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Preface 

This thesis is written in part as a research paper style thesis and in part as a book style 

thesis,  in accordance with the research degree regulations of LSHTM 2018/2019.  

The first chapter is a broad overview of Trypanosoma cruzi and the burden of the 

disease it causes, the immunology of the infection, the rationale of vaccination as an 

intervention and the history of vaccine development. I also introduce the novel 

technologies that I have applied in my research. I highlight the specific aims of this work. 

The second chapter is written in a research paper style and is a submitted manuscript. 

The remaining chapters are written in the standard book style format. Chapter three 

includes relevant but unpublished work related to the submitted manuscript. The fourth 

and fifth chapters are each self-contained works which address the aims set out in 

chapter one, each with their own introductions, methods, results and discussions. 

 

Finally, I bring together the collective findings of this thesis and how they address the 

initial aims of the project and narrow the gaps in our understanding of T. cruzi infection 

biology. 

 

 

 

 

 

 

 

 

 

 

 



4 
 

Abstract 

Trypanosoma cruzi is the causative agent of Chagas disease. It is responsible for the 

highest disease burden of any parasitic infection in Latin America. There is no 

prophylaxis and the only available therapeutic treatments frequently report toxic side-

effects. A prophylactic vaccine would provide a valuable tool for reducing the disease 

burden. Despite this, no vaccine has progressed into clinical testing. A major obstacle 

has been the lack of available tools to monitor the parasite burden in vivo, particularly 

during the chronic stage.  

Here, we have applied highly sensitive bioluminescent imaging technology to develop 

our understanding of vaccination strategies aimed at combating T. cruzi infection in 

mice. First, we applied the system to test a viral vectored vaccine, designed to express 

two leading T. cruzi vaccine targets (ASP2 and TS). Although this reduced the parasite 

burden during the acute stage (~70%), it had no long term impact on the course of the 

infection. We then assessed how this outcome compared to protection conferred by drug 

cured natural infections. We found that the level of protection was considerably greater 

than that achieved with viral vaccines (>99%, with several instances of sterile protection) 

and that the degree of protection was associated with the T. cruzi-specific IFN-γ+ T cell 

response. We also utilised the in vivo bioluminescence model to investigate if induction 

of gut inflammation could cure chronically infected mice. By administering a chemical 

inducer of colitis, we assessed the feasibility of eliminating T. cruzi from the colon, a 

major parasitological niche in the chronic stage. Finally, we sought to develop attenuated 

parasites to use as tools for studying live attenuated vaccination by generating null 

mutant strains of T. cruzi using Cas9 genome engineering. 

This thesis therefore highlights some of the applications of highly sensitive 

bioluminescent imaging in furthering our understanding of T. cruzi infection and in 

accelerating the development of vaccines in the pre-clinical stage. 
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1.1 Trypanosoma cruzi: The causative agent of Chagas disease 

1.1.1 Chagas disease 

Chagas Disease is a neglected tropical disease and results from an infection with the 

protozoan parasite Trypanosoma cruzi. Discovered over 100 years ago by the Brazilian 

physician Carlos Chagas, the causative agent, the clinical disease and the insect vector 

have long been known1. However Chagas disease remains the single greatest burden 

of any parasitic infection in Latin America2. Untreated infections are life-long and can 

give rise to debilitating cardiac, digestive and neurological complications which are 

progressive and in some cases ultimately fatal3. 

A joint continental wide effort in implementing vector control programmes, coupled with 

the rolling out of blood screening and improving access to diagnosis and treatment have 

all led to significant reductions in transmission in several countries4,5. However a number 

of factors such as a large wild reservoir of infection, severe drug toxicity and no licensed 

vaccine mean that elimination of the infection in the human population is a complicated 

and difficult task6. In addition, there are modes of transmission that bypass the traditional 

vector route. Infections can be passed on congenitally from mother to child, orally in 

contaminated foods and through contaminated blood or solid tissues7. 

A long-standing problem has been the toxicity of the only available front line 

treatments8,9. The nitroheterocyclic drugs benznidazole and nifurtimox both have long 

recommended treatment periods, but also display a range of side effects which impacts 

on compliance. Treatment failures are often reported10. 

An effective vaccine that is able to either reduce disease severity or prevent the onset 

of disease as a stand-alone or in combination with currently available drug treatments 

would therefore be a useful tool. Vaccination has been predicted to be economically 

cost-effective, with the savings made in treating the chronic disease outweighing the 
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costs of developing and producing a vaccine across a range of scenarios11.  Several 

research groups are working toward this goal12-14, however to date, there are no licensed 

vaccines and no vaccines in clinical trials. 

 

1.1.2 Epidemiology 

Chagas Disease is endemic to 21 countries in South America, ranging from the north of 

Argentina / Chile to the Southern United States. The highest incidence of infection is in 

Bolivia, where around 6 in every 100 people are infected. Other highly infected regions 

are Argentina (3-4 per 100) and Paraguay (2-3 per 100). However smaller hyperendemic 

regions exist, such as the Gran Chaco, a lowland region divided between eastern 

Bolivia, western Paraguay and northern Argentina, where the incidence of infection 

amongst adults is almost 100%15. 
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Changing migration patterns both domestically and globally have greatly altered the 

disease epidemiology. The migration of people from rural areas of high disease 

incidence into the cities as well as the migration of people out of South America has 

bought Chagas disease to areas that were previously not affected (Figure 1.2)17,18. 

Today, the number of people infected is estimated to be between 6 and 7 million19. The 

vast majority of these are in Central and South America, with a few hundred thousand 

cases collectively in North America, Europe and the Western Pacific region20. 

Overall, with only a few exceptions21, the global incidence of disease is declining due to 

large scale control programmes. However, with the number of cases outside of South 

America steadily increasing, or rather with increased screening and realisation of the 

true burden of the infection22 there are fears surrounding the emergence of new 

epidemics23. 

Figure 1.1 – Map of South America showing the number of Disability adjusted life years lost 

to Chagas Disease per 100,000. The worst affected countries include Bolivia (red) at 132 

DALYs per 100,000, Brazil at 69.6 DALYs per 100,000 and Venezuela at 68 DALYs per 

100,000. Data from IHME website16  
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1.1.3 Molecular epidemiology 

T. cruzi is a member of a group of organisms commonly referred to as kinetoplastids, 

flagellated protozoans that are identifiable by the presence of an organelle known as the 

kinetoplast, a network of circular DNA which lies within a mitochondrion24. Kinetoplastids 

are eukaryotic organisms that are widespread and that can be found as free living in the 

environment, or as parasites of plants, vertebrates and invertebrates25. Amongst the 

kinetoplastids are other important insect transmitted parasites, which can also cause 

devastating human diseases. The parasite Trypanosoma brucei is the causative agent 

of sleeping sickness and Leishmania spp can cause various forms of the disease known 

as leishmaniasis26,27. 

Figure 1.2 – World map estimating number of migrants with T. cruzi in non-endemic 

countries, resulting from emigration out of South and Central America. The United States has 

a higher burden of disease than any other non-endemic country, this is likely due to migration 

in addition to recently identified autochthonous transmission in the southern states17 
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T. cruzi comprises a single species, however there are great differences between 

strains. Differences in morphology, infectivity, drug sensitivity and many other features 

vary greatly28-30. This is exemplified by the fact that in a study of 54 isolates of T. cruzi, 

differences of up to 47.5% were observed in DNA content, with the estimated range in 

DNA content amongst isolates between 80 and 150 Mb31. For decades, there have been 

different classification systems used to group parasites. In 2009 at a satellite meeting 

held amongst notable experts in the field it was decided that strains of T. cruzi were to 

be classified into one of six groups, termed discrete typing units (DTUs) 32. These are 

clusters of T. cruzi strains that are genetically more similar to one another than they are 

to parasites belonging to any other DTU. Although T. cruzi is recognised as a single 

species, the distinction between different parasites as members of different DTUs is 

important considering that T. cruzi displays such intraspecific diversity (Figure 1.3)33.  

These differences in parasite genetics are reflected in the geographical distribution and 

in host specificity of strains. Some DTUs are commonly sampled from the sylvatic cycle 

of transmission, with human infection being uncommon. This is generally the case for 

Tc III and Tc IV. Whereas other DTUs are more commonly sampled from human 

infections, with infection in wild animals being less common, this is the case for Tc II, V 

and VI. Tc I is the most widely dispersed of all the DTUs and is sampled from wild and 

domestic cycles34. 

 



16 
 

 

1.1.4 Life cycle of T. cruzi 

T. cruzi is heteroxenous, infecting insect species of the Triatominae subfamily of bugs 

as well as over 70 genera of mammals, both wild and domestic36. As a result of having 

to infect vertebrate and invertebrate hosts and having both intracellular and extracellular 

forms, T. cruzi has a complex life cycle, undergoing several morphological changes 

throughout. 

Transmission occurs when the mammalian host comes into contact with the 

contaminated faeces of the insect vector. There are over 140 species of insect from the 

Triatominae subfamily which can act as vectors of the parasite. Of these, the species 

Triatoma infestans, Triatoma dimidiata and Rhodnius prolixus are amongst the most 

important in transmission of T. cruzi to humans, owing to their adaptability to living in 

human dwellings34,37,38. Triatomine bugs are hematophagous and it is upon feeding that 

Figure 1.3 – key characteristics of T. cruzi which demonstrate its inter-lineage and intra-

lineage diversity. Tree is representative of parasites collected from diverse geographical 

locations35. Intra-lineage haplotype diversity represents the likelihood that two randomly 

selected haplotypes from the same lineage will be different33. 



17 
 

the infected bug will defecate and deposit the infective metacyclic form of the parasite 

onto the skin of its prey. Should the contaminated faeces break the skin barrier through 

the bite site or via the mucous membranes such as the mouth, nose or eyes, the host 

becomes infected39. 

Metacyclic trypomastigotes are slender, flagellated and highly motile, capable of 

infecting a wide range of nucleated cells. The parasite will either actively invade a host 

cell by a process involving contact with the cell membrane and the recruitment of 

lysosomes to the invasion site, or through a pathway that involves actin rearrangement 

in the host cell and uptake into an endosome. In either scenario, parasites enter via a 

parasitophorous vacuole. They then rapidly escape and enter the cytosol40. 

Once inside the cytosol the metacyclic trypomastigote will begin to transform into an 

amastigote. Amastigogenesis occurs via cell division, during which the flagellum is 

released and two small spherical daughter cells are produced41. After several cycles of 

binary division over the course of several days, the amastigotes transform back to long, 

slender, flagellated forms known as bloodstream trypomastigotes42. These forms of the 

parasite are morphologically similar to the metacyclic form when observed down a light 

microscope, however the blood stream form shows distinct surface molecule expression 

compared to the metacyclic form43.  

Bloodstream trypomastigotes are not replicative, however like metacyclic 

trypomastigotes they are able to invade and productively infect host cells. In addition, 

bloodstream trypomastigotes can be picked up by the triatomine bug upon taking a blood 

meal and continue down an alternative pathway of development inside the vector44. 

In the vector, between one and four weeks after a bloodmeal, epimastigote forms of the 

parasite can be found in the small intestine. These are the largest forms of the parasite, 

long and slender with a flagellum. Epimastigotes are replicative and also divide by binary 

fission. Therefore in the weeks following a bloodmeal, the number of epimsatigotes in 
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the small intestine of the bug will gradually increase. In the rectum, epimastigotes will 

undergo another transformation, turning into the non-replicative metacyclic forms, ready 

to exit the bug and infect a new host44,45.  

 

 

 

 

 

 

 

Figure 1.4 – Life cycle of T. cruzi in the vertebrate and invertebrate host, depicting the 

classical route of transmission. Adapted from CDC. 
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1.1.5 T. cruzi cell biology of infection 

As an obligate intracellular parasite, adhesion and invasion are key processes for T. 

cruzi, allowing it to replicate and develop in the vertebrate host. The study of this 

processes is complicated by the fact that multiple parasite ligands and host receptors 

are involved. These cell surface ligands can often be developmentally regulated and can 

even display antagonistic roles, with some promoting parasite invasion and others acting 

to inhibit invasion46. Members of the TS group II family of glycoproteins play an important 

role in these processes as they encode a number of molecules important to parasite 

adhesion and invasion47. The binding of these glycoproteins to receptors on the host cell 

induces calcium mobilisation in both the parasite and host and is necessary for efficient 

parasite invasion48.  

Two glycoproteins that have been characterised on the metacyclic trypomastigote are 

gp90 and gp82. The parasite surface glycoprotein gp90 is antiphagocytic, its biding to 

host cells prevents parasite invasion. On the other hand, the surface glycoprotein gp82 

is involved in promoting parasite invasion into the host cell. The differential activities of 

these surface ligands is associated with the ability of gp82 to induce intracellular Ca2+ 

signalling, whereas the binding of gp90 induces no such signalling. Therefore, parasite 

strains which display higher gp90 expression are less invasive48. 

Metacyclic trypomastigotes are not the only form capable of invasion. Both the 

vertebrate bloodstream stage and the amastigote stage of T. cruzi have been 

documented to invade host cells. The Tc-85 group of surface proteins are present on 

bloodstream trypomastigotes. Like other members of the TS group II family, Tc-85 

glycoproteins lack trans-sialidase enzymatic activity, but perform a role in cell adhesion 

and invasion. These parasite ligands are multi-adhesive and have been shown to be 

able to bind the extracellular matrix components laminin and fibronectin49,50. A 21kDa 
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secreted protein from amastigotes has also been identified as being involved in invasion 

by extracellular amastigotes51. 

Invasion is not solely dependent upon parasite surface proteins, but it is also dependent 

on host cell surface molecules. Lectins are a class of receptors which have been 

implicated in parasite entry. Specifically, Galectin-3 expression has been demonstrated 

to be upregulated on the surface of splenocytes in a murine infection model. This 

receptor  has been suggested to be involved in infection of dendritic cells52. Furthermore, 

this same receptor has been demonstrated to bind T. cruzi trypomastigotes on human 

smooth muscle cells53. Other work using electron microscopy identified a number of 

carbohydrate residues on heart muscle cells that were internalised together with 

parasites, identifying galactosyl, mannosyl, and sialyl residues as additional host 

receptors for attachment and invasion54. 

A variety of additional host receptors include the TGF-β receptor, the bradykinin 

receptor, the nerve growth factor receptor TrkA and TLR2/CD1455-57. The sheer variety 

of host cell surface receptors identified as taking part in T. cruzi adhesion and invasion 

explain the pan-tropic nature of the acute infection58. 

Following ligand binding, the parasite begins the process of invasion. There are multiple 

mechanisms that have been described in invasion, however there are some common 

features that are shared amongst these ‘invasion styles’. Invasion involves the endocytic 

pathway, allowing the parasite to cross the plasma membrane within an endosome. 

Another common feature is the involvement of lysosomes, these acidic organelles 

perform a role in acidifying the endosome. Each of the modes of entry culminate in the 

formation of a parasitophorous vacuole. 

One of the mechanisms by which parasites enter host cells is by phagocytosis. This 

process begins following T. cruzi attachment to host cells, resulting in actin dependent 

extensions of the host cell membrane, engulfing the parasite59,60. This process of T. cruzi 
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entry has been observed amongst both professional and well as non-professional 

phagocytic cells61. Following the entry of the parasite in the endocytic pathway, the 

endosome matures into a late endosome, this process is characterised by the movement 

of the vesicle toward the perinuclear area and the acquisition of endosomal markers62. 

The fusion of lysosomes with this late endosome gives rise to the parasitophorous 

vacuole, an organelle with a pH of 4-4.5 and which expresses the surface molecules 

LAMP1 and LAMP263. 

Another mechanism of entry used by T. cruzi is one that takes advantage of a known 

membrane repair pathway in host cells64. T. cruzi trypomastigote binding to host cells 

can cause membrane damage, this results in a Ca2+ dependent translocation of 

lysosomes to the damaged membrane65. Lysosome secreted acid sphingomyelinase 

(ASM) then cleaves a sphingolipid in the plasma membrane, generating ceramide. This 

conversion to ceramide allows the plasma membrane to bud off inwardly, internalising 

the parasite within a vesicle as it does so. Fluorescent imaging reveals that the 

parasitophorous vacuole is closely associated with lysosomes and quickly becomes 

enriched in LAMP1, suggesting lysosomal fusion65. 

The acidic parasitophorous vacuole is only a temporary environment, from which the 

parasite quickly escapes. The parasite proteins, trans-sialidase and Tc-TOX promote 

the degradation of the vacuole membrane, allowing the parasite to be released into the 

cytosol. Trans-sialidase is a parasite surface bound protein (which can also be shed) 

that catalyses the removal of sialic acid residues that coat the inner surface of the 

membrane of the parasitophorous vacuole66. This makes the membrane susceptible to 

the action of another parasite protein, the secreted enzyme Tc-Tox67. At an acidic pH, 

this enzyme has haemolytic activity and forms a pore in the vacuole, thereby contributing 

to its breakdown. Upon release of the parasite into the cytosol, the parasite, which has 

already begun transforming into an amastigote, completes its transformation and 

commences replication. Infection by a single trypomastigote can result in around 500 



22 
 

parasites within a single cell. Within 5-7 days following an initial infection, flagellated 

trypomastigotes escape the cell and are immediately able to infect another42. 

 

1.2 Clinical disease 

Chagas disease is often categorised into three distinct stages. The symptomatic acute 

stage of the infection, an asymptomatic stage named the indeterminate stage and a 

symptomatic stage termed the chronic stage17. The acute stage occurs upon infection 

and may last for several weeks. It is characterised by the uncontrolled proliferation of 

parasites, during which parasites are readily detectible in the blood by microscopic 

examination17. This stage of the disease can be accompanied by a range of non-specific 

symptoms such as fever, lethargy, diarrhoea and drowsiness amongst others68. Most 

individuals are unaware that they are infected with T. cruzi. In the case of the classical 

route of transmission, by the insect vector, the only tell-tale sign may be swelling near 

the site of parasite inoculation69. The acute stage is not usually life-threatening and is 

self-resolving due to the generation of a robust immune response. However in a small 

percentage of cases the acute infection can lead to fatality due to meningoencephalitis 

or an acute heart failure70,71. 

Infected hosts will then transition to the indeterminate stage of the infection, during which 

parasite numbers are brought under tight control due the generation of robust immunity 

(see below). Parasite numbers during this stage are reduced to levels not readily 

detectible in the blood, even by methods such as PCR72. For the majority of infected 

immune competent individuals, they will live out the remainder of their lives without any 

further clinical presentations. However in 30 – 40% of cases, clinical signs will emerge 

decades later. This is often in the form of heart disease, the most common clinical 

manifestation of Chagas disease73 (referred to as chronic chagasic cardiomyopathy) 

Less commonly, the infection will present in the form of a digestive megasyndrome73. 
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Chronic chagasic cardiomyopathy occurs as a result of cardiac inflammation and 

infection of the cardiac tissue. This results in damage to, and loss of, cardiomyocytes; 

the cardiac conduction system; and/or the development of tissue fibrosis during the 

reparative process. This can lead to a number of different clinical presentations. The 

damage is progressive and ultimately leads to heart failure, which is the leading cause 

of death due to Chagas disease74. In around a third of symptomatic disease cases, 

patients will present with a digestive disorder. Referred to as megasyndromes, those 

that present with the digestive form of the disease suffer from a dilated digestive tract, 

usually in the colon and/or the oesophagus. This process is irreversible and in severe 

cases also leads to death75. 
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A less common occurrence in T. cruzi infection is the involvement of the central 

nervous system (CNS). CNS involvement usually stems from immunosuppression of 

an infected person. It is characterised by amastigote nests in the brain tissue and/or 

trypomastigotes in the cerebrospinal fluid76-78. Symptoms are varied and can be mild, 

including malaise and headaches or more severe and result in cognitive impairment 

and seizures79,80. 

Figure 1.5 – Clinical progression of Chagas heart disease. After the initial infection, in the 

acute stage, most individuals are unaware of the infection. Symptoms are often non-specific 

and only around 1% of cases present clinically with myocarditis, which usually resolves. 

Following resolution of the acute stage, the majority of cases remain asymptomatic for a 

variable number of years. The disease progresses with time, around 30% of patients will 

develop heart dysfunction which can be detected clinically, around 10% in total will be 

symptomatic73 

Looking Back, Looking Ahead) 
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1.3 Pathogenesis 

Chagas disease pathogenesis has been proposed to occur via multiple mechanisms. 

The two most widely explored of these are the autoimmune hypothesis and the 

hypothesis of parasite persistence. The autoimmune hypothesis argues that Chagas 

disease pathogenesis results from a self-reactive immune response, resulting from a 

breakdown in tolerance73. The parasite persistence hypothesis proposes that Chagas 

disease is a consequence of chronic inflammation, resulting from the persistence of T. 

cruzi at specific sites81. 

A number of interesting observations lent credibility to the autoimmune hypothesis. 

Amongst these were reports of chronic disease patients in which parasites were not 

identified in the cardiac tissue82. Other studies reported on the presence of auto-reactive 

lymphocytes and molecular mimicry between parasite antigens and human cardiac 

myosin83,84. 

The view that autoimmunity was the main mechanism of disease progression began to 

change in light of evidence which supported the requirement for the presence of 

parasites for disease progression. For example, heart tissue from chagasic patients 

were shown to be PCR positive and were also positive for parasite antigens85,86. This 

finding, coupled with previous reports of a lack of live parasites in the hearts of chagasic 

patients makes sense when we consider that the induction of robust immunity is the 

norm in a T. cruzi infection. Other supporting evidence comes from positive patient 

outcomes as a result of antiparasitic drug treatment. Chronic human patients receiving 

benznidazole show improved clinical outcomes, such as fewer ECG changes, in the 

years following the cessation of antiparasitic treatment compared to infected and non-

treated patients87.  

A new model, which used bioluminescence to describe the infection dynamics in the 

chronic stage throws further support behind the theory of parasite persistence. Lewis et 
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al88 reported on the infection dynamics of a number of T. cruzi strains in the mouse 

model. It was found that throughout the infection, parasites trafficked from a niche in the 

gut to other organs such as the heart before being eliminated by an effective immune 

response. The rate at which these transient infections trafficked to the heart correlated 

with the accumulation of heart damage. 

 

 

 

 

Figure 1.6 – A number of mechanisms have been proposed in disease pathogenesis. A, the 

ability of T. cruzi to infect and replicated in cardiomyocytes can lead to direct parasite 

mediated damage. B, damage can occur because of an immune response targeted toward 

intracellular parasites. C, bystander injury may occur as a result of the activation of innate 

immune responses such as the activation of polymorphonuclear cells, which release their 

granules into the environment. D, autoimmunity as a result of molecular mimicry or activation 

of self-reactive T cells caused by cell lysis in an already inflammatory environment73 



27 
 

1.4 Immunity to infection 

The immunological response to T. cruzi is a significant determinant in the outcome for 

the patient. Understanding the immunological response that controls both the acute 

parasite burden and the mechanisms that allow the parasite to persist are necessary to 

inform the development of interventions. Both the innate immune system and the 

adaptive immune system are important in controlling the infection. Defects in either can 

lead to lethal outcomes.  

 

1.4.1 Innate immunity 

Innate immunity is important in the days following a T. cruzi infection, it is necessary for 

controlling parasite replication and spread before the generation of an adaptive immune 

response. However, as will be discussed, the parasite has evolved mechanisms to avert 

the immune response at each step. 

Complement 

Upon infection, the first host defence that the parasite will encounter is the complement 

system. This is constituted by blood circulating proteins which recognise and bind to the 

surface of the pathogen in a sequential manner, targeting the pathogen for destruction 

by other immune effector cells, thereby ‘complementing’ our immune system. 

Alternatively, the complement system can proceed through additional steps of protein 

binding to form pores in the parasite membrane, effectively lysing the parasite. There 

are three pathways of complement activation, the classical pathway, the lectin pathway 

and the alternative pathway. Although all three of these pathways are initiated by 

different molecules, they all converge and eventually all follow the same pathway89. 

The classical pathway is initiated by IgG or IgM binding to the pathogen surface. These 

antibodies are bound by a complement protein complex known as the C1 complex. The 
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C1 complex cleaves two other proteins, C2 and C4, to form the C3 convertase. The 

lectin pathway describes when mannan-binding lectins (MBL) or proteins known as 

ficolins bind the pathogen surface. This pathway is favoured over the classical pathway 

in non-immune serum90. The pathogen bound MBL or ficolins associate with an MBL-

associated serine protease (MASP), and then, like the classical pathway, cleave C2 and 

C4 to form the C3 convertase. The alternative pathway results from the spontaneous 

hydrolysis of C3 in the blood and results in C3b binding to the pathogen surface. This 

C3b associates with another blood protein, known as Bb, forming the C3 convertase91. 

Regardless of the initiating steps, all 3 of the pathways converge on the C3 convertase 

and the following steps are the same in all of the pathways. After formation of the C3 

convertase, C3 is cleaved to give C3a and C3b, the binding of C3b to the C3 convertase 

forms the C5 convertase. This then cleaves C5 to give C5a and C5b. C5b then combines 

with C6, C7, C8 and C9 to give the membrane attack complex. This is a protein complex 

which inserts into the membrane of a pathogen and to which epimastigotes, and to some 

extent, also trypomastigotes are susceptible92,93. 

Depletion of the complement system in mice prior to infection leads to higher 

parasitaemia94. However, metacyclic trypomastigotes have evolved resistance to 

complement and exposure to mammalian serum is not 100% effective at mediating their 

lysis90. This is because trypomastigotes express regulatory proteins on their surface 

which are functionally analogous to human complement regulatory proteins. One such 

example is the trypomastigote decay accelerating factor (T-DAF), which is similar to the 

human complement inhibitor DAF, a protein which prevents the assembly of the C3 

convertase, thereby preventing further binding of other complement proteins95. 

Innate recognition 

Recognition of T. cruzi by cells of the innate immune system is mediated by germline 

encoded receptors – the Toll Like Receptors (TLRs). These are highly conserved 



29 
 

receptors in the animal kingdom, with 10 TLRs described in humans and 11 in mice96. 

TLRs differ in their cellular localisation and in the specificity of their recognition, with 

different TLRs adapted to recognise different pathogen associated molecular patters 

(PAMPs). Triggering of TLRs by T. cruzi results in a cascade of downstream signals via 

the adaptor molecules, myd88 or TRIF, leading to signalling which targets the 

transcription factors NF-κB and interferon regulatory factor (IRF)97. These in turn induce 

the expression of pro-inflammatory cytokines TNF-α, IL-12 and the Type I interferons. 

These receptors, although not implicated in the internalisation of parasites, are essential 

in parasite sensing and the subsequent functioning of cells of innate immunity. 

TLR2 and 4 are cell surface receptors, both of which have been demonstrated to 

participate in recognising T. cruzi. TLR2 recognises glycosylphosphatidylinositol (GPI) 

anchored mucin-like glycoproteins on the parasites cell surface, whereas TLR4 

recognises T. cruzi glycoinositolphospholipids (GIPLs)98. While exposure of TLR2-/- 

macrophages to live parasites leads to a robust pro-inflammatory response, TLR4-/- 

macrophages show a defective phenotype. Upon exposure to live parasites, TLR4-/- 

macrophages have an increased susceptibility to parasite replication, associated with 

lower NO production99.  

TLR9 and TLR7 are essential for nucleic acid sensing and are located on cell 

membranes in the endosome. TLR9 is able to recognise CpG sequences in T. cruzi 

DNA, whereas TLR7 recognises T. cruzi RNA. TLR9, like TLR2, signals via myd88 and 

TLR9-/- mice are more susceptible to infection than wild type (WT). Interestingly, both 

TLR 9-/- and TLR 2/9 double KO mice show a susceptibility to infection which TLR2-/- do 

not. This susceptibility is associated with a decrease in IL-12/IFN-γ and suggests that 

TLR9 is the main TLR involved in myd88 signalling100. 
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Macrophages 

Paramount to parasite control in the initial stages of an infection is the microbicidal 

activity of macrophages102. However early on in the infection, in naïve individuals, 

macrophages are a permissive environment for parasites. This is because unstimulated 

macrophages produce little nitric oxide (NO) or reactive oxygen species (ROS), upon 

which a great deal of microbicidal activity is dependent. However, macrophages do not 

remain permissive and following the initial infection they secrete pro-inflammatory 

Figure 1.7 – The TLR2/6 heterodimer and the TLR4 homodimer are cell membrane bound 

receptors which recognise the T. cruzi PAMPs present on GPI mucins or GIPLs in the 

extracellular environment. The endosome bound TLR7 and TLR9 homodimers recognise 

nucleic acids that are released by internalised parasites. Upon recognition of the PAMPs, 

these receptors initiate signalling which results in activation of the transcription factors NF-

κB, or one of a number of IRFs. These transcription factors initiate the transcription of pro-

inflammatory genes101 
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cytokines, such as macrophage migration inhibitory factor (MIF) and TNF-α, which can 

act in an autocrine or paracrine manner to activate other macrophages to produce NO 

and peroxynitrite, an oxidant which arises from the simultaneous production of NO and 

ROS103,104. Furthermore, other macrophage secreted cytokines, such as IL-12, signal to 

NK cells and to T helper cells to secrete IFN-γ and IL-17, two potent activators of 

macrophage microbicidal activity105. These activated macrophages are markedly better 

than non-activated macrophages at limiting parasite replication106. 

Dendritic cells 

Dendritic cells (DCs), like macrophages, are phagocytic cells of the innate immune 

system and recognise pathogens via TLRs. After phagocytosing a pathogen, the primary 

role of the DC is in antigen presentation to cells of the adaptive immune system, thereby 

bridging innate and adaptive immunity107.  

Once DCs come into contact with a pathogen, they undergo a process of maturation. 

This involves migration to lymphoid organs and the expression of the surface receptors 

CD80 and CD86, in preparation for interaction with a resting T cell. The DC then provides 

3 signals to the resting T cell in order to activate it108. The first signal is the MHC receptor 

on the DC engaging the T cell receptor (TCR) on the T cell. The second signal is the 

molecules CD80 and CD86, known as co-receptors, binding to CD28 on the T cell. The 

third signal is the DC released cytokines, which will influence the developmental 

pathway in that T cell. T. cruzi resistant mouse strains control the parasite through the 

expression of IL-12 and the skewing of the T cell response to a Th1 profile, associated 

with IFN-γ secretion and cellular immunity109. 

Antigen Processing 

There are two major pathways of antigen presentation which differ in respect to the 

source of the peptide, the type of receptor used for presentation and in the subcellular 
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compartments utilised for peptide processing. Proteins acquired from outside the cell go 

through the exogenous pathway of protein presentation whereas proteins from inside 

the cell go through the endogenous pathway110. 

All nucleated cells are capable of presenting proteins via the endogenous pathway. 

These proteins may be presented as a result of a cells turnover of its intracellular 

material, a normal housekeeping process. However, pathogens that have invaded a host 

cell are also degraded and presented via this same pathway111. Peptides entering the 

endogenous pathway are processed within the cytosol of the cell. The resulting peptide 

product is presented on the cell surface in a peptide-receptor complex with an MHC I 

molecule, where it is recognised by CD8+ T cells.  

Cytosolic proteins are degraded by the host cell proteasome, a specialised protein 

complex present in the cytosol of cells and which functions to break down proteins into 

smaller subunits. After degradation by the proteasome, these subunits are transported 

into the host cell endoplasmic reticulum, where they are loaded onto MHC I receptors. 

This MHC-peptide complex is transported to the cell surface where it is recognised by 

CD8 T cells112. Because T. cruzi escapes the phagolysosome and is free within the 

cytoplasm of the host cell during the normal course of infection, it is perhaps not 

surprising that many of the T. cruzi peptides identified as being presented via this 

pathway are parasite secreted or parasite surface anchored proteins113,114. 

Unlike with the endogenous pathway, the exogenous pathway of peptide presentation 

is restricted to professional antigen presenting cells. These cells are macrophages, 

dendritic cells and B cells. Peptides generated via this pathway are loaded onto MHC II 

cell surface receptors where they are recognised by CD4+ T cells112. The exogenous 

pathway describes the presentation process for pathogens that are taken up from the 

extracellular environment within an endocytic vesicle, this can be by endocytosis, 

phagocytosis or macropinocytosis115. As described in section 1.1.5, the endocytic 
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vesicle that encompasses T. cruzi fuses with lysosomes as it transforms into a late 

endosome, becoming acidic and obtaining proteases such as cathepsins, which aid in 

the degradation of pathogens116. In phagocytic cells, MHC II, which is transported from 

the endoplasmic reticulum, localises with the late endosome and peptide is loaded into 

the MHC II molecule, after which the complex migrates to the cell surface111. Although 

T. cruzi has evolved mechanisms that allow it to escape the phagolysosome, this escape 

is not 100% effective in an infection and some parasites succumb to lysosomal 

degradation117. This is important in the development of host immunity as the 

presentation of T. cruzi peptides on MHC II is required for the development of an 

effective CD8+ T cell response118. 

Another, more recently discovered and less well understood pathway of antigen 

presentation is called cross-presentation. This is where protein from the exogenous 

pathway crosses into the endogenous pathway and is presented on MHC I. This is an 

important way for the host to be able to generate both CD4+ and CD8+ T cell immunity 

toward pathogens that have been phagocytosed by host innate immune cells115. There 

are two different mechanisms, or routes by which this has been shown to occur. The 

cytosolic route is when exogenous protein is taken up via an endosome, the protein is 

released into the cytosol where it is degraded by the proteasome before being loaded 

onto MHC I in the endoplasmic reticulum119. The other route that has been described is 

the vacuolar route. This does not involve proteasomes, but instead, MHC I molecules 

from the endoplasmic reticulum are diverted toward the early endosomes which contain 

the exogenous material, or pathogen120. 

 

1.4.2 Adaptive immunity : T cell response 

Adaptive immunity is notoriously slow to develop in a T. cruzi infection. However, once 

a mature immune response develops, it is effective at reducing parasite numbers and 
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keeping them under tight control for the remainder of the host’s lifetime. There are 

several ‘arms’ of adaptive immunity, which collectively, alongside the innate immune 

cells, provide an integrated and effective immune response. 

CD4 T cells 

Being an intracellular pathogen, T. cruzi induces strong cellular immunity. Part of this 

response is the induction of Th1 CD4+ T cells. The Th1 cell is defined by the induction 

of the transcription factor T-bet and its ability to secrete IFN-γ and TNF-α in an antigen 

specific manner121. The role of the CD4+ T cell in T. cruzi infections is to help other 

immune cells. The primary functions of CD4+ T cells are the activation of macrophages, 

helping to generate maximal CD8 T cell immunity and also in the development of 

parasite specific humoral immunity122. 

CD4+ T cells are antigen specific, therefore they are able to recognise and activate 

infected cells in a discriminate manner through recognition of T. cruzi antigen in 

association with MHC I. CD4+ T cells recognise infected macrophages, and upon binding 

to them, secrete IFN-γ. As discussed above, this promotes parasite killing. In addition to 

this essential role, Th1 CD4+ T cells are also necessary for maximal CD8+ T cell 

expansion in a natural infection. MHC II KO mice that lack CD4+ T cells have lower 

frequencies of CD8+ T cells118. 

Though less well studied, another CD4+ T cell subset, Th17 cells, also have a protective 

role in T. cruzi infection. These cells become committed to differentiation by activation 

of the transcription factor RORγT in the naïve CD4+ T cell123. These cells are capable of 

IL-17A secretion and IL-17A deficient mice have a lower survival rate and higher 

parasitaemia compared to WT105. Adoptive transfer experiments have revealed that the 

mechanisms of protection for Th17 cells are similar to Th1 cells. Th17 cells increase 

parasite killing in phagocytic cells through retention of the parasite in the phagolysosome 

and also promote CD8+ T cell proliferation124,125. 
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CD8 T cells 

Because for the majority of its life cycle, T. cruzi is an intracellular pathogen, the 

recognition of infected cells and their targeted destruction is essential to preventing the 

propagation of an infection. This role is performed primarily by CD8+ T cells126. CD8+ T 

cells are cytotoxic cells which are generated in great numbers in a T. cruzi infection. 

They are able to recognise and lyse infected cells through the delivery of lytic granules 

directly into the infected cell or through a receptor mediated self-destruct message 

delivered via the Fas ligand127. KO mice that are devoid of CD8+ T cells succumb to the 

acute infection, even in a usually non-lethal challenge128. 

Aside from cytolysis, which is an important function of these cells, part of the protective 

function of CD8+ T cells is their ability to secrete IFN-γ. This has been demonstrated 

experimentally in some elegant adoptive transfer experiments, which used T cell lines 

that had cytolytic activity, but did not secrete IFN-γ. These T cells were unable to protect 

mice in an experimental infection. In contrast, T cell lines that did express IFN-γ were 

able to protect mice from a lethal infection. Therefore, the protection that is provided in 

adoptive transfer of CD8+ T cells is dependent on IFN-γ and not on the cytolytic activity 

of the CD8+ T cell129. Evidence for this also exists in natural human infections whereby 

patients with higher circulating numbers of IFN-γ+ CD8+ T cells have less severe clinical 

disease130. 

Given the effectiveness with which CD8+ T cells are able to combat T. cruzi, they are 

widely considered the most important cell type in the immune response. Vaccine 

regimens therefore often aim to induce swift and strong CD8+ T cell mediated 

immunity131. Despite this, T. cruzi infections are life-long. Recent work confirmed that 

life-long infection does not result from exhaustion of the T cell response, which remains 

competent throughout132. The more likely explanation for this is that the parasite has 

evolved mechanisms of evasion which supersede the capabilities of adaptive immunity. 
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The CD8+ T cell response in T. cruzi infections, curiously so, is heavily biased toward a 

small number of epitopes contained within the trans-sialidase (TS) family of proteins. Up 

to 30% of the CD8+ T cells in a mouse can be specific for a small number of peptides114. 

The TS family of proteins is encoded by thousands of genes. It is important for the 

parasite life-cycle and performs functions such as cell invasion and evasion of the 

complement system114,133. These proteins are also expressed late in the infection cycle 

on the surface of infected cells, only becoming visible between 24 and 48 hours into an 

infection41. Therefore, a large proportion of the host CD8+ T cells are specific for an ever 

changing target that is expressed late in the infection. 

In addition, T. cruzi has been shown to invade host cells in a silent process by which it 

does not activate host defence mechanisms for 24-48 hours. This means that the 

resulting T cell response is also delayed. With the Y strain parasite, CD8+ T cells are 

first detectable in the mouse around day 9 and quickly rise between days 9 and 15. This 

is much slower than with other intracellular infections such as Plasmodium, Listeria and 

lymphocytic choriomeningitis virus (LCMV)128. 

 

1.4.3 Adaptive immunity : B cell response 

B cells are also mononuclear lymphocytic cells. There are several types, with follicular 

B cells being the most numerous subset in the spleen and lymph nodes. Unlike T cells, 

B cells and the antibodies they secrete recognise antigen in their native conformation 

and not as a peptide-MHC complex. 

Following infection, follicular B cells undergo proliferation and differentiation in the 

spleen and secondary lymphoid tissues in a T cell dependent manner134. This process 

occurs in microenvironments within the spleen and lymphoid tissue referred to as the B 

cell follicle, inside which B cells develop into terminally differentiated plasma cells or 

long-lived memory B cells. In the initial stages of the infection, B cells differentiate into 
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IgM secreting plasma cells. Through a process of continued B cell maturation following 

the initial infection, a germinal centre develops in the B cell follicle and gives rise to 

plasma cells, which secrete antibodies of a different class and with a much higher affinity 

for their target135. These are IgG antibodies. 

Following a T. cruzi infection, IgM is the first detectible antibody in the serum, appearing 

around two weeks following infection136. They are initially present at very high titres, but 

then decreases after the acute stage and are undetectable in chronic patients137,138. 

Experimentally, the early production of high titres of IgM are associated with resistance 

to infection in the acute stage, with resistant mouse strains producing higher IgM titres 

than susceptible mice122,139. In humans, antibody production in the acute phase is 

associated with lytic activity and complement mediated killing of blood 

trypomastigotes140. 

IgG antibodies begin to appear between a few days and week after IgM, however unlike 

the IgM response, they remain detectible for many years after the resolution of the acute 

stage137. IgG antibodies from chronically infected mice have been shown to be effective 

at protecting naïve mice from infection by clearing blood trypomastigotes. This occurs 

independently of complement mediated lysis and instead relies on Fc mediated 

phagocytosis, with antibodies binding the blood trypomastigotes and being taken up by 

phagocytic mononuclear cells and polymorphonuclear cells such as neutrophils141,142. 

As with the T cell response, the humoral response to T. cruzi is delayed, with the parasite 

inducing a polyclonal B cell activation prior to the development of parasite specific 

humoral immunity122. It is not clear whether this is a mechanism of immune subversion 

and exactly how this benefits the parasite. However, the activation of non-specific B cell 

clones may act to delay the activation of B cells with specificity for the parasite143. Mouse 

strains which are more resistant to the infection experience a lower 
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hypergammaglobulinemia and instead they generate a much quicker parasite specific 

IgG response, correlating with a Th1 cytokine profile122. 

 

 

1.5 Vaccination 

The rational for vaccinating against Chagas disease comes from the fact that disease 

severity is linked to parasite persistence and previous experimental vaccinations have 

demonstrated positive outcomes in pre-clinical models13,145. Therefore, evidence 

suggests that vaccination with a view to reducing the parasite burden would be 

conducive to an improved clinical outcome. Alternatively, transmission blocking vaccines 

Figure 1.8 – Generation of protective immunity in a T. cruzi infection. DC interaction with a 

naïve T cell (Thp) results in the development of Th1 cells, which secrete IFN-γ. These T 

helper cells promote the generation of mature CD8 T cells, with cytotoxic and cytokine 

secreting capability. T helper cells also secrete cytokines which activate macrophages and 

are associated with the generation of a parasite specific antibody response144 
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or a vaccine that complements current drug treatments by reducing the length of the 

treatment or improving the chances of successful treatment would also help to reduce 

the overall disease burden146. 

The first vaccines for Chagas disease were based on the observations that animals 

surviving an acute infection developed resistance to re-infection. Therefore, early 

attempts at vaccination used killed parasites, culture-attenuated parasites or crude 

methods of parasite attenuation such as a pressure chamber. Some of these methods 

showed partial success and were later the subject of further confirmatory experiments147. 

These first vaccines were limited by the available technology of the time, but provided 

support for the idea that vaccinating against the parasite could improve the hosts control 

over the infection. In later years, with technological advancements, came more detailed 

vaccine studies. For example, cell fractionation by centrifugation revealed that specific 

subcellular fractions of the parasite had different protective capacities148. Later on, 

advances in our scientific knowledge of protozoology led to the testing of non-virulent T. 

cruzi-related organisms as live vaccines, owing to the fact that these related organisms 

shared antigens with T. cruzi149. Because these related organisms, Phytomonas serpens 

and Trypanosoma rangeli, are non-disease causing in humans, they were seen as risk-

free alternatives for vaccination against T. cruzi. Unfortunately, despite their relatedness, 

these organisms provided incomplete protection in the face of a T. cruzi challenge 149,150. 

The biggest leap in our technological capability arrived with the advent of modern 

biotechnology. The vaccines that have been produced with these new tools are today 

the best studied and furthest in development. One of these vaccines is based on the 

parasite protein Tc2411. This is a calcium binding protein which localises to the 

trypanosome flagellum. It was first identified in 1989 and has since been widely studied 

for its potential as a vaccine candidate. Tc24 administered as a recombinant protein, 

adjuvanted, either alone or alongside other candidate proteins has proven to be 
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immunogenic in mice and recall responses to the protein have been detected in chronic 

human patients 12,151. Much work has gone into the modification, streamlining and 

upscaling the production of the protein for manufacture 152,153. 

Advances in vaccination technologies have in part been driven by our constantly 

developing understanding of immunology, in particular, the types of immunological 

responses that are protective. This is indeed true for the most recent technological leap, 

the development of viral vectored vaccination. The use of viral vectors to deliver T. cruzi 

genes is a particularly promising approach given that this vaccination strategy induces 

strong cellular immunity154.  Due to the intracellular nature of the infection, T cells are 

widely considered the most important mediator of parasite killing (section 1.4.2 Adaptive 

immunity). Specifically, CD8+ T cells are considered crucial in determining the outcome 

of infection due to their ability to directly lyse infected host cells 155. One viral vectored 

vaccine study was shown not only to preserve heart function, but to reverse chagasic 

cardiomyopathy in chronically infected mice when administered as a therapeutic 13. The 

immunogenic potential of viral vectors, coupled with their proven safety profile in humans 

has led to their advancement through clinical trials for a number of infections and 

cancers. They remain a bright prospect for the development of a T. cruzi vaccine 156,157. 

Despite the advances in vaccine technology, it is still the case that not a single T. cruzi 

vaccine has advanced from pre-clinical trials158. Much of this is due to the nature of the 

disease, it only presents decades after the initial infection, making vaccine testing 

difficult. However, the other feature of the infection, the fact that parasites are rare in the 

chronic stage of the disease means that it is difficult to monitor the parasite burden 

beyond the acute stage. Therefore testing vaccine efficacy has long been a near 

impossible task and is subject to sampling biases when using techniques such as PCR. 

Methods that would allow for accurate monitoring of the parasite burden in a non-time 

consuming fashion, and without bias, would be a significant step in advancing pre-

clinical testing of vaccines. 
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1.6 The animal model: Bioluminescent imaging 

Research in T. cruzi benefits greatly from the fact that the parasite is capable of infecting 

all mammalian species. This means that the study of T. cruzi in vivo requires no specific 

or specialised animal models and has been studied in several mammalian model 

species, including but not limited to the mouse, guinea pig, rabbit, rat, dog and primates 

159. 

The most commonly used animal model is the mouse, which has long been used for the 

study of the immunology and pathophysiology of the infection, as well as the biology of 

the host-parasite interaction160. The ability to use a wide range of parasite strains, a 

growing number of which are having their genomes published161,162, and the ability to 

use mice with well-defined genotypes and phenotypes mean that the mouse model is a 

tractable system. 

Different parasite and mouse combinations give rise to different infection dynamics and 

can give different clinical outcomes ranging from a mild infection, where the host suffers 

almost no ill effect, to lethal infections where 100% of mice succumb in less than a month 

163,164. This complicates the task of comparing different studies by different research 

groups. However, it can be advantageous to individual groups, as different strain-host 

combinations can reliably give rise to a desired clinical outcome, allowing for the study 

of specific aspects of the disease.  

Clinically, the pathological outcome of the chronic infection in mice resembles that in 

humans, particularly in terms of heart disease165. Histological analysis reveals 

inflammation and fibrosis which parallels human histological observations. In addition, 

ECG alternations can also be observed in chronically infected mice, with the specific 

alteration showing a mouse and parasite strain dependent pattern166. The GI 

abnormalities seen in a small percentage of patients in the chronic disease can also be 

replicated in the mouse. Some infected mouse strains undergo intestinal dilation and 
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damage of the myenteric plexus, as a result they suffer from reduced gastric motility and 

gut transit times 167,168. Clinically speaking, the infection in the mouse is a useful proxy 

for human infection. 

A relatively new tool in the arsenal for studying T. cruzi is in vivo bioluminescent imaging 

58. The approach is based on exploiting transgenic parasites which express a modified 

firefly luciferase enzyme. This enzyme reduces its natural substrate luciferin in an ATP-

dependent reaction, resulting in the emission of light. This gives live parasites 

bioluminescent properties, allowing murine infections to be monitored in real time, 

without the need for invasive procedures. The system developed in our lab makes use 

of a codon-optimised modified firefly luciferase that emits light at the red end of the 

spectrum (617 nm)88,169. Red light has greater tissue penetrating properties than the 

normal green/yellow light emitted by wild type luciferase, because longer wavelength 

light is subject to reduced scatter and is not absorbed by haemoglobin. The system is 

sensitive enough to detect as few as 100 transgenic parasites when injected i.p. into a 

mouse, and allows the routine detection of parasites during the chronic stage of an 

infection. This had not previously been possible58. Bioluminescent imaging has been 

revolutionary in T. cruzi research, quickly being utilised as a tool for drug testing170. 

Additionally, it has provided new insights into T. cruzi infection biology that would not 

have been possible without these tools171,172. 

It has been observed that chronic T. cruzi infection is truly dynamic, with parasites 

appearing and disappearing from tissues within a matter of hours172. In addition, the 

study of different bioluminescent parasite and mouse strain combinations has revealed 

that infections in clinically relevant tissues, such as the GI tract and the heart, show very 

different infection dynamics58,88. The GI tract seems to be a reservoir, from which the 

infection regularly seeds and migrates to other peripheral sites, including the heart. 

Novel findings such as these would not have been possible without the bioluminescence 
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system. These observations could hold the key to developing new therapeutic 

strategies. 

It is abundantly clear that the bioluminescent system has scope to be utilised for studying 

T. cruzi immunology, infection biology and importantly for advancing the field of vaccine 

research. Despite the progress made in the development of vaccines for intracellular 

infections over recent years173, detailed analysis of vaccine efficacy for T. cruzi has long 

been restricted by an inability to accurately monitor the parasite burden during the 

chronic stage. 

 

 

 

 

Figure 1.9 – In vivo bioluminescent imaging. A, the procedure for bioluminescent imaging 

follows a standardised set of procedures. Infected mice are injected i.p. with the luciferin 

substrate prior to anaesthesia. Anaesthetised mice are imaged before recovery and return to 

their cage. This process is repeated each time an image is acquired. B, Example images of 

an infected BALB/c mouse taken over a year long period, the day post infection is above each 

image. Bioluminescence is overlaid on the image of the mouse and the intensity is 

demonstrated using a heatmap, the red colour indicates the most intense bioluminescence 

and the violet represents the least intense58 
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1.7 Research questions and aims 

To our knowledge, this is the first time that a bioluminescent system, capable of imaging 

the chronic stage parasite burden has been available to study aspects of T. cruzi 

immunology and vaccinology. We have therefore set out to exploit the benefits of 

bioluminescent imaging, combined with other more established techniques such as 

histopathology, cell biology and molecular biology to better understand the potential for 

vaccinating against T. cruzi. To this end, we set out the following aims.  

1. To use highly sensitive bioluminescent imaging as a method of assessing the 

efficacy of a prophylactic T. cruzi vaccine in the acute and the chronic stage, with 

a view to establish the value of this technology for future pre-clinical applications. 

2. To use the system to provide a more complete picture of natural immunity to T. 

cruzi infection, with a view to understanding the full potential of the immune 

response to establish correlates of natural protection. 

3. Capitalise on our understanding of the gut as a niche site for parasite persistence 

to test whether locally administered immune modulating agents could be used to 

combat the infection, with a view to informing the development of novel 

therapeutic strategies. 

4. Depending on the outcomes of the above, to begin a study of the potential of live 

attenuated vaccines to protect against Chagas disease. 

In order to achieve these aims we have set out the following objectives. 

1. Develop a T. cruzi vaccine for testing with the bioluminescent system, using a 

proven immunogenic vaccine platform and based on known effective T. cruzi 

antigens. 

2. Develop an effective protocol and an appropriate timeline for an infection-re-

infection study in order to observe (a) the maximum immune mediated protection 
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and (b) to correlate immunological parameters with protection in an infection-

experienced host. 

3. Optimise a dosing regimen for the administration of an immune modulating agent 

to the colon of chronically infected mice. 

4. Identify appropriate genes for targeted replacement with drug-resistance 

cassettes and generate stably transfected cell lines for testing as live vaccines. 
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ABSTRACT 

Background The long term and complex nature of Chagas disease in humans has 

restricted studies on vaccine feasibility. Animal models also have limitations due to 

technical difficulties in monitoring the extremely low parasite burden that is characteristic 

of chronic stage infections. Advances in imaging technology offer alternative approaches 

that circumvent these problems. Here, we describe the use of highly sensitive whole 

body in vivo imaging to assess the efficacy of recombinant viral vector vaccines and 

benznidazole-cured infections to protect mice from challenge with Trypanosoma cruzi. 

 

Methodology/Principal Findings Mice were infected with T. cruzi strains modified to 

express a red-shifted luciferase reporter. Using bioluminescence imaging, we assessed 

the degree of immunity to re-infection conferred after benznidazole-cure. Mice infected 

for 14 days or more, prior to the initiation of treatment, were highly protected from 

challenge with both homologous and heterologous strains (>99% reduction in parasite 

burden). Sterile protection against homologous challenge was frequently observed. This 

level of protection was considerably greater than that achieved with recombinant 

vaccines. It was also independent of the route of infection or size of the challenge 

inoculum, and was long-lasting, with no significant diminution in immunity after almost a 

year. When the primary infection was benznidazole-treated after 4 days (before 

completion of the first cycle of intracellular infection), the degree of protection was much 

reduced, an outcome associated with a minimal T. cruzi-specific IFN-γ+ T cell response. 

 

Conclusions/Significance Our findings suggest that a protective Chagas disease 

vaccine must have the ability to eliminate parasites before they reach organs/tissues, 

such as the GI tract, where once established, they become largely refractory to the 

induced immune response. 
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INTRODUCTION 

Chagas disease is caused by the insect-transmitted protozoan Trypanosoma cruzi and 

is the most serious parasitic infection in the Americas. More than 5 million people are 

infected with this obligate intracellular parasite1,2, resulting in a financial burden 

estimated at $7 billion annually3. In humans, the disease is characterised by an acute 

stage that occurs 2-8 weeks post-infection, during which bloodstream parasites are often 

detectable. Symptoms during this period are normally mild, although lethal outcomes 

can occur in 5% of diagnosed cases. The parasite numbers are then controlled by a 

vigorous adaptive immune response. However, sterile immunity is not achieved and 

infected individuals transition to a chronic stage, which in most cases, appears to be life-

long4. Around 30-40% of those infected eventually develop chronic disease pathology, 

a process that can take decades to become symptomatic. Cardiomyopathy is the most 

common clinical manifestation5,6, although 10-15% of people can develop digestive tract 

megasyndromes, sometimes in addition to cardiac disease. 

 

Attempts to control Chagas disease have been challenging. For example, although 

public health measures have been successful in reducing disease transmission in 

several regions of South America, there is a vast zoonotic reservoir that complicates 

disease eradication by this route7-9. The only drugs currently available to treat the 

infection, the nitroheterocycles benznidazole and nifurtimox, have limited efficacy and 

cause toxic side effects that can impact on patient compliance10,11. There have been no 

new treatments for almost 50 years, but progress in discovering new chemotherapeutic 

agents is now being accelerated by a range of drug development consortia 

encompassing both the academic and commercial sectors12. For many years, vaccine 

development against Chagas disease has been inhibited by concerns that autoimmunity 

could play a role in disease pathogenesis13,14. Although not excluded as a contributory 
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factor, the current consensus is that the risk has been overstated, and that the continued 

presence of the parasite is required to drive disease pathology15-17. 

The host response to T. cruzi infection involves a complex combination of both innate 

and adaptive immune mechanisms18,19. The innate system is key to controlling parasite 

proliferation and dissemination during the initial stages of infection20, with important roles 

for both Toll-like receptor (TLR)-mediated inflammatory responses and TLR-

independent processes21. As the acute phase progresses, the development of an 

antigen-specific immune response, in which CD8+ IFN-γ+ T cells are the key effectors18,22 

, is the critical step in controlling the infection. In both humans and mice, the major 

targets of this cellular response are a small set of immunodominant epitopes within 

specific members of the trans-sialidase super-family of surface antigens23. The 

observation that the pattern of this recognition displays strain variation has been 

interpreted as indicative that immune evasion could be operating at a population level. 

The adaptive response reduces the parasite burden by >99%, with the infection 

becoming highly focal, and in BALB/c mice at least, confined predominantly to the large 

intestine, stomach, and to a lesser extent, the gut mesentery tissue and sites in the 

skin24,25. The reason why the immune system is not able to eradicate the infection is 

unresolved. It does not appear to involve exhaustion of the CD8+ IFN-γ+ T cell response, 

which continues to suppress, but not eliminate, the parasite burden throughout the long 

chronic stage26. These findings have questioned the feasibility of developing an effective 

anti-T. cruzi vaccine. 

 

Experimental vaccination of animal models against T. cruzi infection has a long history27, 

although there have been few instances in which unequivocal sterile protection has been 

reported. Approaches have included the use of attenuated parasites28,29, immunisation 

with cell fractions30, purified or recombinant proteins31,32 and the use of DNA vaccines. 
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In the latter case, viral backbones based on vaccinia33, yellow fever34 and adenovirus35  

have been used to facilitate expression of a range of parasite antigens such as trans-

sialidase, Tc24, and the amastigote surface protein-2 (ASP-2) (also a member of the 

trans-sialidase super-family). Reported outcomes include protection from lethal 

infection, reduction in the acute stage parasite burden, induction of a favourable cytokine 

profile, and reduction in disease pathology. However, detailed analysis of vaccine 

efficacy has been limited by an inability to accurately monitor parasite levels during the 

chronic stage and technical difficulties in assessing the effect of the immune response 

on tissue distribution following challenge infections. 

 

Recently, in vivo imaging approaches have been exploited to provide new insights into 

infection dynamics during experimental chronic Chagas disease24,25,36. These studies 

have revealed the pantropic nature of acute stage infections, and shown that during the 

chronic stage, the adaptive immune response restricts parasites to small infection foci, 

predominantly within the GI tract. Other tissues and organs, including the heart and 

skeletal muscle, are infected sporadically, the extent of which is influenced by 

host:parasite genetics and immune status. Additional factors such as nutrition, 

environmental stimuli, age and co-infections could also play a role in this complex 

chronic infection profile37. The survival of the small parasite foci within apparently 

tolerant sites is crucial for long-term infection, although the immunological context of 

these reservoirs is unknown. Another contributor to the long-term nature of T. cruzi 

infections could be the phenomenon of parasite dormancy; individual intracellular 

amastigotes can enter an apparently quiescent state in which they cease to replicate 

and exhibit reduced drug sensitivity38. Neither the mechanisms involved, nor the 

potential implications for immune evasion have yet been established. 
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Highly sensitive bioluminescence imaging involves the use of T. cruzi strains that have 

been modified to express a red-shifted luciferase reporter39. The system allows the real-

time monitoring of parasite burden in experimental mice during chronic stage infections. 

There is a robust correlation between parasite numbers and whole animal 

bioluminescence, with a limit of detection close to 100 parasites24. Here, we describe 

the use of this imaging technology to assess the extent of protection in benznidazole-

cured mice following re-challenge with homologous and heterologous strains. Our 

findings have important implications for vaccine strategies. 
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MATERIALS AND METHODS 

Generation of recombinant ASP-2/TS vaccines 

The fusion gene encoding the ASP-2 and TS peptides (Figure 1A) was generated by 

linking sequences corresponding to the mouse Ig kappa chain signal peptide, ASP-2 

amino acids 1-694 (GenBank accession no. U77951) and TS amino acids 1-624 

(GenBank accession no. L38457). The furin 2A splice site linker was inserted between 

the trypanosome sequences to ensure the subsequent generation of two separate 

peptides from a single open reading frame40. The ASP-2/TS fusion gene was cloned into 

the ChAdOx141 and MVA42,43 viral-vectored vaccine platforms, and confirmed by 

sequencing prior to use in protection studies. 

 

Assessment of recombinant vaccine immunogenicity 

Vaccines were prepared in PBS and administered intramuscularly into the left and right 

quadriceps muscles of mice. The ChAdOx1 vaccine was administered at 1×108 

infectious units per dose. With MVA:ASP-2/TS, each dose was equivalent to 1×106 

plaque forming units. ELISpots were carried out using either peripheral blood 

mononuclear cells (PBMCs) or splenocytes. Briefly, MAIP ELISpot plates (Millipore) 

were coated at 4°C overnight with anti-mouse IFN-γ mAb AN-18 (Mabtech), at 250 ng 

per well, and then blocked for 1 h with complete DMEM medium (10% foetal calf serum). 

Whole blood was sampled by venesection of the tail vein and PBMCs were isolated 

using histopaque 1083 (Sigma), and plated at 5×105 cells per well with 20-mer specific 

peptides overlapping by 10 amino acids (10 μg ml-1) (Pepscan Presto). Splenocytes 

from naïve mice were plated 2.5×105 per well. After 16 h incubation, cells were discarded 

and plates washed with PBS. 50 μl of biotinylated anti-mouse IFN-γ mAb RA-6A2 

(1:1000 in PBS) was then added to each well and incubated for 2 h. After another 

washing step, streptavidin peroxidase (Sigma) was added and incubated at 37°C for 1 
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h. The plates were washed and developed with TMB substrate solution (Mabtech). 

When spots were visible, the reaction was stopped by washing the plate with water. 

Spots were analysed using an ELISpot reader, and the number of spot-forming cells/106 

PBMCs producing IFN-γ was calculated. 

 

Murine infections and bioluminescence imaging 

Animal work was performed under UK Home Office project licence (PPL 70/8207) and 

approved by the LSHTM Animal Welfare and Ethical Review Board. Procedures were in 

accordance with the UK Animals (Scientific Procedures) Act 1986 (ASPA). BALB/c mice 

were purchased from Charles River (UK), and CB17 SCID mice were bred in-house. 

Animals were maintained under specific pathogen-free conditions in individually 

ventilated cages. They experienced a 12 h light/dark cycle, with access to food and 

water ad libitum. SCID mice were infected with 1×104 bioluminescent bloodstream 

trypomastigotes (BTs) in 0.2 ml PBS via intraperitoneal (i.p.) injection (24, 25, 36). 

BALB/c female mice, aged 8-10 weeks, were infected i.p with 1×103 BTs derived from 

SCID mouse blood. At experimental end-points, mice were sacrificed by exsanguination 

under terminal anaesthesia. 

 

For in vivo imaging, mice were injected with 150 mg kg-1 d-luciferin i.p., then 

anaesthetized using 2.5% (v/v) gaseous isoflurane. They were placed in an IVIS Lumina 

II system (Caliper Life Science) 5-10 min after d-luciferin administration and images 

acquired using LivingImage 4.3. Exposure times varied from 30 s to 5 min, depending 

on signal intensity. After imaging, mice were revived and returned to cages. For ex vivo 

imaging, mice were injected with d-luciferin, and sacrificed by exsanguination under 

terminal anaesthesia 5 min later. They were then perfused via the heart with 10 ml 0.3 

mg ml-1 d-luciferin in PBS. Organs and tissues were removed and transferred to a Petri 
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dish in a standardized arrangement, soaked in 0.3 mg ml-1 d-luciferin in PBS, and 

imaged using maximum detection settings (5 min exposure, large binning). The 

remaining animal parts and carcass were checked for residual bioluminescent foci, also 

using maximum detection settings (24, 25). To estimate parasite burden in live mice, 

regions of interest were drawn using LivingImage v.4.3 to quantify bioluminescence as 

total flux (photons/second), summed from dorsal and ventral images. The detection 

threshold for in vivo imaging was determined using uninfected mice. 

 

Drug treatment and immunosuppression 

Benznidazole was synthesized by Epichem Pty Ltd., Australia, and prepared at 10 mg 

ml-1 in an aqueous suspension vehicle containing 5% (v/v DMSO, 0.5% (w/v) 

hydroxypropyl methylcellulose, 0.5% (v/v) benzyl alcohol and 0.4% (v/v) Tween 80. It 

was administered by oral gavage. To detect any residual infection following treatment, 

mice were immunosuppressed with cyclophosphamide monohydrate (Sigma) in D-PBS 

(200 mg kg-1), administered by i.p. injection every 4 days, for 3 doses. Two weeks after 

the end of immunosuppression, mice that were bioluminescence negative by both in 

vivo and ex vivo imaging were designated as cured. 
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RESULTS 

Monitoring ASP-2/TS vaccine efficacy using highly sensitive bioluminescence imaging 

The T. cruzi amastigote surface protein 2 (ASP-2) and trypomastigote cell surface 

protein trans-sialidase (TS) have shown promise as vaccine candidates against T. cruzi 

infections (44–46). To further assess their efficacy, we used two replication-deficient 

recombinant vaccine platforms, a chimpanzee adenovirus (ChAdOx1) and a Modified 

Vaccinia Ankara virus (MVA), expressing ASP-2 and TS peptides from a single open 

reading frame (Fig 1A) (Materials and Methods)40. We used a homologous prime-boost 

vaccination strategy in which BALB/c mice received intramuscular injections 

administered one week apart (Fig 1B) and confirmed immunogenicity of the vaccine 

delivery system using an ex vivo IFN-γ+ ELISpot. Three weeks after receiving either a 

prime only, or a prime-booster vaccination, splenocytes were plated on antibody coated 

ELISpot plates. When these cells were then stimulated with a peptide pool representing 

the entire ASP-2/TS sequence, there was a pronounced increase in the number of 

peptide specific IFN-γ+ splenocytes, particularly in those mice that had received the 

booster (Fig 1C). 
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To test protective efficacy, mice were vaccinated using the homologous prime-boost 

strategy outlined above. Three weeks after the MVA booster, they were challenged by 

i.p. injection with 103 bioluminescent T. cruzi blood trypomastigotes (strain CL Brener) 

(Fig 2A). The resulting infection was monitored by in vivo imaging36 (Materials and 

Methods). In BALB/c mice, parasites rapidly disseminate and proliferate, with the 

infection reaching a peak after approximately 2 weeks. Thereafter, a vigorous adaptive 

immune response reduces the parasite burden by >2 orders of magnitude, and the 

infection transitions to the life-long chronic stage24. No differences were observed in the 

bioluminescence-inferred parasite burden between vaccinated and control mice at the 

earliest time-point assessed (day 7, post-infection) (Figs 2B and C). However, by day 

15, the peak of the acute stage, the ASP-2/TS vaccinated mice displayed a 77% 

reduction in the bioluminescence-inferred parasite burden. This protective effect was 

Fig 1. Immunogenicity of the recombinant ASP-2/TS vaccine. 

(A) Open reading frame encoding ASP-2 and TS peptides, with the mouse Ig kappa chain 

signal peptide and furin 2A splice site linker indicated. (B) Prime-boost vaccination strategy. 

BALB/c mice (n=5, per vaccinated group) were inoculated one week apart with ChAdOx1 

(priming) and then MVA (boosting) recombinant vaccines containing the ASP-2/TS fusion 

gene. Control mice received vaccinations with the same viral vectors engineered to express 

dengue protein NS-1 (n=3). (C) ELISpot analysis. Splenocytes were plated onto antibody 

coated ELISpot plates and stimulated for 16 h with a peptide pool covering the entire ASP-2 

and TS sequences (Materials and Methods). Data are presented as ex vivo IFN-γ spot forming 

cells (SFCs) per 106 splenocytes. Data derived from single experiment 
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maintained until day 21. By day 28, against a background of immune-mediated reduction 

in the parasite burden, there were no significant differences between the vaccinated and 

control groups. From that point onwards, the parasite burden remained similar between 

the groups (Figs 2B and C). Following termination of the experiment (day 95), ex vivo 

imaging of internal organs and tissues revealed that the profile of infection in the 

vaccinated cohort was typical of the chronic stage. The colon and/or stomach were the 

major tissues persistently parasitized, with infections in other organs being sporadic. 

There were no apparent differences in the tissue-specific parasite burden between 

vaccinated and control mice (Fig 2D). Therefore, although vaccination with the ASP-

2/TS constructs can reduce parasite burden during the acute stage, it does not impact 

on the long term burden of chronic infections. 
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Fig 2. Assessing the efficacy of the ASP-2/TS vaccine to protect mice against T. cruzi 
infection. 
(A) Timeline of vaccination experiment. (B) Assessment of efficacy. Vaccinated (n=5) and 

control BALB/c mice (n=3) were infected i.p. with 103 bioluminescent T. cruzi trypomastigotes 

and monitored by in vivo imaging. Representative ventral images (from a single mouse in 

each case) are shown at sequential time points post-infection. All images use the same log10-

scale heat-map with minimum and maximum radiance values indicated. (C) Quantification of 

whole animal bioluminescence (ventral and dorsal) of vaccinated and control cohorts (mean 

+ SD). Dashed line indicates background bioluminescence; (**) p<0.01, (*) p<0.05. (D) Ex 

vivo bioluminescence imaging. Left-hand image; arrangement of organs and tissues. Insets, 

representative images of organs from control and vaccinated mice, 95 days post-infection. 

Data derived from single experiment. 
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Drug-cured T. cruzi infection confers significant protection against challenge with a 

homologous strain 

To place the recombinant vaccine results into context, we sought to establish the extent 

to which drug-cured infections could enhance the capacity of the murine immune 

response to protect against challenge. BALB/C mice were first inoculated i.p. with 

bioluminescent parasites (CL Brener strain) (n=12). At three different points post-

infection (4, 14 and 36 days) (Fig 3A), we initiated treatment with benznidazole (100 mg 

kg-1), once daily, for 20 consecutive days. This dosing regimen was shown to be 

curative (Supplementary Fig 1), in line with previous results44,45. The plasma 

concentration of benznidazole falls below the in vitro EC50 value in approximately 12 h 

45. 21 days after the cessation of treatment, the cured mice were re-infected i.p. and 

monitored regularly by in vivo imaging (Fig 3B and C). 70 days after challenge, mice 

found to be bioluminescence-negative were immunosuppressed to facilitate the 

outgrowth and dissemination of any residual parasites, then assessed further by ex vivo 

imaging two weeks later (Fig 3D) (Materials and Methods). 
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When curative treatment was initiated at 36 days post-infection, none of the mice 

exhibited a distinct acute stage infection peak following challenge (Figs 3B and C). There 

was >99% reduction in the inferred parasite burden in all cases, compared to primary 

infection control mice. At the experimental end-point, 6 out of 12 mice were shown to be 

fully protected (Table 1, Fig 3D, Supplementary Fig 2). In cases where the primary 

infection was allowed to proceed for 14 days prior to the initiation of curative 

benznidazole treatment, the infection profile following challenge was very similar to the 

cohort where treatment was initiated 36 days post-infection. However, a greater number 

of foci were detectable during the period corresponding to the acute stage of primary 

infections (Fig 3B), with full protection achieved in 3 out of 12 mice. In contrast to both 

of the above, when curative treatment began 4 days after the primary infection, there 

was a clear acute stage peak in the bioluminescence profile following challenge (Fig 

Fig 3. Drug-cured infections confer significant protection against challenge with a 

homologous T. cruzi strain. 

(A) Outline of strategy. BALB/c mice were infected i.p. with 103 bioluminescent 

trypomastigotes (CL Brener strain) and subjected to curative benznidazole treatment initiated 

at various times post-infection. 21 days after the end of treatment, they were re-infected i.p. 

and monitored for a further 70 days. Bioluminescence-negative mice were then 

immunosuppressed using cyclophosphamide (Materials and Methods) and assessed by ex 

vivo imaging two weeks later. Results were derived from 2 independent experiments, each 

involving 6 mice per cohort. (B) Representative ventral images of benznidazole-cured mice 

following re-infection. The number of days at which drug treatment was initiated, following the 

primary infection, is indicated (left). All images use the same log10-scale heat-map with 

minimum and maximum radiance values indicated. (C) Total body bioluminescence (sum of 

ventral and dorsal images) of drug-cured mice following re-infection (n=12) (means ± SD) 

derived by in vivo imaging. The length of the primary infection is indicated (inset). (D) 

Representative ex vivo bioluminescence images. Upper inset, organs from control mouse 70 

days post-infection. Central inset, organs from a mouse that was re-infected following curative 

treatment initiated on day 36 of the primary infection. On day 70 of the challenge infection, 

immunosuppressive treatment was initiated and the organs then harvested. In this instance, 

a residual infection was identified. Lower inset, organs from a mouse treated as above, which 

was non-infected after challenge. Data is average of two independently run experiments 
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3C). The kinetic profile mirrored that in control infected mice, although the maximum 

parasite burden was 85% lower, and sterile protection was restricted to a single mouse 

(Table 1). Therefore, although the immune response induced by a short course infection 

is able to impact on the burden of re-infection, the effect is significantly limited compared 

with what is achievable when the primary infection is allowed to progress fully into the 

acute stage, prior to treatment. 

 

Table 1 

 

 

 

Preliminary 
infection 

strain 

Challenge 
strain 

Route 
of 

infecti
on 

Challenge 
dose 

Length 
of 

primary 
infection

1 

Period 
between cure 

and 
challenge 

Mean 
parasite 

reduction2 

Level of 
sterile 

protection 

CL-Brener CL-Brener i.p. 1 x 103 36 days 21 days >99% 6/123 

CL-Brener CL-Brener i.p. 1 x 103 14 days 21 days >99% 3/123 

CL-Brener CL-Brener i.p. 1 x 103 4 days 21 days 85% 1/123 

CL-Brener CL-Brener s.c. 1 x 103 36 days 21 days >99% 4/5 

CL-Brener CL-Brener i.p. 6 x 104 36 days 21 days >99% 5/6 

CL-Brener CL-Brener i.p. 1 x 103 36 days 336 days >99% 4/6 

JR JR i.p. 1 x 103 36 days 20 days >99% 1/6 

JR CL-Brener i.p. 1 x 103 36 days 20 days >99% 0/6 

CL-Brener JR i.p. 1 x 103 36 days 20 days >99% 0/6 

Footnotes 

1Period stretching from initial infection to the commencement of drug treatment. 

2Reduction of parasite burden was inferred from total body bioluminescence at the peak of 

the acute stage. When mice were inoculated i.p. with bioluminescent T. cruzi were assessed 

by in vivo imaging, there was a linear relationship between the inoculum size and the whole 

animal bioluminescence for 1000 parasites and above (R2>0.99) (24). 

3Data derived from two independent experiments, each n=6 
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To assess whether this protective effect was dependent on the route of inoculation, we 

repeated the 36 day challenge experiment using the subcutaneous (s.c.) route. T. cruzi 

transmission normally occurs when parasite-infected faeces from the insect vector are 

rubbed into the wound produced by blood feeding; therefore, s.c. inoculation probably 

reflects more closely how the majority of human infections occur. The mice were 

inoculated s.c. with 103 bloodstream trypomastigotes for both the primary and challenge 

infections, but the protocols and treatment timelines were otherwise identical to those 

used previously (Fig 3A, 36 day infection). In control mice, the bioluminescence profile 

of s.c. infections, and the resulting organ-specific tropism during the chronic stage was 

similar to that in i.p. infections (Figs 4A, B and C), as shown previously24,25. When the 

challenge cohort was assessed by in vivo imaging (Fig 4A), none of the mice displayed 

an acute stage peak, and bioluminescence was at, or close to background levels. At the 

experimental end-point, all of the mice were immunosuppressed and then subjected to 

post-mortem ex vivo organ imaging to test for foci of infection below the limit of in vivo 

detection. 4 out of 5 were found to be bioluminescence negative in all analyses and were 

designated as protected (Table 1). 
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It has been reported that the capacity of a cured mouse to resist re-infection is 

dependent on the size of the challenge inoculum (49). To investigate this using the in 

vivo imaging system, mice where curative treatment was initiated 36 days post-infection 

were challenged i.p. with 6×104 CL Brener trypomastigotes, 60 times the number used 

previously. The outcome was similar. None of the mice displayed an acute stage 

parasite burden profile, and only a single mouse (out of 6) was non-protected (Fig 4D, 

E and F). Therefore, the level of protection conferred by a cured infection is similar when 

a higher challenge inoculum is used. 

We next sought to determine whether protection results from the development of 

immunological memory, rather than retention of effector cells from the primary infection. 

Fig 4. Protection conferred by a benznidazole-cured infection is not dependent on the 

route of infection, size of the challenge inoculum or the time-period until re-infection. 

(A) BALB/c mice, infected by the subcutaneous (s.c.) route with 103 bioluminescent 

trypomastigotes (CL Brener strain), were subjected to curative benznidazole treatment 36 

days post-infection. 21 days after the end of treatment, they were re-infected (s.c.). Control 

mice were also infected by the s.c. route. (B) Total body bioluminescence of drug-cured mice 

following s.c. re-infection (means ± SD). (C) Ex vivo bioluminescence imaging of organs and 

carcass from a control and the re-infected mouse that was found to be non-protected after 

immunosuppression (Materials and Methods). (D) BALB/c mice infected i.p. with CL Brener 

trypomastigotes, were subjected to benznidazole treatment 36 days post-infection. 21 days 

after the end of treatment, they were re-infected (i.p.) with 6×104 trypomastigotes. (E) Total 

body bioluminescence of drug-cured mice following re-infection. (F) Ex vivo bioluminescence 

imaging of organs and carcass of a control and the re-infected mouse that was found to be 

non-protected after immunosuppression. (G) As above, BALB/c mice were infected i.p. and 

subjected to curative benznidazole treatment. 338 days after the end of treatment, they were 

re-infected (i.p.) with 103 trypomastigotes. (H) Total body bioluminescence of drug-cured mice 

following re-infection. The increased mean bioluminescence of the re-infected mice towards 

the end of the monitoring period was due to an intense bioluminescence focus in one of the 

two non-protected animals. (I) Ex vivo bioluminescence imaging of organs and carcass of a 

control and a re-infected mouse that was found to be non-protected after 

immunosuppression. In all cases, the original cohort size was n=6. During the course of the 

s.c. infection experiment (A-C), one mouse failed to recover from anaesthesia, and was 

excluded from the analysis. Data is derived from a single experiment 
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BALB/c mice were infected i.p. with CL Brener trypomastigotes, and curative 

benznidazole treatment was initiated after 36 days. On this occasion, however, the mice 

were not re-infected until 338 days after the cessation of treatment. Following 

homologous challenge, the level of protection was comparable to that achieved in 

previous experiments when mice were reinfected 3 weeks after the last dose of 

benznidazole. They were able to prevent the onset of parasite proliferation during the 

acute stage, and 4 out of 6 mice were fully protected (Figs 4G, H, and I). 

 

Assessing circulating IFN-γ+ T cells in mice after primary infection and challenge 

We sought to determine if the duration of the primary infection, prior to commencement 

of curative drug treatment, impacted on the extent of the T. cruzi-specific immune 

response to challenge with homologous parasites. Blood was collected, 2 days prior to 

re-infection and at regular intervals thereafter, from mice that had been infected for 4, 

14 and 36 days (Fig 5A). PBMCs were isolated, re-stimulated with an ASP-2 and TS 

peptide pool, and the IFN-γ+ cell frequencies measured by ELISpot (Materials and 

Methods). As expected for mice infected with T. cruzi 46, the control group receiving their 

first parasite exposure showed a delayed peptide-specific response, with the frequency 

of IFN-γ+ cells on day 10 not significantly different to pre-infection levels. There were 

substantial increases by days 25 and 40 (Fig 5B), co-incident with the period when the 

parasite burden had been controlled and was undergoing major reduction (Figs 3B and 

C). 
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With benznidazole-cured mice, the pre-challenge levels of circulating T. cruzi-specific 

IFN-γ+ T cells varied, depending on the duration of the preliminary infection (Fig 5B). 

Initially, mice that had been infected for 36 days prior to cure displayed higher levels 

than the control cohort (day-2). However, these levels did not increase significantly 

following re-infection, although in the case of the day 14 group, there was a slight trend 

in this direction. In the control group, the robust adaptive response, which controlled the 

Fig 5. The length of the primary infection affects the level of circulating murine IFN-γ+ 

T cells after challenge. 

(A) Timeline of experiment. Infected BALB/c mice were subjected to curative benznidazole 

treatment initiated 36, 14 or 4 days post-infection (as in Figure 3). 21 days after the end of 

treatment, they were re-infected (i.p., 103 CL Brener trypomastigotes) and blood was collected 

by venesection on the days indicated. (B) ELISpot analysis. PBMCs were isolated from re-

infected mice at pre and post re-infection, as indicated. IFN-γ+ PBMCs were quantified after 

overnight stimulation with a 20-mer peptide pool representing the ASP-2 and TS proteins, as 

in Figure 1. Data are presented as ex vivo IFN-γ SFCs per 106 PBMCs. (***) p<0.001; (*) 

p<0.05. Data is derived from a single assay, samples run in triplicate. 
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infection, was associated with levels of circulating IFN-γ+ T cells that were significantly 

higher than in any of the benznidazole-cured mice by 40 days post-challenge (Fig 5B). 

Mice that had been infected for only 4 days prior to drug-cure, displayed IFN-γ+ T cell 

kinetics that were initially more similar to naïve mice receiving their preliminary infection, 

with very low levels before and 10 days post-challenge, followed by a major increase by 

day 25. The levels decreased thereafter, in contrast to the control group, where they 

continued at higher levels until day 40. 

 

We also examined circulating parasite-specific IFN-γ+ T cells in mice that had been re-

infected 338 days after drug cure (Fig 6A). Prior to re-challenge, the levels were similar 

to those in non-infected control mice. However, by 10 days post-challenge, there had 

been a 5-fold increase, in contrast to the delayed peptide-specific response typical of a 

T. cruzi infection (Fig 6B). This difference was not maintained, and on days 25 and 40 

after challenge, the level of IFN-γ+ T cells was not significantly different from control 

mice. 

 



87 
 

 

 

The capacity of drug-cured infections to confer a cross-strain protective response 

T. cruzi displays significant genetic diversity, with the natural population subdivided into 

6 lineages known as discrete typing units (DTUs), each of which has the ability to infect 

humans47. We therefore investigated if the capacity to confer homologous protection is 

a general feature of T. cruzi infections by performing an analogous experiment using JR 

strain parasites from the genetically distant TcI lineage. In BALB/c mice, infections with 

Figure 6. Effect of delaying re-infection on the level of circulating murine IFN-γ+ T cells 

after challenge. 

(A) Timeline of experiment. Infected BALB/c mice were cured with benznidazole treatment, 

which was initiated 36 days post-infection, as in Figure 5. They were re-infected 338 days 

later, and blood samples collected on the days indicated. (B) PBMCs were isolated from re-

infected mice at various time points pre and post re-infection. IFN-γ+ PBMCs were quantified 

after overnight stimulation with the 20-mer ASP-2/TS peptide pool. (*) p=0.024. Data is 

derived from a single assay, samples run in triplicate. 
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this strain are slightly slower to reach the peak of the acute stage, but the 

bioluminescence profile is otherwise similar to that of the CL Brener strain25 (DTU VI 

lineage). Mice were benznidazole-treated 36 days into a JR infection, and re-infected 

with the same strain 20 days after the end of treatment (Fig 7A). As before, we observed 

that the cured infection conferred significant protection. None of the mice exhibited a 

distinct acute stage peak, with the majority remaining close to bioluminescence 

background levels (Figs 7B and C). However, only a single mouse (out of 6) exhibited 

sterile protection when assessed by ex vivo imaging following immunosuppression 

(Materials and Methods) (Fig 7D). 
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To assess the scope for vaccine-induced species-wide immunity, we next investigated 

the effectiveness of protection conferred against a heterologous challenge using the 

strains CL Brener (TcVI) and JR (TcI). Following the strategy outlined above, BALB/c 

mice were infected i.p. with 103 bloodstream CL Brener or JR trypomastigotes, 

benznidazole-treated, and then challenged with the heterologous strain 20 days after 

the end of the curative therapy. In both experiments, we observed a strong protective 

response (>99%) (Figs 7E-J), with no distinct acute stage peak and a reduced number 

of bioluminescent foci in the period corresponding to the transition to the chronic stage. 

However, in both cases, all mice exposed to cross-strain challenge displayed small but 

clear parasite foci following re-infection. None exhibited sterile protection when 

examined by ex vivo imaging, with each displaying the type of GI tract infections 

Fig 7. Protection against challenge with a heterologous T. cruzi strain. 

(A) Outline strategy. BALB/c mice were infected i.p. with bioluminescent trypomastigotes (CL 

Brener or JR strains) and subjected to curative benznidazole treatment initiated 36 days post-

infection. 20 days after the end of treatment, they were re-infected as indicated below and 

monitored for a further 70 days. Bioluminescence-negative mice were then 

immunosuppressed and assessed by ex vivo imaging. (B) Ventral images of a representative 

drug-cured JR infected mouse (n=6) following re-infection with the homologous JR strain. All 

images use the same log10-scale heat-map shown in Fig 2. (C) Total body bioluminescence 

(sum of ventral and dorsal images) of drug-cured JR infected mice re-infected with the JR 

strain (means ± SD). (D) Ex vivo bioluminescence imaging of organs and carcass of a control 

and re-infected mouse (non-protected). (E) Ventral images of a representative drug-cured CL 

Brener infected mouse (n=6) following re-infection with the JR strain. (F) Total body 

bioluminescence of drug-cured CL Brener infected mice re-infected with the JR strain. (G) Ex 

vivo bioluminescence imaging of organs and carcass of a control and re-infected mouse (non-

protected). (H) Ventral images of a representative drug-cured JR infected mouse (n=6) 

following re-infection with the CL Brener strain. (I) Total body bioluminescence of drug-cured 

JR infected mice re-infected with the CL Brener strain. (J) Ex vivo bioluminescence imaging 

of organs and carcass of a control and re-infected mouse (non-protected). Data derived from 

single experiment 
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characteristic of the chronic stage (Figs 7G and J). Therefore, although infection with a 

heterologous strain can have a major impact on the subsequent parasite burden, it did 

not confer sterile immunity in any of the mice examined. 
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DISCUSSION 

Although experimental T. cruzi vaccines have been widely shown to reduce the burden 

of infection in animal models27-35, there is little unambiguous evidence for sterile 

protection. Despite this, there have been an increasing number of reports that 

vaccination could have therapeutic benefits in terms of decreased cardiac pathology33,48-

50. Therefore, the question as to whether the development of a Chagas disease vaccine 

might be a practical option for reducing the public health impact of this infection remains 

unanswered. Detailed assessment has been limited by difficulties in detecting the 

intermittent low-level parasitemia of chronic stage infections, and in identifying the 

tissue/organ location of persistent parasites. Here, we demonstrate that highly sensitive 

bioluminescent imaging can negate some of these issues, and provide novel insights 

into vaccine efficacy. 

 

Initially, we tested the protective properties of two viral vectors (MVA and ChAdOx1) that 

had been modified to express an ASP-2/TS fusion gene (Fig 1). The reduction in peak 

parasite burden (77%, Fig 2C) was in a range similar to that reported for other 

recombinant T. cruzi vaccines51-53. Interestingly, vaccination had no impact on the 

parasite burden once the infection had transitioned to the chronic phase, suggesting that 

if parasites can survive until this stage of the disease, they are less susceptible to 

clearance by vaccine-induced immunity. This has not been reported previously. At the 

experimental end-point, the remaining parasites were restricted predominantly to the GI 

tract (Fig 2D). In BALB/c and other mice, this location serves as a permissive niche, 

enabling parasites to persist in an otherwise hostile immune environment24,25,37, although 

the mechanism(s) for this have yet to be elucidated. To determine if this might limit the 

utility of a Chagas disease vaccine, we therefore investigated the protective effect of 

benznidazole-cured infections, on the basis that these should provide optimal levels of 
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immunity. Curative treatment has been associated with the development of a stable anti-

T. cruzi CD8+ T cell population22. 

Drug-cure was initiated after infection for 36 days (a time-point when the adaptive CD8+ 

T cell response is controlling the infection), 14 days (the peak of the acute stage), and 

4 days (just short of one complete round of the intracellular replication cycle that leads 

to differentiation and parasite egress) (Fig 3). Mice infected for 36 days prior to 

benznidazole treatment were highly protected from challenge (Fig 3B), with complete 

absence of a typical acute stage peak. However, sterile protection was only achieved in 

half of the re-infected mice (Table 1). Therefore, although drug-cured infections can 

generate a highly effective immune response, that prevents a second acute phase, 

parasites that evade this initial encounter seem to be refractory to immune-mediated 

elimination and are able to persist long term. This outcome was not significantly 

influenced by the size of the challenge inoculum or the route of infection (Fig 4). Initiating 

treatment after 14 days was also able to prevent a detectable acute stage peak in 

bioluminescence when the mice were challenged, although there was a slight reduction 

in the level of sterile protection (Fig 3B, Table 1). In contrast, when drug-cure was 

initiated after 4 days, a pronounced post-challenge acute stage peak could be observed, 

but even then, the parasite burden was 85% lower than in a naive infection. Therefore, 

14 days exposure to an untreated infection is sufficient for the induction of a robust 

immune response, whereas with 4 days, the response appears to be less developed, 

although still sufficient to have a significant impact on the parasite burden. 

 

A delayed onset of the CD8+ T cell response is a characteristic feature of Chagas 

disease54, with the first round of intracellular infections passing largely undetected by 

the immune system. Upon invasion of mammalian cells, parasites rapidly escape from 

the phagolysosome, there is down-modulation of the host cell immunoproteasome55, 
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and minimal activation of the host-pattern recognition receptors. Induction of effective 

innate immunity requires a full cycle of parasite replication, host cell lysis, and the 

release of trypomastigotes into the extracellular milieu, a process that takes at least 4-5 

days. This is followed by the production of pathogen-associated and damage-associated 

molecular patterns that promote innate immune responses, allowing parasitized cells to 

flag up their infected status by MHC class I antigen presentation. Full development of 

the CD8+ T cell response to T. cruzi infections takes around 3 weeks54. In mice where 

curative treatment was initiated 14 or 36 days postinfection, circulating parasite peptide-

specific IFN-γ+ T cells were readily detectable prior to challenge (Fig 5B), and were 

associated with protection against the development of a second acute phase profile. In 

many cases, this response was sufficient to promote complete elimination of the 

secondary infection. Experimental challenge did not lead to a significant increase in the 

level of IFN-γ+ T cells, suggesting that the pre-existing effector population was able to 

contain the secondary infection without further induction. Even when preliminary 

infection did not confer sterile protection, there was no further enhancement of the 

peptide-specific response. Therefore, if parasites in the challenge inoculation can avoid 

early elimination, and are able to establish a long term chronic infection, it appears that 

they survive in an environment or state that does not trigger additional T cell activation. 

 

In mice where curative treatment was initiated 4 days into the primary infection, the level 

of T. cruzi-specific IFN-γ+ T cells prior to re-infection was negligible, and the kinetics of 

the response induced over the first 25 days of the challenge infection was similar to that 

in the controls (Fig 5). Despite this, there was an 85% reduction in the parasite burden 

at the peak of the re-infection. Therefore, the induced partially protective effect in these 

mice is conferred either by an extremely low level of circulating parasite-specific IFN-γ+ 

T cells, or by other factors that operate to moderate the infection. In mice challenged 

almost a year after curative treatment of the primary infection, the level of protection was 
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similar to mice in which the gap between the end of treatment and challenge was only 

~20 days. However, unlike these mice, re-infection after almost a year was accompanied 

by induction of peptide-specific T cells, with kinetics that were more rapid than in the 

naive control cohort (Fig 6). This evidence for a memory response suggests that 

vaccine-mediated long term protection against fulminant T. cruzi infection may be a 

feasible goal. Furthermore, if these results can be extrapolated to humans, it would imply 

that patients who have undergone curative drug treatment should have the added 

benefit of a high level of long term protection against re-infection. 

 

We also investigated the extent to which benznidazole-cured infections could provide 

cross-strain protection. T. cruzi is highly diverse, with six major genetic lineages that 

display considerable geographic overlap. Taxonomy is further complicated by the 

widespread existence of hybrid strains56. Mice initially infected with the T. cruzi CL 

Brener (TcVI) were challenged with the JR strain (TcI), and vice-versa. Although, 

suppression of the parasite burden was similar to that in a homologous challenge 

(>99%), sterile protection was not achieved (Fig 7), with surviving parasites persisting 

at very low levels. We have suggested a model for chronic Chagas disease37  in which 

the gut (and perhaps other tissues, such as the skin or skeletal muscle) acts as an 

immunologically tolerant reservoir for T. cruzi persistence, with periodic trafficking to 

other sites, where the parasites are then destroyed rapidly by immune effector 

mechanisms. In the heart, this can lead to cumulative collateral damage that ultimately 

gives rise to cardiac pathology57. 

 

We propose that when parasites establish infections in the GI tract, or other permissive 

sites, they become refractory to elimination by the vigorous adaptive responses induced 

by drug-cured infections. Thus, the effectiveness of a Chagas disease vaccine could 
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depend on the efficiency with which the primed immune system prevents T. cruzi from 

reaching the relative safety of these sites of persistence, and its ability to maintain this 

response over time against a wide range of strains. The results presented here, and 

elsewhere 31-34,48-53,58,59, highlight the possibility that current subunit/DNA vaccines may 

be unable to fulfil these requirements, although their ability to prevent lethal outcomes31-

34,49,52,58,59 and provide therapeutic benefits33,48-51,53 merits further research. As we have 

shown here however, the long term protection conferred by live infection, followed by 

drug-mediated cure, suggests that the use of genetically attenuated parasite strains may 

be the best approach to achieving an effective vaccine. 
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Supplementary Figure 1. Assessing the curative ability of benznidazole. (A, B) In vivo 

imaging of BALB/c mice infected with CL Brener (A) and (JR) strains of T. cruzi. Treatment with 

benznidazole, 100 mg kg-1 once daily by the oral route for 20 days, was initiated 36 days post-

infection. Following cessation of treatment, mice were immunosuppressed with 3 doses of 200 

mg kg-1 cyclophosphamide (Materials and Methods). All images use the same log10-scale heat-

map with minimum and maximum radiance values indicated. (C and D) Total body 

bioluminescence (sum of ventral and dorsal images) of CL Brener (C) and JR (D) infected mice. 

Dashed lines indicate background bioluminescence. All images use the same log10-scale heat-

map with minimum and maximum radiance values indicated. (E and F) Ex vivo bioluminescence 

imaging of organs and carcasses from CL Brener (E) and JR (F) infected mice at the 

experimental end-point. A minor bioluminescent focus was observed in the adipose tissue of 

mouse 1 (JR infection). Mouse 2 (CL Brener infection) was euthanised prior to day 89, due to 

weight loss during immunosuppressive treatment. It was negative by both in vivo and ex vivo 

imaging. Data representative of two independently run experiments 
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Supplementary Figure 2. Benznidazole-cured infections confer significant protection 

against re-challenge with the T. cruzi CL Brener strain. (A) Timeline. BALB/c mice 

infected i.p. with 103 trypomastigotes (CL Brener strain) were subjected to curative 

benznidazole treatment initiated 36 days post-infection. 23 days after the end of treatment, 

they were re-infected i.p. After a further 75 days, the mice were immunosuppressed using 

cyclophosphamide (red stars) and assessed by ex vivo imaging. (B) Ventral and dorsal 

bioluminescence images from a cohort of 6 mice. The days post re-infection are indicated 

(left). All images use the same log10 scale heat-map with minimum and maximum radiance 

values indicated. (C) Ex vivo bioluminescence imaging of organs and carcasses harvested at 

the experimental end-point. (D) Total body bioluminescence (sum of ventral and dorsal 

images) of drug-cured mice following re-infection (means ± SD) derived by in vivo imaging. 

Mice 3 and 4 were designated as non-protected on the basis of in vivo and/or ex vivo imaging. 

Data representative of two independently run experiments 
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3.1 Introduction 

The vaccine study and the re-infection studies performed in Chapter 2 represent 

significant investments of time. In order to take advantage of the unique experimental 

conditions, and to optimise animal usage, we performed a number of other experiments 

on these mice with the following aims.  

1. To better understand correlates of viral vaccine induced protection 

2.  To explore additional correlates of protection in infection experienced mice upon 

a re-infection 

These experiments were outside of the specific remits of the main body of work in 

chapter 2. However, they present interesting and relevant findings which are worth 

discussion as they could form the basis of further experimentation by our group or the 

wider T. cruzi and vaccine community. 

 

3.1.1  Vaccine induced immunity 

CD8+ T cells are instrumental in the development of natural immunity in T. cruzi, as was 

discussed in the Introduction, Chapter 1. Their importance in vaccine mediated 

protection is also beyond question, which is what makes viral vectors, natural inducers 

of CD8+ T cell immunity, such an attractive platform1. The importance of CD8+ T cells 

can be demonstrated experimentally in studies which deplete CD8+ cells post-

vaccination. This completely abolishes vaccine induced protection in a T. cruzi 

experimental challenge2.  

We demonstrated in Chapter 2 the immunogenicity of our novel vaccine based on the 

viral vectors ChadOx1 and MVA. Vaccination of BALB/c mice with these viral vectors, 

expressing the parasite proteins ASP-2 and TS, resulted in an elevated frequency of 

antigen specific T cells prior to challenge (Chapter 2, Figure 1). We sought to establish 
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how the kinetics of the T cell response evolved post-challenge in vaccinated and non-

vaccinated mice. The parasite proteins ASP-2 and TS, either alone or in combination, 

have been the targets of several experimental vaccines. However, none of these have 

been studied in a non-lethal challenge model2-6. Vaccine mediated protection in 

experimental challenge is commonly measured as function of host survival, however this 

is not reflective of the human infection7. Using the bioluminescence system, we sought 

to study the kinetics of the T cell response amongst vaccinated mice and how this 

correlated with the level of protection. 

In addition to studying the frequency of vaccine induced T. cruzi specific T cells post-

challenge, we also analysed the functional properties of these cells at the experimental 

end point using flow cytometry. The spleens of vaccinated and control mice were 

harvested and splenocytes were re-stimulated with peptide pools representing the 

vaccine expressed parasite proteins. This was of interest because previous studies in 

T. cruzi have reported a re-programming of the immune system after vaccination with a 

viral vectored vaccine8. This re-programming resulted in an altered T cell profile in the 

chronic stage of the infection, with vaccinated mice demonstrating a significantly 

reduced cytotoxic response. This modified T cell response was associated with 

improved heart pathology. We wanted to explore whether we could observe this 

phenomenon using our viral vectored approach and what implications this may have for 

heart pathology in our model. 

Finally, as part of our first aim, we sought to establish the protective effect of our vaccine 

on preventing chronic chagasic cardiomyopathy (CCC). Fibrosis is a common 

presentation of CCC. It is observed in the hearts of chronic patients and is a predictor of 

adverse outcomes in Chagas disease9. Likewise, in the mouse model, reduced heart 

fibrosis correlates with improvements in other measurements of heart health, such as 

serum creatine kinase enzyme concentrations and ECG results8. 
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CCC is modelled well by experimental infection in mice and fibrosis can be measured 

by standard histology protocols10, 11. Both drug and vaccine studies have shown that by 

reducing the parasite burden, it is possible to impact on cardiac fibrosis, resulting in 

favourable outcomes12, 13. Therefore, upon seeing protection in the acute stage of our 

vaccine experiment (Chapter 2, Figure 2), we sought to measure cardiac fibrosis in our 

vaccinated mice and to determine whether it was diminished by a reduction in acute 

phase parasite burden. 

 

3.1.2  Correlates of protection in re-infection 

In vaccine development, understanding the correlates of protection is important in 

optimising efficacy14. In this study, we explored how a natural infection (live vaccination) 

can protect against subsequent infection with T. cruzi. 

The antibody response, although less well studied in T. cruzi than the T cell response, 

is an essential part of protective immunity. When B cell deficient mice are primed against 

T. cruzi with an avirulent strain, they fail to be protected against subsequent challenge 

with a virulent strain15. The potential benefits of harnessing antibodies in vaccination 

have been highlighted by a recently developed alpha-gal-based glycovaccine16. This has 

been shown to protect mice against lethal T. cruzi infection through the induction of a 

strong antibody response to parasite surface glycoproteins.  

Using our infection – re-infection model, we saw a good opportunity to study how well 

parasite specific antibodies develop in infection experienced mice and how these might 

correlate with protection. 
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3.2 Methods 

Flow cytometry 

Mice were killed by exsanguination under terminal anaesthesia and spleens were 

harvested. Spleens were passed with a sterile syringe plunger through a 70 μm cell 

sieve into whole medium (RPMI 1640 with 10% v/v heat inactivated FCS, 100 U/ml 

penicillin, 100μg/ml streptomycin) to form a single cell suspension. RBCs were removed 

with ACK lysis buffer (Lonza). 

Cells were stimulated with either a 20-mer peptide pool, consisting of the vaccine 

peptides ASP2 and TS at 10µg/ml (Pepscan Presto), non-stimulated with whole medium 

alone (negative control) or stimulated with a cell stimulation cocktail (positive control, 

ebiosciences). Golgi plug, containing brefeldin A and Golgi block, containing monensin 

were added to all conditions (BD biosciences). Anti-CD107a-FITC (1:400, BD 

Biosciences) was added at the start of peptide stimulation. Incubations were 5 hours at 

37°C in a 5% CO2 incubator. 

After incubation with peptide, cells were washed in PBS and the following cell surface 

stains were performed in FACS buffer (1% v/v FCS in PBS). Anti-CD3-V500 (1:300, BD 

Biosciences), anti-CD4-efluor 450 (1:1200, ebiosciences), anti-CD8a-APC-efluor 780 

(1:800, ebiosciences), anti-CD11a-PE-Cy7 (1:400, ebiosciences), anti-CD44-APC 

(1:400, ebiosciences) and Live/Dead (1:1500, Invitrogen). Cells were incubated for 40 

minutes at 4°C before being washed in FACS buffer. Cells were permeabilised in cytofix 

(BD Biosciences) for 20 minutes at 4°C as per manufacturer instructions before being 

washed in Perm/Wash solution (BD Biosciences). Intracellular cytokine staining was 

performed with antibodies diluted in Perm/Wash. Anti-IFNγ-PE (1:400, ebiosciences) 

and anti-TNF-PerCP-Cy5.5 (1:800, BD Biosciences) staining was performed for 20 

minutes at 4°C. Cells were washed in Perm/Wash and re-suspended in 4% PFA in PBS 

for 20 minutes before being transferred back into FACS solution for acquisition. 
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Data were acquired on an LSR II flow cytometer (BD Biosciences) using FACSDiva 

software. Compensation was performed on individually stained OneComp eBeads 

(ebiosciences). Analysis was performed using FlowJo and analysis gates were set with 

the aid of appropriate FMO controls. 

Histology 

Hearts were cut longitudinally and were fixed in Glyo-Fixx solution (ThermoFisher) for 

24 hours. Tissues were then dehydrated in a step wise manner in ethanol, starting by 

submersion in a 70% solution and increasing the ethanol percentage until the tissues 

were submerged in 100% ethanol. Tissues were cleared with Histo-Clear clearing agent 

(National Diagnostics) before being embedded in paraffin. Sections of heart tissue were 

cut to a thickness of 3 microns and with the aid of a water bath, the tissue sections were 

mounted on glass slides. Paraffin was removed with xylene and tissue sections were 

rehydrated in decreasing concentrations of ethanol in preparation for staining. Tissues 

were stained with Masson’s Trichrome. A cardiac fibrosis score was calculated from the 

collagen content in a total of 10 randomly selected fields from each tissue. Images were 

acquired using a Leica DFC295 camera attached to a light microscope and analysed 

with the Leica Application Suite V4.5. 

ELISA 

Immulon 4HBX plates (VWR) were coated with epimastigote lysate at 0.2µg per well in 

carbonate coating buffer overnight at 4°C. Unbound lysate was removed with 3 washes 

in PBS/0.05% Tween 20 and blocked with a solution of PBS/2% milk powder at 37°C for 

2 hours. Plates were washed again x3 and plasma samples were diluted at 1:50 in 

PBS/Milk/Tween buffer. Across the 12 wells of the plate a 1/2 serial dilution of plasma 

in PBS/Milk/Tween was made and the plate was incubated at 37°C for 1 hour. Plates 

were washed and 100ul/well of goat anti-mouse IgG-HRP (Jackson Labs) at 1:5,000 

dilution in PBS/Milk/Tween buffer was applied and incubated at 37°C for 1 hour. Plates 
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were washed a final time and then developed with KPL ABTS Peroxidase Substrate 

System (SeraCare). Reactions were stopped with 2M H2SO4 and plates read at an 

absorbance of 405nm. End point titres were calculated using the method outlined17. 

Epimastigote lysate preparation 

Epimastigotes of the CL Brener strain were grown to late log phase cultures in Nunc cell 

culture flasks (ThermoFisher) at 28°C. Epimastigotes were washed in PBS with Pierce 

protease inhibitor (ThermoFisher) before undergoing 4 rounds of freeze-thaw in order to 

lyse parasites. The lysate was then sonicated 3 times, each time for one minute on ice. 

Lysate was centrifuged at 10,000g for 20 minutes at 4°C and the supernatant removed 

to obtain soluble antigen. The protein concentration was measured using the Pierce 

BCA Protein Assay Kit (ThermoFisher). Aliquots of soluble epimastigote proteins were 

frozen at -80°C until required. 

Experimental Design and Statistical Analysis 

Animal work was performed under UK Home Office project licence (PPL 70/8207) and 

approved by the LSHTM Animal Welfare and Ethical Review Board. Procedures were in 

accordance with the UK Animals (Scientific Procedures) Act 1986 (ASPA). BALB/c mice 

were purchased from Charles River (UK), and CB17 SCID mice were bred in-house. 

Animals were maintained under specific pathogen-free conditions in individually 

ventilated cages. They experienced a 12 h light/dark cycle, with access to food and 

water ad libitum. SCID mice were infected with 1×104 bioluminescent bloodstream 

trypomastigotes (BTs) in 0.2 ml PBS via intraperitoneal (i.p.) injection (24, 25, 36). 

BALB/c female mice, aged 8-10 weeks, were infected i.p with 1×103 BTs derived from 

SCID mouse blood. At experimental end-points, mice were sacrificed by exsanguination 

under terminal anaesthesia. 

A sample size of 6 mice per experimental group was used, with 3 mice being allocated 

to the control group, unless otherwise stated. Allocations of mice to each group was 
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random and not performed by the investigator. Calculations of group sizes were made 

based on prior imaging experience and with consideration to the feasibility of imaging 

multiple mice in a single day. Power calculations were not performed in determining the 

group size. 

All statistical analyses were performed using GraphPad Prism 8 software. The 

correlation coefficient (r) was calculated assuming a Gaussian distribution, for X vs every 

Y in the dataset. The P value was calculated in a two-tailed test with a confidence interval 

of 95%. 

The students t-test was used to calculate statistical significance between experimental 

groups for the flow cytometry analysis and the analysis of tissue fibrosis. Calculations 

were performed without correcting for multiple comparisons. 
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3.3 Results 

3.3.1  Exploring mechanisms of vaccine induced protection 

Kinetics of IFN-γ+ T cell response in vaccinated and non-vaccinated mice post-

challenge 

We collected blood from the tail veins of vaccinated mice on day 21 post challenge, a 

time point during which there was clearly a vaccination induced reduction in the parasite 

burden (Chapter 2, Figure 2). PBMCs were isolated with histopaque 1083 and an 

ELISPOT assay was performed to measure the frequency of peptide specific IFN-γ+ T 

cells (Chapter 2 Materials and Methods). The frequency of IFN-γ+ T cells was plotted 

against the total body bioluminescence of the same mouse, which was also measured 

on day 21. The data points showed a clear linear pattern (Figure 3.1). A Pearson 

correlation coefficient of -0.88 (p<0.05) was calculated, demonstrating an inverse 

correlation between the frequency of peptide specific T cells and the total body 

bioluminescence. In effect, a higher frequency of ASP2-TS specific IFN-γ+ T cells 

associated with better protection. 
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Characterising infection induced T Cells by flow cytometry 

We sought to establish whether vaccination resulted in an altered T cell profile in 

vaccinated mice in the chronic infection. At the experimental end point (day 95 post-

challenge), after the final in vivo image (Chapter 2, Figure 2), the 6 vaccinated and the 

3 non-vaccinated mice underwent necropsy and their spleens were harvested for 

peptide re-stimulation. 

Cell surface and intracellular cytokine staining was performed as described in the 

Methods and cells were analysed by flow cytometry. Gating was performed as shown 

for analysis of the CD3+CD8+ population (Figure 3.2). An identical gating strategy was 

also put in place for the analysis of the CD3+CD4+ population. 

The number of CD4+ and CD8+ T cells (expressed as a percentage of the total number 

of lymphocytes) was similar between the vaccinated and non-vaccinated mice (Table 

Figure 3.1 – 21 days post-challenge, PBMCs were isolated from vaccinated mice (n=6) and 

the frequency of vaccine peptide specific IFN-γ+ T cells was measured by ELISPOT (x axis). 

The data points were plotted against the total body bioluminescence of the same mice 

(summation of ventral and dorsal values) (y axis). The correlation coefficient was calculated 

at -0.88. Red line represents best fit. Data derived from a single experiment 
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3.1). T lymphocytes were gated on the CD11a+/CD44+ double positive population, 

because the expression of these surface molecules is used as a proxy for antigen 

experienced cells18.  

 

 
 
 

 

  

Cells as a % of Total Lymphocytes 
Vaccinated Non Vaccinated 

Peptide Stim Non Stim Peptide Stim Non Stim 

          

CD3+CD4+ 17.9±2.0 17.5±2.1 16.6±0.6 16.2±0.4 

          

CD3+CD8+ 20.0±1.7 19.8±1.9 19.4±0.5 18.6±1.1 

          

Figure 3.2 – Gating strategy used for splenocytes. BALB/c mice were vaccinated with 

ChadOx1 (ASP2-TS) and 3 weeks later with MVA (ASP2-TS). On day 95 post-challenge, 

splenocytes were re-stimulated with the vaccine antigens and antibody stained for analysis 

by flow cytometry. Vaccinated n=6, non-vaccinated n=3. Gating was performed in the 

following sequence for each sample A) singlet cells, B) Live cells, C) Lymphocytes, D) 

CD3+CD8+, E) CD44+CD11a+. F) IFN-γ+/CD107a+. Gating was set using unstained cells 

(FMOs). Data derived from a single experiment. 

 

Table 3.1 
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CD107a is a marker for degranulation. Positive CD107a staining indicates that a cell 

was actively degranulating19. The low numbers of CD107a+ or double positive cells 

amongst the CD8+ and the CD4+ groups following peptide stimulation was peculiar 

(Figure 3.3). Although the reason for the unexpectedly low numbers is not clear, 

amongst the positive controls, the CD107a+ response was also weak (Supplementary 

Figure 3.1). It seems that in response to a stimulus (peptide and positive control), but 

not amongst non-stimulated cells, we are unable to detect T cell degranulation. 

IFN-γ+ secretion on the other hand was high, as expected amongst the positive control 

samples (Supplementary Figure 3.1). Vaccinated mice present with a lower number of 

IFN-γ+ CD8+ T cells when compared to non-vaccinated mice in both the peptide 

stimulated and the non-stimulated group (p<0.001), whereas in the CD4 T cell 

Figure 3.3 – BALB/C mice were vaccinated with ChadOx1 (ASP2-TS) and 3 weeks later with 

MVA (ASP2-TS). On day 95 post-challenge, splenocytes were re-stimulated with the vaccine 

antigens and antibody stained for analysis by flow cytometry. Vaccinated n=6, non-vaccinated 

n=3. Data is expressed as % of the total CD11a+/CD44+ CD3+CD8+ T cells, or CD11a+/CD44+ 

CD3+CD4+ T cells. Stim = Peptide stimulated. Non Stim = non-stimulated. Data are mean±SD. 

Data derived from a single experiment. 
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compartment, the levels of IFN- γ+ remains similar between vaccinated and non-

vaccinated mice. 

Interestingly, amongst the non-stimulated cells, both the CD4+ and CD8+ T cell 

compartments show a reduced frequency of IFN+/CD107a+ cells in vaccinated mice 

compared to non-vaccinated. This reduced frequency was also reflected amongst the 

CD4+ population in CD107a+ cells and despite not reaching significance, the data for the 

CD8+ T cell compartment also showed a similar trend of fewer CD107a+ cells amongst 

vaccinated mice. 

Histopathology of cardiac tissue from vaccinated versus non-vaccinated mice 

We aimed to address the question of whether our viral vectored vaccine, which was 

effective in reducing the acute stage parasite burden, impacted on cardiac fibrosis, a 

hallmark of CCC. On day 95 post-challenge, the heart tissues from the 6 vaccinated and 

3 non-vaccinated BALB/c mice were taken for analysis by histology. Heart tissues were 

processed as described in the Methods and stained with Masson’s trichrome, allowing 

the identification of collagen deposition20. 

On microscopic inspection, collagen staining could be seen in the heart tissues of all of 

the infected mice, whether vaccinated or non-vaccinated. No parasite nests were 

observed in any of the sections studied. Areas of collagen deposition were abundantly 

clear due to the contrast of the blue collagen stain against the backdrop of the red 

stained cardiomyocytes (Figure 3.4A). Collagen deposition was often present in the 

spaces between muscle fibres. Local areas of heavier collagen deposition were 

associated with larger gaps between myocytes, indicating reduced structural integrity of 

the tissue. In line with previous reports from our group20 , there was variation between 

individual mice within groups, with some mice displaying very little fibrosis in any of the 

fields analysed and other showing abundant fibrosis across all fields. 
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For each mouse, 10 images were taken of random fields across two different sections 

of heart tissue. The level of collagen deposition was calculated using Leica Application 

Suite analysis software, which summed the total area of blue stain in each section and 

presented the data as collagen per µm2. The data reveals that overall, there were no 

differences in the level of collagen deposition between the vaccinated and non-

vaccinated mice (Figure 3.4B). Overall the collagen deposition in vaccinated vs non-

vaccinated mice was 1803 ± 1291 vs 2160 ± 547, (p=0.70).  
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Figure 3.4 – Histological examination of heart tissues 95 days post infection. A) Heart tissues 

were removed from vaccinated (n=6) and non-vaccinated (n=3) BALB/c mice. Tissues were 

cut into sections and stained with Masson’s Trichrome (red is myocardial tissue, blue is 

collagen). Presented are representative examples of vaccinated and non-vaccinated mice B) 

Total collagen deposition for each mouse was calculated from 10 random microscope fields 

from two separate tissue sections of each heart. Data are mean±SD. Data derived from a 

single experiment. 
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3.3.2  Studying the antibody response as a correlate of immune protection in 

infection experienced mice 

The change in the IgG antibody titre in infection experienced mice 

We studied the antibody response to a T. cruzi re-infection in order to assess whether 

this response correlated with protection. Briefly, BALB/c mice were infected with the CL 

Brener strain for either 36, 14 or 4 days prior to a 20 day curative drug treatment. Upon 

re-infection the different groups of mice displayed varying levels of immunity (Chapter 

2, Figure 3). Prior to re-infection, and at various points during the re-infection (Figure 

3.5A), mice had their blood sampled. Blood plasma was obtained by histopaque 1083 

isolation and stored at -80°C until the end of the experiment, at which point we conducted 

a reciprocal end point antibody assay on all of the samples collectively. Plasma samples 

were probed against a T. cruzi epimastigote lysate (refer to Methods). 

Prior to re-infection, parasite specific IgG was undetectable in control mice, as expected 

since these mice had not yet received their first infection (Figure 3.5B). Control mice first 

displayed detectible IgG on day 25 of the infection, the titre however (1/600 on day 25 

and 1/167 on day 40), indicated a low concentration of parasite specific IgG. In contrast, 

mice that had been drug treated after 36 days of a first infection had detectible antibodies 

prior to re-infection (1/950, p<0.05). The endpoint antibody titre for the 36 day infected 

group of mice was boosted by the re-infection and rose to 1/3600 (p<0.05) on day 10. 

The end point titre of these mice remained high until day 40 after re-infection (Figure 

3.5B). 

Mice that been infected for 14 days prior to re-infection had a low, but detectible antibody 

titre prior to re-infection, however it was not at a level considered to be statistically 

significant relative to controls. As with the 36 day infected group, the 14 day infected 

mice boosted their antibody production in response to re-infection and on day 10 of the 

infection went from having a 1/75 endpoint titre to 1/800 (p<0.01). Compared to the 36 
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day group, the 14 day infected and cured mice did not produce as powerful an antibody 

response (Figure 3.5B). The end point titre of the 14 day group rose comparatively slowly 

compared to the 36 day group and only increased to a maximum of 1/1200 on day 40 

(p<0.01). The 4 day infected and cured group of mice showed antibody kinetics most 

similar to the control mice. The antibody response was undetectable on days -2 and 10 

of the infection and only became detectible on day 25 when the end point titre of the re-

infected mice was similar to controls. However on day 40 there was a small but 

appreciable increase in the  antibody response above control mice at 1/400 (p<0.001). 

 

 

Figure 3.5 – IgG antibody titer of re-infected BALB/c mice. A) Blood plasma was sampled 

from mice on the days indicated prior to and following re-infection with 103 bioluminescent CL 

Brener strain parasites (as described in Chapter 2). Plasma was stored as indicated in 

methods. B) End point antibody titers were calculated by ELISA (n=4 across each group). 

Data are mean±SD. 4-5 mice were used as negative controls per assay. Data is derived from 

a single assay, samples run in triplicate. 
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In addition to studying the antibody kinetics in mice that experienced a re-infection 

shortly after drug cure, we also studied the kinetics of the antibody response in mice that 

were drug cured one year prior to a re-infection (Figure 3.6 A). This was performed to 

better understand the role of antibodies in mediating protection in the long-term memory 

response. Similar to mice that were re-infected 3 weeks post drug cure (Figure 3.5), the 

antibody titre in mice that were cured a year previously was significantly higher than in 

control mice (p<0.001). However, after the re-infection the antibody titre remained stable 

at pre – re-infection levels up until day 10. The antibody response then increased by day 

25, and remained at a higher level until at least day 40. 

 

 

Figure 3.6 – IgG antibody titer of re-infected BALB/c mice 338 days after drug cure. A) Blood 

plasma was sampled from mice on the days indicated prior to and following challenge with 

the bioluminescent CL Brener strain. B) End point antibody titers were calculated by ELISA 

(n=6 across both groups). Data are the mean±SD. 4-5 mice were used as negative controls 

per assay.. Data is derived from a single assay, samples run in triplicate. 
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3.4 Discussion 

Understanding the relationship between anti-T. cruzi immunity, and the outcomes for the 

host are important for rational vaccine design. In this study, we used a novel viral 

vectored vaccine to induce protective immunity in a T. cruzi infection. Using a non-lethal 

challenge model, we were able to correlate the strength of the immune mediated 

protection to the frequency of vaccine induced IFN-γ+ T cells. Furthermore, we showed 

that vaccination has a lasting effect on the immune response. However, using cardiac 

fibrosis as a barometer of CCC, we were unable to detect vaccine induced protection 

against heart damage, at least in the context of the infection protocol used in this 

experiment. 

Several viral vectored vaccines have been developed and tested experimentally in the 

mouse model2, 8, 21. However, many of these studies use a lethal challenge model to 

assess vaccine efficacy. We tested a novel T. cruzi vaccine in a non-lethal challenge 

experiment using a highly sensitive bioluminescent model. We developed a vaccine 

based on the promising viral vectors ChadOx1 and MVA, two vaccine vectors that are 

undergoing clinical trials for a number of infectious diseases and as potential cancer 

vaccines (clinical trial identifier NCT02390063) (clinical trial identifier NCT01818362). 

These vaccines proved to be partially efficacious in the acute stage of an experimental 

T. cruzi infection (Chapter 2, Figure 2), although sterile protection was not achieved, and 

the response was relatively short-lived.  

With our non-lethal challenge model, we were able to accurately measure the efficacy 

of the vaccine using the bioluminescence inferred parasite burden. Other vaccines 

targeting TS and ASP-2 have previously demonstrated that IFN-γ+ secretion by CD4 and 

CD8 T cells correlates with protection22. We performed a T cell ELISPOT to better 

understand the nature of protection with the viral vectored vaccine. We observed a 

correlation between protection and the frequency of vaccine induced T cells expressing 
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IFN-γ, at the level of individual mice. Using the Pearson’s correlation coefficient, we 

measured an r value of -0.87, indicating a strong relationship. 

Reliable and accurate immune correlates are key to vaccine design and help us to 

understand why vaccines are, or are not, efficacious. Our viral vectored vaccine was 

effective at reducing the parasite burden during the acute stage of infection (days 14 

and 21 post infection), but it was not effective on day 7, or at later stages as the infection 

transitioned to the chronic stage  (Chapter 2, Figure 2). To understand how we could 

develop this vaccine further, and improve on the efficacy, the bioluminescence model 

allows us to measure how this correlate of protection changes in vaccinated mice during 

the long term course of the infection. Possible reasons for the ineffectiveness of 

vaccination at the early stage could be due to the lack of a sufficiently vigorous 

proliferative response after challenge, despite vaccination. In contrast, a lack of efficacy 

in spite of a strong proliferative response early on could mean that we need to reconsider 

the target genes included in the vaccine23. Previously it has been difficult to monitor 

vaccine efficacy during the chronic phase. The lack of efficacy that we observed here, 

suggests that during this stage of the infection, parasites must exist in a location and/or 

state where they are refractory to the immune response induced by the vaccine, and the 

subsequent (reduced) acute stage infection. This could have important implications for 

the potential of vaccines as a viable public health measure. 

We wanted to explore the extent of any long-term functional changes that vaccination 

imparted on the immune system. Such a phenomenon has previously been reported, 

whereby a viral vectored vaccine induced reduction in the CD107a+ CD8+ T cell 

compartment correlated with protection from CCC in experimental challenge8. To this 

end, we measured the IFN-γ+ and CD107a+ response of the T cell compartment on day 

95 of the infection in our vaccinated and non-vaccinated mice (Figure 3.3). 
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Analysis of our data was complicated by the fact that peptide stimulation did not induce 

the expected boost in the IFN-γ+ population above the non-stimulated samples. Neither 

did it result in increased T cell degranulation. By studying our positive control samples 

(supplementary Figure 3.1), we observed that PMA / ionomycin induced cell stimulation 

resulted in a large increase in IFN-γ+, but did not impact upon CD107a+ detection. The 

reasons for this were not obvious, however we speculate that it may lie in the fact that 

peptide stimulation for 5 hours was insufficient. Far longer incubation times have been 

used for similar assays in other reports8. 

However the data do present some interesting findings. The CD8+ T cell repertoire in  

the vaccinated mice had fewer IFN-γ+ and IFN-γ+/CD107a+ T cells than in non-

vaccinated cohort (Figure3.3). Similarly, there were lower numbers of IFN-γ+/CD107a+ 

cells in the CD4+ T cell population amongst the vaccinated mice (Figure 3.3). This 

suggests that there were vaccine induced changes in the immune response toward a 

less inflammatory profile. The underlying reasons behind these changes are not clear, 

however they do not seem to impact on the ability of vaccinated mice to suppress 

parasites as both vaccinated and non-vaccinated mice control the parasite burden 

equally well in the chronic stage. 

It may seem counterintuitive that in T. cruzi, the pro-inflammatory properties of T cells 

that are associated with protection should be downregulated in vaccinated mice. 

However, there is precedent for these findings. A human adenoviral vectored 

vaccination targeting the same parasite proteins in T.  cruzi also showed reduced 

CD107a+ amongst CD8 T cells in the chronic infection8. Exactly what causes the 

response in vaccinated mice to evolve from one that is pro-inflammatory and mediates 

effective parasite killing in the acute stage, to one that is more moderated, but still able 

to suppress parasites is not clear. Presumably these changes preserve the health of the 

host through reducing inflammatory mediated damage to host tissues such as the heart8, 

24.  
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CCC is the most common disease pathology in Chagas disease. We took the heart 

tissues of vaccinated and non-vaccinated mice and assessed the level of fibrosis, a 

marker of infection induced heart damage. Heart tissues were cut, fixed onto glass slides 

and stained with Masson’s Trichrome to allow the visualisation of collagen deposits. This 

study was taken forward as a preliminary investigation that would optimise and add 

value to the information obtained from an animal experiment designed primarily to test 

vaccine efficacy. We recognised that it would be insufficiently powered for an in-depth 

analysis of disease pathology, but proceeded on the basis that it would inform and guide 

future work in this area. 

Cardiac fibrosis was similar between our vaccinated and non-vaccinated mice (Figure 

3.4), tentatively indicated the absence of vaccine induced protection against heart 

damage by day 95 of the infection. In earlier studies, it has been shown that the level of 

fibrosis in non-infected BALB/c mice was significantly different from mice that were 

infected and treated in the chronic stage of the infection20. Although the viral vectored 

vaccine used was a novel vaccine, the parasite proteins which were targeted are well 

studied vaccine candidates. Vaccines against these targets have in the past shown 

some level of protection against, and even reversal of, infection induced heart damage8, 

25. Our initial analysis was limited in extent, however, as fibrosis is a single measure of 

heart pathology and other measures such as ECG and the levels of serum CK-MB could 

also provide additional information about heart function. 

To state unequivocally that viral vectored vaccination with the ChadOx1 and MVA 

vectors is protective, or not, against disease pathology or not, will require a far more 

extensive study,  with additional parameters of heart damage. However, our preliminary 

data (Figure 3.4) do suggest that a vaccine that does not confer sterile protection might 

have limited effectiveness in terms of therapeutic benefits. 
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Finally, in a separate set of experiments (the infection – re-infection study), we sought 

to study the development of an antibody response and its potential role in protecting 

against re-infection. This was of interest because the antibody response is less well 

studied than the T cell response in T. cruzi infections. A recent study showcased the 

importance of antibodies in immune mediated protection against this parasite by 

developing a novel glycovaccine that works primarily through antibody mediated 

immunity16. At various points of the re-infection experiments, we sampled blood and 

studied plasma antibody levels. 

In the absence of a standard for our assay, we used the end point assay to determine 

the relative levels of antibody titres in the blood plasma of re-infected mice. We chose 

to measure IgG levels, as this represents the mature, long-lived response and does not 

wane over the course of an infection like IgM. The results demonstrated that mice 

infected for 36 days prior to drug cure showed a detectible antibody response prior to 

re-infection. This was also the case with mice that were drug cured 21 days prior to re-

infection (Figure 3.5) and mice that were drug cured almost one year prior to re-infection. 

What is interesting is that both of these groups of mice displayed robust resistance 

against re-infection, with a dramatically reduced parasite burden at the first imaging point 

post re-infection at day 7 (Chapter 2, Figure 3). This pre-existing antibody titre could 

therefore be an explanatory factor for at least some of the protection that we observe in 

these groups. 

Mice that have been infected for 14 days prior to drug cure showed a lower antibody 

titre than 36 day infected mice, with the antibody titre increasing slowly during the re-

infection but not reaching the same levels as in 36 day infected mice. 4 day infected 

mice showed antibody kinetics most similar to control mice, with no detectible antibodies 

prior to re-infection, or on day 10 post-challenge, these mice only displayed a 

significantly higher antibody titre on day 40 of re-infection. 
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The antibody kinetics in the 4 day infected group do not necessarily reflect the protection 

that these mice display. In the 4 day infected group, the antibody titre in re-infected mice 

only increased above the controls by day 40. However, protection in these mice was 

only apparent in the first 21 days after re-infection. By day 40 the control mice and re-

infected mice showed the same parasite burden (Chapter 2, Figure 3). One factor that 

we must consider is that the data presented here are specific to IgG. IgM also plays a 

role in protection in T. cruzi, but was not measured in this study26. IgM could therefore 

be contributing to the protection we observed, obscuring our ability to draw a straight 

correlation between antibody titre and protection from these results. 

Further studies that explore the functional capacity of these antibodies would be 

beneficial in determining whether antibodies are playing an active role in protecting 

against re-infection or whether they are generated as a result of infection but do not 

perform a protective role.  
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3.5 Supplementary 

 

 

 

 

 

 

 

 

 

Figure S3.1 – BALB/C mice were vaccinated with ChadOx1 – MVA carrying the parasite 

encoded genes ASP2-TS in a prime-boost manner. On day 95 post-challenge, splenocytes 

were re-stimulated with the vaccine antigens and antibody stained for analysis by flow 

cytometry. Analysis gates were set by using non-stained cells (FMOs). In the blue box. A) 

Cells not stained for CD11a B) Cells not stained for CD44 C) Cells not stained for CD107a D) 

Cells not stained for IFN-γ. E) Positive control sample gated on CD8+ Cells. F) Positive control 

sample gated on CD4+ T cells. Data derived from a single experiment 
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Chapter 4 : 

The Effects of Chemical Induced 

Colonic Inflammation on Chronic 

T. cruzi Infection 
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4.1 Introduction 

For several decades now, the only therapeutic interventions available to treat a T. cruzi 

infection and prevent the development of Chagas disease has been the toxic 

nitroheterocyclic drugs benznidazole and nifurtimox1,2. In addition to having several off 

target effects, which impact greatly on drug tolerability, the recommended treatment 

periods are up to 60 days and the drugs are not 100% efficacious3. There is a need for 

new therapeutics and a joint effort amongst public and private stakeholders, bought 

together by organisations such as DNDi, are developing and testing new compounds in 

the fight against Chagas disease4. 

As a proof of concept study, we decided to utilise our bioluminescent model of T. cruzi 

infection to try and take a different approach towards a potential therapy. We attempted 

to induce inflammation in a parasitological niche that was identified in the chronic 

infection in the mouse. We wanted to test the concept that the induction of local 

inflammation in a tissue of parasite persistence could be used as a novel therapeutic 

option to combat the infection. 

 

4.1.1 Parasitological niche of T. cruzi in the mammal 

One of the longstanding questions in T. cruzi research has been in understanding how 

despite a vigorous adaptive immune response, capable of killing parasitized cells, that 

people can remain infected and harbour parasites over their entire lifetime5. In the 

search for answers, researchers took identifying specific tissues that would act as sites 

of parasite persistence. One of these proposed sites has been the adipose tissue, which 

has been identified to be infected in both mouse and human chronic infections6-8. It was 

hypothesised that the adipose tissue, with its long half-life and abundance of 

triglycerides, would provide the parasite with a niche that would meet its metabolic 
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needs, allowing it to remain dormant in the adipose tissue for many decades9-11. The 

topic of parasite dormancy and whether this is a contributing factor to parasite 

persistence is still the subject of investigation12. 

Advances in imaging technology have improved our ability to localise parasites during a 

T. cruzi infection. In experiments designed to characterise the dynamics of infection in 

the BALB/c – CL LUC model, it was found that the gastrointestinal tract (GIT) is a 

persistently infected tissue in the chronic stage. Specifically, the lower portion of the 

stomach and portions of the were consistently observed as being bioluminescent 

positive upon end point ex vivo imaging13. 

Further investigation of this phenomenon across several parasite and host strain 

combinations revealed the gut to be the principal site of chronic infection, these 

combination included C57BL/6, C3H/Hen and BALB/c mice and the diverse parasite 

strains CL Brener (DTU VI), Sylvio X10/6 (DTU I) and JR (DTU I)14. The findings of this 

study suggested a model for infection whereby the gut was a site of parasite persistence 

from which infections in other tissues such as the heart were continuously seeded. The 

model supports an infection dynamic whereby the peripheral infections (infected tissues 

outside the GI tract) are more susceptible to the immune response and are cleared more 

efficiently by the host. However, the gut, for an unknown reason, remained privileged 

from the same mechanisms of parasite clearance. 

This finding was interesting in the context of a therapeutic intervention. If the gut is a site 

of parasite persistence, then use of a therapeutic approach that specifically targets the 

gut could represent a strategy by which we could eliminate parasites from the host. We 

decided to explore methods of inducing colonic inflammation in order to see whether we 

could target gut parasites for elimination by host immunity. 
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4.1.2 Murine models of colitis 

Murine models of colitis are commonly used to study aspects of human inflammatory 

bowel diseases. Several different models are in existence and differ in their ease of 

implementation, susceptibility of different mouse strains, and most importantly, the type 

of inflammation that the investigator wishes to induce15. These models of colonic 

inflammation presented a rational option for the induction of inflammation in our model 

of infection. They are commonly used, they are well characterised, and we would be 

able to implement them without the requirement for specialist equipment. We considered 

two methods of chemically induced inflammation. One had been used previously in a 

short pilot experiment conducted in our lab, the results of which were taken into 

consideration when deciding on which mode of inflammation was most appropriate. 

Dextran sodium sulphate (DSS) colitis is induced through the administration of the 

chemical in the drinking water. Both the C57BL/6 and BALB/c strains show susceptibility 

to DSS induced inflammation16. This type of inflammation resembles the human 

inflammatory disease Ulcerative Colitis (UC) and can be induced in an acute (short term) 

or a chronic (long term) inflammatory format. 2,4,6-trinitro-benzene sulfonic acid (TNBS) 

is a different chemically induced colitis and is used to mimic the human condition Crohn’s 

Disease (CD), with BALB/c mice showing susceptibility to this form of chemically 

induced colitis and C57BL/6 showing relative resistance to colitis by this method17. TNBS 

is administered in a solution of ~ 40% ethanol, intrarectally by an enema, directly to the 

colon. Like DSS, it can be administered to induce an acute colitis, or it can also be 

administered in a different dosing schedule that induces a chronic inflammation, lasting 

several weeks. 

The main reasons for choosing between the two models centre on the fact that they 

induce different types of inflammation. Clinically, both inflammatory models result in 

weight loss, loose and bloody stools as well as shortening of the length of the colon. 

file:///C:/Users/gurdi/Documents/PhD/Thesis/Thesis/Thesis%20Corrections/Chapter%204.docx%23_ENREF_15
file:///C:/Users/gurdi/Documents/PhD/Thesis/Thesis/Thesis%20Corrections/Chapter%204.docx%23_ENREF_16
file:///C:/Users/gurdi/Documents/PhD/Thesis/Thesis/Thesis%20Corrections/Chapter%204.docx%23_ENREF_17


139 
 

However, when we look at the histopathological changes that occur in a DSS or a TNBS 

driven inflammatory response in the colon, there are differences in the severity of the 

pathology and in the types if inflammation induced17. 

Histologically, DSS induced colitis presents as goblet cell loss, erosion of the epithelium 

and a diffuse lymphocytic infiltration. In contrast, TNBS induces a more exaggerated 

loss of mucosal architecture, with the presence of oedema and sometimes a transmural 

inflammation that crosses the mucosal and muscle layers, as opposed to the relatively 

superficial inflammatory infiltration of DSS induced colitis18. 

The DSS model of inflammation is initially characterised by high levels of macrophage 

produced TNF-α and Th17 produced IL-17. However, after several cycles of DSS 

administration and epithelial cell wall regeneration, a Th2 type response takes over, 

characterised by high levels of IL-4 and IL-10. DSS induced colitis is therefore widely 

considered to be a Th2-like inflammatory colitis19. TNBS on the other hand is considered 

to induce a Th1/Th17 inflammatory profile. Administration of TNBS induces a systemic 

increase in IL-12, IFN-γ, IL-17 and MIP-1α. However, IL-12 and IL-17 are also produced 

in increased quantities at the mucosal surface. As the inflammatory response develops 

from an acute to a chronic inflammation, TNBS induced inflammation does not transition 

to a Th2 type profile as with DSS, instead it remains a Th1/Th17 mediated inflammatory 

response19. 

Previously in our lab, a small and unpublished pilot study was conducted in chronically 

infected BALB/c mice (>100 days p.i.) with DSS (Lewis et al.). The aim was to monitor 

how DSS administration and chemically induced colitis was tolerated in infected mice as 

compared to non-infected control mice. DSS was administered over the course of 

several days in order to induce inflammation. Weight change was monitored and 

revealed a trend toward protection against weight loss in chronically infected mice 
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relative to non-infected mice. This data were suggestive that chronically infected mice 

may have developed a resistance to chemically induced inflammation. 

Despite this interesting observation, the aim of our study was to induce an inflammatory 

response that would overcome the mechanisms of parasite persistence. We took the 

view that the induction of a reliable Th1/Th17 mediated inflammation may be more 

advantageous than a Th2 response in terms of observing an effect on the parasite load. 

This is because an IFN-γ mediated Th1 immune response, and to some extent, the IL-

17 mediated Th17 response are well characterised features of successful immunity 

against T. cruzi20,21. Therefore, we decided that we would use TNBS to induce colitis in 

our infection model. The challenge in using TNBS induced colitis was that there was no 

standard practice for the model. Since the first report of TNBS as a chemical inducer of 

colitis, there have been many variations on the method, all using different concentrations 

of the drug, different concentrations of ethanol, different numbers of treatment doses 

and in different mouse strains22,23. 

We set out with the following aims. 

1. To optimise a dosing strategy for the induction of chronic TNBS induced colitis 

in the BALB/C mouse. Using histopathology to assess gut inflammation in 

response to different doses of TNBS. 

2. To administer TNBS in a dosing regimen that would induce inflammation in the 

gut in T. cruzi chronically infected mice. 

The objective of this study was to evaluate whether chemically induced inflammation in 

the colon has the potential to impact on the parasite burden in a specific niche during 

chronic infections in the BALB/c model. 
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4.2 Methods 

Murine infections and bioluminescent imaging 

All animal work was performed under UK Home Office project licence (PPL 70/8207) 

and approved by the LSHTM Animal Welfare and Ethical Review Board. Procedures 

were in accordance with the UK Animals (Scientific Procedures) Act 1986 (ASPA). 

Female BALB/C mice were purchased from Charles River (UK), and CB17 SCID mice 

were bred in-house. Animals were maintained under specific pathogen-free conditions 

in individually ventilated cages. Animals experienced a 12-hour light/dark cycle, with 

access to food and water ad libitum. At regular intervals prior to the start of the TNBS 

dosing regimen, the cage bedding of the BALB/C mice was gathered and redistributed 

evenly between all of the cages of the mice involved in the experiment. This 

redistribution of bedding was done in order to equalise the microbiome between all of 

the mice in the study and reduce any possible cage effects bought about by separate 

housing17. 

SCID mice were infected with 1x104 bioluminescent bloodstream trypomastigotes (BTs) 

of CL Brener (CL LUC) in 0.2 ml PBS via intraperitoneal (i.p.) injection. BALB/C mice, 

aged 8-10 weeks, were infected i.p. with 1x103 BTs derived from SCID mouse blood. At 

experimental endpoints, mice were sacrificed by exsanguination under terminal 

anaesthesia.  

For in vivo imaging, mice were injected with 150 mg kg-1 d-luciferin i.p. then 

anaesthetized using 2.5% (v/v) gaseous isoflurane. They were placed in an IVIS Lumina 

II system (Caliper Life Science) 5-10 min after d-luciferin administration and images 

were acquired using Living Image 4.3. Exposure times were set at 5 mins. After imaging, 

mice were revived and returned to cages. For ex vivo imaging, mice were injected with 

d-luciferin, and sacrificed by exsanguination under terminal anaesthesia 5 min later. 

They were then perfused via the heart with 10 ml 0.3 mg ml-1 d-luciferin in PBS. Organs 
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and tissues were removed and transferred to a Petri dish in a standardized arrangement, 

soaked in 0.3 mg ml-1 d-luciferin in PBS, and imaged using maximum detection settings 

(5 min exposure, large binning). The remaining animal parts and carcass were checked 

for residual bioluminescent foci, also using maximum detection settings. To estimate 

parasite burden in live mice, regions of interest (ROI) were drawn using LivingImage 

v.4.3 to quantify bioluminescence as total flux (photons/second), summed from dorsal 

and ventral images. The detection threshold for in vivo imaging was determined using 

uninfected mice. 

According to our project license, this procedure was classified as having a severity limit 

of ‘severe’. Please refer to the ‘Advisory notes on recording and reporting the actual 

severity of regulated procedures’ in the Appendix. 

Induction of inflammation by TNBS administration 

Chronic inflammation was induced by the administration of TNBS (Sigma-Aldrich) into 

the colon via the rectum. TNBS (varying concentrations, refer to results) was dissolved 

in cold ethanol (45% v/v) and made up to the final volume in Milli-Q water. The solution 

was bought up to room temperature prior to administration. Control dose was PBS mixed 

with the same percentage ethanol. 

100µl dose was administered per mouse via the rectum using a 3.5-F-catheter attached 

to a 1ml syringe. Mice were anaesthetised using 2.5% (v/v) gaseous isoflurane and the 

anal verge was lubricated. The catheter was inserted approximately 3.5 cm into the 

rectum and the contents of the syringe slowly released into the mouse. The mouse was 

held in the vertical position, head facing down, for 1 minute after administration in order 

to ensure absorbance of the TNBS across the colon. 
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Parameters used to assess the extent of colonic inflammation 

Colon length 

Upon necropsy, the colon was separated from the mesentery and the mesenteric 

fat. The length of the colon was measured from where the colon attaches to the 

caecum up until where the colon terminates at the anal sphincter. 

Histopathology 

The colon was cut into equal sections, with half of the sections embedded 

longitudinally and the other sections embedded transversely to give two different 

views for histopathological analysis. 

Colon sections were cleaned in PBS and fixed in Glyo-Fixx solution 

(ThermoFisher) for 24 hours. Tissues were then dehydrated in a step wise 

manner in ethanol, starting by submersion in a 70% solution and increasing the 

ethanol percentage until the tissues were submerged in 100% ethanol. Tissues 

were cleared with Histo-Clear clearing agent (National Diagnostics) before being 

embedded in paraffin as described above. Sections of colon were cut to a 

thickness of 3 microns on a microtome and with the aid of a water bath, the tissue 

sections were mounted on glass slides. Paraffin was removed with xylene and 

tissue sections were rehydrated in decreasing concentrations of ethanol in 

preparation for staining. Tissues were stained with H&E. 

Faecal occult blood examination 

Fresh stool samples were taken from each mouse the day following TNBS or 

PBS administration and tested for blood using the hema-screen faecal occult 

blood test (Immunostics inc). 
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Experimental Design and Statistical Analysis 

Allocations of mice to each group was random and was not performed by the 

investigator. Calculations of group sizes were made based on the expected mortality 

rate, based on other published studies18,24,25. Power calculations were not performed in 

determining the group size. 

Histological examinations were blinded, the investigator was unaware of which tissue 

sections belonged to which experimental groups when assigning histological scores by 

microscopy. 

All statistical analyses were performed using GraphPad Prism 8 software. The students 

t-test was used to calculate statistical significance between experimental groups for 

weight change analysis and the analysis of differences in colon length. Calculations 

were performed without correcting for multiple comparisons. 
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4.3 Results 

4.3.1  TNBS tolerability in a chronic dosing schedule 

Our first step was to optimise a protocol for TNBS administration in BALB/c mice that 

was tolerable across multiple doses, a requirement for induction of chronic inflammation. 

Based on published TNBS dosing schedules, we decided to assess the tolerability of 

two different concentrations across a maximum of four doses26-28. In doing so, we aimed 

to induce inflammation that was maintained over time, whilst remaining tolerable and 

within the severity limits of our study. BALB/c mice were administered two different 

doses of TNBS, the first (referred to as the ‘low dose’), was 1 mg TNBS weekly, rising 

to 1.5 mg after 2 weeks. The other, (referred to as ‘high dose’), was a 1.5 mg weekly 

dose, rising to 2 mg after 2 weeks (Figure 4.1) 

 

 

 

Figure 4.1 – TNBS Dosing Schedule. 20 week old BALB/C mice were separated into 3 

groups; ‘low dose’ (blue arrows), ‘high dose’ (red arrows) and control (not shown on timeline) 

(n=3). All mice were non-infected. TNBS was administered on a weekly basis, starting on day 

0. Black line represents time, blue arrows indicate TNBS dose for low dose group, red arrows 

indicate TNBS dose for high dose group. Blue cross on timeline indicates end point for one 

mouse in the low dose group, culled on day 1. Red cross indicates end point for one mouse 

in the high dose group, culled on day 22. 

file:///C:/Users/gurdi/Documents/PhD/Thesis/Thesis/Thesis%20Corrections/Chapter%204.docx%23_ENREF_26


146 
 

Assessment of tolerability of dosing schedules 

In order to assess whether TNBS was tolerated at these concentrations, we monitored 

the weight change of mice after each administration (Figure 4.2A). Control mice gained 

a small amount of weight at the beginning of the study and then maintained their weight 

throghout the 24 days. Mice receiving the low dose of TNBS on the other hand went 

through an initial period of weight loss within the first 8 days. This weight was recovered 

by day 15 and the weights of these mice remained stable throughout the remainder of 

the study. Mice on the higher dose showed the greatest weight loss of around 8% on 

day 15. The high dose group, like the low dose group, recovered some of their weight 

but remained below their starting weight for the remainder of the study. 

During the course of the study, one mouse from each group demonstrated a major 

departure from their usual state, as outlined in the advisory notes (Appendix). As such, 

they met the requirement for a humane end point (Figure 4.2B). 

 

 

Figure 4.2 – A) Average Weights. Mice had their weights taken for 5 consecutive days 

following each administration of TNBS until the end of the experiment. The black vertical lines 

on days 7, 14 and 21 represent each dose of TNBS. Weights are expressed as a percentage 

of the starting weight prior to the first dose (day 0) (n=3). 

B) Survival Curve. TNBS treated mice (n=3) were monitored throughout the day following 

each treatment. Mice were euthanised at humane end points if required. Data is derived from 

a single experiment 
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Histopathological analysis of colons in TNBS treated mice 

To examine whether inflammation was induced in the colons of TNBS treated mice and 

to determine the extent of the inflammation, mice were culled on day 24 and the colons 

removed for histopathological analysis (Figure 4.3). A side by side comparison of 

transverse and longitudinal sections revealed differences in the colon architecture. 

Control mice, receiving PBS in ethanol presented with colons that were in line with what 

we would expect from a healthy mouse. The mucosal layer had defined folds with a clear 

branching pattern of the lumen (Figure 4.3A). There was little to no epithelial cell 

hyperplasia and the mucosal, submucosal and muscle layers were clearly all attached, 

well defined and had little to no cell infiltration. (Figure 4.3 A, B, C). 

In contrast, mice treated with TNBS displayed varying degrees of inflammation, 

depending on the dose. Mice treated with a low dose presented with damage to the 

colon. They had some blunting of the mucosal layer, with the mucosal folds less defined, 

resulting in a more diffuse branching pattern of the lumen on transverse sections (Figure 

4.3D). Additionally, there was some minor oedema, as can be seen by the gaps between 

the muscle layer and the submucosa (Figure 4.3E). There was also some epithelial cell 

hyperplasia, which resulted in elongated mucosal crypts relative to the controls (Figure 

4.3F). In terms of the number of lymphoid follicles, both the low dose and high dose 

groups presented with similar numbers of follicles (Figure 4.3 and supplementary Figure 

4.1). These were of varying sizes, however both large and small follcicles could be seen 

in both groups. Importantly, these follicles were rarely present in the controls. On closer 

inspection (Figure 4.3F and I), infiltration of cells from the submucosal layer into the 

mucosa can be seen. This inflammatory infiltrate was more extensive in the higher dose 

group and often resulted in a distortion of the mucosal crypts (Figure 4.3I). This was the 

only real discernable difference in the inflammatory response between the low dose and 

the high dose group. 
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Figure 4.3 – BALB/c mice were given 4 doses, once weekly, of either PBS in ethanol, a low 

dose of TNBS in ethanol, or a high dose of TNBS in ethanol (as outlined in Figure 4.1). Mice 

were culled on day 24 and colons removed for H&E staining. 

A-C) Control mice were treated with PBS in ethanol. A, transverse section, curved arrow 

demonstrates fold in mucosal layer, solid arrows indicates luminal branches. B, longitudinal 

section, arrowhead shows a lymphoid follicle. C, magnified view of the mucosal, submucosal 

and muscle layers (n=3). 

D-F) Low dose mice were treated with 1 mg TNBS in ethanol, rising to 1.5 mg. D, transverse 

section (missing part of colon is a feature of the cut, not a feature of TNBS induced changes). 

E, longitudinal section, black arrows indicate lymphoid follicles, red arrows highlight oedema. 

F, Close up view of submucosal and mucosal layers, arrow demonstrating mucosal crypts 

are elongated compared to image C. Also present is an oedema (red arrow) (n=2 at end 

point). 

G-I) High dose mice were treated with 1.5 mg TNBS in ethanol, rising to 2 mg. G, transverse 

section of the colon, red arrows indicate oedema. H, longitudinal cut, showing large lymphoid 

follicle (centre) and smaller lymphoid follicle indicated by black arrow. I, close up view showing 

submucosal and mucosal layers, with large infiltration of cells into mucosal layer and distorted 

architecture of mucosa (n=2 at end point). Data are derived from single experiment. 
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4.3.2  Impact of TNBS treatment on a chronic Chagas infection 

After the assessment of TNBS tolerability, we decided to use the higher concentration 

dosing schedule and to increase the the size of the TNBS treated group. The group size 

of mice receiving TNBS was increased to 9. This left 3 mice in the control (PBS) group. 

Chronically infected mice were administered 1.5 mg TNBS, or PBS, the same as 

previously (Figure 4.4). Weight change was monitored and a guiac test for fecal blood 

was performed the day following each administration of TNBS or PBS. After taking into 

consideration the change in weight of the mice (Figure 4.5) and the presence of fecal 

blood in several of the animals, after 3 doses of TNBS the treatment was concluded. 

 

 

Figure 4.4 – TNBS Dosing Schedule. Chronically infected BALB/c mice (day 152 of infection) 

and age matched control mice were administered weekly doses of TNBS, or PBS intrarectally. 

Mice received a total of 3 doses. 3 days following the final administration, the experiment was 

terminated.  

Black line represents time. Blue cross on timeline indicates end point for one mouse in the 

PBS group, culled day 1. Red cross indicates end point for one mouse in the TNBS group, 

culled day 15. Red blood drops represent number of mice that were positive for faecal blood 

(4 mice in infected and 2 mice in non-infected). (TNBS n=9. PBS n=3) 
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Bioluminescent imaging of TNBS treated mice 

Chronically infected mice were monitored by bioluminescent imaging throughout the 

study in order to monitor changes in the infection burden (Figure 4.6A). Mice were 

imaged during the acute stage in order to confirm that they were successfully infected 

and were imaged again on day 74 to confirm that the parasite burden was consistent 

with a chronic stage infection prior to the commencement of the TNBS treatment 

(Supplementary Figures 4.3 and 4.4). 

Bioluminescent imaging was performed immediately prior to each administration of PBS 

or TNBS. Despite repeated administrations of TNBS, the parasite burden remained 

similar between PBS treated and TNBS treated mice throughout the study and no 

significant differences between the two groups was detected, as judged by in vivo 

imaging (Figure 4.6B). The infection dynamics were consistent with a normal chronic 

stage infection13. Foci were spatiotemporally dynamic, changing both position and 

intensity from one week to the next. After the third TNBS treatment, mice were imaged 

Figure 4.5 –Average Weights. Mice had their weights taken for 5 consecutive days following 

each administration of TNBS or PBS. The black vertical lines on days 7 and 14 represent the 

timings of each dose. Weights are expressed as a percentage of the starting weight prior to 

the first dose (day 0) (n=9, infected; n=3, non-infected). Data are derived from a single 

experiment. 
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a final time on day 169 post infection, before necropsy and ex vivo imaging of the organs 

and mouse carcasses was performed. 

One of the TNBS treated mice was euthanised point prior to the end of the experiment 

(Figure 4.4), therefore a total of 8 TNBS treated mice underwent necropsy. Of the 8 

mice, 5 displayed no bioluminescence in the GI tract. Amongst the PBS treated mice, 

all displayed bioluminescence in either the organs or the carcass, however one of these 

mice displayed no bioluminescence in the GI tract (Figure 4.6C). 
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Figure 4.6 – Bioluminescent imaging of infected, TNBS treated mice. A) In vivo imaging was 

performed on infected mice immediately prior to administration of TNBS or PBS. The ventral 

images of 9 TNBS treated mice and of 3 PBS treated mice are shown, with heat maps 

overlaid, representing the bioluminescence inferred parasite burden. The red arrows indicate 

the days on which TNBS or PBS were administered. 

B) The sum of the ventral and dorsal images of each mouse were averaged across the group 

and are displayed on a logarithmic scale. 

C) Ex vivo bioluminescent images of the organs and carcasses of necropsied mice. Heat 

maps use the same scale bar as in (A). Yellow boxes highlight areas of bioluminescence. 

Data are derived from a single experiment 
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Histopathological analysis of colons in TNBS treated mice 

We wanted to understand whether the absence of bioluminescence in the colon tissue 

of infected mice on necropsy was attributable to TNBS induced colitis. We studied the 

severity of the TNBS induced pathology and inflammation in the colons of mice to 

determine whether either of these parameters correlated with what we observed by ex 

vivo imaging.  

Firstly, we measured the lengths of the colons as they were removed for ex vivo imaging 

(Figure 4.7). Colon length is a common measure of disease severity in experimental 

models of colitis18. Amongst the infected mice, there was a significant difference in the 

colon length between the TNBS treated and PBS treated groups (p<0.05). Furthermore, 

those mice that had a bioluminescent negative colon on ex vivo assessment (red dots 

on Figure 4.7) displayed the shortest colons in the TNBS treated group. 

 

 

 

After ex vivo imaging, the colon tissues were fixed, embedded and sectioned, as 

previously. In order to measure the severity of tissue pathology and the level of 

inflammation induced, tissue sections were attributed a score for two different 

parameters, damage and inflammation (Table 4.1 and 4.2). We based this damage 

Figure 4.7 – Colon length on necropsy. 

The length of the colon was measured 

immediately after being removed from 

the mouse for necropsy. The red dots 

represent the mice whose colons were 

negative for bioluminescence on ex vivo. 

*p<0.05. Data are derived from a single 

experiment 
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index and the inflammation index on a previously published  guide29. The inflammation 

index (Table 4.1) is based on the extent of inflammation through all of the different tissue 

layers that make up the colon, with 0 being the least extensive inflammation and 3 being 

the most extensive. The damage index (Table 4.2) is based on common pathological 

features of TNBS colitis that we observed in the tissue sections. The presence of any of 

these features in at least 2 tissue sections from the same animal adds 1 to the overall 

damage index score for each mouse. The scores are presented in Figure 4.8. 

On assessment of the tissue sections, based on the aforementioned criteria, a pattern 

emerged whereby the mice that did not display bioluminescence in the GI tract on 

necropsy were the mice that presented with the most tissue damage on histology (Figure 

4.8A). Mice that were positive for bioluminescence presented with less severe 

pathology. Between PBS and TNBS treated mice, there were no significant differences 

in the overall damage index, regardless of whether the mice were infected or non-

infected. 

On assessing the tissue sections for the extent of inflammation (scoring based on Table 

4.1), the same pattern emerged, whereby those mice that were bioluminescent negative 

in the GI tract were the mice that presented with the highest levels of inflammation 

(Figure 4.7B). Despite this trend, there were no significant differences in the 

inflammation index amongst TNBS and PBS treated mice. 
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Inflammation Index 

Inflammation 

SEVERITY DESCRIPTION SCORE 

None - 0 

Mild Mucosal infiltration 1 

Moderate 
Submucosal 

infiltration 
2 

Severe 
Transmural 
infiltration 

3 

 

Damage Index 

Architectural Changes 

Erosion of the mucosal surface 1 

Crypt elongation 1 

Oedema 1 

Distortion of mucosal crypt architecture 1 

Mucosal abcesses 1 

 

Table 4.1  

 

Table 4.2 

 

Figure 4.8 – Chronically infected and non-infected BALB/c mice were treated with TNBS or 

PBS. The colons were removed following the end of the treatment and sections were scored 

based on the histopathological features. A) Each dot represents a mouse that was given a 

score based on the number of histopathological features associated with colon damage as 

outlined in Table 4.2. B) Each dot represents a mouse that was given a score based on the 

extent of inflammation as outlined in Table 4.1. Data are derived from a single experiment 

The red dots identify those mice whose colons were negative for bioluminescence on ex vivo. 
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Figure 4.9 – Representative examples of colons taken from infected and TNBS treated mice. 

Tissue sections were stained with H&E. Pictures are representative of different features of 

colon damage by which tissues were scored. 

A) Transverse sections of colon, demonstrating epithelial cell hyperplasia, resulting in crypt 

elongation. Top half of ‘A’ is a PBS treated mouse, crypts are shorter in length compared to 

bottom half of ‘A’, which is a TNBS treated mouse. 

B) Abscesses, indicated by black arrows present within the mucosal layer.  

C) Erosion of surface epithelium, as indicated by arrows. 

D) Distortion of normal architecture. Left hand circle demonstrates area devoid of mucosa. 

Right hand circle demonstrates an area of the mucosa which has lost uniformity due to 

inflammation. 

Data are derived from a single experiment 
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4.4 Discussion 

Establishment of a TNBS dosing schedule 

Treatment options for Chagas disease are limited. We sought to explore the possibility 

of using immunotherapy to target a site of known parasite persistence. To this end, we 

optimised a treatment regimen with TNBS to induce chronic inflammation in the colon of 

BALB/c mice. We administered this treatment to mice infected long-term with T. cruzi 

and demonstrated that there is a possible link between the development of colitis and 

the bioluminescence inferred parasite burden in the colon. 

The first objective of this work was to optimise a TNBS dosing regimen that could induce 

chronic colitis. The chronic form of inflammation has been less well studied than the 

acute form, however we postulated that a longer inflammatory response would have a 

higher chance of impacting on the parasite burden than a single inflammatory event. 

One of the hurdles of TNBS induced colitis is toxicity, which can have a fatal outcome24. 

Therefore mice were subjected to regular observation and weight checks. A single 

mouse in each of the dosing groups was euthanised because it reached a humane end 

point during the study. 

Weight change is a strong indicator of mouse health and occurs rapidly after TNBS 

administration, with mice often losing a significant portion of weight within 24 hours 

(Comparison of experimental mouse models of inflammatory bowel disease). We found 

a difference between the low dose and high dose groups (Figure 4.2). Mice on the low 

dose treatment exhibited little weight change after the first administration, with their 

weight reaching a minimum on day 8, following the second administration. The mice on 

the higher dose lost more weight, however the pattern of weight loss was different. Their 

weight reached a minimum on day 14, after the third TNBS dose. Overall, this weight 

loss, even in the higher dose mice, fell within acceptable limits of severity. 
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TNBS colitis is associated with lymphoid follicle hypertrophy in response to luminal 

antigens. Lymphoid follicles are aggregates of immune cells, and have a cellular 

organisation which is comparable to that of the Peyer’s patches in the small intestine, 

containing T cell and B cell zones with germinal centres30. We observed these patches 

in tissue sections from TNBS treated mice, although there were no significant 

differences between the low dose and the high dose groups. Generally, both developed 

enlarged lymphoid follicles, as expected with a TNBS enema31. Close inspection of the 

mucosal layer did however reveal a difference in the level of inflammation. Mice 

receiving a higher dose of TNBS developed more extensive inflammatory cell infiltrate. 

As a result, the mucosa in the higher dose group was often less well defined and had 

more areas lacking architectural integrity. This was a possible contributing factor to the 

increased weight loss in these mice, and suggests a more intense inflammatory 

response than in the low dose group. 

Based on this, the higher dose treatment was judged to induce a higher inflammatory 

response, whilst staying within acceptable limits of severity. We therefore chose these 

conditions for assessing the effect of chronic T. cruzi infection. 

Effect of high dose TNBS treatment on chronic T. cruzi infection 

TNBS administration at the higher dose did not affect the parasite inferred 

bioluminescence as judged by whole body in vivo imaging. The bioluminescence profile 

initially showed a small dip on day 152 (Figure 4.6), however this rebounded by day 159, 

and it became apparent that this change was unlikely to be due to TNBS, but instead, 

was a feature of the natural infection dynamics that are inherent in the chronic stage of 

the infection. After 3 doses, we saw no significant differences in the parasite burden 

between the two groups, or any obvious departure from the normal pattern of infection. 

Three days after the third dose, we performed a necropsy followed by imaging of the 

tissues ex vivo. This revealed a surprising result. Despite the fact that the in vivo imaging 
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did not show any departure from what we would expect in a chronic infection, there was 

an unusual pattern of parasite distribution. In five out of the eight TNBS treated mice, 

there were no infection foci in the colon; in three of these mice there was no detectible 

organ associated bioluminescence. This was surprising for two reasons, firstly, because 

in vivo imaging demonstrated no major differences in the whole body parasite burden, 

secondly, the GI tract is a site that is persistently found to be infected during the chronic 

stage13. Therefore, taken together, in vivo and ex vivo data suggest that TNBS 

administration impacts on parasite persistence in both the colon, and other organ/tissue 

sites, perhaps by perturbing the global immune response. 

When studying the control group, one of the three mice was also observed to lack 

detectable foci of infection in the colon/stomach. In BALB/c mice, less than 5% of chronic 

infections display this characteristic. One explanation could be that the phenomenon is 

linked to the role of ethanol in the enema, which is to break down the epithelial barrier 

and expose the mucosa to luminal antigens. Larger numbers of mice in the control 

cohorts would be needed to explore this further. However, to observe five out of eight 

mice that are negative for bioluminescence in the GI tract and to have three mice that 

are bioluminescent negative at a whole body level was unusual, and not an observation 

that has been made before in a regular necropsy of chronically infected mice13,14.  

TNBS treated mice had significantly shorter colons than mice treated with PBS (Figure 

4.7). Additionally, there was a clear correlation between the colon length in TNBS treated 

mice and the presence of parasites in the colon, as revealed by ex vivo imaging. Mice 

that were bioluminescent negative had the shortest colons in the TNBS treated group. 

Furthermore, 4 out of 5 mice provided positive blood samples in their faeces by guaiac 

test. Colon length and bloody faeces are both critical indicators of the severity of colitis. 

As judged by both of these parameters, mice that were bioluminescence negative in the 

colon fared worse than mice that were bioluminescence positive, tentatively linking the 

absence of parasites to the severity of colitis. Histopathological analysis of the colon 
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tissues further supported this assessment. There was a clear pattern, whereby mice that 

suffered the most severe tissue pathology and had the greatest inflammation were more 

likely to be bioluminescence negative in the colon. 

Some of the observations in this study also raised another question - does infection with 

T. cruzi impact on the severity of induced colitis?  Non-infected TNBS treated mice 

tended to lose less weight than the infected treated mice (Supplementary Figure 2). In 

addition, they presented with less severe inflammation or tissue damage, as well as 

having longer colons and a reduced instance of bloody stools (Figure 4.7). Although not 

statistically significant at the level of individual parameters, collectively these data hint 

at the possibility that a T. cruzi infection may be responsible for inducing differences in 

the local immune environment, essentially protecting mice from chemically induced 

inflammation. As T. cruzi is very well documented to be successful in immune evasion 

and in immune modulation, this is a plausible theory that should merit further 

investigation32.  

Conclusion 

Although TNBS-induced colitis was a rather blunt approach for assessing the impact of 

inflammation on parasite persistence in the GI tract, we reasoned that the wide-ranging 

effects that it produces would be a useful preliminary method for exploring the question. 

Clearly the benefits of a targeted strategy of inflammation as a therapeutic option need 

to be weighed against the risk of the undesired effects of colitis, since disruption of 

immune homeostasis in this tissue can lead to local debilitating disease, with perhaps 

more widespread consequences. Our work intended to explore the principle that 

targeted elimination of the parasite in its niche in the host would lead to total eradication. 

We did provide evidence that induced colitis could lead to parasite elimination, however, 

this outcome was not universal, and less effective than could be provided by 

conventional chemotherapy33. Although this preliminary study did demonstrate that 
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inflammation in the colon can be beneficial in some cases from the perspective of 

parasite elimination, the costs to the host do not merit the outcome. In future, it may be 

worth exploring a more targeted approach to immunotherapy, using approaches that 

might enhance parasite elimination, in the absence of major side effects. 
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4.5 Supplementary 

 

Supplementary 4.1 – BALB/C mice were given 4 treatments, once weekly, of either PBS in 

ethanol, a low dose of TNBS in ethanol, or a high dose of TNBS in ethanol (as outlined in 

figure 4.1). Mice were culled on day 24 and colons were removed for H&E staining. 

A and D) PBS treated mice showed little or no lymphoid aggregates. Image D has part of 

mucosa folded over on itself.  

B and E) Low dose TNBS group. Black arrows indicate lymphoid follicles. 

C and F) High dose TNBS group. Black arrows indicate lymphoid follicles. 

G, H and I) Close up images demonstrating cell infiltration into mucosa. 

Data are derived from a single experiment 
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Supplementary Figure 4.2 –Average Weights. Infected and non-infected mice treated with 

either TNBS or PBS had their weights taken for 5 consecutive days following each 

administration of TNBS or PBS. The black vertical lines on days 7 and 14 represent the 

timings of each dose. Weights are expressed as a percentage of the starting weight prior to 

the first dose (day 0). Data are derived from a single experiment. 

A) Mean weights of each group 

B) Mean weights ±SD of infected mice 

C) Mean weights ±SD of non-infected mice 

(n=9,TNBS treated; n=3, PBS treated). 

 



164 
 

 

 

 

 

Supplementary Figure 4.3 – In vivo images of infected and PBS treated mice.  

A) In vivo imaging was performed on infected mice immediately prior to administration of 

TNBS or PBS. The ventral and dorsal images of 3 PBS treated mice are shown, with heat 

maps overlaid, representing the bioluminescence inferred parasite burden. The red arrows 

indicate the days on which PBS was administered 

B) Experimental outline. Mice were infected on day 0 and imaged on the days outlined. PBS 

treatment was performed on the days indicated 

C) The sum of the ventral and dorsal images of each mouse were averaged across the group 

and are displayed on a logarithmic scale. 

(n=3), data are derived from a single experiment. 
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Supplementary Figure 4.4 – In vivo images of infected and TNBS treated mice.  

A) In vivo imaging was performed on infected mice immediately prior to administration of 

TNBS or PBS. The ventral and dorsal images of 9 TNBS treated mice are shown, with heat 

maps overlaid, representing the bioluminescence inferred parasite burden. The red arrows 

indicate the days on which TNBS was administered 

B) Experimental outline. Mice were infected on day 0 and imaged on the days outlined. TNBS 

treatment was performed on the days indicated 

C) The sum of the ventral and dorsal images of each mouse were averaged across the group 

and are displayed on a logarithmic scale. 

(n=9), data are derived from a single experiment. 
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Supplementary Figure 4.5 – Representative examples of colons taken from infected and 

non-infected TNBS treated and PBS treated mice. Tissue sections were stained with H&E.  

A-D) Infected TNBS treated mice. n=9. E-H) Infected PBS treated mice. n=9. I-L)  Non-

infected TNBS treated mice. n=3 M-P) Non-infected PBS treated. n=3 

Data are derived from single experiment 
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5.1 Introduction 

The theme of re-infection which we explored in chapter 2 provided us with new insights 

into the potential of host immunity to combat T. cruzi. We saw that host immunity is 

capable of mediating robust protection that is long-lived as well as being cross-strain 

protective, in most cases providing over a 99% reduction in the parasite burden. A 

noteworthy observation from our work in chapter 2 was the significant benefit of live 

vaccination over viral vectored vaccination in suppressing the parasite burden. The gulf 

in efficacy was impressive, especially considering that the vaccine targets are well 

studied and are amongst leading candidates for the development of a T. cruzi vaccine1-

3. 

Revolutionary developments in genome engineering technology over the course of this 

PhD were optimised for use in kinetoplastids and were successfully applied to T. cruzi 

in our laboratory4, 5. This opened the door for the development of genetically attenuated 

parasites with a precision, and more importantly, a speed that was previously not 

possible. Upon realising the potential of live vaccination, we sought to take advantage 

of these developments in genome engineering in order to explore whether we could 

develop genetically attenuated parasites for testing as a live vaccine. 

 

5.1.1 Live vaccines 

The first widespread use of live vaccination followed the observations of Edward 

Jenner6. The advent of biotechnology and our understanding of immunology have since 

led to the development of many more diverse types of vaccine. However, live vaccines 

remain a mainstay in public health efforts to combat infectious diseases7, 8. This is 

because many live vaccines are inexpensive to manufacture and produce less waste 

than other forms of vaccination9. More importantly, live attenuated vaccines can be 
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administered by the same route as a pathogenic infection, inducing a local immune 

response at the site of pathogen entry. Because live vaccines mimic an infection, they 

generally also generate a broader immune response, recognising a wider array of 

epitopes and involving both B and T cells. As a result, they often demonstrate superior 

protective immunity over other forms of vaccination10, 11. 

Two different strategies for live vaccination have been experimented with for T. cruzi. 

These are the use of T. cruzi related organisms and the use of live attenuated T. cruzi. 

The use of T. cruzi related organisms is attractive due to the fact that these are not 

pathogenic in humans. Their relatedness to T. cruzi means that immunity against them 

is cross-protective12, 13. The tomato plant protazoan parasite, Phytomonas serpens and 

the mammalian infectious (but non-pathogenic) Trypanosoma rangeli have both been 

tested as live vaccines in experimental settings, providing moderate protection. 

Experiments report fewer mice succumbing to lethal challenge and a reduced, but 

detectible blood parasitaemia14, 15. 

Using a live attenuated T. cruzi parasite shows superior protection than using a T. cruzi 

related parasite. Vaccination with the attenuated strain CL-14, a clone derived from the 

CL Brener strain of T. cruzi, completely prevented the development of blood 

parasitaemia in challenged mice16. 

As with any live-attenuated vaccine, one of the biggest risks is the possibility of 

reversion. This is especially risky for a live attenuated vaccine for T. cruzi, considering 

that immunity to wild type T. cruzi is non-sterilising and the infection is potentially lethal. 

The attenuation of the CL-14 clone of CL Brener is reported to have been obtained 

through empiric methods, passaging the parasite in vitro16. This method of attenuation 

relies on the success of random mutations that render the parasite less virulent. There 

are safety concerns with this approach to attenuation. Random mutations in response 

to environmental pressures do not ensure that parasites will not revert to a virulent 



173 
 

phenotype in their natural host17. However, this is a risk that can be mitigated by 

intelligent vaccine design. Through the targeted deletion of a gene that is important in 

parasite development, replication or virulence, we can develop attenuated parasite lines. 

If entire open reading frames are deleted, and no alleles remain, there is little to no 

possibility for reversion back to wild-type. 

We sought to take a rational approach to developing attenuated parasites, employing a 

new genome engineering technology. 

 

5.1.2 Cas9 technology for the development of genetically modified parasites 

Clustered regularly interspaced short palindromic repeats - CRISPR associated gene 9 

(CRISPR-Cas9) genome editing is a revolutionary method of genome engineering which 

is precise and quick. Discovered in prokaryotes as a mechanism of immunity, the system 

has been adapted for genome engineering in many other organisms, including 

kinetoplastids4. The main component of the system is the Cas9 endonuclease, which is 

able to form double stranded breaks in DNA. The endonuclease activity is specific and 

is guided to the cleavage site by an associated, single stranded, RNA sequence called 

single guide RNA (sgRNA). Modifications to the sgRNA mean that the Cas9 

endonuclease can be hijacked and an investigator can target the Cas9 protein toward 

any desired part of the genome. 

The double stranded break introduced by the Cas9 endonuclease provides the 

opportunity to modify the DNA sequence. The addition of a donor DNA which repairs the 

break through a shared homology sequence either side of the break can result in 

modifications of the native sequence. This technology has been modified for use in 

kinetoplastids and was integrated and optimised for use in T. cruzi in our lab by Costa 

et al5. 
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Our system benefits from minimising the number of steps required by the investigator. 

No cloning is required and the DNA templates encoding the sgRNA and the donor repair 

DNA are produced by PCR reactions before being transfected into the parasites in a 

single electroporation step5. 

T. cruzi parasites of the previously described strain CL-LUC were modified to 

constitutively express the Cas9 gene and a T7 RNA polymerase. The integration of a 

T7 polymerase allows in vivo transcription of the guide RNA from the DNA template. 

Once transcribed, the guide RNA would form a complex with the constitutively 

expressed Cas9 endonuclease and target the protein to the desired site. The 

degradation of the donor DNA prevented the ongoing transcription of sgRNA and any 

subsequent Cas9 endonuclease activity. T. cruzi null mutants of the gene GP72 were 

generated using this technique in under 4 weeks5. A further modification that was made 

to the Cas9 expressing parasite was the fusion of the mNeonGreen gene to the 

PpyRe9h gene encoding luciferase, resulting in a bioluminescent-fluorescent dual 

reporter parasite (CL-Luc::Neon/Cas9). Whereas bioluminescence is an ATP dependent 

process, fluorescence is an intrinsic property of the protein and widens the spectrum of 

post mortem and in vitro analyses that can be performed with the parasites. 

We sought to use Cas9 technology to generate null mutants of CL-Luc::Neon/Cas9 and 

CL-Luc::Neon parasites. We hoped that in developing attenuated parasites, we would 

be able to use these as tools to develop and to further study live attenuated vaccines for 

T. cruzi. 

 

5.1.3 The T. cruzi genes AP-1 and TcPOT 

We identified two genes in the literature that were reported to abrogate the infectivity of 

T. cruzi parasites18, 19. T. cruzi null mutants had been reported for both of the genes, 

however, neither of the null parasites were used to infect in vitro. 
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One of these genes encoded a high-affinity transporter (TcPOT) of the diamines 

putrescine and cadaverine. Scavenging of these diamines is an obligatory requirement 

of the T. cruzi parasite. They are required for important cellular processes such as 

growth and differentiation. However, because T. cruzi cannot synthesise these 

compounds de novo, it relies on the scavenging of them from the host. The null mutant 

displayed a defective ability to maintain an infection in Vero cells. Metacyclic 

trypomastigotes did not show an altered ability to infect cells, however the number of 

individual parasites per cell was significantly reduced18. 

The other gene that we wanted to target was the gamma subunit of the AP1 adaptor 

complex (TcAP1-γ), a protein which forms part of a complex involved in in vesicle 

trafficking in T. cruzi. Null mutants are less infective than WT parasites, with the 

infectivity of metacyclic trypomastigotes and amastigote replication being affected19. 

Both candidate genes showed promise as potential vaccines due to the loss of infectivity 

in null mutants. Our aim was to develop null mutants of each of these two genes in the 

Cas9LNG CL Brener parasite strain for testing in vivo. 

The objective of this work was to develop an attenuated parasite strain that would 

generate a self-limiting infection and that could be used to study the potential for live-

attenuated vaccination. 
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5.2 Methods 

Parasite culture 

CL-Luc::Neon/Cas9 and CL-Luc::Neon epimastigotes as described previously5, were 

cultured at 27°C in RPMI-1640 with HEPES modification and supplemented with 10% 

FCS, 14 ml trypticase (17.5g/100ml) and 4ml hemin (2.5mg/ml). Genetically modified 

parasites were cultured under the appropriate drug selectable marker. Cas9 expression 

was maintained under selection of G418 and Luc::Neon expression was maintained 

under selection of hygromycin. Blasticidin and puromycin were used as selectable 

markers for targeted gene replacement as outlined in the results. Drugs were used at 

the following concentrations. Hygromycin, 150 μg ml-1; puromycin, 5 μg ml-1; blasticidin, 

10 μg ml-1; G418, 100 μg ml-1. 

Design of sgRNA and repair templates 

Primer design for sgRNA transcription was performed using the Eukaryotic Pathogen 

CRISPR guide Design Tool (http://grna.ctegd.uga.edu/). The parameters given were 

SpCas9: sgRNA 20nt; PAM sequence: NGG, all other parameters were default. The 

sgRNA sequence was selected based on total score. Two additional sequences were 

inserted into the primers; upstream of the guide sequence was the T7 promoter site 

(gaaattaatacgactcactatagg) and downstream of the guide sequence was the leading 20 

nt of the sgRNA scaffold, required for Cas9 binding (gttttagagctagaaatagc). Amplification 

of the guide template was performed with the gene specific forward primer and a reverse 

primer that was specific for the downstream scaffold sequence. Each PCR reaction 

consisted of 4 µl each of the forward and reverse primers at 10µM; 10µl Master Mix 

(ThermoScientific); 2 µl H2O. PCR steps for guides: initial step of 98°C 30 seconds, 

followed by 35 cycles of 10 seconds at 98°C; 30 seconds at 60°C, 15 seconds at 72°C.  

http://grna.ctegd.uga.edu/
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Each primer for the repair templates consisted of a 30 nt sequence homologous to the 

targeted gene in T. cruzi, directly adjacent to the Cas9 cut site. This 30 nt sequence 

flanked a neighbouring 20 nt sequence homologous to the pPOT and pTbBlast 

plasmids, encoding the puromycin or the blasticidin resistance genes5. The PCR 

reaction consisted of 4 µl each of the forward and reverse PCR primers at 10 µM; 20 µl 

Master Mix (ThermoScientific); 1.2 µl DMSO; 9.8 µl H2O; 1µl pPOT or PTbBlast 

template. The resulting PCR product incorporated the drug resistance gene encoded by 

the pPOT or PTbBlast plasmid and incorporated a homology flank on either end. PCR 

steps for repair template: initial step of 98°C 5 minutes, followed by 40 cycles of 30 

seconds at 98°C; 30 seconds at 65°C, 2 minutes 15 seconds at 72°C and a final 

elongation at 72°C for 7 minutes. All DNA Oligos were ordered from Integrated DNA 

Technologies. 

Parasite transfection 

The entire volume of the PCR reactions from the sgRNA and the repair templates (as 

above) were mixed and cleaned using the clean-up kit by Qiagen. The mixture was 

eluted in 50µl H2O and mixed with 108 epimastigotes, re-suspended in 200µl Tb-BSF 

buffer20. This 250µl solution was electroporated using the Lonza nucleofector system, 

using the program X-014. Transfected epimastigotes were incubated at 27°C overnight 

before the drug selectable marker (blasticidin or puromycin) was applied. In experiments 

where CL-Luc::Neon parasites were used in transfections, 5 µl of pLEW-Cas9 plasmid 

was provided at 400 ng/µl prior to transfection. 

Gene IDs  

The gene sequences were downloaded from the TriTryp database. TcPOT1.1 

(TcCLB.504213.110), TcPOT1.2 (TcCLB.506985.40). TcAP1-γ CL Brener 

(TcCLB.508257.260), TcAP1-γ Dm28c (TCDM_02471), Adaptin N-terminal region 

Sylvio X10 (TcSYL_0046920). 
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5.3 Results 

5.3.1  Targeted deletion of the diamine transporter TcPOT and of the AP-1 

gamma subunit TcAP1-γ  

The TcPOT gene is biallelic, with one allele each inherited from one of the two T. cruzi 

haplotypes that make up the hybrid strain CL Brener. A nucleotide blast showed the 

TcPOT 1.1 and 1.2 alleles to be 98% similar, therefore it was possible to design a single 

5’ sgRNA and a single 3’ sgRNA that was complementary to both alleles, allowing us to 

target them with an identical sgRNA. 

sgRNA templates were designed that would target the 5’ and the 3’ ends of the open 

reading frames (ORF) of both alleles. In addition, repair templates were also designed, 

one encoding a blasticidin resistance gene, specific to the 1.1 allele and another 

encoding a puromycin resistance gene, specific to the 1.2 allele. Each sharing 30 

nucleotide homology flanks directly adjacent to the cut sites (Table 5.1).  

Unlike with the TcPOT gene, there is only a single published sequence of the TcAP1-γ 

gene in the CL Brener genome. sgRNA and homology arms were designed according 

to the published sequence. sgRNA templates were designed that would cut within the 

open reading frame of the gene at the 5’ and 3’ ends, with repair templates designed to 

incorporate homology flanks of 30 nucleotides adjacent to the cut sites (Table 5.2). 

 

 

5' sgRNA gaaattaatacgactcactataggGTACGGAGGCGTAATCATGTgttttagagctagaaatagc

3' sgRNA gaaattaatacgactcactataggAAGCCCCGGCCTTCTCCATTgttttagagctagaaatagc

5' to 3' aaggtttaggtgacaggaagggaagttgttgtataatgcagacctgctgc

3' to 5' gtgcaggaggtgccggcgttttagtttgtgccaatttgagagacctgtgc

5' to 3' aggtttaggttgacaggaagggaaggtgttgtataatgcagacctgctgc

3' to 5' gtgcaggaggtgccggcgtttttgtttgtgccaatttgagagacctgtgc

TcPOT1.1

TcPOT1.2

Repair 

Templates

Guides

5' sgRNA gaaattaatacgactcactataggGATGAGCGCTCTCTCCTCGGgttttagagctagaaatagc

3' sgRNA gaaattaatacgactcactataggGAACAATGCGCCCATAAGGGgttttagagctagaaatagc

5' to 3' ATCGTTGCCGTGCGACGGTGCCGCACCTCCgtataatgcagacctgctgc

3' to 5' TTGCTATTGGAGTTGTCGACAATAAGCTGCccaatttgagagacctgtgc

Guides

TcAP1-γ
Repair 

Templates

Table 5.1 sgRNA and repair templates. Bold highlights sequence homology with TcPOT. 

 

Table 5.2 sgRNA and repair templates. Bold highlights sequence homology with TcAP1-γ. 
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CL-Luc::Neon/Cas9 parasites were transfected with the guides and the repair templates 

in a single electroporation (figure 5.1 and 5.2). The parasites were then transferred to a 

flask in 10 ml medium where hygromycin and G418 drug selection pressure was 

maintained for the selection of the Luc::Neon fusion gene and the Cas9 gene 

respectively. After 24 hours, the parasite culture was split into 3 new flasks with the 

following conditions. One flask was supplemented with puromycin and another was 

supplemented with blasticidin for the selection of single knockout parasites. The third 

flask was supplemented with both drugs for the selection of double knockout parasites. 

We were unable to grow cultures of parasites under double drug selection. Only 

parasites under single drug selection grew out. This indicated that parasites may have 

been single knockouts, integrating one resistance gene and retaining a single copy of 

the TcPOT or the TcAP1-γ gene. Clones of the transfectants were obtained through a 

limiting dilution in a 96 well plate. Log phase cultures of the parasite clones were 

processed for DNA extraction. In order to confirm the genotype of the parasites, primers 

were designed to span the untranslated region (UTR) and the adjacent drug resistance 

gene or the gene targeted for knockout. We performed a PCR on the DNA samples and 

ran the PCR product on an agarose gel (figure 5.1C and 5.2C) (full gel in 

supplementary). The PCR confirmed that we had successfully generated TcPOT+/- and 

TcAP1-γ+/- single knockouts, but did not generate any double knockout parasites. 
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Figure 5.1 – TcPOT KO. A) CL-Luc::Neon/Cas9 parasites were transfected by 

electroporation. B) sgRNA directed Cas9 endonuclease cut at the 5’ and 3’ ends of the ORF 

of the TcPOT gene, indicated by scissors. Repair templates (blue box) encoding either a 

blasticidin resistance gene or a puromycin resistance gene were integrated by homology 

targeting of the site adjacent to the cut. Grey boxes indicate RNA processing signals. C) PCR 

reactions were performed with primers spanning the UTR and ORF of the native TcPOT gene, 

or the blasticidin / puromycin gene. Lane 1: Ladder, 2: WT parasite, 3: TcPOT+/- with 

blasticidin integrated. 
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Figure 5.2 – TcAP1-γ KO. A) CL-Luc::Neon/Cas9 parasites were transfected by 

electroporation. B) sgRNA directed Cas9 endonuclease cut at the 5’ and 3’ ends of the ORF 

of the TcAP1-γ gene, indicated by scissors. Repair templates (blue box) encoding either a 

blasticidin resistance gene or a puromycin resistance gene were integrated by homology 

targeting of the site adjacent to the cut. Grey boxes indicate RNA processing signals. C) PCR 

reactions were performed with primers spanning the UTR and ORF of the native TcAP1-γ 

gene, or the blasticidin / puromycin gene. Lane 1: Ladder, 2: WT parasite, 3: Ladder, 4: 

TcAP1-γ +/- with blasticidin integrated. 
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5.3.2 Targeted gene deletion in parasites not constitutively expressing the 

Cas9 endonuclease 

In parallel to the transfections we performed in CL-Luc::Neon/Cas9 parasites, we also 

performed transfections on CL-Luc::Neon parasites which did not constitutively express 

the T7 RNA Polymerase or Cas9. The inclusion of Cas9 is undesirable in an attenuated 

organism intended for use as a vaccine. Using identical guides and repair templates as 

in tables 5.1 and 5.2, we wanted to test the possibility of generating knockout parasites 

by providing a plasmid (pLEW-Cas9) expressing the T7 RNA polymerase and Cas95. 

The transfection was performed in a single step, with a single electroporation by 

providing the sgRNA, repair templates and the pLEW-Cas9 plasmid at the same time 

(figure 5.3A). 

Following electroporation epimastigotes were maintained at 27°C overnight and 

maintained under hygromycin. The following day, blasticidin and/or puromycin drug 

selection was applied and parasites that grew out were cloned by limiting dilution. 

Clones were grown to a log phase culture and DNA was extracted for genotyping by 

PCR (figure 5.3 B and C). Similarly as with the Cas9 expressing parasites, we found that 

we obtained only single knockout parasites. Tables 5.3 and 5.4 outline the knockouts 

that we were able to achieve. 
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Table 5.3 – TcPOT Parasite Clones 

 

Table 5.4 – TcAP1-γ Parasite Clones 
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Figure 5.3 – TcAP1-γ KO. A) CL-Luc::Neon parasites were transfected by electroporation. 

B) PCR reactions were performed with primers spanning the UTR and ORF of the native 

TcPOT gene, or the blasticidin / puromycin gene. Lane 1: Ladder, 2: WT parasite, 3: 

TcPOT+/- with blasticidin integrated. C) PCR reactions were performed with primers 

spanning the UTR and ORF of the native TcAP1-γ gene, or the blasticidin / puromycin 

gene. Lane 1: Ladder, 2: WT parasite, 3: TcAP1-γ+/- with puromycin integrated. 
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5.4 Discussion 

Our aim was to develop attenuated strains of T. cruzi, to test their infectivity in vivo, and 

ultimately their potential use as a tool for studying live attenuated vaccination. 

We were able to generate single knockout parasites for the genes TcPOT and TcAP1-

γ. We chose these two genes as candidates as they have not previously been studied 

in vivo and as a result have not been assessed as candidates for a attenuated vaccines. 

Other genes have been investigated for the development of T. cruzi attenuated strains 

and studied for their suitability as live vaccines 21-23, although without the high degree of 

sensitivity provided by the bioluminescence in vivo imaging system. 

Using a Cas9 system that was engineered for use in T. cruzi, we designed sgRNA and 

repair templates for targeting the selected genes at the 5’ and 3’ ends of the ORF. We 

attempted to generate null mutants through the targeted deletion of both gene copies 

using different drug selection markers. Parasites did not grow under double drug 

selection, but they did grow out under single drug selection in the presence of blasticidin 

or puromycin. PCR reactions using primers that spanned the UTR and ORF confirmed 

that whilst the drug resistance gene was successfully integrated, the transfectants 

retained a copy of the gene that was targeted for deletion. The most obvious explanation 

for these outcomes is that both copies of these genes are essential for growth under the 

culture conditions used for selection. 

Previously, this methodology was used to generate Gp72 null mutants in the same 

parasite strain5. In the case of the TcAP1-γ+/-, only a single copy of the gene has been 

published in the CL Brener strain. Therefore, another explanation as to why we were 

unable to generate null mutants might be due to variation between the alleles. Because 

CL Brener is a hybrid parasite, its genome is a mixture of two distinct haplotypes, which 

are representative of their ancestral lineages (DTUs). The Esmeraldo like haplotype 

comes from DTU II whereas the non-Esmeraldo haplotype comes from DTU III24. We 
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compared two other available gene sequences from the T. cruzi strains Dm28c and 

Sylvio X10. Based on the high sequence similarity between these genes, we have 

designed new sgRNA templates that target these regions.  

In the case of the TcPOT gene, both alleles were published. Null mutants have 

successfully been developed for both of these genes previously, suggesting that subtle 

differences in the culture conditions may impact on viability. 

Despite the fact that single knockout mutants can display an attenuated phenotype23, 

developing null mutants was an important goal of this work due to the desired application 

of these attenuated strains as vaccines. Gene copy number variation, large gene 

families and the existence of aneuploidy all point to the potential of gene duplication in 

T. cruzi parasites25. Therefore, it was imperative to obtain null mutants to negate any 

potential for gene duplication that would allow parasite reversion back to wild type 

fitness. 

Because the ultimate goal for these attenuated strains is to be trialled as vaccines, we 

wanted to test the possibility of transfecting parasites that do not constitutively express 

Cas9. This is important because the presence of foreign DNA in a vaccine strain is 

undesirable. When assessing the virulence or growth of attenuated parasites as a 

measure of their suitability as vaccine candidates, the presence of foreign proteins may 

interfere with the outcome and the results may reflect the presence of this foreign DNA. 

Growth defects in Cas9 expressing parasites have been reported in other groups26. To 

overcome this problem, we successfully transfected CL-Luc::Neon parasites that did not 

constitutively express the Cas9 protein. We did this by introducing the pLEW-Cas9 

plasmid, which expresses the Cas9 protein as well as the T7 RNA polymerase into the 

transfection mixture alongside the sgRNA and repair templates5. We used all of the 

same conditions as for the Cas9 expressing line, aside from the fact that we did not 

apply drug selection for the retention of the pLEW-Cas9 plasmid. The transfections that 



187 
 

we performed on this cell line were as equally successful as those that we performed on 

the Cas9 expressing parasites. Importantly, this indicates that future attempts at 

developing attenuated vaccines could be performed using this method. 

The study of T. cruzi has long been disadvantaged by the absence of available tools for 

genetic manipulation, like those that are available in other trypanosomes27. However, 

with the development of Cas9 technology, we are on the verge of a new era in T. cruzi 

genomics and applications of this technology in genome wide screens, something 

previously not possible28, will drive the identification of new drug targets, targets for 

vaccine development and our understanding of T. cruzi biology to new and exciting 

heights. 
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5.5 Supplementary 

 

 

 

Supplementary Figure 5.1 – CL-Luc::Neon/Cas9 TcPOT KO. Parasites were transfected 

with drug resistance cassettes targeting the TcPOT ORF for replacement. Clones of 

transfected parasites were obtained by limiting dilution and PCR reactions were performed 

with primers spanning the UTR and ORF of the native TcPOT gene, or the blasticidin / 

puromycin gene. Parasite clone is indicated in lane below gel. Image above gel indicates 

primer binding sites and size of expected band. 
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Supplementary Figure 5.2 – CL-Luc::Neon/Cas9 TcAP1-γ KO. Parasites were transfected 

with drug resistance cassettes targeting the TcAP1-γ ORF for replacement. Clones of 

transfected parasites were obtained by limiting dilution and PCR reactions were performed 

with primers spanning the UTR and ORF of the native TcAP1-γ gene, or the blasticidin / 

puromycin gene. Parasite clone is indicated in lane below gel. Image above gel indicates 

primer binding sites and size of expected band. DNA from WT parasites were not included in 

the gel alongside the clones and were run on a separate gel (bottom right). Identical PCR 

primers were used on WT DNA as for the other reactions. Only a single band of DNA between 

the sizes of 2kb and 2.5kb  was produced, indicating the presence of the TcAP1-γ gene. 
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Supplementary Figure 5.3 – CL-Luc::Neon TcPOT KO. Parasites were transfected with 

pLEW-Cas9 plasmid and drug resistance cassettes targeting the TcPOT ORF for 

replacement. Clones of transfected parasites were obtained by limiting dilution and PCR 

reactions were performed with primers spanning the UTR and ORF of the native TcPOT 

gene, or the blasticidin / puromycin gene. Parasite clone is indicated in lane below gel. Image 

above gel indicates primer binding sites and size of expected band. 
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Supplementary Figure 5.4 – CL-Luc::Neon TcAP1-γ KO. Parasites were transfected with 

pLEW-Cas9 plasmid and drug resistance cassettes targeting the TcAP1-γ ORF for 

replacement. Clones of transfected parasites were obtained by limiting dilution and PCR 

reactions were performed with primers spanning the UTR and ORF of the native TcAP1-γ 

gene, or the blasticidin / puromycin gene. Parasite clone is indicated in lane below gel. Image 

above gel indicates primer binding sites and size of expected band.  
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 Chapter 6 : 

Discussion 
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6.1 General discussion 

T. cruzi infection can lead to a debilitating illness known as Chagas disease. Despite 

over a hundred years of research, this remains the leading infectious disease burden of 

any parasite in the western hemisphere1,2. The only available treatments demonstrate 

significant off-target effects and there are no available vaccines3,4. One of the main 

factors impeding the development of vaccines and new therapeutics has been the lack 

of sufficiently sensitive tools that allow the monitoring of parasites in the chronic stage 

of the infection5. The development of highly sensitive bioluminescent imaging solves this 

problem. The sensitivity of the system allows for the detection of as few as 100 parasites 

injected i.p6. Furthermore, the system is non-invasive and can therefore be used to 

obtain serial measurements over the lifetime of a mouse. 

In this thesis, we used bioluminescent imaging in the BALB/c model of T. cruzi infection 

to test a novel vaccine candidate, measure the ability of a fully-fledged immune response 

to combat T. cruzi, study immune correlates of protection and also tested the feasibility 

of a novel therapeutic strategy to combat chronic infection. 

Vaccination has been proposed to be an effective and economically viable solution to 

reducing the disease burden7. Despite this, there are no licenced vaccines for T. cruzi. 

We applied bioluminescent imaging to study the protective efficacy of a novel vaccine 

candidate, based on two well studied antigenic targets, ASP2 and TS8-10. This gave us 

the opportunity, for the first time, to assess vaccine efficacy beyond the acute stage of 

an infection. We found that vaccinated mice were partially protected during a short time 

frame within the acute stage of the infection, on days 14 and 21. However, after day 21, 

there were no differences observed. The implications of this are that transient and partial 

protection during the acute stage has little obvious impact on the subsequent 

development of the chronic infection. The reasons for this are unclear and will require 

further research, particularly to establish if there is a reduction in disease pathology. 
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The benefits of applying bioluminescence imaging to vaccine testing are clear. The 

system is sensitive and allows for serial measurements to be taken across the acute and 

chronic infection. However, we needed to be able to place these findings into the wider 

context of immune mediated protection, in order to establish a barometer against which 

to measure vaccine success. Using the drug cure strategy, we saw >99% knockdown in 

the parasite burden following re-challenge. Furthermore, some mice were able to 

completely prevent the establishment of a second infection. This protection did not 

wane, even after almost one year. These findings highlighted the full potential of the 

immune response in protecting against an infection. The fact that this level of protection 

was induced by a live vaccination begs the question of whether this form of vaccination 

should receive more attention in the development of a T. cruzi vaccine. 

To understand the development of protective immunity, and explore the immunological 

correlates of this protection, we set up an experiment in which we infected mice for 

varying lengths of time prior to drug cure. We observed differences in the ability to 

protect against a re-infection. These differences strongly correlated with the T cell 

response. In the short-term re-infection experiments (14 and 36 days), protection 

correlated with high levels of pre-existing circulating T cells, but in the long term re-

infection experiment (~1 year), protection correlated with a T cell memory response.  

Integrating this model with other sophisticated tools which measure heart function can 

provide important information regarding the relationship between immunity, the parasite 

burden and heart function. A greater understanding of the relationship between these 

parameters can help toward the establishment of defined correlates of protection which 

are associated with the prevention of Chagas disease pathology and in turn, will inform 

the development of vaccines. 

In addition to the development of a vaccine, drug development for T. cruzi is also very 

actively researched11. This is because the two front line drugs are associated with a 
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multitude of off-target effects, which severely hinder patient compliance3. In addition, 

drug efficacy is not clear, with treatment failures often reported12. Bioluminescent 

imaging has revealed the GIT to be a site of parasite persistence in the chronic stage of 

the infection in murine models13. This finding led us to investigate whether a therapeutic 

strategy which specifically targeted this parasitological niche could impact on the chronic 

stage parasite burden. We tested this using TNBS, an inducer of colonic inflammation14. 

On necropsy, we observed that some of the TNBS treated mice did not present any foci 

of infection in the colon, and that a proportion of these mice did not express any 

detectible bioluminescence. Despite this promising preliminary outcome, the 

physiological effects associated with colonic inflammation meant that such an approach 

would necessarily have limited applicability, and would probably be undesirable for the 

treatment of Chagas disease. Nevertheless, our study provides tentative support for the 

concept that a therapy that specifically targets the pathogen in the gut could have 

potential as a successful strategy for eliminating T. cruzi in a chronic infection. Specific 

targeting of the colon with immunotherapies, or the modification of more conventional 

drugs that would allow them to be administered intrarectally may prove to be beneficial. 

Bioluminescent imaging will allow such experiments to be performed using predictive 

animal models. 

Finally, following our observation that a drug cured infection conferred strong protection 

against a re-infection, we sought to develop attenuate parasite strains that could be used 

to study the potential of live vaccination. Live vaccination has previously been explored 

in T. cruzi, however prior to the introduction of CRISPR/Cas9 genome engineering, the 

development of genetically modified parasite strains was an inefficient and time-

consuming task. These studies are therefore few15. We used molecular tools that were 

recently adapted and optimised for use in T. cruzi to develop attenuated parasite 

strains16. Importantly, we were able to successfully generate genetically modified 

parasite clones using a parasite line that did not constitutively express Cas9. This is a 
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crucial step in the future application of CRISPR/Cas9 to studying T. cruzi. Some groups 

have reported that the expression of Cas9 in T. cruzi modifies parasite biology17. 

Parasite strains that do not express the Cas9 gene would therefore be far more 

desirable. T. cruzi research is no longer held back by the absence of easily tractable 

genetic tools and genome wide tagging projects or gene knockout libraries, akin to those 

that have taken place in other organisms, are now real possibilities18. The ability to 

genetically modify parasites, without the added complexity of constitutive expressed 

Cas9 would be advantageous. 

The many merits of bioluminescent technology have been discussed, however, 

bioluminescent imaging has some caveats which must be considered when designing 

an experiment. Because bioluminescence relies on ATP production, a signal can only 

be generated in a metabolically active cell19. This is important to consider given the 

increasing recognition of dormant infections amongst trypanosomes20. Metabolic 

quiescence has been shown to exist in Leishmania and more recently has also been 

demonstrated in T. cruzi, being proposed as a mechanism by which the parasite may 

avoid immune detection in the vertebrate host21. If true, a dormant T. cruzi parasite would 

not have the same turnover of ATP as an active parasite, meaning that a dormant 

organism could simply not be detected with bioluminescence. With this in mind, the study 

of chronic infections should utilise additional technologies whose reliability does not 

depend on the metabolic status of the parasite, one example is fluorescence. 

Recognition of this potential caveat is one of the reasons for the development of the 

dual-reporter bioluminescent and fluorescent T. cruzi parasite16.  
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6.2 Conclusions and further work 

In conclusion, the work in this thesis has clearly demonstrated the benefits of applying 

bioluminescence imaging to the study of T. cruzi. We have shown that live vaccination 

induces robust protection that is long lived and cross strain protective. This protection 

correlated with the frequency of a parasite specific T cells. We have shown that the 

induction of inflammation in the colon of chronically infected mice can impact on the 

parasite burden. Finally, we demonstrate the ability to genetically modify parasites using 

genetic constructs designed for Cas9 mediated genome engineering, in parasites that 

do not constitutively express Cas9. 

There is a wide scope for further research. There are three lines of work which I feel are 

the most important for bringing us closer towards the goal of establishing the first T. cruzi 

vaccine. 

First, bioluminescence imaging should be applied on a much grander scale, to catalogue 

the efficacy of the many other T. cruzi vaccine candidates that have been developed. 

Many vaccine candidates have been developed and tested in pre-clinical studies. 

However, these use a wide range of parasite and mouse strain combinations. In 

addition, different laboratories use different techniques and tools to report on vaccine 

efficacy22-24. Because of this, it is difficult to compare vaccine experimental outcomes 

between different research groups. Bioluminescence imaging is highly sensitive, 

flexible, and quick and easy to use. It could easily be developed as a standardised 

technique across laboratories. The data generated by its use would help to guide 

vaccine development globally, and help us to further determine which characteristics of 

a vaccine make it more or less efficacious. 

Furthermore, on the use of different tools for assessing vaccine efficacy, a concerted 

effort needs to be made in order to combine the different tools and technologies being 

used to test pre-clinical vaccines by different research groups. The implementation of 
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ECG technology to the monitoring of disease progression in T. cruzi infection has been 

revolutionary, allowing for the monitoring of CCC in real-time25. CCC is the major 

hallmark of the disease and this is well reflected in the mouse model, our ability to study 

the changes in CCC are vital in assessing the suitability of a vaccine. This technology 

has been successfully used by a number of groups and has provided useful information 

on the efficacy of vaccines in preventing or reversing CCC22. By combining the real-time 

infection monitoring technology of bioluminescence with the real-time disease 

monitoring offered by ECG machines, vaccine test that utilise both of these technologies 

would generate more useful information and therefore hold far more value. For a disease 

such as T. cruzi where no vaccine has made it to clinical testing, this kind of information 

would help us to identify candidates worth considering for clinical testing. 

Secondly, there needs to be a consensus on specifically defined correlates of immunity 

in T. cruzi. To date, we do not know which immune responses lead to the development 

of Chagas disease pathology and which immune responses prevent other individuals 

from developing symptoms. A clear relationship needs to be defined between the 

parasite burden, the immune response and the development of chronic chagasic 

cardiomyopathy, the most common clinical manifestation of the disease. Experimental 

models will be crucial to dissect the relationship between these three elements. 

Immunological tools in murine models are already well established. In addition, a 

number of mechanisms, including ECG monitoring are available to measure many 

different aspects of heart health26. The last hurdle has been the difficulty in measuring 

the parasite burden. Bioluminescence imaging reduces this hurdle. Once we are able to 

establish a correlate of immunity, which we know is associated with the prevention of 

chronic chagasic cardiomyopathy, we can use this information to guide the development 

of vaccines that induce the exact type of immune response that we desire. 

Finally, work on understanding the roles of individual genes in T. cruzi should follow the 

examples of other organisms. Genome wide screens, such as those that have been 
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performed in T. gondii are now technologically possible18. This work will be important in 

the identification of candidates which are functionally important for T. cruzi infectivity. 

The current indications from this thesis are that live attenuated parasites could make 

efficacious vaccines. Therefore, these kinds of studies will identify targets for effective 

parasite attenuation. 
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