this, rapidly replicating tachyzoites are more metabolically active and require a
higher overall nutrient demand than bradyzoites. Proliferating T. gondii parasites have also
been suggested to parasitize host-derived nutrients sources by recruiting host organelles,
autophagic vesicles and even induce autophagy of the infected host cell to increase amino
acid pools (Besteiro, 2019, Ghosh et al., 2012). These findings are in line with reported
studies where autophagy inhibitors such as 3-MA have been reported to block host autophagy
which further lowers amino acid availability for the parasite during starvation condition
(Wang et al., 2009).

Collectively, these findings demonstrated that the anti-proliferative effects of z-FA-FMK on
T. gondii parasites could involve nutrient starvation through the inhibition of cathepsin B in
the VAC to reduce amino acid availability. This could lead to the activation of autophagy as
a stress response as amino acid deprivation has been well established to be a potent inducer

of autophagy (Wang and Klionsky, 2011). Other than that, the deprivation of the amino acid
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arginine has been reported to impede parasite growth and induced differentiation to
bradyzoites (Fox et al., 2004). Therefore, it is also not surprising that the disruption of VAC
cathepsin proteolytic function by z-FA-FMK causes nutrient starvation and activation of

autophagy, hence ultimately impeding parasite proliferation and inducing cyst formation.

Most of the current anti-parasitic drugs, such as anti-malarial (chloroquine) and anti-
trypanosomal (nifurimox and beta-lapachone) are known to be pro-oxidants and counters
parasitic infections by inducing oxidative stress (Turrens, 2004, Pal and Bandyopadhyay,
2012). T. gondii parasites are vulnerable to oxidative stress not only intracellularly but also
during infection where the host’s immune system produces ROS to fight the infection.
Therefore, the selective disruption of redox homeostasis in apicomplexa presents an ideal
and effective drug target (Bosch et al., 2015). In line with this, our previous studies have
indicated that the cathepsin B inhibitor, z-FA-FMK but not z-FA-DMK inhibits T-cell
proliferation by inducing mild oxidative stress (Liow and Chow, 2013, Rajah and Chow,
2015). Hence the objective in chapter 5 was to examine the involvement of oxidative stress
in the anti-proliferative effects induced by z-FA-FMK and z-FA-DMK. In contrast to T-cells,
z-FA-FMK has no significant effect on the intracellular GSH level in Hs68 cells. However,
z-FA-FMK was shown to partially deplete GSH levels in extracellular T. gondii parasites
while z-FA-DMK has no effect. To further corroborate if z-FA-FMK and z-FA-DMK causes
oxidative stress, the production of ROS in Hs68 cells and extracellular T. gondii was
examined. To this end, the results demonstrated that both z-FA-FMK and z-FA-DMK did
not induce ROS production (superoxides, hydroxyl and peroxyl radicals) in both Hs68 cells
and extracellular T. gondii parasites. These results indicate that the anti-proliferative effects
of both z-FA-FMK and z-FA-DMK is not mediated via the induction of oxidative stress.

However, a number of studies have shown that by altering the redox state of the host cells,
particularly by depleting intracellular GSH using BSO increases the efficacy of a number of
parasitic drugs (Turrens, 2004, Pal and Bandyopadhyay, 2012, Songsungthong et al., 2016,
Faundez et al., 2005). In support of these reported findings, BSO which blocks GSH

synthesis and depletes intracellular GSH in Hs68 cells, markedly enhanced the anti-
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proliferative effects of z-FA-FMK. The array of cysteine proteases like cathepsin B in
mammalian cells is substantially higher than parasites, which may provide a level of
redundancy not found in the parasitic systems (Turk and Guncar, 2003, Sajid and McKerrow,
2002). Hence, the potential of anti-parasitic drugs targeting cathepsins in parasites may be an
effective treatment approach towards both acute and chronic phase infections with minimum

harm to the host.

Taken together, the results suggest that the depletion of GSH availability could
synergistically enhance the anti-proliferative effects of z-FA-FMK towards the RH strain.
Our results also imply that stress inducers that work through different mechanism of action
such as, cathepsin B inhibition by z-FA-FMK together with GSH depletion mediated by BSO
could be combined to amplify the suppression effect towards intracellular T. gondii parasite
proliferation. The use of BSO in combination with z-FA-FMK could lower the effective dose
for required to suppress T. gondii proliferation and consequently also helps to minimize any

potential side effects of a single drug treatment.
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6.2 Conclusion

Taken together, our results indicated that the irreversible cathepsin B inhibitor z-FA-FMK
inhibited the proliferation of T. gondii tachyzoites in Hs68 cells in a dose-dependent manner.
The parasites treated with z-FA-FMK have reduced proliferation and infectivity in Hs68 cells,
indicated by less PV formed and impaired proliferative lytic cycle shown by total parasite
number and plaque area formation. The inhibition of tachyzoite proliferation by z-FA-FMK
subsequently leads to differentiation into bradyzoites and cyst formation. When z-FA-FMK
was withdrawn from the Hs68 infected cells, the intracellular parasites gradually recovered
and increased proliferation and infectivity. The negative control cathepsin B inhibitor, z-FA-
DMK which lacks other non-specific effects also inhibited T. gondii parasite replication in
Hs68 cells and induced cyst formation similar to z-FA-FMK. Both cathepsin inhibitors, z-
FA-FMK and z-FA-DMK blocked cathepsin B activity in Hs68 cells and T. gondii parasites.
In T. gondii, cathepsin B is associated with the proteolytic function of the parasite VAC in
protein catabolism. Hence, the anti-proliferative effects of z-FA-FMK and z-FA-DMK may
be mediated via starvation by blocking cathepsin B in the VAC. Furthermore, autophagy was
shown to be critical during the recovery of the parasites upon withdrawal of z-FA-FMK. In
the final chapter, the results showed that z-FA-FMK which was reported as a pro-oxidant in
T-cells did not induce ROS production in both Hs68 cells and T. gondii parasites. However,
the co-treatment of z-FA-FMK with BSO which blocks GSH synthesis potentiated the
efficiency of z-FA-FMK in inhibiting T. gondii proliferation. Therefore, it appears that z-FA-
FMK and BSO may be simultaneously exerting different stress mechanism that can

potentiate the inhibition of T. gondii proliferation.
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6.3 Future work

The results presented in this study could be taken further in several areas to further understand
differentiation of T. gondii parasites as a response towards z-FA-FMK treatment. Firstly,
additional studies could be done to examine the expression of bradyzoite specific antigen
markers (BAG-1) and tachyzoite specific markers (SAG-1) following z-FA-FMK treatment.
The changes of stage specific markers could be monitored over time to further elucidate the
differentiation process in response to z-FA-FMK treatment. Other than that, parasite response
to stress and starvation have been shown to activate the translational repression system,
indicated by elevation of phosphorylated TglF2a (Ghosh et al., 2012). This represses protein
synthesis while enhancing translation of a subset of MRNAs responsible for stress coping
response and stage differentiation (Gebauer and Hentze, 2004, Joyce et al., 2011). Given that
stress is closely associated with the induction of bradyzoite development (Boyce et al., 2005,
Narasimhan et al., 2008, Vonlaufen et al., 2008), the phosphorylation status of TglF2a could
be examined in z-FA-FMK treated parasites. In addition, studies have shown that T. gondii
VAC contains both cathepsin B and L, where the maturation of cathepsin B is dependent on
cathepsin L (Di Cristina et al., 2017, Dou and Carruthers, 2011, Dou et al., 2013, Turk and
Guncar, 2003). Hence, the involvement of cathepsin L could be further investigated to
examine the potential synergistic effect with cathepsin B inhibitors such as z-FA-FMK.
Subsequently, several studies have shown that T. gondii parasites induces host cell autophagy
to gain access to nutrients for its growth (Pernas et al., 2018, Subauste, 2019, Wang et al.,
2009). Our findings indicate that autophagy is needed for parasites treated with z-FA-FMK
to regain proliferation. Therefore, the elevation of autophagy markers in both Hs68 host cells
and T. gondii parasites following z-FA-FMK could be determined to further confirm the
involvement of autophagy and its effect upon extended period of treatment. Some of these
studies particularly the synergistic effect of BSO and z-FA-FMK in blocking on T. gondii

proliferation and infection can be studied further using mice as an in vivo model.
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Control (RH strain)

Figure Al: Live cell imaging of cathepsin B activity in T. gondii (RH strain) infected
Hs68 cells

Hs68 cells infected with T. gondii (RH strain) for 72h prior to staining with Magic Red
cathepsin B substrate (Red signal), and counterstained with DAPI (Blue signal) as described
in the Materials and Methods. Green arrows indicate PV containing T. gondii parasites. Cells
were examined under 20x magnification using fluorescence microscope. Scale bars, S0um.
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Control (ME49 strain)

Figure A2: Live cell imaging of cathepsin B activity in T. gondii (ME49 strain)
infected Hs68 cells

Hs68 cells infected with T. gondii (ME49 strain) for 72h prior to staining with Magic Red
cathepsin B substrate (Red signal), and counterstained with DAPI (Blue signal) as described
in the Materials and Methods. Green arrows indicate PV containing T. gondii parasites. Cells
were examined under 20x magnification using fluorescence microscope. Scale bars, 50pm.
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z-FA-FMK 100uM (RH strain)

Figure A3: Live cell imaging of cathepsin B activity in T. gondii (RH strain) infected
Hs68 cells treated with z-FA-FMK

Hs68 cells infected with T. gondii (RH strain) were treated with 100uM z-FA-FMK for 72h
prior to staining with Magic Red cathepsin B substrate (Red signal), and counterstained with
DAPI (Blue signal) as described in the Materials and Methods. Green arrows indicate PV
containing T. gondii parasites. Cells were examined under 20x magnification using
fluorescence microscope. Scale bars, 50um.
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z-FA-FMK 100puM (MEA49 strain)

Figure A4: Live cell imaging of cathepsin B activity in T. gondii (ME49 strain)
infected Hs68 cells treated with z-FA-FMK

Hs68 cells infected with T. gondii (ME49 strain) were treated with 100uM z-FA-FMK for
72h prior to staining with Magic Red cathepsin B substrate (Red signal), and counterstained
with DAPI (Blue signal) as described in the Materials and Methods. Green arrows indicate
PV containing T. gondii parasites. Cells were examined under 20x magnification using
fluorescence microscope. Scale bars, S0um.
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z-FA-DMK 100uM (RH strain)

Figure A5: Live cell imaging of cathepsin B activity in T. gondii (RH strain) infected
Hs68 cells treated with z-FA-DMK

Hs68 cells infected with T. gondii (RH strain) were treated with 100uM z-FA-DMK for 72h
prior to staining with Magic Red cathepsin B substrate (Red signal), and counterstained with
DAPI (Blue signal) as described in the Materials and Methods. Green arrows indicate PV
containing T. gondii parasites. Cells were examined under 20x magnification using
fluorescence microscope. Scale bars, S0um.
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z-FA-DMK 100uM (MEA49 strain)

Figure A6: Live cell imaging of cathepsin B activity in T. gondii (MEA49 strain)
infected Hs68 cells treated with z-FA-DMK

Hs68 cells infected with T. gondii (ME49 strain) were treated with 100uM z-FA-DMK for
72h prior to staining with Magic Red cathepsin B substrate (Red signal), and counterstained
with DAPI (Blue signal) as described in the Materials and Methods. Green arrows indicate
PV containing T. gondii parasites. Cells were examined under 20x magnification using
fluorescence microscope. Scale bars, 50um.
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