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Abstract

Studies were undertaken to test the utility of Surface Antigen 1 (SAG1), a surface
glycoprotein and Cyclophilin 18 (TgCyc18) a chemokine mimic specific for CCR5 as a
vaccine in a murine model of T. gondii infection. SAG1 has been shown to provide some
protection against infection in previous studies. As Cyc18 induces, IL-12 when it binds to
CCRS5 it could act as an adjuvant to drive Thl and CD8* T cell development. As SAG1 is
known to undergo post-translational modification, initial experiments focused on
development of a novel eukaryotic expression system. The system as envisaged would
utilise heterologous expression of filamentous L. mexicana secreted acid phosphatases
fused to the proteins of interest in Leishmania tarentolae. It was anticipated that these
filaments would facilitate purification. Plasmids were constructed and transfected into L.
tarentolae. Recombinant parasites were found to express and secrete the fusion protein
into the media. The identities of proteins were confirmed by immunoblot,
immunofluorescence, ELISA, and mass spectrometry. Levels of secreted proteins were
too low for vaccination studies. DNA vaccination was used as an alternative approach.
TgSAGL1 and TgCycl18 genes were cloned into the eukaryotic expression vector (pVAX-
1). pVAX-Cycl8 induced IL-12 in murine bone marrow-derived dendritic cells. The
inclusion of TgCyc18 gene in the vaccine augmented Th1l cell activation in BALB/c mice
as their splenocytes produced significantly greater levels of IFN-y, TNF-q, IL-2 and IgG2a
compared with mice vaccinated with SAG1 alone. These mice also had reduced weight
loss compared with mice vaccinated with SAG1 alone. Addition of SAG4 and SAG4.2
genes to this vaccine cocktail conferred significant protection following oral challenge with

T. gondii cysts as measured by the reduction of mortality rate and reduced body weight

Xiv



loss. These results demonstrate that TgCycl8 has potential as adjuvant in

multicomponent vaccines where a Thl response is required.
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Chapter 1: Introduction

1.1 History and Classification

Toxoplasma gondii (T. gondii) is a protozoan parasite belonging to the Apicomplexa
phylum. It was discovered by Nicolle and Manceauxin 1908 when they were working on
a small north African rodent called Ctenodactylus gundi (Nicolle and Manceaux 1908). T.
gondii was so named due to its morphology (Toxo= meaning arc or bow,
Plasma=meaning life) and gondii from the rodent in which it was discovered. The same
parasite was described in a rabbit in Brazil by Splendore in 1908 and it was originally
mistaken for Leishmania (Splendore, 1908). T. gondii was ultimately classified under the
Apicomplexa phylum as shown in table 1.1 (reviewed, Dubey, 2009). T. gondii is an
obligate, intracellular, ubiquitous protozoan parasite with the ability to infect all mammals
and birds as intermediate hosts. The Felidae (especially domestic cats) family is
considered the definitive host as the sexual reproduction cycle is only known to occur in
this host (Weiss & Dubey, 2009). Since cats are known to be a source of the disease,
they have been considered to be a health problem for both wildlife and humans (Montoya
& Remington, 2008). Humans normally acquire infection with T. gondii by consumption
of infected raw meat from intermediate hosts like sheep, goats and cattle, or by oral
ingestion of food or water contaminated with oocysts from cat feces (Montoya &
Remington, 2008). Environmentally resistant oocysts are responsible for spreading the
infection to herbivores via contaminated food and water (Dubey, 2010). In addition to
waterborne outbreaks, oocysts have been known to cause infections via aerosol
exposures and to people working in the garden (Jones et al., 2006). In addition, other
routes of infection include congenital transmission and through tissue transplantation.

Toxoplasmosis is considered as a zoonosis.



Table 1.1 classification of T. gondii

Kingdom Protista

Phylum Apicomplexa
Class Sporozoa
Subclass Coccidiasina
Order Eucoccidiorida
Suborder Eimeriorina
Family Sarcocystidae
Subfamily Toxoplasmatinae
Genus Toxoplasma
Species gondii

1.2 Population Structure of T. gondii Varies by Geographical Location

Genetic analyses are used to distinguish the genetic markers of T. gondii in different
geographical countries. T. gondii was long thought to have three clonal lineages with less
than 1% differences in their genetic composition (SU et al., 2010). These three clonal
lineages were simultaneously named as type |, Il and |1l also defined as type 1, 2 and 3,
by the 2 groups of researchers that classified them by restriction length polymorphisms
(Sibley et al., 2009; Dardé et al., 1992). Other genotypes (IV and V) were rarely
distinguished and they were named as exotic or atypical because for their genetic
polymorphisms that do not fit with the three clonal lineages and these strains include
recombinant allele genotypes derived from types I, II, lll (Su et al., 2012). Type | strains
have been associated with congenital and ocular toxoplasmosis (reviewed, Hakimi et al.,
2017). Thus, type | strains have the ability to cross blood- brain barrier, placenta and
intestinal epithelium and that seemed to be related with its virulence (Barragan & Sibley,
2002). Furthermore, strains once referred to as atypical but now known to be common in
some geographical regions including South America have been reported to be

responsible for severe acute infections in patients in South America and Africa (Saeij et



al., 2005b). Type Il strains are associated with T. gondii infection in North America and
Europe (Saeijj et al., 2005b). For instance, type Il of T. gondii is mostly dominant in UK
followed by type Il (Herrmann et al., 2012). T. gondii type Il strains are often considered
to be the most common in prevalence (but this might be an artifact of geographical
sampling bias) and account for 95% of congenital toxoplasmosis cases in France from
2002 through 2009 (Ajzenberg et al., 2015). However, recently the Advisory Committee
on the Microbiological Safety of Food reported that less information is available for T.
gondii incidence for Scotland (Burrells et al., 2016). Some polymorphisms in specific
molecules between types of T. gondii are known to directly influence virulence as

discussed in section 1.4.

Type |, Il and Il strains are relatively common in domestic and wild animals in North
America and Europe (Mondragon et al., 1998). Whereas, several diverse genotypes of
T. gondii are associated with severe infections in agricultural animals in South America

(Cafién-Franco et al., 2013; Dubey et al., 2012).

1.3 Incidence of Infection Varies by Geographical Location

The estimated incidence of T. gondii infection in humans is about 500 million individuals
worldwide (Weiss & Dubey, 2009). Absolute incidences of infection vary in geographical
areas and populations according to differences in the type of consumed food,
environmental conditions and the dominance of animal species used in the food industry.
Incidences in warm climates are greater than cold climates and incidences tend to be
lower in mountainous countries (Barbosa et al., 2009). Generally, the serological
prevalence is about 25% of the world’s human population (reviewed, Hakimi et al., 2017).

It has been shown that seroprevalence in USA is 10-20%; South and Central America:



50—-80%; Eastern and Central Europe: 20—-60%; Middle East: 30-50%; Southeast Asia:
20-60% and Africa: 20-55% (Pappas et al., 2009). In healthy adults, toxoplasmosis
produces a relatively mild infection, with elevated fever, enlarged lymph nodes, and
muscle weakness (Petersen, 2007). Whereas, in immunocompromised adults, severe
infections occur, typically from a reactivation of chronic infection, as seen in AIDS, organ

transplant, or chemotherapy patients (Montoya & Liesenfeld, 2004).

1.4 Population Structure and Genetic Diversity of T. gondii

T. gondii differs according to the virulence and the genotype of the strain (Badr et al.,
2016; Burrells et al., 2013). The three distinct clonal lineages of T. gondii strains differ
genetically by 1% or less according to PCR-RFLP markers (restriction fragment length
polymorphisms) single nucleotide polymorphisms (SNP) (Ferreira et al., 2008; Khan et
al., 2005) and isoenzymes (Sibley et al., 1992; Dardé et al., 1992). Strains of type |
genotype are highly virulent in mice, as lethal dose is a single viable parasite, regardless
of the genetic background of the mouse host. Type | strains are differentiated by their
high mortality with rapid death in mouse model, and level of acute virulence diseases in
immunocompromised patients (Saeij et al., 2005b; Barragan & Sibley, 2002). In contrast,
type Il and Il strains are considered less virulent in lab models and have 50% lethal
doses (LD50) of 102to > 10° parasites and the effect of infection is dependent on the
genotype of the host (Saeij et al., 2005a). The distribution of SNPs revealed genetic
crosses by sequencing of large numbers of cDNAs from the three clonal lineages that
occurred in between highly similar parental strains (reviewed, Hakimi et al., 2017). It is

now recognised that the population structure of T. gondii is more complex than initially



believed as more samples from South America, Africa and Southeast Asia are analysed

(Minot et al., 2012; Lorenzi et al., 2016).

1.5 Ultrastructure of Toxoplasma gondii

The ultrastructure of T. gondii has been extensively investigated by electron microscopy
(Dubremetz & Ferguson, 2009). T. gondii possesses organelles like other eukaryotic
cells: the nucleus is located at the posterior end of the parasite with the endoplasmic
reticulum (ER) behind it. At the anterior end, there are rhoptries, dense granules and
micronemes. The parasite has one single mitochondrion and an apicoplast. The three
secretory organelles, rhoptries, dense granules and micronemes, and the proteins they
secrete are essential for attachment, invasion and modification of the host cells. The
proteins they produce are desighated as ROP, GRA and MIC followed by a number

(McFadden, 2011). The ultrastructure of T. gondii is shown in figure (1.1).

1.5.1. Rhoptries are located at the apical end of the parasite and they are the largest of
the three secretory organelles. They are club-shaped and their size varies with the size
of the life cycle stage (Hajj et al., 2006). They manufacture secretory proteins and
enzymes and they possess a narrow apical duct and bulbous basal region. They
synthesise pre-proteins, which are modified before secretion (Sadak et al., 1988).
Dubremetz and Fergusson (2009) distinguished 30 rhoptry proteins, which are released
during invasion. Some ROP proteins are associated with the parasitophorous vacuole
membrane that aids the parasite to survive within host cells (Dubremetz & Ferguson,

2009). A number of ROP proteins are known to be immunomodulatory (see section 1.13).



1.5.2. Micronemes

Micronemes are membrane-bound organelles located at the anterior end of the parasite.
To date few proteins have been directly identified in positioning or trafficking along
microtubules (reviewed, Dubois & Soldati-Favre, 2019). However, there are 13 distinct
proteins designated MIC 1-13 (Fritz et al., 2012). Microneme proteins have important
roles in adhesion, host cell invasion, and critically participate in egress from infected cells

(Soldati et al., 2001).
1.5.3. Dense granules

Dense granules are known to contain at least 16 dense granules and 2 Nucleotides
triphosphate hydrolases (NTPases) (designated NTPases | and Il). These proteins were
originally identified in the tachyzoites and are known to be secreted from the apical tip of
the parasite. Secretion of many soluble proteins is through fusion with the plasma
membrane and is the default pathway for proteins either associated with cell invasion or
maintenance of the parasitophorous vacuole membrane (PVM), like GRA5 and GRA7

(Mercier et al., 2002).
1.5.4. Apicoplast

The apicoplast organelle is a secondary plastid originating from an endosymbiotic red
algae-like organism (Wilson et al., 1996). It is similar to a chloroplast in some respects,
but lacks the ability to photosynthesise. T. gondii has an apicoplast, which is important
for parasite survival (Waller et al., 1998). The apicoplast has essential roles in metabolism
of fatty acids for T. gondii survival through providing lipid substrates required for the final

step of parasite division (Martins-Duarte et al., 2016).
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Figure 1. 1 Ultrastructure of T. gondii.

It demonstrates the anterior and the posterior ends as well as the distribution of the
organelles in them. The SAG-related sequences (SRS) family proteins including SAG1. T.

gondii contains many cytosolic proteins including Cyc18 (adapted from Ajioka et al., 2001).



1.6 Transmission of T. gondii

T. gondii can infect the host by many routes and by different life stages illustrated in figure
(2.2). Ingestion of oocysts in contaminated water or in food is a common route of infection
and has been associated with localised outbreaks of disease (Ferguson, 2009). Ingestion
of tissue cysts from raw or undercooked meat from an infected intermediate host is
another common means of infection in humans. If an intermediate host is pregnant when
they were infected, or in some cases, carrying a chronic infection then vertical
transmission of T. gondii can occur from infected mother to the fetus. Research suggests
that tachyzoites can cross the placenta and disseminate into the foetal circulation to

cause infection (Ajzenberg et al., 2015).



=== Horizontal transnission by oocysts
melp  Horizontal transmission by tissue cysts
wlp Vertical transmission by Tachyzoites

Figure 1. 2 Transmission of T. gondii

The cat is the final host and its feces includes the oocysts, which are transmitted
horizontally (black and blue arrows) to the intermediate hosts. Most mammals, such
as humans, cows, and sheep are considered intermediate hosts. Consumption of
uncooked meat (contains tissue cyst) is another horizontal route of parasite
transmission.There is a vertical transmission (see red arrows) from the infected mother

to the fetus. During pregnancy the parasite may be vertically transmitted in all hosts.
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1.7 Life Cycle of T. gondii

1.7.1 Extra-intestinal Phase

The extra-intestinal phase may also be called asexual phase and occurs in all
intermediate hosts. After ingestion of oocysts or tissue cysts and exposure to the acidic
gastric environment, sporozoites (from oocyst) or bradyzoites (from tissue cysts) are
released. These infect the gut epithelial cells. After 12-18 hours these stages, hamely,
bradyzoites or sporozoites are converted to tachyzoites. This occurs within
parasitophorous vacuoles (PV) (Hehl et al., 2015; Dubey et al., 1998). The proliferative
tachyzoite form can infect almost any cell and divide within the host by a specialised
process called endodyogeny, which was first described by Goldman et al (1958).
Tachyzoites disseminate throughout the host via lymph and blood. Cells of the immune
system such as macrophages and dendritic cells are infected by the parasite and have
been reported to act as “Trojan horses” to help dissemination (Lambert et al., 2009). Fast
dividing tachyzoites in acute infection convert into slow dividing bradyzoites in the chronic
phase. The conversion of tachyzoites is characterised by changes in gene expression
and protein contents including differential expression of surface antigens (Lyons et al.,

2002).

Tissue cysts are found mostly in the brain, skeletal and cardiac muscles and these cysts
may exist in the host tissues for the life of the immunocompetent host without causing
overt illness (Hunter and Riechman, 2001). However, disease and reactivation of
infection associated with tachyzoite multiplication can occur in the host after a decrease
of immunity due to neoplasia, HIV infection or post-transplant immunosuppressive

treatment.
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1.7.2 Intra-epithelial Phase

The intra-epithelial phase refers to the sexual and asexual stages of T. gondii
development that occurs exclusively in the intestinal cells of cats. Infection of cats is
normally and most efficiently initiated after ingestion of tissue cysts, but can also be
initiated by oocyst ingestion. Intestinal cells are infected by bradyzoites or sporozoites
released from tissue cysts or oocysts, respectively, which then divide asexually by a
process of schizogony to produce merozoites. Merozoites are released and infect new
cells where they form macrogametes or microgametes in a process called
gametogenesis (Hehl et al., 2015). The macrogamete is fertilised by a microgamete to
form the zygote, which eventually forms the oocyst. Cats start to shed oocysts within 10
days after ingestion of bradyzoites. This time between infection with a bradyzoite and the
demonstration of the oocyst in the feces is referred to as the prepatent period (Murata et

al., 2017).
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Figure 1. 3 Extra-intestinal and intra-epithelial phases of T. gondii life cycle

(1) Sporulated oocyst. Tachyzoites (2) are converted into bradyzoites (3) in the host cell
cyst. Ingestion of the cyst by the cat will release the bradyzoites (4), which infect the
epithelial cells of the cat giving rise to merozoites. Sexual division starts by differentiation
into microgamete (5a) and macrogamete (5b) by gametogenesis. The microgamete
fertilises the macrogamete to form the zygote (6). Subsequently this zygote develops
into a non-sporulating oocyst (7), which is excreted in the feces of the cat (adapted from
Morrissette, 2015).
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1.8 Adult Acquired Toxoplasmosis

Acquired toxoplasmosis has a vast diversity in clinical symptoms, which are related to the
T. gondii clonal lineage, the host immune status, the host genetic susceptibility, and the
life- and cell cycle stage initiating the infection. Most infections are asymptomatic and are
rarely diagnosed as toxoplasmosis and left untreated to become a chronic infection with
no overt disease symptoms (Ajzenberg et al., 2016). Neuropsychiatric disease such as,
schizophrenia, bipolar disease, memory loss and dementia symptoms have been
associated in some studies with chronic T. gondii infection, but alternatively they could
be a predisposing factor for the infection (Godwin, 2012; Guenter et al., 2012).
Depression of intracellular immunity can result in disease reactivation and overt clinical
disease (see below). Nevertheless, highly virulent strains (exotic or recombinant strains)
especially as observed in South America are known to cause severe toxoplasmaosis even
in immunocompetent patients (Montoya and Liesenfeld, 2004). Chronic infections with
these exotic strains might cause ocular disease, toxoplasmic encephalitis, mental

retardation or even blindness (Montoya and Liesenfeld, 2004).

1.8.1 Toxoplasmosis in the Immunocompromised Host

The immune status of the host plays an important role in the pathogenicity of T. gondii
infection. Immunocompromised patients often develop atypical encephalitis, life-
threatening pneumonitis, myocarditis, and sight-threatening and severe retinochoroiditis
(Lihtech, 2005). The most common clinical symptoms in HIV patients are encephalitis,
usually accompanied by multiple brain lesions. Toxoplasmic encephalitis normally
develops within days to weeks following infection and often includes neurologic

abnormalities like weakness and speech disturbances, headache, fever, confusion,
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lethargy, and seizures (Montoya and Liesenfeld, 2004). Patients also may have cranial
nerve abnormalities, visual defects, movement disorders, stroke, personality changes,
and other neuropsychiatric abnormalities. Toxoplasma can also cause extracerebral
toxoplasmosis, which affects both the eyes and the lungs. Patients with choriodoretinitis

typically develop blurred vision, pain, or photophobia (Rabaud et al., 1994).

1.9 Congenitally Acquired Toxoplasmosis

While this is generally said to only occur in humans if the person is infected for the first
time, an increasing number of exceptions have been reported where vertical transmission
has occurred in a chronically infected pregnant woman (Andrade et al., 2010). In addition,
vertical transmission from a chronic infection has been well documented in some strains
of mice and at least one strain of sheep (Chessa et al., 2014; Roberts & Alexander, 1992).
During gestation when the mother becomes infected it is difficult to determine whether
the fetus is infected or not and what is the severity of the disease. In humans, the likely
consequences of infection for the fetus are more severe during the first three months of
pregnancy resulting in a high risk of abortion, or where the fetus is carried to term, mental
retardation and or encephalitis. Maternal infection during the final months of pregnancy
is more likely to results in congenital transmission, but is likely to cause less severe
congenital disease or even be asymptomatic at birth. Spontaneous abortion is less likely
when maternal infection occurs in the third trimester (Waldorf and McAdams, 2013; Allain
et al., 1998). Congenital toxoplasmosis occurs in humans and other species of animals
especially sheep, goats and rodents (Weiss 2013; Beverley,1959). The symptoms of
congenital toxoplasmosis were described by (Sabin, 1942) and include hydrocephalus,
chorioretinitis and intracerebral calcification. In humans, samples collected from amniotic

fluid, placenta tissue and umbellical cord blood of the aborted fetus can be used for
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diagnosis. The estimated rate of congenital toxoplasmosis was 500-5000 infants each
year in the United States (Montoya & Remington, 2008). Although, many infants seem to
be healthy at birth, serious disease and long-term sequelae may become clear months
or years later (Montoya & Remington, 2008). It is widely believed that essentially all

congenitally infected individuals will develop eye disease later in life.

1.10 Ocular Toxoplasmosis

Ocular toxoplasmosis can be the result of adult or congenital infection. The first isolation
of T. gondii from an eye was from a thirty-years old male (Jacobs et al., 1954). Virtually
all cases of ocular toxoplasmosis before 1950 were considered a result of congenital
transmission (Perkins, 1961). In a study executed from (1948 — 1951) 99% of 103
congenitally infected children had eye lesions (Feldman, 1953). However, another study
by Burnett et al., (1998) found that 20 of 95 patients had ocular toxoplasmosis from acute
toxoplasmosis in 1995 related with a Canadian waterborne outbreak. Ocular
toxoplasmosis is the most common cause of posterior uveitis in the USA (Weiss and Kim,
2014). The common findings are retinochoroiditis that might lead to blindness. In Brazil,
virulent atypical strains are now also associated with severe ocular disease even when
acquired post-natally (Khan et al., 2006a; Vallochi et al., 2005). Due to the low volume of
ocular fluid, diagnosis of ocular toxoplasmosis and genotyping analyses have been
challenging. Moreover, ocular fluid samples are usually collected when there is a typical
and/or severe case to perform genotyping analyses (Subauste et al., 2011). Therefore, it
now appears that T. gondii infection can result in ocular toxoplasmosis even when

acquired post-natally, especially in South America.
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1.11 Treatment

Acute toxoplasmosis is mostly diagnosed in pregnant women by serology and is generally
treated immediately with Spiramycin. Immunocompetent, non-pregnant patients are
generally not treated unless severe symptoms continue beyond a few weeks. Treatment
of pregnant mothers in early stages of infection with Spiramycin can decrease the
possibility of congenital toxoplasmosis up to 60% (De Paschale et al., 2008). Maternal
treatment started within three weeks of seroconversion had a minor influence on
reduction of vertical transmission (Thiébaut, et al., 2007). Spiramycin helps to prevent
transmission to the fetus because it concentrates in the placenta (Buyukbaba et al., 2012;
Couvreur et al., 1988). However, Spiramycin does not cross the placenta effectively and
therefore is not a treatment of an infected fetus. Although newborns affected by
congenital infection might seem normal at first examination, serious sequelae, such as
neurological impairment and blindness can occur subsequently (Varella et al., 2003).
Therefore, PCR (polymerase chain reaction) testing of amniotic fluid is recommended at
least four weeks after maternal infection. If PCR results are negative, Spiramycin is
continued for the rest of the pregnancy. If the PCR is positive, alternative treatment
(combination of Pyrimethamine and Sulfadiazine) are necessary to reduce the severity
of congenital toxoplasmosis. This has been shown to increase the percentage of
asymptomatic infants at birth (Laboudi and Sadak, 2017; Hohlfeld et al.,1989; Daffos et
al., 1988). Pyrimethamine can suppress bone marrow function and result in leucopenia,
subsequent anemia and thrombocytopenia. Both drugs are considered as teratogenic in
animals and can cause reversible renal failure when used in large doses. Due to the
prospective toxicity of these drugs, they are only used if fetal infection has been

documented during pregnancy. Azithromycin has effectively treated T. gondii in animal
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models and in humans with AIDS (Godofsky, 1994; Araujo et al., 1988). In women
intolerant to pyrimethamine, trimethoprim-sulfamethoxazole may be used. However, the
safety and efficacy of these drugs for treating in utero toxoplasmosis are unknown

(Hermann et al., 2017; Derouin et al., 2000).

1.12 Immune Response

Most of what we know about the immune response to T. gondii has been worked out from
rodent models of infection. While many of the finding have been confirmed using human
cells, differences have also been identified. The immune response is dependent on
several factors: inoculum size, stage of life cycle causing the infection, route of infection,
the parasite strain, as well as the immunological status and genetic susceptibility of the
host species (Dutra et al., 2013). In vitro studies have shown that different strains vary in
their severity and immune responses they induce. It has been suggested that virulent
strains might be more effective in triggering an immune response, tissue penetration and
the ability to encyst compared with other strains (Kim, 2006; Robben et al., 2004). There
have also been a number of strain specific virulence factors identified that are known to
influence the development of immunity at least in rodents.

Immune responses can be divided into innate and adaptive immune response and each

has its role in the immunity. This will be explained in detail:
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1.12.1 Innate Immune Response

1.12.1.1 Interaction Between T. gondii and Host Cells

The innate immune response controls T. gondii but does not provide long-term protection.
T. gondii has a number of PAMPs (pathogen-associated molecular patterns), which
include heat shock protein 70 (HSP70) and glycosylphosphatidylinositol anchors (GPIs)
and profilin (Debierre-Grockiego et al., 2007). Toll-like receptors (TLR) are proteins that
play a role in the innate immune response. HSP70 and GPIl-anchors interact with TLR2
and TLR4, respectively. While, profilin can ligate with TLR11 in mice and other mammals,
but is not found in humans (Yarovinsky et al., 2005). A signhaling cascade is started with
the production of cytokines (IL-12 and TNF-a) from antigen-presenting cells (dendritic
cells, macrophages and neutrophils). Following infection with T. gondii, monocytes,
neutrophils and dendritic cells (DCs) are recruited to the site of infections, and all of these
cell types have been implicated in resistance to the parasite.

A. Neutrophils

Rapid infiltration of neutrophils to the site of infection has a significant role in the acute
phase of T. gondii infection. The earliest recruited neutrophils have a phagocytic role
(Bliss et al., 2000). While some studies have suggested that neutrophils are also an the
early source of IL-12 and TNF-a production in mice, there is evidence that monocytes
are important for IL-12 production in humans (Ehmen & Lider., 2019; Abdallah et al.,
2012). Consequently, neutrophils inhibit parasite proliferation in the early stages of
infection (Bliss et al., 2001). Approximately 85% of neutrophils exhibit intracellular storage
of IL-12. Bliss et al. (2000) found that depletion of neutrophils during the first six days of
infection leads to mortality in T. gondii infected mice, which was associated with

decreased of IL-12 and IFN-y production by splenocytes (Bliss et al., 2000). Cytokines
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produced by neutrophils are likely to influence the nature of downstream immune cell
activation including macrophage activation and T cell subset differentiation.

B. Dendritic Cells (DC)

DCs are recognised as a source of IL-12 production during T. gondii infection (de Sousa
et al.,, 1997). DCs in murine spleen cells are positive for IL-12 after ex vivo stimulation
with T. gondii tachyzoites. IL-12 is considered the most important inducer of IFN-y
synthesis during acute infection. DCs acquire parasite antigen by phagocytosis leading
to upregulation of MHC expression and production of pro-inflammatory IL-12 cytokines
(Aliberti et al., 2003). IL-12 production from DCs has been known to be TLR-dependent
resulting in signaling through MyD88 (Scanga et al., 2002). Mice genetically deficient in
MyD88, which is essential for most TLR signaling, are susceptible to avirulent T. gondii
infection and exhibit an impaired IL-12 response (Scanga et al., 2002).

Cytokine chemokine receptor 5 (CCR5) is upregulated on the surface of DCs after
signaling from infected cells following IL-12 stimulation (Aliberti et al., 2000). T. gondii
cyclophilin-18 is recognised as the principal molecule derived from the parasite that
triggers IL-12 production through binding host CCR5 (Aliberti et al., 2003). Cyclophilin-18
from a viable parasite can influence the DC’s function. Therefore, DCs are able to
distinguish between live and dead tachyzoites (Aliberti et al., 2003). Dendritic cells are
also known to play significant roles in disseminating the parasite within the host as they
are capable of migration and have been postulated to transport tachyzoites into tissues
including the brain (Lambert et al., 2009).

C. Macrophages and Monocytes

Macrophages can also produce IL-12 after activation by tachyzoites or tachyzoite-derived
moieties (Gazzinelli et al., 1996). The different T. gondii genotypes affect macrophages

differently. Type | tachyzoites induce IL-12 production through MyD88-independent
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mechanisms, while type Il tachyzoites do so by both MyD88-dependent and -independent
mechanisms (Robben et al., 2004). Macrophages and monocytes like dendritic cells have
been postulated to have a pathogenic role through facilitating dissemination of parasites
during acute toxoplasmosis and they have been found in the brain and lymph nodes of
infected mice during chronic infection (Suzuki et al., 2005). Macrophages are capable of
phagocytosis of tachyzoites and production of nitric oxide (NO) and reactive oxygen,
which can mediate killing of T. gondii and inhibit parasite replication (Masek and Hunter,
2013).

IFN-y-induced monocyte-derived macrophages (MDM) express indoleamine 2,3-
dioxygenase (IDO), which degrades tryptophan leading to impair T. gondii growth
(MacKenzie et al., 2008; Gupta et al., 1994; Pfefferkorn, 1984). Murakami et al. (2012)
indicated that IDO-deficient mice have an increased lung tryptophan concentration
compared to wild type after infection and this results in increased T. gondii levels
(Murakami et al., 2012). Furthermore, IFN-y was shown to inhibit T. gondii replication in
rat enterocytes by iron depletion (Dimier & Bout, 1998). Although, IFN-y-activated human
monocytes were shown to downregulate transferrin receptor expression to limit the
growth of other microbes (Byrd & Horwitz, 1989).

D. Natural Killer Cells (NK)

NK cells are considered the third most abundant lymphocyte population and have an
important role in IFN-y production during acute toxoplasmosis (Backstrom et al., 2004).
NK cells become activated by IL-12, which is the main cytokine released by neutrophils,
dendritic cells and macrophages in response to T. gondii infection. Other cytokines
including TNF-a, IL-1b and IL-15 have a minor role compared with IL-12 activating NK
cells (Carson et al.,, 1995). SCID mice (severe combined immune deficiency mutant

mice), which are susceptible to T. gondii infection in terms of mortality can be made more
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susceptible by neutralisation of IL-12 or IFN-y, indicating a protective role for NK cell
activation and production of IFN-y (Gazzinelli et al., 1994). NK cells have direct cytotoxic
effects on infected cells and are responsible for elimination or reduction of tachyzoites in
acute infection via IFN-y (Denkers et al., 1996). NK cells also help the development of
cytotoxic CD8" T cell and expansion of Thl CD4" T cells and suppression of Th2

responses through IFN-y.

1.12.2 Adaptive Immune Response

Long-term protection is dependent on the adaptive response. T. gondii proteins are
cleaved in the proteasome then transferred to the endoplasmic reticulum (ER) then to
Golgi apparatus through TAP (transporter associated antigen processing). T. gondii
proteins are thus processed and presented on the surface of the cells in the context of
major histocompatibility complex class | (MHCI). T. gondii proteins are also processed
through the exogenous pathway and are thus displayed in the context of class Il (MHC
I1) (York & Rock, 1996). After T. gondii infection, macrophages and NK cells are activated
to produce cytokines, like IL-12 that would direct the cell mediated response of CD4* and
CD8* T cells (Goldszmid et al., 2007). The importance of the adaptive immune responses
for resistance to T. gondii is exemplified by the increased susceptibility of mice
experimentally depleted of CD4* T cells or CD8" T cells or SCID and nude mice that are

congenitally deficient in these cells (Lutjen et al., 2006).

1.12.2.1. T cells

Initial studies in the nude mouse established a crucial role for T cells in mediating
protection against overwhelming fatal toxoplasmosis (Lindberg & Frenkel, 1977). In

recent years, a number of studies has widely considered the role of the T cell subsets
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and how they interact to mediate protection. CD4" and CD8" T cells are differentiated
from naive helper T cells (ThO cells) after the infection has occurred. T subsets can
eliminate T. gondii or T. gondii-infected cells by a number of ways. CD4" T cells are
capable of releasing IFN-y, which can activate various intracellular killing mechanism as
previously discussed. CD8* T cell can recognise and kill infected cells through the T.

gondii peptide displayed on MHC class 1.

A. CD4* T Lymphocytes

Processing of the parasite proteins and their presentation on the surface of the APC
(antigens processing cells) is critical for the activation of CD4* T cells (Debierre-
Grockiego et al., 2007). CD4* T cells are critical for T. gondii resistance in the mouse, the
lack of CD4" T cells is associated with increased susceptibility during the chronic stage
of infection (Hwang et al., 2016). CD4* and CD8* T lymphocytes both control chronic
infection by production of IFN-y as treating infected mice with anti-CD4* and anti-CD8"
monoclonal antibodies results in disease exacerbation (Gazzinelli et al., 1992). Treated
mice showed increased pathology and mortality (Gazzinelli et al., 1992). CD4* T cells are
also necessary to promote B cell responses as mice deficient in CD4* T cells display
lower parasite-specific antibody titers (Ware et al., 2012; Johnson & Sayles, 2002). Naive
CD4" T cells may differentiate into one of several T cells, including Thl, Th2, Th17, TFH,
and Treg, as defined by their pattern of cytokine production and function (reviewed, Zhu,

Yamane & Paul, 2010).

A) Thl and Th2 cells
Thl and Th2 are differentiated from naive CD4* T cells after they are stimulated by APC
cells to become effector and/or memory cells (Mosmann et al., 1986). Thl cell

differentiation is favoured during T. gondii infection as IL-12 preferentially expands this
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subset (Magram et al., 1996). It has been shown that CD4* T cells can be made to
differentiate into Thl cells in vivo and in vitro by incubation with an IL-4 neutralising
antibody and IL-12 (Le Gros et al., 1990). Interleukin 4 (IL-4) is a cytokine that promotes
differentiation of naive CD4* T cells into Th2 cells. Upon stimulation by IL-4, Th2 cells
consequently yield additional IL-4 as a positive feedback (Van Gisbergen et al., 2005).
The cell that primarily produces IL-4, has not been recognised but previous studies
concluded that basophils and mast cells could be the effector cell (Van Gisbergen et al.,
2005). Activated Th2 cells, subsequently produce IL-4, IL-5 and IL-13 cytokines, which
can downregulate Thl-mediated killing mechanisms, but conversely protect against
cytokine shock (Sokol & Medzhitov, 2010). A protective role for Th1 cells against T. gondii
infection was implied by studies that selectively adoptively transferred T cell subsets or
selectively depleted CD4* T cells and/or IFN-y (Gazzinelli et al., 1992). This was further
reinforced with later studies of mice genetically deficient in IFN-y or the IFN-yR (Yap &
Sher, 1999). However, when mice deficient in IL-4 and IL-10 became available, it also
became clear that Th2 cells (and Treg cells) were also important in limiting inflammation

and mortality during T. gondii infection (Roberts et al., 1996).

B) Th17, Treg and TFH Cells

Th17 cells were identified as the third major effector population of CD4* T cell. They were
named this due to their production of IL-17A and IL-17F, although they also produce IL-
21, and IL-22, which are not produced by Thl or Th2 (Korn et al., 2007; Harrington et al.,
2005; Cua et al., 2003). The role of Th17 cells during T. gondii infection is controversial,
as they have been shown to be required for control of T. gondii infection in mice. IL-17A-

deficient mice were highly susceptible to T. gondii infection during the acute phase and
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decreased the survival rate of infected mice compared with wild type mice against T.
gondii infection (Moroda et al., 2017).

Treg cells are also known as suppressor T cells. Treg can modulate the immune system
and prevent autoimmune disease by down regulation of the proliferation of effector T
cells, largely due to their production of IL-10 (DiPaolo et al., 2007). TGFp, is essential for
differentiation of Treg from naive CD4" cells and for Treg maintenance (reviewed, Chen,
2011). Treg cells would appear to be important in limiting excessive inflammation and
thus have a beneficial role in murine models of infection (Fonseca et al., 2012).

TFH have a helper function for antibody production. TFH cells are responsible for
induction and control of class-switching immunoglobulin production and plasma cell
differentiation via IL-21 production (Reinhardt et al., 2009). Recently, a beneficial role for
TFH cells during murine toxoplasmosis has been suggested as IL-21 would appear to

prevent CD8" T cell dysfunction (Moretto et al., 2017).

B. CD8" T Lymphocytes

CD8* T cells provide strong protective immunity during adaptive immune response and
have the ability of killing the infected cells via release of IFN-y cytokines (Yap & Sher,
1999). IL-12 and IL-2 favour the expansion of cytolytic CD8* T cells. IL-2 is produced from
CD4* T and is necessary to prime the protective response of CD8" T cell. Neutralisation
of IL-2 in mice results in diminished CD8" T cell responses and decreased protection
(Denkers et al., 1996). CD4* T cells are necessary for the maintenance of CD8* T cell
during the chronic stage of infection, but are not essential during the acute infection
(Latjen et al., 2006). CD8* T cells have been shown to have cytolytic activity in mice and
humans during chronic infection and are necessary to prevent disease reactivation

(Ochiaia et al., 2016). Mice deficient in CD8" T cells show increased susceptibility to
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toxoplasmosis, succumbing approximately 50 days post-infection. Adoptive transfer of
CD8* T cells from chronically infected or mice vaccinated with an attenuated strain of T.
gondii display resistance (Gigley et al., 2009; Denkers et al., 1997; Parker et al., 1991).
in vivo, depletion studies of CD8* T cells and CD4* T cells result in reactivation of the
infection and severe disease, but depletion of CD4*T cells alone had limited impact
(Gazzinelli et al., 1992). Some of the earliest studies on the CD8" T cell responses
identified MHC1/CD8 epitopes from the Surface Antigen 1 (SAG-1) protein (Khan et al.,

1988).

1.12.3. Controlling T. gondii Infection

IFN-y has effector mechanisms to induce anti-toxoplasma activity in host cells, these
mechanisms include: Nitric oxide (NO) production, tryptophan starvation, generation of
reactive oxygen intermediates (ROI), iron deprivation, immunity-related GTPases (IRG)
and P65 guanylate-binding proteins (Gbp). Following IFN-y binding to its receptor (IFN-y
-R) at the cell surface there is initiation of a cascade signaling, involving JAK family of
tyrosine kinases and STAT (signal transducer and activator of transcription) family factors
(Halonen et al., 2006). Consequently, IFN-y activates genes that control the immune
response, expression of pro-inflammatory cytokines and MHC-mediated pathway.
Invasion of host cells by T. gondii induces phosphorylation of the signal transducer and
activator of transcription STAT. STAT1 is a main pathway and is used by T. gondii to
support its survival by utilising reduction of IFN-y production from CD4* and CD8* T cells
(Gavrilescu et al., 2004). Furthermore, T. gondii activates STAT3 and STAT6 and thus

the production IL-6 and IL-10 (Ong et al., 2010; Saeij et al., 2007).
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Figure 1.4 Innate and adaptive immune response against T. gondii infection.

T. gondii induces dendritic cell activation and IL-12 through the interaction of PAMPs with TLRs
and through T. gondii cyclophilin 18 binding CCRS5. IL-12 has a critical role, as an essential
mediator, to induce NK cells to secrete IFN-y that has cytotoxic effect on infected cells. IL-12
also has an important role in activation of CD4* and CD8* T cells. Macrophages have a significant
role in the elimination of the parasite and are activated by IFN-y to induce NO production that

can directly kill T. gondii (Lewis and Wilson, 2005).
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1.12.4. Humoral Immunity

The intracellular localisation of T. gondii suggested that the vast majority of the control of
the parasite relies on the cell-mediated immunity. Nonetheless, production of antibodies
assists cell-mediated immunity to control T. gondii infection. An important role for B cells
in resistance against T. gondii was demonstrated using B cell-deficient (muMT) mice.
Mutant mice died within 3-4 weeks, after infection with 10 cysts of the ME49 strain of T.
gondii. muMT mice had more parasites in their brains and lungs than control mice (Kang
et al., 2000). It has been found that monoclonal and polyclonal antibodies specific to
SAGL1 of T. gondii inhibit infection of human fibroblasts and murine enterocytes (Mineo et
al., 1993). Other reports have been published on the protective effect of monoclonal
antibodies that recognise SAG1 or dense granule proteins. These antibodies inhibit
tachyzoite invasion of host cells in vitro and in vivo (Cha et al., 2001). In vitro, specific
murine anti-T. gondii antibodies have the ability to bind extracellular tachyzoites and Kkill
them through the classical complement pathway (Kaneko et al., 2004; Suzuki et al.,
1987). Activation of the alternative complement pathway occurred in non-immune human
serum, with deposition of equivalent amounts of C3, which bound covalently to parasites
to mediate killing (Fuhrman & Joiner, 1989). The classical complement pathway was
activated by binding of natural specific IgM antibodies to the tachyzoites, leading to lysis.
IgM antibodies have an important role to block tachyzoite cell invasion during early acute
T. gondii infection and that was identified by using mice deficient in IgM (Couper et al.,
2005). Mutant mice displayed significantly increased tachyzoite dissemination to the liver,
lung, and spleen compared to wild type mice. IgA has the ability to interfere with T. gondii
tachyzoites to prevent adhesion to the mucosal surface and thereby preventing parasite

invasion of host cells (Zorgi et al., 2011). Furthermore, a study that successfully induced
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high titers of IgA following intranasal vaccination of mice found that this was associated
with the development of reduced numbers of cysts and implies a protective role for this

antibody type (Igarashi et al., 2008).

1.13 Immunomodulation by T. gondii

The virulence of T. gondii strains is related to a number of excreted/secreted effector
molecules including rhoptry and dense granule proteins, which have been demonstrated
to be key in determining virulence in mice and likely also account for the different clinical
prognoses observed when humans are infected with different lineages (Taylor et al.,

2006).

It has been shown that ROP5 and ROP18 are T. gondii virulence factors during mouse
infection (Niedelman et al., 2012; Behnke et al., 2015; Shwab et al., 2016). Most strains
of T. gondii from South America have alleles of ROP18 and ROP5 that are related to type
1 (Niedelman et al., 2012). A genetic cross between the type 1 strain from South America
and the type 2 (ME49) strain from North America confirmed the role of ROP18 and ROP5
in mediating virulence during acute toxoplasmosis, and this was further extended by
using CRISPR-Cas9 to delete these genes from strains of several additional South
American lineages (Behnke et al., 2015).

T. gondii ROP16 activates STAT3 and STAT6, which results in suppression of the
immune response through control of pro-inflammatory mediators and production of anti-
inflammatory mediators such as IL-6 and IL-10 (Ong et al., 2010; Saeij et al., 2007).
Paradoxically, T. gondii engineered to lack ROP16 fail to induce Argl and thus are more
virulent as they have access to increased amounts of cellular arginine that they require

for multiplication.
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A number of dense proteins (GRA proteins) are known to be immunomodulatory and are
sometimes referred to as virulence factors. For example, GRA15, is a tachyzoite
virulence factor that has a distinct role in parasite survival in mice (Hehl et al., 2015).

IFN-y acts at the frontline of defense against T. gondii and is produced by CD4* and CD8*
T cells, resulting from phosphorylation of STAT1-dependent pathway. T. gondii has
evolved a secretory protein named inhibitor of STAT transcription (TgIST) as it is able to
inhibit STAT1 and thus ablate the activity of the IFN-y-dependent signaling pathway
(Olias et al., 2016). TgIST plays a major role early during acute infection by protecting
the invading tachyzoites within host cells by blocking potent parasite killing (Olias et al.,
2016). However, there are other STAT1-dependent pathways that overcome this block

and that are required to control toxoplasmosis (Gavrilescu et al., 2004).

T. gondii cyclophilin 18 (TgCyp18) a cytosolic protein appears to induce IL-12 production
by interacting directly with CCR5, and can be inhibited by cyclosporine A (Yarovinsky et
al., 2004). It has been shown that TgCyp18 mutant proteins have reduced interactions
with CCR5 and reduced IL-12 induction (Yarovinsky et al., 2004). TgCyp18 appears to
act as a structural mimic of CCR5-binding ligands, with no sequence similarity with the

host CCR5 ligands, CCL3, CCL4, CCL5 and CCLS8 (Ibrahim et al., 2014).

Overall, T. gondii has evolved multiple molecules that interact with the host immune
response. Most of these would seem to subvert the immune response and promote
parasite establishment and survival to the detriment of the host and can therefore be
thought of as virulence factors. However, other mechanisms induce immune events that
limit parasite growth. These have likely evolved to facilitate host survival for long enough
to allow the parasite to disseminate and encyst and thus allow the intermediate host to

function as a means of perpetuating the life cycle.
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1.14 Vaccination

T. gondii is a global pathogen posing a great risk of infection to humans. Thus, all humans
deserve vaccination against this pathogen. Unfortunately, up to now there is no available
vaccine for humans. Vaccinations against toxoplasmosis could have medical and
economic benefits because of the inability of current treatments to kill the bradyzoites in
cyst stages during chronic infection. Consequently, medications neither stop nor
eradicate infection and therefore a vaccine would signify the best way of avoiding
infection. Many vaccine candidates have been studied for control of T. gondii while no
established method for assessing these vaccines is available. Researchers have mainly
used mice as animal models for immunological studies and vaccine designs (Reese et
al., 2016). Previous studies reviewed the pathogenicity, immunogenicity and
characterisation of T. gondii antigens expressed in all infective stages of the parasite to
find the best vaccine candidates against toxoplasmosis (Rezaei et al., 2019; Zhang et al.,

2015; Jongert et al., 2009).

1.14.1 Killed Vaccines

Killed vaccines were investigated early in 1956 and include whole tachyzoite lysate,
soluble fractions of the cysts or soluble fractions of the tachyzoite lysate (Cutchins &
Warren, 1956). These vaccines required adjuvants such as lipid vesicles, Freund’s
Complete Adjuvant (FCA) and Freund’s Incomplete Adjuvant (FIA) to increase their
immunological effects (Krahenbuhl et al., 1972). Limited protection was achieved by
these vaccines in terms of reduced mortality after challenge infection or decreased cyst

burden.
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1.14.2 Live Attenuated Vaccines

Live attenuated vaccines of T. gondii are used to mimic natural infection that have a
potential role in promoting long effective immunity. TS-4 is a chemically mutagenised
version of the RH strain, selected for temperature sensitivity and has been used
experimentally to give a strong protection of mice against lethal challenge with RH and
reduce congenital toxoplasmosis (McLeod et al., 1988). However, the TS-4 vaccine failed
to give full protection and prevent tissue cyst formation against challenge with the
avirulent strain (McLeod et al., 1988).

Veterinary vaccines, in theory could be administered to cats to reduce oocyst shedding
or be administered to livestock to prevent their infection or to prevent congenital
transmission or abortion. The S48 strain of T. gondii (Toxovax), which was isolated from
an aborted ovine foetus in 1988 is not able to form tissue cysts or oocysts and has been
used to reduce abortion in sheep (Wilkins et al., 1988). S48 was used to immunise lambs
and vaccinated sheep showed a significant reduction of tissue cysts in various tissues
and reduced incidence of abortion following challenge (Katzer et al., 2014). Similar effects
were found in pigs (Burrells et al., 2015). T-263 live strain of T. gondii attenuated with
Gamma irradiation was used and 84% of vaccinated cats reduced the number of oocysts
shed against challenge infection but this vaccine has never been commercialised
(Frenkel et al., 1991).

A number of experimental vaccines exist and have been used in mice with varying
degrees of success. Depletion of RPS13 a ribosomal protein in the T. gondii parasite has
resulted in a much attenuated RH strain (ARPS13) that can provide protection to mice
against subsequent challenge with wild type parasites (Hutson et al., 2010). A T. gondii

uracil auxotroph mutant was found to be completely avirulent in mice, including IFN-y KO
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mice. This mutant strain could induce complete protection against lethal infection with T.
gondii RH strain (Fox & Bzik, 2015). Mice vaccinated with ultraviolet-attenuated T. gondii
and co-administered with pidotimod drug had higher levels of IgG antibody, IL-2, IFN-y
and TNF-a and extended survival time with lower parasite burden compared with infected
controls against RH tachyzoites infection (Zhao et al., 2013). Due to safety concerns, the
use of live attenuated vaccines in humans are still limited and it is doubtful if a live
attenuated vaccine for T. gondii would pass the required regulatory steps or be accepted

by the public.

1.14.3 Protein Vaccines

Previous trials have examined a large number of T. gondii proteins for their vaccine
potential and to evaluate resultant protective immunity against acute and chronic
toxoplasmosis (Roberts et al., 2004). Examples of vaccine studies using recombinant
proteins in murine studies are presented below.

One of the most studied and arguably one of the most promising vaccine candidates is
SAG1. Vaccination with SAG1 has been shown to have potential when formulated with
the adjuvant Quil A which protects 90% of mice against challenge infection (Khan et al.,
1991). Due to this protection, a number of studies have subsequently used SAG1 as part
of a multi-component vaccine. For example, a subunit vaccine consisting of recombinant
SAG1 (rSAG1) and recombinant GRA2 (rGRA2) proteins. This vaccine increased survival
time of mice, which was associated with higher IFN-y production, but lower IL-10
production (Allahyari et al., 2016). Other multi-component vaccine preparations have
used T. gondii rhoptry and dense granule proteins. One such study used the recombinant
ROP2, GRAS5 and GRA7Y in a vaccine study. Mice vaccinated with these recombinant

proteins associated with cholera toxin had partial protection against tissue cyst formation
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when challenged orally with tissue cysts from T. gondii (Igarashi et al., 2008). Actin
protein, which has an important role in the invasion of host cells by T. gondii has been
used as an experimental vaccine to elicit the immune responses in BALB/c mice after
nasal immunisation. This vaccine increased actin specific secretory IgA levels in nasal,
vaginal and intestinal washes as well as the serum IgG2a, IFN-y and IL-2. Vaccinated
mice survived longer when challenged with a lethal infection with the virulent RH strain
(Yin et al., 2013). Another experimental vaccine used a combination of calcium-
dependent protein kinase 6 (TgCDPK6) and ROP18 proteins adjuvanted with PLG (poly
L-lactide-co-glycolide). This vaccine was able to increase specific antibodies and induce
high levels of IFN-y and IL-2. Vaccinated mice survived longer after challenge with T.
gondii RH strain than control groups and developed fewer cysts in their brains when

challenged with the cyst forming PRU stain of T. gondii (Zhang et al., 2016).

1.14.4 Vaccines Making Use of Live Vectors

T. gondii proteins have also been cloned into viral vectors or even other protozoans and
used for vaccination studies. A vaccine trial used the Pseudorabies virus (PRV)
engineered to express T. gondii proteins SAG1 and MIC3. BALB/c mice immunised with
both viruses induced specific IgG and significant levels of IFN-y and IL-2 production.
Vaccinated mice had increased resistance against a lethal challenge with T. gondii RH
strain (Nie et al., 2011). Another study using SAG1 expressing Adenovirus to vaccinate
C57BL/6 mice was able to provide protection as measured by reduced cyst numbers in
the brain (Mendes et al., 2013). A novel study also used Eimeria tenella as a vector for
SAGL. This vaccine could induce protective immunity against T. gondii infections in
chickens by eliciting TgSAG1-specific humoral and cellular immune responses.

Vaccinated mice were found to have SAG1-specific Th1l-dominated immune responses
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and prolonged survival time compared with non-immunised mice after challenge with T.

gondii (Tang et al., 2016).

1.14.5 DNA Vaccines

The potential of plasmid DNA vaccines has been explored for prevention of
toxoplasmosis in mice. DNA vaccines have a number of attractive features (i) They are
easily constructed without needing to handle a virulent pathogen (ii) DNA vaccines induce
cytotoxic CD8* T cells (iii) They are inexpensive relative to other vaccine technologies
(iv) The proteins expressed following vaccination are post-translationally modified
(reviewed Liu, 2011). A number of T. gondii genes have been cloned and tested in murine
models of toxoplasmosis. For example, SAG1 was used as DNA vaccine candidate to
enhance the immune response to protect adult BALB/c mice against T. gondii infection.
Vaccination was able to increase splenocytes’ IFN-y production, prolong survival and
decrease cyst burden. However, vaccination did not reduce the incidence of congenital
disease (Couper et al., 2003). Another study examined T. gondii glutathione reductase
(TgGR) as a DNA vaccine. Mice immunised with pTgGR showed significantly raised titers
of IgG1 and IgG2a, IgA and IgM as well as an increased production of IFN-y, IL-4, IL-17
and TGF-B1 cytokines compared with the control groups. Following challenge with
virulent T. gondii (RH strain) vaccinated mice had significantly longer survival times
(Hassan et al., 2014).

Studies have used multiple DNA vaccine candidates simultaneously with varying degrees
of success in a number of murine models. Immunisation of BALB/c mice with a DNA
cocktail containing SAG1 and ROP2 genes was found to induce a Thl-type response
with the predominance of IgG2a. Vaccinated mice had an increased survival against

challenge infection with the RH strain of T. gondii (Fachado et al., 2003). GRA1 and
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SAG1 have been demonstrated to prolong the survival rate of BALB/c mice following
challenged with tachyzoites of the virulent T. gondii (RH strain). This protection was
associated with high levels of IgG, IFN-y and IL-2 and stimulated NK cell-killing activity
(Wu et al., 2012).

DNA vaccines have been used experimentally with some adjuvants to increase their
effectiveness and modify the immune response. For example, inclusion of the
granulocyte-macrophage colony-stimulating factor (GM-CSF) with a plasmid encoding T.
gondii SAG1 and GRA4 antigens reduced mortality of susceptible C57BL/6 mice upon
oral challenge with cysts. This DNA cocktail provided higher survival of newborns from
immunised outbred mice exposed to infection during gestation with a specific humoral
and cellular Thl response (Mévélec et al., 2005). It has been found that mice vaccinated
with a multi-epitope DNA vaccine (comprising epitopes from SAG1, GRA2, GRA7 and
ROP16) showed higher levels of 1gG2a, significant IFN-y production and had longer
survival times against the acute infection of T. gondii compared with control groups. This
multi-epitope DNA vaccine could be enhanced by adding a genetic adjuvant pEGFP-
RANTES (pRANTES) which augmented the humoral and cellular immune responses
(Cao et al., 2015). Most recently, the T. gondii toxofilin gene was used as a DNA vaccine
combined with a mixture of individual adjuvants, alum or monophosphoryl lipid A (MPL)
and this resulted in induction of a strong humoral and cellular immune response in
vaccinated mice. These mice had longer survival times and less cyst numbers following

challenge with T. gondii infection compared with the control groups (Song et al., 2017).
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1.15 Toxoplasma gondii Surface Antigen 1 (SAGL1) Protein

Surface antigen 1 (SAGL) is considered the major surface antigen in T. gondii (previously
named p30) and comprises more than 5% of the total amount of protein of the tachyzoite
stage of T. gondii (Lekutis et al., 2001). SAG1 is a member of a large superfamily of
surface proteins referred to as SAG-related sequences (SRS) (He et al., 2002). T. gondii
surface proteins are important for tachyzoite development as they facilitate adhesion to
host cells and thus invasion of the host cells. SAG1 is considered a main
immunodominant antigen (Tang et al., 2016). SAG1 exists as a monomer of 250 amino
acids with an approximate molecular weight of 30 kDa. It can form homodimer structures,
which are attached to the parasite surface by glycosylphosphatidylinositol (GPI) anchors
(He et al., 2002). The protein consists of two domains. The N-terminal domain is
designated domain 1 (D1), which consists of 130 amino acids. The C-terminal domain is
designated domain 2 (D2) and is around 120 amino acids long. Two disulfide bonds are

formed to stabilise each domain as shown in figure (1.5) (He et al., 2002).
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Figure 1. 5 Three-dimensional structure of the SAG1 protein.

(A) SAG1 dimer one monomer is pink and the other is cyan; C-terminus was extended with a
dotted line to show the location of the GPI linkage with the membrane. (B) Secondary structure
diagram of the SAG1 monomer. SAG1 D1 domain (C-terminal) binds to D2 domain via two

disulfide bonds (adapted from He et al., 2002).
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Previous studies have focused on SAGL1 for vaccination because it has a critical
importance for the immune response in the initial stage of infection involving both the
humoral and cellular immune response (Abdizadeh et al., 2015; Lekutis et al., 2001).
Vaccination of mice with SAG1l has provided encouraging results with significant
protection as measured by a reduction of the number of cysts in vaccinated animals
compared with control animals (Lekutis et al., 2001). Therefore, preparation of SAG1
antigens from the parasite has immunogenic importance for vaccination studies. SAG1
was purified from tachyzoites or produced as a recombinant protein in E. coli or in a yeast
(Wang & Yin, 2014). Moreover, an experimental DNA vaccine developed in a plasmid
encoding SAG1 has been shown to provide mice with significant protection against
mortality following challenge with the highly virulent RH strain of T. gondii (Angus et al.,
2000). Table 1.2 summarises various vaccine preparations using SAGL1 protein or DNA

and the protection they afforded with or without various adjuvants in animal models.

39



Table 1. 2 Experimental vaccine studies using SAGL1 protein or DNA

production and decreased
brain cyst burden

Antigenic vaccine | Adjuvant Animal model | Challenge strain Results Reference
used of T. gondii
Recombinant Not C3H/HeN RH-strain 80-100% protection against | (Nielsen et al.,
P1tPASAG-1 applicable | BALB/c mice challenge infection in cyst 1999)
expressed in E. coli numbers
DNA SAG1 Freund's C57BL/6 Mice RH, Me49 Reduced the mortality of (Angus et al. 2000)
vaccine complete immunised mice, increase
IFN-y, IL-2 production and

Rat VEG decreased IL-4 production
Recombinant SAG1 | SBAS1 guinea pig C56 (mildly 66 - 86% reduction in (Haumont et al.,
protein expressed virulent) maternofetal transmission 2000)
in P. pastoris
P1tPASAG-1 DNA | Not BALB/c mice Beverly type-2 Enhanced Th-1 immune, (Couper et al.,
vaccine applicable strain increased splenocyte IFN-y | 2003)
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SAG1 protein Not BALB/c Me49 strain 50% reduction in (Letscher-bru et
expressed in E. applicable | mice maternofetal transmission al., 2003)
coli
SAG1 peptides Not C3H/HeN mice | RH-strain Gave a high protection (Siachoque et al.,

applicable against lethal challenge 2006)
Recombinant SAG1 | Incomplete | C3H/HeN mice | Non- Lethal dose High level of IFN-y (Laguia-Becher et
protein expressed Freund’s of ME49 cysts 30%r eduction of brain cysts | al., 2010)
in tobacco leaves adjuvant

(IFA)
Recombinant SAG1 | Not Heterologous vaccine (Mendes et al.,
protein expressed applicable | C57BL/6 mice MEA49 strain decreased the numbers of 2013)
in adenovirus brain cyst compared with
(AdSAG1) wild type viral vaccine
Recombinant Not Not applicable Not applicable High level of pVAX1SAG1 (Abdizadeh et al.,
pVAX1-SAG1 applicable expression vector in CHO 2015)
DNA vaccine cells as a suitable system for

vaccine development

Recombinant Et- Not BALB/c RH-strain Th1- dominant immune (Tang et al., 2016)
TgSAGL1 protein applicable | mice response and prolong the

(SAG1lengineered

in E. tenella)

survival rate
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1.16 Toxoplasma gondii Cyclophilin 18 (Cyc18)

T. gondii cyclophilin 18 (TgCyc18) has a direct immunogenic effect on cells that express
the cysteine-cysteine chemokine receptor 5 (CCR5) including macrophages and dendritic
cells. TgCycl18 is a chemokine mimic that interacts with CCR5, which is expressed on
the surface of macrophages, dendritic cells and spleen cells (Ibrahim et al., 2014). Upon
binding CCRS5 activates the dendritic cells to induce IL-12 production. Earlier, Albarti et
al (2003) stated that IL-12 production was promoted by the activity of recombinant
TgCycl18 compared to non-recombinant TgCycl8 in the soluble tachyzoite extract
(Aliberti et al., 2003). These results corresponded to the high affinity of recombinant
TgCyp18 to trigger cell signalling of DCs through CCR5. TgCyc18 is a 18.5 kDa protein
and is highly similar to cyclophilin TgCyc20 with 70% amino acid identity in their N-
terminal regions (High et al., 1994). However, both T. gondii cyclophilins have different
intracellular distributions and functions related to differences in the amino acid sequences
(High et al. 1994). TgCyc18 and TgCyc20 are similar to the human cyclophilin (hCyc18)
protein in the core region, but TgCyc20 differs from hCyc18 by the insertion of seven
amino acids (Ibrahim et al., 2014). TgCyc18 can recruit cells including macrophages and
lymphocytes to the site of infection through its chemotactic ability for CCR5-binding
ligands (Ibrahim et al., 2010). IL-12 produced by dendritic cells following CCR5 ligation
by TgCyc18 has the ability to stimulate NK cells to produce IFN-y and to promote Th1 T
cell differentiation, which have each been demonstrated to be important for host immunity
during acute toxoplasmosis. TgCyc18 has also been shown to induce the production of
nitric oxide (NO), IL-6 and low levels of TNF-a which have also been demonstrated to

mediate protection against T. gondii infection (Ibrahim et al., 2009; Aliberti et al., 2016).
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Consequently, in this study the hypothesis is to test whether TgCyc18 is a suitable

adjuvant for inclusion in a vaccine for toxoplasmosis.

1.17 Protein Expression Systems

There is a large number of systems for the expression of recombinant heterologous
proteins. Each of these have their advantages and disadvantages and are thus suited to
different applications. Escherichia coli is the most commonly used host for protein
expression and as a standard prokaryotic expression system it can produce high protein
yields but is characterised by the absence of post-translational modifications (PTMs) and
sometimes prone to improper protein folding (Dortay & Mueller-Roeber, 2010). Eukaryotic
protein expression systems generally can deliver PTMs and produce soluble protein, but
at a significantly lower protein yield than the prokaryotic systems (Jenkins et al., 2009).
There are various protein expression systems in yeast using different species and these
have been successful in medical and industrial settings, giving high yield of recombinant
proteins but with high cost (Celik & Calik, 2012). Other eukaryotic expression systems
include insects cells, protozoans and plants (Demain & Vaishnav, 2009). Table 1.3 shows
the differences between a prokaryote (E. coli) and eukaryote (L. tarentolae) as protein

expression system.
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Table 1. 3 Comparison of characteristic features involved in expression system selection.
Adapted from (Demain & Vaishnav, 2009).

modifications

Characteristic Feature E. coli L. tarentolae
Protein expression Fast High level
Protein yield High variable
Post-translational No Glycosylation

Protein size

Mostly small size

Flexible

Protein folding

Proteins produced as
inclusion bodies are

inactive; require refolding

proper protein folding

controlled

Cost Inexpensive fair
Yield [mg/L] 200-300 0.4
High cell density Toxic if oxygen not fair

Secretion protein

Strong secretion with no
involvement of
intracellular inclusion

bodies

Easy manipulated
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1.18 Leishmania tarentolae as a Protein Expression System

Ideally, an expression system for heterologous proteins should have both high protein
yield and the appropriate PTMs. L. tarentolae is a suitable eukaryotic expression system
for production of different proteins carrying PTMs with a protein yield of approximately 30
mg/L of culture (Breitling et al., 2002). L. tarentolae is nonpathogenic to humans and
lacks 250 genes for virulence coding sequences found in human pathogenic Leishmania
species. Notably, it is deficient in major virulence and visceralisation factor A2 (Mizbani
et al., 2011). Leishmania are rich in glycoproteins both as modified secretory proteins
and membrane bound proteins (Sola & Griebenow, 2011). Glycosylation is a mechanism
for both in vivo and in vitro stability of proteins (Sola and Griebenow, 2011). Additionally,
glycosylation provides protection for the modified proteins against enzymatic
degradation, which is sometimes an issue in E. coli. Examples of proteins successfully

expressed in L. tarentolae are shown in table 1.4.
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Table 1. 4 Previous studies which have used L. tarentolae as protein expression system and their biological

application.

Protein name

Type of protein expressed

Medical application

Reference

Convertase 4 (PC4)

Secreted soluble enzyme

PC4 precursors for reproductive

pathway

(Basak et al., 2008)

Human Laminin (LM)-332

glycoprotein

essential for epithelial basement
membranes and cell adhesion in

tissue engineering

(Phan et al., 2009)

ASMT(N-acetyl serotonin

methyl transferase)

Soluble recombinant protein

ASMT enzyme responsible for

melatonin synthesis

(Ben-Abdallah et

al., 2011)

Human C-reactive protein

(CRP)

pentameric protein with
phosphocholine insoluble

binding site

CRP is produced by the liver in

response to inflammation

(Dortay et al.,

2011)

Human erythropoietin

(EPO)

recombinant darbepoetin
alfa protein (glycogen

protein)

treating anemic patients with chronic

disease

(Kianmehr et al.,

2016)
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1.19 Mechanism of Protein Expression in Leishmania tarentolae

Leishmania tarentolae is a trypanosomatid protozoan parasite of the gecko and has been
established as a new eukaryotic expression system for the production of recombinant
proteins (Niimi, 2012). Trypanosomatidae are rich in glycoproteins with a glycosylation
similar to that in mammals and higher vertebrates. Thus, one of the main advantages
of the L. tarentolae expression system is the posttranslational modification of target
proteins. L. tarentolae has a unique feature in their cellular transcription and translation
systems. Numerous genes in L. tarentolae are arranged in repeated tandem arrays, and
the mRNA is transcribed as a polycistronic precursor, with one individual pre-mRNA
containing multiple tandemly organised open reading frames (Breitling et al., 2002). Pre-
MRNAs are post-transcriptionally modified in the nucleus by trans-splicing and
polyadenylation, giving rise to mature mRNAs (Teixeira, 1998). Trans-splicing adds a
capped 39 nucleotide leader sequence necessary for transport, stability and translation
of the mRNA. Figure 1.6 shows how the polycistronic gene expression works for a

construct integrated into the rRNA gene locus.
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Figure 1. 6 Schematic illustrating mRNA synthesis for a construct integrated into the rRNA
locus in L. tarentolae:

Gene cluster organised in a repeated tandem arrangement (Phleo and SAP1SAG1/Cycl8);
RNA polymerase | transcription forms pre mRNA of all genes integrated into the small
subunit rRNA(ssu) gene locus; the polycistronic mMRNA is processed by adding the
methylated 39-nucleotide splice leader at the splice addition site (AG) (arrow heads) and

polyadenylation (arrows). Mature mRNA is composed of 5’and 3’'UTR and a poly A tail.
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1.20 Aims of the study

Despite a large number of experimental vaccine studies, there is still no vaccine available
for prevention of T. gondii infection in humans. The studies described in this thesis have
the aim of providing insight into how a vaccine might be constructed and produced. It can
be divided into 2 aims:

Aim 1

To determine the viability of a novel protein expression system. Specifically, the studies
will attempt to develop a novel filamentous protein expression system using L. tarentolae
to express proteins of interest fused to L. mexicana secreted acid phosphatase (SAP).
As L. mexicana secreted acid phosphatase (SAP) is secreted and self-assembles into
filaments the proteins of interest should be easy to obtain from culture and purify. L.
tarentolae is an attractive eukaryotic protein expression system for its ability to include
post-translational modifications. As proof of principle and to test this system, 2 proteins
from T. gondii have been chosen, SAG1 a promising vaccine candidate and cyclophilin
18 a chemokine mimic with the ability to bind and activate CCR5 and elicit IL-12
production.

Aim 2

To determine the ability of T. gondii cyclophilin 18 (TgCyc18) to work as an adjuvant in a
vaccine for T. gondii infection. Specifically, studies will determine if TgCyc18 can increase
the magnitude or alter quality of the immune response in mice vaccinated with SAG1 and
if these mice have increased protection against T. gondii infection. It was originally
envisaged that this would be achieved through the use of proteins expressed in Aim 1.
However, as protein yields were low in this system this aim was achieved through the

use of DNA vaccination.
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Chapter 2

Materials and Methods
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Laboratory equipment

Centrifuges
Centrifuge 5424

Centrifuge 5415R
HERMLE Z 400 K
Heraeus Multifuge 3SR+ Centrifuge

Microscopes

Axiovert 25 Inverted Microscope
Axiostar transmission-light Microscope
Eclipse TE2000S (Epifluorescent)

CFI Plan Fluor DLL-100x objective lens

Hamamatsu Orca-285 Camera

Electrophoresis equipment

Agarose gel tanks
SDS-PAGE tanks

Power source 300W

Immunoblotting equipment
Fastblot B33 / B34
Power Source 300W

Heat block

Thermomixer comfort

Photometer
BioPhotometer 6131

Source

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Hermle Labortechnik, Wehingen, Germany

Heraeus, Hanau, Germany

Carl Zeiss, Jena, Germany
Carl Zeiss, Jena, Germany
Nikon Instruments, Derby, UK
Nikon Instruments, Derby, UK
Hamamatsu, Garden City, UK

Biostep GmbH, Germany
Biometra, Gottingen, Germany
VWR International, Lutterworth, UK

Biometra, Gottingen, Germany

VWR International, Lutterworth, UK

Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany
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Pharmacia LKB Ultrospec Il

pH Meter
Digital-pH-Meter HI221

Shaking incubators
Innova 4230/4400

Thermomixer comfort

Shaking water baths
GFL 1083
mwg LAUDA M3

Sonicator

Branson Sonifier 250

Thermocyclers

Pharmacia, Milton Keynes, UK

Hanna Instruments, Leighton Buzzard, UK

New Brunswick Scientific, Edison, NJ, USA
Eppendorf, Hamburg, Germany

GFL, Burgwedel, Germany
Heidolph Electro, Kehlheim, Germany

Branson, Danbury, CT, USA

Gene Amp PCR System 9700 PE Applied Biosystems, Weiterstadt, Germany

Surecycler 8800

Transfector

Nucleofector I

Vortex

IKA-VIBRO-FIX VF2IKA

UV transilluminators
VWR Genosmart
High Performance UV

Safety Cabinet
Thermo SAFE 2020, Class Il

Agilent Technology, Edinburgh, UK

Amaxa Biosystems, Gaithersburg, MD, USA

Labortechnik, Staufen, Germany

VWR International, Lutterworth, UK
UVP Cambridge, UK

Fischer Scientific, Loughborough, UK
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2.1.2 Chemicals

Acetic Acid

Acrylamide 30% (w/v)

Adenosine triphosphate (ATP)
Agar-Agar

Agarose (Molecular biology grade)
Ammonium persulfate (APS)
Bovine serum albumin (BSA)
Bromophenol blue

Carbenicillin

Chloroform

Coomassie Brilliant Blue R250
DABCO® (1,4-Diazabicyclo [2,2,2]
octane)

DMSO

dNTP mix

EDTA disodium dihydrate

Ethanol

Ethidium Bromide

Fetal Calf Serum (FCS Gold) PAN
Glucose

Glycerol

Hemin

HEPES

Carl Roth, Karlsruhe, Germany

VWR, Lutterworth, UK

Roche Diagnostics, Sussex, UK
Techmate Ltd, Milton Keyes, UK
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany
Techmate Ltd, Milton Keynes, UK
Techmate Ltd, Milton Keyes, UK
Techmate Ltd, Milton Keyes, UK
Carl Roth, Karlsruhe, Germany

Techmate Ltd, Milton Keyes, UK

Roche Diagnostics, Mannheim, Germany

BioLine, London, UK
Sigma-Aldrich, Steinheim, Germany
VWR Chemicals, Lutterworth, UK
Sigma-Aldrich, Gillingham, UK

PAN Biotech, Aidenbach, Germany
Techmate Ltd, Milton Keyes, UK
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Steinheim, Germany

Techmate Ltd, Milton Keynes, UK



Imidazole

IPTG

Isopropanol

Kanamycin sulfate

Methanol

Milk powder

Tryptone (Peptone)

Mowiol® 4-88

p-formaldehyde
p-nitrophenylphosphate tablets 20 mg
Penstrep (Penicillin
1,000U/ml,Streptomycin 10 mg/ml)

Puromycin

Phleomycin

Potassium chloride

Potassium dihydrogen phosphate

Sodium dodecyl sulfate (SDS)

SDM79 Medium

Sodium Acetate
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Techmate Ltd, Milton Keynes, UK
GerbuBiochemicals, Gaiberg, Germany
Techmate Ltd, Milton Keynes, UK
VWR, Lutterworth, UK

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
Techmate Ltd, Milton Keynes, UK
Sigma-Aldrich, Steinheim, Germany
VWR, Lutterworth, UK

Sigma-Aldrich, Steinheim, Germany

Life Technologies, Carlsbad, USA

Merck Biosciences, Schwalbach,
Germany
Merck Biosciences, Schwalbach,
Germany

Sigma-Aldrich, Gillingham, UK

Merck Biosciences, Schwalbach,
Germany

Fischer Scientific, Loughborough, UK
Generon, Maidenhead, UK

Merck Biosciences, Schwalbach,

Germany



Sodium Chloride

Sodium Hydroxide

TEMED

Triton X-100

Trizma

Tween 20

Yeast extract

DNA markers 1kb DNA Ladder

Prestained Protein Marker (broad range)

2.1.3 Biological Strains

Escherichia coli DH5a

Leishmania tarentolae PARROT Tarll
Leishmania mexicana

MNYC/BZ/62/M379, clone 2
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Sigma-Aldrich, Gillingham, UK
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Steinheim, Germany
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Steinheim, Germany
Techmate Ltd, Milton Keyes, UK
Fluka, Gillingham, UK

New England Biolabs, Hitchin, UK

New England Biolabs, Hitchin, UK

Source
Thermo Fisher Scientific, UK
Marc Oullete, McGill, University, Canada

Wiese group



2.1.4 Plasmids

pPLEXSY-ble2.1
pLPhSAP2SAG1
pLPhSAP2CYC18

PBME -Amp-SAGL1Lt

pBME -Amp-Cyc18Lt
pUCCYC18SAG1SAP
pSSUSAP2mod2C
pSSUHygSAP1

pVAX-SAG1
pVAX-Cycl8
pVAX-SAG1

2.1.5 Media and Buffers

Ammonium Persulphate (10%)

Agarose gel loading buffer (10x)

Carbenicillin stock (100 mg/mL)

Coomassie Staining Solution

Coomassie Destaining Solution

iFCS

Source

Jena Bioscience
this work
c

Biomatik, Canada

Biomatik, Canada
Biomatik, Canada
M. Wiese group
M. Wiese group

this work
Craig W. Roberts
Craig W. Roberts

10% (w/v) Ammonium Persulphate
dissolved in ddH,O

0.1 MEDTA pH 8.0

0.1% (w/v) bromophenol blue
0.1% (w/v) xylenecyanol

0.5 x TBE

50% (v/v) glycerol

100 mg/mL dissolved in ddH20 and
filter sterilised

0.3% (w/v) Coomassie Brilliant Blue
R250

45% (v/v) methanol

10% (v/v) acetic acid

45% (v/v) ddHO

30% (v/v) methanol
60% (v/v) ddH.O
10% (v/v) acetic acid

FCS heated to 56°C for 45 min then
filter sterilised



Immunoblot Blocking Solution

Immunoblot transfer buffer

LB Agar

LB Medium

PBS (10x)

PBST

Resolving Gel Buffer for SDS-PAGE (4x%)

SDM79 Medium for Promastigote Culture

SDS-PAGE Running Buffer (10x)

SDS-PAGE Sample Buffer (SSB) (5%)

Stabilate Freezing Solution for Leishmania
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5% (w/v) Milk Powder in PBST
20 mM Tris-HCI pH 7.5

25 mM Trizma
150 mM glycine
10% (v/v) methanol

1.5% (w/v) agar-agar in LB Medium.
Autoclaved, allowed to cool to <50°C,
sterile antibiotics added if required, and

oured info 8Iates.
% (W v') acto tryptone

0.5% (w/v) yeast extract

1% (w/v) NaCl

Autoclaved, allowed to cool to <50°C,
sterile antibiotics added if required

137 mM NaCl

10.1 mM Na:HPO4
2.7 mM KClI

1.8 mM KH,PO4

0.2% (v/v) Tween-20 in 1 x PBS

1.5 M Tris-HCI pH 8.8
0.4% (W/v) SDS

10% (v/v) IFCS
7.5 ug/ml hemin
in SDM Medium
Filter-sterilised

0.25 M Tris-HCI pH 8.3

1.92 M Glycine

1% (w/v) SDS

250 mM Tris-HCI pH6.8

50% (v/v) glycerol

10% (w/v) SDS

0.5% (w/v) bromophenol blue
200 MM DTT

10% (v/v) sterile DMSO

90% (v/v) iFCS



Stacking Gel Buffer for SDS-PAGE (4x)

TBE (5%)

Tris-Buffered Saline (TBS) (10x)

TBST

TENS solution

2.1.6 Enzymes

Restriction endonucleases

RNase A (bovine pancreas)
Taqg DNA polymerase

T4 DNA ligase

2.1.7 Kits

NucleoSpin Extract Il

Isolate || genomic DNA
NucleoBond Xtra Midi Kit
DNA Gigaprep

The Mouse Th Cytokine panel

Mouse inflammation panel
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0.5 M Tris-HCI pH 6.8
0.4% (w/v) SDS

0.45 M Tris-HCI
0.45 M boric acid
10 mM EDTA pH 8.0

200 mM Tris-HCI pH 7.5
1.37 M NaCl

0.2% (v/v) Tween-20in 1 x TBS

10 mM Tris-HCI pH 8.0
1 mM EDTA

100 mM NaOH

0.5% (w/v) SDS

New England Biolabs, UK
Promega, Southampton, UK

Roche Diagnostics, Mannheim, Germany
Roche, Sigma-Aldrich, Gillingham, UK

Roche Diagnostics, Mannheim, Germany

Bioline, UK

Bioline, UK

Macherey & Nagel, Germany
Macherey & Nagel, Germany
Biolegend, London, UK
Biolegend, London, UK



2.2. Methods

2.2.1 Molecular Biology Methods

2.2.1.1 Restriction and Endonuclease Analyses

All restriction enzymes, buffers and temperature conditions were used as recommended
by the manufacturer’s instructions. Reactions were prepared using 1 pl of DNA (1-2 ug/ul)
and 5-10 U of the appropriate restriction enzyme for midiprep DNA digestion. 4 pl of DNA
(~0.4 pg/ul) with 10-15 U of appropriate enzyme in a total volume of 15 pl for miniprep
DNA digestion. 2 ug of RNase A was added to miniprep digests. The samples were
incubated for 3 h at 37°C. DNA fragments were separated by gel electrophoresis using
0.8-1% (w/v) agarose at 120 V in 0.5 x TBE running buffer for 60 min. Nucleic acids were
visualised by UV illumination under low intensity UV light (A =365 nm) as ethidium
bromide (0.3 ug/ml) was used in the gel for staining. Preparative digests were set in total
100 pl using 10 pl of midi-prep DNA (1-2 pg / pl) and 10-15 U enzyme. The DNA bands
of interest were extracted and isolated using a NucleoSpin Extract Il kit, and eluted in 30

ul ddHO.

2.2.1.2 Dephosphorylation of 5’-ends of DNA Fragments

In cases where endonuclease digestion had resulted in blunt ends or complementary
overhangs of the linearised vector molecule it was necessary to dephosphorylate the 5’-
ends to reduce the likelihood of spontaneous self-ligation. The purified DNA from the
restriction digest mixture was treated with shrimp alkaline phosphatase (SAP) (Roche
Diagnostics, Mannheim, Germany). The eluted DNA was dissolved in 25.5 ul ddH-0O, 3
I of the provided 10 x SAP buffer and 1.5 U SAP were added, and incubated at 37°C for

2 hours. The enzyme was inactivated by heating the mixture to 65°C for 20 minutes.
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2.2.1.3 Plasmid Concentration Using Nanodrop

To determine the concentration and purity of a plasmid, 1 pl of the plasmid solution was
analysed using the Nanodrop 2000 (Thermo Fisher Scientific, USA). Nucleic acids
monitoring option was selected from the Nanodrop software, 1 ul of double distilled water
was used to blank the instrument. 1 yl of plasmid DNA was used to measure the DNA
concentration in ng/ul and to determine sample purity (Absorbance ration 260 nm / 280

nm).

2.2.1.4 Ligation of DNA Fragments

Fragments from cleaved plasmid constructs were ligated using 0.8 ul T4 ligase and 1.5
pl 10x T4 ligase buffer (Roche Diagnostics, Mannheim, Germany) in a ratio of 3:1 insert
DNA: vector. The ligation reaction was prepared in pre-cooled PCR tubes, after addition
of all reaction components the PCR tube was vortexed and centrifuged at 1,000 x g, 4°C

for 60 s. The ligation reaction volume of 15 ul was incubated at 13°C overnight.

2.2.1.5 Transformation of E. coli DH5a cells

5 ul of a ligation was mixed with 200 ul E. coli DH5a competent cells and incubated on
ice for 1 h. Then the mixture of plasmid and E. coli DH5a was heat shocked at 42°C for
90 s and returned to ice for 5 min. E. coli DH5a cells were revived by adding 800 ul of LB
broth and shaking for 1 h at 37°C. 200 ul volume of E. coli DH5a transformed cells were

aseptically plated on LB agar containing the selective antibiotic carbenicillin (100 pg/ml).
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2.2.1.6 DNA Miniprep (TENS method, Zhou et al., 1990)

Plasmids were purified from E. coli DH5a cell cultures using the TENS method. 6 — 12
single colonies of transformed cells were used to inoculate 6-12 tubes with 3ml of LB
broth each containing the selective antibiotic Carbenicillin (100 pg/ml) and incubated for
a period between 16 —18 h at 37°C, shaking at 220 rpm. Next day, the cultures for which
growth was observed were streaked onto LB agar plates containing Carbenicillin (100
pg/ml) and incubated overnight at 37°C. 1.5 mL of culture were harvested in Eppendorf
tube at 15,800 x g for 30 s, supernatant was poured and the sediment cells were
resuspended in the remaining supernatant about 100 pl. Plasmids were purified from
cultures by addition of 300 pl of TENS and the cell suspension was vortexed at medium
speed for 4 s then immediately placed on ice. Subsequently, 150 pl of 3M Sodium Acetate
buffer (pH5.2) was added and the mixture was vortexed at medium speed for 3 s and
placed on ice again. Cells were sedimented at 15,800 xg at 4°C for 15 min, and clear
supernatant was transferred to a new 1.5 mL tube, the spin step was repeated twice to
collect clear supernatant. 900 pl of 100% ice-cold ethanol were added to precipitate the
DNA, then the mixture was centrifuged at 15,800 xg at 4°C for 15 min. DNA pellet was
washed with 70% ice cold ethanol solution and centrifuged for 15 min at 11,000 x g, 4°C.
The supernatant was removed in sterile conditions under laminar airflow hood. DNA pellet

was left to dry for 15-20 min, then DNA pellet was re-suspended in 30 pl of ddH-0.

2.2.1.7 Preparation of Glycerol Stocks

500 ul of an overnight bacterial culture was mixed with 500 pl of sterile glycerol in a sterile
cryo-tube (Nunc).The tube was vortexed to ensure adequate mixing, incubated for 30 min

on ice and then stored at -80°C.
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2.2.1.8 DNA Midiprep Culture Inoculation and Plasmid Purification Using Macherey
and Nagel Kits

A single colony of a positive miniprep clone was used to inoculate 100 ml of LB broth with
Carbenicillin (100 pg/ml) and incubated 16—18h at 37°C, 220 rpm. The overnight 100 ml
culture was split between two 50 ml sterile tubes and spun for 15 min at 4,000 x g, 4°C.
Subsequently the plasmid DNA was purified from the culture by using the Nucleobond®
Xtra Midi High copy plasmid protocol (Macherey-Nagel, Germany) until the elution step
of the plasmid DNA. The eluate was distributed between six 1.5 ml micro centrifuge tubes;
833 ul of eluate was mixed with 583 pl of isopropanol at room temperature, before being
centrifuged for 30 minutes at 15,800 x g and 4°C. The supernatant was decanted and
the DNA pellets were washed with 1 ml of 70% ethanol then centrifuged for 10 min at
15,800 x g, 4°C. The pellets were air-dried and resuspended in a total volume of 120 pl

ddH»O. The DNA was stored at -20°C.

2.2.1.9 DNA Gigaprep Culture Inoculation and Plasmid Purification using Macherey
and Nagel Kits

A endotoxin—free plasmid DNA purification kit was used from Macherey & Nagel,
Germany. The plasmid DNA was purified from bacterial culture (2 liter of LB medium with
kanamycin (50 pg/ml) incubated for 16-18h at 37°C, 220 rpm. The overnight culture was
split between two sterile tubes and centrifuged for 15 min at 6,000 x g, 4°C using a high
speed centrifuge (Beckman Coulter, US). Pellets of the bacterial cells were resuspended
in 120 ml of S1 buffer, then a 120 ml of S2 buffer was added and the suspension was
incubated for 5 min at room temperature. 120 ml of pre-cooled S3 buffer was added and
immediately mixed for 6-8 times until the off-white homogenous suspension was formed.

The lysate then was poured into the NucleoBondR Bottle Top Filter (A x10,000) using
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the supplied vacuum. The clear bacterial lysate from later step was loaded onto the giga
column after it was equilibrated with 100 ml of N2 buffer. Two washing steps with N3 (4
x 150 ml) and N4 (3 x 130 ml) was applied with discarding the flow-through each time.
DNA was eluted with 200 ml of N5 buffer and 70 ml of room-temperature isopropanol was
added and centrifuged at 15,000 x g for 30 min at 12°C. 10 ml of 70% ethanol was added
to the pellet, vortexed briefly and centrifuged at 15,000 x g for 10 min at room
temperature. Ethanol was carefully removed and the pellet was allowed to dry, then the
DNA pellets were resuspended in TE-EF buffer. DNA concentration and purity was

measured by nanodrop then it was stored at -20°C.

2.2.1.10 DNA Sequencing
DNA sequencing was performed by (Source Bioscience, Motherwell). Samples for
sequencing were prepared according to the company’s instructions. The NCBI BLAST

server was used for sequence similarity analyses.

2.2.2 Cell Culture

2.2.2.1 Culture of Leishmania

L. mexicana and L. tarentolae wild type promastigotes were grown at 27°C without CO;

in complete SDM79 media and re-inoculated every 3-4 days.

2.2.2.2 Leishmania Cell Counting

Leishmania promastigotes were counted after fixing using a haemocytometer and a 1:100
dilution (5 pl from the culture in the late logarithmic phase was added to 495 pl fixing

solution). The haemocytometer cover slide was moistened and applied to the
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haemocytometer chamber until Newton rings could be observed. 1: 100 dilution of fixed
cell culture was pipetted under the cover slide of the haemocytometer. Fixed cells were
observed under a light microscope with a 40x objective lens focused on the
haemocytometer grid lines. Leishmania cells were counted on both side of the
haemocytometer slide, and the averaged cell counts used to calculate cell density per
milliliter. Total cell density calculated using: number of cells/ml = number of counted cells

x dilution factor (100) x 10%.

2.2.2.3 Leishmania Stabilates for Long-term Storage

10 ml of late-log phase Leishmania promastigote culture (density range of 2x107 cells/ml
to 1x108 cells/ml) was centrifuged at 1,800 x g 4°C for 30 minutes. The supernatant was
discarded and the pellet resuspended in 1.5 ml stabilate freezing solution for Leishmania,
distributed in 500 pl aliquots in cryo tubes and frozen in the gaseous phase of liquid

nitrogen. Tubes were submerged in liquid nitrogen 24 hrs later.

2.2.2.4 Electroporation of Leishmania tarentolae

Transfection of linearised DNA into L. tarentolae cells was performed using a
Nucleofector Il (Amaxa Biosystems, Lonza, Germany). 100 pl of cell electroporation
buffer was prepared by combining 82 ul human T cell solution and 18 ul supplement
solution provided in the Nucleofector Il kit. A maximum volume of 10 pl of purified
linearised plasmid DNA was mixed with the electroporation buffer before the cells were
resuspended in it. L. tarentolae promastigotes were grown until a density of
approximately 3x107 cells/ml. The cells were harvested by centrifugation for 2 min, at
5,600 x g and 4°C. The supernatant was gently removed from sedimented L. tarentolae

cells and immediately replaced with 100 pl electroporation buffer by gentle pipetting. The
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re-suspended cells were transferred to a pre cooled electroporation cuvette with no air
bubbles present. Cells were electroporated using Nucleofector Il program V-033 or X-
001 and left on ice for 10 minutes. Electroporated cells were transferred from the cuvette
to 10 ml SDM79 medium supplemented with 8% v/v heat-inactivated fetal calf serum,
0.3% v/v hemin and incubated at 27°C for 24 hours. On the second day, the
electroporated cells were diluted 1:2 and 1:40 with supplemented SDM79 medium and
the appropriate selective antibiotic (40 uM Puromycin) was added to the diluted cell
cultures. 1:2 and 1:40 dilutions were pipetted into 96 well plates using a multi-channel
pipette (200 pl per well) and incubated at 27°C for 10-14 days until turbid wells indicated

growth of recombinant parasites.

2.2.2.5 Scale up of Cell Lines

96 well plates were visually inspected for signs of turbidity after incubation for 10-14 days.
Turbid wells were checked using an inverted microscope to confirm the presence of
Leishmania cells in the well. 200 ul of positive clones identified on the 96 well plate were
transferred to 12 well plates containing 2 ml supplemented SDM79 medium with the
appropriate selective antibiotic and incubated at 27°C for 72 h until turbidity was visibly
observed in the well. Subsequently 40 pl from positive clones identified in 12 well plates
were used to inoculate 10 ml of supplemented SDM79 medium with the appropriate
selective antibiotic and the culture incubated at 27°C for approximately 96 h until the

culture reached the late logarithmic growth phase.

2.2.2.6 Isolation of Genomic DNA from L. tarentolae Cells

The “isolate |l genomic DNA kit from Bioline, UK” was used to isolate genomic DNA

from L. tarentolae cells following the manufacturer's instructions. Briefly, 3 ml of a
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stationary phase culture of Leishmania promastigotes (approximately 107 parasites) was
centrifuged at 15,800 x g for 30 seconds and sedimented cells were resuspend in 200 pl
lysis buffer GL. 25 pl proteinase K and 200 pl lysis buffer G3 were added and the sample
was incubated at 70°C for 10-15 min. 210 ul of 100% ethanol was added. For each
sample a spin column was placed into collection tube and centrifuged at 11,000 x g for 1
min. After two wash steps the genomic DNA pellets were resuspended in 100 ul TE buffer
and stored at 4°C until required. The concentration of genomic DNA was determined

using a NanoDrop2000® (Thermo Scientific, Wilmington USA).

2.2.2.7 Polymerase Chain Reaction (PCR)

PCRs were performed using the Expand High Fidelity PCR System from Roche.
Reactions were carried out in a 25 ul PCR tube using a PE thermocycler. Sequences of

forward and reverse primers are showed in the table below:

Primers Sequence
LeishSSU. for 5-GATCTGGTTGATTCTGCCAGTAG-3’
pLexyupl.rev 5-CCTACGTCAATCGCAGACCT-3
SAP2mod2C.for 5- AGCGACGTCCCTTCCTTCAA-3
SAG1-2 rev 5-CCACTACTGCAGCGGCACGA-3
Cyc18.rev 5- CTGGTGGTTCTCGAAGTCGC-3’

The reaction mixture was composed of: template 10-200 ng, forward primer (10 uM) 1 ul,
reverse primer (10 uM) 1 pl, 10 x PCR buffer (15 mM MgClz) 5 ul, dNTPs (10 mM) 1 pl,

HiFidelity DNA Polymerase 0.8 pl, ddH20 was used to attain a final volume to 25 pl. PCR
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temperature Sequence: initial denaturation step 94°C 3 min, then 30 cycles consisting of
94°C for 45 sec, 52°C for 30 sec, 72°C for 60 sec and a final extension step at 72°C for

7 min and then 4°C.
2.2.2 Culture of T. gondii

2.2.2.1 Maintenance and Passaging of Transfected T. gondii Prugniaud Strain

Tachyzoites were grown in vitro by infecting human foreskin fibroblast cells (HFF) in 10
ml of DMEM supplemented with L-glutamine (Invitrogen, UK), 125 ug
penicillin/streptomycin (Sigma, USA), 125 ug Amphotericin B and 10% foetal calf serum
(PAA,UK) in 75 cm? flasks (Corning, UK) at 37°C in 5% CO,. When tachyzoites had
multiplied and invaded 95% of the HFFs the flask was scraped using a cell scarper (TPP,
Trasadingen, Switzerland) and poured into 50 ml tube. 1 ml of parasites were added to
a confluent flask of HFF containing 9 ml of complete DMEM medium. This was incubated

at 37°C in 5% COs..

2.2.2.2 Maintenance of T. gondii Beverley (RRA) Strain

Beverley cysts were maintained in vivo at the Strathclyde Institute of Pharmacy and
Biomedical Sciences, by passage of infective brain tissue homogenates through outbred
CD1 albino mice. Briefly, infected mice were sacrificed by CO; inhalation and the brain
removed prior to homogenisation by repeated passing through a 21gauge needle,
containing 2 ml of sterile PBS (Lonza, UK), to obtain an even suspension. 15 pul of brain
suspension was placed on a microscope slide and the cysts enumerated by light

microscopy.
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2.2.2.3 Maintenance of T. gondii RH Strain in vivo

In vivo stocks of RH T. gondii were maintained in BALB/c mice. Mice were infected
intraperitoneally with RH tachyzoites. Approximately, four days later mice were sacrificed
by CO, inhalation and tachyzoites harvested by intraperitoneal washout with 1 ml ice-cold
PBS. Tachyzoites were counted in a haemocytometer, mice injected with 2,000

tachyzoites intraperitoneally.

2.2.2.4 Toxoplasma Lysate Antigen Preparation (TLA)

T. gondii tachyzoites (RH strain) were grown HFFs cells. The flasks content were scraped
and poured in 50 ml falcon tube and then centrifuged at 216 x g for 10 minutes at 4°C.
The pellet was resuspended in 500 ul of distilled water. The preparation was freeze-
thawed, sonicated before passing through 25-gauge needle. The last step repeated 8-10
times (freeze/thaw/syringing process). Following centrifugation at 2,000 x g for 5 min, the
supernatant was filtered through 0.22 nm filter, collected and diluted 1:10 with PBS. The

protein concentration was measured using a Bradford’s assay (Bradford, 1976).

2.2.3 Protein Expression and Purification Methods

2.2.3.1 Secreted Acid Phosphatase Assay

An acid phosphatase assay was used for protein expression detection in Leishmania cell-
free culture supernatants, which were prepared from 25 pl culture at late logarithmic stage
by sedimentation at 5600 x g, 4°C, 2 min. The total volume per well of a 96-well plate
was 100 pl composed of 20 pl supernatant/media sample, 70 pl (50 mM p-
nitrophenylphosphate in 100 mM sodium acetate pH 5.0). The assay was incubated at

37°C for 30 min. The reaction was stopped by addition 10 ul of 2M sodium hydroxide
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solution leading to a visible colour change (yellow, positive reaction; pink, no activity).
Absorbance readings for the assay were measured at 405 nm using a spectrophotometer

(Spectramax M5, Molecular Devices, USA).
2.2.3.2 Production of Recombinant Protein from L. tarentolae

Production of recombinant protein was carried out using modifications of the method
described by (Fritsche, 2007). 1-liter culture was used to scale up the amount of protein.
The culture was incubated at 27°C with agitation at 100 rpm using a shaking incubator
until the parasites reached log phase 1 x 107 cells/ml. The parasite density and the effect
of cell density on recombinant protein expression was monitored daily. Cell culture

supernatants were harvested by centrifugation at 2,500 x g, 4°C, 15 min.

2.2.3.3 Ammonium Sulfate (AS) Precipitation

Proteins were purified by adding the ammonium sulfate to obtain the desired salt
concentration followed by centrifugation. Culture supernatants were taken from late log
phase parasite cultures. Leishmania cultures were harvested by centrifugation at 2,500
x g for 20 min at 4°C. Subsequently, solid AS was added to the culture supernatant with
mixing to give 20%, 30%, 40%, 50%, and 60% saturation as shown in figure 2.1. 60 min
was allowed for precipitation to happen. The pelleted protein could be readily solubilised

using standard buffers.
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Take
Supernatant

l Spin down
2500xg,10 min

N N N N N

- e

AS 1.06g  0.55¢ 0.56g 058g 0.60g 0.62g
%o saturation  20% 30% 40% 50% 60% 70%
.
Mix, incubate 60 min 0°C, centrifuge
'
Analyze

Figure 2. 1 Ammonium Sulfate Precipitation test.

Modified from (Burgess, 2009)

2.2.3.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

Proteins were separated by SDS-PAGE consisting of a 10% (v/v) resolving gel and 4%
(v/v) stacking gel. Protein samples were diluted in sample buffer with DDT (40 mM),
boiled at 95°C for 10 min. Samples were electrophoresed at 30 mA/gel until the front dye
had left the gel (~1hr). A protein marker was also loaded into one of the lanes of the gel.

Gel running buffer was used in electrophoresis. Gels were placed in Coomassie stain for
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20 min. Then destaining solution was applied on the gel 4-5 times for 20 minutes until the

protein bands were clearly visible.

2.2.3.5 Immunoblot Analysis

The production of SAG1 and Cyc18 proteins by transfected L. tarentolae promastigotes
was determined using immunoblot analysis. Proteins were transferred from a 10% SDS-
gel to an Immobilon-P Polyvinylidene Difluoride (PVDF) membrane by electroblotting
using a Fastblot B33/B34 (Biometra) system at a current of 4 mA/cm? of gel for 90 min.
Prior to setting up the electro blot six Whatman papers, cut to the size of the resolving
gel, were soaked in transfer buffer. The PVDF membrane was activated in 100%
methanol for 1 min then soaked in transfer buffer for 5 min. After transfer the membrane
was incubated for one hour at 37°C in blocking solution (5% (w/v) milk powder in PBST,
20 mM Tris-HCI pH 7.5). This was then replaced with blocking solution containing the
primary monoclonal antibody (mAb) LT8.2 (1:2,000) or anti-His antibody (1:5,000) in
blocking solution and incubated one hour with gentle agitation at 37°C. The membrane
was then washed four times for 5 min with 1 x PBST at room temperature before goat
anti-mouse IgG HRP- linked1:2,000-1:5,000 from DAKO, Hamburg, Germany) was
added in blocking solution and incubated for one hour at 37°C. Three times washes for 5
min were carried out with 1 x PBST and two with 1 x PBS. The blot was incubated and
exposed to X-ray films with solutions from the SuperSignal West Pico Chemiluminescent

Substrate Kit (Fischer Scientific, Loughborough, UK) or 5 min-1hr.

2.2.3.6 Immunofluorescence Microscopy

Leishmania cell culture samples were prepared and fixed on a 10 well-masked slide.

Each sample well on the slide was prepared by washing with 50 pl of 70% ethanol
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followed by the application of 20 pl of 0.1 mg/ml polylysine in 1x PBS and incubation at
room temperature for 15 min. After the incubation was completed each individual well on
the slide was washed with 50 ul per well 1x PBS solution twice. 20 pl of total cell culture
or cell culture supernatant in a cell density range of 1-2 x 107 cells/ml was fixed to each
well with 20 pl of 4% p-formaldehyde solution by incubation for 15 min at room
temperature. After the incubation was completed each well was washed once for 15 min
at room temperature with 50 pl per well 1x PBS solution, 50 mM NH.CI, 0.1% Saponin.
50 ul per well of blocking buffer (1x PBS solution, 2% Bovine Serum Albumin (BSA), 1x
PBS, 0.1% Saponin) was applied to the wells and incubated for further 15 min at room
temperature. 20 pl of the primary antibody mAb LT8.2 in a 1:40 dilution in blocking buffer
was applied for 1h at room temperature followed by two wash steps with 50 ul per well
1x PBS solution. Then the wells were incubated with 20 ul per well of a 1:500 dilution of
the secondary antibody (goat anti mouse IgG -conjugated fluorescent tag) in blocking
buffer at room temperature for 1 h. The slide was washed three times with 50 ul 1x PBS
solution. 10 ul Mowiol/DABCO solution was applied to each well before the slide was
sealed with a cover slip and left to dry for 15 min. Fluorescence was detected using an

Epifluorescence microscope at 60x magnification.

2.2.3.7 Determination of Protein Levels in Samples

The protein concentration was determined using the Bio-Rad protein assay reagent.
Briefly, 10 pl of protein standards (BSA 0.1-1 mg/ml) or 10 pl of recombinant protein
sample were added to appropriate wells of a 96 well ELISA plate. 200 ul of Bio-Rad
protein assay reagent, pre-diluted 1:5 with distilled water, were added to each sample.
The absorbance of the samples was measured at O.D. 595 nm using a spectramax

spectrophotometer (Bio-Tek, E-800, USA). The concentration of the unknown sample
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was determined from the standard curve plotted using the protein standards by linear

regression. In all cases, a correlation coefficient of > 0.97 was obtained.

2.2.4 Immunological Studies

2.2.4.1 Mice

BALB/c (20-25 g) in-house inbred mice supplied from the Strathclyde University were
used for vaccine studies. Experimental groups consisted of five female mice (age 6-8
weeks old) per group. The experiments were conducted with sufficient sample sizes to
have at least an 80% power to detect the differences at 5% level of significance. For DNA
vaccination studies, mice were injected intramuscularly with 100 pl of 2 mg/ml plasmid
solution (50 ul in each anterior tibialis). Mice received three immunisation doses at two

week intervals for challenge experiments.

2.2.4.2 Caging

Each cage contained 5 mice with bedding, nesting material, food and water ad libitum.
The room was maintained at a constant temperature and it was held on a 12 hours light

and dark cycle.

2.2.4.3 Infection

The Beverley strain (type Il) of T. gondii was used for oral infection. Mice were infected

with10 cysts of Beverley strain in 200 ul of PBS delivered by gavage.
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2.2.4.4 Ethical Approval

All the animals studies were carried out in accordance to guidelines of United Kingdom
Home Office approval at the University of Strathclyde. All works were covered by local
ethical requirements under license PPL60/4568, “Treatment & prevention of

Toxoplasmosis”.

2.2.4.5 Tail Bleeding and Sera Preparation

Blood was collected into a heparinised capillary tube from the tail vein of mice at
designated time points. Plasma was obtained following centrifugation at 2,100 x g for 10

minutes and stored at -20°C until further use.

2.2.4.6 ELISA (Enzyme- Linked Immunosorbent Assay)

The humoral response was assessed by measuring IgG1 and IgG2a antibody titers by
ELISA. Briefly, ELISA plates were coated with TLA protein at 5 pg/ml in 50 mM sodium
carbonate buffer, pH 9 overnight at 4°C with 100 pl in each well. The plates were washed
3 times with PBS containing 0.05% Tween 20. After the plates were blocked with 5%
BSA in PBS at 200 pl/well and incubated for 1 h at 37 °C. Serum was serially diluted in
blocking buffer and 100 yl added to each well. The plates were incubated at 37 °C for 1
h followed by 3 washes with 0.05% Tween-20 in PBS 0.01 M. Goat anti-mouse I1gG1 and
IgG2a (polyclonal) conjugated with horse radish peroxidase (HRP) (Invitrogen, USA) was
added at 100 pl to each well after dilution 1:5,000 in blocking buffer to detect the bound
antibodies after incubation at 37°C for 1 h. 100 pl of substrate composed of 10 ml of
sodium acetate pH 5.5, 100 pl of Trimethyl benzidine (TMB), 5 pl H.O, was used followed

by incubation at 37°C for 30 min. To stop the reaction 50 ul of 10% (v/v) H.SO4was added
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to each well and the plate was read at 450 nm on a Spectramax spectrophotometer (Bio-

Tek, E-800, USA).

2.2.4.7 Generation of Bone Marrow Derived Macrophages

Bone marrow was harvested from the femur and tibia of individual mice by flushing
the bones with 5 ml of DMEM medium using a 25G needle. The cell suspension was
passed through a cell strainer with an additional 5 ml of DMEM per bone. The
suspension was centrifuged at 200 x g for 5 min. Precipitated cells were
resuspended with complete DMEM (supplemented with 20% iFCS, 30% L-cell
conditioned medium, 2% penicillin/streptomycin (100 pyg/ml) and 2% L-glutamine).
10 ml of cell suspension from one bone was plated and incubated at 37°C in 5%
CO.. On day 3 another 10 ml of fresh, pre-warmed macrophage medium was added
to each dish. On day 7, the medium was removed, discarded and fresh L-cell
supplemented medium added. On day, 10 the macrophages were harvest from the
plates using a cell scrapper and transferred to a 50 ml centrifuge tube. Cells were
pelleted by centrifugation at 200 x g for 5 min and the pellets resuspended in 2 ml of
complete RPMI medium (10% FCS, 2 mM L-Glutamine, P/S 100 pg/ml). Cells were
counted by Trypan Blue exclusion using a haemocytometer. Following the
appropriate dilution, the cells plated out and incubated overnight at 37°C in 5% CO-
to allow the macrophages to adhere to the new plates. Cells were used for DNA

transfection the following day.
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2.2.3.3 DNA Transfection Assay

X-tremeGENE 9 DNA Transfection Reagent (Roche, Sigma-Aldrich, Gillingham, UK)
address was used to transfect plasmid DNA with concentration 0.5-0.0625 ug/ml into
macrophages cell lines. The DNA to transfection reagent ratio was (ratio 6:1 pl/ug DNA)

as recommended in manufacturer’s instructions (http://www.powerful-transfection.com.)

2.2.3.4 Cytokines Determination

Cytokine levels in the cell supernatants were determined by ELISA assay using anti
mouse cytokine antibodies and cytokine standards. Briefly, a 96 well ELISA plate was
coated with 50 pl/well of the appropriate rat anti-mouse anti-cytokine antibody (IL-12;
clone:15.6 and IFN-y; clone: DB-12), 2 ug/ml, in coating buffer (PBS pH 9). Plates were
incubated overnight at 4°C and then washed three times in wash buffer (PBS pH 7.4
containing 0.05% v/v tween-20). Plates were then blocked by adding 150 ul PBS pH 7.4
containing 10% v/v FCS to the appropriate wells of the plate and plates were incubated
for 1 hour at 37°C. Plates were washed as before and then 50 pl of cell supernatant or
cytokine standard (serially diluted from 20 ng/ml with 10% v/v FCS in PBS pH 7.4) were
added to the appropriate wells of the plate before incubating as before for 2 hours. Plates
were washed as before and then 100 pl of the appropriate rat anti-mouse biotin anti-
cytokine antibody (1 pg/ml, 10% v/v FCS in PBS pH 7.4) were added to the appropriate
wells of the plate. Plates were incubated for 1 hour as before and then washed three
times. Streptavidin alkaline phosphate conjugate (100 pl, 1:4,000 in 10% v/v FCS in PBS
pH 7.4) was added to the appropriate wells of the plate before incubation for 1h at 37°C.
Plates were washed as above and then 100 pl of p-nitrophenyl phosphate disodium salt
hexahydrate substrate (1 mg/ml in glycine buffer [0.1 M glycerin, 2 mM magnesium

dichloride, 1 mM Zinc, pH 10.4]) were added to the appropriate wells of the plate.
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Then the plate was incubated at room temperature in the dark for 20-60 minutes. The
absorbance of the samples at 405nm was measured by Spectramax (Bio-Tek, E-800,
USA) and the amount of cytokine (ng/ml) in the cell supernatants was determined from
the standard curve plotted from standards run on the same plate. In each case, linear
regression analysis of the standards gave a correlation coefficient of > 0.97. The mean

cytokine production (ng/ml £ SE) for each treatment was determined.

2.2.3.5 Splenocytes Stimulation Assay

Mice were sacrificed by cervical dislocation and the spleens removed aseptically with
forceps and placed into ice-cold 1xPBS in 1.5 ml centrifuge tubes. Single cell
suspensions were created by pushing the spleens though a 70 um cell strainer (BD
Bioscience, UK), with ice-cold sterilised PBS wash buffer (10% FCS in sterile PBS). The
cell suspension was centrifuged at 300 x g for 5 minutes and the supernatant discarded.
The resulting pellets were resuspended in 3 ml of pre-warmed (37°C) RBS lysis buffer
(Sigma, UK) which was used to lyse red blood cells. Then 5 ml of complete RPMI was
added to neutralise the lysis buffer and re-centrifuged at 300 x g for 5 minutes and this
was repeated twice to ensure the entire lysis buffer had been removed. The supernatant
was discarded and the cells suspended with 3 ml complete RPMI. Cell concentrations
were determined by mixing cell suspension 1:10 with Trypan blue solution and cells
counted by using a haemocytometer and were viewed at 400x magnification on a
microscope (Nikon Eclipse E400 Microscope, Nikon UK limited, London, UK). Medium
containing 100 pl (0.5 x 107 cells/ml) were added to the appropriate wells of a 96 well
tissue plate. Cells in triplicate wells stimulated with 100 pl cell of TLA (10 pg/ml) or left
unstimulated as controls. The plates were incubated at 37°C with 5% CO, for 72h then

stored at -20°C for cytokine determination as required.
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2.2.3.7 Brain Homogenisation for Bead Array

Brain tissue was collected aseptically and placed on dry ice. 500 pl of fresh Halt protease
and phosphatase inhibitor cocktail (Thermo Scientific™, UK) was diluted 1:1,000 in PBS
and added to half brain samples. Brain tissue was minced into small sections,
homogenised with T25 basic homaogeniser and placed again on dry ice. Homogenates
were centrifuged at 4,000x g at 4 °C for 15 min, and the resulting supernatants were

collected in fresh tubes and stored at -20 °C for cytokine determination.

2.2.3.8 Bead Array

The Mouse Th cytokine and inflammation bead arrays (Biolegend, London, UK) were
used to determine the cytokine levels in cell culture supernatants and brain homogenates.
Cell culture supernatants were used without dilution. The Th cytokine panel allows
simultaneous quantification of 13 mouse cytokines, including IL-2, 4, 5, 6, 9, 10, 13, 17A,
17F, 21, 22, IFN-y and TNF-a, which are collectively secreted by Th1, Th2, Th9, Th17,
Th22 and T follicular cells. The inflammation panel used for determining cytokine levels
in brain homogenates after 2-fold dilution with assay buffer. 13 mouse cytokines,
including IL-1a, IL-1B, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-B, IFN-y,
TNF-a, and GM-CSF were measured corresponded to cytokines that are produced by
innate immune cells. The standards and samples were assayed in duplicate according to

the manufacturer’s instructions (www.biolegend.com/legendplex). Data were analysed by

using BioLegend’s LEGENDplex software to determine the concentration of cytokines.

2.2.3.8 In Vivo Toxoplasma Luciferase Imaging

BALB/c mice were injected intraperitoneally with 20,000 luciferase expressing

tachyzoites (Prugniaud) in 400 pl volumes. For imaging, a fresh stock of Luciferin at 15
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mg/ml in PBS was prepared and filter sterilised using a 0.2 pum filter. Each mouse was
injected with 150 mg luciferin/kg body weight (IP injection volume was 200 pl luciferin per
a mouse). Mice were anesthetised with 3% isoflurane and imaged on an open filter with
medium binning for 1 minute, 20 minutes after administration of luciferin. The total flux
(photons/second) for each mouse was determined by using Living Image® Version 4.5

Software.

2.2.3.10 Statistical Analysis

The differences among all the groups were determined with a one-way ANOVA. The level
of significance was set as less than 5% (P < 0.05). Non-parametric data from the in vitro
and in vivo studies were analysed using the Mann Whitney U test and Kruskal Wallis,
to assess differences in means between vaccinated and control mice. The statistical
package GraphPadPrism 5.0® (Graph Pad Software, Inc., San Diego, CA, USA) for

Windows was used for statistical analysis (www.graphpad.com).
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Part I: Protein Expression

Chapter 3: Detection of Recombinant Filamentous L.
mexicana SAP2 Fused to T. gondii Proteins (SAG1 and

Cycl8) in L. tarentolae Culture Supernatants
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3.1 Introduction

3.1.1 The secreted Acid Phosphatase of Leishmania mexicana

Leishmania mexicana is a protozoan parasite of the genus Leishmania, which are the
causative agents of a range of diseases called leishmaniasis mostly found in tropical and
subtropical regions (Dey et al., 2014). L. mexicana insect stage promastigotes secrete a
phosphomonoesterase in the form of a filamentous complex. Two single copy genes
Imsapl and Imsap2, encode for two proteins of acid phosphatases with the distinctive
features of a different length of the serine/threonine-rich regions. In the SAP1 protein this
region is 32 amino acids long, whereas the serine/threonine repeats are composed of
383 amino acids in SAP2 (Wiese et al., 1995). Both SAP1 and SAP2 are enzymatically
active and assemble to form the secreted acid phosphatase filaments (Stierhof et al.,
1998; Wiese et al., 1995). The monoclonal antibody (mAb) LT8.2 binds to an eleven
amino acid long linear epitope in the COOH-terminal tail of SAP1 and SAP2 (Wiese et

al., 1999). The filaments are most likely assembled in the flagellar pocket (Figure 3.1).
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Figure 3. 1 Filamentous acid phosphatase.

(A) Leishmania promastigote with secreted acid phosphatase filaments emerging from the
flagellar pocket shown in green, the white arrowhead refers to the kinetoplast of the
promastigote. (B) Electron micrograph of acid phosphatase filament showing the central chain
and side projections, short filaments of SAP1 (arrowhead); long filaments of SAP2 (black

arrow). Size bar, 5 um in A and 100 nm in B (adapted from Stierhof et al., 1998).
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3.1.2 Leishmania tarentolae

Leishmania tarentolae, is a trypanosomatid protozoan parasite living as promastigotes
mainly in the lumen of the intestine of lizards such as the gecko (Tarentola annularis)
(Wilson & and Southern, 1979). In contrast to pathogenic Leishmania, L. tarentolae is
distinguished by lacking 250 genes that are expressed in the intracellular amastigote
stage. Hence, L. tarentolae has been used for heterologous gene expression and
recombinant protein production (Raymond et al., 2012). L. tarentolae has been used as

protein expression system for both cytoplasmic and secreted proteins (see chapter 1).

3.2 Aims and Objectives

The aim of this chapter is to determine the effectiveness of a novel eukaryotic filamentous
protein expression system based on the L. mexicana SAP2 in L. tarentolae for vaccine

development.

1- Generation of plasmid constructs for expression of filamentous secreted acid
phosphatase 2 fused with SAG1 (SAP2SAG1) or Cyc18 (SAP2Cyc18) using two different

expression plasmids, pSSUSAP2MOD2C and pLEXSY-ble2.1.

2- Expression of the recombinant proteins using the plasmids mentioned above in L.
tarentolae. Immunofluorescence microscopy and immunoblot analysis using the specific

mAb LT8.2 and anti-hexahistidine tag antibodies.
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3.3 Results

3.3.1 Plasmid Constructs

Two plasmid vectors pSSUSAP2MOD2C and pLEXSY-ble2.1 were used to generate the
protein expression constructs. These plasmids contain two sequences derived from the
18S rRNA gene locus, a sequence of a modified secreted acid phosphatase 2 from L.
mexicana (SAP2), the sequences of genes of interest (SAG1 and Cyc18 from T. gondii),
the sequences of antibiotic resistance genes for selection in prokaryotes and eukaryotes,
plasmid propagation sequences in prokaryotes, and the sequences required for gene

expression in Leishmania (Figure 3.2).
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Figure 3. 2 pSSUSAP2MOD2C and pLEXSY-ble2.1 for gene expression in L. tarentolae.

5 and 3’ small subunit of L. tarentolae rRNA genes (SSU) (black arrows); SAP2 (brackets);

antibiotic resistance gene for selection in eukaryotes (arrowhead).
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3.3.2 Generation of pSSUPacSAP2SAG1 and pSSUPacSAP2Cyc18

pPUCCYCSAGSAP has the sequences that makes the structure of SAG1 same made by
(He et al, 2002). The expression constructs pSSUPacSAP2SAG1l and
pSSUPacSAP2Cycl18 were generated by cleaving pSSUSAP2MOD2C and
PUCCYCSAGSAP with Avrll + Nrul to isolate the 10451 bp, 763 bp, and 541 bp
fragments (Figure 3.3). The 763 bp and 541 bp fragments were ligated with the 10451 bp

to generate pSSUPacSAP2SAG1 and pSSUPacSAP2Cyc18, respectively (Figure 3.4).

Marker

10.0

0.5

Figure 3. 3 Confirmation of purity and size of isolated Avrll/Nrul fragments.

Lane 1, 10451 bp fragment from pSSUSAP2MOD2C; lane 2, 763 bp fragment from

PUCCYCSAGSAP; lane 3, 541 bp fragment from pUCCYCSAGSAP. DNA size marker in kb.

85



Avrll + Nrul

el

PSSUSAP2MOD2C
1,464 bp

Isolate the 10451 bp fragment

Ligate the 10451 bp with the 763 bp fragments

Mcol [461)

Meol (1329)

Pmel Pmel -

Both cleaved with / :

pUCCYCSAGSAP M

4145 bp

Avrll
Nrul
AvrIl

Isolate the 763 bp and the 541 bp fragments

Ligate the 10451 bp with the 541 bp fragments

Pacl

PSSUPacSAP2Cycls
10,992 bp

Figure 3. 4 Generation of pSSUPacSAP2SAG1 and pSSUPacSAP2Cyc18.
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pSSUPacSAP2SAG1 and pSSUPacSAP2Cycl18 were cleaved with Xbal + Mfel, Apal
and Nrul + Notl to confirm their correct identities. A detailed summary of expected

fragment sizes is shown in table 3.1 and figure 3.5.

Table 3. 1 Restriction analysis of pSSUPacSAP2SAG1 and pSSUPacSAP2Cyc18.

Enzymes pSSUPacSAP2SAG1 pSSUPacSAP2Cyc18
(lanes 1-3) (lanes 4-6)

Apal 9214 bp, 1688 bp, 288 bp and 24 bp | 9400 bp and 1592 bp

Nrul + Notl | 8669 bp and 2545 bp 8447 bp and 2545 bp

Xbal + Mfel | 7166 bp and 4048 bp 7166 bp and 3826 bp

Figure 3. 5 Restriction analysis of pSSUPacSAP2SAGL1 (lanes 1-3) and pSSUPacSAP2Cyc18
(lanes 4-6).

Lanes 1 and 4, Apal; lanes 2 and 5, Nrul+Notl; lanes 3 and 6, Xbal+Mfel. DNA size marker in kb.
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3.3.3 Generation of pLPhSAP2SAG1 and pLPhSAP2Cyc18

A 7984 bp fragment was isolated from pLEXSY-ble2.1 cleaved with Ncol + Nhel.
pSSUPacSAP2SAG1 and pSSUPacSAP2Cyc18 were cleaved by Ncol + Xbal and the
3386 bp and 3164 bp fragments isolated, respectively (Figure 3.6). pLPhSAP2SAG1 was
produced from ligation of 3386 bp fragment with the 7984 bp, while pLPhSAP2Cyc18
was generated from ligation of the 3164 bp fragment with the 7984 bp fragment (Figure

3.7).

Marker 1 2 3

Figure 3. 6 Confirmation of purity and size of isolated fragments from pLEXSY-ble2.1,
pSSUPacSAP2SAGL1 and pSSUPacSAP2Cyc18.

Lane 1, 7984 bp fragment from pLEXSY-ble2.1; lane 2, 3164 bp fragment from
pSSUPacSAP2Cyc18; lane 3, 3386 bp fragment from pSSUPacSAP2SAG1l. DNA size

marker in kb.
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Figure 3. 7 Generation of pLPhSAP2SAG1 and pLPhSAP2Cyc18 from pLEXSY-ble2.1.
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pLPhSAP2SAG1 and pLPhSAP2Cyc18 were transformed into E. coli DH5a, amplified,

isolated and cleaved with BamHI, Notl and HindlIl to confirm the identities of the plasmids

(Table 3.2 and figure 3.8).

Table 3. 2 Restriction analysis of pLPhSAP2Cyc18 and pLPhSAP2SAGL.

Enzymes pLPhSAP2Cyc18 pLPhSAP2SAG1
(lane 1-3) (lane 4-6)

BamHI 2001 bp and 9147 bp 2223 bp and 9147 bp

Notl 3174 bp and 7974 bp 3396 bp and 7974 bp

Hindlll 5094 bp and 6054 bp 5094 bp and 6276 bp

Marker 1 2 3 4 5 6

Figure 3. 8 Restriction analysis of pLPhSAP2Cyc18 (lanes 1-3) and pLPhSAP2SAG1
(lanes 4-6).

Lanes 1 and 4, BamHI; lanes 2 and 5, Notl; lanes 3 and 6, Hindlll. DNA size marker in kb.
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3.3.4 Generation of Linear DNA Fragments for Electroporation

Four linear fragments were isolated under sterile condition for electroporation.
pSSUPacSAP2SAG1 and pSSUPacSAP2Cyc18 were cleaved with Pmel/Pacl allowing
the isolation of 8556 bp and 8334 bp DNA fragments, respectively. Whereas,
pLPhSAP2SAG1 and pLPhSAP2Cyc18 were cleaved with Swal to isolate the 8506 bp
and 7207 bp DNA fragments, respectively. Figure 3.9 A and B show the confirmation of

the fragment sizes.

A B

Marker 1 2

Figure 3. 9 Generation of linear DNA for electroporation.

(A) pSSUPacSAP2SAG1 and pSSUPacSAP2Cyc18 cleaved with Pmel + Pacl
resulted in 8556 bp and 8334 bp DNA fragments. (B) pLPhSAP2SAG1 and
pLPhSAP2Cyc18 cleaved with Swal resulted in 7207 bp and 8506 bp DNA

fragments, respectively. DNA size marker in kb.
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3.3.5 Transfection of L. tarentolae Promastigotes

Electroporation was performed to generate cell lines of L. tarentolae for expression of
SAP2SAG1 and SAP2Cyc18 fusion proteins. Isolated linear fragments were transfected
into L. tarentolae promastigotes. Turbid wells were obtained from 1:40 dilution of the
electroporated cells on 96 well plates; numbers are 12, 9, 5 and 4 for PacSAP2SAG1,
PacSAP2Cyc18, PhleoSAP2SAG1 and PhleoSAP2Cyc18, respectively. Four positive

cell lines were chosen for each construct to scale up in 10 ml cultures for further analysis.

Table 3. 3 Number of turbid wells in 96 well plate after 10-14 days of incubation of

electroporated cells at 27°C under selective pressure.

Transfected constructs No. of turbid wells in 1:40
dilution
PacSAP2SAG1 12:96
PacSAP2Cyc18 9:96
PhleoSAP2SAG1 5:96
PhleoSAP2Cyc18 4:96
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3.3.6 Confirmation of Integration of Constructs into the 18S rRNA Gene Locus by
Polymerase Chain Reaction (PCR)

To test the correct integration of the construct into the rRNA gene locus specific
oligonucleotide primers were chosen for PCR in order to amplify fragments of distinctive
size (Table 3.4 and figure 3.10). Amplification of an 862 bp DNA fragment proved the
correct integration of SAP2SAG1 and SAP2Cyc18 constructs into the rRNA gene locus
(Figure 3.11 A). In a second PCR, a 696 bp amplicon confirmed the fusion of the secreted
acid phosphatase gene (SAP2) to SAG1 coding region (Figure 3.11 B). The fusion of
secreted acid phosphatase to Cyc18 was shown by a 333 bp amplicon (Figure 3.11 C).
Oligos SAP2MOD2C.Fw2 and Cyc18.Rv3 by chance amplified a band in L. tarentolae
wild type, which also appeared in parasites carrying PacSAP2Cycl8 and

PhleoSAP2Cyc18, which served as an excellent control in the PCR (Figure 3.11 C).

Table 3. 4 Oligonucleotide sequences used in PCR and expected fragment sizes for each PCR

reaction.

Primers Sequence Size
LeishSSU.Fw1l 5-GATCTGGTTGATTCTGCCAGTAG-3 862 bp
pLexyupl.Rvl 5-CCTACGTCAATCGCAGACCT-3

SAP2MOD2C.Fw2 5-AGCGACGTCCCTTCCTTCAA-3’ 696 bp
SAG1.Rv2 5-GTGAAGTGGTTCTCCGTCGG-3’

SAP2MOD2C.Fw?2 5-AGCGACGTCCCTTCCTTCAA-3’ 333 bp
Cycl18.Rv3 5-CTGGTGGTTCTCGAAGTCGC-3
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Figure 3. 10 Schematic representation of the different PCR reactions; oligonucleotide sequences
used and expected fragments for each reaction.

M WT 1 2 3 4 Mr WT 1 2 M WT 1 2

333bp
696bp

Figure 3. 11 PCR verification for correct integration of PacSAP2SAG1,
PacSAP2Cyc18, PhleoSAP2SAG1 and PhleoSAP2Cyc18 into the rRNA gene locus

of L. tarentolae.

(A) Integration of SAP2/SAG1 and SAP2/Cyc18 constructs into the L. tarentolae rRNA
gene locus. Lanes 1-4, 862 bp amplicon reflects the correct integration. (B) Fusion of
SAGL1 to SAP2 for both PacSAP2SAG1 and PhleoSAP2SAGL1. Lanes 1 and 2, the 696
bp fragments, confirmed the fusion of SAG1 to SAP2. (C) Fusion of Cyc18 to SAP2 for
both PacSAP2Cyc18 and PhleoSAP2Cyc18. Lanes 1 and 2, the 333 bp amplicons
validate the fusion of Cycl18 to SAP2 (green box). L. t WT is L. tarentolae wild type

(negative control). DNA size marker in kb in A and B and 100 bp in C.
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3.3.7 Secreted Acid Phosphatase Activity Detection in the Culture Supernatants
of Recombinant L. tarentolae Promastigotes

Secreted acid phosphatase (SAP2) activity in culture supernatants was used to
determine the presence of the recombinant fusion proteins. A quantitative
spectrophotometric assay was performed to measure the SAP2 activity from different
culture supernatants of recombinant L. tarentolae promastigotes grown in SDM79
medium supplemented with 10% iFCS and 7.5 pg/ml hemin. For comparison purposes,
the supernatants of two controls, L. mexicana wild type (positive control) and L. tarentolae
wild type (negative control), were also measured. Four cell lines of L. tarentolae
promastigotes transfected with PacSAP2SAG1 and one cell line of L. tarentolae
promastigotes transfected with PacSAP2Cyc18 showed enzymatic activity (Figure 3.12
A). L. tarentolae promastigotes transfected with PhleoSAP2SAG1 presented four clones
with enzymatic activity, L. tarentolae transfected with PhleoSAP2Cyc18 did not result in

any clones showing acid phosphatase activity (Figure 3.12 B).
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Figure 3. 12 Secreted acid phosphatase activity in supplemented

culture supernatants of Leishmania promastigotes.

(A) L. tarentolae promastigotes transfected with PacSAP2SAG1 and
PacSAP2Cyc18. (B) L. tarentolae promastigotes transfected with
PhleoSAP2SAG1 and PhleoSAP2Cyc18. L. mexicana and L.
tarentolae were used as positive and negative controls, respectively.

Measurements were done in triplicate.
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To determine the levels of recombinant protein in supplemented culture supernatants,
the cells were grown over three days and the cell density and enzymatic activity were
measured. At day one a low cell density and enzymatic activity was found. The second
and third day presented similar enzymatic activity, but the cell density on day three
suggested that the cells were already in stationary growth phase (Figure 3.13). Therefore,
for the following experiments the second day of culture was selected to enrich the fusion

protein from the culture supernatants of recombinant cells.
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Figure 3. 13 Time course of secreted acid phosphatase activity in culture supernatants.

(A) Enzyme activity of recombinant L. tarentolae promastigotes from supplemented culture
supernatants followed over three days. Measurements were done in triplicate. (B) Cell density

over three days of incubation.
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In order to make purification of the fusion protein from culture supernatants as simple as
possible, it was attempted to grow the promastigotes in non-supplemented SDM79
medium. Four L. tarentolae cell lines transfected with the PacSAP2SAG1 fragment (E11,
H10) or the PhleoSAP2SAGL1 fragment (All, F11), one L. tarentolae cell line transfected
with PacAP2Cyc18 (ES8), L. tarentolae and L. mexicana wild type were selected to grow
in supplemented and non-supplemented SDM79 medium to determine the enzyme
activity in the media. When compared, no activity was observed from promastigotes cells
growing in non-supplemented media for two days; in contrast, growing cells in

supplemented media showed high enzymatic activity (Figure 3.14).
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Figure 3. 14 Comparison of secreted acid phosphatase levels from culture
supernatants of Leishmania promastigotes grown in supplemented and non-

supplemented cultures.

WT L. tarentolae and L. mexicana were used as negative and positive controls,

respectively. Measurements were done in triplicate.
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3.3.8 Detection of Recombinant Protein in Culture Supernatants by

Immunofluorescence Microscopy

Immunofluorescence analysis of cells and cell culture supernatants was used to detect
the SAP2SAG1 and SAP2Cyc18 fusion protein secreted by L. tarentolae promastigotes
into their culture supernatants. L. mexicana wild type promastigotes secrete large
amounts of secreted acid phosphatase, which can be detected using the mAb LT8.2 and
hence served as positive control. L. tarentolae promastigotes were not found to show any
acid phosphatase activity in their culture supernatants and therefore showed no material
detectable with mAb LT8.2 (negative control). Supernatants from L. tarentolae
promastigotes transfected with PacSAP2SAG1l and PacSAP2Cycl8 showed less
fluorescence than those from L. mexicana (Figure 3.15). However, L. tarentolae
PhleoSAP2SAG1 promastigotes showed more fluorescent filaments in their culture

supernatant.
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L tarentolae
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PhleoSAP2/SAG1

Figure 3. 15 Immunofluorescence analysis of Leishmania promastigotes in medium
using mAb LT8.2 to detect secreted acid phosphatase.

Bright field microscopy using 40x magnification on the left and fluorescence microscopy using

488 nm excitation with FITC filter at the same magnification on the right. Size bar, 10 ym.
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3.3.9 Detection of Recombinant Fusion Proteins in Culture Supernatants from

Recombinant L. tarentolae Promastigotes by Immunoblot Analysis

Immunoblot analysis was used to detect the recombinant SAP2SAG1 and SAP2Cyc18
fusion proteins in the sediment of culture supernatants of recombinant L. tarentolae
promastigotes after enrichment by ultracentrifugation using an anti-hexahistidine tag
antibody and mAb LT8.2. A GSTLT8.2 epitope fusion protein of around 28 kDa served
as a positive control for the mAb LT8.2 (Figure 3.16 C). mAb LT8.2 detected strong bands
around 175 kDa in culture supernatants and promastigote cells for PacSAP2SAGL1 and
PacSAP2Cyc18 (Figure 3.16 B and C). The anti-hexahistidine tag antibody detected two
bands in the same samples from culture supernatants (Figure 3.16 D). The 175 kDa band
indicated the expression of full length SAP2SAG1 and SAP2Cycl18 fusion proteins,
whereas the second, smaller bands are most likely SAG1 (30 kDa) and Cyc18 (18 kDa).
L. mexicana samples showed a band of 89 kDa corresponding to SAP1 (Wiese et al.,

1999), while no band was detectable when using L. tarentolae (negative control).

L. tarentolae transfected with the PhleoSAP2SAG1 construct showed a strong band
around 175 kDa from cell pellets using mAb LT8.2 (Figure 3.17 B). The anti-hexahistidine
tag antibody detected a 175 kDa full length protein and a 30 kDa truncated protein in cells

and supernatants (Figure 3.17 C and D).
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Figure 3. 16 Immunoblot analysis of culture supernatants and cells from L. tarentolae
promastigotes expressing SAP2SAG1 and SAP2Cyc18.

(A) Coomassie-stained 10% SDS-PAGE. Lane 1, L. tarentolae; lane 2, L. mexicana; lane 3,
PacSAP2Cyc18; lanes 4-7, PacSAP2CSAG1 (A10, H11, E11, C8). (B) mAb LT8.2 immunoblot from
total cell lysate. Lane 1, PacSAP2Cycl18; lane 2, L. tarentolae; lane 3, L. mexicana; lanes 4-7,
PacSAP2CSAG1 (Al10, H11, E11, C8). (C) mAb LT8.2 immunoblot from culture supernatants.
Lanes 1-4, PacSAP2CSAG1 (E11, A10, C8, H10); lane 5, GSTLT8.2; lane 6, L. mexicana; lane 7,
L. tarentolae; lane 8, PacSAP2Cyc18. (D) Anti-hexahistidine tag immunoblot from culture
supernatants. Lane 1, L. tarentolae; lane 2, PacSAP2Cyc18; lanes 3-6, PacSAP2CSAG1 (E11,

A10, H10, C8). Protein size marker in kDa.
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Figure 3. 17 Immunoblot analysis of L. tarentolae carrying PhleoSAP2SAGL1.

(A) Coomassie-stained 10% SDS-PAGE. Lane 1, L. tarentolae; lane 2, L. mexicana; lane 3-6,
PhleoSAP2SAG1 (All, E11, F7, F11). (B) mAb LT8.2 immunoblot of promastigote cells. Lane
1-4, PhleoSAP2SAG1 (Al11, E11, F7, F11); lane 5, L. tarentolae; lane 6, L. mexicana. (C) Anti-
hexahistidine tag immunoblot of supernatants. Lane 1-4, PhleoSAP2SAG1 (Al1, E11, F7,
F11). (D) Anti-hexahistidine tag immunoblot of promastigote cells. Lane 1-4, PhleoSAP2SAG1

(A11, E11, F7, F11); lane 5, L. tarentolae; lane 6, L. mexicana. Protein size marker in kDa.
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3.4 Discussion

3.4.1 DNA Constructs Generation

Because of its unique features, L. tarentolae has previously been used to express
secreted proteins. These features entail, easy growth of parasites, protein purification
from culture supernatants, and the presence of eukaryotic post-translational
modifications (Kovtun et al., 2011; Basile & Peticca, 2009). We have constructed a novel
filamentous protein expression system using a DNA cassette for integration into the 18S
ribosomal RNA gene locus using two different expression vectors (pSSU and pLEXSY-
ble2.1). Different proteins have been successfully expressed in high levels using pSSU
constructs in Leishmania, e.g. f—galactosidase and green fluorescent protein (Mif3litz et
al., 2000). pLEXSY has been used in L. tarentolae to produce and secrete small proteins,
like human laminin-332 and c-reactive protein into the culture supernatant (Dortay et al.,
2011; Phan et al., 2009). SAP2 from L. mexicana including its N-terminal phosphatase
domain, the serine/threonine-rich repeats and the mAb LT8.2 epitope was used as a
carrier for T. gondii proteins, SAG1 and Cyc18, which were genetically fused to its C-
terminus. The identities of SAG1 and Cyc18 in the generated constructs were confirmed
by restriction enzyme analyses as shown in figures 3.6 and 3.9 as well as by Sanger

sequencing.

3.4.2 Efficiency of Electroporation

Trypanosomatids can be efficiently transfected by electroporation of in vitro cultivated
promastigotes (Beverley & Clayton, 1993). Moreover, selection of recombinant parasites
can easily be performed using antibiotic resistance genes, such as the genes for

puromycin acetyl transferase and phleomycin binding protein, which were also used in
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this investigation. To generate permanent and stable transfectants, linear DNA has to be
used for chromosomal integration (Beverley & Clayton, 1993). However, when using
higher DNA amounts homologous integration of multiple copies of the transfected DNA
could be observed (Kianmehr et al., 2016). The recombinant DNA cassette is integrated
into the L. tarentolae genome through homologous recombination (Kianmehr et al.,
2016). To confirm integration into the small subunit rRNA gene locus of the L. tarentolae
genome by homologous recombination diagnostic PCRs were performed. The PCR
results proved both the fusion of SAG1 and Cycl8 genes to the SAP2 gene and the
integration into the proposed site (Figure 3.11). It is important to note that transcription in
this chromosomal location is under the control of RNA polymerase I, which allows high

level transcription (Clayton, 1999; Teixeira, 1998).

3.4.3 Gene Expression in L. tarentolae

SAP of L. mexicana promastigotes was previously expressed in L. donovani (llg et al.,
1991) and L. major (Wiese et al., 1999). It is easier to isolate and purify recombinant
proteins if they are exported outside the cell. In this study, filaments composed of
SAP2SAG1 and SAP2Cycl8 fusion proteins were generated and expressed in L.
tarentolae. To improve protein yield transfection of L. tarentolae with multiple copies of
the gene of interest integration into different gene loci could have been attempted
(Breitling et al., 2002). The recombinant constructs for gene expression were integrated
into the 18S small subunit ribosomal RNA gene locus to achieve strong transcription.
Interestingly gene regulation, in trypanosomatids, occurs on a post-transcriptional level
through intergenic untranslated regions (UTRs) (Clayton, 1999). Therefore, the choice of
suitable UTRs is crucial for the construction of an efficient expression cassette suitable

for large-scale recombinant protein production (Breitling et al., 2002). The expression
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plasmid, pSSU, has the cysteine proteinase B (CPB2.8) intergenic regions, which were
shown to result in high expression levels in L. mexicana (Mif3litz et al., 2000). However,
the SAP activity data in this study indicate a moderate expression level in L. tarentolae.
The commercial plasmid, pLEXSY-ble2.1, contains three different untranslated regions
(UTR1, UTR2 and UTR3), which were supposed to increase the expression level of
recombinant proteins in L. tarentolae. UTR1 belongs to the adenine phosphoribosyl
transferase gene of L. tarentolae; UTR2 is derived from the intergenic region of the
calmodulin cluster and the UTR3 intergenic region is from the dihydrofolate reductase-
thymidylate synthase gene locus of L. major. The LEXSY system has been successfully
used to express small secreted proteins, like IFN-y (Davoudi et al. 2011) and IL-29

(Taromchi et al. 2013).

Previous study purified the SAP protein from culture supernatant and concentrated by
ultracentrifugation at 100,000 x g for 2h (llg et al., 1991). In order to purify the SAP from
L. tarentolae promastigote, ultracentrifugation was used at 200,000 x g for 3h to
precipitate the filamentous proteins from culture supernatant then the recombinant
proteins were detected by measuring SAP activity, immunofluorescence and immunoblot

analysis.

3.4.4. Secreted Acid Phosphatase Activity

An advantage of the SAP1 and SAP2 fusion protein system is the ease of detecting
protein expression by a phosphatase reporter assay directly from cell culture
supernatants. The expression level of the SAP2 fusion proteins in L. tarentolae was
tested by measuring the secreted acid phosphatase activity in the culture supernatant.
Reasonable enzymatic level of the SAP2 fusion proteins from culture supernatant of L.

tarentolae growing in 10% iFCS demonstrated the successful expression of SAP2SAG1
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and SAP2Cyc18 in L. tarentolae. The secretion signal sequence (ER import signal) of L.
mexicana secreted acid phosphatase was used to produce different proteins (reviewed,
Basile & Peticca, 2009). To avoid interference of proteins, present in iFCS (mainly bovine
serum albumin) with the purification of the recombinant protein, recombinant parasites
were grown in non-supplemented media. No phosphatase activity was detectable in
culture supernatants from these cells confirming the importance of iFCS in the culture
medium. In fact, serum is required for L. tarentolae growth and for their use as expression
system. An alternative medium, which does not require the addition of iFCS, would be
more useful for protein purification purposes. Recently, a new serum- and protein-free
medium for promastigote growth over multiple passages was established in which,
essential nutrients were added individually for sustaining L. mexicana promastigote
growth (Nayak et al., 2018). This medium might prove useful for production and

purification of SAP2 fusion proteins from L. tarentolae culture supernatants.

3.4.5 Immunofluorescence Analyses

The detection of the recombinant proteins by immunofluorescence confirmed successful
secretion of the recombinant proteins into culture supernatants. When comparing the
amount of green fluorescence obtained from L. mexicana wild type, which served as a
positive control, SAP2SAG1 and SAP2Cycl8 expressed from pSSU showed less
fluorescence. On the other hand, SAP2SAG1 expressed using pLEXSY-ble2.1 revealed
more filamentous structures along with stronger green fluorescence signals. There was
also a slight difference in expression levels between SAG1 and Cycl8 from cell lines
transfected with pSSU. The SAP2SAGL cell lines consistently showed higher levels of
expression than the SAP2Cyc18 cells. SAG1 is a prototypic member of a superfamily of

surface glycoproteins, which is mostly located at the surface of T. gondii (He et al., 2002).
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This makes it more likely to be secreted normally through the secretory pathway of other

protozoan parasites like L. tarentolae.

A possible explanation for the low enzymatic activity of SAP2Cycl18 in the culture
supernatant is that Cyc18 is a cytosolic protein and normally found in cells of all tissues
in mammals (Wang & Heitman, 2005). Therefore, it might not be stable when moved

along the secretory pathway.

3.4.6 Immunoblot Analyses

Immunoblot analyses results of SAP2SAG1 and SAP2Cycl8 using the mAb LT8.2
showed strong bands around175 kDa from supernatants and cell pellets. The signal in
the cell pellets is most likely derived from fusion protein retained in the flagellar pocket or
from protein in transit in the secretory pathway. Two bands were detected in culture
supernatants when using the anti-hexahistidine tag antibody. The 175 kDa bands
correspond to the full length recombinant fusion protein, the bands at 30 kDa most likely
indicate SAG1 and the 18 kDa band corresponds to Cyc18. Hence, the T. gondii proteins
SAGL1 and Cycl18 have been cleaved off from the fusion partner SAP2. Most secretory
proteins undergo post-Golgi proteolytic cleavages that yield the mature, active proteins.
Proteolytic processing is catalysed by various proteases, some of which are unigue to
the regulated secretory pathway. Generally, proteolytic maturation occurs in secretory or
transport vesicles carrying proteins from the trans-Golgi network to the cell surface
(Lodish et al., 2000). SAP2 forms a filamentous complex with long serine/threonine-rich
regions, which are highly glycosylated (Wiese et al., 1995). These modifications will
protect the protein against proteolytic degradation. Likewise, N-linked glycans are
present on the N-terminal phosphatase domain of SAP2 protecting this part of the protein

against degradation. Therefore, proteolytic cleavage most likely occurs following on from
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the serine/threonine-rich domain leading to the generation of SAG1 and Cyc18 proteins
(either 30 kDa or 18 kDa). Because of the presence of the hexahistidine tag at the very
C-terminus of the construct these small proteins are detectable using the anti-
hexahistidine tag antibody. It is interesting to note that the cleaved off proteins remain
associated with the filaments even through the process of ultracentrifugation. SAG1 is
known to form a dimer (He et al., 2002), this could explain the presence of cleavage off
SAG1 associated SAGL1 still covalently bound to SAP2. Cycl8 has the ability to form a
ternary complex, which could explain an extra band with a size of 54 kDa detectable using
the anti- hexahistidine tag antibody on the blot in figure 3.16 D (Wang & Heitman, 2005).
Similar to SAGL1, the property of forming a trimer allows purification of free Cyc18 along
with Cyc18 fused to the SAP2 filaments. However, the culture supernatants more likely

contained both a truncated and full fusion proteins.

The data gathered by the use of enzyme activity measurement, immunoblot and
immunofluorescence analyses in this study provide convincing evidence that the proteins
of interest have been expressed successfully. Jena Bioscience stated that their pLEXSY-
ble2.1 system might be able to deliver protein yields of up to 500 mg/L of culture. Protein
amounts obtained for SAP2SAG1 and SAP2Cyc18 using pSSU or pLEXSY-ble2.1 were
not determined because of too high serum contaminations in the samples. However, it
can be said from the results from the Coomassie-stained gels that the amount of protein
is more in the pg than in the mg range. To improve the protein expression levels of the
filamentous fusion proteins, SAP2 protein was replaced with SAP1, which has a shorter
serine/threonine-rich region, and expected to be expressed more efficiently was used to

carry T. gondii proteins SAG1 and Cyc18.
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3.5 Conclusions

» Leishmania codon-optimised genes were successfully generated for SAG1 and
Cycl8, cloned as fusion constructs into pSSU and pLEXSY-ble2.1 and
introduced into L. tarentolae to generate recombinant cell lines expressing
filamentous fusion proteins SAP2SAG1 and SAP2Cyc18.

» PCR confirmed that the expression cassettes were successfully integrated into
the small ribosomal subunit RNA gene locus.

» Immunoblot and immunofluorescence analyses demonstrated expression and
secretion of recombinant filamentous fusion proteins into the culture
supernatants of L. tarentolae promastigotes.

» Expression levels for the fusion proteins were deemed not to be sufficiently high.
Therefore, a new construct using pLEXSY-ble2.1 and the gene for L. mexicana

SAP1 will be generated as described in next chapter.
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Chapter 4: Expression and Purification of Toxoplasma
gondii Proteins (SAG1 and Cyc18) fused to Leishmania
mexicana secreted acid phosphatase 1 in Leishmania

tarentolae
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4.1 Introduction

The goal of this chapter is to generate the constructs for expression of SAP1SAG1 and
SAP1Cyc18. LT8.2 is a monoclonal antibody that recognises a linear epitope of SAP1,
which is derived from L. mexicana (Wiese et al., 1995; llg et al., 1991). SAP1 is genetically
fused to the N-terminus of SAG1 and Cyc18 allowing expression of a fusion construct.
The presence of SAP1 will result in a multimeric, filamentous protein. SAG1 and Cyc18
originate from T. gondii. A hexahistidine tag is located at the C-terminus of each fusion
protein. The whole DNA construct is designed for integration into the ribosomal small
subunit (SSU) RNA gene locus of L. tarentolae. The amino acid sequences of the

recombinant proteins are presented in detail in figure 4.1.
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Figure 4. 1 Sequences of the recombinant protein monomers SAP1SAG1 and
SAP1Cyc18.

SAP1 (pink) with the mAb LT8.2 epitope located at its C-terminal end (yellow) followed
by the TEV protease cleavage site (grey); SAG1 (green); Cycl8 (blue) (T. gondii

proteins). Hexahistidine tag (red) at the C-terminal end of the fusion construct.
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4.2 Results

4.2.1 pLPhSAP1sSAG1 and pLPhSAP1sCyc18 Plasmid Constructs

The eukaryotic protein expression system pLEXSY-ble2.1 from Jena Bioscience

(https://www.jenabioscience.com/) was used in this study. It has three different

untranslated (intergenic) regions; UTR1, derived from a transferase gene from L.
tarentolae; UTR2, derived from the calmodulin cluster (camCB); UTR3, the intergenic
region of dihydrofolate reductase-thymidylate synthase gene of L. major. These three
UTR regions have been found to result in an optimised protein expression in the L.
tarentolae host LEXSY P10. Multiple cloning sites allow alternative fusion of the target
genes to a region coding for the signal peptide of secreted acid phosphatase of L.
mexicana for secretion of proteins, or production of cytosolic proteins. Secreted acid
phosphatase 1 (SAP1) was used in this work fused to the proteins of interest, which are
T. gondii surface antigen protein 1 (SAG1) and Cyclophilin 18 (Cyc18). pLPhSAP1sSAG1
and pLPhSAP1sCyc18 plasmids were generated in two cloning steps using the plasmids

PLPhSAP2SAG1, pLPhSAP2Cyc18 and pSSUHygSAP1 (Fig. 4.2 and 4.3).
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Figure 4. 2 Generation of pLPhSAP1sSAGL1 from pLEXSY-ble2.1.
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The first cloning step involved cleaving pSSUHygSAP1l, pLPhSAP2SAG1l and
pLPhSAP2Cyc18 (parent plasmids) with Kpnl and Avrll restriction enzymes allowing the

isolation of 9665 bp, 881 bp and 659 bp fragments, respectively.

The 881 bp and 659 bp fragments were ligated with the 9665 bp fragment to generate
pSSUHygSAP1sSAG1 and pSSUHygSAP1sCycl18, respectively. After transformation
into E. coli DH5a the plasmid DNA was isolated and a sample cleaved with the restriction
enzymes BamHI, Ncol, and Xhol in separate reactions. Table 4.1and the figure 4.4 show

the expected band sizes for pSSUHygSAP1sSAG1 and pSSUHygSAP1sCyc18.
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Table 4. 1 Expected fragmentation of pSSUHygSAP1sSAG1 and pSSUHygSAP1sCyc18.

Enzymes pSSUHYygSAP1sSAG1 pSSUHygSAP1sCyc18
(lanes 1-3) (lanes 4-6)
BamHI 828 bp and 9718 bp 606 bp and 9718 bp
Ncol 869 bp, 4005 bp and 5672 bp 869 bp, 3738 bp and 5672 bp
Xhol 1894 bp and 8652 bp 1894 bp and 8430 bp

AR

Figure 4.4 Restriction analysis of
pSSUHygSAP1sSAG1 and pSSUHygSAP1sCyc18.

Lanes 1-3, pSSUHygSAP1sSAGl; lanes 4-6,
pSSUHygSAP1sCyc18. Lanes 1 and 4, BamHI; lanes 2

and 5, Ncol; lanes 3 and 6, Xhol. Mr, DNA size marker in
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The second cloning step was conducted by cleaving pLPhSAP2SAG1, pLPhSAP2Cyc18,
pSSUHygSAP1sSAG1 and pSSUHygSAP1sCyc18 with Ncol and Avrll. The resulting
8032 bp, 2261 bp and 2039 bp DNA fragments were isolated. Each of the 2261 bp and
2039 bp fragments were ligated with the 8032 bp fragment to generate pLPhSAP1sSAG1
and pLPhSAP1sCyc18 and transformed into E. coli DH5a. The two plasmids were
isolated and a sample cleaved with Hindlll + BamHI, Swal and Ncol, respectively. Table
4.2 and figure 4.5 illustrate a detailed summary of the expected fragment sizes and the

actually observed fragments on an agarose gel.
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Table 4. 2 Expected fragmentations of pLPhSAP1sSAG1 and pLPhSAP1sCyc18.

Enzymes pLPhSAP1sSAG1 pLPhSAP1sCyc18
(lanes 1-3) (lanes 4-6)
Hindlll + BamHI | 1378 bp,1598 bp, 2223 bp | 1378 bp, 1598 bp, 2001 bp
and 5094 bp and 5094 bp
Swal 2864 bp and 7429 bp 2864 bp and 727 bp
Ncol 10293 bp 10071 bp

Figure 4.5 Restriction analysis of pLPhSAP1sSAGl1 and
pLPhSAP1sCyc18.

Lanes 1-3, pLPhSAP1sSAG1; lanes 4-6, pLPhSAP1sCyc18. Lanes 1
and 5, Hindlll & BamHI; lanes 2 and 6, Swal; lanes 3 and 4, Ncol. Mr,
DNA size marker in kb.
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4.2.2 Expression of Recombinant Protein

Expression of the recombinant protein in L. tarentolae was expected after transfection of
the linear constructs into L. tarentolae. Positive clones were selected by adding the

appropriate antibiotic (phleomycin 40 ug/ml) to the culture.

4.2.2.1 Preparation of Linear DNA Fragments for Electroporation into L. tarentolae

pLPhSAP1sSAGL1 was cleaved with Swal resulting in two fragments of 7429 bp and 2864
bp. pLPhSAP1sCyc18 was cleaved with the same enzyme resulting in two fragments of
7207 bp and 2864 bp. The 7429 bp and 7207 bp fragments were isolated under sterile

conditions for electroporation into L. tarentolae (Figure 4.6 A and B).
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Figure 4. 6 Generation of linear DNA fragments for integration into the rRNA gene

locus of L. tarentolae.

(A), Swal digest of pLPhSAP1sSAG1 and pLPhSAP1sCyc18. Expected fragmentations
are 7429 bp + 2864 bp and 7207 bp + 2864 bp (lane 1 and 2). (B), isolated linear

fragments. Lane 1, 7429 bp; lane 2, 7207 bp. Mr, DNA size marker in kb.
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4.2.2.2 Transfection of L. tarentolae Promastigotes

Electroporation was used to generate cell lines of L. tarentolae for protein expression of
SAP1SAG1 and SAP1Cycl8. Linear sterile DNA fragments were transfected into L.
tarentolae promastigotes. The result of the electroporations is shown in table 4.3. 86 and
67 turbid wells were obtained from the 1:2 dilution of pLPhSAP1sSAG1 and
pLPhSAP1sCycl18, respectively. For the 1:40 dilution, numbers are 12 and 8 for
pLPhSAP1sSAG1 and pLPhSAP1sCyc18, respectively. The cell lines grown in the 1:40
dilution are most likely originated from one single cell each and therefore represent
clones. Four cell lines from 1:40 dilution were chosen to scale up in 10 ml culture with

phleomycin for further analysis.

Table 4. 3 Results of transfection of each cell line and the number of positive wells with visible

turbidity in 96-well plate after 10-14 incubation days at 27°C.

transfected construct No. of turbid wells in No. of turbid wells in
1:2 dilution 1:40 dilution
SAP1sSAG1 86:96 12:96
SAP1sCyc18 67:96 8:96
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4.2.2.3 Confirmation of Integration into SSU Gene Locus Using PCR

Genomic DNA was isolated from L. tarentolae WT and from one positive clone to confirm
the integration. PCR was performed to analyse the correct integration of the respective
constructs into the rRNA gene locus. The oligonucleotides and the size of the expected
amplicons are shown in the table 4.4 and figure 4.7. The PCR products are shown on an
agarose gel; no visible band was detectable for L. tarentolae WT, which served as a
negative control. Amplification of an 862 bp fragment confirmed the integration of SAG1
and Cycl18 constructs into rRNA gene locus of L. tarentolae. The 628 bp and 333 bp
fragments in the PCR reaction proved the correct fusion of the secreted acid phosphatase

(SAP1) to SAG1 and Cycl8, respectively (Fig. 4.8). As expected, L. tarentolae WT did

also not show any amplified fragment in the second PCR.

Table 4.4 Oligonucleotide sequences used in PCR and expected fragment sizes for each PCR

reaction.

Cycl18 (Rv3)

5-CTGGTGGTTCTCGAAGTCGC-3’

LeishSSU (Fw1l) 5-GATCTGGTTGATTCTGCCAGTAG-3 862 bp
pLexyupl (Rvl) 5-CCTACGTCAATCGCAGACCT-3’

SAP2mod2C (Fw2) 5-AGCGACGTCCCTTCCTTCAA-3 628 bp
SAG1-2 (Rv2) 5-CCACTACTGCAGCGGCACGA-3’

SAP2mod2C (Fw3) 5-AGCGACGTCCCTTCCTTCAA-3 333 bp
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Figure 4. 7 Schematic representation of the different PCR reactions; oligonucleotide sequences
used and expected fragments for each reaction.

Figure 4.8 Verification of correct integration of fragments derived from
pLPhSAP1sSAG1 and pLPhSAP1sCyc18 into the rRNA gene locus by PCR.

(A) Integration of SAG1 and Cyc18 constructs into the L. tarentolae rRNA gene locus. Lane
1, L. tarentolae WT; lanes 2 and 3, L. tarentolae clones with integrated SAG1 and Cyc18
(expected band size 862 bp). (B) PCR fragment to prove fusion of SAP1 to SAG1. Lane 1,
L. tarentolae WT; lane 2, L. tarentolae with integrated SAG1 (expected band size 628 bp).
(C) PCR fragment to prove fusion of SAP1 to Cycl8. Lane 1, L. tarentolae WT; lane 2, L.

tarentolae with integrated Cyc18 (expected band size 333 bp). Mr is thelkb or 100 bp ladder.
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4.2.3 Detection of Recombinant Proteins in the Culture Supernatant

The recombinant protein was detected in the culture supernatant of L. tarentolae clones
transfected with SAP1 fusion constructs by following the different assays as shown in the

schematic diagram below:

Detection of Detection of
SAP1Cyc18 Protein SAP15AG1 Protein
SAP1 LT8.2 TEV Cyc18 6xHis SAP1 LT8.2 TEV SAG1 6xHis
1 1 1 1 1
1 1 1 1 1
1 1 | 1 1
1
v } , } \
SAP —
assay SAP assay : Anti-SAG1 Anti-His
1 ELISA Immunoblot
¥ Mass spectrometry
mAb LT8.2
ELISA

Immunofluorescence

Figure 4.9 Schematic diagram showing experiments conducted to prove protein
expression.

Secreted acid phosphatase activity assay, immunofluorescence and immunoblot analysis.
SAP1 was detected by measuring secreted acid phosphatase (SAP) levels in culture
supernatants. The LT8.2 epitope was detected by immunofluorescence and ELISA analysis.
SAP1SAGL1 was detected by mass spectrometry analysis. The hexahistidine (6xHis) tag was

used for protein detection by immunoblot analysis.
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4.2.3.1 Determination of Secreted Acid Phosphatase Activity in Culture

Supernatants of L. tarentolae

Secreted acid phosphatase (SAP) activity was determined in dilutions of culture
supernatants to confirm the expression of recombinant protein from recombinant L.
tarentolae promastigotes. p-nitrophenylphosphate was used as a substrate to determine
the phosphatase activity in different samples by measuring the absorbance at 405 nm.
Promastigote cultures at late logarithmic growth phase were used for determination of
enzyme activity from the culture supernatant. L. mexicana WT culture supernatant served
as a positive control for SAP activity. L. tarentolae WT culture supernatant was the
negative control. Four cell lines of L. tarentolae promastigotes transfected with the
SAP1SAG1 construct (D9, F7, D11 and D5) and two cell line of L. tarentolae
promastigotes carrying the SAP1Cycl18 construct (All, D5) showed a significant
enzymatic activity in SDM79 supplemented with 10% iFCS (Figure 4.10 A). Enzymatic
activity was determined from SAP1SAG1 (D9) and SAP1Cyc18 (All) after decreasing
the amount of iIFCS to 2%. Culture supernatants from SAP1SAG1 and SAP1Cycl8
clones with 2% iFCS showed higher activity than that harvested from L. mexicana WT for

all cell lines grown in different percentages of iFCS in SDM79 media (Figure 4.10 B).
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Figure 4.10 Secreted acid phosphatase (SAP) activity in culture supernatants of L.

tarentolae promastigotes.

(A) SAP activity of SAP1SAG1 and SAP1Cycl18 in 10% iFCS supplemented culture. (B)
Evaluation of SAP activity of SAP1SAG1 and SAP1Cyc18 in media containing 10% and 2%

iFCS.
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4.2.3.2 Enrichment of Recombinant SAP1SAG1 Protein by Ammonium Sulfate
Precipitation (AS)

In order to enrich the SAP1SAGL1 fusion protein AS salt precipitation was attempted.
Figure 4.11 shows that a protein of the expected size for recombinant SAP1SAG1
precipitated in the presence of 60% (w/v) AS. Partial purified SAP1SAG1 protein revealed
a significant enzymatic activity after ammonium sulfate precipitation using 60% saturation
(Figure 4.11 A). Most of the recombinant protein was precipitated from the culture
supernatant at 60% AS concentration as displayed in figure 4.11. The protein
precipitation experiment was also done with culture supernatants from L. tarentolae WT
grown in the same conditions as the SAP1SAGL1 expressing L. tarentolae (2% of iFCS).
Figure 4.11 B confirms that the strong band around 64 kDa obtained using 40-60% AS
with culture supernatant from L. tarentolae WT is BSA. Whereas, the band around 82
kDa from L. tarentolae expressing SAP1SAGL, enriched with 60% of AS confirms the

previous finding of it being the SAP1SAG1 recombinant protein.
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Figure 4.11 Ammonium sulfate enrichment of SAP1SAGL.

(A) SAP activity in resuspended pellet after ammonium sulfate precipitation using the
indicated percentages of salt. (B) Coomassie-stained 10% SDS-PAGE of L. tarentolae
cell lines. An 82 kDa band represents the SAP1SAG1 recombinant protein; the 64 kDa

band is BSA from the L. tarentolae culture media.
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4.2.3.3 Immunoblot Analysis to Confirm the Identity of the SAP1SAG1 Fusion
Protein

Immunoblot analysis using an anti-hexahistidine-tag antibody for samples, which were
obtained from a promastigote culture supernatant after differential precipitation with
ammonium sulfate (20-70%), showed strong bands around 82 kDa corresponding in size
to the SAP1SAG1 fusion protein (Figure 4.12 B). As the hexahistidine-tag is located at
the C-terminal end of the fusion construct the detected protein is the full-length fusion
protein. This procedure was repeated with Alexa flour 680 secondary antibody and an
infrared immunoblot scanner (LI-COR) detected a fluorescence signal of the same size
(Figure 4.12 C). No reaction with an anti-His antibody was obtained for a sample derived

from L. tarentolae WT indicating the specificity of the antibody (Figure 4.12 C).
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Figure 4.12 Anti-His-tag immunoblot analysis of L. tarentolae promastigotes
expressing SAP1SAG1 obtained from culture supernatants after differential

ammonium sulfate precipitation.

(A) Coomassie-stained 10% SDS-PAGE SAP1SAG1 purified with different AS
saturations: Strong band refers to SAP1SAGL1 protein after 60% AS precipitation. (B)
Immunoblot analysis: Strong bands are visible for 20% and 60% AS corresponding to
SAP1SAGL. (C) Infrared immunoblot: The fluorescence signal confirms the SAP1SAG1

protein from 60% AS saturation; lane 7, L. tarentolae WT shows no reaction.
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4.2.3.4 ELISA

For further confirmation of expression and purification of the full-length recombinant
protein SAP1SAGL1 from the 60% AS enrichment an ELISA was carried out. The ELISA
plate was coated with SAP1SAGL protein and then exposed to the LT8.2 and anti-SAG1
antibodies. The measurements for LT.8.2 showed a strong reaction for SAP1SAG1
enriched by 60% AS (Figure 4.13 A). Similarly, the measurements for specific anti-SAG1

antibody detected the presence of SAP1SAGL1 fusion protein (Figure 4.13 B).
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Figure 4.13 ELISA demonstrates LT8.2 antibody and anti-SAG1 antibody recognise

recombinant SAP1SAG1protein obtained by 60% ammonium sulphate enrichment.

Plates were coated with SAP1SAG1 protein and the reactivity of LT8.2 and anti-SAG assessed. (A)
Demonstrates that serial dilutions of mAb LT8.2 recognise SAP1SAG1. (B) Demonstrates serial

dilutions of anti-SAG1recognises the recomninant SAP1SAG1 protein.
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4.2.3.5 Determination of the Concentration of Purified Protein

The culture volume for the L. tarentolae SAP1SAG1 expression cell line was scaled up
to 1 liter to increase the yield of recombinant protein. SAP1SAGL protein was enriched
using ammonium sulfate precipitation and then the protein concentration was
determined. A standard curve using 0 — 1 mg/ml BSA was plotted to determine the
concentration of unknown protein samples (Figure 4.14). Enrichment with AS resulted in

3 ml of SAP1SAG1 solution at a concentration of 1.16 mg/ml.

14 v =0.8883x+ 0.3629
R? =0.9909

1.2
/

£ 1
=
g /
n 0.8
]
& 0.6
S 1
2
E=1
© 0.4

'Y

0.2
0 T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2

concentration [mg/ml]

Figure 4.14 Standard curve for BSA in Bradford assay (Bradford, 1976).
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4.2.3.6 Immunofluorescence Analysis

To directly visualise the expression and secretion of recombinant SAP1SAG1 fusion
protein by L. tarentolae clones, immunofluorescence analysis from cells and cell culture
supernatants (cells at a density of 1-2 x 107 cells/ml were fixed with 2% p-formaldehyde)
was performed. The secreted acid phosphatase (SAP1) of L. mexicana naturally carries
the mAb LT8.2 epitope, which is also found in the SAP1SAG1 fusion protein and hence
could be used for protein detection in the culture supernatant. Bright field images were
taken to visualise the Leishmania promastigotes. L. tarentolae WT does not show any
fluorescence staining (negative control). L. mexicana WT shows bright green structures
in the supernatant supplemented with 2% iFCS indicating the presence of secreted acid
phosphatase filaments (positive control). L. tarentolae SAP1SAG1l recombinant
promastigotes showed strong green structures in the culture supernatant, which were
even brighter than those found in L. mexicana WT (Figure 4.15 E and F). Figure 4.15 G
shows the filamentous protein secreted from the flagellar pocket of a promastigote cell.
60% AS precipitation led to a concentrated solution of SAP1SAG1 molecules as shown

by the increase in fluorescent filaments (Figure 4.15 H).
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Figure 4.15 Immunofluorescence analysis of Leishmania promastigotes and

culture supernatants with mAb LT8.2.

(A) L. mexicana WT bright field; (B) L. mexicana WT FITC (positive control); (C) L.
tarentolae WT bright field; (D) L. tarentolae WT FITC (negative control); (E) L.
tarentolae expressing SAP1SAGL1 bright field; (F) L. tarentolae expressing SAP1SAG1
FITC; (G) L. tarentolae expressing SAP1SAG1 showing the filamentous protein
secreted from the flagellar pocket; (H) SAP1SAG1 protein from 60% AS precipitation.

Size bar, 10 um.
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4.2.3.7 Mass Spectrometry (MS) Analysis of the Putative SAP1SAG1 Fusion Protein

A Coomassie blue-stained band was cut from a lane of an SDS-PAGE containing the
60% AS precipitate of a culture supernatant of L. tarentolae expressing SAP1SAG1 and
was analysed by mass spectrometry to confirm its identity (Glasgow Polyomics Facility,
College of Medical, Veterinary & Life Sciences, University of Glasgow). Data was

investigated using Batch-Tag Web (http://msviewer.ucsf.edu/prospector/mshome.htm)

against user protein sequences. Amino acid sequences detected by MS confirmed that
the purified protein is SAP1SAG1 (Figure 4.16 A). The sequences highlighted with red
indicate similarity between the sequences in the table with nine peptides matching the
sequences of the secreted acid phosphatase part and one peptide matching SAG1

(Figure 4.16 A and B).
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“Num Unique % Cov Best Disc Score Best Expect Val|i

110 [23.7 |[3.86 1.2e-7 I

m/z DB Peptide Variable Mods Score Expect
845.7803 LDLTQGSASONLAQTVLANINAHR 34.1 1.2e-7
873.4684 TIETLLSTDAVPSVVGR 30.8 2.2e-6
743.3601 AADGTYVFOQESGIK 27.9 6.6e-6
1039.1920 TALTEPPTLAYSPNRHICPAGTTSSCTSK 19.4 8.4e-5
503.7821 AIGEFARSR 20.4 7.9e-4
1106.2434 SALIDDNTTEICGTLYPCGELTGEGVEMVR Oxidation@28 16.1 0.0034
1040.5336 SRYNNLSLVESPLFPSTR 15.8 0.0036
1044.5543 TNCVLDMYDVAAAFEAAGR Oxidation@7 15.7 0.0071
601.3333 YLAHTGICPLNSFRR 15.9 0.0088
449.2740 LIRGNPVK 15.8 0.032

Protein MW: 82439.3 Protein pl: 6.5 Protein Length: 763 Index: 1

1 MASRLVRVLA AAHLVAAAVS VDARFVVRHY QWHRHGARS ALTODNTTEL CGTLYPCGEL TGEGVENVRA LGEFARSRYN
81 NLSLVESPLF PSTRYISSVY HTRSTHTORT IQSATAFLRG LFQDDYFYPV WSTHRTTET LLSTDAVPSY VGRSHLDNPA
161 LHAALNPYID EHLSHDATQS ASKDANVEGL CADYNARTNC VLDMYDVAAA FEANGRLONA THLKAVYPGL QEVNAAHFKY
241 VFSHIHTSKL DLTQGSASQN LAGTVLANIN AHRLSPSYI! FQYSAHDTTY TPLAVTFEDQ GETTYRPPFA VTTFVELLOD
321 TADASGIHYVR LIRGNPVKAA DGTYVFQESG TKAYCIDEAG NKYLAKTGIC PLNSFRRIVD YSRPAVADGH CAHTQTOYSH
401 IDCPRTIADI KPVPSRCHLY RHVCPSKACP DSYILSAVDH QCYPGPOVTH PTSSSSSEGT TTSSSSSSSK STSSSDVPSF
431 KKPAISPRY GSENLYFQSR PLVANQWTC PDKKSTAAVI LTPTEIHFTL KCPKTALTEP PTLAYSPIRK ICPAGTTSSC
561 TSKAVTLSSL TPEAEDSINT GDSASLDTAG TKLTVPTEKF PYTTQTFVVG CIKGODAQSC MVTVTVOARA SSUVMINVARC
641 SYGAISTLGP VKL SAEGPTT HTLVCGKDGV KVPQDNNHYC SETTLTGCNE KSFKDILPKL SENPUOSHAS SDNGATLTTI
721 KEAFPAESKS VTTGCTGGSP EKHHCTVLE FAGPRGGHHH HHH

Figure 4.16 MS analysis of SAP1SAGL1 fusion protein.

(A) m/z, mass to charge ratio; DB peptide, peptide sequence; variable mods; methionine
oxidation modification; score, mascot score; expect, expected value.(B) MS results
against protein of interest. Matching peptides of recombinant SAP1SAG1 are highlighted
in bold red.
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4.3 Discussion

4.3.1 Generation of DNA Constructs

In the present study two plasmids were successfully constructed, pLPhSAP1sSAG1 and
pLPhSAP1sCycl18 (see figures 4.2 and 4.3), containing the open reading frame of L.
mexicana SAP1 (Secreted Acid Phosphatase 1) fused with genes of interest from T.
gondii (SAGL1 or Cyc18) and the phleomycin resistance antibiotic marker. SAP1 forms a
filamentous protein secreted from the flagellar pocket of L. mexicana promastigotes
(Stierhof et al., 1998; Wiese et al., 1995). SAP1 including its N-terminal phosphatase
domain, was used as a carrier for T. gondii proteins, SAG1 and Cycl18, which were
genetically fused to its C-terminus. Hence, L. tarentolae has been used for heterologous
gene expression and recombinant protein production (Raymond et al., 2012). In this study
L. tarentolae was used as protein expression system for secretion of eukaryotic

recombinant proteins SAP1SAG1 and SAP1Cyc18 into culture supernatants.

4.3.2 Gene Expression in L. tarentolae

L. tarentolae promastigotes were successfully transfected with pLPhSAP1sSAG1 and
pLPhSAP1sCycl8 constructs by using electroporation. Selection of recombinant
parasites can easily be performed using phleomycin binding protein, which was also used
in this investigation to generate permanent and stable transfectants (Beverley & Clayton,
1993). L. tarentolae cell lines can be grown at high and stable growth rates.
Promastigotes can be cultivated to a maximum cell density of 1x102 parasites/ml after 4-
5 days of incubation in supplemented cultures (Fritsche et al., 2007). Integration of the

recombinant DNA cassette into the L. tarentolae genome through homologous
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recombination (Kianmehr et al., 2016), was confirmed by diagnostic PCRs. PCRs were
carried out to detect the correct integration of the expression constructs into the 18S small
subunit (SSU) rRNA gene locus of L. tarentolae. A second PCR was required to prove
the fusion of SAP1 with SAG1 or Cycl8 as explained in figure 4.8. Both PCRs were
positive for the clones analysed and confirmed the existence of the intact expression
construct in the correct genomic location. It is important to note that transcription is under
the control of RNA polymerase |, which allows high level transcription (Clayton, 1999;

Teixeira, 1998).

4.3.3 Secreted Acid Phosphatase Activity

The expression level of recombinant proteins SAP1SAG1 and SAP1Cycl8 in L.
tarentolae was determined using the phosphatase activity in culture supernatants. High
enzymatic activity was obtained from recombinant L. tarentolae expressing SAP1SAG1
and less from recombinant L. tarentolae transfected with SAP1Cycl18 when grown in
media supplemented with 10% iFCS and hemin. To minimise the effect of bovine serum
albumin on the purification of the recombinant protein, the amount of iFCS in the culture
media was reduced to 2% (v/v). One clone each of L. tarentolae expressing SAP1SAG1
or SAP1Cyc18 was selected and grown in 2% iFCS and hemin. When comparing
phosphatase activity high enzymatic activity was detected in culture supernatants of cell
lines expressing SAP1SAG1 and SAP1Cyc18, even higher than what was found for L.
mexicana wild type. As the activity was highest for SAP1SAG1 expressing cells this cell
line was chosen to purify the recombinant protein from culture supernatant and to further

analyse protein production using immunofluorescence and immunoblotting.
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4.3.4 Enrichment of Recombinant SAP1SAG1 by Ammonium Sulfate

The basic theory of using AS salt is that the solubility of globular proteins increases upon
the addition of salt (< 15%), an effect termed salting-in. At higher salt concentrations,
protein solubility usually decreases, leading to precipitation; this effect is termed salting-
out. SAP1SAG1 is a multisubunit protein complex forming filaments. According to the
literature, complex or high molecular weight proteins could be purified from culture media
using different percentages of ammonium sulfate salt (AS) and the large multiprotein
complexes can often be salted out with < 20% saturation (Wingfield, 2016). For example,
Interleukin-13 was purified in higher salt concentration between 50-77% AS saturation
for precipitation; 1gG has been precipitated from blood with 40-45% of AS (Wingfield,
2016). In this work, we employed a modified method of ammonium sulfate precipitation
to purify SAP1SAGL1 from culture supernatants by stepwise addition of solid AS salt
between 20-70% (v/v). L. tarentolae was grown in SDM79 media supplemented with 2%
iFCS and hemin, which are essential for their growth. This still allowed a final cell density
of 5x107 parasites/ml.

Acid phosphatase activity was determined in precipitates and supernatants from
SAP1SAG1 culture supernatants after sequential addition of AS (Figure 4.11 A).
Phosphatase activity in precipitates using 60% AS saturation from culture supernatants
of recombinant parasites grown in 2% iFCS was higher than the activity determined for
samples obtained from the L. mexicana positive control. Protein precipitation was also
done with culture supernatants from L. tarentolae wild type grown in the same conditions
as the SAP1SAGL1 expressing L. tarentolae (2% of iFCS). Figure 4.11 B shows that the
strong band around 64 kDa obtained using 40-60% AS is present here as well and is

most likely BSA. Whereas, the band around 82 kDa from L. tarentolae expressing
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SAP1SAG1 enriched with 60% AS is the SAP1SAG1 recombinant protein. Time
constraints of the project did not permit to purify SAP1Cyc18 and do immunofluorescence
microscopy and immunoblot analysis of the cell line expressing SAP1Cyc18 recombinant

filaments.

4.3.5 Immunofluorescence and Immunoblot Analysis

Immunofluorescence analysis using mAb LT8.2 showed that the filamentous protein can
be detected by epifluorescence microscopy in promastigote cultures and in the 60% AS
precipitate, but was absent in L. tarentolae wild type. Secretion of SAP1SAGL1 filaments
from the flagellar pocket of recombinant L. tarentolae using mAb LT 8.2 was detected
matching what is known about secretion of SAP filaments in L. mexicana (Figure 4.15).
High acid phosphatase activity, a band of the correct size in immunoblot analysis and
visualisation of filaments in immunofluorescence microscopy all match up for the 60% AS
sediment. For some extent, some cells showed autofluorescence, which could have been
caused by the long exposure time that was used to visualise the filaments around the

cells.

To determine the expression of the fusion protein, immunoblot analysis was performed
using an anti-hexabhistidine antibody recognising the very C-terminal end of the fusion
protein. The strong bands around 82 kDa shown on the immunoblot identified SAP1SAG1
in the 60% AS precipitations. From the reaction with the anti-hexahistidine antibody it can
be concluded that the full-length SAP1SAG1 was expressed, secreted, and enriched from
the L. tarentolae cell cultures. If the protein was truncated on transit through the secretion
pathway, another smaller band would have shown on the blot, as the hexahistidine tag is

located only at the C-terminal end (Figure 4.12). 20% AS precipitated the multisubunit
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filamentous form of SAP1SAG1 whereas 60% AS led to the precipitation of monomeric

protein.

4.3.6 ELISA

The availability of an anti-SAG1 antibody allowed to carry out an ELISA to confirm the
presence of SAGL as part of the recombinant fusion protein enriched in the 60% AS
precipitate. The mAb LT.8.2 was used as a positive control in the ELISA. ELISA is a rapid,
sensitive and specific assay that has been used as a diagnostic tool in medicine and
biotechnology to detect the presence of a ligand (commonly a protein) in a liquid sample
using specific antibodies directed against the protein to be measured. In this study, the
immunodominant antigens of the SAP1SAG1 from 60% AS precipitate are binding to the
specific mAb LT.8.2 and anti-SAG1 antibodies. The subsequent reaction produced a
detectable signal for the fusion protein.

These results confirmed the immunofluorescence microscopy, and immunoblot and mass
spectrometry analyses. As an anti-Cyc18 antibody is not available, an ELISA was not

conducted for detection of recombinant SAP1Cyc18.

4.3.7 Mass Spectrometry (MS) Analysis

Mass spectrometry analysis was carried out in order to confirm the identity of SAP1SAG1.
Mass spectrometry is a powerful technique with different applications in chemistry,
biology and clinical medicine. It determines the molecular weight of compounds by
separating molecule ions based on their mass and charge. Recently MS has become one
of the most important methods for protein studies in terms of identification and

sequencing. The sequences of SAP1SAG1 peptides were identified by mass
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spectrometry (MS) identifying nine peptides of SAP1 and one peptide that belongs to
SAGL1 (He et al., 2002) (accession code 1KZQ), which are highlighted with red colour in

figure 4.18 A and B confirmed the identity of SAP1SAG1.

4.3.8 Concentration of SAP1SAG1

The concentration of SAP1SAG1 in culture supernatant was 3.48 mg/L. This observation
agreed with previous studies, which stated that the level of protein expression in L.
tarentolae could vary between 0.1 and 30 mg/L of culture. For example, the expression
level for green fluorescent protein (GFP) (Basile & Peticca, 2009), interferon-gamma
(IFN-y) (Davoudi et al., 2011), and human coagulation factor VII (Mirzaahmadi et al.,
2011) has been achieved to be 30, 9.5 and 1 mg/L of culture, respectively.

Probably the lowering of the iFCS to 2% might lower the expression levels of recombinant
L. tarentolae, which resulted in decreasing the concentration of recombinant protein in
the culture supernatants. And to increase the valuable using the ammonium sulfate in
protein purification, using the ammonium sulfate first for partial purification of recombinant
SAP1SAGL1 then using the ion exchange chromatography may be useful to get rid of the
iIFCS fraction.

Further investigations are required to increase the amount of SAP1SAG1 production. A
possibility might be to place the gene of interest under the control of a foreign promoter
like the T7 RNA polymerase promoter, which has been shown that the protein yield was
higher than a polymerase | promoter in L. tarentolae (Fritsche et al., 2007; Kushnir et al.,
2005). Alternatively, L. tarentolae could be grown in other media that does not require
iFCS or hemin as supplementary factors. For example, BHI media was used to produce

darbepoetin alfa from L. tarentolae T7-TR cells (pLEXSY_lblecherry3 vector), in which
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tetracycline was used as an inducer to increase the expression level to 51.2 mg/ml of
culture medium by adding 5 pg/ml (Kianmehr et al., 2016).

The amount of SAP1SAG1 obtained was disappointingly low (approximately 3mg). As a
single experiment would require approximately 1mg this would not allow sufficient
vaccination studies to be performed and replicated. Moreover, recombinant SAP1Cyc18
was not yet produced and purified. It was therefore decided not to proceed to in vivo work
with this protein. The second reason for not using the recombinant protein in a vaccination
study is that the purified protein might still contain a low amount of protein from iFCS.
Moreover, taking into account that the main goal was to be able to use Cyc18 as a natural
adjuvant it was decided to generate a DNA vaccine for both SAG1 and Cyc18 to allow

continuation to the immunisation part of the project.
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4.5 Conclusions

» PpLPhSAP1sSAG1 and pLPhSAP1sCycl18 were successfully constructed and
linear DNA-fragments derived from them were transfected into Leishmania by

electroporation.

» PCRs detected the correct integration of the intact expression constructs into the

18S small subunit (SSU) rRNA gene locus of L. tarentolae.

» [Enzyme activity, immunoblot and immunofluorescence analyses confirmed that
L. tarentolae promastigotes successfully expressed, secreted SAP1SAG1 and

the protein could be enriched with 60% AS from the culture supernatant.

» ELISA confirmed the presence of SAG1 as part of the recombinant fusion

protein.

» Mass spectrometry analysis confirmed the identity of SAP1SAG1.

» Low amount of partially purified SAP1SAGL1 and time constraints for optimization
of SAP1Cycl8 purification prevented production of these proteins for

immunisation
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Part ll: Inmunological Studies

Chapter 5: Toxoplasma gondii Cyclophilin 18 (TgCyc18)
as Natural Adjuvant for a Vaccine to Prevent

Toxoplasmosis
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5.1 Introduction

5.1.1 DNA Vaccine

DNA vaccines can effectively elicit humoral and cellular immunity and have specifically
been demonstrated to induce cytotoxic CD8* T cells (Glilge 1z et al., 2014). In addition,
DNA vaccines offer other advantages including ease of manufacture, their stability, and
inexpensive production. However, most importantly they inherently produce proteins in a
eukaryotic system and therefore are more likely to undergo similar post translational
modification as they would in eukaryotic pathogens (reviewed, Xenopoulos & Pattnhaik,
2014). Despite these theoretical advantages of DNA vaccines, their development has not
been particularly successful and there is no DNA vaccines currently licensed for use in
humans. However, a DNA vaccine has been approved for prevention of West Nile
Disease in horses (CDC, 2005). The reasons for the lack of a functional DNA vaccine in
humans could include: (i) their poor uptake into host cells and low expression efficiency,

(ii) a lack of appropriate adjuvants ( Ivory & Chadee, 2004).

SAGL1 is a surface antigen of T. gondii and is considered a main antigenic protein. It is
important for adhesion of tachyzoite to host cells and therefore their invasion of cells
(Grimwood & Smith, 1996). Moreover, SAG1 has a number of known CD4* and CD8* T
cell epitopes that are recognised by different haplotypes of human histocompatibility
complex (Mendes et al., 2013). Therefore, a number of studies have examined the ability
of SAGL to afford protection as part of a vaccine with varying degrees of success (see

table 1.2).
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5.1.2 T. gondii Cyclophilin 18 (TgCyc18)

T. gondii Cyclophilin 18 (TgCyc18) is a naturally occurring chemokine mimic that interacts
with CCR5 receptor. CCR5 is expressed on macrophages and dendritic cells and
normally binds CCL3, CCL4, CCL5, CCL8, CCL11, CCL14 and CCL16 (reviewed,
Marques et al., 2013). In addition, upon ligation macrophages and dendritic cells have
been shown to produce IL-12 (Aliberti et al., 2003). IL-12 induces NK cells to produce
IFN-y and directs the differentiation of Thl cells and cytotoxic CD8* T cells.
Consequently, IL-12 is important for the control of T. gondii infection (Aliberti et al., 2016).
Cyc18 has also been shown to induce the production of nitric oxide (NO), IL-6, IL-12 and
low levels of TNF-a which have also been demonstrated to mediate protection against T.
gondii infection (Ibrahim et al., 2009). Moreover, CCR5-deficient mice infected with T.
gondii have decreased IL-12 production, reduced NK cell migration, higher parasite
burdens and increased mortality relative to wild-type mice (Aliberti et al., 2016). It has
thus been suggested that TgCycl8 is important in directing a protective immune

response to T. gondii.

5.2 Aims

The following studies were performed to determine if the addition of TgCycl8 to
recombinant SAG1 DNA vaccine could improve its efficacy against T. gondii infection.
Specifically, to determine:
1. The ability of a vaccine containing SAG1 and Cyc18 genes cloned into pVAX-1
plasmids to protect mice against challenge with T. gondii.
2. The ability of plasmid to increase the immune response against a SAG1 DNA

vaccine and specifically direct it towards a Thl response.
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5.3 Experimental Design

5.3.1 Vaccination

Female BALB/c mice 6-8 weeks old were divided randomly into five groups of 5 mice
each. Groups were given: pVAX-1 (empty plasmid), pVAX-SAG1, pVAX-Cycl8, pVAX-
SAG1 and pVAX-Cycl18 (pVAX-SAG1/Cycl8) or left unvaccinated as a negative control.
For vaccination, mice were injected intramuscularly with 100 ul of 2 mg/ml of plasmid (50
plin each anterior tibialis). Mice received three immunisation doses at two week intervals
for challenge experiments. Mice received two immunisation doses at two week intervals

for splenocyte re-stimulation assays.

5.3.2 Challenge experiment

T. gondii tachyzoites (Luciferase-expressing Prugniaud strain) type Il were used for
challenge. Three weeks after the last vaccination, all immunised groups and non-
vaccinated control group were challenged intraperitoneally with 200 upl (2x10*

tachyzoites/mouse). The experiment was repeated twice.

5.3.3 Evaluation the immune response

IgG subsets were measured after 21 days of last vaccination by ELISA to evaluate the
humoral immune response. Parasite abundance was monitored by bioluminescence at
4, 6 and 8 days post infection. Mouse body weights and survival rates were measured
until the conclusion of the experiment. Splenocytes were obtained from vaccinated and
negative control mice two weeks following vaccination, to determine their cytokine

productions (as described in 2.2.3.8).
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5.4 Results

5.4.1 Construction and Preparation of pVAX-SAG1 and pVAX-Cyc18

To generate pVAX-SAG1, pBSAG1 and pVAX-SAG4.2 were cleaved with EcoRI and Notl
which resulted in 1098 bp, 2924 bp, 630 bp and 2972 bp fragments. The 1098 bp and
2972 bp fragments were isolated and ligated together (Figure 5.1). While, pVAX-Cyc18
was kindly provided by Prof. Craig W. Roberts. Both plasmids were verified with
appropriate restriction analyses. Figure 5.2 illustrates the final plasmid maps, expected
fragment sizes of restriction analyses and the actually detected fragments on an agarose
gel.

For vaccination, preparative plasmid preparations of pVAX-SAG1 and pVAX-Cyc18 were

obtained by using Macherey and Nagel endotoxin free Giga kit (as described in 2.2.1.10).
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Figure 5. 1 Generation of pVAX1-SAGL1.

(A) Strategy for generation of pVAX-SAG1. (B) The SAG1 coding region (1098bp) was

obtained from pBSAG1 by digesting with EcoRIl and Notl. The pVAX1 plasmid

backbone (2972bp) was obtained from pVAX1-SAG4.2 digesting with EcoRI and Notl.

(C) Restriction analysis was used to confirm successful ligation of the SAG1 coding

region into pVAX1. Mr, DNA size marker in kb.
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Figure 5. 2 Characterisation of recombinant plasmids pVAX-SAG1 and pVAX-Cyc18 by

restriction analysis.

(A) Top, pVAX-SAG1 map; middle, table of expected of fragments sizes using different
restriction enzymes; bottom, agarose gel of pVAX-SAG1 restriction analysis. Lane 1, EcCORV;
lane 2, EcoRV & Notl; lane 3, Pstl . (B) Top, pVAX-Cyc18 map, middle, table of fragments
sizes using different restriction enzymes; bottom, agarose gel of pVAX-Cycl8 restriction
analysis. Lane 1, Xbal; lane 2, EcoRV; lane 3, BsrGl . Mr, DNA size marker in kb.

157



5.4.2 Transfection of Macrophages with Recombinant DNA and IL-12 Production

Recombinant DNA of pVAX-SAG1, pVAX-Cycl8 and pVAX-1 were transfected into
macrophage cultures and incubated for 24h and 48h. ELISA was carried out to measure
IL-12 from culture supernatants. Macrophages transfected with pVAX-1 expressed low
IL-12 levels after 24h incubation period. Macrophages transfected with 0.25 pg/ml or
higher of either pVAX-SAG1 or pVAX-Cycl8 stimulated IL-12 production after 24h.
Whereas at low levels of plasmid (< 0.125 pg/ml) only the pVAX-Cyc18 and not the pVAX-
SAGL1 induce significant levels of IL-12 (Figure 5.3 A). At 48h incubation, a similar pattern
was observed with both pVAX-SAG1 and pVAX-Cyc18 being able to induce IL-12 when
given at high concentrations, but only pVAX-Cycl18 being able to induce IL-12 at low

concentrations (Figure 5.3 B).
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Figure 5. 3 IL-12 production from culture supernatants induced by transfected

recombinant DNA into macrophages with different concentrations.

(A) Incubated for 24 h (B) Incubated for 48 h. Each value represents the mean * the
standard error of data from triplicate samples. The results are representative of three
repeated experiments with similar results. .Macrophages transfected with 0.125ug/mi

of pVAX-Cyc18 produced high levels of IL-12, relative to those transfected with pVAX-

SAG1 or pVAX-1 at 24 hours post incubation (Green box)

159



5.4.3 Assessment of Parasite Number in Mice by Bioluminescence

Bioluminescence indicative of live parasites was evident in the abdomen of mice from
day 4 post infection. Vaccination of mice with empty pVAX-1 did not confer any protection
relative to control non-vaccinated animals with mice in each group showing similar
distribution of parasites and kinetics of parasite multiplication. Mice vaccinated with
pVAX-SAG1, pVAX-Cycl8 or pVAX-SAG1/Cycl8 had similar parasite distributions, but
markedly reduced parasite numbers, as measured by bioluminescence, relative to control

non-vaccinated mice or empty pVAX-1 vaccinated mice (Figure 5. 4).

At day 4 and 6 post infection had no significant difference in total flux was observed
between control and vaccinated mice with the exception of mice vaccinated with pVAX-
SAG1/Cyc18, which had significantly lower total flux, measured than control
unvaccinated mice (Figures 5.5 A and B). Mice vaccinated with SAG1/Cycl18 had
significantly reduced total flux than control mice vaccinated with pVAX-1 alone at day 8
post infection (Figures 5.5 C). The area under the curve was calculated for as an indicator
of relative parasite numbers in each individual mouse over the course of the 8 day
infection (Figure 5.5 D). Mice vaccinated with pVAX-1 had no significant difference in
parasite number compared with non-vaccinated control mice. pVAX-SAG1 or pVAX-
SAG1/Cycl8 vaccinated mice showed significantly lower numbers of parasites empty

plasmid pVAX-1 vaccinated mice (Figure 5.5).
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pVAX-Cyc18

pVAX-SAG1/Cyc18lF

Figure 5. 4 Parasite distribution and relative abundance as determine by

bioluminescence in control and vaccinated mice infected with luciferase-

expressing T. gondii on day 4, 6 and 8 post infection.

Mice vaccinated with pVAX-SAG1/Cyc18 or pVAX-SAG1 had less bioluminescent

signal than control non-vaccinated mice and mice vaccinated with empty plasmid.
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Figure 5. 5 Relative parasite numbers in control and vaccinated mice as
determine by IVIS and computed as area under the curve (AUC) over 4-8

days post infection from the data presented in figure 5.4.

pVAX-SAG1/Cycl8 and pVAX-SAG1 vaccinated mice had significantly reduced
number of parasites compared with control non-vaccinated and empty pVAX-1

mice. **<p 0.01.
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5.4.4 Survival Rate

Vaccination with pVAX-SAG1/Cycl18 and pVAX-SAGL provided significant protection
(p<0.0001 for each comparison) with 100% of mice surviving infection against T. gondii
tachyzoites infection. Mice vaccinated with pVAX-Cycl8 showed 80% protection
(p<0.01). Mice vaccinated with empty plasmid or negative control mice (left unvaccinated)

had 40% mortality (Figure 5.6).
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Figure 5.6 Survival curves of BALB/c mice groups following challenge infection. Mice
vaccinated with pVAX-SAG1/Cycl8 and pVAX-SAG1l showed significant protection against
challenge compared with control non-vaccinated and empty plasmid pVAX-1 groups. The
experiment was performed twice. Each group contains five mice. Survival rates were monitored

until 20 days post infection. **<p 0.01, ***<p 0.001.
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5.4.5 Body Weight Differences

The 2 mice out of the 5 control non-vaccinated group of mice that survived to the end of
the study lost over 5% of their body weight and never recovered to pre-infection weights
(Figure 5.7 A). Similarly, the pVAX-1 vaccinated mice had the similar levels of mortality
and again surviving mice failed to recover weight (Figure 5.7 B). The pVAX-SAG1
vaccinated mice which had zero mortality and although all mice exhibited weight loss, 2
mice recovered to within 5% of their starting weight by the end of the study (Figure 5.7
C). Four out of the 5 pVAX-Cyc18 vaccinated mice survived and 1 mouse recovered to
within 5% of starting weight (Figure 5.7 D). pVAX-SAG1/Cyc18 vaccinated mice had zero
mortality and mice recovered significantly to within 5% of the starting weight than mice
vaccinated with pVAX-SAG1 alone (Figure 5.7 E and F). As a proportion of mice died in
many groups comparison of mean weight loss between groups is not always meaningful.
However, mice vaccinated with pVAX-SAG1/Cycl18 or pVAX-SAG1 each had 100%
survival allowing meaningful comparison. Mice vaccinated with pVAX-SAG1/Cyc18 had

significantly less weight loss than those vaccinated with pVAX-SAGL.
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Figure 5.7 The effect of vaccination on weight of BALB/c mice following challenge
infection. Mice were left unvaccinated as controls (A) or vaccinated with pVAX-1 (B), pVAX-SAG1
(C), pVAX-Cyc18 (D), pVAX-SAG1/Cyc18 (E) before challenge with T. gondii. Mice that died or
had to be culled due to reaching agreed end-points are in red while mice surviving to the end of
the study (day 20) are in black. Mice vaccinated with pVAX-SAG1/Cyc18 had significantly (***<p
0.001) less weight loss than those vaccinated with pVAX-SAG1 (F). The experiment was

performed twice. Each group contains five mice.
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5.4.6 Measurements of IgG Subclass Levels from Serum of BLAB/c Mice

End- point titer for T. gondii specific IgG1 was low (endpoint < 1/100) in control non-
vaccinated mice and empty pVAX-1 vaccinated. pVAX-SAG1 vaccinated mice had a
mean end point titre of 4500 + 1505.9. pVAX-Cycl18 and pVAX-SAG1/Cycl8 had
significantly lower endpoint titres (2780 + 1443 and 3060 + 1322.7, respectively) than

pVAX-SAGlvaccinated animals (Figure 5.8 A).

T. gondii specific lgG2a was not observed in serum of control non-vaccinated and empty
pVAX-1 vaccinated mice (endpoint < 1/100). Mice vaccinated with pVAX-SAG1 but not
pVAX-Cycl8 exhibited significantly (p< 0.0049) increased endpoint titres (8820 + 4128
and 1122.497 + 501.996, respectively), compared pVAX-1 and non-vaccinated mice.
Mice vaccinated with pVAX-SAG1/Cycl18 had a significantly (p<0.0055) higher endpoint
titre (64800 = 46577.93) than pVAX-1 vaccinated and control non-vaccinated mice

(Figure 5.8 B).
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Figure 5. 8 Determination of the specific anti T. gondii IgG subclass from serum
samples of vaccinated and control mice by ELISA.

(A) 1gG1 isotype, (B) IgG2a isotype. This experiment was repeated twice. Asterisk
shows level of significance (*<p 0.05, **<p 0.01) between the groups. Immunised mice,

n=5
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5.4.7 Splenocytes Stimulation Assay

To determine the quality of the immune response induced by vaccine preparations,
splenocytes were isolated (2 weeks after the final vaccination) and stimulated with 10
pg/ml of TLA. Cytokine production was measured by multiplex cytokine bead array and
flow cytometry. A PCA demonstrated no clear separation between non-stimulated cells,
but there was a clear separation of stimulated cells in pVAX-SAG1/Cyc18 group from
control non-vaccinated, pVAX-1, pVAX-SAG1, and pVAX-Cyc18 groups (Figure 5.9 A).
Consequently, OPLAS-DA scores was employed to determine the relative contributions
of the individual cytokine components and visualised in the form of a VIP table (Figure
5.9 B). IL-6, IFN-y, IL-22, TNF-qa, IL-9 and IL-17a had the highest scoring VIP values

suggesting potential differences in Th17, Thl and TFH cell expansion.
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Figure 5. 9 Multivariate analysis of

control and vaccinated mice.

cytokine production in splenocytes isolated from

(A) PCA plot demonstrates separation of mice vaccinated with pVAX-SAG1/Cyc18 from other

groups (B) OPLAS-DA plot and VIP table demonstrate the relative importance of cytokines to

this separation. Groups: pVAX-SAG1 (Green); pVAX-Cyc18 (purple); pVAX-SAG1/Cyc18 (red);

pVAX-1(yellow); control negative (blue).
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Splenocytes from control non-vaccinated mice and mice vaccinated with empty plasmid
pVAX-1 produced low levels of IFN-y and TNF-a in response to TLA stimulation.
Splenocytes from mice vaccinated with pVAX-SAG1/Cyc18 produced significantly higher
levels of IFN-y and TNF-a, than negative control and empty plasmid groups when
stimulated with TLA (Figure 5.10 A and B). Splenocytes production of IL-2 was similar in
all groups with the exception of mice receiving empty pVAX-1 where IL-2 production was
low (Figure 5.10 C). These results indicate induction of Th1 cells in mice vaccinated with

PVAX-SAG1/Cyc18.
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Figure 5.10 Relative Thl cell cytokine production in splenocytes isolated from
control and vaccinated mice two weeks after the final immunisation. Splenocytes

were left unstimulated (black) or were stimulated with 10 pg/ml of TLA (grey) and
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supernatants collected at 72 hours post stimulation.

(A and B) Mice vaccinated with pVAX-SAG1/Cyc18 showed a significant production of
IFN-y and TNF-a than control non-vaccinated and pVAX-1 vaccinated mice. (C) IL-2
exhibited a significant production in mice vaccinated with pVAX-SAG1/Cyc18 than mice

vaccinated with pVAX-1. *<p 0.05, **<p 0.01 significance between the groups. Immunised

mice, n=5.
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Splenocytes obtained from control non-vaccinated and mice vaccinated with VAX-1
showed very low productions of IL-17a, IL-17f and IL-22 after stimulated with TLA (Figure
5.11 A, B and C). In contrast, splenocytes from mice vaccinated with pVAX-SAG1/Cyc18
showed a significant production of IL-17a, IL-17f and IL-22 cytokines versus negative
control and empty plasmid groups. Furthermore, splenocytes from mice vaccinated with
pVAX-SAG1/Cycl8 had significantly increased levels of IL-22 production compared with
splenocytes from non-vaccinated control mice, pVAX-1 vaccinated mice, mice vaccinated
with pVAX-SAG1 or pVAX-Cycl8. These results induction of Thl7 cells in mice

vaccinated with pVAX-SAG1/Cyc18. These results:

Splenocytes collected from negative non-vaccinated mice, and mice vaccinated with
pVAX-1, pVAX-SAG1 and pVAX-Cyc18 groups produced low levels of IL-9, IL-6 and IL-
21. Mice vaccinated with pVAX-SAG1/Cyc18 showed a significant high level of IL-9 than
mice vaccinated with pVAX-1 and pVAX-SAG1. Similarly, mice vaccinated with pVAX-
SAG1/Cyc18 showed a significant level of IL-6 production than control non-vaccinated,
pVAX-1, pVAX-SAG1 and pVAX-SAG1/Cyc18 (Figure 5.12 A and B). These results also

offer an indicator of TFH cells stimulation.

No significant differences in IL-5, IL-4 and IL-10 production from splenocytes of
vaccinated mice and non-vaccinated mice was observed following TLA stimulation.

(Figure 5.13).
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Figure 5. 11 Relative Th17 cell cytokine production in splenocytes isolated from control
and vaccinated mice two weeks after the final immunisation. Splenocytes were left

unstimulated (black) or were stimulated with 10 ug/ml of TLA (grey) and supernatants

collected at 72 hours post stimulation.

(A) Mice vaccinated with pVAX-SAG1/Cycl18 showed a significant production of IL-17a than
control non-vaccinated and pVAX-1 vaccinated mice. (B) Mice vaccinated with pVAX-
SAG1/Cyc18 showed a significant production of IL-17f than control negative. (C) Mice vaccinated
with pVAX-SAG1/Cycl8 showed a significant production of IL-22 than control non-vaccinated
negative, mice vaccinated with pVAX-1, pVAX-SAG1 and pVAX- Cycl8, respectively. *<p 0.05

and **<p 0.01 significance between the groups. Immunised mice, n=5.
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Figure 5.12 Relative TFH cell cytokine production in splenocytes isolated from control
and vaccinated mice two weeks after the final immunisation. Splenocytes were left
unstimulated (black) or were stimulated with 10 pug/ml of TLA (grey) and supernatants

collected at 72 hours post stimulation.

(A) Mice vaccinated with pVAX-SAG1/Cyc18 showed a significant production of IL-9 than mice
vaccinated with pVAX-1 and pVAX-SAG1l. (B) Mice vaccinated with pVAX-SAG1/Cycl8
showed a significant production of IL-6 than control negative, pVAX-1, pVAX-SAG1 and pVAX-
Cyc18. (C) Mice vaccinated with pVAX-SAG1/Cyc18 showed high but not significant of IL-21

production. *<p 0.05 and **<p 0.01 significance between the groups. Immunised mice, n=>5.
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Figure 5.13 Relative Th2 cell cytokine production in splenocytes isolated from control and
vaccinated mice two weeks after the final immunisation. Splenocytes were left
unstimulated (black) or were stimulated with 10 pg/ml of TLA (grey) and supernatants

collected at 72 hours post stimulation.

(A) Mice in control non-vaccinated group showed higher production of IL-5 than vaccinated mice.
(B) Negative non-vaccinated mice showed high IL-4 production as well as mice vaccinated with
pVAX-SAG1/Cyc18. (C) Mice in control non-vaccinated group showed higher production of IL-10
than vaccinated mice. (E) Mice vaccinated with pVAX-Cyc18 showed high production of IL-13.
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5.5 Discussion

5.5.1 DNA Vaccine

In spite of a great deal of research testing multiple vaccine candidates as part of a DNA
vaccine there is still no vaccine that gives sterile immunity in mice. SAG1 has been used
in multiple studies with varying degrees of success in a humber of murine models and
has epitopes that can be recognised by the host immune cells, makes it a hopeful vaccine
candidate (He et al., 2002). More recently, SAG1 or epitopes derived from SAG1 have
been used experimentally with other genes or epitopes as part of a multi-component
vaccine, sometimes with more success (Cao et al., 2015; Liu et al., 2009). However,
vaccines also depend on the choice of adjuvant which play a key factor in dictating the
quality and effectiveness of the immune response and development of memory after
vaccination (reviewed, Lee and Nguyen, 2015). Of note, there are few experimentally
effective adjuvants for use in DNA vaccines although CPG maotifs have been used with
some success (reviwed, McCluskie, Weeratna & Davis, 2000). CPG is defined as single-
stranded DNA molecules that contain a cytosine triphosphate deoxynucleotide and are
considered a pathogen-associated molecular pattern (PAMP) and is known to bind Toll-
Like Receptor 9 (TLR9), which is constitutively expressed only in B cells and dendritic
cells (Bauer & Wagner, 2002). The current study was undertaken to explore the use of
TgCycl8, a T. gondii derived gene as a hatural adjuvant to increase augment and direct
the immune response to the tachyzoite expressed surface antigen SAG1. As TgCycl8 is
known to be a chemokine mimic that binds CCR5 and induces IL-12 production the
hypothesis is that inclusion of this component would favour a Thl response and the
development of CD8" CTL cells. Notably, CCR5 is important for development of

protective immunity during a natural T. gondii infection as mice deficient in this receptor
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have increased parasite multiplication, reduced survival and reduced NK and CD8* cell

migration (Bonfa et al., 2014; Khan et al., 2006b; Luangsay et al., 2003).

5.5.2 TgCyc18 Potential as an Adjuvant in a DNA Vaccine

The initial in vitro results in this current study demonstrated that transfection of
macrophages derived from mouse bone marrow with pVAX-Cyc18 successfully induced
IL-12 production following DNA transfection with pVAX-Cyc18. In contrast, pyAX-1 and
pVAX-SAG1 were only able to induce IL-12 at relatively high concentrations as a likely
consequence of endogenous CPG motifs and consequent TLR signaling. This is
consistent with the original observation that TgCyc18 derived from tachyzoite extract can
induce production of IL-12 from mouse dendritic cells through CCRS5 in in vitro (Aliberti et
al., 2003). The ability of pVAX-Cyc18 to induce IL-12 in vitro provided the confidence to
test this plasmid as an adjuvant in vivo.

5.5.3 IgG1 and IgG2a Results as Indicator of Stimulation of Specific Humoral

Immune Response

Production of IgG subsets is an indicator of the quality of T-helper immune responses.
IgG2a production is dependent on IFN- y and thus and an indicator of Th1 activation while
IgG1 is generally associated with IL-4 production and Th2 activation (Snapper and Paul.,
1987). Mice vaccinated with pVAX-SAG1/Cyc18 had increased levels of IgG2a compared
with mice vaccinated with pVAX-SAG1 indicating an increased Thl response as a likely
consequence of T. gondii Cyclophilin 18 induced IL-12 production from dendritic cells or
macrophages resulting in IFN- y production from NK cells, which acts in concert with IL-
12 to induce Th1l cells. These results were encouraging as previous DNA vaccine trials

that resulted in augmentation of the IgG2a subclass in the sera of immunised mice were
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found to induce protection (Hassan et al., 2014; Mévélec et al., 2005; Couper et al., 2003;
Fachado et al., 2003). Examination of IgG sub types is generally undertaken to better
understand the cytokine environment and T cell activation. However, the humoral
response has also been demonstrated to promote phagocytosis and activate the classical
complement pathway to kill intracellular parasites (Croix et al., 1996). IgG2a is generally
perceived to more efficiently induce opsonisation and complement fixation than IgG1 (Ey
& Jenkin, 1980). It has been found that production of IgG in late stages of T. gondii
infection is related with prolonged survival and reduced brain cyst numbers (Hester et al.,
2012). Furthermore, specific IgG can cross the placental barrier within 3-4 weeks after

infection to decrease the congenital toxoplasmosis prevalence (Nielsen et al., 2005).

5.5.4 Cellular Mediated Immunity Response

To better understand the ability of inclusion of a plasmid encoding T. gondii cyclophilin18
in a vaccine to influence T cell differentiation the cytokine profiles of T-lymphocytes
derived from the splenocytes of vaccinated mice were examined using a 13-plex
cytometric bead array. PCA analysis demonstrated robust separation between mice
vaccinated with pVAX-SAG1/Cyc18 and all other groups of mice. Orthogonal projection
to latent structure for discriminant analyses (OPLS-DA) was used to determine the
cytokine levels that most contribute to these differences and these included IL-6, IFN- y,
TNF-a, IL-22 and IL-9. Mice immunised with pVAX-SAG1/Cycl8 had significantly
increased IFN-y and TNF-a levels compared with control non-vaccinated and pVAX-1
vaccinated mice indicating the preferential differentiation of Thl cells. This would be
predicted to be beneficial to protection as previous studies demonstrate that IFN-y and
TNF-a activate macrophage functions and control tachyzoite replication during both acute

and chronic phases of infection (Jongert et al., 2010; Alexander et al., 1997).
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Splenocytes from mice vaccinated with pVAX-SAG1/Cyc18 also had increased levels of
IL-6, IL-9, IL-17a, IL-17f and IL-22 compared with control unvaccinated or pVAX-1
vaccinated mice indicating induction of Th17 and TFH. Th17 and Th22 are likely to be
important in protection against T. gondii infection as IL-17R-/- and IL-22-/- mice are more
susceptible to infection as they develop higher parasite burdens than wild-type control
mice (Fonseca et al., 2012). Moreover, IL-17A-deficient C57BL/6 mice exhibited higher
rates of mortality than wild-type mice during the acute phase of T. gondii infection

(Moroda et al., 2017).

Mice vaccinated with pVAX-SAG1/Cycl8 also had high levels of IL-21 suggesting
induction of TFH cells. T follicular helper cells are known to be essential for B cell
maturation and are one of the main sources of IL-21. IL-21R deficient mice infected with
T. gondii have been demonstrated to have more active neurological disease than wild
type mice (increased tachyzoite numbers and reduced cyst numbers) and a reduction of

poly functional CD8* T cell activation (Moretto et al., 2017).

Taken together, these results that demonstrate preferentially induction of Thl, Thl7,
Th22 and TFH cells rather than Th2 and Treg cells imply the vaccination protocol is likely
to induce an immune response that has been associated with protection against T. gondii

infection.

5.5.5 Bioluminescent Results

To assess protection against infection vaccinated mice were infected with T. gondii
tachyzoites expressing the luciferase bioluminescent reported and imaged using an IVIS.
Mice vaccinated with pVAX-SAG1/Cycl8 or pVAX-SAG1 had significantly reduced

parasite numbers during 4, 6 and 8 days post infection. Similarly, mice vaccinated with
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pVAX-SAG1/Cycl8 or pVAX-SAG1 had increased survival compared with other groups
of mice. Inclusion of the TgCycl8 gene in the vaccine did not provide significantly
enhanced protection relative to pVAX-SAG1 vaccinated mice in terms of parasite
multiplication or survival. However, inclusion of TgCyc18 provided significant protection
against T. gondii infection-induced weight loss, which has been shown to be an indicator

of severity of infection.

5.6. Conclusion

The cellular immune response plays an important role in the control of multiplication of a
T. gondii infection. The current study demonstrates that the cellular and humoral immune
response to vaccination with SAG1 DNA can be altered by inclusion TgCycl18. Thus,
inclusion of TgCyc18 induced significant T. gondii-specific differentiation of Thl, Thl7,
Th9 and Th22 cells as determined by cytokine profile and preferential production of
IgG2a. TgCyc18 inclusion in the SAG1 vaccine, despite clearly altering the immune
response generated only had a modest effect on protection against infection over that
seen in SAG1 only vaccinated animals. This might be due to the infection model being
used in this study that looks at acute infection where the innate immune response plays
a significant role and thus differences in the adaptive immune response could be less
obvious or important. Therefore, studies described in the next chapter were undertaken
to ascertain if there is increased benefit of including TgCyc18 in a model that allowed
infection to progress to a chronic infection. Simultaneously, the ability of Cycl8 to
adjuvant a cocktail of DNA vaccines including surface antigens from bradyzoite namely,

SAG4 and SAG4.2 against cysts challenge for chronic infection is assessed.
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Chapter 6: The ability of Cyclophilin 18 (TgCyc18) to
adjuvant Bradyzoite Surface Antigens (SAG4 or
SAG4.2) and to protect mice from a cyst forming strain

of T. gondii
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6.1 Introduction

6.1.1 Chronic Toxoplasmosis

In the previous chapter, the inclusion of a plasmid containing the TgCyc18 gene as part
of a DNA vaccine containing SAG1 was found to augment immunogenicity and protection
of mice against challenge with T. gondii tachyzoites. However, although vaccination
resulted in 100% protection in terms of survival, parasite multiplication could still be
observed and this was accompanied by weight loss in all mice. Furthermore, infection in
humans or animals is normally through ingestion of tissue cysts or oocysts rather than
injection of tachyzoites. Therefore, it is important to examine the efficacy of vaccines
following a more clinically relevant challenge such as T. gondii cysts administered orally.
Furthermore, published studies have demonstrated that the inclusion of bradyzoite
expressed antigens can enhance protection of vaccines (Nielsen et al., 2006). Inclusion
of such antigens could have 2 possible benefits. Firstly, immune responses generated to
bradyzoite antigens could target the bradyzoites as they emerge from the cyst
immediately following infection. Secondly, the generated immune response could target
parasites as they make the transition from tachyzoite to bradyzoite. Previous work has
demonstrated that certain bradyzoite-expressed antigens can provide a degree of
protection in various murine models of disease (Table 6.1). For example, vaccination with
a combination of a DNA vaccine encoding SAG4 (a T. gondii bradyzoite expressed
protein) in conjunction with a peptide containing a linear B-cell epitope from SAG4 was
found to provide a degree of protection. Vaccinated mice had increased survival time
when challenged with RH tachyzoites and 31% less brain cysts when challenged with the
Pru strain of T. gondii (Zhou & Wang, 2017). In another study, immunisation with a

multicomponent DNA vaccine composed of plasmids encoding SAG1 and GRA4 with a
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plasmid encoding GM-CSF as an adjuvant was able to provide significant protection
against acute mortality and reduce brain cyst burden in chronic infection following

challenge with the 76K strain of T. gondii (Mévélec et al., 2005).

6.1.2 T. gondii SAG4 and SAG4.2

SAG4 and SAGA4.2 are part of an antigenically family of SAG-related sequences (SRS).
The structure of SAG1 has been solved and it reveals homodimeric protein complex with
a deep grove between that has been postulated to bind sulfated proteoglycans (He et al.,
2002). Consistent with this hypothesis, T. gondii was previously demonstrated to use
sulfated proteoglycans to attach and invade host cells (Carruthers et al., 2000). More
recently the structure determination of BSR4 revealed a similar homodimeric
arrangement, but with a distinct binding site suggested that it binds a distinct ligand
(Crawford et al., 2009). It is likely that other family members including SAG3 and SAG5
have a similar structure and play similar roles in host cell attachment (reviewd, Rezaei et
al., 2019). Some members of the SRS family are known to be differentially expressed by
tachyzoites and bradyzoites. SAG4 and SAG4.2 are known to be expressed in the
bradyzoite stage, but not the tachyzoite stage of T. gondii. Tissue cysts containing
bradyzoites can be detected within six to seven days following infection with tissue cysts
and are supposed to persist throughout the life of the host. However, cysts can also be
detected in visceral organs including the lungs, brain, liver and kidneys as well as the
bone marrow (Dubey, et al 1998). SAG4 and SAG4.2 antigens would therefore be among
the first bradyzoite specific SRS antigens to be seen by the immune system following

ingestion of tissue cysts.
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Table 6.1 Examples of vaccine studies that included bradyzoite expressed antigens

Vaccine Type Tachyzoite | Bradyzoite | Animal Challenge strain Results Reference
component | component | model of T .gondii
T.9.HSP30/bagl Not found | T.g.HSP30 | C57BL/6 Cyst of Fukaya Both C57BL/6 and BALB/c | (Mun et al., 1999)
strain (orally) mice produce IgG antibodies,
y reduced brain cysts and
BALB/c e :
significant survival rate than
mice non-vaccinated mice
pGRA4 and pSAG1mut SAG1 GRA4 C57BL/6 Cyst of 76K type Il | 87% survival in vaccinated (Mévélec et al.,
GM-CSF GRA4 strain (orally) mice versus 0% in control 2005)
DNA vaccine Swiss OF1 non-vaccinated
mice Lower number of cerebral
cysts
pGEX-MAGL1 and MAG1 MAG1 C3H/HeN 30 cysts of | Reduce brain cyst number to | (Nielsen et al.,
pGEX-BAG1 BAG1 mice avirulent T. gondii | 62% and induce production | 2006)
DNA vaccine SSI 119 strain | of specific lgG2a antibodies
(orally)
rROP2, rtGRAS5 and rROP2, rROP2, BALB/c 50 cysts from the partial protection against | (Igarashi et al.,
rGRA7 recombinant rGRA5 and | rGRAS5 and | mice VEG strain (orally) | brain cyst formation 2008)
proteins (I/N) rGRA7 rGRA7
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liposome-encapsulated | GRA4 GRA4 C57BL/6 ME 49 cysts High levels of IgG, IFN-y (Chen et al., 2009)
GRA4 (orally) and IL-2 production, and
DNA vaccine prolong survival rate
BALB/c
mice RH tachyzoite (I/P) | Longer survival time
GRA1 and SAG1 GRAL1 and GRA1 BALB/c tachyzoites of RH | High levels of 1gG, IFN-y (Wu et al., 2012)
DNA vaccine SAGL mice strain (I/p) and IL-2 production
Multi-epitopes DNA SAGL, GRA2, BALB/c RH strain high levels of IFN-y and | (Cao etal., 2015)
vaccine of SAG1, GRAZ, GRA7 and mice tachyzoites (I/P) IgG2a, and low levels of IL-4
GRA7 and ROP16
GRA2, GRA7 and ROP16 or IL-10
ROP16 with pRANTES
adjuvant
TgMIC1, TgMIC4 and TgMIC1, TgMIC1, C57BL/6 80 cysts of the reduced brain cyst numbers | (Pinzan et al.,
TgMICG6 proteins TgMIC4 TgMIC4 mice ME49 (orally) and increased of survival | 2015)
TgMIC6 time after challenge
pSAG4 DNA vaccine Not found | SAG4 BALB/c RH strain Increased 1gG and IFN-y (Zhou & Wang,
and SAG4 peptide mice tachyzoites (I/P) 2017)

20 cysts of PRU
strain (orally)

Brain cyst number is 31% of
the number in PBS injected

mice.
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6.2 Aims

The studies in the previous chapter suggested that the inclusion of TgCycl8 to a
recombinant DNA vaccine including the SAG1 gene could induce protection against T.
gondii tachyzoites. Therefore, in this chapter the aim is to investigate if the inclusion of
bradyzoite expressed genes into this multicomponent DNA vaccine provides protection

against T. gondii cyst challenge.

Specifically, by:
1. Determine if inclusion of SAG4 or SAG4.2 to the DNA vaccine comprising SAG1 and
TgCyc18 provides better protection against weight loss, mortality and cyst formation.
2. Compare the immune response of control and vaccinated mice following oral

challenge with T. gondii cysts.

6.3 Experimental Design

6.3.1 Vaccination

Female BALB/c mice 6-8 weeks old were divided randomly into five groups of 5 mice each.
Mice were vaccinated with single plasmids, or combinations of 2 or 3 mixed plasmids.
Specifically, groups of mice given left non-vaccinated as controls or given pVAX-1(empty
plasmid), pVAX-SAG1/Cycl8, pVAX-SAG1/Cycl8/SAG4, or pVAX-SAG1/Cycl8/SAG4.2.
For vaccination, mice were injected intramuscularly with plasmid DNA (50 pl in each anterior
tibialis at a concentration of 2 mg/ml). Mice received three immunisation doses at two week

intervals before challenge with T. gondii.
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6.3.2 Challenge experiment:

Three weeks after the last vaccination, vaccinated and non-vaccinated mice were

challenged orally with 20 cysts/mouse of T. gondii (Beverley strain).

6.3.3 Evolution the immune response

Protective immune responses were evaluated by determination of cytokine levels in brain
after the sacrifice day by using multiplex cytokine bead array and flow cytometry. Mouse

body weights and survival rates were measured until the end of the experiment.

_f;\x/ T.gondii
Challen
DNA concentration 2mg/ml, I'M injection g¢ Analysis assays
J vaccination dose with 2 weeks interval 4'
Body weight: daily measure after infection until sacrifice
Da I I I I I > Survival rate: days post infection
“' | | | | Cytokines measurement: Bead-based immunoassay

] 16 30 a5 67

Figure 6. 1 Experimental design for vaccination and challenge infection with cysts of T. gondii.
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6.4 Results

6.4.1 Preparation of pVAX-SAG4 and pVAX-SAG4.2 Constructs

PVAX-SAG4 and pVAX-SAG4.2 were kindly provided by prof. Craig W Roberts. The two
plasmids were transformed into E. coli DH5a, amplified, isolated and cleaved to confirm their

identities as shown in figure 6.2.

pVAX-SAG4 was cleaved with Xbal, EcoRI and Apal resulted in 3578 bp, 213 bp,3365 bp
and 3578 bp fragments (Figure 6.2 A). While pVAX-SAG4.2 was cleaved with Xbal, EcCORV
and Stul resulted in 3602 bp, 603 bp, 2999 bp and 3602 bp fragments (Figure 6.2 B). For
vaccination, both plasmids were purified and obtained by using Macherey and Nagel

endotoxin free Giga Kkit.
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Figure 6. 2 Characterisation of recombinant plasmids pVAX-SAG4 and pVAX-SAG4.2 by

restriction analysis.

(A) Top, pVAX-SAG4 map; middle, table of expected of fragments sizes using different restriction
enzymes; bottom, agarose gel of pVAX-SAG4 restriction analysis. Lane 1, Xbal; lane 2, EcoRl; lane 3,
Apal . (B) Top, pVAX- SAG4.2 map, middle, table of fragments sizes using different restriction enzymes;
bottom, agarose gel of pVAX- SAG4.2 restriction analysis. Lane 1, Xbal; lane 2, EcoRV; lane 3, Stul .

Mr, DNA size marker in kb.
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6.4.2 Survival Rate

From day 15 post infection, onwards the death of mice was observed. Mice vaccinated with
pVAX-1 and non-vaccinated groups had 40% and 60% of survival rate, respectively. Mice
vaccinated with SAG1/Cyc18/SAG4 and pVAX-SAG1/Cycl18 had 60% survival rate.

In contrast, significant protection was seen in mice vaccinated with SAG1/Cyc18/SAG4.2
relative to control non-vaccinated or pVAX-1 vaccinate mice, with 80% of mice surviving

infection with T. gondii bradyzoites (p<0.001 and 0.01, respectively) (Figure 6.3).
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Figure 6. 3 Survival curves of BALB/c mice groups following orally challenged with 20

cysts/mouse.

Mice vaccinated with SAG1/Cycl8/SAG4.2 showed 80% protection rate against challenge

infection. Each group contains five mice. **<p 0.01, ***<p 0.001.
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6.4.3 Body Weight

The body weights of all groups of mice after challenge infection were measured daily for the
duration of the experiment. 2 mice out of the 5 control non-vaccinated group of mice lost
over 5% of their body weight and never recovered to pre-infection weights (Figure 6.4 A).
The pVAX-1 vaccinated mice had high levels of mortality with the one surviving mouse
recovering weight (Figure 6.4 B). 2 out of the 5 mice vaccinated with SAG1/Cycl18 or
SAG1/Cyc18/SAG4 mice recovered to within 5% of their starting weight by the end of the
study. In contrast, 4 out of the 5 pVAX-SAG1/Cyc18/SAG4.2 vaccinated mice survived and
all recovered to within 5% of starting weight (Figure 6.4 D). The mean weights of surviving
mice over the course of the experiment is shown in Figure 6.4 F although this has to be

interpreted with caution as it excludes mice that died or had to be euthanized.
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Figure 6. 4 Survival curves and body weight differences of BALB/c mice groups

following challenge infection with T. gondii cysts orally.

Mice vaccinated with pVAX-SAG1/Cyc18/SAG4.2 showed a significant protection against body

weight loss.
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6.4.4 Detection of Cytokine Levels from Brain Tissue

To determine the inflammation response in brains of vaccinated and non-vaccinated mice,
a multiplex cytokine bead array was used. Levels of cytokines were generally low in all
groups of mice. However, mice vaccinated pVAX-1 without a gene insert generally had lower
levels of cytokine compared with control non-vaccinated mice (this was significant for GM-
CSF and IL-17a). In contrast, mice vaccinated with SAG1/Cycl18/SAG4 generally had
increased levels of cytokines relative to control non-vaccinated mice (this was significant for:
GM-CSF, IFN-y, IFNB, MCP-1, TNF-q, IL-1a, IL-1B, IL-6, IL-12p70, IL-17a and IL-23)

(Figures 6. 5 and 6.6).
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Figure 6. 5 Levels of GM-CSF, IFN-y, IFNB, MCP-1 and TNF-a from brain tissue of

vaccinated and control negative groups following challenge infection.

*<p 0.05, **<p 0.01 and *** <p 0.001 significance between the groups. Immunised mice, n=5.
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Figure 6. 6 Levels of IL-1a, IL-18, IL-6, IL-10, IL-12p70, IL-17a, IL-23 and IL-27 from brain

tissue of vaccinated and non-vaccinated groups following challenge infection.

*<p 0.05, **<p 0.01 and *** <p 0.01 significance between the groups. Immunised mice, n=5.
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6.5 Discussion

Chapter 5 demonstrated that the ability of a plasmid containing TgCyc18 gene to act as an
adjuvant and augment the immune response to DAN vaccination with SAG1. This resulted
in an augmented Thl response including increased IFN-y production and higher IgG2a
levels than in mice vaccinated with pVAX-SAG1 alone. There was no significant difference
in the parasite numbers in mice vaccinated with TgCyc18 and SAG1 in combination and
mice vaccinated with SAG1 alone. However, mice receiving pVAX-Cyc18 and pVAX-SAG1
in combination had reduced weight loss compared with mice receiving the pVAX-SAG1
vaccination alone. This suggested that the TgCyc18 induced alteration to the immune
response following vaccination was functionally protective. Therefore, the studies described
in this chapter were to determine if this vaccination procedure would provide protection in
against a cyst forming strain of T. gondii and whether the addition of bradyzoite expressed
genes into this multicomponent DNA vaccine provided further protection. SAG4 and SAG4.2
were chosen as bradyzoite expressed antigens as they are members of the SRS family

similar to SAG1 which has already been shown to be promising vaccine candidate.

Previous studies showed that including bradyzoite antigens in a DNA vaccination against T.
gondii can be effective and reduce brain cyst formation and elicit a Thl type immune
response as determined by IlgG2a production (Nielsen et al., 2006). Other studies have been
demonstrated that multi-gene vaccines that included tachyzoite and bradyzoite components
could increase survival time and reduce the number of brain cysts in immunised mice (Zhou

& Wang, 2017; Mévélec et al., 2005).
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Mice vaccinated with SAG1/Cyc18/SAG4.2 had significant protection with 80% of surviving
time against T. gondii bradyzoites infection compared with mice vaccinated with pVAX-1 and
non-vaccinated mice, which had 40% and 60% of survival rate, respectively.

The four mice vaccinated with SAG1/Cycl18/SAG4.2 recovered to within 5% of starting
weight whereas recovery was less obvious or only seen in some non-vaccinated mice or
mice vaccinated with empty plasmid. SAG4 has been demonstrated to contain immune
protective epitopes in a previous study. A vaccine comprising DNA and a SAG4 peptide
containing predicted B cell and MHC Il epitopes increased the survival time of mice
compared with control mice challenged with tachyzoites or bradyzoites of T. gondii (Zhou &

Wang, 2017).

The cytokine levels from brain tissue after challenge infection were examined using a 13-
plex cytometric bead array designed to measure inflammation. The intracerebral immune
reactions and the in vivo regulation of microglial activity are still poorly understood and the
CNS infections, most reported information concerning the immune response in T. gondii
CNS infection originates from murine models. Several studies demonstrated the effects of
T. gondii infection to cause toxoplasmic encephalitis for better understanding the immune
response in CNS. Tachyzoite parasites appear to infect astrocytes, neurons, and microglial
cells, possibly with different affinities followed by CD4* and CD8* T cell influx in a process,
which is critical for control of T. gondii CNS infection. It has been demonstrated that
toxoplasmic encephalitis induces IL-12p40, INOS, IL-18, TNF-a largely due to CD8" T cell
interaction (Schllter et al., 2006). However, it has been shown that neurons containing
parasite cysts avoid scrutiny by CD8* T cells and that observed by using two-photon

microscopy of living brain tissue and confocal microscopy of fixed brain sections (Schaeffer
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et al., 2009). Interferon-gamma (IFN-y)-dependent cell mediated immune response
eventually kills off the majority of the tachyzoites but in some sites including the CNS the
tachyzoites convert to bradyzoites. It is difficult to draw firm conclusions from the results due
to the small numbers of surviving mice in some groups. However, cytokine levels were
generally raised in mice vaccinated with SAG1/Cyc18/SAG4 suggesting that vaccination
had increased the inflammatory response and potentially protective immunity to T. gondii
infection. In contrast, vaccination with pVAX-1 without an insert had a deleterious effect with
respect to T gondii mortality of infected mice and cytokine levels in the brain were generally
low. This may be due to immunosuppression, or the toxic effect of pVAX-1 itself.
Alternatively, vaccination of mice with empty pVAX-1 plasmid may induce an inappropriate

non-specific stimulation of the immune system as previously described (Wu et al., 2012).

6.6 Conclusions

T. gondii Cyc18 is a promising adjuvant candidate that warrants further investigation and
potential development to be included with a DNA vaccine or a conventional. The ability of
TgCyc18 to direct the cellular immune response towards a Thl phenotype could be useful
in vaccine for other diseases where this is desirable. As DNA vaccination does not require
expression and purification of vaccine candidates to test, it provides a useful tool to find

protective components that can be used as part of a multicomponent vaccine.
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The development of a safe and active vaccine against T. gondii infection has the potential
to alleviate human and animal disease, to provide improved animal welfare and impact
public health in a positive manner. Modern vaccines currently in use against other pathogens
are typically proteins combined with an appropriate adjuvant to induce and augment their
immunogenicity (Doskaya et al., 2007). As many potential vaccine candidates are
glycoproteins they are best expressed in a eukaryotic system to facilitate post-translational
modification. Eukaryotic systems are costly and generally provide poor yields. Therefore, in
the first part of this work the expression of TgCyc18 and TgSAGL1 proteins in L. tarentolae
as filamentous recombinant proteins was attempted as proof of principle and to generate

material for experimental immunisation purposes.

Recombinant proteins have been expressed in a number of different systems for a wide
variety of purposes. However, each system has a number of advantages and limitations.
Expression in prokaryotic systems, such as E. coli tends to be used as a first option as it is
inexpensive and capable of high yields. In addition, E. coli itself can be relatively easily
modified to help with expression, through addition of helper plasmids carrying heterologous
tRNAs. However, E. coli is not suitable for all applications as it does not cope well with the
expression of large proteins, does not perform post-translational modifications such as
glycosylation and does not always result in authentically folded proteins. In addition as E.
coli contains endotoxin, proteins have to be purified to remove this potentially harmful

contaminant (Rosano & Ceccarelli, 2014).

Consequently, a number of other systems have been developed that make use of eukaryotic
organisms. These systems have been especially important in production of therapeutic

proteins, which might need to be glycosylated. Eukaryotic systems include mammalian cell-
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culture systems, such as Chinese hamster ovary (CHO), yeast systems such as Pichia
pastoris and even protozoan systems such as L. tarentolae (Niimi, 2012; Demain &
Vaishnav, 2009b; Chu & Robinson, 2001). CHO and yeast expression systems are currently
used to produce some therapeutic proteins but are expensive (Mattanovich et al., 2012).
Mammalian expression systems have for example been used to produce antibodies,
complex proteins and proteins for use in functional cell-based assays with post-translational
processing and functional activity. Such proteins are produced transiently or through stable
cell lines, where the expression construct is integrated into the host genome. As well as the
extra cost, mammalian systems have demanding culture conditions (reviewed in Jenkins et

al., 2009).

L. tarentolae has been used as a eukaryotic expression systems as it can grow in
suspension cultures and can produce grams-per-liter yields with providing more native
folding and post-translational modifications, such as glycosylation, as compared to other
expression systems. Previous studies have used L. tarentolae for recombinant protein
production (Niculae et al., 2006; Dortay & Mueller-Roeber, 2010; Kianmehr et al., 2016) and
the biological application of these proteins is shown in table 1.4. The studies undertaken in
this thesis aimed to improve the L. tarentolae system, through fusion of proteins to
filamentous proteins that would be secreted into the culture supernatant for easy purification.
This study found that the SAG1 fusion protein was secreted into the culture medium and
could be enriched by ammonium sulfate precipitation. However, the quantities obtained were
insufficient for vaccination studies but similar to those obtained in the commercial L.
tarentolae system. Consequently, the improvement of this eukaryotic protein expression

system still remains a challenge.
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The second goal of the work in this thesis was to investigate the use of TgCycl8, a
chemokine mimic produced by T. gondii that binds CCR5 and induces IL-12 as an adjuvant
for vaccination. The need for vaccine adjuvants has become greater due to the development
of recombinant sub-unit vaccines. This is because synthetic antigens used in vaccines are
generally far less immunogenic than live or killed whole organism vaccines. The first widely
used adjuvant for humans was ALUM (Glenny et al., 1926). This aluminum salt is able to
improve humoral immunity via Th2 type immune responses but not Thl type (Comoy et al.,
1997). ALUM has previously been used with recombinant T. gondii SAG1 antigen expressed
in E. coli to immunise mice, and induced partial protection against challenge with tachyzoites
(Petersen, 1998). To overcome this limitation a practical approach to designing new
vaccines is to add additional components to the existing adjuvants. So for example the
adjuvant ASO4 (HPV vaccines manufactured by GSK), comprises alum and the TLR4
agonist, monophoshoryl lipid A (MPL) (Gargon et al., 2011). No studies to date have reported

that AS04 provides any benefits over ALUM in a T. gondii model.

One adjuvant that has recently shown promising results for a T. gondii vaccine is
Glucopyranosyl lipid adjuvant-stable emulsion (GLA-SE), a synthetic Toll-like receptor (TLR)
4. It is currently being explored as a vaccine adjuvant to enhance immunogenicity and can
provide protection against seasonal influenza (Coler et al., 2010). This adjuvant has been
found to trigger the innate immune response by activation of dendritic cells to induce
production of T-helper 1 (Thl) cell-promoting cytokines, TNF-a, IL-1b, IL-6, and IL-12

(Behzad et al., 2011).

Multi-epitope DNA, protein nanoparticles or peptide vaccines have been successfully used

with GLA-SE adjuvant to protect human HLA transgenic mice against T. gondii resulting in
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increases of cytotoxic CD8* T cells, IFN-y production and efficient presentation by the major
histocompatibility complex in immunised mice. Importantly, vaccinated mice when
challenged with T. gondii developed fewer cysts than control mice (Cong et al., 2012; El

Bissati et al., 2016, 2017).

Other TLR agonists such as CPG oligodeoxynucleotides (CPG ODN) have been used with
some success as a vaccine as it is known to bind Toll-Like Receptor 9 (TLR9), which is
constitutively expressed only in B cells and dendritic cells (Bauer & Wagner, 2002). The use
of CPG ODN as adjuvant for vaccines designed to prevent infectious disease was reviewed
in (Shirota & Klinman, 2017). CPG vaccines are appealing for inclusion in DNA vaccines as
they can be easily incorporated. Cytokine adjuvants also have potential in DNA vaccination
as they can be given with a gene and are able to enhance cellular immune responses (Xiang
& Ertl, 1995). Granulocyte-macrophage colony stimulating factor (GM-CSF) was used with
a multiantigenic DNA vaccine and was found to enhance the survival time of mice against

T. gondii infection (Mévélec et al., 2005).

The current study demonstrates that TgCycl8 given as part of a multi-component DNA
vaccine has adjuvant potential as it can increase the relative intensity of Th1l induction as
measured by IFN-y and IgG2a production and provide some benefit to vaccinated mice in
terms of reduced weight loss. The inclusion of further T. gondii genes in the vaccine did not
offer a dramatic improvement of protection in a cyst forming model of chronic toxoplasmosis.
Future studies could investigate the use of further synthetic genes encoding defined
epitopes. Alternative approaches might also include changing the route of immunisation.
The antigen delivery pathway is a key parameter for the induction of protective immune

responses by vaccines against intracellular pathogens. Most candidate vaccines have been
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given parenterally to induce systemic immunity by using intramuscular immunisation, which
can control toxoplasmosis efficiently (Lunden et al., 1993). Several studies have shown that
intranasal immunisation with T. gondii protein can induce a systemic immune response and
partial protection against chronic lethal T. gondii infections and brain cyst formation by
stimulation of mucosal immune responses in effective sites, including the gut, genital tract,

and nose cavity of the experimental mice (Wang et al., 2014, Igarashi et al., 2008).

This work could be extended in a number of ways to understand the mechanisms of action
for the experimental vaccine. For example, host gene expression during the immune
responses to T. gondii in the brains of mice could be evaluated using RNAseq to determine
expression levels. Brain cyst burdens could be assessed in further experiments by

immunohistochemistry or through using gPCR.

The knowledge acquired from this study has proven that the inclusion of TgCycl8 as a
natural adjuvant in a DNA vaccine formulation can better induce a Thl response for co-
administered genes and offers a new strategy for other vaccines where the induction of cell-

mediated immunity is required.
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