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Abstract 

 

Schistosoma mansoni and Leishmania major parasites use immunomodulatory strategies 

to evade the host’s immune response and little is known about the mechanisms by which 

these two parasites modulate host immune responses. As a result, these parasites 

develop different subversion mechanisms to escape host immunity and controlling such 

immunomodulatory pathogens is still not successful. In this project we hypothesized that 

an understanding of the ability of memory T cells to withstand pathogen manipulation is 

crucial for the development of effective vaccine strategies to control these pathogens. 

Therefore, in this study, OVA transgenic S. mansoni and OVA transgenic L. major were 

generated to use as a tool to measure the degree of immune memory resilience (defined 

as an ability of the immune memory to withstand pathogen manipulation) of T helper 

cells on the face of pathogen-mediated immune manipulation in vivo. The specific aims 

of this thesis are: i) Express recombinant OVA in both S. mansoni and L. major, ii) 

Demonstrate that OT-II TCR transgenic T cells are able to recognise the OVA expressed by 

the parasites, iii) Differentiate the OT-II cells into Th1, Th2 and Th17 cells in vitro and 

demonstrate their functional phenotype, and iv) Investigate whether the parasites 

expressing OVA are able to influence the cytokine expression profile of the Th1, Th2 and 

Th17 OT-II memory T cells. To achieve this, first OVA expression by S. mansoni and L. major 

was confirmed using RT-PCR and western blot. Subsequently, in vitro and in vivo analysis 

for proliferative responses of OT-II T cells revealed OVA was recognized by OT-II T cells. 

The proliferated cells also produced cytokine signatures following stimulation with the 

OVA expressing parasites both in vitro and in vivo. To measure the immune memory 

resilience of memory T cells against such pathogens, an OT-II mouse model was used as a 

source of naïve OT-II T cells. Hence, Th1, Th2, and Th17 polarised memory cells were 

generated in vitro and these cells were adoptively transferred to recipient mice to 

investigate the immune memory resilience in the face of pathogen-mediated 

manipulation. After transferring memory cells, mice were challenged with OVA-

transduced S. mansoni eggs and OVA transfected L. major parasites as well as wild-type 

controls. After recovery of Th memory cells, their proliferation rate and cytokine signature 

was analysed using flow cytometry. The in vitro differentiated Th1, Th2 and Th17 memory 
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cells produced cytokines when challenged by OVA-expressing S. mansoni eggs and OVA 

expressing L. major. Indeed, Th1 memory cells produced significant level of IFN- and TNF, 

while, Th2 memory cells produced high level of IL-2, IL-6 and IL-10, similarly, Th17 memory 

cells produced IL-17 when stimulated with OVA-expressing parasite eggs and OVA 

expressing L. major.  However, Th1, Th2, and Th17 memory T cells didn’t proliferate in 

response to wild type S. mansoni eggs, and wild type L. major, and when they were left 

unstimulated. Therefore, the Th phenotypes of the memory T cells remains unaltered in 

the face of stimulation by two immune manipulative pathogens (S. mansoni and L. major). 

The ability of memory T cells to remain resilient to manipulation by these two pathogens 

has important implications for the prospect of developing vaccines against these 

parasites.  

 

Key words: Immune memory, Immunomodulatory pathogen, In vitro, In vivo, , OVA, 

resilience, Th memory cells. 
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Chapter 1: Literature Review  

 

1.1. Introduction 

 

Today, more than 2 billion people are suffering from chronic parasite infections with a 

considerable morbidity, albeit more recently, reduced mortality [1]. Parasites are complex 

organisms, often with a large genome, allowing some species to escape destruction by the 

immune system and therefore infect their hosts for decades [2]. The relationship between 

parasitic infections and the host’s immune responses are the result of dynamic co-

evolution of the host and the parasite [3]. Some parasites have complex multi-stage 

lifecycles, which involve multiple hosts [4], and hence complex immune responses to these 

different life stages can be expected. As a result, these parasites invade diverse organ 

systems such as the lymphatic system, the gastro-intestinal tract and the vascular system. 

Hence, parasites such as Helminths (for example S. mansoni [5, 6]) had to develop multiple 

immunomodulatory lines of attack to survive the immune responses present in each of 

these organ systems. Over extended periods of time, a delicate balance has evolved that 

allows chronic infections to be maintained by the parasite without provoking either a fatal 

immunopathology or overwhelming infection that would kill the host [7]. For example, 

immunomodulatory molecules produced by the microorganisms allow them to persist 

during chronic infections and the characterization of these specific immunomodulatory 

molecules is becoming the subject of intense research since such molecules have the 

potential to become novel immunotherapeutics whether they work at the level of innate 

or adaptive immunity [8].  

 

In the past, the lack of extensive genomic research and transgenesis techniques has been 

a major challenge for the study of parasite gene functions [9]. However, recently much 

progress has been made in the development of transgenic parasites, allowing for the 

structural and functional analysis of specific gene products [10] by, for example, knocking-

in or knocking-out target genes followed by analysis of gene function in vivo [11]. New 

genetic manipulations and transgenesis tools including RNA interference (RNAi) 

techniques, have been developed for parasites. Recently, Hagen et al. [12], used lentivirus 

transduction methods to transform S. mansoni eggs with RNAi to specifically down-
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regulate genes and analyse the function of the soluble egg antigens (SEA) in the immune 

and pathological processes of infections, in a mouse model. Hence,  transgenic parasites 

have been utilised in a wide range of applications to investigate complex host-parasite 

interactions in vivo. Indeed, using this versatile technology, it has become possible to 

unravel the detailed immune response to parasites. The development of improved tools 

and technological advances are contributing to our better understanding of how complex 

parasites interact with their respective hosts. Despite such progress, there are still major 

bottlenecks in gene manipulation approaches in parasites including parasites being often 

large multi-cellular organisms, with diverse cellular elements and tissues, and complex 

lifecycles, which can be difficult to maintain in the laboratory [13]. However, even in more 

simple parasites such as L. major [14], there are still many unanswered questions 

surrounding the host-parasite interactions, particularly at the molecular level. 
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1.2. Human schistosomiasis 

 

1.2.1. Global distribution  

 

Helminth parasites are distributed worldwide, with a high prevalence in many countries 

and territories. Substantial progress has been made in the prevention and control of 

helminth infections as a result of the discovery of some effective and safe therapeutic 

drugs, modification and innovation in diagnostics, and breakthroughs in the management 

of these parasitic diseases. However, the complete elimination and final eradication of 

parasitic helminths remains on the global agenda because of challenges arising from drug 

resistance, a lack of effective vaccines and the complexity of the parasites’ biology [14]. 

Human schistosomiasis is one of the neglected tropical parasitic diseases affecting an 

estimate of 200 million people worldwide, of which, 85 % live in Africa with a total of 

around 100,000 deaths annually (Fig 1.1). Parasite trematode worms of the genus 

Schistosoma (blood flukes) are the cause of schistosomiasis, which is endemic in more 

than 70 countries with five known species causing schistosomiasis in humans (S. mansoni, 

S. japonicum, S. haematobium, S. intercalatum, and S. mekongi) [15]. S. mansoni is a 

common species in most African regions and parts of Central and South America. In 

contrast, S. japonicum is an endemic species in China where bovines are the main 

reservoirs and in Indonesia and Philippines where dogs and pigs are the main reservoirs. 

S. haematobium is distributed throughout the Middle East and Africa, while S. mekongi 

and S. intercalatum are localized in some districts of Cambodia and central Africa, 

respectively [16]. Therefore, while there is a high degree of variability in the epidemiology 

of the diseases among various regions of the world. Human schistosomiasis is distributed 

over tropical and subtropical countries, with a significant economic impact on these 

regions.  
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Figure 1.1. A worldwide distribution of schistosomiasis and population at risk in the year 

2010-2015. This map shows an estimated number of children in the age of 6 to 14 years 

who require treatment for schistosomiasis or preventative chemotherapy annually in 

countries where schistosomiasis is endemic. Black marks on the coloured map indicate 

countries where there has been a mass chemotherapy programme using praziquantel. 

This result is based on the data obtained from the World Health Organization’s 

preventative chemotherapy databank. Image taken from Mutapi et al. [17]. 

 

1.2.2. Biology  

 

Schistosome parasites have a complex life cycle (Fig 1.2), which requires two different 

hosts, the intermediate snail host (Biomphlaria glabrata in the case of S. mansoni) and a 

final vertebrate host. In the snail, the biological process of parasite development starting 

from egg hatching to releasing infective cercaria, occurs [18]. Schistosome infection is 

acquired in the mammalian host when the infective stage (cercaria) is released from the 

snail intermediate host into the water and penetrates the skin or mucosal surface during 

water exposure. The Schistosoma larvae reach the hepatic portal vein after migrating 

through the circulatory system and develop into bisexual adult worms, which migrate to 

the mesenteric veins. The female worm deposits eggs in the venous system of the 

intestine where the eggs are either emitted to the external environment through faeces 

or urine, or retained in the host’s tissue to induce a granulomatous inflammatory process, 

which is the main pathology of schistosomiasis [19]. The most severe infections are 

associated with S. haematobium and results in urogenital disorders, for instance bladder 
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cancer and renal failures. The most common notable consequence of S. mansoni infection 

is liver fibrosis and portal hypertension [18].  
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    Figure 1. 2. An overview of human schistosomiasis life cycle.  The life stages of the 
Schistosoma parasite from adult worms to eggs is briefly described as follows (modified 
from https://msu.edu/course/zol/316/ssppblood.htm): The adult male and female worms 
live in the mesenteric and portal vasculature and after mating, eggs are released at this 
site and can be shed to the external environment or they can be retained in different 
tissue parenchyma to induce chronic inflammation. Those eggs are released through 
excretory organs and reach the aquatic niche. At this stage, eggs are hatched in free-
living miracidia having cilia, which helps them swim in the water and find the 
intermediate host, the snail. Once the snail is infected, the parasite reproduces asexually 
resulting in primary and secondary sporocyst, which transform into thousands of cercaria 
during a 4-6 week period in the snail intermediate vector. The cercaria are released into 
the water and the final host (humans) acquire the larvae through direct contact with skin. 
Following penetration of the cercaria through the skin into the mammalian host, the 
parasite needs around 6 weeks to develop into the adult stage and start producing eggs. 
The period from the time between infection of the definitive host and egg production is 
called pre-patent period (5-7 weeks). One of the important features of the cercaria is 
that it can only survive 1-3 days in fresh water before depleting its energy. Whereas, the 
eggs can survive 1-2 weeks either after excretion into the environment or by staying in 
the host after being released by the female worm.  

 

https://msu.edu/course/zol/316/ssppblood.htm
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1.2.3. Clinical pathology: Th1 to Th2 modulatory phase  

 

The first course of infection develops immediately after cercaria penetration via the 

subcutaneous route is called “acute schistosomiasis” and is associated with inflammatory 

cells. Individuals living in endemic areas may not notice this initial infection as most 

commonly, infected subjects show relatively mild clinical manifestations of fever, 

weakness, chills, headache, vomiting, anorexia, nausea and general malaise. Occasionally, 

severe watery diarrhea, dysentery, non-productive cough, and weight loss may develop. 

Patients with acute schistosome infection may sometimes co-diagnose as having typhoid 

fever, miliary tuberculosis, hepatitis, pancreatitis, appendicitis, and myelitis [20]. As the 

parasite reaches the chronic phase of infection, the adult worms have their own 

predilection sites in mesenteric and pelvic venules where they deposit eggs [21]. For 

instance, S. mansoni preferably located and deposit its eggs in inferior mesenteric vein of 

the large intestine and S. japonicum tends to survive in the superior mesenteric veins 

draining into the small intestine [22]. Many eggs are circulated upstream where they 

accumulate in different organs particularly the liver, urogenital tract and bowel. At this 

point, the pathology of schistosomiasis is mostly associated with chronic immunological 

responses against the pathogen and the pathogen itself also start to develop specific 

modulatory strategies of the host’s immune system in order to survive [23]. After several 

weeks of infection, the pro-inflammatory Th1 response is abrogated and the modulatory 

Th2 responses develop with a series clinical manifestation including fibrosis, malignancy 

and glomerulonephritis. At this stage, disease morbidity also increases. 

 

1.2.4. Management: Past & present scenario  

 

Mass drug administration program (MDA), which refers to drug treatment of individuals 

regardless of their infective status, and the development of antihelmintics for public 

health improvement in tropical countries, with special emphasis on children’s health, has 

advanced both the short-term and long-term wellbeing of populations at risk [17]. 

Schistosomiasis can be treated effectively using praziquantel, the only potent drug 

available against all species. The main advantages of praziquantel are effectiveness, good 

safety profile and low cost. While praziquantel is effective against the adult parasite and 
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cures an infection and helps free the host from the invasive immunomodulatory action of 

the pathogen, this drug is less effective against the juvenile stages of the S. mansoni [19]. 

The treatment is however crucial in increasing the exposure of the immune system to 

parasite antigens, helping the rapid development of acquired immunity, which would take 

a much longer time to advance naturally [17].  

  

Praziquantel acts on the tegument of the parasite, which causes muscle contraction and 

such morphological changes are accompanied by increasing the sequestration of parasite 

antigens on the outer surface of the worm, which allows the immune system to attack 

the parasite [24]. The World Health Organization (WHO, Fact sheet No 115, May 2015) 

strategy for schistosomiasis control focuses on regular and effective treatment with 

praziquantel. This involves the treatment of high-risk groups including school-aged 

children, communities living in endemic areas, irrigation workers, fishermen and farmers. 

The frequency of treatment depends on the infection status and prevalence in school-

aged children with a focus on areas with high transmission rates. Repeated treatments 

over multiple years and at the same time regular monitoring should be applied to assess 

the result of the interventions. However, having these control options in place, the major 

limitation of schistosomiasis-control is the availability of praziquantel because very few 

people have adequate access to this drug. Over the past 40 years, schistosomiasis control 

has been implemented successfully in several countries and over the past 10 years, the 

treatment campaigns have been scaled up in a many sub-Saharan African countries, 

where most of the schistosomiasis high-risk groups live. Even though, the regular control 

strategies of the disease using drug treatment and other management options are 

effective, complete elimination followed by eradication at regional and global level is still 

a challenge, because the prevalence is still alarmingly high [25]. Vaccination is 

hypothesized to be one of the best options to control the disease although there is 

currently no commercially available vaccine against Schistosoma. The investigation of the 

detailed host-parasite interaction at the cellular and molecular levels is thought to be 

essential for the discovery of effective vaccines against this disease.  

 

Control of schistosomiasis might also be possible through effective interruption of the 

lifecycle of the parasite, which would inhibit parasite transmission. This could be achieved 
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by, for example, reducing or eliminating intermediate snail hosts, from their local habitats 

and by preventing of water contamination via environmental sanitation. Before the 

introduction of drugs such as praziquantel, snail control programs were an important 

schistosome-control strategy in many regions [26]. The use of molluscicides to treat snails 

is still offering an opportunity for the rapid control of schistosome transmission. One of 

the advantages in using such a control strategy is that it doesn’t require much labour, 

compared to mass chemotherapy and mass education strategies. In addition, the use of 

molluscicides can also control other vector born veterinary and human diseases. The only 

disadvantage of using molluscicides as a snail control strategy is that it is costly as it needs 

repeated application to prevent reinfection, except in isolated areas [Reviewed in [26]].  

 

1.2.5. Development of acquired immunity in schistosome infection 

 

Various field and experimental studies suggested that in human, acquired immunity 

develops during Schistosoma infection, albeit the development is gradual over the course 

of several years [27, 28]. The slow development of acquired immunity is attributed to the 

capability of the parasite to modulate the host’s immune response [1] leading to chronic 

infection [17]. Further studies suggested that Schistosoma-specific acquired immunity is 

enhanced after praziquantel treatment [29], particularly in school-aged children [30] and 

such treatment-induced immunity is significant for resistance to reinfection [31, 32]. 

Praziquantel acts on the Ca2+ transport channel of the adult worm tegument by increasing 

ion permeability, thus enhancing muscle contraction and paralysis, which is important for 

the host’s immune system to attack and kill the parasite [33]. The morphological damage 

of the parasite leads to exposure of key antigens and this drives the induction of parasite-

specific cellular responses and antibody production [34]. The death of the parasite 

followed by its clearance also removes the main cause of immunological down-

modulators and it increases the presence and activation of APCs, effector CD4+ cells as 

well as memory CD4+ T cells [35, 36]. 

 

Praziquantel treatment can also boost the cytokine response and antibody production to 

schistosome infections, six weeks after treatment [29]. Similar studies also showed that 

the maternal immune response to schistosome worm antigens and SEA after treatment 
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is higher at the time of delivery [37]. The ratio of IL-4 to IFN- (a measure of the relative 

strength of the Th2 vs Th1 response), was higher after treatment of patients with 

praziquantel and a significant increase in the proliferation of cells was also observed [38]. 

Another study showed how praziquantel treatment changes the immune response and 

affects the rate of reinfection [39, 40]. Identifying these changes is an important step for 

understanding parasite-specific acquired immunity and for the development of new 

vaccines [41].  

 

1.2.6. Role of T and B cells during S. mansoni pathology  

 

S. mansoni-induced pathology is caused by an immune response to the parasite eggs in 

various tissues of the host, resulting in the development of tissue fibrosis and such 

abnormalities lead to impairment of blood circulation in affected organs. The formation 

of parasite egg-induced granulomatous lesions is highly dependent on the sensitization of 

CD4+ T cells with the involvement of Th1 and Th2 cell subsets at different time points 

during infection. The size of granulomas decreases when the infection becomes chronic 

because of the development of fibrotic tissue. Such a regression in the pathology is due 

to the immunoregulation during different events and this affects the response of T cells 

to parasite egg antigens. Effector functions of CD4+ T cells are generally monitored by Treg 

cells and their soluble products [42]. Different mechanisms control the pathogenic 

process of the parasite suppressor CD8+ T cells [43] and cross-regulation through the Th1 

and Th2 cytokines [44]. The function of B cells in T cell-mediated immune response is not 

well known [42], while the regulatory pathways of pathogenesis and host-response to egg 

antigens requires a combined involvement of T and B cells, either directly or indirectly 

through helper functions of T cells for antibody production by B cells [45]. Some studies 

showed the role of B cells in development of S. mansoni induced pathology through the 

production of anti-idiotypic antibodies [46]. Early studies showed an involvement of B 

cells in pathology of schistosome infection using a B cell-depleted mouse model, but the 

result was not conclusive due to the side effects of injecting large doses of antibodies [45]. 

Furthermore, the study on the role of B cells is expanded using B-cell deficient mice and 

animals lacking the FcRγ chain and the result showed an exacerbated egg-induced 

pathology during both the acute and chronic phases of the infection and the down-
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regulation of the granuloma formation is not observed in wild type mice. Strikingly, the 

pathology is developed without any shift in Th1 or Th2 response and without any CD4+ T 

cell response regardless of the fact that S. mansoni-mediated pathology is CD4+ T cell 

mediated. Then it showed that independently of the T cell response, the interaction of Ig 

and FcRγ contributed significantly to the development of pathogenesis. The most 

significant effect of B cell and FcRγ deficiency is shown to be at the stage where down-

modulation of liver pathology started, and this phenomenon is correlated with the 

suppression of T cell responses to SEA [42]. There is further evidence for the importance 

of B cells in the down-regulation of S. mansoni-mediated pathology through production 

of antibodies and down-modulator cytokines such as IL-10 [47]. The mechanisms of 

granuloma down-regulation by B cells are based on either the neutralization of egg-

derived antigens through antibodies or by the secretion of anti-inflammatory molecules 

from FcR+ cells [42]. Some of the anti-inflammatory mediators important for down-

regulation of hepatic pathology includes TGF- β, prostaglandins, and phospholipase A 

[48].  

 

S. mansoni glyceraldehyde 3-phosphate or rSG3PDH is a surface membrane antigen, 

which is expressed by the schistosomula and cercaria [33]. Patients infected with S. 

mansoni produced IFN- following T cell responses against rSG3PDH with no reinfections 

and as a result, the positive effect of this surface antigen in protecting individuals against 

infection is demonstrated [49]. The mechanism of immune protection by this antigen is 

due to the role of IFN- promoting an inflammatory focus in the region of infection and 

activation of macrophages and effector cells to kill the invading larvae [50]. In addition, 

individuals who are resistant to infection, have serum IgG1 and IgG2 antibodies against 

rSG3PDH. These antibodies work together with natural killer cells, monocytes, and 

macrophages via their FcγR1, FcγRIII and RcγRII and through antibody-dependent cell-

mediated cytotoxicity against invading schistosomula. Furthermore, after the attack of 

schistosomula by an IFN- activated macrophage that damages the tegument, the 

exposure of cytoplasmic enzymes promotes the binding of antibody to rSG3PDH. 

However, rSG3PDH-dependent resistance to infection is independent of IgE-mediated 

protection though it was confirmed that IgE-mediated immune protection plays a role in 

the immune response against other worm antigens [51-53].  
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In conclusion, antibody production by B cells is very crucial in the down-modulation of 

parasite egg-mediated pathology even in the absence of a detectable effect of T cells and 

there is demonstrable association between T and B cell responses during S. mansoni 

infection. The detail relationship between cellular and humoral immunity is also 

illustrated in Figure 1.3 [54]. 
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Figure 1.3. The relationship between T and B cells during schistosome infection. T cells 
play a significant role in helping B cell response-development, which has a protective role 
during later stages of infection. Cytotoxic effects can be avoided when T cells are not 
present, for example through passive immunisation. This is due to the fact that protection 
using T cell infiltration around the eggs during infection requires B cell responses to 
produce antibodies to neutralize egg toxins in the foci of the T cell infiltration. The B cell-
mediated response is initiated when B cells are activated through surface Ig, after 
exposure to a specific antigen and further differentiated into plasma cells to produce 
antibodies important for opsonization of antigens and then help removal of the antigen 
by macrophages. Antigen presenting cells are activated by pathogen associated molecular 
patterns (PAMPs) recognised by pattern recognition receptors. Depending of the antigen 
presentation pathway, either intracellular or extracellular, processed antigens in the form 
of peptides are lodged in MHC I and MHC II molecules and activate CD8+ T and CD4+ T 
cells respectively. At this stage CD4+T cells are differentiated into different subtypes 
named as Th1, Th2, and Th17 and these cells produce cytokines, which regulate activation 
of different cells such as macrophages, neutrophils and cytotoxic T cells and finally 
mediate parasite-clearance. The production of Th2 cells also help B cell to produce 
antibodies, which are crucial in the neutralization of egg toxins. Image taken from 
Mortellaro et al. [54].  
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1.2.7. Immuno-pathogenesis, cellular and cytokine cross talks during S. mansoni 

infection 

 

The acute and first phase of infection by the parasite, which is termed as “katayama 

syndrome”, is characterised by an elevated body temperature (febrile illness), which is as 

a result of releasing the secretory antigenic products of the infective stage of the parasite 

(cercaria) and the cytokines engaged in the process of promoting the Th1-driven immune 

responses. Indeed, the pro-inflammatory cytokines IL-1, IL-6 and TNF are released, and 

have pyrogenic effect [22, 55]. Whereas, IL-4, IL-5, and IL-13 are the key cytokines 

released during chronic inflammatory and belong to the Th2 side of the immune response 

[22, 56]. The chronic inflammation and lesions vary depending on the anatomical 

localization of the adult worms within the vascular system of the host. The pathology of 

S. mansoni and S. japonicum involves hepato-intestinal and hepatosplenic regions but in 

S. haematobium, the pathology is confined to the genito-urinary system [57, 58]. The 

pathogenesis of S. mansoni in particular involves the hepatosplenic areas and the 

progressive development of the lesion commences after egg deposition in the 

discontinued endothelium of the liver, which at this stage triggers the formation of 

granulomas and hepatic enlargements. This opens a way for excessive accumulation of 

connective tissue components including collagen fibres and cellular matrix in the liver 

parenchyma. This leads into peri-portal fibrosis and gradually causes the occlusion of 

portal veins and finally brings the development of portal hypertension, overgrowth of 

spleen, ascites, hepato-intestinal bleeding which is critically fatal to the host [58, 59]. 

 

Egg antigens, rather than antigens of the infective larvae and adult worms, are the 

principal cause of chronic inflammation by inducing a Th2 cell mediated immunological 

responses, which mainly leads to the development of tissue fibrosis, granuloma and 

chronic morbidity in the host [22, 56, 60, 61]. IL-13 is one of the most common profibrotic 

cytokines and IL-10 is known for its regulation of the equilibrium of Th1 and Th2 responses 

[62]. Connective tissue growth factor(CTGF) in collaboration with TGF- β is also involved 

in promoting fibrosis. Besides the cytokines released during chronic immune responses, 

it is also evident that there is a significant increase of IgE, eosinophils and activated 

macrophages together with the development of Th2 mediated immunity [63, 64]. 

Alternatively, activated macrophages (AAMs), are induced by Th2 responses and enhance 
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the process of fibrohistogenesis for the synthesis of collagen through the central 

metabolic pathway of the proline synthesis from L-arginine [65, 66]. Some surface 

molecules of AAMs such as Fizz-1 can induce activation of fibroblasts [67]. As a result, 

AAMs are also hypothesized to be contributing to fibrosis [67, 68]. The most important 

characteristic of the chronic infection by S. mansoni is the formation of granulomas. The 

size of these granulomas is determined by the IL-4 produced by Th2 cells in conjunction 

with the synthesis of IL-5 and IL-13 [69, 70]. In addition, IL-4 is also important in promoting 

the effect of IL-13 during fibrohistogenesis but this IL-13 doesn’t have a direct effect on 

the development of fibrosis during S. mansoni infection [71]. However, both IL-13 and IL-

4 induce collagen-production by LI90 cells and therefore play a role in granuloma 

formation [72]. During S. mansoni infection, the expression of IL-4Rα by non-bone 

marrow derived cells causes the development of granulomas and fibrosis [73]. The 

process of granuloma formation and fibrosis is facilitated by IL-4 and IL-13 through the up 

regulation of AAMs [65, 66, 74]. 

 

The balance between Th1 and Th2 cytokines plays a very important role in maintaining 

the chronic pathology during the late stages of infection, without causing any immediate 

mortality. This delicate balance is orchestrated by IL-10, through inhibition of excessive 

Th1 and Th2 responses, effectively creating a “neutral zone”, free of severe pathology. 

For instance, during the beginning of chronic inflammatory responses, IL-10 modulates 

the production IFN- through regulation of IL-12 expression [75, 76].  

 

In addition to the Th1 and Th2 type immune responses, Th17 cells through the production 

of IL-17 also play a role during Schistosoma infection by promoting pro-inflammatory 

functions [77]. As a result, an association between developing severe pathology and an 

inflammatory response marked by increasing the level of the IFN- in Th1 polarized mice 

was reported [78-80]. 

 

Regulatory T-cells (Tregs) are involved in the granulomatous response to S mansoni 

through several mechanisms [81]. Those cells can down-regulate severe inflammation by 

suppressing excessive expression of cytokines, and directing the Th2 inflammatory 

responses by promoting eosinophil stimulation via IL-5, hereby hindering parasite 
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development [19]. In summary, four classes of CD4+ T cells (Th1, Th2, Th17 and Treg) all 

play a part in controlling the pathogenesis of S. mansoni infection. 

 

 

Figure 1.4. A worm’s eye view of the stage and mechanism of manipulating the host 

immune system by S. mansoni. Staring from the early stage of infection when cercaria 

and adult worms release secretory and excretory antigens, which induce acute 

inflammation characterized by Th1 immune responses. In this phase, macrophages 

release Nitric Oxide (NO) and TNF as well as INF-. After six weeks, the Th1 response 

declines due to the expression of Th2 cytokines, which inhibits Th1 responses. 

Subsequently, the adult worms start to release eggs and Th2 type responses are 

pronounced and IL-4, IL-5 and IL-13 are secreted. Natural killer T cells (NKT) are also 

produced after egg deposition and dendritic cells secrete more IL-10 and less IL-2 

favouring Th2 responses. IL-10 is also produced in response to egg- and worm-derived 

antigens (Image adapted from Dunne & Cooke.2005 [82]). 

 

 

 



 

17 | P a g e  
 

Chapter 1 

1.2.8. The nature of the immune response against S. mansoni in different organs 

 

Immune responses against S. mansoni cause the development of pulmonary, hepatic, and 

intestinal granulomas, ultimately causing fibrosis in those tissues. The granuloma is 

characterized by its cellular composition in the affected granulomatous site; namely 

eosinophils, macrophages, neutrophils and lymphocytes. The trafficking and recruitment 

of those cellular elements into the site of inflammation is orchestrated by cytokines. Many 

studies implicated Th1 / Th2 immune responses against S. mansoni, in this process [83]. 

For example, in Stat6-deficient mice, the hepatic granuloma size and collagen deposition 

is greatly reduced following the injection of S. mansoni egg into naïve, stat6-deficient 

mice, and this is attributed to the absence of a Th2 response. In addition, the SEA-specific 

response showed a strong Th1 bias. T cells from naïve and infected Stat6-deficient mice 

developed a low level of Th2 response and antigen specific IgG1 and IgE. However, a 

higher production of INF- and antigen-specific IgG2a & IgG2b following the injection of 

S. mansoni eggs. Furthermore, Stat4-deficient infected mice, a moderately impaired 

pulmonary granulomatous size developed after intravenous egg injection, was observed. 

Overall, Th2 cells are mandatory for the S. mansoni egg-induced development of 

granuloma and tissue fibrosis in different organs in particular in the lung and liver [84].  

 

Hepatic or pulmonary granulomatous inflammatory sites offer a good model for the 

unravelling the immune response induced by S. mansoni eggs. It is also well documented 

that the pulmonary granulomatous response is not fatal to the host and it is important 

for the long-term study of immune responses. During the progress of development of 

granulomatous lung as a result of S. mansoni infection, the host commences with Th1 

immune response, which subsequently switched into Th2 responses and this is facilitated 

by AAM, T lymphocytes and eosinophils. Indeed, lung cell suspensions from naïve mice, 

intravenously injected with S. mansoni eggs produced Th2 cytokines (IL-4, IL-5, IL-6, IL-10 

& IL-13), but low levels of Th1 cytokines (IL-1, IL-12, INF-, TNF-) and Th17 cytokines 

(IL-17, IL-22). Moreover, intravenous injection of S. mansoni eggs increase the level of 

eosinophil granulocytes, T helper cells, alveolar APC and B cell numbers. Moreover, it has 

been reported that CD11c+ dendritic cells (DCs) are notable components of the S. mansoni 

egg-mediated granuloma formation and orchestrating the pulmonary cytokine response. 
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S. mansoni eggs also promote the Th2-biased pulmonary granuloma development but this 

response is not harmful to the infected hosts even in immune compromised individuals. 

S. mansoni eggs in the liver remain viable for about three weeks. At the beginning, eggs 

cause a moderate Th1 response to egg derived antigens and this usually evolves into Th2-

dominant immune responses and later, eosinophils are recruited at the time when the 

liver granuloma is formed. Although the formation of liver granuloma is advantageous for 

the host because it blocks hepatotoxic antigens derived from the egg, this process may 

result in liver fibrosis, which is characterized by a large accumulation of extracellular 

matrix proteins and collagen fibres in the peri-portal regions [85]. Granuloma formation 

in the liver is the result of a Th cell-mediated delayed hypersensitivity reaction, which is 

driven by cytokines such as IL-4, IL-13 and IL-10 also involving Treg cells. The equilibrium 

of Th1 & Th2 cytokines guides the extent and development of liver granuloma and fibrosis 

[86]. 

 

1.2.9. Soluble egg antigens and their immunomodulatory roles 

 

The mechanism, recognition events, and signalling pathways by which helminth-exposed 

DCs evoke a Th2 response are not clearly known. SEA can suppress DCs responses against 

TLR ligands [87, 88]. TLRs are the most characterized pathogen recognition receptors and 

DC activation by TLR-ligation plays a pivotal role in the coordination of adaptive and innate 

immune responses during infections [89]. The details of the impact of SEA on TLR ligand-

induced DC-activation revealed that SEA inhibits hyaluronic acid (HA) and 

lipopolysaccharides (LPS) to induce IL-12 production and MHC class II, CD80, and CD86 

up-regulation by DCs [87]. Generally, TLR-ligation initiates proinflammatory activity and 

promotes innate immunity and adaptive Th1/Th17 immune responses to an invading 

pathogen [90]. LPS-based activation of TLR-4 induces DCs to support development of Th2 

responses [88, 91], and S. mansoni SEA products may stimulate APC through TLRs [92].  

 

Since the role of SEA in regulation of the cytokine environment and the 

immunomodulation of S. mansoni is very significant, characterizing those egg antigens in 

line with the egg secretory proteins (ESP) is important. Currently, very few SEA and ESP 

have been characterized. The best studied of these SEAs is Omega-1  which has been 
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shown to interact with various kind of immune cells in vivo in a complex network and this 

interaction remains unclear because experiments were largely limited to in vitro studies. 

However, recent findings have been reported suggesting a direct role of Omega-1 in 

manipulating immunological response. Indeed, using lentiviral vectors and inhibitor RNA 

(RNAi), it was possible to down-regulate the expression of specific genes (i.e. gene knock-

down). After gene knock down of Omega-1, granuloma formation was strongly reduced 

[12] and this confirmed that  Omega-1 alone is sufficient to induce the Th2 response. Th 

polarization of naïve T cells in vitro by Omega-1 occurs through the conditioning of DCs 

and the depletion of this protein totally abrogates the inhibition of SEA on in vitro 

maturation of T cells [93]. The mechanism of by which the SEAs, such as Omega-1, affects 

the host’s immune cells likely involves Pathogen Recognition Receptors (PRRs) expressed 

by innate cells such as DCs and macrophages. Membrane bound PRRs comprise the C-

type lectin & TLRs and cytoplasmic PRRs includes the NOD-like & RIG-like receptors [94, 

95]. Omega-1 (31kDa) has been identified as a hepatotoxic ribonuclease [96] and its 

immunomodulation nature starts by the interaction with the mannose receptor and is 

followed by internalization by DCs. In the DCs, upon activation of PRRs it suppresses IL-

12-production, which in turn inhibits Th1 responses [12]. 

 

Other, S. mansoni SEAs such as IPSE/α-1 and peroxiredoxin are also known to triggers IgE-

driven IL-4 secretion by basophils and release IL-4, which might have a role in inducing 

the Th2 phenotype and induce AAMs [97], further driving Th2 response. Another Sea, the 

egg-specific protein kappa-5 (100 kDa) is not well studied [98] However, the effect in vivo 

is less clear. Indeed, knocking down of ipse or kappa-5 leads to a slight decrease of IL-2 

and IL-10 secretion and increase in the secretion of IL-1 and IL-6, but the overall difference 

in the secretion of cytokine levels and the effect on the disease outcome appear less 

dramatic [12]. 
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1. 2.10. Other immunomodulatory mechanisms in S. mansoni 

 

S. mansoni appears to utilize several strategies to down-regulate the immune system of 

the host ensuring the survival of the parasite. Beside the manipulation of the host’s 

immunity, the parasite also down-regulates the immune response so as to limit the 

degree of pathogenesis, allowing the host to survive longer so that the parasite can also 

invade it for this extended period of time [99]. The process of immunomodulation by S. 

mansoni begins when invading cercaria penetrates the host’s skin and 

immunomodulatory actions is mainly mediated by molecules such as glycoproteins and 

glandular secretions of the parasite, which most importantly promotes the ability of the 

infective larvae to pass through the skin with the final aim of down-regulating the 

protective immune response of the host [56]. The excretory and secretory products of the 

invasive larvae contain different kinds of ligands, which monitors the innate immunity of 

the host by synchronizing various TLRs and C-type lectins and those C-type lectins domain 

contribute for the endocytosis of pathogens and binding to TLRs induces the initiation and 

activation of cytokine genes [100]. Another important strategy of parasites to modulate 

the host’s immune response is through the programmed death of host cells induced by 

the parasite itself [101]. For example, in S. mansoni, a molecule known as S. mansoni 

apoptosis factor (SMAF) is known to induce programmed cell death (apoptosis), 

particularly in CD4+ T lymphocytes, through Fas/Fas ligand interactions [102]. Although 

the excretory and secretory molecules of S. mansoni larvae have some contribution in 

modulating the immune response, the main immunomodulation mechanism of S. 

mansoni commences right at the time of egg deposition, which is during the onset of 

chronic stage of infection. Indeed, SEAs play the most significant role during 

immunomodulation process of host immunity. A large number of S. mansoni eggs 

deposited in the mesenteric vessels move through the hepatic portal circulation and 

lodged in the liver parenchyma and at this site, the parasite SEA products, which promote 

the attachment of the egg to the endothelial lining of the blood vessels and initiates 

granuloma formation mediated by T-lymphocyte [99]. When S. mansoni eggs are retained 

in the tissues of the intestinal walls and the blood vessels of liver sinusoids, the SEA start 

to induce polarized Th2 immune response characterised by the production of typical Th2 

cytokines [103]. This Th2 response is associated with down-modulation of the initial Th1 
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or pro-inflammatory responses to migrating cercaria and leads to maintaining the 

prolonged and chronic infection associated with granuloma formation. The equilibrium in 

terms of Th1 and Th2 response is vital for the host and in case when the Th1 response is 

not switched into a Th2 response, hepatotoxicity develops which leads to death of the 

host [71, 99]. This in turn is detrimental to the pathogen as it is now unable to further 

reproduce. 

 

1. 2.11. Co-infections associated with S. mansoni 

 

Apart from the direct morbidity, S. mansoni can be co-morbid with other infections, which 

substantially influence the immunological and physiological behaviour of co-infecting 

pathogens or other immunologically important phenomena. A typical example of such a 

scenario is the Th2-biased response associated with S. mansoni leading to the induction 

of IL-10, which is linked to the down-modulation of bystander Th1 responses and hence 

can affect autoimmunity and vaccination [104-106]. Another example relates to co-

infection with Leishmania major [107]. There is also a hypothesis that S. mansoni-

infection would have a positive impact during HIV co-infection [108]. In contrast, during 

S. mansoni and HIV co-infection, Th2 cells were further suppressed compared to 

individuals infected with only HIV [109]. Even though, there is growing clinical and 

epidemiological evidence that explains the susceptibility and rapid progression of HIV 

infections among Schistosoma carriers, the potential immunological linkage and 

mechanisms remains unclear [108, 110]. Additional evidence suggests that the odds of 

developing HIV infections in population affected by female urogenital schistosomiasis is 

3-4 times higher than when this disease is absent [110, 111].  

 

In another example, co-infection of S. mansoni with Mycobacterium avium in a murine 

model showed reduced Th1 cytokine production and associated lowered IgG2a response 

[112]. Some, but not all co-infection studies suggested that Schistosomiasis could also 

modulate malaria infection. Indeed, the prevalence and pathological effects of malaria 

was higher in children co-infected with schistosomiasis than non-co-infected patients 

[113, 114]. In contrast, another report did not find a correlation between schistosomiasis 

and malaria infection [89]. There is also additional evidence that supports infection with 
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Schistosoma elicits a synchronized hepatic infection. For instance, humans having 

hepatitis B and Hepatitis C and at the same point in time co-infected with S. mansoni have 

a high incidence of hepatitis, which rapidly develops into serious hepatic problems, 

increasing mortality [115-117]. This effect is associated with reduced antigen-specific 

CD4+ T lymphocytes responses and IFN- production [118].  

 

1.2.12. Prospect for vaccine development and immune memory resilience 

 

Despite the dramatic progress, frequent use, and effectiveness of praziquantel (PZQ) as 

chemotherapy for the treatment of schistosomiasis, there is still a spread of the diseases 

into new areas. Although chemotherapy remains the main control option in the past few 

decades, there are some limitations because mass chemotherapy doesn’t guarantee 

preventing reinfections, particularly in endemic areas. Indeed, exposed population are 

often reinfected following chemotherapy and within six to eight months the prevalence 

returns to pre-treatment levels. Therefore, vaccination strategies are considered as a 

better option together with the chemotherapeutics in effective schistosomiasis control 

agendas [119]. However, an effective vaccine development program requires an 

understanding of the regulation of the immune system by the parasite. So far, the use of 

experimental animals mainly mice have significantly contributed towards unravelling the 

immunobiology of schistosome infections, the egg-induced granulomatous lesions and 

fibrosis. Due to ethics and logistic reasons, immune regulation studies are not performed 

in humans and our understanding of the immune response in humans relies on the 

findings of experimental mice models. Even though there is an accumulated evidence 

justifying the nature and type of immune system induced in mice, which are to some 

extent, similar to these of humans, studies conducted using mice models needs to be fully 

translated and elucidated in humans to give a good insight towards understanding the 

challenge of immune regulatory pathways in a much complex approach [reviewed in ref 

[120]]. Regardless of the challenges in understanding the detail immunobiology of the 

parasite, good progress in developing protective vaccine trials against schistosomes has 

been made. For example, a variety of vaccine candidates of S. mansoni antigens such as 

sm28-GST, Ir-V5, SM23, and sm14 were developed in the last two decades and these 

vaccines resulted in promising protection. However, the degree of protection was less 
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than 40% in all cases and this highlighted the impact of unstable antigens and the need 

for adjuvants to optimize the protective efficiency [89]. Moreover, such inefficacy could 

be explained by the immunomodulatory nature of schistosome parasite geared to avoid 

clearing from the intravascular environment [Reviewed in ref [119]]. Except in some live 

attenuated cercarial vaccines, other vaccines such as subunit vaccines requires an 

adjuvant for the induction of an effective immune response. Furthermore, adjuvants can 

prolong immune memory to vaccines and prevent immunosenescence in aged individuals 

as well as increase antibody levels and most importantly, adjuvants can orchestrate either 

a Th1-biased, Th2-biased or mixed Th1 and Th2 immune responses [121]. Therefore, a 

range of adjuvants such as Alum, Quil A, CpG, cholera toxins, cytokines, emulsions should 

be considered when developing effective vaccines against schistosome. 

 

The complex developmental stages of parasites in their respective hosts, and the plethora 

of antigens expressed by each parasitic stage provides an opportunity for identifying 

different vaccine candidates. Due to the nature the parasites, the  different 

developmental stages, in various host tissue, vaccines need to focus on the specific 

parasitic stages which are most critical for blocking the transmission and pathogenesis 

[120]. So far, more than a hundred schistosome vaccine trails have been undertaken in 

animal models [122] and surprisingly, only three vaccines (sm14, smTSP-2, in S. mansoni 

and Sh28GST in S. haematobium) have been tested in human clinical trials [123]. Since a 

purely empirical approach as proven to be ineffective at producing a commercial vaccine 

against this parasite, understanding the detail immunobiology of the parasite might lead 

to a rational approach and provide insight in designing and development of an effective 

vaccines against S. mansoni.  

 

Despite the growing interest in the development of new vaccine strategies in schistosome 

parasites, there is evidence suggesting that this parasite has developed different 

mechanisms to modulate the host immune system and such type of immune 

manipulation nature has its implication of the development of effective vaccine 

strategies. Hence, one critical question that needs resolving is whether it is possible to 

develop an immune memory response that is resilient to manipulation by the parasite so 

that when the memory immune response is triggered during infection the recall response 



 

24 | P a g e  
 

Chapter 1 

remains unperturbed ensuring long-lasting protective immunity. Once, it is established 

that a resilient immune memory can be induced against this parasite, strategies might be 

developed to achieve this in vivo, using different adjuvants during priming and boosting 

to modulate immune memory. The quality of the immune response can be assessed at 

different time points because the degree of immune memory resilience is a dynamic 

process as it fluctuates over time as a result of changing ratios of T effector memory cells 

and central memory T cells [124]. Ensuring the induction of a quality immune memory T 

helper response that is resilience in the face of immunomodulatory pathogens is of 

utmost importance in attaining protective immunity.  
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1.3. Human leishmaniasis 

 

1.3.1. Global distribution of leishmaniasis 

 

Leishmaniasis is one of the neglected parasitic diseases distributed in many tropical, 

subtropical, and temperate countries (Fig 1.5) with more than 350 million people at risk. 

There are nearly 12 million cases world-wide including 0.7 to 1.2 million new cutaneous 

leishmaniasis case every year [125]. Cutaneous leishmaniasis is mainly distributed across 

South America, Western Asia and the Mediterranean basin [125]. Whereas, visceral 

leishmaniasis is more prevalent in African, Asian, and Latin American nations mainly in 

society lacking adequate resources, including in areas of nutrition, sanitation, and housing 

[126].  Overall, Leishmaniasis is caused by different species of Leishmania parasites, which 

are typically transmitted through the bite of an infected female sand-flies [127], and 

infects hosts including marsupials, rodents, edentates, wild and domestic canines as well 

as humans [128].  

 

Figure 1. 5. World-wide status of the endemicity of cutaneous leishmaniasis. Data 
source, World Health Organization, 2015: Map production, Control of neglected tropical 
disease. 
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1.3.2. Life cycle of leishmania sp. 

 

Leishmaniasis is transmitted when female sand-flies infected with promastigote bite 

human during a blood taking blood meal and at this stage the sand-flies inject the infective 

stage of the parasite via their proboscis. Promastigotes are released and engulfed by 

macrophages and other forms of mononuclear phagocytic cells. Inside the macrophages, 

the promastigotes converted into tissue stage amastigotes. At this stage amastigotes 

undergo further division and spread into the surrounding tissue. Different factors 

including the species of the parasite and host-parasite interactions, determine whether 

the cutaneous or visceral form of leishmaniasis develops. Transmission continues when 

the sand-flies ingests a blood meal containing macrophages infected with amastigotes. 

Then finally, within the sand-fly, amastigotes again transform in to promastigotes and 

continue to divide in the midgut before migrating to the proboscis (Fig 1.6). Data source 

from (CDC website). 

          Figure 1.6. Life cycle of Leishmania. The life cycle of Leishmania species, which are 
heteroxenous parasites involves two hosts, a vertebrate host (including human) and an 
invertebrate host (sand-fly). Leishmania can exist in two basic forms: the amastigote or 
the intracellular form, in the vertebrate host and the promastigote or the extracellular 
form, in the sand-fly.  
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1.3.3. Treatment and control of Leishmania.  

 

The treatment of leishmaniasis relies on the use of chemotherapy, which is expensive, has 

a high toxicity and often lacks efficacy in endemic regions. However, vaccination remains 

the best option for controlling the disease and the development of effective, safe, and 

affordable vaccines for this disease is becoming a priority. Evidence from animal model 

studies showed that protection can be achieved through immunization with live 

attenuated and subunit vaccines of leishmania strains. However, so far, no vaccine has 

been approved despite considerable efforts towards achieving this. The main challenge 

has been translating the finding from animal model studies to the actual human disease 

and lack of effectiveness in vaccine trials in relation to disease control combined with the 

potential for exacerbating the infection. One of the most important steps in developing 

effective vaccine is therefore a better understanding of the nature of the protective 

immunity as opposed to disease exacerbating immunity and how immunological memory 

is maintained and reactivated during parasitic infection [129]. 

 

Regardless of the effectiveness and safety of the vaccines, there is evidence that some 

live attenuated vaccines have been used in various endemic areas and thus understanding 

the biology and host-parasite interactions of leishmaniasis is crucial in the design of new 

therapeutic drugs and effective vaccines [130]. Bioactive compounds secreted from the 

leishmania parasites are known to be involved in the manifestation of the disease [131]. 

In particular a compound known as metallopeptidase or GP63 is reported as a virulence 

factor leading to severe pathology in mice [132, 133]. This is achieved by directly inhibiting 

the mitogen activated protein kinase (MAPK) signalling in host cells after its secretion in 

to the cytoplasm of the host cell [134]. Moreover, cysteine peptidases such as cathepsins 

B and L known to involve in the pathogenesis by activating TGF-β [135, 136]  

 

1.3.4. Innate and acquired immunity to leishmania sp. infection  

 

Depending on the strain of the parasite and the immune response induced, infection with 

Leishmania can lead to the development of different pathological outcomes ranging from 

visceral lesions, to mucosal and cutaneous lesions. Due to the obligate intracellular nature 
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of the parasite, which resides inside macrophages, it co-evolved with the host’s immune 

system developing unique mechanisms to evade and manipulate the immune system. For 

the establishment of infection some but not all the leishmania species recruit 

macrophages, neutrophils and inflammatory monocytes at the site of infection. L. major 

is one of the obligate intracellular pathogens and survives in the phagolysosomes of 

macrophages and DCs [137-139]. These immunomodulatory strategies are discussed in 

more detail in section 1.3.8. 

 

Leishmania takes advantage of the proinflammatory nature of the sand-fly saliva, which 

plays an important role in the chemoattraction of phagocytes to the area where the 

parasite enters the host. As a result, the first few hours following infection, promastigotes 

immediately localize the phagocytes to invade the host [140]. During the early infection, 

two phenomena are undertaken to the further control the parasite infection. Molecules 

such as the leishmania lipophosphoglycan (LPG) coat, prevent complement mediated lysis 

of the parasite and enhances complement activation which leads to promoting activation 

of phagocytes to engulf the parasites [141]. In addition, LPG helps leishmania parasite to 

differentiate into intracellular amastigotes through delaying the formation of 

phagolysosomes [142]. Following phagocytosis of the parasite by phagocytic cells, the 

cells of the innate immune system produce cytokines, which determine the outcome of 

the infection and development of the acquired immunity. While adaptive immunity is 

essential in the clearance of parasite infection and induce a long-lasting memory response 

to provide protection from infection, it can also lead to pathogenesis including tissue 

damage and reoccurrence of the disease [6]. 

 

1.3.5. Phagocytic cells and L. major Infection 

 

Since L. major is an obligatory intracellular parasite residing in the phagolysosome of 

phagocytic cells, these cells are the main players in the elimination of these pathogens 

after the infection is established. Indeed, the phagolysosomes contain lysosomal enzymes 

which under the right circumstances can lyse the parasite. In addition, during the early 

stages of infection, macrophages release anti-leishmania molecules such as reactive 

nitrogen species and reactive oxygen species, which help the host kill the invading 
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parasites. This process is mainly activated by phagocytosis and the use of lytic enzymes 

[143]. Despite the host’s response to protect itself from the pathogenic invasion, 

leishmania parasites have developed strategies to harness such protective mechanisms. 

For example, during infection, parasite derived LPG induces macrophages to produce 

reactive oxygen substances (ROS) and nitrogen oxide (NO)[144]. Amastigotes further 

subjugate the manipulation process due to the presence of thick layer of LPGs [145]. 

However, the importance of the host- parasite interaction in leishmania is still unclear and 

as a result, there is still a challenge in the development of new and effective  vaccines. 

Further, the development of effective leishmanial vaccines remains a major challenge 

despite many efforts and various strategies tested [6]. 

 

In addition to macrophages, neutrophils are also commonly present at the site of infection 

and produce neutrophil extracellular traps (NETs), composed of extracellular fibrils, DNA 

and DNA-associated proteins, such as histones and elastases. While neutrophils are a 

short-lived immune cell, they expand rapidly during inflammatory reactions and can 

therefore impact the outcome of the infection. Indeed, while L. infantum and L. donovani 

are resistant to NETs, L. amazonensis are killed by them [146]. Moreover, the neutrophils 

recruited during L. mexicana infections leads to disease progression and chronic infection 

[147].  

 

In addition to neutrophils and macrophages, inflammatory monocytes can be recruited 

during the early stage of L. major infection, through platelet activation and this was shown 

to correlate with increasing resistance to L. major [148]. Recruitment of inflammatory 

monocyte largely depends on C-C motif chemokine ligand 2 (CCL2), produced by cells at 

the site of infection following activation by a platelet-growth factor [148]. More 

importantly, monocytes play a significant role in preventing re-infection with L. major in 

resistant mice because they eliminate the parasites via production of reactive nitrogen 

species and ROS after activation by memory CD4+ T cells [149, 150].  
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1.3.6. Role of pattern recognition receptors during L. major infection 

 

The common features of innate immune cells are that they express pattern recognition 

receptors (PRRs), able to recognize the pathogen associated molecular patterns (PAMPs) 

associated with different pathogens [151, 152]. TLRs are the most studied PRRs, which 

determine different outcomes of the infection ranging from parasite clearance to 

exacerbating the pathology. For example, TLR2 plays a role in promoting clearance of L. 

major by increasing production of NO and ROS. As a result, this leads to favouring the 

development of a protective immunity in mice [153].  

 

1.3.7. Role of CD4+ and CD8+ T cells during L. major infection 

 

Protection against L. major infection is predominantly mediated through activation of 

macrophages by T cells leading to the intracellular killing of the parasite (Fig 1.7). Hence, 

Th cells play a critical role in defining whether the immune response protects the host or 

exacerbate the disease. 

 

Historically, a L. major infected murine model was used to characterize the polarization 

of Th1/Th2 CD4+ T cells and discover the practical importance of these T helper susbets. 

Thus, Th1 responses defined by the production of IFN- and TNF-α, are important to 

induce oxidative stress in macrophages, which is crucial for combating infection. 

Whereas, Th2 response defined by production of IL-4 and IL-13 makes the host 

susceptible for leishmania infection [154]. Moreover, Th17 cells (a third subsets of Th 

phenotypes) are also implicated in the disease outcome through the production of 

specific cytokines such as IL-17. These cells are often involved in autoimmune disorders 

and are associated with healing during L. braziliensis and L. infantum infections [155, 156]. 

In contrast, Th17 cells exacerbate the infection by L. major and L. guyanensis [157]. 

Finally, Treg cells via production of IL-10 are associated with parasite latency, resistance 

to treatments and disease relapse in mice and humans [158, 159]. 

 

The role of CD8+ T cells during Leishmania infection ranges from protective to disease 

exacerbation [160]. Studies in murine models showed that during cutaneous 
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leishmaniasis caused by L. major, the CD8+ T cells are vital in controlling a low dose of 

parasites, but their activity diminished when the parasite-dose increases [161]. In 

humans, reports showed that higher numbers of CTLs are observed during the acute and 

healing stage of L. major infections [162, 163], and this leads to promoting parasite 

clearance through IFN- production. Furthermore, CD8+ T cells are protective during L. 

donovani and L. infantum infections both in humans and mice, and CTLs were shown to 

have an essential role in granuloma formations. Furthermore, CD8+ T cells were shown to 

be associated with resistance to L. infantum re-infection and this implies a potential 

application in vaccine development [164-166].  

 

Figure 1. 7. The role of T cell-mediated immune response in protecting against L. major 

infection. Th1 and natural killer cells produces IFN-, which contributes for parasite 

clearance by activating macrophages to kill the intracellular amastigote via NO 

production. Whereas, cytokines produced by Th2 such as IL-4, IL-10 and IL-13 exacerbates 

the infection. Therefore, the cytokine profile determines the nature of immune response 

during infection and the balance of IL-10 and IL-12 produced by macrophages signifies the 

outcome of the parasite by controlling the production of NO.   
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1.3.8. Immunomodulatory mechanisms in L. major 

 

CD4+ T cells plays a crucial role in determining disease outcome and antileishmanial 

activity. Early studies of cutaneous leishmaniasis in mouse models showed a clear 

dichotomy between Th1, disease protective and Th2, disease promotive immune 

responses, depending on the host’s susceptibility [167]. However, cumulative evidence 

from recent studies indicates that the Th1 and Th2 dichotomy as an indication of 

susceptibility and resistance is far more complex and therefore needs further 

understanding [168].  

 

Th1 cells are known for secretion of IL-2 and IFN- cytokines and Th2 cells are known for 

the secretions of IL-4, IL-10 and IL-13. The susceptibility to leishmania infection is 

associated with Th2 proliferation and secretion of their cytokine signatures mentioned 

above. Whereas, resistance to infection is maintained by the secretion IFN-  by CD4+ Th1 

helper cells [169]. Indeed, when macrophages are pre-treated with IL-12 and IFN-, they 

differentiate into IFN--secreting Th1 cells, which correlate with resistance to L. major  

[170]. Similarly, high levels of circulating IL-10 and IL-12 suggested an initial mixed Th1/ 

Th2 response was reported, and resolution of the infection was shown to be associated 

with simultaneous reduction in IL-10 and IFN-, proving the fact that Th1 and Th2 are 

important components of the immune system during the active stage of the disease [171]. 

 

Leishmania parasites have evolved to acquire mechanisms to evade macrophage 

antimicrobial functions [172-174]. Th2 responses during infection leads to increased 

arginase activity in infected macrophages [175, 176], which suppress NO synthesis and 

ensures parasite survival [176, 177]. The production of IL-10 during infection also inhibits 

microbicidal effect of macrophages by attenuating NO and pro-inflammatory cytokines 

[175, 177]. Therefore, the outcome of L. major infection is dependent on the intrinsic 

balance between the pro-inflammatory (protective Th1) and anti-inflammatory (disease-

promoting Th2) response. In turn this balance is affected by the production of IL-10 and 

IL-12 by alternative (M2) and classical (M1) macrophages, respectively [175, 177, 178]. 

Apart from Th1 and Th2 cytokines, the pro-inflammatory cytokine IL-17 plays a significant 
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role in the clearance of intracellular pathogens. However, it was shown to exacerbate L. 

major-induced skin lesions. The protective function of this cytokine was explained by the 

expansion of Th17 cells during vaccination [179].  

 

To understand the immunopathology of leishmaniasis in humans, L. major mouse models 

were developed and this lead to the development of the Th1/Th2 paradigm explained 

above [180]. Hence, in mouse models, the degree of pathogenicity is dependent on the 

mouse strain studied. For example, BALB/c mice develop predominantly Th2 responses 

and inhibit of Th1 immunity and as such are sensitive for L. major infection. In contrast, L. 

major infection in C57/Bl6 mice drives predominantly Th1 response leading to resistance 

to this disease [181-183].  

 

Different studies have used transgenic leishmania to attempt to skew the immune 

response towards protective Th1 immunity. For example, L. major was transformed to 

express immunomodulatory proteins, favouring Th1 immune responses while 

suppressing Th2 responses. One such parasite was L. major secreting murine IFN-, but 

this parasite failed to protect susceptible Th2-prone BALB/c mice from infection 

[Reviewed in [184]]. In contrast, transgenic L. major secreting granulocyte-macrophage 

colony-stimulating factor (GM-CSF) showed more promise at inducing protective host 

responses [185]. Indeed, due to the fact that GM-CSF induces many pro-inflammatory 

cytokines such as IL-1β, IL-18 and IL-6 by macrophages, the transgenic parasites 

expressing GM-CSF failed to survive. In the same studies, L. major-engineered to express 

CD40-L (murine extracellular domain) caused fewer lesions in vivo, with a lower parasite 

burden and a lower dissemination rate of transgenic parasites towards lymph nodes. Such 

protective ability was related to low level of IL-4 and similar levels of IFN-. Transgenic 

leishmanial parasite engineered to produce monocyte chemoattractant protein 1 (MCP-

1) were less pathogenic in susceptible BALB/c mice in vivo with a significant reduction in 

lesion-size compared to wild-type parasites [Reviewed in [184]]. In addition, parasites 

producing MCP-1 caused CCR2-positive macrophage recruitment but the innate immune 

response was less efficient at inducing protective immunity against subsequent 

challenges.  
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1.3.9. Prospect for vaccine development and immune memory resilience 

 

Development of effective vaccine strategies against intracellular pathogens including L. 

major is very important to induce protective immune response and this helps to control 

the infection [186]. Most of vaccines that have been tested in mouse models against 

cutaneous leishmaniasis confirmed a lack of effectiveness in conferring protection [187]. 

Various studies in murine model showed that non healing leishmania infection has 

involved regulatory T cells and cytokine such as IL-10.  Susceptibility to leishmania 

infection is due to IL-10  mediated regulation of Th1 cells[188].  As illustrated in Figure 

1.7, the balance between IL-10 and IL-12 produced by macrophages determines the 

outcome of infection. Therefore, the cytokine profile determines the nature of immune 

response during infection and the balance of IL-10 and IL-12 produced by macrophages 

signifies the outcome of the parasite by controlling the production of NO. The parasite in 

infected macrophages has the ability to alter the Th1 through supressing important 

cytokines such as IL-12, which has anti-leishmanial roles. As a result, this leads into 

progression of the disease. During vaccination process, strong immune memory which 

withstands manipulation by the immunomodulatory pathogen can help to confer 

protection against by ensuring the continuous production of cytokines such as IL-12 and 

IFN- [189].  
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1.4. Mechanisms of T helper cell differentiation 

 

CD4+ T cells play a vital role in the function of the host immune system. After activation 

and differentiation into distinct effector cell subtypes, CD4+ T cells play a main role in 

mediating immune response through production of specific cytokines (Fig 1.8). CD4+ T 

cells carry out a wide range of functions including activation of innate cells, cytotoxic T 

cells, B-cells and contributing to the suppression of immunological reactions [190]. Naïve 

CD4+ T helper cells differentiation into Th1 and Th2 cell lineages is carried out in response 

to specific signal from antigen presenting cells and cytokines. Beside Th1 and Th2 cells, 

other CD4+ T cell lineages include Th17 and regulatory T cells (Treg). For differentiation of 

different cellular lineages, a complex network of cytokine signalling, transcription factors 

and an epigenetic modification are required [191]. 

 

Th1 cells regulate cellular immunity through the production of cytokines such as IFN- 

whereas Th2 cells mediate humoral immunity through the production of cytokines such 

as IL-4, IL-5 and IL-13. The first step in the activation and differentiation of naïve T cells 

involves antigenic stimulation via the T cell receptor (TCR) recognising the antigenic 

peptide in association with the MHC class II complex on the surface of the professional 

APC expressing co-stimulatory signals. TCR together with CD3 activation subsequently 

initiates a complex network of downstream signalling pathways, which eventually leads 

to proliferation and differentiation of these cells, directed by the cytokine milieu [192, 

193]. 

 

DCs are activated by a mechanism of recognizing pathogens through PRRs such as for 

example Toll-like receptors (TLR) [194, 195]. DCs comprise different subsets, which are 

involved in the lineage differentiation process. For instance, CD8α+ DC are involved in Th1 

lineage differentiation whereas, CD8α− subsets of DC are linked to Th2 differentiation by 

secreting IL-12 and IL-6, respectively [196]. The main co-stimulatory receptors, which are 

expressed on T cells are members of the CD28 family (CD28, CTLA-4, ICOS, PD-1 and BTLA) 

and these interact with the B7 family of receptors (CD80, CD86, ICOSL, PD-L1, PD-L2, B7H3 

and B7H4) expressed by professional APCs such as DCs, particularly when these are 

activated [197, 198]. Lineage-specific transcription mechanisms are responsible for Th cell 
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differentiation. Signalling cascades initiated by TCR crosslinking and IL-12 in due course 

leads to expression of the T-bet transcription factor (a master regulator of Th1-cell 

differentiation) inducing IFN- production and suppression of Th2 cytokines. In contrast, 

IL-4 mediates Th2 cell differentiation via the action of STAT6, which upregulates 

expression of GATA-binding protein 3, a master regulator of Th2 cell differentiation that 

is both necessary and sufficient for Th2-cell development [199]. 

 

During Th17 cells differentiation, IL-6, IL-21, IL-23, and TGF-β are the major cytokines 

involved. The differentiation process contains 3 main stages: (1) differentiation stage 

mediated by TGF-β and IL-6, (2) the self-amplification stage orchestrated by IL-21 (3) the 

stabilization stage initiated by IL-23 [191].  
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Figure 1.8. An overview of the differentiation of the naïve CD4+ T cells into T reg, Th1, 

Th2 and Th17 cells and associated regulatory molecules mediating the differentiation 

process. Th1 cells produces IFN- and mediate the process of antigen presentation and 

cellular immunity. Activated APC produces IL-12 and this promotes the process of Th1 

differentiation in which STAT4, T-bet, have crucial regulatory functions. IL-4, 5, and 13 

are produced by Th2 cells which are important regulatory molecules during humoral 

immunity and allergic reactions. Th2 differentiation requires IL-4 and the transcription 

factors such as GATA3 binding protein (GATA3). The third class of cells, Th17 are 

differentiated with the help TGF-β and IL-6 and IL-23 and a transcription factor known 

as RORγT. Regulatory T cells need FOXP3 Transcription factor to differentiate and these 

types of cells are required in immune tolerance, lymphocyte homeostasis, and 

regulation of immune response.  
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1.5. T cell receptor transgenic mouse models 

 

1.5.1. OVA-mediated T cell responses 

 

In wild-type mice, T cells are educated in the thymus to recognise non-self-antigens in 

association with MHC. As a result, wild-type mice have a very diverse repertoire of T cells 

each with a different specificity for a particular combination of antigenic peptide/MHC. 

Thus, the frequency and number of T cell which respond specifically to any particular 

protein epitope in normal wild-type mice is extremely low (perhaps 1 in a million) and this 

bears a difficulty to follow the fate of T cells specific for a particular epitope during the 

development of the induced T cell immune response even though it has been achieved to 

some extent [200]. 

 

In OT-II transgenic animals, a TCR with a known specificity (the immunodominant peptide 

derived from the chicken protein ovalbumin (OVA) recognised in association with MHC 

class II) has been expressed in the majority of T cells. As a result, in these animals the 

precursor frequency of T cells specific for the OVA peptide is greatly increased. 

 

Since OVA has been used for a long period of time for immunological studies, the  amount 

of information that exists to explain the different type of immune responses against OVA 

is substantial [201]. Although there are millions of immunogenic proteins, only some 

proteins are used as model antigens. One of the advantages of a model antigen such as 

OVA as opposed to pathogen-derived antigens, is that OVA has not been subjected by 

evolutionary pressure and hence there is no risk of biased immunological responses that 

would give the pathogen an advantage in its interaction with the host’s immune system. 

In addition, the structure and function of OVA is well characterized in terms of both B and 

T cell epitopes and the OT-II TCR transgenic mouse model recognising this antigen in the 

context of MHC II, is one of the most studied. With the aim of investigating the immune 

response of OT-II T cells originated from transgenic TCR mice, transduced S. mansoni eggs, 

Promastigote stage of L.major have been used for the expression of full-length OVA with 

a size of 45kDa. Therefore, the in vitro and in vivo study on the immune response of those 

OT-II T cells against the OVA transgenic S. mansoni  and L.major parasites is important. 
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1.5.2. Current trends of using OT-I and OT-II mice in studying immune responses 

 

OT-II transgenic mice and the corresponding T cells they produce are currently used in a 

wide range of immunological research projects such as investigating T cell development, 

activation, tolerance and immune memory resilience [202]. OT-II mice carry transgenes 

which encodes for TCR (V2 and V5), which have a high affinity for the OVA323-339 peptide 

presented by the mouse MHC Class II molecule, I-Ab, and are bred on the C57BL/6 

background. Transgenic OT-II mice are experimentally used in different settings as a 

source of T cells with a known specificity [203]. To activate naïve OT-II cells, professionally 

APCs such as DCs are play a central role [204]. Hence, for example, the in vitro 

proliferation assay of CFSE labelled cells needs co-incubation with different concentration 

of DCs together with OVA protein as the extent of OT-II T cell proliferation is highly 

correlated with the potency of OVA presentation by DCs [204]. However, once primed, 

OT-II cells can be activated by OVA presented by B cells [205]. This same study designed 

to evaluate OT-II TCR mice for T helper cell dependent OVA-specific B cell activation 

showed OT-II transgenic mice didn’t produce OVA specific IgG against following intranasal 

vaccination with CT-OVA. However, the cytokines produced by OT-II cells in response to 

OVA antigen are significantly polarized towards Th1 cytokines (IFN-) and lower Th2 

cytokines (IL-4, 5, 10) and Th17 cytokines (IL-17a) regardless of the B cells source (OT-II or 

wild type) used for antigen presentation [205]. 

 

A study investigating T cell biology, development and function in different diseases 

including autoimmune disorders has been achieved with the help of the TCR transgenic 

mouse models. Thus, TCR transgenic mouse models increase the functional analysis of 

antigen-specific T cell populations. In another application of OT-II mice, the positive 

selection of CD4+ T lymphocytes was found to be significantly higher in the lymph nodes 

and thymus of OT-II mice than the wild types [206] and the frequency of TCR receptor 

specific for OVA peptide is much more higher in OT-II mouse comparing to wild type 

mouse.  
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1.5.3. OVA mediated immune responses in transgenic parasites 

 

In order to harness the power of the OT-II transgenic mice for the investigation of immune 

responses to pathogens, it is essential that the pathogen being studied express the OVA 

protein so that it can be recognised by the OT-II cells. For example, transgenic parasites 

such as P. berghei expressing OVA in the cytosolic region or parasitophorous vacuole 

membrane (PVM) have been generated to study whether the sub-cellular location of the 

antigen can influence the nature of T cell responses. As a result, the expression of model 

antigens in different parts of the parasite using transgenesis have been used to determine 

the effect of antigen localisation on the host’s immune recognition(reviewed in[207]). In 

another example, OVA and mCherry conjugated with P. berghei heat shock proteins such 

as HSP-70 were expressed in the cytoplasm. Whereas, OVA gene sequence conjugated 

with the HEP17(EXP1) promoter showed a low level of expression in the PVM. Although 

both transgenic P. berghei lines induce OVA-specific CD8+ and CD4+ T cell responses, OVA-

HEP17(EXP1) induced higher proliferation of OT-II and OT-I T cells than OVA-mCherry-

HSP70, suggesting that antigen localisation within the parasite affects T cell recognition 

[208]. Unconjugated OVA is not expressed in the cytoplasm of plasmodium and more 

importantly the location and the degree of expression in the parasite highly influences T 

cell responses [208]. Transgenic plasmodium parasites expressing OVA in the cytoplasm 

were able to activate OT-I (i.e. recognising OVA in the context of MHC class I) T cell 

responses during different life cycle stages [209], but those parasites were unable to 

induce CD4+ T cells response in vivo [210]. The possible explanation for this dichotomy is 

that the OVA antigen produced by the parasite ends up in different antigen processing 

pathways (i.e. MHC class I or II) depending on its intracellular location [211]. According to 

Lundie et al. [212], transgenic P. berghei parasites were generated expressing model T 

and B cell epitopes combined with green fluorescent protein (GFP) tags and the P. 

bergehei elongation factor 1-alpha promoter. The epitopes selected were restricted by 

either MHC class I or II depending on the TCR transgenic mouse strains used (HNT, 

DO11.10, or B6 mice). In the polytope construct (a combined sequence of multiple 

epitopes), MHC-I and II restricted epitopes of OVA, MHC-I restricted epitope from 

Glycoprotein B of HSV-1, and MHC-I and II restricted epitopes from hemagglutinin of 

influenza virus strain PR8 were included. Using those transgenic blood stage parasites, 
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the antigens are expressed, and cross-presentation by the DCs (CD8 α+) to stimulate the 

CD8+ and CD4+ cells. In addition, transgenic parasites such as Toxoplasma gondi, have also 

been engineered to express recombinant OVA in the cytosol of the parasite or secreted 

to parasitophorous vacuole and the finding showed that only the secreted form of OVA 

tends to stimulate the CD4+ T cells and IFN- production. The potential of OVA-transgenic 

parasites to induce proliferation of naïve CD4+ T cells is assayed through the examination 

of the expansion, proliferation of effector cell types, change in surface phenotypes and 

production of cytokines [213]. Along with transgenic parasites, transgenic bacteria like 

transgenic listeria, which expresses OVA or virus derived antigens have been used in the 

study of development of memory cells during infection and used to understand how the 

bacteria evades the host’s immune responses [214]. To this end, genetic manipulation of 

parasites to express model antigens is a crucial tool to investigate immune responses.  
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1.6. General hypothesis and aims of the study 

 

From the above discussion, it is clear that parasites have co-evolved with their hosts and 

often developed ways to subvert the immune response. Using both S. mansoni and L. 

major we will investigate the potential of in vitro differentiated Th1, Th2 and Th17 cells 

to withstand manipulation by these parasites. In order to achieve our aim, we will: 

1. Express recombinant OVA in both S. mansoni and L. major 

2. Demonstrate that OT-II TCR transgenic T cells are able to recognise the OVA 

expressed by the parasites 

3. Differentiate the OT-II cells to Th1, Th2 and Th17 cells in vitro and demonstrate 

their functional phenotype 

4. Investigate whether the both S. mansoni and L. major expressing OVA are able to 

influence the cytokine expression profile of the Th1, Th2 and Th17 OT-II memory 

T cells 
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Chapter 2: Materials and Methods 

 

2.1. Experimental mice 

 

Six to eight weeks old female BALB/c, OT-II mice, congenic mice (CD45.1) were purchased 

from the Walter and Eliza Hall Institute of Medical Research (WEHI) and have been used 

in the present study to maintain the life cycle of S. mansoni, as a source of naïve OT-II T 

and for adoptive transfer of OT-II T cells, respectively.  All the experiments related to mice 

were conducted with the approval from the animal ethical committee of the University of 

Melbourne in accordance with the code of Australian ethics for animal care and usage for 

scientific research(Animal ethics  ID: 1312952 and 1814548.1). 

 

2.2. Maintaining the Schistosoma mansoni life cycle 

 

2.2.1 Mice and quarantine facilities 

 

BALB/c mice used for S. mansoni related experiments in the current study were kept in 

the biosafety level 2 animal house facilities under Approved Arrangements from the 

Department of Agriculture and Water Resources. The same facilities of the Faculty of 

Veterinary and Agricultural Sciences were also PC2-approved by the Office of the Gene 

Technology Regulator. 

 

2.2.2. Maintaining snails 

 

Snails (Biomphalaria glabrata, NMRI strain), an intermediate host of the parasite were 

purchased from NIH-NIAID, schistosomiasis resource center, USA. To maintain the life 

cycle, we regularly receive 100 S. mansoni infected and 200 healthy juvenile snails and 

kept them separately in aquariums containing fresh “snail water”. The “snail water” was 

prepared as follows: 100x snail water was prepared from 21 g calcium chloride 

(CaCl2.2H2O), 0.3 g potassium carbonate (K2CO3), 1g sodium hydroxide (NaOH), 10.5 g 

magnesium chloride hexa hydrated (MgCl2.6H2O), 2 g of sodium bicarbonate (NaHCO3), 1 

g calcium carbonate (CaCO3), in 1 Litre of MilliQ water. To fill the tank, 50 mL of snail water 
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was used for every 5 litres of MilliQ water. The temperature of the aquarium was 

maintained at 27 oC and checked regularly. Snail health was monitored regularly with any 

dead snails being removed and autoclaved immediately in accordance with the guidelines 

of the Department of Agriculture and Water Resources. Snails were fed regularly with 

fresh romaine lettuce. 

 

 2.2.3. Infection of naïve snails 

 

According to the standard procedures of NIH-NIAD-schistosomiasis resource center 

(http://www.schisto-resource.org), snails were infected with miracidia, which were 

prepared as follows: freshly collected eggs from the liver of infected mice were suspended 

in 1x PBS and immediately washed with distilled water and exposed to bright light for a 

minimum of thirty minutes until embryonated eggs transformed to miracidia. Following 

transformation, the miracidia were collected and the presence of the larvae was 

confirmed using a dissecting microscope at 40x magnification. Finally, a chamber plate of 

24 wells was used for individual exposure of the snails with 20 miracidia per snail. The 

miracidia and snails were incubated together overnight and infected snails were 

transferred to the infected snail tank.  

 

2.2.4. Cercaria collection and preparation of mice for infection 

 

The method of Olivier, L and Stirewalt, M.A [215] was followed for the preparation of 

cercaria suspensions and infection of mice. Briefly, around 40 infected snails were 

exposed to bright light for two hours. After exposure, they produced cercaria and the 

excretion of cercaria was confirmed visually using a dissecting microscope. After excreting 

cercaria, snails were placed back to the aquarium. The number of cercaria was counted 

in 100 μL of snail water and a total of 100 cercaria were delivered to a total of 10 mice 

per batch, through the natural cutaneous infection route by exposing the tail skin to 

infected water for thirty minutes. Parasite eggs were extracted from the liver of infected 

mice 6-8 weeks post-cercaria exposure. Equipment was wiped with 80% ethanol, which 

effectively kills cercaria. The health condition of the infected mice was checked regularly, 

and the weight of each mouse was recorded weekly.  
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2.2.5. Harvesting eggs form liver 

 

Mice were culled by CO2 inhalation replacing 10 % of the chamber volume with CO2 each 

minute. After culling, the infected livers were harvested aseptically and placed in a 50mL 

Falcon tube containing PBS. Following the protocol described by Mann et al. [216], fresh 

and infected liver samples were crushed in a sterile plate using a sterile scalpel blade and 

treated with 1mL of collagenase IV (Sigma Aldrich, Steinheim, Germany) in 40 mL of 1x 

PBS. Ten mL of culture medium consisting of DMEM (Gibco, Life Technologies, Waltham, 

MA, USA), 200 μg/mL gentamicin (Sigma Aldrich), 100 U/mL of penicillin (Gibco, Life 

Technologies), and 100 μg/mL of streptomycin (Gibco) was added to the collagenase-

treated sample. Then the mixture was allowed to digest overnight in a shaking incubator 

at 37 oC. Subsequently, liver homogenates were centrifuged at 400x g for 5 minutes at 30 

oC. The sediments were washed 3 times with PBS (treated with penicillin and 

streptomycin) and in between the washes, debris was pipetted out and after the final 

wash, homogenates were filtered in 100 μm nylon egg strainer. Then the liver 

homogenates were resuspended in 5 mL of 1x PBS and loaded into percoll-sucrose 

gradient consisting of 8 mL percoll and 32 mL of 250 mM sucrose solution. Eggs were 

separated from liver cells by centrifuging at 800x g for 12 minutes. Supernatants and 

hepatocytes were aspirated and centrifuged at 400x g for 5 minutes between each step 

of egg washing with 1x PBS. Between each washing, supernatants containing the cells 

were aspirated and discarded whereas, the egg pellets remain sedimented. Finally, eggs 

were resuspended in warm complete DMEM medium supplemented with 10% v/v of 

heat-inactivated calf serum (FCS; Hyclone, Logan, UT, USA) and cultured at 37 oC, 5% CO2 

for further analysis. 

 

2.2.6. Preparation of soluble egg antigens 

 

Following harvesting of approximately 3,000 to 10,000 fresh S. mansoni eggs from mouse 

livers, they were suspended in 500 L of cold PBS (4 oC) and homogenized. Light 

microscopy was used to confirm that at least 95% of eggshells were completely broken, 

and further breakdown was achieved by ultra-sonication. Finally, the egg-homogenates 

were centrifugated at 2,000x g for 20 minutes (4 oC). After the centrifugation, the clear 
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supernatants were taken, and the tissue debris was removed. For sterilisation of the 

protein solution, the supernatants were passed through a 0.2 m filter and stored at -20 

oC. The concentration of total protein extracted was measured using Nano-drop ND-1000 

spectrophotometry; Thermofisher scientific, at a UV absorbance of 280nm (Hagen, J. PhD 

thesis, The University of Melbourne). 

 

2.3. Bacterial culture and plasmid preparation 

 

Luria broth (LB) agar plates were prepared from 25 mL of LB agar medium, which is 

supplemented with 100 µg/mL of ampicillin and incubated at 4 oC before bacterial 

inoculation. Using a sterile inoculating loop, the top surface of frozen glycerol stock of 

Sflb3 was scratched and seeded on the agar plate and incubated on incubator for 16 hours 

at 37 oC. A single positive colony was isolated and added into LB broth media for further 

propagation of the recombinant bacteria and for mini prep plasmid preparation. The 

mixture of the bacterial colony and the ampicillin (100 µg/mL) treated broth was 

incubated overnight at 37 oC. From the overnight culture, 10-15 mL of suspension was 

taken for plasmid DNA isolation. Plasmid DNA of different recombinant and empty vectors 

such as mCherry-OVA-pGIPZ and Opt-OVA-pGIPZ-CMV [Nahar, M. Ph.D. thesis, The 

University of Melbourne] was extracted for transfection of mammalian cells and 

production of lentivirus particles. After overnight growth of bacteria in liquid LB media 

(10 g Trypton, 10 g NaCl, 5 g yeast extract, which was adjusted to 1 L of distilled water), 

the growth was monitored by measuring the OD600 using a spectrophotometer. To 

measure the optical density, a plastic cuvette (BD Falcon) was used and 1 mL of bacterial 

culture suspensions was used to calibrate the OD.  

 

2.4. Screening of bacterial colonies by a polymerase chain reaction 

 

Bacterial colonies were isolated from the culture plate containing the transformants and 

screened for the presence of the gene of interest into the vector backbone. To confirm 

the presence of the inserted gene, a single colony was picked up from the agar plate using 

a sterile inoculating loop and mixed with 20 µL of milliQ water and 3 µL of the suspension 
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was taken as a template for a PCR reaction. Specific forward and reverse primers specific 

for the insert and the vector backbone was used to amplify the integration site of 

template DNA isolated from transformed bacteria. The components of PCR reaction 

mixture and thermocycling profile was optimized as described in Table 2.1 and 2.2.  

 

The components of PCR reaction set up is modified from manufacturers instruction (NEB) 

and it is described in Table 2.1. The standard polymerase reaction was conducted in 

thermal cycler (New England Biolabs and thermocycler, MJ Mini personal thermal Cycler, 

Bio-rad).  

 

Table 2.1. Polymerase chain reaction mixture setup 

PCR Reagents Volume per reaction 

(25 μl reaction) 

Final concentration 

5X Standard Taq  

Reaction Buffer (NEB) 

5 µL 1X 

10 mM dNTPs 0.5 µL 200 µM 

10 µM Forward Primer 1.25µL (0.5µM) 

10 µM Reverse Primer 1.25 µL (0.5µM) 

Template DNA 3 µL <1,000 ng 

Q5 Taq DNA Polymerase 0.25 µL 0.02U/ µL in 25 µL 

PCR 

Nuclease-free water to 25 µL   
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The conditions for thermocycling (the temperature and duration of the PCR reaction) was 

set as described below (Table 2.2). 

 

Table 2.2.Thermocycling profile and duration of polymerase chain reaction 

Step Temperature Duration Cycle number 

Initial Denaturation  94°C  4 min 1x 

Denaturation 

Annealing 

Extension 

94°C 

66°C 

68°C 

30 sec 

45 sec 

70 sec 

35x 

Final Extension 68°C 5 minutes 1x 

Hold 4°C   1x 

 

2.5. Isolation of plasmid DNA  

 

For the transfection of mammalian cells, production of viral particles and egg 

transduction, the plasmid DNA containing the gene of our interest was rescued from the 

E. coli. According to the protocol given by Promega, Wizard®Plus SV Minipreps DNA 

purification system, 20 mL of overnight bacterial culture was centrifuged at 500x g for 5 

minutes, pellets were thoroughly resuspended with 250 µl of cell resuspension solution. 

Cell lysis solution (250 µL) was added to the bacterial pellets and mixed by vortexing the 

suspension four times. Then the solution was incubated at room temperature for 5 

minutes. A volume of 10 µl of alkaline protease (Promega, Madison, Wisconsin, USA) 

solution was added to each tube and mixed by vortexing, followed by incubation for 5 

minutes at room temperature. Neutralization solution (350 µl) (Promega) was added, 

followed by vortexing and centrifugation at 1098x g at room temperature for 10 minutes. 

A spin column was inserted into a collection tube and the clear lysate was decanted into 
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spin column followed by centrifuge at 1098x g in room temperature for one minute and 

discarding flow through and reinserting spin column into the new collection tube. Then 

750 µL of wash solution with ethanol was added and centrifuged at 1098x g for one 

minute and after discarding the flow through, the column was reinserted into new 

collection tube and this step was repeated with 250 µm of column wash solution and the 

same speed centrifuge was followed for 2 minutes at room temperature. Finally, the spin 

column was transferred into a sterile 1.5 mL microcentrifuge tube and 100 µL elution 

buffer (nuclease-free water) was added to the spin column and followed by  the same 

speed centrifuge at room temperature for one minute and the spin column was discarded. 

The eluted plasmid DNA was stored at -20 oC after measurement of its quantity and purity 

using nanodrop spectrophotometry. Briefly, 1 μL of the extracted DNA sample was taken 

and tested using Nanodrop ND-1000 Spectrophotometer at UV absorbance of 260 and 

280nm. The concentration was measured in duplicate and an average result was 

expressed in ng/μL. 

 

2.6. Preparation of DNA  

 

2.6.1. Agarose gel electrophoresis  

 

The size of DNA fragments was estimated using agarose gel electrophoresis. Taking the 

size of the DNA to be separated into account, 0.9% of agarose was prepared from 50x 

stock of TAE buffer (Tris-base: 242 g; 100% acetic acid; 57.1 mL EDTA: 100 ml 0.5 M 

sodium EDTA; and dH2O top up to 1 L). For the final working solution, 0.9 g of molecular 

grade agarose was diluted in 100 mL of 1% TAE and the mixture was allowed to melt 

completely in a microwave oven for 1 minute. The agarose was kept at room temperature 

to cool and solidify for 30 minutes. For tracking the DNA in the gel SYBR® safe gel stain at 

1:10,000 (Invitrogen, Life Technologies) was added to the gel. The template DNA was 

supplemented with 1 µl of 6x orange loading dye (Promega). The agarose was poured into 

the gel casting tray with combs in place and allowed to completely solidify. The 

electrophoresis unit (Bio-Rad) was supplied with 1% TAE running buffer. The DNA samples 

were mixed thoroughly with a loading dye at a ratio of 1:6. The mixed DNA samples were 

carefully loaded into the gel-wells together with 1 kb plus DNA marker (Promega) to gauge 
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the size of the DNA. The fragments were separated by running a voltage of 100 V for 50 

minutes. DNA fragments referred to as bands were analysed using UV transilluminator, 

Chemi-Smart 2000. 

 

2.6.2. Purifying DNA from a gel  

 

Plasmid DNA of the correct size was purified from the excised band. The excised band was 

mixed with membrane binding solution (10 µL for 10 mg of gel slice) and incubated at 50–

65 °C until the gel slice was completely dissolved. After inserting the SV mini-column 

(Promega) into the collection tube, the dissolved gel mix was transferred into the column 

and incubated at room temperature for 1 minute followed by centrifugation at maximum 

speed, 1098x g for 1 minute. Then the flowthrough was discarded, and the column was 

reinserted into the new collection tube. A membrane wash solution (700 µL), was added 

and further centrifuged at 1098x g for 1 minute. The column was washed again with 500 

µL membrane wash solution (Promega) and centrifuged at the same speed for 5 minutes. 

The ethanol was allowed to evaporate by centrifugation of the column for 1 minute. 

Finally, the mini-column was transferred to a new sterile microcentrifuge tube and the 

DNA was eluted with 50 µL of nuclease-free water through centrifugation at 1098x g for 

1 minute and the purified DNA was stored at –20 °C for further use. 

 

2.7. Genetic manipulation of TLA-HEK 293T cells 

 

2.7.1. Growing TLA-HEK293T cells 

 

The TLA-HEK293T cell line is a human embryonic kidney cell line, which constitutively 

expresses the SV40 T antigen important for optimal production of lentiviruses (Open 

Biosystem). TLA-HEK293T cells require culture conditions in which plastic plates are 

coated with gelatine. The six-well culture plates were coated by adding 2 mL with 0.1% 

sterile gelatine to the wells and gently swirling the plates at 37 oC for 30 minutes. After 

aspirating the fluid, the plate was ready for seeding of the cells. 
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TLA-HEK293T cells were grown and maintained in DMEM (Gibco) supplemented with 5 

mL/500 mL DMEM of 100x pen-strep glutamine (Gibco) 10mM HEPES and 10% FCS (this 

will be further referred to as complete DMEM). The 1mL cell vial stored in liquid nitrogen 

was thawed and mixed with 9 mL of fresh and pre-warmed complete DMEM and after 

centrifugation at 276x g for 6 minutes. Then cells were suspended in 9 mL of warm DMEM 

and it was cultured in a 50 mL BD falcon flask. To maintain the desired degree of 

confluence and cell growth quality, old media was changed and substituted with fresh 

media every 2 days. The cell passaging was undertaken at the ratio of 1:2 volume in which 

for every 5 mL of old media, 10 mL of fresh media was added and in between each 

passaging steps, plates were washed with PBS before cells are detached from the well 

with 2 mL of 0.05 M trypsin-EDTA (Gibco). The complete separation of the cells from the 

plate was facilitated by incubating the cells at 37 oC for 5 minutes. Subsequently, the 

activity of trypsin EDTA was neutralized by adding 9 mL of fresh complete DMEM. The 

appearance of the cells was checked under an inverted light microscope during each 

splitting and washing procedures. In each passage, the cells were washed twice to remove 

the old media and resuspended in fresh media after centrifugation at 300x g for 5 

minutes.  

 

For freezing, the cells were counted (1x107 cells) using Neubauer hemocytometer 

chamber and resuspended in 1 mL DMEM high glucose, pyruvate media supplemented 

with 10% DMSO and 20% FCS. The cells were stored using isopropanol containing Mr. 

Frosty freezing container (Thermo Fisher Scientific) in -80 oC overnight and transferred 

into liquid nitrogen for long-term storage (Nahar, M. Ph.D. thesis, The University of 

Melbourne). 

 

2.7.2 Transfection of TLA-HEK293T cells 

 

Replication of incompetent lentiviruses was conducted using the Open Biosystem Trans 

lenti TM shRNA packaging kit protocol. Before transfection of the TLA-HEK293T cells, 

optimum cell growth was maintained by culturing and passaging of cells three times at a 

ratio of 1:2 by mixing 10 mL of fresh medium with 5 mL of old media containing cells (45-

50% confluence). A day before transfection, the cell density was determined at a level of 
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1.2x106 per well and six-well plates coated with 0.1% gelatin were used for seeding the 

cells. Two mL of pre-warmed complete DMEM was used per well to culture the cells at 37 

oC and 5% CO2. The progress of cell growth was monitored until the cell confluency 

reached approximately 75%. On the day of transfection, transducing plasmid DNA of OVA 

and mCherry recombined in the pGIPZ lentiviral vector was prepared at a final 

concentration of 6 µg per mL and 4.3 µL of lentiviral packaging mix was added to and 

adjusted to a final volume of 135 µL with nuclease-free water. TLA-HEK293T cells were 

left untreated as a negative control. In a sterile eppendorf tube, 15 µL of calcium chloride, 

150 µL of 2x Hanks' Balanced Salt Solution (HBSS, Open Biosystem) was top up to a total 

of transfection reaction volume (300 µL) was mixed thoroughly by vortexing and 

incubated at 22-24 oC to get precipitated DNA for about three minutes. The transfection 

mix (50 µL per well) was evenly distributed to each well with the cells and incubated for 

the duration of 6-10 hours at 37 oC, 5% CO2. After incubation, the old medium was 

carefully removed from the wells and fresh, pre-warmed foetal calf serum-reduced (5% 

v/v) complete DMEM was added to the cells to enhance transfection competency. Then 

the cells were further incubated for 48 hours at 37 oC, 5% CO2. After 48 hours, the virus-

containing supernatants were carefully aspirated without touching the overlayed cells 

and filtered through 0.45 µm cell strainer or membrane filter to remove any cell debris 

detached from the wells and float on the surface. Finally, 250 µL of filtered virus 

supernatants were aliquoted in 1.5 mL of sterile microcentrifuge tube and stored at -80 

OC (Nahar, M. Ph.D. thesis, The University of Melbourne). 

 

2.7.3. Transduction of TLA-HEK293T cells for viral titration 

 

The viral titration was determined by transducing TLA-HEK293T cells using the virus-

containing supernatants and the cells were grown on sterile 24 well plates before 

transducing with a pGIPZ lentiviral vector containing mCherry transgene [12]  as a 

reporter for gene-expression. Cells left without virus-treatment were used as a negative 

control. A day before transduction, 5x104 TLA-HEK293T cells per well were cultured in a 

sterile 24 well plate on Nunc™ Thermanox™ Coverslips (Thermo Fisher Scientific) in 

500 µL of complete DMEM and followed by incubation for 16 hours at 37 oC, 5% CO2 until 

confluency reaches 40-50%. On the day of transduction, old medium was aspirated and 
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replaced with a final volume of 250 µL fresh complete medium supplemented with 8 

µg/mL polybrene (Sigma) in a total volume of 250 µL. For the determination of 

transfection efficiency or transduction unit (TU), mCherry containing viral supernatants 

was diluted in five-fold serial dilutions (-5X) by taking 20 µL of virus containing 

supernatants mixing into a tube containing 80 µL of fresh complete DMEM. From each 

series of dilutions, 25 µL of viral suspension was added into each well of the plate and 

further incubated for 6 hours at 37 oC, and 5% CO2. Then the old medium was replaced 

with fresh complete medium of 500µL and cells were further incubated for 42 hours. For 

fluorescence microscopy, the mCherry transduced cells were used to detect the 

fluorescence signal and estimating the transduction units per mL (Nahar, M. Ph.D. thesis, 

The University of Melbourne).  

 

2.7.4. Estimation of viral titre using fluorescence microscope 

 

To estimate the number of TU/mL using fluorescence microscope, TLA-HEK293T cells 

were transduced with mCherry containing virus supernatants having different dilutions as 

described in previous section and grown on 24 well cell culture plate in coverslips and 

after 42 hours of incubation at 37 oC, 5% CO2, the old media was aspirated, and cells were 

washed with 1x PBS. Then cells were carefully fixed with 10% formalin for 15 minutes on 

ice and the formalin solution was removed and washed with PBS to clear any formalin 

remnants and cell debris. The fixed coverslip was mounted using DPX and placed on a 

glass slide (Superfrost™ Plus) and the number of transduction units was observed under 

Olympus BX60 fluorescence microscopy (Olympus, Australia) (Hagen, J. Ph.D. thesis, The 

University of Melbourne). Transduction units (TU) per mL were calculated as follows: 

 

TU/mL = number of positive fluorescent signals x dilution factor x 40 
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2.8. Transduction of S. mansoni eggs using lentivirus vector 

 

2.8.1. Transduction of S. mansoni eggs 

 

We followed the egg-transduction method of Hagen et al. [12]. Depending on the 

purpose, a range of 8,000 to 12,000 eggs were used for viral transfection and untranduced 

(wild type) eggs were also included as a control. The eggs were cultured with 500 μL 

complete DMEM in the presence of 100 L virus particles at a titter of 25x103 pfu per ml 

of OVA-encoding pGIPZ lentiviral vector containing CMV promoter (Nahar, M. Ph.D. 

thesis, The University of Melbourne) or left untreated in complete DMEM. After 24 hrs, 

old the media was changed by thoroughly washing with 1x PBS three times and after four 

days of incubation at 37 oC and 5% CO2, the eggs were further washed three times with 

1x PBS. Following centrifugation, the pellets were resuspended in complete RPMI-1640 

(Invitrogen, Life Technologies) supplemented with 2mM L-glutamine, 100U/mL penicillin, 

100μg/mL streptomycin and 10% v/v heat-inactivated FCS, and 50 μM 2-Mercaptoethanol 

(hereafter referred to as complete RPMI-1640 medium) for co-culturing with T cells. 

 

2.8.2. Detecting OVA expression in transduced eggs in frozen sections 

 

To identify the ultrastructural localization of OVA protein expressed by transduced S. 

mansoni eggs, microscopic examination of micro-sectioned eggs was undertaken after 

embedding and cryo-sectioning. Embedding medium was prepared as follows; ERL (1g), 

DER (0.6g), NSA (13g), and DMAE (0.04g) mixed in 5 mL tube resin and 3-4 drops of resin 

were filled into the rectangular resin molds and immediately placed in a regular 

microwave oven at 60oC overnight until it solidifies. For frozen tissue samples was used 

to ensure optimum cutting temperature (Sukura Finetek Inc., Torrance, USA). Then the 

cryomold containing transduced and untransduced egg pellet samples were snap frozen 

in liquid nitrogen for 30 minutes and immediately stored in a deep freezer (-80 oC) until 

processing. The cryomold containing sample adjusted to -18 oC for 25 minutes inside the 

cryosectioning machine to minimize stiffness of the sample. Then the microtome was 

adjusted at a thickness of 3-5 µm and the tissue shavings were collected into gelatin-

coated microscopic slides and allowed to dry for 25 minutes before fixation. To fix the 
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tissue, 4% PFA and alternatively acetone was used, and the tissue slides were kept at room 

temperature before further immunostaining. 

 

2.8.3. Sectioning and preparation of resin-embedded egg pellets 

 

Following preparation of embedding medium as described previously, letting it solidify, 

egg pellets were carefully added to the surface of a solidified mold. Then the entire block 

containing the egg samples was again incubated overnight at temperature of 60oC. On 

day 1, fresh egg pellets were fixed in 4% glutaraldehyde in 0.1M phosphate buffer and 

stored overnight at 4 oC. On day 2, fixed eggs were washed in PBS twice for 15 minutes 

and post-fixed by 1 % osmium tetroxide for 2 to 5 hours and additionally washed in buffer 

2 times 5 minutes each and stored overnight in PBS at 4 oC. On day 3, samples were 

washed in PBS twice for 15 minutes and distilled water for 5 minutes, followed by washing 

in 70% acetone; 2x 30 minutes each, 95% acetone; 2x30 minutes each, 100 % acetone; 

4x30 minutes each. Subsequently, infiltration in acetone and resin at 1:1 mixture was 

performed overnight. On day 4, infiltration in a mixture of acetone & resin at a 1:2 ratio 

was performed, followed by pure resin infiltration overnight. Finally, on day 5, pure resin 

was changed twice approximately 2-3 hours during the day and embedded in molds pre-

filled with resin and kept at 60 oC for 48 hours. After that the molds became firm and 

ready for sectioning at a thickness of 3-5 µm.  

 

2.8.4. DAB immunostaining of cryosections from transduced eggs 

 

Frozen egg-sections were used for immunohistochemical staining using the DAB-HRP 

reaction method. Egg-sections were dried at room temperature or stayed at -80 oC in a 

sealed slide (super frost). The slide was air dried for 10 minutes at room temperature. 

Then the slide was immersed in pre-cooled acetone at -20 oC for 10 minutes. The fixative 

was poured off from the slide and the slide was allowed to stay at room temperature for 

20 minutes to remove all the acetone. The slides were rinsed in 300 ml of 1x PBS, for 2 

changes (5 minutes each time). The slides were incubated in a 0.3% H2O2 solution in 1x 

PBS for 10 minutes at room temperature to inhibit the endogenous peroxidase activity 

followed by rinsing the slides in 300 mL of PBS (2 changes for 5 minutes each). Hundred 
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µL of foetal bovine serum was used for blocking the sections and the slides were 

incubated at room temperature in a humidified chamber to prevent drying of the tissue, 

for 1 hour. Then the foetal bovine serum was drained off from the slides. Rabbit IgG 

fraction to OVA (primary antibodies) was diluted at 1:1,000 in 0.5 % BSA with PBS was 

added to the slides and incubated in a humidified chamber for an hour at room 

temperature. Following washing of the slides using 200 mL PBS, 2 changes for 5 minutes 

each, 100 µL of HRP conjugated polyclonal swine anti-rabbit immunoglobulins (secondary 

antibodies, 1:2000 in antibody dilution buffer) was added into the pre-washed slide and 

then incubated again in a humidified chamber for 30 minutes. The slides were rinsed in a 

200 mL of PBS (2 changes for 5 minutes each). DAB substrate (0.05% DAB mixed in H202) 

in a volume of 100 µL was added to the slides containing the tissue and stayed for 5 

minutes to see the color change during the antibody staining. The slides were washed 

with 200 mL of PBS (2 changes, 5 minutes each). The tissue slides were dehydrated 

through 95%, 95%, 100% and 100% alcohol for 5 minutes each. Then the tissue was 

washed with xylene for three changes and using the mounting media (DPX) and a 

coverslip, the color of antibody staining was observed using light microscopy at 40x 

magnification (http://www.ihcworld.com/). 

 

2.8.5. Light microscopy of DAB-stained S. mansoni eggs 

 

Cryo-sectioned samples were used for immunohistochemistry studies and the DAB 

staining was performed as described above. The  precise co-localization of the protein in 

the eggs was identified using light microscopy (10x).  

 

2.8.6. Purification of total RNA from S. mansoni eggs  

 

To detect and analyse mRNA in transduced eggs, different amounts of both transduced 

and wild-type eggs, ranging from 3,000 to 10,000 eggs were homogenized to extract and 

prepare total RNA, based on the protocol modified from TRI Reagent® Protocol (Sigma 

Aldrich). Briefly, eggs were homogenized and further ultra-sonicated until all the egg 

shells get broken completely and the homogenates were resuspended in 1 mL of Tri-

reagents (Sigma Aldrich) and incubated for 5 minutes at room temperature. Chloroform 

http://www.ihcworld.com/
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(0.2 mL) was added into the suspension and the mixture was further incubated at room 

temperature for 15 minutes. After incubation, the mixture was centrifugated at 12,000x 

g for 10 minutes at 4 oC. After centrifugation, the mixture was separated into three 

phases: a red organic phase containing protein, the interphase containing DNA, and a 

colourless or upper aqueous phase (containing RNA). The clear aqueous layer was 

collected to purify RNA. Isopropanol (0.5 mL) was added to the collected aqueous layer 

to precipitate the RNA. The precipitated RNA was further incubated at room temperature 

for 10 minutes and centrifuged at 12,000x g for 8 minutes at room temperature. The 

supernatant was discarded; the RNA pellet was washed 2 times with 1 mL of 75% ethanol 

and centrifuged at 7500x g for 5 minutes at 4 oC. Finally, the RNA pellets were air-dried 

for 5 minutes and suspended in 50 L of nuclease-free water. The RNA pellets were 

solubilized by passing through a pipet tip and further incubated for 10 minutes at 55 oC. 

Finally, the solubilized RNA was stored at -20 oC before using for a subsequent experiment 

and permanently stored at -80 oC. 

 

2.8.7. Synthesis of cDNA from transduced egg mRNA by reverse transcription  

 

To confirm the expression of optimized OVA in parasite eggs, reverse transcription PCR 

was conducted using cDNA synthesized from mRNA of transfected eggs. The same 

protocol of RT-PCR was used as described in section 2.12.2. However, in this protocol, we 

used transfected and untransfected eggs as a source of RNA.  

 

2.9. T cell assay 

 

2.9.1. Cell culture 

 

Spleen, maxillary and inguinal lymph nodes of BALB/c and OT-II mice were collected and 

pooled in RPMI-1640 (Invitrogen, Life Technologies). The tissues were crushed using 

forceps and filtered through 70 µm nylon cell strainer. The cells were centrifuged at 276x 

g for 6 minutes. After aspirating the supernatants, the red blood cell pellets were lysed 

using distilled water for 9 seconds, followed by addition of 10% of 10x PBS to stop the 

lysis reaction. The cell suspension was centrifuged at 276x g for 6 minutes. Supernatants 
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were removed, and the cells were resuspended in fresh complete RPMI-1640 medium. 

When required, cell concentrations were estimated using a hemocytometer. 

 

2.9.2. CFSE labelling of T cells and antigen-specific proliferation 

 

A total of 1x107 cells per mL were labelled with a final concentration of 5 mM CFSE and 

incubated at 37 oC for 5 minutes and cells were centrifuged at 276x g for 6 minutes and 

washed 2 times with 1x PBS and finally resuspended in complete RPMI-1640 medium. A 

cell suspension of 2x105 per mL was made and 2x105 per well in 96 well culture plate was 

co-incubated with transduced and untransduced S. mansoni eggs at different 

concentrations (25, 50, 100, 200 eggs per well) in 96 well plates at 37 oC, 5% CO2 for 5 

days for analyzing the OVA-induced T cell responses in vitro. 

 

2.10. In vitro polarization and adoptive transfer of T cells 

 

2.10.1. In vitro polarization of OT-II T cells 

 

As described in the previous sections, OT II T cells were extracted from the spleen of OT-

II mice. Naïve cells were polarized into three lineages [217] using differentiating cytokines 

as follows: 2x105 cells per well were cultured for 4 days and polarized into Th1 (using 

10μg/ml OVA peptide, 10 ng/mL of IL-2) [217], Th2 (using 10μg OVA peptide and 10 ng/mL 

of  IL-2, 10 ng/mL of IL-4  and 10 μg/ml of anti-IFN- [Nahar, M. PhD thesis, The University 

of Melbourne]), and Th17 (using 10 μg/ml OVA peptide, 10 μg/ml of anti-IL-4, 10 μg/ml 

of anti-IFN- antibodies, 5 ng/mL of anti-TGF and 20 ng/mL of IL-6) [Nahar, M. PhD thesis, 

The University of Melbourne]. Naïve cells were stimulated with 10 μg/ml of OVA peptide 

only to get unpolarized cells. Cells were further stimulated using 4.5 µg/mL of IL-7 

(PeproTech, Rocky Hill, NJ, USA) to generate memory cells. Th-polarised cells, 105, per well 

were stimulated with OVA peptide (10 μg/mL) for 72 hours. The degree of polarization 

was determined based on the cytokine signatures of the differentiated cells using flow 

cytometry. 
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2.10.2. Adoptive transfer of OT-II T cells to congenic mice and parasite injection 

 

A total of 2x106 CFSE labelled OT-II T cells were adoptively transferred into CD45.1 

congenic mice and after 48 hours, mice were injected with different antigens depending 

on the purpose of the experiment. During the in vivo study of S. mansoni, recipient mice 

were received 1,000 transduced and untransduced eggs suspended in 50 µL of PBS 

through intravenously (IV), and 20 µg/mL of OVA peptide as a positive control through 

the same route. For the leishmania experiment, 48 hours post-injection of the OT-II cells 

on the recipient mice, 2x106 sOVA and mOVA expressing log phase promastigotes, 

parasites containing the empty vector control suspended in 100 µl of SDM-79 medium 

was injected via subcutaneous (SC) route. Similarly, OVA peptide (10 µg/ml) and OT-II T 

cells without challenging with the parasite were used as a positive and negative control 

respectively. In both experiments, after 7 days, mice were culled to extract OT-II T cells 

from spleen for further analysis.  

 

2.11. Flow cytometry 

 

2.11.1. Cell surface staining 

 

Spleen, maxillary and inguinal lymph nodes of OT-II mice were collected and pooled in 

RPMI-1640 (Invitrogen, Life Technologies). The tissues were crushed using forceps and 

filtered through 70 µm nylon cell strainer. The cells were centrifuged at 276x g for 6 

minutes. After aspirating the supernatants, the red blood cell pellets were lysed using 

distilled water for 9 seconds, followed by addition of 10% of 10x PBS to stop the lysis 

reaction. The cell suspension was centrifuged at 276x g for 6 minutes. Supernatants were 

removed, and the cells were resuspended in fresh complete RPMI-1640 medium. Then 

cells were cultured in 96 well plate after adding different antigens to stimulate the cells. 

Then cells were collected into FACS tube and washed with FACS buffer (1% FCS in 1x PBS) 

and centrifugated at 276x g for five minutes. The old media was discarded, and cell pellets 

were resuspended in 200 µL of FACS buffer (PBS + 1 % FCS ). In each cell pellets, cell 

surface staining was performed and 50 µL of FC block (anti-FcγR, clone 2.4G2-16, WEHI 

Monoclonal Facility) at a dilution of 1:150 was added and incubated for 5 minutes on ice. 
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Cells were further stained by incubating for 30 minutes on ice in the presence of 50 µL of 

specific fluorescent-labelled antibody, anti-mouse CD4-PE (CD4 Monoclonal Antibody, 

RM4-5, PE-conjugated) at a dilution of 1:100 in FACS buffer. Finally, cells were 

centrifugated in 1 mL of FACS buffer and further centrifugated twice at 276x g for 5 

minutes and resuspended again in 200 µL of FACS buffer before analysing by flow 

cytometry. According to a protocol modified from R&D Systems, Inc. (Minneapolis, USA), 

cell viability staining was applied to ignore dead cells. Briefly, after suspending up to 2x105 

cells/mL in 200 µL FACS buffer, 20 µL (1µg/mL 7-amino-actinomycin D (Sigma Aldrich)) 

staining solution was added to cells and then incubated for 5 minutes in the dark at room 

temperature. Based on the fluorescent and light scattering characteristics of the cells, 

data were collected using The BD FACSVerse™ flow cytometer (BD Bioscience, New 

Jersey, USA) and analysed using single cell analysis software called FlowJo version 10 

(Ashland, Oregon, USA). The proportions of fluorescent labelled live and live-proliferative 

lymphocytes were automatically generated by the software.  

 

2.11.2. Intracellular cytokine staining and flow cytometry 

 

OT-II T cells were extracted from spleen and 150 µL of cell suspensions (2x105 cells per 

well) in complete RPMI-1640 (Invitrogen, Life Technologies) were added into 96 well 

plates. Then cells were exposed to OVA-expressing parasites (depending on experiment 

L. major lysate or S. mansoni eggs), parasite containing empty vector control, and OVA 

(10 µg/ml) as a positive control and incubated for 2 hours at 37 oC, 5% CO2. Cells were 

further exposed to 0.06% v/v Golgi stop (BD Bioscience) and incubated for another 8 

hours. After incubation, cells were centrifugated at 276x g for 5 min and pellets were 

resuspended in 150 µl of chilled FACS buffer (1x PBS in 1% FCS and 0.06% v/v Golgistop). 

Then cell surface staining was performed using 50 µl of anti-mouse CD4-FITC (Catalag 

laboratories, Burlingame, CA, USA), diluted in 1:500, and cells were incubated for 30 min 

in the dark in ice. Cells were further resuspended in 150 µl chilled FACS buffer and 

centrifuge at 276xg speed for 5 minutes and washed with 200 µL of FACS buffer. Then 

pellets were resuspended in 100 µL BD cytoperm (cytofix) followed by incubation for 20 

minutes on ice followed by 2x washing with 1x BD Perm (wash) buffer and centrifuge at a 

speed of 276xg  for 5 min. Cells were resuspended in 100 µL of FACS buffer 50 µL of Fc 
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block was added to each tube followed by incubation for 5 min on ice and the following 

cytokine-specific antibodies (BD Bioscience) were added to each well:  PE- rat ant- mouse 

-IFN-, PE- rat ant- mouse -2, PE- rat ant- mouse -IL-10, PE- rat ant- mouse -IL17a, PE- rat 

ant- mouse -IL-4; all antibodies were diluted in 1:250. Then cells were incubated on ice 

for 30 minutes. After centrifugation, cells were washed 2x using wash buffer. Finally, cells 

were washed 2x in FACS buffer and resuspended in 200 µL FACS buffer before analysis 

using flow cytometry. 

 

2.11.3. Cytometric bead array  

 

The BDTM cytometric bead array kit for mouse Th1, Th2, and Th17 was used to determine 

the presence of IL-2, IL-4, IL-6, IFN-, TNF, IL-17A and IL-10 in supernatants. Briefly, the 

standards were diluted in two-fold dilutions and a total of nine standards ranging from 

1:1 up to 1:256 dilutions were prepared in assay diluent buffer, and assay diluent was 

used as a negative control. A 2 µL of each capture beads was added to each reaction 

samples and it was mixed with 56 L of assay diluent. Then a total of 50 L of combined 

captured beads was added in to 50 L of top standards and 50 L of samples in each FACS 

tubes. In the same FACS tube, 50 L of detection reagent was added and a total of 150 µL 

of the reaction mixture was incubated in the dark, at room temperature for 2 h. After two 

hours incubation, 1 mL of wash buffer was added to each FACS tube and centrifuged at 

200x g for 5 minutes. After centrifugation, 1 mL of the solution was removed from the 

FACS tubes and 100 L of wash buffer was freshly added into each FACS tube. Finally, the 

samples were analysed by flow cytometry, and the cytokine concentration was 

determined using FCAPTM Array software (Version 1.0.1, Soft flow, Hungary Ltd).  

 

2.12. Determination of viral titre using semi-quantitative qPCR 

 

2.12.1. Synthesis of cDNA from viral genomic RNA 

 

The contaminating DNA in virus supernatants collected from sterile cell cultures was first 

removed using DNase treatment in the presence of RNase inhibitor (Table 2.3). Using a 

thermocycler (MJ mini personal thermal cycler, Bio-Rad Laboratories, San Francisco, CA, 
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USA) and the conditions outlined in table 3, the viral genomic RNA from was reversed-

transcribed into complementary DNA (cDNA).  

 

Table 2. 3. Reaction conditions for removing contaminating DNA and reverse 

transcribing viral RNA. 

Step Reagent  Volume per 
reaction [μL] 

Incubation 
temperature 
[oC] 

Incubation 
time [min] 

 
Removal of 
contaminating 
genomic DNA 
 

 

Total RNA 
RNase Inhibitor 
(NEB) 
DNase I (NEB) 
10xDNase I (NEB) 
Buffer 
Nuclease-free water 

0.5 – 1 μg 
0.25 μL(10 U) 
 
0.25 μL (2.5 U) 
1 μL 
 
Adjust to 10 μL  

      37      10 

Enzyme 
deactivation 

        75     10 

Primer 
annealing 

10 mM Random  
Hexamer primer 
(Invitrogen) 

      2 μL        70       5 

 
           Ice       4 

Reverse 
Transcription 
 
 
 

 

MMLV RT (NEB) 
10xMMLV RT buffer 
(NEB) 
10 mM sNTP mix 
(Promega) 
 
Nuclease-free water 

1 μL (200 U)  
2.5 μL 
 
2.5 μL 
 
 
Adjust to 25 

μL 

         42      60 

Enzyme 
Deactivation 
 

   
           90 

 
   10 

Dilution Nuclease-free water Final volume 
100 μL 

  

 
Storage 

             
          -20oC 

 

 

For the estimation of viral titters produced during transfection of mammalian cells (TLA-

HEK293T cells), 12.5 µL of viral supernatants from cell culture was transferred into a 1.5 

mL sterile eppendorf tube and a total reaction volume of 25 µL was prepared (Table 2.4). 
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Table 2.4. Components of reaction mixture for reverse transcriptase PCR 

Reagents                   Final volume 

Supernatant 12.5µL 

DNAse 5.0µL 

RNase Inhibitor 0.5µL 

DNAse buffer 7.5µL 

Total 25µL 

 

The total reaction volume (25µL) was incubated at 37 oC (water bath) for 30 minutes and 

followed by enzyme deactivation at 75 oC for 10 minutes. For the reverse transcription of 

viral genomic RNA into cDNA, the DNAase treated reaction mix was incubated with 2 µL 

of oligo-dT primer (10 mM, Promega) at 70 oC for 10 minutes and followed by immediate 

chilling on ice for another 5 minutes. The reverse transcription was carried out by mixing 

RT enzyme (1 µL), RT buffer (12 µL) and dNTPs (1 µL) for a total volume of 14 µL. 

 

In the end, the reaction volume was increased to a total volume of 40 µL after adding 

nuclease free water and incubated at 42 oC for 30 minutes followed by enzyme 

deactivation at 90 oC for 10 minutes. The synthesized cDNA was chilled on ice and diluted 

with 85 µL of nuclease-free water and stored at -20 oC after nucleic acid quantification 

and measuring its purity. 

 

2.12.2. Semi-quantitative qPCR 

 

Following a modified protocol of the commercially available retroviral detection kit 

(Takara Bio Inc), the virus titre was determined by semi-quantitative real-time PCR 

reaction using MX3000P real-time PCR cycler (Stratagene, La Jolla, CA, USA). Forward (5′-

TGGACAGGGGCTCGGCTGTT-3′) and Reverse (5′-CCGCTGGATTGAGGGCCGA-3′) primers 

were used to amplify the cDNA and to generate 149 bp product. The samples were run in 

triplicate and average Ct value and copy number were estimated. The total 20 µL reaction 

mix was prepared and the thermal profile of each PCR reaction is summarized in Table 

2.5. For the quantification of viral DNA copies, a standard curve was generated from the 

virus-containing supernatants. The standard samples were prepared in 10-fold serial 
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dilutions (10-1, 10-2, 10-3, 10-4, 10-5). The unknown virus titer was determined by plotting 

against Ct values and regression fit algorithms.  

 

Table 2. 5. Preparation of master mix and thermocycling profile for semi-quantitative 

qPCR 

Reagent Volume (L) Total reaction volume 

including pipetting error 

(45+2) = 47 

SYBR® green reaction mix 10 470 

Titer forward primer 0.5 5.5 

Titer Reverse primer 0.5 5.5 

Nuclease-free water 7 329 

Template cDNA 2 94 

Total 25 1175 

 

The thermocycling profile of the PCR reaction is summarized as follows: 

Cycle Step Temperature (OC) Time 

1x Initial denaturation 95 15 min 

40x Denaturation 95 30 sec 

Annealing 60 30 sec 

Extension 72 30 sec 

Temperature ramping               55-95 ºC 

 

Finally, to confirm the appropriate integration of the OVA gene into the pGIPZ vector, 

forward primer sequence (5’- ATGAAGATACACAAGCAATGCCA-‘3), and reverse primer 

sequence (5’-TCATAGTTCCAGAAGCGAATGGT’-3’) was used.  
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2.13. Sodium dodecyl sulfate polyacrylamide gel electrophoresis and western blotting 

 

2.13.1. SDS-gel electrophoresis 

 

SEAs were separated using SDS-PAGE following the protocol modified from Cleveland et 

al. 1977 [218]. Briefly, polyacrylamide (12.5 %) for 2 mini gels was casted using the 

reagents listed in Table 2.6. 

 

Table 2. 6. Reagents used for preparation of polyacrylamide gel 

Reagents                                                                                  Volume  

0.75 M Tris-HCl pH 8.8 5 mL 

ddH20                                                                     1210 µL 

10 % SDS                                                                                    100 µL 

30 % acrylamide 4.16 mL (3.13ml of 40%)  

Ammonium persulphate 500 µL 

TEMED (add immediately prior to pouring) 10 µL 

Layer with distilled water on top of the gel to ensure the level surface 

 

The stacking gel was casted using the reagents listed in Table 2.7 

 

Table 2. 7. Reagents used for preparation of stacking gel 

Reagents                                                                                 Volume  

0.25 M Tris-HCl pH 6.8 5 mL 

ddH20                                                                      3.4 mL 

10 % SDS                                                                                    100 µL 

30 % acrylamide 1.3 mL  

Ammonium persulphate 500 µL 

TEMED (immediately added prior to pouring) 10 µL 

 

SDS-PAGE (5x) gel loading buffer was prepared from 0.25M Tris-HCl; pH 6.8, 15% SDS, 

50% glycerol, 25% β-mercaptoethanol and 0.01% bromophenol blue. Then the samples 
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mixed with a 5x loading dye[β-Mercaptoethanol (5%) , Bromophenol blue (0.02%), 

Glycerol (30%), SDS (10%) ,Tris-Cl (250 mM, pH 6.8)] were heated at 95 oC for 10 minutes 

and 20 L of each sample was added to the stacking gel before running in 10 × SDS-PAGE 

running buffer. The samples and the molecular weight marker SeeBlue® Plus2 (Novex, life 

technologies) were loaded and run at 100 volts for 1 hour. 

 

2.13.2. Coomassie blue staining of SDS-PAGE gels 

 

Coomassie blue staining was performed to visualise the protein bands of interest and the 

size of the target protein was compared to the protein marker lane. First coomassie blue 

stain was prepared from 1 g of coomassie blue R-250, 400 mL of methanol, 100 mL of 

glacial acetic acid, and 500 mL of distilled water. Following SDS-PAGE, the gel was 

submerged in enough coomassie blue stain (50 mL / 1 mini gel) and incubated with gentle 

agitation for 15 minutes. The gel was de-stained with gentle agitation in 50 % methanol, 

3.5% glacial acetic acid until most of the background stain has been removed (destain 1) 

and the gel was again de-stained using 7 % glacial acetic acid (de-stain 2) overnight. 

Finally, after the bands were clearly visible against the background, the image was taken 

using a trans-laminator. 

 

2.13.3. Transfer of proteins to nitrocellulose membrane 

 

In the western blot transfer apparatus, ice pack and magnetic stirrer were used to 

maintain the temperature of the running buffer during transfer of the protein from the 

gel to the nitrocellulose membrane. The protein gel was assembled with different blotting 

accessories in the following order: Starting from the black face of the grid- pre-wet scotch 

brite – 1 piece of filter paper – protein gel – nitrocellulose membrane – 1 piece of filter 

paper – second pre-wet scotch brite. Proteins were transferred electrophoretically from 

the gel to a nitrocellulose membrane at 100 Volts in 1X transfer buffer (6.04 g Tris base, 

200 mL methanol, 1.6 L ddH20, and 28.8 g glycine) for 1 hour. 
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2.13.4. Probing with antibodies 

 

The membrane was blocked overnight using 5% skim milk powder in PBS-Tween 20 at 4 

oC in a shaker incubator. Then the membrane was washed three times with 1% PBS-Tween 

20 for 15 minutes for each washing. After the third wash, the membrane was probed with 

primary antibody (rabbit IgG anti-OVA) at a dilution of 1:1000 in 2% skim milk powder in 

PBS-Tween 20 for 2 hours. Following three washings with PBS-Tween 20, the membrane 

was incubated with secondary antibody (HRP-conjugated swine anti-rabbit 

immunoglobulins, 1:2000 in PBS-Tween 20) for 1 hour. The membrane was again washed 

three times for 15 minutes each using PBS-Tween 20. Finally, the nitrocellulose 

membrane was exposed into 1.5 ml each Amersham ECLTM western blot detection 

reagents (GE Health Care Life Science, Australia) for 1 minute. Then the reagent was 

carefully drained and covered using hyper film to prevent drying. Finally, the immune 

complexes were visualized on the membrane using chemiluminescence. 

 

2.14. Sequencing 

 

To confirm the sequence of the gene of interest in the vector backbone, a modified Sanger 

sequencing protocol was performed as described in Table 2.8. First, the following 

reagents were mixed in 0.2 mL size of PCR tube.  

 

Table 2.8. Preparation of sequencing reagents 

Reagent                                                                              Volume 

BDV3.1-Seq Mix Terminator Mix                                     1.5 µL 

5x BDT Dilution buffer                                                       3.25 µL 

Primer (5 M):                                                                     1 µL 

DNA Template                                                                    * µL 

dH2O top up to                                                                     20 µL 

 

The thermal cycling conditions were set at 96 oC 1 min; 96 oC 10 secs; 50 oC; 5 secs; 60 oC 

4 mins for a total 25-30 cycles  
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Ethanol/EDTA/sodium acetate precipitation of sequencing reactions was performed to 

remove the excess terminators. The contents of the PCR tubes were transferred to a 

sterile eppendorf tube and 2 µL of 125 mM EDTA, 2.4 µL of 2.5 M sodium acetate (pH 5.2), 

and 50 L of 100 % ethanol was added for final volume of 74.4 µL. The reaction volume 

was mixed by vortexing and incubated at room temperature for 30 minutes and 

centrifuged at 1098x g for 20 minutes. The supernatants were carefully removed, and the 

pellets were resuspended in 70 µL of 70 % ethanol and briefly vortexed. Finally, the mix 

was centrifugated at speed of 1098x g for five minutes and the supernatant was removed, 

and the pellets were air dried in a heating block set at 95 oC for 1 minute. 

 

2.15. Captured ELISA 

 

Standard captured ELISA was performed following a protocol given by Yen et al. [219], to 

detect the expression of OVA by parasite eggs. Briefly, the coating antibody, goat IgG anti-

OVA was diluted at 1:1000 in coating buffer (NaHCO3, 1.25 g; Na2CO3, 0.77 g dissolved in 

250 mL of distilled water at pH of 9.2) and 100 µL of coating antibody was added into each 

well of 96 well flat bottom ELISA plate (Nunc, Roskilde, Denmark) and incubated overnight 

at 4 oC. Then the coated plate was washed three times with ELISA wash buffer (PBS+ 0.05% 

Twee 20). The blocking buffer (2% skim milk powder in PBS with 0.02% Tween 20) was 

added to the plate and followed by incubation for 1 h at room temperature. Then the 

plate was washed again three times with ELISA wash buffer. The OVA standard samples 

and unknown samples were prepared in tenfold dilutions and 100 µL of each sample was 

added to the antibody-coated plates and further incubated at room temperature for 2 

hours. The plates were washed four times with washing buffer followed by washing with 

tap water twice. The detection antibody (Rabbit Anti-Ovalbumin antibody) was then 

diluted in blocking buffer at 1:1000, Rockland Immunochemicals) and incubated at room 

temperature for 1 h followed by washing with ELISA buffer three times. The secondary 

antibody, polyclonal swine anti-rabbit immunoglobulins-HRP(DAKO) diluted at 1:1000 

and was added to the well. Colour development was attained using TMB, H2O2, and 

distilled water at a ratio of 1:1:2 respectively after incubation of the plate for 30 minutes. 

The reaction was stopped by adding 50 µL of 2 M H2SO4. Finally, the optical density was 

measured at 450 nm using Synergy H1 Hybrid Microplate reader (BioTek Instruments, 
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Winooski, Vermont, USA). The concentration of OVA in the culture supernatants was 

calculated using the standard curve generated using known concentrations of OVA 

protein. 

 

2.16. Confirming OVA expression by L. major  

 

After promastigotes reached the log phase, a total of 2x106 live promastigotes were 

suspended in 200 µL of lysis buffer (Thermo Fisher Scientific) and then placed at 65 oC for 

10 minutes. Parasite lysate was centrifuged at 9,400x g for 2 minutes and parasite death 

was confirmed using light microscopy. The parasite homogenates were further exposed 

to ultrasonic-dependent electronic pulses using microsonTM ultrasonic cell disruptor for 

30 s bursts until complete breakdown was achieved. Finally, after high-speed 

centrifugation, the supernatants were passed through a 0.2 µm filter for purification. 

Parasite lysates were separated using SDS-PAGE to confirm protein expression as 

described above.  

  

2.17. Statistical analysis 

 

Flow cytometry data were analysed using the single cell analysis software: FlowJo version 

10 (Ashland, Oregon, USA). All statistical analyses were performed using one-way ANOVA 

followed by t-test using Graph Pad Prism version 7.00 for Windows (GraphPad Software, 

La Jolla, California, USA).  In all the analyses a p value of <0.05 was required for 

significance. 
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Chapter 3: Recognition of Schistosoma mansoni egg-expressed ovalbumin by OT-II T 

cell receptor transgenic T cells 

 

3.1. Introduction 

 

Understanding how the parasite persists and manipulates the host’s immune system is 

one of the most important aspects of studying host-parasite immunological responses 

[220]. Indeed, S. mansoni, is known to manipulate the host’s immune response in order 

to ensure its survival [221]. Modulating the immune system at the molecular level with 

the help of SEA is one of the key strategies for S. mansoni to compromise host-immunity 

[222]. However, the mechanism of these specific immunomodulatory molecules remains 

elusive, particularly in vivo [8]. The immunomodulatory potential of S. mansoni eggs at 

the onset of chronic infection, is well documented and characterized by Th2 polarized 

immune response [103]. This Th2 response is associated with down-modulation of the 

initial Th1, or proinflammatory responses, against migrating cercaria and leads to 

granuloma formation [71, 99]. There are many SEA in S. mansoni, one of which, Omega-

1, is the main egg protein and a potent Th2-polarising molecule, operating through the 

activation of DCs. Cytokines plays an important role during the immunomodulation 

induced by Omega-1 and involves decreasing the production of IL-12, which leads to 

inhibiting Th1 responses [12]. Similarly, other SEA, such as IPSE/α-1 enhance IL-4 secretion 

and AAMs activity and this leads into polarized Th2 responses [97].  

 

One of the key factors complicating the study of immune responses to parasites is that 

the parasites co-evolved with their hosts and as a result, one can expect that 

immunomodulatory functions could reside within the antigens themselves as well as 

through the production of immunomodulatory molecules that affect any antigen 

associated with the parasites. To circumvent this problem, it is imperative to consider an 

antigen that has not undergone this evolutionary pressure because it was not part of the 

parasite and can therefore be considered neutral. OVA being a model antigen, is ideal in 

that respect as its use effectively excludes intrinsic biases possibly associated with 

parasite-derived antigens. Therefore, the use of OVA as a neutral antigen will allow 

studying the immune responses induced by S. mansoni eggs in vivo and in vitro and 
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therefore, S. mansoni-expressed OVA is an important tool in unravelling the immune 

response to this parasite. 

 

In the present study, pGIPZ or alternatively called a third-generation lentiviral vector was 

used for OVA expression in S. mansoni. One of the peculiar features of pGIPZ is its self-

inactivating 3’LTR or SIN, which hinders the reactivation of the virus after incorporated in 

to the host genome [223]. The expression of the target gene of interest into the SIN vector 

depends on the internal promoters or enhancers for viral replication and pGIPZ uses the 

CMV promoter (Figure 3.1). The advantage of lentiviral vector-mediated transfection is, 

that it leads to a permanent and stable expression of the construct in the target-cells, 

which is passed on during cell division as it is integrated into the host’s genome [12]. In 

addition, it can target both dividing and non-dividing cells. The antigen being expressed 

by the parasite ensures that the protein is being processed and presented by the same 

antigen presenting cells as the parasite and hence that the parasite-derived 

immunomodulatory molecules, if present, are in the in the ideal microenvironment to 

influence the immune response against the expressed model antigen. 
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Figure 3. 1. The lentiviral construct used in the transduction of parasite eggs for protein 

expression. Three constructs namely, OVA, and mCherry containing viral constructs and 

empty vector constructs were used for transduction purposes: LTR, long terminal repeat; 

ψ, packaging signal; cPPT, poly-purine-tract; ZeoR, zeomycin resistant gene; CMV, 

cytomegalovirus promoter; mCherry, mCherry encoding transgene; WPRE, woodchuck 

hepatitis virus post-translational regulatory element; SIN, self-inactivating LTR; OVA-CMV, 

Optimized OVA with CMV promoter. 

 

To take full advantage of the neutral antigen OVA, one can combine this antigen with T 

cells from T cell receptor (TCR) transgenic mice specific for this antigen in association with 

MHC II. The TCR transgenic mice chosen for this work are OT-II mice, which recognise the 

9 amino acid OVA epitopes OVA329-337 and OVA323-339, located at C- terminal of OVA [224]. 

The first step in this process is to demonstrate the recognition of parasite-expressed OVA 

by T cells from OT-II mice. Once this is achieved, we can use the OT-II mice as a source of 

naïve but antigen-specific T cells. In a wild-type animal, the precursor frequency of these 

cells is too low to be useful, however OT-II mice express the transgene TCR on most of its 

T cells and hence the precursor frequency of naïve T cells that can be activated with OVA 

is very high (Figure 3.2). Gaining access to naïve and therefore uncommitted T cells that 

can be stimulated by APCs displaying OVA peptides in association with MHC II is an 
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important tool for analysing parasite derived factors able to modulate the immune 

response both in vitro and in vivo. Such an approach has been used for other pathogens 

such as leishmanial and blood stages of malaria infections [210], but the lack of efficient 

transfection technologies precluded this for S. mansoni. 

Figure 3. 2.The comparison of T cell receptor frequency between OT-II and wild type 

mice. The frequency of OVA-specific TCRs is much lower in wild type mice compared to 

OT-II mice, in which the vast majority of T cells express the transgene TCR. This allows for 

the study of naïve T cells with known antigenic specificity. 
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3.2. Result 

 

3.2.1. Confirmation of the recombinant OVA gene in the transformed lentiviral vector 

 

The first 47 amino acid signal peptide sequences found on the original OVA sequence was 

replaced by a total of 23 amino acid sequences located in S. mansoni Omega-1 signal 

sequence to synthesise a codon optimized OVA. Then the optimized OVA gene was 

transformed into S. mansoni eggs using a lentiviral transduction method, an effective 

method of delivering target nucleic acid into eukaryotic cells or, as in this case, parasite 

eggs, for protein expression. To this end, OVA-pGIPZ and control pGIPZ plasmid DNA was 

extracted from the transformed E. coli (sflb3 strain). Screening of the colonies was 

performed using PCR with specific forward and reverse primers across the OVA gene 

insert. The integration of Opt-OVA gene into pGIPZ lentiviral vector was confirmed using 

gel electrophoresis and revealed a product size of ~11.5kb, which was slightly larger than 

the product from the pGITZ vector without the insert (Figure 3.3A). The PCR amplification 

of Opt-OVA-pGIPZ from several colonies provided an amplicon product size of 149 bp 

when primers were used within the OVA gene (Figure 3.3B). For further confirmation of 

the appropriate integration and transformation of the gene into the vector backbone, a 

directional PCR was performed, and the result revealed a similar product (Figure 3.3C). 

Following extraction of total RNA from S.mansoni eggs expressing OVA protein and by 

amplifying the target gene using reverse transcriptase PCR the expression of OVA protein 

was further confirmed on agarose gel electrophoresis as shown in Figure 3.4. The empty 

vector control (EV) without the OVA transgene was considered as a negative control and 

nothing was detected on RT-PCR and on the gel. 
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Figure 3. 3. Screening and isolation of the plasmid DNA from the transformed bacteria. 

After isolation of plasmid DNA and running on gel electrophoresis, it revealed a 

recombinant Opt-OVA-pGIPZ product of ~11.5kb size (A). Using the forward and reverse 

primers of the insert, different colonies (colony 1, 2, 3, and 4) were screened by colony 

PCR and all the colonies were positive for the target gene, which revealed a PCR product 

of 149 bp B). In addition, using the forward primer of the insert and the reverse primer of 

the vector backbone, different colonies were screened, and one colony is positive with a 

PCR product size of 190 bp (C). Note: In both PCR reaction conditions, sample was taken 

randomly from different colonies (Colonies in panel B are different from colonies in panel 

C). NTC is a negative control, which is distilled water in B and an empty vector in C. 
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 Figure 3. 4. Confirming Opt-OVA gene integration into lentiviruses. The integration of 

the OVA transgene into the lentiviral vector was checked and as a result, it was shown 

that a PCR product size of 163 bp was confirmed using agarose gel electrophoresis. (A), 

shows the PCR amplification product of the cDNA synthesized from virus supernatants 

containing the mCherry construct. Whereas, (B), shows the generation of the PCR 

products from virus supernatants containing Opt-OVA constructs. The numerical labelling 

1, 2, 3, 4 are the 5-fold serial dilutions of the viruses. The pGIPZ empty vector was used as 

a negative control (EV). 
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3.2.2. The localization of expressed OVA in S. mansoni eggs 

 

The immune histochemical staining of the OVA-expressing S. mansoni eggs using the 

polyclonal rabbit IgG to OVA (primary antibodies) and HRP conjugated polyclonal swine 

anti-rabbit Ig (secondary antibodies) revealed detection of enzyme labeled antibody 

through conversion of the substrate (Figure 3.5). Wild type eggs without any antibody and 

wild type eggs without primary antibody did not result in any staining (B and C). In 

addition, OVA expressing eggs without primary antibody also showed no detection of  

OVA protein(D), Whereas OVA expressing eggs using both specific primary and secondary 

antibodies revealed a positive result   confirming that the test is specific for the antibodies 

used and hence, detection of the OVA protein, was confirmed(A). The antigen-antibody 

reaction based on the immunostaining indicates the position of the protein is variable 

inside the transduced egg (Figure 3.5A). However, we also noted that OVA was only 

localized in a relatively small proportion of eggs (indicated by yellow asterisk*).  
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Figure 3. 5. Immuno-histochemistry of OVA-expressing eggs following DAB staining. (A), 

OVA-expressing eggs labelled with specific primary and secondary antibodies and 

showing four OVA-positive eggs (indicated by yellow asterisk). (B), Wild type eggs in the 

presence of both antibodies. (C), wild type eggs without any antibody. (D), OVA-

expressing eggs without primary antibody. 

 

 

 

 

 

 

 



 

79 | P a g e  
 

Chapter 3 

3.2.3. Quantification of virus titres using semi quantitative PCR 

 

TLA-HEK293T cells were transfected by OVA, mCherry plasmid DNA constructs and the 

lentiviral packaging mix and the viral supernatants were collected and analysed to confirm 

the presence of sufficient quantity of viral particles in the cell culture supernatants using 

semi-quantitative PCR. The amplification process of the viral genomic RNA of the viruses 

was performed after synthesis of the cDNA using Oligonucleotides and reverse 

transcriptase enzymes. The amplification efficiency of the RT-PCR assay showed 98.5% and 

R2, the coefficient of correlation of the standard curve was 0.99 (Figure 3.6A). Forward (5′- 

TGGACAGGGGCTCGGCTGTT-3′) and Reverse (5′- CCGCTGGATTGAGGGCCGA -3′) primers 

were used to amplify the cDNA and the result showed an average copy number in log10 

equivalence of 6.7 and 7.2 for mCherry and OVA gene respectively (Figure 3.6B). The DNA 

copy of unknown samples were generated from the standard curve produced from a 5-

fold dilution series.  
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Figure 3. 6. Quantification of lentivirus using real time PCR. The regression fit analysis 

showed linearly correlated between log DNA concentration and Ct values (A). To minimize 

amplification or technical errors, samples were run in duplicates and the average value 

was taken for analysis. The average DNA copy from 5-fold dilutions of OVA and mCherry 

containing viral supernatants was determined. A 5-fold serial dilution from the culture 

supernatants was performed and from each dilution, the concentration of cDNA was taken 

as a standard to calculate the standard DNA copy number of OVA and mCherry and a log10 

DNA copy of both genes were generated (B). 
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3.2.4. Assessing the toxicity of S. mansoni eggs on T cells 

 

The first step into assessing whether OT-II cells can recognize OVA expressed by S. 

mansoni eggs is to determine the maximum number of eggs, T cells will tolerate in cell 

culture. This was measured by quantifying the number of eggs that allow normal T cell 

function. The effect of egg numbers on the viability and proliferation of T cells was 

analysed using flow cytometry in the presence of Con A as a mitogen. This optimization 

was started with a total number of eggs greater than 300 eggs per well co-incubated with 

2x105 cells/ml per well of 96 well plates at 37oC, 5% CO2 and the result of egg toxicity 

showed that 300 eggs and more are toxic to the cells with a total number of 30.45 %, and 

69.55 % live and dead cells respectively. Whereas, in cells incubated without eggs, the 

total number of live and dead cells revealed 86.25% and 13.75% respectively. To analyse 

if eggs have an effect on T cell function even under the stimulant, the same number of 

eggs were treated with Con A and the proportion of live and dead T cells showed 49.82% 

and 50.18% respectively which is still toxic to cells. The percentage of live and dead cells 

were calculated out of total T lymphocytes only. Although some difference in the 

proportion of live and dead cells was observed between Con A treated and non-treated 

cells, the result showed that 300 and more eggs are toxic to the cells. Therefore, the 

number of eggs was decreased to reduce the toxicity effect of the eggs on the cells and a 

total of 25, 50, 100, and 200 eggs were co-incubated with 2x105 cells/ml for the same 

number of days and in all the conditions. CFSE labelled cells without eggs was considered 

as a positive control. After optimizing the egg number per well, no toxicity was recorded 

in all egg categories both in the absence and presence of Con A. For identifying the dead 

cells from the live cells in the flow cytometry, a cell viability marker called 7-AAD was 

used. The result showed that there was no significant difference in the percentage of total 

lymphocytes, live lymphocytes, and live proliferative lymphocytes between all the egg 

concentrations. The percentage of live lymphocytes and live proliferative lymphocytes in 

cells incubated with 200 eggs was 87.5% and 97.4% respectively and this leads into a 

conclusion that 200 eggs and less are not toxic to the cells and we used this concentration 

of eggs for further experimental works (Figure 3.7 and 3.8). 
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Figure 3. 7. The toxicity test of 200 and less fresh eggs per well in the presence of Con 

A stimulation. The total number of proliferative live lymphocytes, live lymphocytes and 

lymphocytes are calculated in the presence of different quantities of eggs per tissue 

culture plate well. Hence, the percentage for 200 eggs, 100 eggs, 50 eggs, 25 eggs per 

well and cells only as a positive control were used and the result showed more than 85% 

of proliferative live lymphocytes, more than 95% live lymphocytes and more than 35% 

lymphocytes in all groups. 



 

83 | P a g e  
 

Chapter 3 

Cells
 o

nly 25 50
100

200

0

50

100

150

proliferating live lymphocytes

live lymphocytes

Lymphocytes

Number of Eggs per well

P
ro

p
o

rt
io

n
(%

)

 

Figure 3. 8. The toxicity test of 200 and less fresh eggs per well in the absence of Con A 

stimulation. The total number of proliferative live lymphocytes live lymphocytes and 

lymphocytes are calculated in different categories of eggs per well of the tissue culture 

plate. Hence, the percentage of for 200 eggs, 100 eggs, 50 eggs, 25 eggs per well and cells 

only as a positive control were used and as shown in the figure, less than 10% proliferative 

live lymphocyte, more than 95% live lymphocytes and more than 35% lymphocytes were 

analyzed in all groups. 

            

3.2.5. Detection of secreted OVA using captured ELISA 

 

After confirming the expression of Opt-OVA by S. mansoni eggs, optimized OVA-specific 

captured ELISA was performed to detect secreted OVA from eggs exposed to lentiviral 

transduction (Figure 3.9 A). For this particular assay, a 10-fold dilution of purified OVA 

was used as a standard against which the OD value of the egg-supernatant could be 

compared to quantitate the amount of OVA present (Figure 3.9B). The minimum 



 

84 | P a g e  
 

Chapter 3 

concentration of OVA that this assay can detect is 5 ng/ml and the amount of OVA 

detected in supernatant of 200 transduced (and un-transduced) eggs fell below this limit 

(Figure 3.9A).  

 

 

Figure 3. 9. Measurement of optical density of OVA protein in culture supernatants. An 

analysis based on the standard curve for the detection of expressed OVA which is secreted 

to the culture supernatants of transduced and untransduced eggs and this assay showed 

an efficiency of 97.67% and the standard values of the assay fall along the fit line.                    
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3.2.6. Expression of OVA in S. mansoni eggs 

 

Since the detection of OVA protein expressed by the S. mansoni by ELISA was unsuccessful 

(data not shown), it was decided to use a large amount of eggs and detect the expression 

by testing OVA-specific mRNA as well as OVA protein by western-blotting. The first group 

of eggs were those transduced with the OVA-containing pGIPZ vector through the aid of 

lentiviral transduction system. The level of mRNA was confirmed using a reverse 

transcription RT-PCR from mRNA of transduced and un-transduced eggs. As shown in 

Figure 3.10A, PCR amplification curves were observed for two different batches of 

transduced eggs, while no amplification was observed in the negative control 

untransduced eggs. The PCR products were run on agarose gel electrophoresis and 

revealed a band of the expected size (Figure 3.10B).  

 

To demonstrate the presence of OVA protein, a PAGE was performed demonstrating a 

Coomassie blue stained band of the expected size (45kDa) for OVA in the transduced, but 

not in the untransduced eggs. This was further confirmed by western blot using rabbit IgG 

polyclonal antibodies to OVA (Figure 3.10B).   
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Figure 3. 10. The expression and confirmation of OVA in S. mansoni eggs. (A) shows the 

confirmation of mRNA production using RT-PCR and the figure on the right side confirmed 

a DNA band of 163 bp in agarose gel following RT-PCR. T.eggs and UT.eggs represent 

transduced and untransduced eggs, respectively. mRNA was prepared from the same 

number of eggs (6,000; 5,000 and 2,400 eggs). (B) shows the expression of 45kDa size 

protein under Coomassie blue staining followed by probing with specific primary (anti-

OVA) and HRP-labeled secondary antibody.  
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3.2.7. Recognition of OVA by OT-II CD4+ T cells 

 

Based on the toxicity study above (section 3.2.4), a total of 25, 50, 100 and 200 eggs per 

well were used to stimulate OT-II T cells, in vitro. The eggs were transduced with either 

the viral constructs containing the OVA or mCherry (negative control) genes, or an empty 

vector (negative) control, or were left untransduced. As shown in Figure 3.11A, OT-II T 

cells proliferated in the presence of OVA peptide (10% at 0.1μg/ml concentration and 

51.2% at 10μg/ml concentration), while cells stimulated with any of the negative controls 

had background proliferation (ranging from 1.1% to 2.6%, Figure 3.11B). The proportion 

of CD4+ OT-II T cells that proliferated in the presence of 200, 100, 50, and 25 transduced 

egg was 8.99%, 9.82%, 9.79%, and 9.67% respectively(Figure 3.12) while similar numbers 

of un-transduced eggs resulted in proliferation levels comparable to the negative controls 

(1.87% -2.49%; Figure 3.11B). 

 

 

Figure 3.11. In vitro proliferation of OT-II T cells (control groups). The viable OT-II 
lymphocytes were gated by their forward / side scatter / viability stain and the CD4+ cells 
were identified using an anti-mouse CD4-PE antibody. (A) Positive control composed of 
cells stimulated with OVA peptide at 0.1 μg/mL and 10 μg/mL (B) Negative controls being 
no eggs are added to the cell cultures, cells exposed with empty vector-transduced eggs, 
and cells exposed with eggs transduced with mCherry containing viral constructs. 
Percentage of cells that have proliferated, as identified by their low level of CFSE staining, 
is shown in the top left corner. 
 

(B) 

(A) 
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Figure 3. 12. In vitro proliferation of OT-II T cells by OVA transfected and untransduced 

parasite eggs. The viable OT-II lymphocytes were gated by their forward / side scatter / 

viability stain and the CD4+ cells were identified using an anti-mouse CD4-PE antibody. 

(Upper panel) Different concentrations of OVA-transduced eggs. (Lower panel) Different 

concentrations of un-transduced eggs. Percentage of cells that have proliferated, as 

identified by their low level of CFSE staining, is shown in the top left corner. 

 

3.2.8. Expression of cytokine by OT-II CD4+ T cells activated by OVA-transduced eggs 

 

The level of cytokine expression in the culture supernatants of OT-II CD4+ T cells incubated 

with the same number of transduced and untransduced eggs was measured. As shown in 

Figure 3.13, IFN- is expressed by the OT-II CD4+ T cells stimulated with OVA-transduced 

eggs, while the negative control (untransduced eggs) do not induce such expression. The 

cytometric quantification revealed IFN- concentrations in the supernatants of 374, 430, 

338 pg/ml for transduced eggs of 200, 100 and 50 respectively. Whereas in the lowest 

concentration of transduced eggs (25 eggs per well) and in all group of the untransduced 

eggs, the IFN- expression was below the detection limit of the IFN- assay. Hence there 

was a statistically significant (P<0.05) difference between the OVA-transduced and 

untranduced eggs in their ability to stimulate IFN-  production at the 3 highest 

concentrations of eggs tested, but not at 25 eggs per well. 
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Similarly, TNF was expressed by the OT-II CD4+ T cells after stimulation to OVA-transgenic 

parasite eggs with a TNF concentration of 408, 301, 163 and 70 pg/ml induced by 200, 

100, 50, and 25 eggs respectively. The untransduced eggs also induced the production of 

some level of TNF expression (compared to cells alone) but for all but the lowest 

concentration of eggs, this was significantly lower (P<0.05), than for transduced eggs.  

 

A considerably higher level of IL-6 was expressed by OT-II cells stimulated with OVA-

transduced eggs with a concentration of 70 ,73 and 50 pg/ml for 200, 100 and 50 eggs, 

respectively. The concentration of IL-6 expressed by OT-II cells stimulated with 200 

untransduced eggs was 39 pg/ml and less than 20pg/ml for any other egg concentration. 

At all but the lowest concentrations of eggs there was a significant difference (P>0.05) in 

IL-6 production stimulated by equivalent numbers of transduced and untransduced eggs. 

The result showed there is a variation in the expression level of IL-6 among cells 

stimulated with transduced eggs and untransduced eggs. A statistically significant 

difference was observed in the degree of expression of IL-2 when cells were stimulated 

with OVA transduced eggs compared to untransduced eggs.  

 

Statistically significant differences were demonstrated in the expression level of IL-10 by 

OT-II cells exposed to 200 transduced eggs than cells stimulated with the same number 

of untransduced eggs (P<0.05). However, the comparison of the mean concentration of 

IL-10 cytokine among cells stimulated with 100, 50, and 25 transduced and untransduced 

eggs showed no significant difference (P>0.05). The amounts of IL-2, IL-4 and IL-17A 

detected were below the detection limit of the assay under all conditions making 

comparisons between different groups meaningless. For all cytokines the level of 

expression by OT-II T cells when not exposed to eggs was insignificant.  
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Figure 3. 13. Cytokine signatures of activated OT-II T cells by OVA transfected parasite 

eggs. A bar graph showing the concentration of   cytokine expression by a different group 

of transduced and untransduced eggs. In all the graphs, the Y-axis represents the 

concentration of cytokines in the supernatants of OT-II T cells and the X-axis represents 

different testing samples of transduced and untransduced eggs. T and U followed by the 

numbers represented the number of transduced and untransduced eggs per well of the 

tissue culture (96 well plate). 
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3.3. Discussion 

 

Our understanding of how immune responses develop and are regulated largely depend 

on the development of model systems allowing the study of well-defined immune 

parameters in a controlled fashion. One such development is the generation of TCR-

transgenic mice, in which a large proportion of the T cells express a well-defined TCR 

recognizing an MHC-restricted antigenic peptide [202]. OT-II mice carry the transgenes 

encoding for the V2 and V5 TCR and as a result, recognize OVA peptide (323-339) 

presented by MHC Class II molecules [201]. These OT-II mice have been used 

experimentally in different settings as a source of naïve T cells with a well-defined 

specificity [224]. In most of the recent findings for the evaluation of vaccine efficacy and 

trial, OVA is frequently used as a model antigen in OT-II CD4+ T cell proliferation and 

development assay represents the most powerful tool [225]. 

 

One of the main limitations preventing the detailed investigation of immunomodulatory 

mechanisms and host-parasite interactions of S. mansoni with its host, is the lack of OVA-

expressing parasites that can be used as a model antigen and combined with OT-II TCR 

transgenic mice. The use of OVA is also important because it can be considered as a 

“neutral” antigen, in that there has not been any evolutionary pressure against this 

antigen and hence, there is no intrinsic bias towards one type of immune response versus 

another. This is critical in analysing the modulation of immune responses by parasites as 

parasite-derived antigens could have been selected for their intrinsic ability to bias the 

immune response, making it difficult to unravel which effects might be due to parasite 

molecules and which one could be the result of intrinsic biases of the parasite antigens 

themselves. 

 

Because of the complex biology of the schistosome parasite, generation of a transgenic 

parasite eggs has been challenging but recently, using lentiviruses as a vector, 

introduction of foreign genes into this parasite was established [12]. Lentiviral vectors 

which are modified from the type 1 human immunodeficiency virus (HIV-1) have become 

the main gene delivery tools to eukaryotic cells and known for their important features 
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of mediating strong transduction and stable expression both in vitro and in vivo. The 

advantageous feature of lentivirus vectors is the ability to mediate potent transduction 

and stable expression into dividing and non-dividing cells both in vitro and in vivo (Hagen, 

J. Ph.D. thesis, The University of Melbourne). Therefore, using this technique as an 

advantage, a lentiviral construct containing optimised OVA gene was generated (Nahar, 

M. Ph.D. thesis, The University of Melbourne). In the present study, following a lentivirus-

mediated transduction of OVA constructs in to fresh S. mansoni eggs, the protein was 

successfully expressed by the eggs as confirmed by western blotting and reverse 

transcription PCR. In addition, the expression of OVA protein was also confirmed using 

OVA-specific antibodies under light microscopy. However, expression was detected in 

quite small number of eggs and this might be due to the fact that matured S. mansoni 

eggs are as small as 150 microns in size with multiple shell layers of the outer spinous 

layer, which is characterized by having electron dense pores which are adjacent to the 

middle and intermediately dense layers and the most inner layer. In addition, the 

cytoplasm of the egg has a matrix of abundant organelles like polysomes, mitochondria, 

and many lipid droplets and positioned adjacent to the inner eggshell with a special 

envelope plasma membrane [226]. More importantly, unlike any other hard tissues, egg 

pellets are less prone to the formation of firm clumps since they can’t stay sticky all 

together during the washing and staining processes and this also makes sectioning and 

detection less accurate.  

 

The localisation of the produced OVA can be important in relation of the ability of the 

OVA to be presented in association with MHC class I and II. Indeed, there are many 

examples in the literature where the localisation of the expressed OVA had a significant 

effect on the ability of the OVA peptide to be presented by MHC Class I and II, to T cells. 

For example, transgenic parasites such as P. berghei expressing OVA has been generated 

to study whether the sub-cellular location of the antigen can influence the proliferative 

response on CD4+ T cells [208]. Moreover, the use of transgenic OVA in the cytoplasm of 

plasmodium parasites for the purpose of examining the CD8+ T responses during different 

life cycle stage of infection was also reported [209]. However, those parasites were unable 

to induce CD4+ T cells response in vivo [210]. The possible justification in this dichotomy 

is that the capability of the parasites to drive CD4+ and CD8+ cells responses specific to 
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OVA antigen in different antigen processing pathways associated with MHC class I and II 

presentation [211]. OVA expressed in L. major was also used as a model to study how the 

exogenous antigens are cross-presented by MHC class I molecules for the stimulation or 

activation of CD8+ T cells. In addition, OVA-expressing L. major was also used to 

investigate immune modulation by this parasite in relation to protective Th1 immune 

responses and disease exacerbating Th2 response [184]. Here also the localisation of the 

expressed OVA appears to be important with the expression of OVA on the plasma 

membrane leading to significant activation of antigen-specific CD4+ T cells [227], while 

phagolysosome-secreted antigen lead to infected cells presenting the OVA in association 

with MHC class I [228]. In the context of MHC II, CD4 + T cells only recognize specific 

epitopes and such recognition is mediated through TCR combining to MHC-epitope 

complex and a simultaneous involvement CD4+ co-receptor with MHC class II [229]. 

Similarly, transgenic P. berghei parasites were generated for the expression of model T 

and B cell epitopes combined with GFP tags and the P. berghei elongation factor 1-alpha 

promoter and one of the epitopes selected were MHC class II-restricted presented to P. 

berghei sensitive TCR transgenic mouse models (HNT, DO11.10, and B6) and using those 

transgenic blood stage parasites, the antigens are expressed and cross-presented by the 

DCs (CD8 α+) to stimulate and proliferate the CD4+ T cells [212].  In addition, transgenic 

parasites like T. gondi has also been engineered for expressing recombinant OVA in the 

cytosol of the parasite and showed the secreted form of OVA tends to stimulate the CD4+ 

T cells and IFN- production [213]. 

 

In this study, we were able, not only to express the model antigen OVA in S. mansoni 

parasite eggs, but also demonstrated that OT-II T cells can recognise this expressed OVA 

molecule in vitro and respond through both proliferation and cytokine production. The 

result revealed a significant amount of TNF and IFN- being produced by OT-II cells in 

response to OVA-transduced eggs, compared to the amounts expressed when 

untransduced eggs are added. This suggests that these cytokines are produced as a result 

of OVA-specific stimulation of the OT-II cells, hereby confirming that OVA expressed by S. 

mansoni eggs can functionally activate OT-II cells. In addition, small amounts of IL-6 and 

IL-17A, but below the detection limit were also detected in the culture supernatants of 
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OT-II cells stimulated with transduced eggs but not when the stimulation was with 

untransduced eggs. In contrast, the amount of IL-2, IL-4, and IL-10 produced by OT-II cells 

stimulated with OVA-transduced eggs, were below the detection limit of the cytokine 

assay. Taken together the analysis of the cytokine expression leads into the conclusion 

that the transduced eggs induced a mixed Th1 and Th2 responses, with a minor Th17 

component. At first sight these results seem somewhat surprising in light of the now well 

documented effect of eggs on the bias of the immune response from a Th1 to a Th2 during 

this stage of the parasite development. Indeed, egg-associated granuloma formation is 

linked to the production of Th2 cytokines such as IL-4, IL-5 and IL-13 [44, 230] and this is 

down-modulated by IL-10 and egg antigen-specific antibodies [231]. It is therefore 

surprising that Th1 cytokine were produced following stimulation of OT-II cells by OVA-

transduced eggs and that the immune response was not more biased towards a Th2 

response. One possible explanation for the lack of detection of IL-4, the most prominent 

Th2 cytokine is that this cytokine is often consumed by the T cells during the 

differentiation of naïve CD4 T cells into Th2 effector cells [232]. In conclusion, a method 

was established to produce recombinant OVA in S. mansoni eggs and that this OVA can 

be recognized by OT-II cells opening the door to the in vivo investigation of the cellular 

and molecular mechanisms utilized by the parasite to influence the host’s immune 

response. In the next chapters, we will explore how the OT-II cells can be manipulated 

into memory cells with different phenotypes and how these can be used to explore 

whether the parasite influences these biased memory responses in vitro and in vivo.
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Chapter 4: Measuring the resilience of Th1, Th2, and Th17 polarised memory cells in 

the face of manipulation by S. mansoni infection 

 

4.1. Introduction  

 

Long-lasting protective immunity against a pathogen, in a host, is most often achieved 

through the development of pathogen-specific immune memory T cells that can be 

restimulated during the early phase of the infection. The functional properties of such 

memory T cells are orchestrated by cellular and molecular regulators, which define their 

phenotype and might also regulate their plasticity (i.e. the extent to which their 

phenotype can still be influenced by the pathogen). The functional characteristics of 

memory T cells such as their plasticity, their ability to be recalled, and the duration of 

their persistence have significant implications for vaccination strategies. This represents 

an opportunity for pathogens to manipulate the burgeoning immune response during all 

stages of immune memory developments, as well as its persistence and recall functions 

during infection [233].  

 

The complex biology of parasites has, over evolutionary timeframes, helped them to 

evolve together with their host’s immune system. As a result, specific mechanisms to 

manipulate the host’s immune system are often present. For example, starting from the 

early stage of infection in which innate immunity prevails and during the final stage of 

infection in which the adaptive immune response is established in a host, parasites 

produce myriads of immunomodulatory molecules to suppress or subvert immune 

responses. In parasites, such as S. mansoni, this manipulation is mainly orchestrated by 

CD4+ T cells and excreted immunomodulatory molecules have been shown to affect these 

responses, often through impacting DC functions [234]. Thus, parasites are known to 

develop immuno-regulatory mechanisms, to their own advantage and ensuring survival 

by applying nonspecific suppressive pathways to antigens [235]. As a result, it is important 

to understand the immunomodulatory mechanisms of parasite-derived molecules that 

are responsible for immunopathology in order to design new therapeutic agents [236-

239]. S. mansoni SEA, produced in the egg stage of the parasite, have the ability to 

manipulate human or mouse DCs to suppress classical maturation of co-stimulatory ligand 
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expression. These manipulated DCs induce a Th2 response in vitro following a transfer to 

a naïve host under MyD88- and IL-4-independent conditions [88]. Molecules having an 

effect on this pathway have been identified as S. mansoni Omega-1 resulting in the 

induction of a Th2 type immune response [93, 240]. This molecule binds and is 

internalized by DCs via a mannose receptor, resulting in suppression of protein synthesis 

following intracellular RNA degradation, which in turn leads into the downregulation of 

both co-stimulatory molecules and IL-12 expression, both of which favours Th2 responses 

[241]. Despite many studies, only a little is known about the mechanisms used by 

parasites to modulate host immune responses during chronic infection, in vivo, 

particularly against immune memory T cells with an established T helper phenotype bias. 

In turn, this understanding of how parasites influence immunity in particular during recall 

responses is critical to designing ways in which memory T cells can be generated that 

could withstand pathogen manipulation and hence improve vaccine efficacy. 

 

In this chapter, we investigate whether immune memory cells withstand immune 

manipulation by S. mansoni parasites following in vivo challenge. To this end, we 

differentiated OT-II T cells in vitro to develop a Th1, Th2 or Th17 memory phenotype in 

vitro. Subsequently, these cells were exposed to OVA transgenic eggs from S. mansoni 

and their functional phenotype was analysed to assess whether they retained the 

phenotype they acquired or whether they could be manipulated by the parasite, both in 

vitro and in vivo, following adoptive transfer. In other words, we measured whether these 

in vitro differentiated OT-II T helper cells are resilient to S. mansoni manipulation. 
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4.2. Result 

 

4.2.1. In vitro polarization of naïve OT-II T cells and analysis of their cytokine signatures 

 

With the aim of understanding the immune memory resilience of Th polarized cells in the 

face of a challenge with OVA-expressing S. mansoni eggs, naïve OT-II T cells were 

extracted from spleen and lymph nodes of OT-II mice and differentiated into Th1, Th2, 

and Th17 in vitro. This was performed in the presence of OVA protein and specific 

polarizing cytokines and anti-cytokine antibodies, which enables the naïve cells to 

differentiate into specific lineages over a 4-day period. After 4 days, cells were supplied 

with IL-7 to further differentiate them into memory cells. As shown in Figure 4.1, following 

this treatment, Th1 polarized cells produced typical Th1 cytokines such as IFN- and 

marginal levels of TNF. In contrast, Th2 polarized cells produced a significant amount of 

Th2 cytokines, in particular IL-2, IL-4, IL-6, and IL-10, but no IFN- or IL-17A. In addition, 

Th17 polarized cells produced typical Th17 cytokines mainly IL-17A, but only marginal 

levels of the other cytokines (IFN- ,TNF, IL-2 and IL-10). Naïve or undifferentiated cells 

produced all type of cytokines tested (IL-2, IL-6, IL-10, IL-17, IFN-, and TNF), except IL-4 

(Figure 4.1).  

 

Now that we have established that the in vitro-differentiated T cells produce the cytokine 

profile that is expected, these cells will be injected into congenic animals and stimulated 

with OVA-transduced S. mansoni eggs and controls. However, before we do that, we need 

to optimize the adoptive transfer of OT-II cells and protocols to detect the OT-II cells 

amongst the immune cells from the recipient animal.
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Figure 4. 1. In vitro polarisation of naïve OT-II cells to produce Th1, Th2, and Th17 lineages. Naïve OT-II T cells were extracted from spleen and 
different lymph nodes of OT-II mice and these cells were cultured to polarize them, using OVA (20 μg/mL) and differentiating cytokines and 
antibodies to cytokines. After washing, differentiated cells were stimulated with IL-7 for a further two days to produce memory cells. Finally, 
cells were stimulated with OVA (10 μg/mL) for 72h and further analysed using a cytokine beat array and flow cytometry to measure the 
concentration of cytokines secreted in culture supernatants. 
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4.2.2. In vivo response of OT-II T cells following adoptive transfer to CD45.1 mice 

 

The objective of this study was to adoptively transfer OT-II cells into congenic animals and 

specifically identify these cells following in vitro re-stimulation, including with OVA 

transduced S. mansoni eggs. To achieve this, first OT-II cells were harvested from spleen 

and different lymph nodes such as spleen, maxillary, axillary and inguinal lymph nodes of 

OT-II mice and after extraction, cells were stained with the fluorescent dye CFSE to track 

these cells including any cell divisions. During the first day, each mouse received 2x106 

CFSE-stained cells through intravenous injection (I.V.) and after 48 hours, each mouse was 

challenged with either controls, such as OVA (30µg/mL), OVA mixed with wild type eggs, 

wild type eggs alone, eggs transduce with empty vector, mCherry transduced eggs, or 

with the experimental treatment, namely OVA-expressing eggs. A total number of 1000 

of eggs for each group were suspended in PBS and injected I.V. through the tail vein. After 

one week, recipient mice were euthanized, and the recovered cells were stained with 

anti-CD4 antibodies to characterize the cells that had proliferated as measured by 

reduced CFSE label (due to cell division). As shown in Figure 4.2, OVA transgenic eggs were 

able to stimulate OT-II T cells to proliferate (1.3%) compared to untransduced eggs (0.3%), 

cells without any antigenic treatment (0.19%), mCherry transduced eggs (0.24%) and eggs 

transduced with empty vector control (0.19%). As expected, mice treated with OVA 

control induced proliferation of a significantly higher percentage of cells (2.65%) 

compared to all other groups.  
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Figure 4. 2. Analysis of the percentage of recovered OT-II cells from recipient mice 

following challenge with different antigens. Recipient mice (CD45.1) was challenged with 

different antigens as labelled in the figure such as OVA protein (OVA), OVA protein mixed 

with eggs (OVA + Eggs), eggs without any other antigen (Eggs only), no antigen negative 

control (cells only), OVA-expressing eggs, eggs transduced with mCherry transgene 

(mCherry), and eggs transduced with empty vector control (EVC). The percentage in the 

Y-axis represents, the proportion of the proliferated (i.e. low CFSE levels, due to cell 

division-associated dilution), CD4+ (OT-II T cells positive cells to total CD4+ populations). 

The OT-II positive populations were identified using anti-mouse CD45.2 antibody markers 

and determined by flow cytometry. A single asterisk indicated a p-value lower than 0.05. 

 

 

 

 

 

https://www.google.com.au/search?safe=active&rlz=1C1GGRV_enAU752AU752&q=asterix&spell=1&sa=X&ved=0ahUKEwj6lobh8_XdAhUTPnAKHfM_BZ4QBQgoKAA
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4.2.3. Proliferation of OT-II T cells following ex-vivo stimulation. 

 

This experiment was performed to investigate whether the OT-II cells recovered from 

mice after adoptive transfer, can be induced to proliferate ex vivo, in response to eggs 

transduced with OVA. Hence, following I.V. injection of naïve, CFSE-labelled OT-II cells into 

recipient mice (2x106 cells per mouse) and challenged with OVA-transduced eggs (or 

appropriate controls) for 1-week, experimental mice were culled, and the recovered OT-

II cells were stimulated for three days with the same antigens as initially used for the in 

vivo challenge. The cells were also stained with anti-CD4 antibodies and analysed using 

flow cytometry. As illustrated in Figure 4.3, recovered cells exposed to OVA control 

showed the highest level of proliferation, (3.4%). Cells stimulated with OVA in the 

presence of wild type eggs also proliferated (2.2%). When the cells were stimulated with 

OVA-expressing eggs a similar level of proliferation was observed (1.8%). This level of 

proliferation by cells stimulated to OVA-expressing eggs was also significantly higher 

comparing to any of the negative controls including, cells stimulated with wild type eggs 

(0.5%), cells left untreated without any antigens (0.47%), cells stimulated with mCherry 

transduced eggs (0.49%), and cells stimulated with empty vector control transduced eggs 

(0.34%).  
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Figure 4. 3. Analysis of the percentage of recovered OT-II cells from recipient mice after 

challenge with different antigens and followed by ex vivo stimulation. Recipient mice 

(CD45.1) was challenged with different antigens as labelled in the figure such as OVA 

protein (OVA), OVA protein mixed with eggs (OVA + Eggs), eggs without any other antigen 

(Eggs only), no antigen negative control (cells only), OVA-expressing eggs, eggs 

transduced with mCherry transgene (mCherry), and eggs transduced with empty vector 

control (EVC). After recovery of OT-II T cells, a total of 2x105 cells per well were cultured 

in 96 well plate and cells were stimulated with OVA (30 µg/mL) as a control, 200 OVA-

expressing eggs, and wild type eggs, the same amount of OVA protein mixed with the 

same number of wild type eggs, the same number of eggs transduced with mCherry and 

empty vector control, and cells left untreated without antigen. The statistical association 

between the proliferation rate among different groups (antigen treatments) showed that 

cells stimulated with OVA protein showed a significantly higher level of proliferation than 

cells stimulated with OVA transgenic eggs (p<0.05). Similarly, OVA-transgenic eggs were 

shown to induce a significantly higher amount of proliferation compared to the negative 

controls, in particular, cells stimulated with untransformed or wild type eggs (p<0.01). 
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4.2.4. Measuring cytokine expression by OT-II T cells following ex-vivo stimulation  

 

Now that we established that OT-II cells can be activated by OVA-transduced S. mansoni 

eggs, we were interested in exploring whether these cells can produce cytokines following 

stimulation. Therefore, this experiment aimed at measuring the cytokine released from 

OT-II CD4+ cells following stimulation with OVA-transduced parasite eggs and the relevant 

controls. OT-II T cells were transferred to recipient mice and challenged in vivo with 

different antigen preparations (and controls). Subsequently, the cells were cultured in the 

presence of the same stimuli in vitro. Cell culture supernatants were analysed for the 

presence of cytokines after 7 days in culture. Seven cytokines (IFN-, IL-17, TNF, IL-10, IL-

6, IL-2, and IL-4) were tested although some at concentrations below the detection limit 

of the assay (Figure 4.4.). Interestingly, IFN- is the most expressed cytokine by cells 

stimulated with OVA-expressing eggs comparing to all negative controls. The 

concentration of IFN- was found to be significantly higher in T cells treated with OVA-

expression eggs than untreated cells and cells treated with the negative controls 

(untransduced or wild type egg, eggs transduced with mCherry or empty vector) (p<0.01) 

in all groups. The concentration of TNF was also measured in the same cells, treated with 

all the antigens and the result of this study showed its level of detection was significantly 

higher from cells stimulated with OVA-expressing eggs than all the negative controls 

mentioned above (p<0.01). IL-10 and IL-6 were also analysed in the same way and the 

degree of detection of these cytokines demonstrated that there was a significant 

difference in the concentration of these cytokines, when T cells were stimulated with 

OVA-expressing eggs than when cells stimulated with untransduced eggs, eggs 

transduced with mCherry and empty vector transduced eggs (p<0.01). A significantly 

higher concentration of IL-10 was also detected in T cell cultures treated with OVA-

expression eggs than in cultures of untreated cells and cells treated with the negative 

controls (untransduced or wild type egg, eggs transduced with mCherry or empty vector) 

(p<0.01). The results also showed that there was significantly more IL-10 in cultures of 

OT-II CD4+ T cells stimulated with OVA-expressing eggs than cells stimulated with all the 

antigens used as a negative control (p<0.01). Similarly, the level of IL-6 was significantly 

higher in cultures of T cells stimulated with OVA-expressing eggs than all the negative 
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controls mentioned previously. Finally, IL-2 and IL-4 were also measured in the culture 

supernatant of all groups and the result revealed that the concentration of these cytokine 

in the cells exposed to OVA-expressing eggs was not significantly different from any of the 

negative controls (p>0.05). 
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Figure 4. 4. Analysis of the concentration of different cytokines from culture 
supernatants of recovered OT-II T cell after ex vivo stimulation with different antigens. 
Recipient mice (CD45.1) was challenged with different antigens as labelled in the figure 
such as OVA protein (OVA), OVA protein mixed with eggs (OVA + Eggs), eggs without any 
other antigen (Eggs only), no antigen negative control (cells only), OVA-expressing eggs, 
eggs transduced with mCherry transgene (mCherry), and eggs transduced with empty 
vector control (EVC). After recovery of OT-II T cells, a total of 5x104 cells per well were 
cultured in 96 well plates and cells were stimulated with OVA (30 µg/mL) and the same 
amount of OVA protein mixed with 200 untransduced eggs as a control, 200 OVA-
expressing eggs, wild type eggs, the same number of eggs transduced with mCherry and 
empty vector, and cells left untreated without antigen. OVA-transduced eggs showed to 

stimulate OT-II T cells and secrete cytokines such as IL-6, IL-10, IL-17, IFN-, and TNF but 
not IL-2 and IL-4. Single and double asterisk in the figure showed the power of the 
statistical relationship between groups in producing cytokines and the word "ns" 
represents not statistically significant. 
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4.2.5. Measuring cytokines secreted by OT-II T cells by intracellular cytokine staining 

following ex vivo stimulation 

 

After optimizing of the antibody concentration, intracellular cytokine staining was 

employed to measure the proportion of OT-II T cells producing particular cytokines in 

response to ex vivo re-stimulation with OVA-transgenic parasite eggs, as compared to the 

controls. As in previous experiments (sections 4.2.3 and 4.2.4), cells from spleen and 

lymph nodes of OT-II mice were harvested and adoptively transferred to recipient mice. 

These mice were stimulated with various sources of OVA (and negative controls), before 

being euthanised. The recovered cells were subsequently restimulated in vitro with the 

same preparations used in vivo. 

 

As the data from Figure 4.5 indicate, the proportion of IL-2-positive cells following re-

stimulated with OVA protein, OVA protein mixed with untransduced eggs, wild type eggs, 

when they are treated with OVA-expressing eggs, OVA-expressing eggs, was 3.02%, 

2.80%, 1.04%, and 1.83% respectively and no significant difference was observed 

between groups. Similarly, the proportion of IL-10-positive cells following re-stimulated 

with OVA protein, OVA protein mixed with untransduced eggs, wild type eggs, and OVA-

expressing eggs, was 2.87%, 2.67%, 1.15%, 2.06% respectively and similarly no statistical 

difference was detected in the level of IL-10 between cells stimulated to different antigens 

and the negative controls. The proportion of IL-17-positive cells following re-stimulated 

with OVA protein, OVA protein mixed with untransduced eggs, wild type eggs, and OVA-

expressing eggs, was 3.55%, 3.15%, 1.39%, 1.74% respectively. Moreover, the proportion 

of IFN- positive cells following re-stimulated with OVA protein, OVA protein mixed with 

untransduced eggs, wild type eggs, OVA-expressing eggs, was 3.59%, 3.45%, 1.57%, 2.93% 

respectively. The proportion of IL-17 and IFN- was not significantly increased when cells 

stimulated with OVA expressing eggs were compared with all the negative controls 

(Figure 4.5). Finally, the proportion of IL-2, IL-10, IL-17, and IFN--positive cells when 

stimulated with eggs transfected with mCherry and empty vector lentiviral constructs and 

cells remained without only antigenic treatment showed a marginal level of cytokine 

detection (Figure 4.5).  
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Figure 4. 5. Analysis of the detection of four cytokines from recovered OT-II T cells 
following stimulation with different antigens. Recipient mice (CD45.1) was challenged 
with different antigens as labelled in the figure such as OVA protein (OVA), OVA protein 
mixed with eggs (OVA + Eggs), eggs without any other antigen (Eggs only), no antigen 
negative control (cells only), OVA expressing eggs, eggs transduced with mCherry 
transgene (mCherry), and eggs transduced with empty vector control (EVC).  After 
recovery of OT-II T cells, a total of 5x104 cells per well was cultured in 96 well plate and 
cells were stimulated with OVA (30 µg/mL) and the same amount of OVA protein mixed 
with 200 untransduced eggs as a control, 200 OVA-expressing eggs, wild type eggs, the 
same number of eggs transduced with mCherry and empty vector, and cells left untreated 
(i.e. without antigen). This figure summarizes the proportion of four type cytokines using 
intracellular cytokine staining.  No statistical difference(ns) was detected in all the groups.  
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4.2.6. In vivo response of Th-polarized cells to OVA-expressing eggs   

 

Following in vitro polarization of naïve OT-II T cells, into Th1, Th2, and Th17 phenotypes 

as previously described (see 4.2.1), each recipient mouse was injected I.V. with 2x106 cells 

from each phenotype and two days later, each group of mice was challenged with 

different antigens through the same route of administration. For this particular 

experiment, three antigens were used, namely: OVA protein, OVA-expressing eggs, and 

wild type eggs. This revealed that polarized cells could proliferate following challenge in 

vivo (Figure 4. 6). In this study, two groups of T cells were characterized using the flow 

cytometric analysis based on their expression of CD4. These are proliferated  CD4+ T cells 

which are positive to the antibody anti-mouse CD45.2 and the second group of cells are 

proliferated  CD4+ T cells that failed to be stained with anti-mouse CD45.2 antibody.  

Hence, from this study, mice injected with naïve cells and followed by a challenge with 

OVA protein and OVA-expressing eggs showed no difference in the percentage 

proliferation (p>0.05). Mice injected with naïve OT-II cells followed by challenge with 

OVA-expressing eggs showed a significantly higher proliferation of cells compared to 

those challenged with wild type eggs (p<0.05). In the second group, mice injected with 

Th1 cells and followed by challenge with OVA showed a significantly higher (p<0.05) 

proliferation rate compared to those challenged with OVA-expressing eggs. Mice 

challenged with OVA-expressing eggs showed a significantly higher proliferation rate than 

those challenged with wild type eggs (p<0.05). Mice injected with Th2 and Th17 and 

challenged with the OVA protein were similarly responding at a higher rate compared to 

mice challenged with wild type eggs. Similarly, as shown in Figure 4.6, Th2 and Th17 cells 

showed a higher response rate when challenged with OVA-expressing eggs than wild type 

eggs and the statistical association in both conditions showed a significance difference 

(p<0.05).  
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Figure 4. 6. Adoptive transfer of Naïve, Th1, Th2, and Th17 cells and measuring 

proliferation rate in vivo. This figure depicts the proportion of naïve, Th1, Th2, Th17 cells 

following a challenge with either OVA protein at a concentration of 30 μg/mL or OVA-

expressing eggs or wild type eggs at a concentration of 1,000 eggs in both conditions. 

After a total of seven days, recipient mice were culled to recover memory cells from 

spleen and other lymph nodes and the proliferation of the cells was analysed directly 

based on the initial staining with CFSE and surface staining using specific CD4 markers 

after recovery and finally followed by a cytometry analysis to quantify the proliferation 

rate. The abbreviation naïve, Th1, Th2, and Th17 followed by words such as OVA, egg, and 

Tegg represents an initial injection of the cells into recipient mice and later challenged by 

the antigens, OVA protein, untransduced eggs, OVA expressing eggs, respectively. Single 

asterisk (p<0.05) and double asterisk (p<0.01) in the graph represents the value of 

statistical association among the dependent and independent variables and "ns" 

represents no statistical significance.  
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4.2.7. In vivo proliferative response of Th-polarised cells to OVA-expressing eggs 

following ex vivo treatment with OVA protein 

 

The aim of this experiment was to confirm that in vitro differentiated Th1, Th2 and Th17 

memory T cells recovered from recipient mice following adoptive transfer, were able to 

proliferate after in vitro stimulation with the same antigens. The process is similar to the 

one described in section 4.2.7, but for restimulated in vitro instead of in vivo, and a similar 

approach was employed to analyse the results. As shown in Figure 4.7, OT-II cells 

recovered from mice adeptly transferred with naive OT-II cells could be induced to 

proliferate significantly more when restimulated with either OVA protein (positive 

control) or with OVA-transduced eggs, than with untransduced eggs. In the case of the 

Th2 polarised OT-II cells, the OVA protein induced a marginally higher level of proliferation 

compared to the OVA-tranduced eggs. In the case of Th1 and Th17 cells background 

proliferative response was when stimulating with non-transduced control eggs was very 

low, but in the case of the Th2 cells, this level of proliferation was close to the level 

induced by OVA-transduced eggs (Figure 4. 7).  
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Figure 4. 7. Adoptive transfer of Naïve, Th1, Th2, and Th17 cells followed by recovery 

and ex vivo proliferation. The proliferation rate of Th1, Th2, Th17 cells was measured 

following a challenge with either OVA protein (30 μg/mL) or 1,000 OVA-expressing eggs 

or 1,000 wild type eggs. Seven days after recipient mice were injected with the Th-

polarised OT-II cells and restimulated with OVA protein, OVA-transduced eggs or wild type 

eggs, they were culled to recover memory cells from spleen and other lymph nodes. These 

cells were re-stimulated in vitro with the same preparation as the initial in vivo stimulation 

and proliferation was assessed using the CFSE method and CD4 surface staining. The 

abbreviation naïve, Th1, Th2, and Th17 followed by words such as OVA, egg, and Tegg 

represents an initial injection of the cells into recipient mice and later challenged by the 

antigens, OVA protein, untransduced eggs, OVA expressing eggs, respectively.  Single 

asterisk (p<0.05) and double asterisk (p<0.01) in the graph represents the value statistical 

association among the dependent and independent variables and "ns" represents no 

statistical significance.  
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4.2.8.  Measuring immune memory resilience to pathogen manipulation 

 

As defined in previous sections, immune memory resilience is the ability of the host’s 

immune memory to withstand immune manipulation by a pathogen. Hence, in the face 

of a manipulating pathogen, immune memory resilience is critical for the ability of the 

immune response to confer protection. In this study, the immune memory resilience of 

Th phenotypes was measured in vivo by analysing the production of cytokines in response 

to challenge to S. mansoni parasite (Figure 4. 8). Following injection of mice with naïve 

OT-II cells, Th1-polarized cells, Th2-polarized cells, or Th17-polarized cells, each group was 

challenged separately with OVA protein, OVA-expressing eggs, and wild type eggs and 

final recovered unpolarized (naïve) and Th memory cells were further cultured by 

stimulating with OVA protein. The Th memory cells were analysed by measuring their 

cytokine signatures. Not surprisingly, mice injected with naïve OT-II cells produce few 

cytokines whatever stimulus they were subjected to. In contrast, mice injected with Th1-

polarised OT-II cells continue to produce their cytokine signatures such as IFN- and TNF 

at a significantly higher level compared to controls, following challenge with either OVA 

protein or OVA-expressing eggs. Similarly, mice injected with Th2-polaised OT-II cells 

continue to produce Th2 cytokines (IL-2, IL-6, and IL-10) following a challenge with OVA 

and OVA-expressing eggs, in vitro following re-stimulation with OVA protein. Moreover, 

mice injected with Th17-polarised cells produced a significant amount of Th17 cytokines, 

in particular, IL-17. The level of IL-4 was under the detection limit in all conditions. The 

result of the cytokine analysis showed that all Th polarized, and memory cells produce 

their cytokine signatures following re-stimulation with OVA either as a protein or 

expressed in eggs. Th1, Th2, and Th17 polarized cells produced only Th1 cytokine, Th2 

cytokine and Th17 cytokines respectively (Figure 4.8). 
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Figure 4. 8. Th cytokines produced by Th-polarized memory T cells after infection with 
OVA expressing eggs and followed by ex vivo re-stimulation. After in vitro differentiation 
of naïve OT-II T cells into Th1, Th2, and Th17 cells, memory cells were further produced 
using IL-7 and a total of 2x106 polarized memory T cells were transferred into each 
congenic mice (CD45.1, n=6, I.V.). After two days, each congenic mouse was challenged 
with OVA-expressing eggs, OVA protein (30 μg OVA), and wild type eggs as a positive and 
negative control, respectively. After seven days, mice were culled to extract memory OT-
II T cells and restimulated with OVA protein (20 μg OVA) and finally, culture supernatants 
were analysed for detection of signature cytokines using cytometric bead array. 
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4.3. Discussion and conclusion 

 

Following infection of a vaccinated animal with a pathogen possessing 

immunomodulatory properties, the quality of the immune memory induced by the 

vaccine and how it can be affected during a recall response is very important in the 

disease outcome. Indeed, parasites develop specific tactics to subvert the recall of an 

immune response, which influences the effectiveness of vaccination. The functional 

persistence and recall of memory CD4+ T cells allow the adjustment of the host immune 

response continuously, following exposure to different pathogenic infections. Following 

antigenic recall of memory CD4+ T cell populations during secondary responses, there are 

three possible outcomes: (i) the recall antigen induce an immune response from the pre-

existing memory CD4+ T cell population only or (ii) immune response becomes altered and 

memory CD4+ T cells respond to the cytokine environment and TCR-stimulus changes and 

this leads to generation of an effector response, which is different from the one observed 

in the primary immune response and (iii), a conserved type of immune response 

generated, which helps the antigenic recall of memory CD4+ T cell subsets to promote 

effector response in a similar way as of the one observed during primary immune 

responses [233]. To this end, understanding the development of immune memory 

resilience by Th polarised cells in the face of immune modulatory pathogens is very an 

important step towards understanding the mechanisms of immune manipulation by 

immunomodulatory pathogens. 

 

In this chapter, we first demonstrated that OT-II cells could be fully differentiated into 

Th1, Th2 and Th17 cells since these cells produced their signature cytokines following in 

vitro treatment. A previous PhD student (M Nahar, PhD thesis), found that, unexpectedly, 

in her experiments Th2-polarized cell cultures produced IFN-. This was problematic as it 

might have suggested either that the Th2 cells were not fully differentiated and/or that 

there is a significant contaminating population of non-Th2 cells. This paradox was 

demonstrated to be an artefact associated with the use of wild type spleen cells in the 

OT-II cultures, which at the time were taught to be required as a source of APCs. However, 

as demonstrated here they were not only superfluous, but also the possible source of 
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contaminating IFN- in OT-II Th2-polarised cultures. Indeed, in the process of optimising 

the polarising conditions the external source of APCs used in the in vitro restimulation 

was omitted and no contaminating IFN- was observed. Hence, the cells transferred to 

the congenic mice were indeed fully polarised Th2 cells, rather than only partially 

differentiated cells or Th2 cells contaminated with a subpopulation of Th1 cells. 

 

We subsequently demonstrated that these in vitro polarised memory Th cells can 

recognize OVA protein expressed by S. mansoni eggs and can respond by both 

proliferating and secreting specific cytokines such as IFN-, IL-17, TNF, IL-10 and IL-6. We 

also showed that OVA protein expressed by S. mansoni parasite eggs is recognized by 

polarised T helper cells in vivo. Indeed, these cells proliferate significantly more in vivo 

when re-stimulated with OVA-transduced eggs compared to untransduced eggs. The only 

exception was Th2-polarised cells, which do appear to have a high background level of 

proliferation even when only stimulated with untransduced eggs and as a result, there is 

no significant difference with between the proliferation induced by transduced and 

untransduced eggs. The reason for this elevated background proliferation is currently 

unknown. 

 

After in vitro polarization of naïve OT-II T cells into Th1, Th2, and Th17 cells and further 

production of memory cells using IL-7, the cells were adoptively transferred into recipient 

mice to analyse the immune memory resilience in vivo by challenging with OVA protein 

and the parasite eggs expressing OVA and parasite eggs alone as a control. Then following 

seven days challenge, Th1, Th2 and Th17 memory cells were recovered and analysed for 

their proliferation rate and production of their cytokine signatures. The capacity of T 

helper memory cells to retain the ability to produce their cytokine signatures was 

confirmed, and this study showed that immune memory resilience can indeed be 

measured in this way, and that the in vitro generated polarised Th cells remain unaffected 

by the parasite eggs. This despite the fact that S. mansoni eggs are well known for their 

ability to modulate the immune response towards a Th2 response following infection. The 

present finding is consistent with previous studies which showed that Th polarised cells 

can develop some degree of resilience to manipulation [242, 243]. However, such study 

was performed under in vitro condition and it doesn’t give enough evidence to measure 
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adequate development of immune memory resilience to manipulation as there are many 

controlling factors such as secretion of effector cytokines which have a regulatory effect 

in relation to the differentiation of CD4+ T memory cells under in vivo conditions. More 

importantly, in the case of such parasites which causes complex immune responses, an in 

vivo study is more important and valid than in vitro studies because the presence of DCs 

which plays a significant role in the initiation and polarisation of T cells responses and can 

be affected by the presence of S. mansoni eggs. These DCs and the microenvironment 

they are in might not be present under in vitro conditions.  

 

In the present study, the response of memory T cells was measured seven days post-

adoptive transfer of cells into recipient mice and challenge with the S. mansoni parasite 

eggs. In addition, after recovery from the recipient mouse, the memory cells were further 

exposed to parasite eggs for another four days. As a result, under both in vivo and ex vivo 

stimulation conditions, memory T cells showed a significant proliferative response to OVA 

expressing S. mansoni eggs suggesting that they are able to not only survive but also 

continues to produce their cytokine signatures in the presence of the OVA antigen for 

extended periods of time. This is important, because CD4+ T cells require a prolonged 

exposure to the antigen for their differentiation into effector cells and memory 

development and survival [244-246]. Despite the long-term survival of memory cells in 

the presence of IL-7, there is a specific difference in the mechanism of their survival [247]. 

For example, engagement of MHC class II and T cell receptor signalling have implications 

in the functional capacities and long-term survival of memory CD4 T cells [233]. The 

functional capacity of these memory CD4+ T cells is not irreversibly committed but it can 

be activated differentially during the recall immune response by changing the natures 

cytokine mediated signals present during the recall phase of the response [248]. Similarly, 

the pattern of gene expression by memory Th1 and Th2 cells have been found to develop 

functional flexibility. For example, Th1 and Th2  were cloned under the same or opposite 

polarising conditions and under the same polarising conditions, cells retained the capacity 

to produce originally imprinted cytokines, but when restimulated under opposite 

polarising conditions, cells produce alternative cytokines.  
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The cytokine environment at the time of primary stimulation can alter the outcome of 

memory CD4+ T cell responses such as either promoting Th1 memory CD4+ T cells with 

proinflammatory responses or Th2 type memory CD4+ T cell responses [189, 243]. Until 

the discovery of two other CD4+ T cell lineages, Th17, and Treg cells, the differentiation of 

naïve CD4+ T cells into specific lineages with specific effector function was considered an 

irreversible endpoints[249]. In contrast to the Th1 and Th2 phenotypes the Th17 cells are 

less stable and this leads to a higher degree of flexibility during their differentiation and 

this phenomenon has its own biological implication [249]. Indeed, the flexibility of these 

cells in terms of commitment to a particular phenotype might lead to lack of immune 

memory resilience in the face of an immunomodulatory pathogen. For example, it was 

reported that there is a cross-regulation between Th1, Th2, and Th17 during S. mansoni 

infection, with Th1 cytokines (such as IFN-), and Th2 cytokines (such as IL-4) inhibits the 

production of Th17 cytokines (such as IL-17) [250]. In the present study, it could be argued 

that S. mansoni didn’t affect the Th1/Th2 balance because the Th17 cells retained their 

ability to produce IL-17 suggesting that even this relatively plastic phenotype was 

unaffected by the parasite.  

 

It is well-established that following acute phase of the infection or during the first six 

weeks of infection, the immune response to S. mansoni is predominantly Th1, 

characterised by the abundant production of TNF-α, and IFN- [251]. However, soon after 

these 6 weeks, the parasite starts laying eggs, and the disease progresses into different 

organs mainly the liver and caused granulomas due to the immune response induced by 

the deposited S. mansoni eggs. At this stage Th2 immune response to egg antigens 

predominates and T cells produce high level of IL-4, IL-5, IL-13, and IL-10 [252]. The host-

parasite interaction is very complex as the can involve both immunomodulatory 

mechanisms from the parasite and countermeasures from the host to resist these 

immunomodulatory effects. Following differentiation of naïve T cells in vitro into Th1, 

Th2, and Th17 phenotypes, we tested the degree of plasticity and resilience in the face of 

a parasite challenge after the polarised cells were transferred into recipient mice for in 

vivo study. The results showed that, Th1, Th2, and Th17 memory cells continued to 

produce their signature cytokines, when challenged by the parasite, suggesting that the 

parasite eggs were unable to manipulate the immune response of the differentiated T 
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cells. At first sight this seems to contradict the well-established observations that the 

initial Th1 response against the parasite during the acute phase morphs into a Th2 

response during the egg stage of the parasite. However, there are several major 

differences between our experiments and these observations, which may explain this 

apparent discrepancy. 

 

First, we use fully differentiated memory cells and we do not know for sure in how far 

these can be compared to the memory cells present following the acute phase of the 

parasite. Indeed, it is possible that the memory cells likely to be produced during the acute 

phase might not be as differentiated as these that we produce artificially in vitro with a 

cocktail of cytokines and antibodies to cytokines. If the cells generated following the acute 

phase of the parasitemia are not as differentiated, they may be less resilient to 

manipulation by the parasite, and hence could be manipulated during the egg-production 

phase. Secondly, unlike in our case, the antigen specificity of the Th2 immune response 

induced during the egg-phase could potentially be different to the antigen specificity of 

the immune response against the acute phase. Hence, the cells that are Th2 during the 

egg-phase of the infection could (at least theoretically) be different from these of the 

acute phase. In that case, there would be no need for the acute-phase memory cells to 

change their phenotype, they would just be superseded by the cells of the egg-phase. Of 

course, in our experiments this is not an option as all cells are specific for OVA and 

therefore, we are only considering a change in phenotype during the manipulation. This 

is a much greater risk of the parasite’s ability to manipulate the immune response. 

 

In conclusion, we demonstrated for the first time that in the face of the immune 

manipulative pathogen the immune response to a neutral model antigen such as OVA 

expressed by S. mansoni can’t modulate a fully mature immune memory Th response to 

this antigen, under the in vivo condition.
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Chapter 5 

Chapter 5. Investigation of immune memory manipulation by Leishmania major  

 

5.1. Introduction  

 

Leishmania major causes a wide spectrum of disease outcomes, ranging from 

asymptomatic to fatal infection. This is not only due to the variations in the pathogenicity 

of the parasite strains, but also to a difference in the susceptibility of the host [253]. For 

example, amongst mouse strains, C57BL/6 mice can resolve infections and produce long-

lasting immunity, while BALB/c mice are unable to control infections leading to disease 

progression and in most cases, death. The ability of C57BL/6 mice to control infection is 

linked to the production of Th1 cytokines [254]. The expression of IFN- is shown to be 

associated with resolving infection in human [255, 256] and murine leishmaniasis [257]. 

Macrophage activation plays a crucial role and IFN- is required as a macrophage-

activating factor during elimination of leishmania [258, 259]. IL-4 is also important in 

macrophage activation [260] and in the upregulation of CR3, a macrophage receptor for 

Leishmania [261, 262]. Acquired resistance to L. major infection relies on the activation 

of CD4+ T cells, which leads to the production of large amounts of IFN- and this induces 

parasite killing by macrophages following nitric-oxide release [263-265]. Though the 

killing of the parasite is mainly due to IFN- through direct macrophage activation [257-

259], the direct inhibition of the IL-4 [266, 267] and the reduction in clonal expansion of 

Th2 cells by IFN- [268] is also important. In addition, direct mechanisms allowing IL-4 to 

inhibit IFN--activity have been identified, including the direct inhibition of macrophage 

activation to eliminate intracellular amastigotes [269]. Although CD4+ T cells produce IL-

10, which is important in promoting parasite survival, how such responses develop from 

precursors during infection is not known [270]. Therefore, one can conclude that both 

Th1 and Th2 cytokines contribute in opposing ways to the pathogenic outcome of 

Leishmania infection [271]. 

 

Immune memory produced after secondary infection with L. major is important in 

conferring and maintaining protection through central memory CD4+ T cells. Indeed, 

these memory T cells become tissue-homing effector cells that can induce protection 
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against infection. Therefore, immune protection against L. major could be mediated 

through memory T cells induced during vaccination and this largely depends on the 

nature and type of memory T cells produced[167]. Indeed, if the immune effector cells 

are of the Th1 type and they can withstand any manipulation by the parasite, they may 

induce protection. If at the other hand, Th2 cells are induced or the Th1 immune 

responses are manipulated by the parasite to produce Th2 cytokine during the recall 

response, it is possible that disease might be exacerbated. Therefore, one of the key 

parameters will be to establish whether the induced immune memory is resilient to 

manipulation by the parasite. 

 

Chicken ovalbumin (OVA), a model antigen has been successfully used in many pathogens 

such as bacteria, viruses, and parasites to understand the antigen presentation, 

development, and maintenance of memory T cells [213, 272-275]. In this particular study, 

OVA-transgenic L. major parasite expressing OVA as either a membrane-bond or secreted 

form, will be used as a tool to address aspects of CD4+ T cell activation, immune memory 

resilience and pathogen-mediated manipulation in the OT-II TCR-transgenic mouse 

model. As described in the previous chapters, the combining OVA-transgenic parasites 

with OT-II TCR transgenic mice can be used to measure to what degree an immune 

memory is resilient to manipulation. Here we apply the same techniques developed to 

analyse immune response manipulation by S. mansoni to L. major [276].  
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Chapter 5 

5.2. Results 

 

5.2.1. Expression of OVA by L. major 

 

Transfection of L. major parasites resulted in the successful expression of two forms of 

OVA protein. The first form of OVA is soluble OVA (sOVA) and the second form of OVA is 

a membrane-associated OVA (mOVA), which is membrane anchored via a hydrophobic 

transmembrane sequence. Following transfection of the mid-log phase promastigotes 

with pSAT-mOVA, pSAT-sOVA and empty vector control or pSAT plasmids, the successful 

expression of OVA protein was confirmed using western blot (Figure 5.1).   

 

To confirm the expression of OVA protein using western blot, a pool of approximately 

2×106 promastigotes were cultured until they reach into the mid-log phase and a total of 

2x107 parasites were lysed using the heat shock method (56 oC for 10 minutes) and the 

protein was subjected to SDS-PAGE, transferred to a nitrocellulose membrane and 

detected using OVA-specific antibodies. The supernatant was also assayed separately, but 

no band was detected (Figure 5.1). Promastigotes transfected with pSAT-mOVA and pSAT-

sOVA expressed the protein having a band size of 45kda (Figure 5.1), which is the same 

size as the chicken OVA protein. The empty vector control here, referred to as pSAT-

plasmid, was used as a negative control and showed no expression of OVA by the parasite.   
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Figure 5. 1. Confirmation of OVA expression in L. major. Expression of OVA whole 

parasite lysates was confirmed using SDS-PAGE followed by subjecting to anti-OVA 

immunoblotting. A total of 2x107 log-phase promastigotes were lysed to detect protein 

expression. Both membrane-associated OVA and soluble OVA are detected in the 

transformed parasites. OVA protein and parasite empty vector control was used as 

positive and negative control respectively. The first two lanes contain culture 

supernatants of log-phase L. major promastigotes.  

 

5.2.2. The proliferation of OT-II CD4+ T cell by OVA-expressing L. major 

 

The in vitro activation of OT-II CD4+ T cells after exposing the cells to OVA-expressing 

parasites was determined following extraction of cells from spleen and lymph nodes of 

OT-II mouse. The results shown in Figure 5.2, demonstrate that cells stimulated with 

mOVA expressing parasites had a higher proliferation level (21.8%) than those exposed 

to sOVA-expressing parasites (18.7%). Cells exposed to OVA peptide (10 μg/ml) and OVA 

protein (10 μg/ml) showed 61.3% and 44.4% proliferation respectively. In order to 

ascertain whether the presence of L. major lysate affects OT-II T cell proliferation, OVA 

peptide and OVA protein was mixed with lysate of empty vector control and the response 

compared to the proliferation in the absence of lysate. The results show that the level of 

proliferation 61.5% vs 61,3% for OVA peptide and 44.2 % vs 44.4%, for OVA protein was 

not affected by the presence of the lysate (Figure 5.2). Some marginal background 



 

123 | P a g e  
 

Chapter 5 

proliferation was revealed when cells were exposed to parasites transfected with empty 

vector controls and cells were left unstimulated (3.9 % and 2.1 % proliferation 

respectively; Figure 5. 2).  

 

 

Figure 5. 2. The proliferation of OT-II T cells following stimulating with OVA-expressing 

L. major parasites in vitro. Cells were labelled with cell division tracking dye, CFSE (0.5 

μΜ) to a total of 2x105 cells per well in 96 well plate, in a total of 8 wells for each parasite 

strains and after 4 days of incubation, the pool of cells were analysed for proliferation 

using specific cell markers. Proliferation was analysed using flow cytometry relaying on 

the dye being diluted following each cell division. EVC stands for empty vector control, 

mOVA stands for membrane-associated OVA, sOVA stands for soluble OVA. *, p<0.05; **, 

p<0.01; ns, not significant.  
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5.2.3. Expression of Th cytokines by OT-II CD4+ T cells following in vitro activation with 

OVA-expressing L. major 

 

The cytokine profiles of OT-II CD4+ T cells after exposure to OVA-expressing L. major was 

analysed in the culture supernatants of these cells. A total of seven cytokines representing 

the three T helper cell lineages namely, Th1, Th2 and Th17 were analysed. The result 

revealed that a significant amount of IFN-, TNF, IL-17, and IL-6 was detected in cells 

stimulated with mOVA and sOVA-expressing parasites compared to those cells stimulated 

with an equal number of parasites transfected with the empty vector ( as a control) and 

cells left unstimulated (Figure 5.3). The expression of IL-2, and IL-10, was significantly 

higher in cells exposed to the OVA-expressing parasites (particularly in the case of mOVA) 

than in the supernatant of cells stimulated with EVC. In addition, the comparison in the 

expression level of all the cytokines between cells stimulated to mOVA and sOVA showed 

not statistically significant (Figure 5.3).  
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Figure 5. 3. Detection of cytokines released by OT-II T cells stimulated with OVA-

expressing parasites. A total of 2x105 OT-II T cells per 96 well plates were cultured with 

each parasite strain and after 4 days of incubation, culture supernatants were taken to 

analyse the secretion of cytokines using cytometric bead array. EVC stands for empty 

vector control, mOVA stands for membrane-associated OVA, sOVA stands for soluble OVA 

*, p<0.05; **, p<0.01; ns, not significant. 
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5.2.4. In vitro polarization of OT-II CD4+ T cells  

 

Naïve OT-II CD4+ T cells were differentiated into Th1, Th2 and Th17 in vitro, in the 

presence of OVA peptide and specific polarizing cytokines and antibodies. To generate 

memory cells, differentiated cells were exposed to IL-7. The polarized cells were identified 

using anti-mouse CD4-PE and CD4+ proliferating cells amounted to 67.9% (Th1), 69.9% 

(Th2), and 72.3% (Th17) (Figure 5.4A). Naïve or unpolarized cells were stimulated with 

OVA peptide (20 g/ml) only and showed 62.9% of proliferation (Figure 5.4A). For 

measuring the degree of polarization, further cytokine analysis was performed to 

measure the type and concentration of cytokines from the culture supernatants of 

polarized cells and as shown in Figure 5.4B, Th1 cells produce IFN- and TNF; Th2 cells 

produce IL-2, IL-4, IL-6 and IL-10. Th17 produce a significant amount of IL-17A and IFN- 

to some degree. The naïve unpolarized cells can also produce some cytokines (Figure 5. 

4B).   

 

 

 

 

  



 

127 | P a g e  
 

   

Figure 5. 4. Polarizing naïve OT-II T cells into Th1, Th2, and Th17, followed by confirmation of their cytokine signatures. Naïve OT-II T cells were 
extracted from spleen and different lymph nodes of OT-II mice and these cells were cultured in the presence of OVA ( 20 μg/mL) and differentiating 

cytokines such as IL-2 to induce Th1 differentiation; IL-2, IL-4 and anti- IFN- to induce Th2 differentiation and finally anti-IL-4, anti- IFN-, TGFβ and IL-
6 to induce Th17 differentiation. Differentiated cells were further stimulated with IL-7 for a further two days to produce memory cells. The 
differentiated cells are gated for CD4 in upper left corner of each box (A) Cells were analysed using bead array assay and flow cytometry to measure 
the concentration of cytokines secreted in culture supernatants and the concentration of Th1, Th2, and Th17 cytokines are measured in pg/mL (B). 
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5.2.5. In vivo response of OT-II T cells to OVA expression L. major  

 

The recognition of OVA-expressed by L. major promastigotes was analysed following 

transferring of 2x106 CFSE-labelled OT-II CD4+ T cells into CD45.1 recipient or congenic 

mice. After 24 hours, mice were subcutaneously injected with 5x106 mid-log phase 

transgenic parasites. Mice were immunized with OVA peptide (20 g/ml) as a positive 

control. After one week, cells were extracted from the spleen and lymph nodes of the 

recipient mice and analysed for their ability to proliferate. The result shows a relatively 

higher percentage of proliferated cells recovered from mice injected with mOVA (0.62%) 

and sOVA (0.19%) compared to mice receiving only cells and mice injected with empty 

vector control (0.038% and 0.054% respectively; Figure 5.5). The proportion of 

proliferating cells in mice that received OVA peptide was 0.89% (Figure 5.5).  
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Figure 5. 5. Proliferation rate of recovered OT-II T cells after parasite challenge. After 

injection of 2x106 CFSE-labelled OT-II cells into congenic CD45.1-mice, 5x106 OVA-

expressing leishmania promastigotes, and empty vector transformed promastigotes (EVC) 

were given s.c to each mouse. OVA (20g/mL) and CFSE labelled cells without challenge 

were used as positive and negative control. The time between the first day of cell injection 

and challenge with the antigens was 24 hours. After the challenge, infection was 

maintained for a week before the mouse was culled for cell recovery. After a week, 

recovered cells were directly analysed. Horizontal bars with single * sign indicate the 

degree of statistical significance (p<0.05) and ns stands for not significant. EVC stands for 

empty vector control transfected leishmanial parasite.  
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5.2.6. In vivo followed by ex vivo response of OT-II T cells to OVA-expressing L. major. 

 

As described in the above section, approximately 2x106 naive, unpolarized and CFSE-

labelled OT-II T cells were intravenously injected into recipient mice and after 24 hours, 

each group of mice was challenged following subcutaneous injections with the following 

antigens: OVA protein (20 g/mL) as a positive control, 5x106 parasites mixed with the 

same concentration of OVA, 5x106 OVA-expressing log phase promastigotes, the same 

quantity of empty vector transformed parasites (EVC), and mouse injected with naïve or 

unpolarized cells left unchallenged to serve as a negative control. After a week, cells were 

recovered from spleen and lymph nodes of the recipient mice (described in Chapter II, 

Experimental mice section) and further stimulated ex vivo with the same antigen used for 

the challenge and incubated for four days. After recovery from the recipient mice, 

injected OT-II T cells were identified from the recipient cells using anti-mouse CD45.2 

marker (the recipient mice are CD45.1). Then cells were analysed for the proportion of 

cells proliferating and the results, as shown in Figure 5.6, demonstrate that a significant 

number of recovered cells proliferated when stimulated with OVA-expression Leishmania 

parasites. Only a marginal number of cells proliferated when those cells were recovered 

from mice challenged with the EVC-transformed parasite alone (0.5%) and remained 

unchallenged (i.e. no antigen-controls, 0.5%). In contrast, OT-II T cells recovered from 

mice challenged with parasite expressing mOVA, parasite expressing sOVA, OVA protein, 

OVA protein mixed with the parasite, had a proliferation rate of 3.7%, 2.8%, 5.0%, 4.6% 

respectively. Using a t-test, the proliferation rate of recovered cells stimulated ex vivo 

with OVA-expressing L. major (parasite expressing both forms of OVA) showed a 

significantly higher proliferation rate (p<0.05) compared to those recovered cells 

stimulated cells only or empty vector transformed parasites (Figure 5.6). No statistical 

association was observed among recovered cells ex vivo, stimulated with mOVA-

expressing parasite and sOVA-expressing parasite (p<0.05, Figure 5.6). 
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Figure 5. 6. Proliferation rate of recovered cells following ex vivo stimulation. After 

injection of 2x106 CFSE labelled OT-II cells into the congenic CD45.1-mice, 5x106 OVA-

expressing leishmania promastigotes and empty vector transformed promastigotes (EVC) 

were given subcutaneous (s.c) to each mouse. OVA (20g/mL) and CFSE labelled cells 

without challenge were used as positive and negative control. The time between the first 

day of cell injection and challenge with the antigens was 24 hours. After a challenge, 

infection was maintained for a week before mouse culled for cell recovery. After a week 

recovered cells were stimulated ex vivo with all antigens used for challenge separately. 

Horizontal bars with single * sign indicate the degree of statistical relationship and ns 

stands for not significant. EVC stands for empty vector control transformed leishmanial 

parasite.   
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5.2.7. Cytokine production of recovered cells following ex vivo stimulation with OVA-

expressing L. major. 

 

To confirm the in vivo and ex vivo activation of OT-II cells recovered from congenic mice, 

we analysed the cytokine secretion profile of OT-II cells recovered from congenic mice 

and ex vivo stimulated as described previously in section 5.2.5. As shown in Figure 5.7, 

seven cytokines, namely IL-2, IL-4, IL-6, IL-10, IL-17, TNF, and IFN-, were produced by cells 

stimulated by the mOVA and sOVA. As expected, OT-II T cells recovered from mice 

challenged or immunized with OVA protein followed by ex vivo stimulation with the same 

protein also showed a significant level of cytokine expression. Whereas, cells which were 

not challenged with any of the antigens, and those, challenged with empty vector 

transfected leishmanial parasites (EVC) showed background-level expression of cytokines. 

For cytokines the concentration in supernatant of cells stimulated with OVA-expressing 

parasites (mOVA and sOVA) were significantly higher (P<0.05) than the cytokine 

expressed by cells exposed to no stimulation (cells only) or empty vector transfected 

parasites (EVC). There was no significant difference between mOVA and sOVA for any of 

the cytokines (Figure 5.7).   

 



 

133 | P a g e  
 

 

Figure 5. 7. Cytokine expression of recovered cells following ex vivo stimulation. After 

injection of 2x106 CFSE labelled OT-II cells into the congenic CD45.1-mice, 5x106 OVA-

expressing Leishmania promastigotes and EVC-transformed promastigotes (EVC) were 

given s.c to each mouse. OVA (20 g/mL) and CFSE labelled cells without challenge were 

used as a negative control. The time between the first day of cell injection and challenge 

with the antigens was 24 hours. After a challenge, infection was maintained for a week 

before the mice were culled for cell recovery. After a week, recovered cells were 

stimulated ex vivo with all antigens used for challenge. Cells were further cultured in vitro 

for four days and culture supernatants were analysed for the expression of cytokines 

using cytokine bead array and flow cytometry. The concentration was expressed in pg/mL. 

Horizontal bars with single * sign indicate statistical significance (p<0.05) and ns stands 

for not significant. EVC stands for empty vector control transfected Leishmania parasite.  
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5.2.8.  Measuring cytokines secreted by recovered OT-II T cells using intracellular 

cytokine staining  

 

Intracellular cytokine staining to detect cytokine production was performed on OT-II T cells 

immediately following extraction from congenic mice (Figure 5.8A) and following ex vivo 

stimulation for 8 hours with a range of antigens (Figure 5.8B). The results indicate that 

despite the overall low proportion of cytokine-producing cells detection in all cases (less 

than 1.5% proportion), comparatively higher proportions were detected in mice injected 

with mOVA or sOVA transfected Leishmania comparing to those challenged with empty 

vector transfected parasites and unchallenged cells. There was a higher proportion of cells 

producing IL-17 and IFN- for every form of OVA challenge, compared to other cytokines 

(Figure 5.8A). When the recovered cells were further stimulated ex vivo with the same 

antigen as the in vivo challenge the results were very similar, only slightly higher 

proportions of cells secreted cytokines (Figure 5.8B). In both assays, the detection of IL-2, 

IL-4, and IL-10 is marginal.  
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Figure 5. 8. Measuring cytokine production by OVA expressing L. major stimulated OT-
II T cells using intracellular cytokine staining. Approximately 2x106 naive, unpolarized and 
CFSE labelled OT-II T cells were injected into recipient mouse through intravenous 

injection and after 24 hours each mouse was challenged with OVA protein (20g/mL) as 
a positive control, 5x106 EVC transfected parasites mixed with the same concentration of 
OVA, 5x106 OVA-expressing log phase promastigotes, same quantity of EVC-transformed 
leishmania parasites (EVC). A mouse injected with naïve or unpolarized cells left 
unchallenged to serve as a negative control. After a week, cells were recovered from 
spleen and lymph nodes and analysed in flow cytometry to estimate the proportion of 
positive cells(A). The same type of recovered cells were further stimulated ex vivo with 
same antigens exposed previously(B).The proportion of cytokines was analysed by 
dividing stain positive cells to total OT-II T cells.  
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5.2.9. Ex vivo stimulation and proliferation rate of Th-polarised cells 

 

In the previous section, naïve OT-II cells were stimulated with various forms of OVA, but 

these cells were not polarised prior to adoptive transfer. In order to investigate if L major 

affects the Th phenotype of the OT-II cells and hence the degree of resilience of these 

cells, it was essential to polarise the OT-II cells prior to adoptive transfer and demonstrate 

that these cells can be stimulated by OVA-expressing L. major. Therefore, naïve OT-II T 

cells were polarized in vitro into different Th1, Th2, and Th17 cells using polarizing 

cytokines, antibodies to cytokines and OVA peptide and differentiated into memory cells 

using IL-7, in a similar way as in the previous chapter. These cells were injected 

intravenously into recipient mice and after 24 hours, each group of the recipients were 

challenged subcutaneously with different antigens: OVA protein (20g/mL) as a positive 

control, 5x106 empty vector transformed promastigotes mixed with the same 

concentration of OVA, 5x106 OVA-expressing log-phase promastigotes, same quantity of 

empty vector control transfected  Leishmania parasites (EVC). In addition, mice injected 

with each phenotype of polarized cells were left unchallenged to serve as a negative 

control. After a week, memory OT-II T cells were recovered from spleen and lymph nodes 

of the congenic mouse and further stimulated ex vivo with the same antigen used for a 

challenge and incubated for four days. In all cases (i.e. Th1, Th2, and Th17) polarised OT-

II T cells proliferated when stimulated with OVA (20 g/mL), mOVA-, and sOVA-expressing 

parasites (Figure 5.9). The result showed that following ex vivo stimulation, OVA protein 

induced a significantly higher amount of proliferation compared to both types of OVA-

expressing parasites (Figure 5.9). Similarly, recovered cells of each phenotype showed a 

higher percentage of proliferation when stimulated with OVA-expressing Leishmania 

parasites compared to empty vector transfected Leishmania parasite and when cells were 

left without antigen stimulation (Figure 5.9). Similar to the previous results in section 

5.2.5, a marginal number of cells showed proliferation when recovered from mouse 

challenged with the EVC transfected parasites alone and those that remained 

unchallenged with any antigen.  
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Figure 5. 9. Proportion of proliferating polarised OT-II cells following ex vivo stimulation. 

After injection of 2x106 polarised OT-II cells into the congenic CD45.1-mice, 5x106 OVA-

expressing Leishmania promastigotes, and EVC-transformed promastigotes (EVC) were 

given s.c to each mouse. OVA (20g/mL) and cells without challenge were used as a 

positive and negative controls, respectively. The time between the first day of cell 

injection and challenge with the antigens was 24 hours. After the in vivo-challenge, 

infection was maintained for one week before the OT-II cells were recovered for ex vivo 

restimulating. The proliferation rate was estimated using flow cytometry by dividing the 

total proliferated and anti- CD4 marker positive T cells to total CD4+ T cells recovered. 

Horizontal bars with single * sign indicate the statistically significant (p<0.05) and “ns” 

stands for not significant. EVC stands for empty vector control transformed leishmanial 

parasite.  
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5.2.10. Cytokine production by Th polarised OT-II cells recovered from congenic mice, 

following ex vivo stimulation with OVA-expressing L. major 

 

After in vitro polarization of naïve OT-II T cells into Th1, Th2, and Th17 using polarizing 

cytokines and OVA peptide (10 g/mL), memory cells were produced using IL-7. Then 

approximately 2x106 naive, Th1, Th2, and Th17 polarized OT-II T cells were injected 

intravenously into recipient mice and after 24 hours, each group was challenged by 

subcutaneous injections with the following antigens: OVA protein (20 g/mL) as a positive 

control, 5x106 parasites mixed with the same concentration of OVA, 5x106 OVA-

expressing log-phase promastigotes, same quantity of empty vector transformed 

Leishmania parasites (EVC). In addition, some mice were injected with each phenotype of 

polarized cells and left unchallenged to serve as a negative control. After one week, 

memory Th cells were recovered from spleen and lymph nodes of the congenic mice and 

further stimulated ex vivo with the same antigen used for a challenge and incubated for 

four days. Then cells were analysed for the production of cytokines as shown in Figure 

5.10. Different cytokines were produced at various concentrations. The result showed 

that for the negative controls (i.e. cells only and EVC) there was either a non-detectable 

amount of cytokine or marginal amounts. Naïve cells stimulated with OVA or EVC + OVA, 

produced each of the cytokine tested. Naïve cells stimulated with mOVA or sOVA 

produced less of each cytokine compared to when they were stimulated with OVA. 

Interestingly, the cytokine profile of the differentiated OT-II cells whether Th1, Th2 or 

Th17 retained their cytokine secretion profile when stimulated with OVA or EVC + OVA 

(Figure 5.10). Indeed, Th1 cells continue to produce IFN-, irrespective of the stimuli 

(Figure 5.10). Th2 cells continue to produce predominantly Th2 cytokines such as IL-2, IL-

4, IL-6, and IL-10 irrespective of the stimuli (Figure 5.10). Similarly, Th17 cells produce IL-

17 at a higher level than any of the other differentiated OT-II cells (Figure 5.10). 

Conversely, Th2 and Th17 cells make very little IFN-, while Th1 cells make very little Th2 

or Th17 cytokines. Beside IL-17, Th17 cells do not make any other cytokines to any great 

extent. Thus, irrespective of the stimuli provided the differentiated cells continue to make 

the cytokines that they were previously differentiated to make. 
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Figure 5. 10. Detection of cytokine signatures from polarised OT-II T cells following 

antigen-specific ex vivo stimulation. After injection of 2x106 Th phenotype differentiated 

OT-II cells into the congenic CD45.1-mice, 5x106 OVA-expressing leishmania promastigotes, 

and empty vector transformed promastigotes (EVC) were given s.c. to each mouse. OVA (20 

g/mL) and cells without challenge were used as a positive and negative control 

respectively. The time between the first day of cell injection and challenge with the antigens 

was 24 hours. After a challenge, infection was maintained for a week before mouse culled 

for cell recovery. After a week, recovered cells were stimulated ex vivo with all antigens 

used for challenge separately. Then cells were further cultured in vitro for four days and 

culture supernatants were analysed for the expression of cytokines using flow cytometry.   
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5.2.11. Measuring parasite load in cutaneous lesions following injection of Th polarized 

cells 

 

This experiment aimed at analysing the effect of Th-polarised OT-II cells on OVA-

transfected parasite development in the skin of mice. As mentioned previously Th 

memory cells are able to retain the potential to produce their Th cytokines following a 

parasite challenge suggesting that the immune memory is resilience to manipulation by 

L. major. We first confirmed that L. major DNA can be identified in the skin infected mice 

by PCR amplification of kDNA of the parasite as shown in Figure 5.11A. The result also 

show that OVA-expressing L. major parasite could be detected through a PCR product 

of 149 bp corresponding to a mOVA fragment containing DNA. Whereas, amplification 

of the kDNA in the parasite lacking a transgene revealed a product of 250bp. We didn’t 

detect any DNA amplification from tissue samples of a mouse which was not infected 

with parasites. Furthermore, quantitative PCR was used to analyse the parasite-load and 

the result showed that mice which received Th1-polarised OT-II cells and were 

challenged with OVA-expressing parasite showed a lower parasite load compared to 

mice, which received naïve OT-II T cells. However, this effect may not have been specific 

for OVA in that EVC parasites were also affected. Followed by a challenge with a parasite 

without the transgene showed a higher parasite load. In addition, the mouse which 

received Th polarized memory T cells and challenged by OVA-expressing parasites 

showed a lower reduction in parasite load than a mouse which received a similar cell 

phenotype but challenged with a parasite without a transgene (Figure 5.11B). 
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Figure 5. 11. Quantification of parasite load using qPCR. First naïve OT-II T cells were 

differentiated into Th1, Th2, and Th17 phenotypes and further stimulated with IL-7 to 

produce memory T cells. At day 1, each recipient mouse (n=5) received 2x106 Th polarized 

cells and another group of mice (n=5) also received naïve undifferentiated cells to use as a 

control. Then after 48 hours, each mouse was challenged with 5x106 parasites via s.c route, 

OVA-expressing parasites and EVC parasite separately. After a week, 2g of skin lesion was 

taken from each infected mouse to extract DNA and using qPCR, a total DNA copy was 

estimated in Log10 scale. The DNA copy was extrapolated from a standard curve generated 

after amplification of 10-fold serially diluted DNA of the parasite (Figure 11B).  

A 
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5.2.12. Measuring immune memory resilience during L. major exposure 

 

In this study, the immune memory resilience of Th phenotypes (i.e. the ability to 

withstand manipulation by pathogens) was measured in vivo by analysing the 

production of cytokines in response to challenge to L. major and the result of the 

cytokine analysis showed that all Th polarized, and memory cells produce their cytokine 

signatures as analysed using flow cytometry. As illustrated in Figure 5.12, following 

injection of congenic mice with naïve unpolarized cells, Th1 polarized cells, Th2 

polarized cells, or Th17 polarized cells, each group of mice were challenged either with 

OVA (20 g/mL), mOVA-expressing L. major and finally recovered unpolarized (naïve) 

and Th memory cells were further cultured in vitro by stimulating with OVA (10 g/mL). 

The memory cells were analysed to measure their cytokine signatures and the result 

showed that mice injected with naïve cells produce a lower level of cytokines (less than 

10 pg/ml); whereas, mice injected with Th1 phenotypes followed by challenge with OVA 

and mOVA-expressing L. major produce their cytokine signatures with concentrations 

of IFN- (65.2 pg/ml; 50.1 pg/ml) and TNF (15.8 pg/ml; 13.2 pg/ml) respectively. In 

addition, mice injected with Th2 phenotypes followed by challenge with OVA and 

mOVA-expressing L. major produce IL-10 (32.1 pg/ml; 22.4 pg/ml) and IL-6 (21.2 pg/ml; 

15.6 pg/ml) respectively. Similarly, mice injected with Th17 phenotypes followed by 

challenge with OVA and mOVA-expressing L. major produce IL-17 (28.2 pg/ml; 19.6 

pg/ml) and TNF (11.8 pg/ml; 9.4 pg/ml) respectively. In comparison, naïve OT-II T cells 

produce a minimum number of cytokines following exposing to OVA-expressing 

parasites and OVA protein. 
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Figure 5. 12. Cytokine profiles produced by Th-polarized memory T cells which underwent 

in vivo challenge with OVA transfected parasites or control, after ex vivo stimulation with 

OVA protein. After in vitro differentiation of naïve OT-II T cells into Th1, Th2, and Th17 

phenotypes, a total of 2x106 cells were transferred into congenic mice (CD45.1, n=6, iv) and 

after 24 hours, each congenic mouse was challenged with 5 × 106 log-phase promastigotes 

(mOVA-expressing L. major) and OVA protein (20 μg OVA). Control mice received naïve OT-II 

T cells. After seven days, mice were culled to extract memory Th cells and restimulated with 

OVA protein (20 μg OVA) and finally, culture supernatants were analysed for detection of 

signature cytokines using cytometric bead array.
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6. Discussion 

 

In this thesis, we hypothesized that a long-lasting protective immunity in a host can be 

induced through the development of immune memory T cells and by the ability of these 

cells to induce appropriate secondary response to specific pathogenic infections and 

this can be achieved through the generation of immune memory resilience, which leads 

to withstanding the manipulation process by the parasite. In this chapter, we generated 

L. major parasites, which express two forms of OVA namely, membrane-associated OVA 

(mOVA) and soluble OVA (sOVA). We showed that expression of both forms of L. major-

expressed OVA can stimulate OT-II cells in vitro and in vivo. These results were 

unexpected because previous studies have shown that while mOVA could stimulate OT-

II cells soluble (or cytosolic) sOVA could only at a higher dose [227]. Indeed, Prickett et 

al [227], used L. major hydrophilic acylated surface protein B for the generation of OVA 

transgenic parasite and expressing the antigen either in the cytosol or membrane-

associated. Only the membrane-associated OVA was recognized and leads to the 

activation of CD4+ T cells at low parasite numbers but both mOVA and sOVA-producing 

parasites could stimulate immune recognition at higher concentrations. Such studies 

support the importance of antigen localization during the recognition by T cells [184]. 

Interestingly, the ability of plasma mOVA to induce strong CD4+ T cell responses 

supports the idea that lack of proteins on the surface of promastigotes and amastigotes 

is as a result of selective pressure caused by immune exposure, leaving only such 

molecules essential for invasion of the host [277, 278]. However, in our experiments we 

used higher parasite doses, which could account for the observed stimulation of OT-IOI 

cells with sOVA at a similar level to mOVA. In addition, Prickett et al used DO.11 TCR 

transgenic mice, while we used OT-II TCR transgenic animals [227] and the amount of 

accessible OVA required to stimulate these two different T cells might be different. Our 

results are compatible with these of Kaye et al. [279] suggesting that L. major expressing 

OVA and β-gal in the phagosome as soluble antigen, being efficient at inducing CD4+ T 

cell activation [279]. Nevertheless, in later experiments when number of animals were 

limiting, and we had to choose only one type of parasite, we chose mOVA. 
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OVA-expressing parasites were able to induce not only proliferative immune responses 

in OT-II cells, but also activate these cells to produce cytokines. Although the level of 

cytokines produced was generally much smaller than in the positive controls containing 

OVA protein, every cytokine measured was produced following stimulation with both 

sOVA and mOVA-expressing parasites. The relatively low level of cytokine produced was 

not due to an inhibitory or toxic effect of the parasites on the OT-II cells as control 

parasites supplemented with soluble OVA protein secreted cytokines at a similar rate to 

the OVA protein-stimulated OT-II cells. Thus, it is likely that the relatively low level of 

cytokine secretion is due to the relatively low amount of OVA-protein produced by the 

parasite and/or the way that the parasite-produced OVA, is processed within the APCs. 

Indeed, it has been suggested that the antigen processing of L. major produced OVA 

might be different to soluble OVA protein, as phagolysosome-targeted OVA expressed 

in L. major was able to be presented by macrophages for a period of 24h, unlike these 

same macrophages pulsed with soluble OVA [279]. Therefore, if indeed OVA produced 

by the parasite can be presented for a prolonged period of time, it is likely that the 

concentration of peptides associated with the MHC II molecules on the surface of these 

cells at any given time might be lower than in the case of soluble OVA present in the 

surrounding environment. 

 

In this chapter we also demonstrated that OT-II cells were readily polarised in vitro, 

confirming observations in the previous chapter. These polarised OT-II cells behaved as 

expected and could be restimulated, not only by OVA but importantly also by L. major-

expressing both mOVA and sOVA. This opened the door to in vivo experiments using OT-

II cells transferred to recipient mice to investigate the effect on infection by L. major and 

hence investigate if polarised cells can affect the parasite load. This is important as 

intracellular parasites such as Leishmania, living inside the harsh environment of 

phagocytes have developed strategies and physiological adaptations to escape the 

immune system of the host. Some of these mechanisms involve the manipulation of the 

host’s immune response to achieve, for example, inhibition of the signalling pathways 

of the host’s macrophage leading to parasite survival [172]. Different in vitro studies 

confirmed that IL-10, one of the anti-inflammatory cytokines, is produced by 

macrophages parasitized with leishmania through interaction with Fcγ receptor [280]. 
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The production of IL-10 leads into the suppression of the microbicidal nature, which 

involves nitric oxide, production of cytokines such as TNF, IL-1, and IL-12. The expression 

of costimulatory molecules such as B7-1/2 has also been involved in the process of 

inhibiting the microbicidal activities of macrophages [281]. The clinical implication of IL-

10 expression has been studied in vivo and the results indicated that transgenic mice 

expressing IL-10 are failing to control the parasite [282]. However, the finding from our 

study demonstrated that in the presence of Th polarized cells, the production of IL-10 is 

not associated with progression of leishmania infection at a higher rate as the parasite 

load was shown to be significantly reduced in mice injected with either Th1, Th2, or 

Th17 cells followed by a challenge with OVA expressing parasites and the parasite 

control. This was unexpected as the Th2 cells produced significantly more IL-10 

compared to the Th1 and Th17 cells and hence we might have expected, based on 

previous studies [282], that the presence of IL-10 would have promoted parasite 

development. At this stage it is unclear why this might be the case. 

 

Using quantitative PCR the parasite load of mice that received in vitro polarized memory 

T helper cells followed by a parasite challenge were investigated. Mice that received Th1 

cells and challenged with OVA-expressing parasite had a reduction of parasite number 

as compared to mice that received Th2 or Th17 cells followed by a parasite challenge. 

Mice that received naïve OT-II T cells followed by a challenge with a parasite that did 

not express OVA showed a higher parasite load. In addition, the mice that received Th2 

polarized memory T cells and were challenged by OVA-expressing parasites showed 

more reduction in parasite load than mice, which received a similar cell phenotype but 

challenged with a parasite without a transgene comparing to mice that received Th1 

and Th17 polarised cells followed by challenge with OVA expressing parasites.   

Therefore, OVA expressed by the parasite plays a critical role by helping to stimulate 

memory Th cells and maintain the ability to withstand pathogen manipulation. Taking 

all the data together, OVA-expressing L. major parasite induces some degree of 

protection from infection as Th polarized cells showed some degree of resilience to the 

parasite manipulation.   
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The resilience of Th polarized cells to parasite manipulation was explored and the overall 

finding from this study showed the development of immune memory resilience able to 

withstand challenge with the L. major at least against the model antigen OVA. This is a 

critical phenomenon to induce protection against the L. major parasite, which has the 

ability to manipulate the immune system of the host to ensure its survival.  

 

The activation of regulatory T cells and other cells secreting IL-10 can limit the number 

and function of Th1 cells. This may control the immunopathology, but it prevents 

complete elimination of the parasite [283]. However, there is no clear understanding 

about how this intracellular pathogen altered the host’s immune system except 

suggestions that the parasite modulates immune response and IL-10 production 

determines the outcome of the infection by controlling the production of NO and the 

type and level of T helper response induced. 

  

Following a challenge of in vitro polarized memory T cells by OVA-expressing L. major 

parasites in vivo, the degree of immune memory resilience was measured. Naïve OT-II 

T cells were polarized into Th1, Th2 and Th17 in vitro and these cells’ phenotypes were 

confirmed by analysing their cytokine signatures. These cells when adoptively 

transferred to recipient mice, and they retained their cytokine secreting profiles when 

restimulated in vivo and analysed in vitro. This is a key finding if this chapter as it 

suggests that in vitro polarised OT-II cells can maintain their Th profile in vitro when 

subjected to L. major expressing OVA. This is extremely important for vaccine 

development as it suggests that if it were possible to vaccinate in such a way as to 

generate immune memory cells similar to these produced in vitro, one should be able 

to protect from infection. Indeed, induced protective immunity can be achieved when 

memory T cells can develop the ability to retain the production of their cytokine 

signatures on the face of the immunomodulatory pathogen. To this end, a resilient 

immune memory was detected in vivo after adoptive transfer of Th polarized cells into 

recipient mice and followed by challenge with L. major. After 1 week, memory Th cells 

were recovered to analyse for proliferative responses and cytokine production, and 

mice that received Th1 polarized memory T cells showed the strongest proliferation and 

produced a significant amount of IFN-  following challenge with OVA protein and OVA-
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expressing L. major. In addition, mice that received Th2 polarized memory T cells 

showed Th2 proliferation and produced a significant amount of IL-2, IL-4, IL-6 and IL-10 

following challenge with OVA protein and OVA-expressing L. major.  

 

In murine model, the role of IL-12 during L. major infection is studied in vivo and it is 

important for Th1 development and neutralization of IL-12 in resistant mice leads to Th2 

response [284]. In addition, the complementary effect of IL-4 and IL-12 was studied 

following treatment of resistance mice with anti-IL-4 antibodies. In the case of mice 

susceptible to infection, treatment with IL-12 leads to resolution of infection [284], 

indirectly showing that one of the effects of IL-12 is the reduction of IL-4 production by 

CD4+ T cells which are crucial in clearing leishmania infection [184].  

 

Similarly, mice which received Th17 polarized memory T cells showed OT-II cell 

proliferation and produced a significant amount of IL-17 following challenge with OVA 

protein and OVA-expressing L. major. Summarizing this data, in vitro polarized Th1, Th2, 

and Th17 phenotypes remain resilient in vivo on the face of pathogen-mediated 

manipulation.  

 

The strongest immune memory response was observed in response to challenge with 

OVA protein or OVA-expressing L. major parasites as measured by the proliferation rate 

of recovered Th1 memory cells and the amount of IFN- production. This can reflect the 

fact that Th1 memory T cells have developed an intrinsic nature to strongly respond to 

OVA antigen in the face of immune manipulative pathogen because the recall response 

of Th1 memory cells to OVA323-339 was higher in terms of proliferative response and 

overall cytokine production as confirmed by the data in which mice received Th1 

polarised memory T cells produced higher quantities of IFN-, but not other cytokines. 

In addition, findings regarding the effect of antigen localization on measuring the 

strength of T cell responses also showed that mice, which received Th1, Th2, and Th17 

polarized cells and challenged with mOVA-expressing L. major revealed a relatively 

higher proliferative responses in vitro and in vivo compared to the mice that received 

the same group of Th cells but were challenged with sOVA-expressing L. major. This is 
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confirmed by measuring the proliferation of recovered memory T cells or by measuring 

the amount of cytokine they produced following restimulating with OVA protein. 
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Chapter 6: General Discussion and Conclusion 

 

The relatively recent development of transgenesis methods to stably manipulate the 

genetic make-up of many parasites has allowed a better understanding of host-parasite 

interactions, particularly in vivo. In this regard, the use of transgenic parasites is able to 

facilitate the study of immunomodulatory mechanisms under in vivo conditions. To 

achieve this outcome, model antigens (i.e. antigens that are not naturally occurring in 

any pathogen), such as OVA, are frequently expressed in pathogens to investigate the 

major determinants and pathways influencing T cell responses. In contrast to pathogen-

antigens, model antigens have never been subjected to evolutionary pressure and as a 

result, they are unlikely to have been selected to induce biased immune responses. 

Thus, studying the immune response to these antigens not only allows for the use of 

many available reagents (i.e. purified protein, cloned gene in a variety of vectors for 

expression in a range of cells, TCR-transgenic animals recognising the antigen in the 

context of MHC I or II, monoclonal and polyclonal antibodies), but also facilitates the 

isolation of effects due to the antigen from these due to the pathogen. However, these 

model antigens are also artificial and therefore may not necessarily reflect the immune 

responses against pathogen antigens. Nevertheless, they represent useful tools in 

furthering our understanding of immune responses associated with parasites. 

Therefore, in this thesis, we successfully expressed chicken ovalbumin in Schistosoma 

mansoni and Leishmania major parasites using lentivirus transduction and simple 

electroporation methods, respectively. These transgenic parasites were harnessed to 

understand whether these parasites manipulate their host’s immune response, and if 

so, to what extend the host’s immune memory can resist these manipulations. Thus, we 

explored how in vitro differentiated Th1, Th2 and Th17 memory T cells can withstand 

immune manipulation strategies by these immunomodulatory pathogens following 

generation of Th1, Th2 and Th17-biased immune memory, a process which we refer to 

as immune memory resilience to pathogen-manipulation.  
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6.1. Methods of transgenesis and genetic manipulation of parasites to study immune 

responses 

 

As described in the third chapter of this thesis, we explored the recognition of OVA 

transgenic S. mansoni eggs by OT-II T cells in vitro, following confirmation of OVA 

protein-expression by the eggs. Previous studies have used different methods to 

introduce genetic materials into parasites such as S. mansoni; including electroporation 

[285, 286], particle bombardment of plasmid DNA [287, 288], and retroviral 

transduction methods [12]. Similarly, transfection in parasites such as Leishmania and 

Trypanosomes using electroporation was achieved successfully [289]. The use of 

lentiviral method for transfection have the advantage over the electroporation method 

that it enables random integration of the expression cassette into the genomic DNA, 

hereby facilitating stable transfection. In addition, due to the high infection-rate of the 

lentivirus, this method allows transgenesis in a high proportion of the targeted cells 

[Reviewed in ref. [290]].  

 

6.2. Recognition of transfected parasites by T cells 

 

In the current study, we used a lentivirus-mediated transduction method to transfect 

parasite eggs and this leads into a successful expression of the protein and the result of 

in vitro studies showed that OVA-expressing S. mansoni eggs elicited proliferative 

response of OT-II T cells. Furthermore, this study was extended to a much more complex 

in vivo scenario (Chapter 4) to analyse the immune response of OT-II T cells to OVA-

expressing parasite eggs and as expected OT-II T cells showed proliferative response to 

OVA-expressing eggs. 

 

The expression of model antigens in different parts of the parasite using transgenesis 

has frequently been used to determine the effect of antigen-localisation on the T cell 

activation. For example, P. berghei parasites have been developed expressing 

recombinant proteins either in the cytosol or the parasitophorous vacuole membrane 

(PVM) to assess whether the sub-cellular location can influence T cell responses [208]. 

Expression of these recombinant antigens in the PMV resulted in a better recognition 

by CD4+ T cells. Previous studies also demonstrated that membrane-associate OVA 
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expressed in L. major parasite induced antigen-specific T cell response to a higher 

degree compared to soluble OVA [227]. In our study, we did not observe this difference 

as both soluble and membrane-bound OVA appear to activate OT-II cells to a similar 

extend. This was the case not only in vitro but importantly also in vivo. This could 

possibly be explained by differences between the system used in our study compared 

to the study by Prickett et al [227], namely in our study we used a higher dose of OVA 

expressing promastigotes and T cells for analysing the in vitro response and similarly we 

used the same dose per mouse of promastigote during infection and adoptive transfer 

of OT-II T cells, to analyse the in vivo response. This enhanced the degree of OVA 

presentation by the dendritic cells mainly for the cytoplasmic OVA. In addition, in the 

present study, we used a group of six mice for each treatment and the previous study 

used two mouse for each treatment. Therefore, the low dose of parasites used for 

infection and lower number of cells extracted for T cell response analysis might be the 

reason for the inconsistency between our study and the previous study. The good 

evidence for this is that, following increasing the dose of promastigotes expressing the 

cytoplasmic OVA, the degree of recognition was increased [227]. 

 

6.3. Immune memory resilience of memory T helper cells can be measured in the 

face of immunomodulatory pathogens 

 

Following the demonstration that both OVA expressing S. mansoni and L. major parasite 

are able to activate OT-II cells, we investigated the immune memory resilience of T 

helper memory cells to such immunomodulatory pathogens. It was essential to do this 

separately for both parasites since pathogens can use different ways of modulating the 

immune response. Indeed, one can imagine that parasites have evolved different ways 

of influencing the immune response and hence that the immune memory cells could be 

susceptible to different kinds of manipulation, Therefore, the concept of immune 

memory resilience is different for different pathogens and an immune memory 

response could be resilient to one parasite, while being non-resilient to manipulation 

from another.  
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S. mansoni, is among the pathogenic organisms that invade diverse organ systems such 

as the lymphatic system, the gastro-intestinal tract and the vascular system with 

multiple immunomodulatory lines of attack on the immune system. Co-evolution of 

parasites and their hosts’ immune system has resulted in a delicate balance that allows 

chronic infections to be maintained without provoking fatal immunopathology or 

overwhelming infection in the host [5, 7]. Hence one could expect a range of 

mechanisms designed to subvert the immune system at each of these levels. In turn, 

the immune system would evolve to resist this manipulation in order to allow the host 

to survive an infection. Here we show that fully in vitro differentiated memory CD4+ cells 

are able to withstand this sustained attack, both in vitro and in vivo. We also show that 

this effect is not relying on the nature of the antigen since the antigen used is the model 

antigen OVA. Thus, we can’t exclude in these experiments that the nature of specific 

parasite antigen might result in a higher level of manipulation that would allow the 

parasite to manipulate the immune response for this particular antigen. However, that 

mechanism would be specific to that particular antigen rather than to be general against 

all antigens of the parasite. 

 

In the case of Leishmania it has long been known that a Th1 immune response leads to 

protection while a Th2 immune response (particularly the presence of IL-10) leads to 

exacerbation of the disease. Thus, there is enormous evolutionary pressure on the 

parasite to bias the immune response towards a Th2 (IL-10) response. Yet, once the 

immune memory was severely biased towards Th1 following in vitro differentiation, the 

parasite was unable to modulate the immune response towards Th2. Indeed, results 

presented in Chapter 5 suggest that OVA-expressing parasites can’t change the cytokine 

secretion of fully in vitro differentiated CD4+ T cells. Indeed, these in vitro generated 

memory T helper cells maintained the production of their cytokine phenotypes 

following a challenge by OVA-expressing Leishmania. This effect was also important for 

the infection status of the animal with lower parasite loads detected in mice adoptively 

transferred with Th1 OT-II cells. However, surprisingly, this effect did not appear to be 

specific for the antigen as it was also observed with un-transfected parasites. We do not 

currently have an explanation for this, and this intriguing observation could be the 

subject of a follow-up study. 
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6.4. Vaccine strategies that confer protection against immunomodulatory parasites 

might be possible 

 

Most vaccines induce immune memory, which is strongly recalled during pathogen 

infection and is characterized by a faster recall response rate and is more potent 

compared to the primary immune response. As a result, an infection induced by the 

pathogen can be controlled. However, as some pathogens might be able to modulate 

the immune response, the outcome of the disease is dependent on the quality of the 

immune memory generated. If the immune memory generated is less potent, the 

disease continues to progress and vice versa. Indeed, the ability of the pathogen to 

manipulate the induced immune memory is also a determining factor for the outcome 

of the infection. Therefore, the effect of vaccination depends on the generation of 

immune memory resilience [124]. Interestingly, many vaccine studies focus on the 

induction of primary immune responses, namely the level of antibodies and/or T cell 

responses induced by immunising an animal. In many cases the induction of immune 

memory is implied from the strength of the primary immune response. This is a major 

issue when immune memory responses do not correlate with the level of primary 

responses. Indeed, for example during immunisation with a DNA vaccine, immune 

memory responses can be induced while very low to undetectable primary immune 

responses are generated [Reviewed in ref. [124]]. Hence, focussing on primary immune 

responses does not provide a good indication for the success, or otherwise, of a vaccine. 

Ultimately, assessment of the level of the immune memory induced needs to be 

evaluated and ultimately, protective pathogen-challenge studies need to be performed. 

This study goes beyond the evaluation of the induction of immune memory to a 

qualitative evaluation of the immune memory by assessing resilience of the different T 

helper subpopulations during primary immune responses. Factors that might influence 

this outcome include for example, type of adjuvants, type of antigen, antigen dose, 

route of vaccine administration and the genetic background of the host species [124]. 

Studies measuring immune memory resilience following single and two vaccinations 

were performed on different animal models, mouse and sheep, and a contrasting 

finding was reported. Indeed, a study conducted on sheep model showed, immune 

memory resilience was only measured after two vaccinations with same adjuvant 

followed by a challenge with an alternative adjuvant. In the same study, two OVA+Alum 
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vaccinations and followed by OVA+Quil A challenge revealed a Th2 bias which indicates 

the presence of resilience to adjuvant manipulation after two vaccinations. Whereas, in 

sheep model, single vaccination was not sufficient to induce immune memory resilience 

[Thilini A.N. Mahakapuge, PhD thesis, The University of Melbourne]. In contrast, 

another study conducted in a mouse model showed that in vitro polarized Th memory 

cells developed resilience to adjuvant mediated manipulation after single vaccination 

(Nahar, M. PhD thesis, The University of Melbourne). Thilini A.N. Mahakapuge in her 

study justified that, sheep Th cells requires more cell divisions before terminal 

differentiation and so single vaccination is not sufficiently potent to induce immune 

memory resilience to adjuvant manipulation in large animals. However, Th cells from 

mice are terminally differentiate after a few cell divisions, and therefore single 

vaccination is enough to induce immune memory [291, 292]. 
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6.5. Concluding statement 

 

In conclusion, using OVA transgenic S. mansoni and L. major parasites, we investigated 

the host-parasite interaction in vivo and using these parasite models, we expanded our 

investigation to measure the immune memory resilience against pathogen 

manipulation (Figure 6.1). This is one step forward to understand the cellular and 

molecular mechanisms of immune modulation by the parasites. Indeed, by evaluating 

the parasite molecules and pathways, which are responsible for immunomodulation, 

for example using selective gene-knockdown method in combination with OVA-

expressing parasites and TCR-transgenic mice. Particularly, the findings from this study 

will provide preliminary evidences for vaccine developers that it might be [possible to 

establish a immunization strategies, which can confer a long-lasting protection against 

the immunomodulatory pathogens through the generation of a resilient immune 

memory.  

Figure 6. 1. Schematic representation of the development of immune memory 

resilience to pathogen manipulation. In vitro generation of Th memory T cells and 

followed a challenge by immune manipulative pathogens showed a preliminary 

evidence of developing immune memory resilience. 
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