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ABSTRACT OF THE DISSERTATION 

 

Immune Response to Developmentally-Dependent Expression of Toxoplasma 
gondii Antigens 

 

by 

Danielle Louise Worth 

Doctor of Philosophy, Graduate Program in Microbiology 
University of California, Riverside, September 2017 

Dr. Emma Wilson, Chairperson 
 

  
The switch from tachyzoite to bradyzoite enables the protozoan parasite, 

Toxoplasma gondii to establish latency in its host, and the immune response to 

the cyst stage of the parasite remains largely unknown.  The work presented in 

this dissertation aim to establish the immune response to bradyzoite and cyst 

wall antigens. 

 

Macrophages are critical for controlling cyst burden, yet the receptors involved 

are unknown. I investigated the PRR, dectin1, in macrophage-cyst recognition, 

due to its role in macrophage responses to chitin in vitro, and fungal pathogens in 

vivo.   We find that dectin1 is not required to control parasite burden or induce an 

inflammatory response in vivo. Contrary to our hypothesis, dectin1-/- mice 

display no differences in cyst numbers in the brain, but rather, dectin1 plays an 

indirect role by regulating inflammation. 
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The immune system contributes to the parasites developmental switch in vivo, 

but parasite-specific factors are unclear.  AP2 transcription factors contribute to 

developmental switching in other apicomplexans, and here, we examined AP2IV-

4 during Toxoplasma infection to determine if misexpression of bradyzoite 

antigens influences infection and cyst formation. We find that ΔAP2IV-4 parasites 

do not encyst in the brain.  High dose infection with wild-type parasites results in 

100% mortality by day 6 post-infection, whereas the PruΔAP2IV-4 mice survive.  

The response to PruΔAP2IV-4 is driven by inflammatory monocytes, which are 

known for their ability to control parasite replication.  

 

Despite the progress in the field, we know little about the growth and 

development of Toxoplasma cysts, and the cues for bradyzoite differentiation.  

Studying this in vivo is difficult, and studies have used artificial means to 

generate cysts.  Thus, we need a system for studying this in vitro, that will 

facilitate our understanding of cyst development and host-parasite interactions.  

Here, I validate that cysts form spontaneously within neurons in vitro and 

neurons actively respond to parasite infection, but are poor antigen presenting 

cells.  

   

In this dissertation, I demonstrate that expression of stage-specific antigens 

shape the outcome of the immune response.  Understanding this developmental 
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switch in vitro and in vivo will reveal novel vaccination strategies or treatments 

targeted to latent stages of infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 x	

TABLE OF CONTENTS 

Chapter 1 Introduction 

  Introduction and background to Toxoplasma gondii  2  

  References        25 

  Figures        32 

Chapter 2 Dectin1 regulates inflammation during Toxoplasma gondii infection, 
but is not required for parasite control.   

  Abstract        46 

  Introduction        47 

  Materials and Methods      51 

  Results        56 

  Discussion        66 

  References        74  

  Figures        79  

Chapter 3 Tachyzoite expression of bradyzoite antigens augments the acute 
immune response to Toxoplasma gondii infection  

 
  Abstract        92 

  Introduction        93  

  Materials and Methods      96 

  Results        98 

  Discussion        108 

  References        112 

  Figures        115 



	 xi	

Chapter 4 Toxoplasma gondii forms cysts spontaneously in murine cortical 
neuron cultures  

 
  Abstract        133 

  Introduction        134  

  Materials and Methods      137 

  Results        139 

  Discussion        144 

  References        148 

  Figures        151 

 

Chapter 5 Conclusions and perspectives 

  Introduction        162 

  Future directions and perspectives    162 

  References         166 

 

 

 

 

 

 

 

 

 



	 xii	

LIST OF FIGURES 
Chapter 1 

 Figure 1.1 Life cycle of Toxoplasma gondii    32 

 Figure 1.2 Kinetics of T. gondii in mice    34 

Figure 1.3 Toxoplasma encysts within neurons in vivo and in  
 vitro        36 
 

 Figure 1.4 Stage-specific antigen expression in Toxoplasma  38 
 
 Figure 1.5 Immune response to Toxoplasma gondii   40 
 
 Figure 1.6 Heterogeneity of macrophages    42 
 
Chapter 2 
 
 Figure 2.1 Macrophages recognize and respond to Toxoplasma 

Cysts        79 
 

Figure 2.2 Dectin1 is present and upregulated on alternatively activated 
macrophages following Toxoplasma  
infection       81 
 

Figure 2.3 Dectin1 is not required to control acute infection 84 
 

 Figure 2.4 Dectin1 does not limit inflammation in the brain  86 
 
 Figure 2.5 Dectin1 is not required for AMCase production  88 
 
Chapter 3 
 

Figure 3.1 ApiAP2IV-4 represses bradyzoite gene expression 115 

 Figure 3.2 Murine infection with PruDAP2IV-4 is protective  117 

Figure 3.3 PruDAP2IV-4 infection drives inflammatory cytokine 
production       119 
 

 Figure 3.4 Inflammatory monocytes dominate the peritoneum 
during infection with PruDAP2IV-4    121 

 
  



	 xiii	

Figure 3.5 PruDAP2IV-4 parasites are able to infect and 
replicate in vivo      123 

 
Figure 3.6 PruΔAP2IV-4 infected mice display a greater capacity  

for antigen presentation     125 
 
Figure 3.7 PruAp2IV-4 infected mice display greater T cell  

infiltration to the site of infection     127 
 
 Figure 3.8 PruΔAP2IV-4 infection results in protective immunity  

to Toxoplasma       129 
 
Chapter 4 
 
 Figure 4.1 Toxoplasma cysts are found in neurons   151 

 
Figure 4.2 Toxoplasma forms cysts spontaneously in cultured  

neurons       153 
 

Figure 4.3 Non-neuronal cells promote tachyzoite replication 155 
 

 Figure 4.4 Neurons produce IL-6 following infection   157 
 
 Figure 4.5 Infected neurons do not express MHCI in vitro  159  
 
       

 

 

 

 

 

 

 

 

 



	 1	

CHAPTER ONE 
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INTRODUCTION 

 

Introduction to Toxoplasma gondii and clinical significance 

 

The obligate intracellular protozoan, Toxoplasma gondii, is arguably one of the 

most successful pathogens due to its broad host range and ability to switch into a 

latent cyst stage.  This apicomplexan parasite can infect and replicate in any 

nucleated cell in warm-blooded mammals, and the definitive host is a feline [1].  

Intermediate hosts, including humans, are infected secondarily following 

ingestion of oocysts shed from the excrement of felines, or by ingestion of tissue 

cysts from intermediate hosts (Fig. 1.1).  Consumption of unwashed fruits and 

vegetables, or undercooked meat is the predominant route of exposure in 

humans.  Infection with Toxoplasma leads to a chronic infection in the central 

nervous system (CNS) where parasite replication is controlled by the host’s 

immune system [2].  In humans, seroprevalence rates are approximately 20% in 

the United States, and reach as high as 60% in parts of Europe and South 

America [3].  Although there is a high prevalence rate, infection is generally 

harmless, and individuals remain asymptomatic for their lifetime.  However, the 

parasite can also be passed congenitally and can ultimately lead to blindness, 

hydrocephaly, and spontaneous abortion.  The clinical significance of 

Toxoplasma infection became most evident during the AIDS epidemic in the 

1980’s, where it was noted that this infection has devastating consequences in 
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immunocompromised populations.  This includes, but not limited to, individuals 

on immunosuppressive therapies for organ transplants, those with cancer or HIV, 

and pregnant women.  The parasite remains largely latent in the CNS 

sequestered within a tissue cyst, however, in the absence of immune pressures, 

the parasite can reactivate and lead to lethal Toxoplasmic Encephalitis (TE). A 

constant influx of interferon gamma (IFNγ) secreting T cells is required to control 

parasite replication, yet, this immune response must be carefully coordinated and 

controlled within the delicate CNS environment [2].  

 

Life cycle of Toxoplasma 

 

The definitive host of Toxoplasma is a feline, and within the definitive host, the 

parasite undergoes both sexual and asexual replication.  However, only asexual 

replication occurs in intermediate hosts. The asexual stage of the parasite within 

the definitive host is termed a merozoite, while the sexual stage is a sporozoite 

found in oocysts [4].  Stages of parasite replication can be distinguished using 

morphological characteristics [5,6].  The transition from the asexual replicative 

phase to the sexual replicative phase within the definitive host is still a poorly 

understood process.  Yet, it is clear, that upon merozoite invasion into an 

enterocyte, the parasite will differentiate into distinct sexual gametocytes: the 

macrogamete (female) and the microgamete (male). The “sex” that occurs 

between the macrogamete and microgamete has yet to be visualized [7].  The 
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mature macrogamete is termed an oocyst.  Oocyst formation is the result of 

sexual replication within a feline.  Unsporulated oocysts are shed into the 

environment in the excrement of these animals, and undergo sporulation in the 

environment, resulting in a total of eight sporozoites, sequestered as pairs of four 

within two sporocysts (Fig. 1.1).  Once sporulation occurs, the oocysts are highly 

infectious.  Oocysts are extraordinarily resistant, and can survive for months 

outside of a host at this stage in the lifecycle, likely due to the hardy oocyst wall, 

and are therefore a major mode of environmental transmission.  Toxoplasma 

oocysts are particularly resistant to bleach [8] and typical household cleaners. 

The sporulated oocysts are capable of withstanding a 3% bleach solution as 

indicated by EM demonstrating an intact cyst wall [8]. The oocysts can remain 

infectious in water for nearly 5 years, and are capable of surviving a range of 

temperatures [9].    An intermediate host is infected following ingestion of 

sporulated oocysts in the environment.  An alternative route of intermediate host 

infection is via ingestion of bradyzoite-containing tissue cysts, which are 

associated with undercooked meat.  Sporozoites and bradyzoites are 

synonymous stages of the parasite within the definitive and intermediate host, 

respectively.  Alternatively, the parasite can be transmitted vertically from mother 

to child, if the mother if acutely infected during pregnancy.  

 

Within an intermediate host, the sporozoites or bradyzoites excyst in the small 

intestine and will subsequently infect the intestinal epithelial cells.  During this 
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time, the parasite converts into the fast-replicating tachyzoites.  Tachyzoite 

replication occurs inside the host cell cytoplasm within a parasitophorous 

vacuole, and the parasite will replicate via endodyogeny [1].  This form of 

replication is unique to apicomplexan parasites.  In contrast to binary fission, 

endodyogeny is a process in which the production of two daughter cells occurs 

within a single mother cell, rather than the cytoplasmic division of a single cell.  

Preceding several rounds of parasite replication, the host cell can no longer 

physically maintain the large numbers of parasites, and this leads to mechanical 

cell lysis and parasite egress.  Newly egressed parasites will subsequently 

invade new host cells and the process is repeated.  The kinetics of infection are 

indicated in figure 1.2.  During acute stages, the parasite disseminates to 

peripheral tissues in the host, and can be found in virtually all tissues.  In murine 

animals, the acute phase peaks at 7 days post infection.  Tachyzoites invade the 

CNS via several proposed mechanisms.  The first of which is the Trojan horse 

model, where the parasite hijacks highly migratory dendritic cells to traverse the 

blood brain barrier [10].  Alternatively, the parasite is capable of paracellular or 

transcellular invasion, where parasites can enter the brain between the 

endothelial cell junctions or via direct invasion and egress through endothelial 

cells, respectfully [11].  Recently, it has been demonstrated that parasites are 

required to replicate in endothelial cells before entering the brain parenchyma 

[12].  Nonetheless, once the parasite reaches the brain, it converts into slow 

replicating bradyzoites that sequester as cysts within cortical neurons (Fig. 1.3A), 
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specifically, dominating in the cerebral cortex, hippocampus and the amygdala 

[13] [14].  These cysts represent the chronic stage of parasite infection, and cyst 

numbers peak between 4 and 6 weeks post infection, but they are never cleared 

[15]. Currently, there are no treatments that can clear infection, but rather, 

treatments are prophylactic.  Pyrimethamine and sulphadiazine control the 

tachyzoite by targeting and inhibiting dihydrofolate reductase (DHFR) and 

dihydrofolic acid synthase involved in folic acid metabolism.  To date, there are 

no drugs that successfully target the parasite once it differentiates and forms a 

cyst.   

 

Immune response to Toxoplasma 

 

As the cyst is the most highly transmissible stage of the parasite, the 

developmental switch into an encysting bradyzoite in the host is critical.  

Although the factors governing this switch in vivo remain unclear, in vitro studies 

suggest that the immune system plays a significant role.  There are many 

potential immune mediators driving this transition, including the production of 

nitric oxide (NO) from the innate immune response and interferon-gamma (IFNγ) 

from the adaptive immune response.   

 

During acute infection, direct damage to intestinal epithelial cells will result in 

local production of inflammatory cytokines and chemokines that induce neutrophil 
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accumulation and inflammatory monocyte recruitment (Fig. 1.5).  Recognition of 

parasite antigens by professional antigen presenting cells leads to the production 

of proinflammatory cytokines IL-12, IL-6, and TNFa, as well as microbicidal 

mediators such as reactive oxygen species (ROS) and NO.  NO production 

contributes to the overall anti-parasitic response by reducing parasite replication 

[16], but this molecule has also been shown to stimulate parasite egress from 

cells.  

 

Neutrophils, being one of the first responders to the parasite, will secrete IL-12 

and TNFα.  Neutrophil responses to the parasite were once believed to be 

absolutely critical for host survival [17].  However, after employing more specific 

neutrophil neutralizing antibodies in vivo, neutrophil responses were associated 

with lethal pathology in mice [18].  In contrast, inflammatory monocyte 

recruitment to the site of infection was associated with pathogen clearance, and 

mouse survival, demonstrating that inflammatory monocyte recruitment is 

imperative to parasite control during acute infection [18].   

 

Innate cells will activate the adaptive branch of immunity by migrating to the 

lymph nodes and presenting parasite antigens.  As a tachyzoite, surface antigens 

such as GPI anchored proteins and secreted proteins, such as profilin, are 

dominant antigens recognized by the immune system.  Antigen presentation via 

major histocompatibility complex II (MHCII) activates and polarizes naïve CD4 T 
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cells into IFNg secreting Th1 cells, while direct infection of antigen presenting 

cells, and subsequent presentation of endogenous derived antigens via MHCI 

will activate cytotoxic CD8 T cells.  CD8 T cells are a source of IFNγ, but in 

addition, these cells are important for controlling the parasite through perforin 

and granzyme production to kill infected cells.   

 

CD4, CD8, and NK cell production of IFNγ aid in directing and coordinating the 

accessory cell response, and this cytokine is crucial for immunity.  NK cells 

provide an early and critical source for IFNγ production [19] [20].  Alternatively, 

production of IFNγ by CD4 and CD8 T cells is critical for controlling parasite 

replication and at the chronic stage.  IFNγ depletion during the first week of 

infection results in rapid mortality in mice [21].  This protective cytokine drives the 

production of NO and ROS in macrophages that aid in parasite elimination [22].  

IFNg will also prime innate cells to produce IL-12, TNFα, and IL-6.   

 

The initial response to the parasite is a classical Th1 immune response.  

Although the immune system does a good job of controlling parasite replication, 

Toxoplasma has numerous evasion strategies for avoiding elimination completely 

that will not be discussed in this dissertation.  Nonetheless, the parasite is not 

eliminated from the periphery before it reaches the delicate microenvironment in 

the brain.  During chronic infection, parasite reactivation and Toxoplasmic 

Encephilitis (TE) is prevented by a tightly controlled and highly coordinated 
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immune response in the brain.  The presence and constant influx of immune 

cells, is required to prevent parasite recrudescence.  Studies have demonstrated 

that specific depletion of CD4 and CD8 T cells during chronicity is fatal in mice 

[2].  This is likely linked to a decrease in cells that secrete IFNγ, as IFNγ is 

required for preventing TE in mice during chronicity [21] [2,7].  In these animals, 

parasite reactivation is observed, and parasite replication proceeds uncontrolled.   

 

Pathogen Recognition 

 

Clearly, the ability for innate cells to recognize parasite antigen is critical for the 

generation of an immune response.  Parasite recognition occurs through Pattern 

Recognition Receptors (PRRs) that bind to specific extracellular surface proteins 

expressed by microorganisms, pathogen-associated molecular patterns 

(PAMPs), or danger-associated molecular proteins (DAMPS).  PRRs are a vital 

component of innate immunity, as constant surveillance by immune cells is 

necessary to detect pathogenic threats.  These receptors were originally 

discovered in plant defense systems, but were quickly broadened to apply to 

living organisms.   

 

The most prominent class of PRRs are Toll-like Receptors (TLRs), which were 

first characterized in drosophila.  TLRs have structural similarity to the toll gene, 

but were expanded upon the identification of similar receptors in humans [23]. 
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Our knowledge of TLRs has drastically increased over the last few decades, and 

we now have identified 13 different toll-like receptors in mice and 10 in humans. 

TLRs are composed of an extracellular domain with multiple leucine rich repeats, 

as well as an intracellular signaling domain (Toll-IL1-Resistance domain- TIR).  

Each receptor recognizes specific and unique proteins from microbial pathogens, 

and ligand binding initiates an intracellular signaling cascade ultimately leading to 

the production of pro-inflammatory cytokines.  Most signaling through TLRs 

begins through the recruitment of the adaptor protein MyD88 to the intracellular 

TIR domain [23] [24].  This adaptor protein initiates a signaling cascade, 

ultimately leading to the activation of NFkB.  NFkB is a ubiquitous transcription 

factor that activates gene expression of several pro-inflammatory cytokines in 

innate immune cells, including TNFα, IL-12, and IL-6, but also IL-10: some of 

which have been thoroughly investigated during Toxoplasma infection.   

 

It is well established during Toxoplasma infection that TLR2, TLR4 [25,26], and 

TLR11 [27,28] expressed by phagocytes are responsible for tachyzoite 

recognition.  TLR2 and TLR4 recognize the glycophosphatidylinositol-anchored 

proteins on the surface of the parasite, which are essential for parasite survival 

[25].  While some studies show TLR2 and TLR4 singly deficient animals infected 

with Toxoplasma are more susceptible to infection [29], others have shown no 

effect on mortality [25], indicating that there is some redundancy in the ability for 

these PRRs to recognize tachyzoites.  Further, TLR2 and TLR4 double knockout 
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animals also survive acute infection, but do exhibit increased cyst burdens during 

chronicity [25].  T. gondii profilin is a secreted protein required for tachyzoite 

invasion, and this protein is recognized by TLR11 in murine species [27] [30].  

Notably, humans do not possess TLR11, so it is unclear which human receptors 

respond to profilin.  Further, there is recent evidence for TLR12 as an additional 

receptor for profilin [31]. 

 

Studies involving tachyzoite recognition have been extensively investigated, but 

no studies examining cyst recognition in the CNS have been conducted.  

Moreover, only a single mechanism of cyst clearance has been elucidated to 

date, thus, it remains unclear as to how our immune system recognizes cysts 

[32].  As many protozoan cysts contain chitin, including T. gondii, the 

identification of a chitin receptor is imperative to understanding parasite-immune 

recognition.  There have been numerous attempts at identifying a chitin receptor, 

and few have been successful.  Various TLRs, C-type lectin receptors, and 

scavenger receptors have been investigated as potential chitin receptors— more 

specifically, TLR2, dectin1, and MMR.  

 

C-type lectin receptors (CLRs) recognize carbohydrates and glycosylated 

proteins, and are examples of PRRs capable of signaling independently or in 

conjunction with TLRs [33] [34].  Dectin1 is a 28-kDa type II CLR that recognizes 

β-1,3 glucans.  This receptor has been shown to bind chitin in vitro, though in a 
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size-dependent manner [35].  Dectin1 is able to bind smaller chitin particles up to 

40 µm, while both TLR2 and dectin1 are required for binding chitin fragments 40-

70 µm [35]. The role of dectin1 in vivo has been most well characterized following 

infection with chitinous fungal pathogens such as Candida albicans and 

Aspergillus fumigatus as a mediator for recognition [36] [37,38].  Dectin1 

knockout mice exhibit extreme susceptibility to infections with fungal pathogens 

evidenced by severe fungal burden and early mortality [36].  

 

Dectin1 is unique in that it possesses its own ITAM signaling motif, and is 

capable of signal transduction leading to cytokine production.  Dectin1 ligation 

leads to the activation and phosphorylation of the protein kinase, SYK.  

Phosphorylated SYK can activate the canonical and non-canonical NFκB 

pathways [39], ROS production [40], and IL-10 production via the ERK MAPK 

pathway [41].  Although dectin1 is expressed on several cell types, signaling 

pathways through this receptor and the cytokines produced are cell type specific.  

A detailed study by Goodridge et al. concluded that macrophages and dendritic 

cells utilize CARD9 differentially.  In bone marrow derived dendritic cells, direct 

activation of dectin1 with depleted zymosan leads to activation of the NFkB 

pathway via the CARD9-MALT1-Bcl10 complex, while in bone marrow derived 

macrophages, dectin1 activation leads to a signaling cascade involving MAPKs 

[42].  An additional layer of complexity arises in signaling through dectin1, due to 

heterogeneity in macrophage populations.  SYK kinase is selectively activated in 
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a small fraction of BMM stimulated with zymosan, yet, its activation is absolutely 

required to produce reactive oxygen species [40]. 

 

This receptor functions as a homodimer, or as a heterodimer with TLR2.  When 

dectin1 is in complex with TLR2, these two receptors can act synergistically for 

optimal cytokine production [35,43,44].  Recent evidence has suggested a role 

for dectin1 in chitin recognition [35,38]. In addition, the requirements for dectin1 

in controlling fungal infections has been shown to be dependent upon the amount 

of exposed chitin on the pathogen [38].  There are many potential roles for 

dectin1 during Toxoplasma infection, including collaboration with TLRs for 

tachyzoite recognition, cytokine responses, and cyst recognition. 

 

Macrophage Heterogeneity  

 

Macrophages are a significant component of the innate immune system, and 

these cells have clear and specific roles during acute infection with Toxoplasma. 

Macrophages are responsible for antigen presentation, phagocytosis and 

pathogen clearance during infection.  They are an extraordinarily plastic cell, and 

are well-known to exhibit heterogeneous phenotypes, but traditionally, are 

classified as being classically activated (M1), or alternatively activated (M2), each 

with its own cytokine profile (Fig. 1.6).  Macrophages are classically activated in 

the presence of IFNγ and TNFα.  IFNγ primes macrophages microbicidal activity 
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by up-regulating inducible nitric oxide synthase (iNOS) and reactive oxygen 

species (ROS) intermediates, while TNFα is critical for macrophage classical 

activation [45].   iNOS catalyzes the production of nitric oxide from L-arginine, 

and nitric oxide as a free radical will result in oxidative stress and DNA and 

membrane damage to the phagocytosed parasite.  The source of TNFα may be 

from other cells or the macrophages themselves; thus, IFNγ signaling alone is 

enough to induce an M1 phenotype in macrophage cultures in vitro.  Activated 

M1 macrophages in turn secrete pro-inflammatory cytokines and chemokines 

such as IL-6, IL-12 and TNFα.  M1 macrophages are not only distinguished by 

their cytokine profiles, but also express cell surface markers such as MHCII and 

CD86.   

 

In contrast, M2 macrophages are most commonly associated with Th2 

environments, as seen in helminth infections and asthmatic inflammation.  

Macrophages are polarized to an M2 state in the presence of IL-4.  Binding of IL-

4 to the IL-4 receptor leads to phosphorylation and dimerization of STAT6 

(signaling transducer of activated transcription).  Phosphorylated STAT6 

translocates to the nucleus and IL-4 responsive genes are then transcribed.  One 

of these IL-4 responsive genes includes arginase-1, which is commonly used as 

a marker of alternative activation.  Arginase-1 competes with iNOS for their 

common substrate, arginine, and thereby limits Th1 inflammation.  Arginase 

catalyzes the hydrolysis of L-arginine to L-ornithine and urea.  Ornithine is a 
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precursor for polyamine biosynthesis and collagen deposition. Therefore, M2 

macrophages are generally regarded as wound healing, and repairs tissue 

damaged by large multicellular helminths.  Activated M2 macrophages secrete 

anti-inflammatory cytokines such as IL-10 and TGF-β.  Expression of scavenger 

receptors, including macrophage mannose receptor (MMR) is also indicative of 

an M2 state. 

 

However, recent literature suggests that the division between these two 

activation states is not as black and white as it may seem [46] [45].  Mosser and 

Edwards have proposed that macrophage activation is more of a spectrum, as 

M1 macrophages can express M2 markers, and vice versa.  Recent evidence in 

the Toxoplasma field has corroborated this notion [47]. Macrophages have 

extraordinary plasticity, with their ability to readily change their phenotypes 

[45,48-50]. Mylonas and colleagues have tested this phenomenon using an in 

vivo model of polarized alternatively activated macrophages and demonstrated 

the cells ability to re-program to a classically activated state [48].  This 

reprogramming was not absolute, but rather, macrophages only exhibited 

phenotypes essential for M1 functionality [48].  To date, only a single study has 

conducted the reciprocal experiment in vivo, suggesting that classically activated 

macrophages can switch to an alternatively activated state [51].   
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The immune response to T. gondii infection is dominated by the production of 

type I cytokines, all of which contribute to a prominent pro-inflammatory 

environment.  T cell activation is coupled to the production of IFNγ, and in turn, 

this drives an M1 phenotype in macrophages. However, data has also 

demonstrated the “co-existence” of a phenotypically mixed macrophage following 

infection with tachyzoites, further demonstrating the extraordinary plasticity of 

these cells [47]. Moreover, phenotypic changes in macrophages are observed 

during chronic infection.  Macrophage infiltration into the brain is observed as 

early as day 7 post infection.  Although the brain does have resident phagocytic 

cells (microglia) peripheral macrophage populations are maintained throughout 

chronicity and become the most dominant inflammatory cell observed for the 

duration of infection. However, a small proportion of macrophages have been 

shown to be alternatively activated at chronicity, and are observed in association 

with cysts [32].  In mice, infection is generally considered chronic once the 

mouse has been infected for 4 or more weeks.  In vitro, the addition of cysts to 

macrophage cultures drives the M2 anti-inflammatory phenotype, and does so in 

a contact-dependent manner.  Previous studies have indicated that chitin is a 

stimulus for M2 activation [52] and consistent with this notion, it has been 

demonstrated that chitin is an integral component in the cyst wall [53].   
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AMCase in protective immunity 

 

The presence of alternatively activated macrophages during chronic Toxoplasma 

infection is quite an anomalous finding.  Although this population is small, it is a 

functionally distinct population of cells in the brain.  There are many potential 

stimuli during Toxoplasma infection that could polarize macrophages to an 

alternatively activated state, but of the antigens tested, only intact Toxoplasma 

cysts and cyst antigen induced this phenotype [32].  Although there are many 

bradyzoite and cyst wall specific antigens that could contribute to this phenotype, 

chitin in the cyst wall was identified as a stimulus for alternative activation.   

 

Chitin has been previously thought to be poorly immunogenic, but studies in the 

last decade have proven otherwise.  Through the use of arginase-YFP reporter 

mice, studies have shown that infections with Nippostrongylus brasiliensis induce 

alternative activation of macrophages in the lung [52]. As chitin is a prominent 

component in helminths, the authors tested the ability of purified chitin to induce 

alternative activation.  Intranasal or intraperitoneal administration of chitin 

induced alternative activation of macrophages [52].  Moreover, pretreatment of 

chitin with purified chitinase abolished this phenotype [52].  Similarly, in response 

to Toxoplasma cysts, macrophages will produce a chitinase, namely acidic 

mammalian chitinase (AMCase).  AMCase cleaves the B-1,4 linkages in the cyst 

wall and ultimately leads to cyst destruction.  The production of AMCase during 
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Toxoplasma infection is highly localized to areas of cysts in the brain, and this 

enzyme is required for controlling cyst burden at chronicity [32].  Of the chitin-

containing pathogens, fungi are the most characterized, and fungal pathogens 

contain chitin in their cell walls, making fungi model pathogens for studying 

immune responses to chitin.  Examples of other chitinous parasites include 

Schisosoma mansonii and Giardia.  Mammals do not synthesize chitin, and thus, 

the production of chitinases likely evolved as a protective mechanism against 

such pathogens.  It remains unclear how the immune system recognizes chitin, 

and in addition, the signaling requirements to produce such chitinases. 

 

Toxoplasma differentiation and stage-specific gene expression 

 

It is evident that the immune response to the parasite is highly coordinated, and 

the amplitude of this response is dependent on the stage of parasite 

development.  For example, during acute infection, tachyzoites can be observed 

in nearly all tissues this is also a time of peak pro-inflammatory cytokine 

responses.  However, once inside the brain, the parasite will begin to differentiate 

into the slow replicating bradyzoite within a cyst, and systemic inflammatory 

cytokine production is minimized likely due to the brains delicate environment.  

Triggers driving stage differentiation from a tachyzoite to a bradyzoite in vivo 

remain unknown, though it is postulated that immune pressures are a primary 

initiator.  Nitric oxide and IFNγ [16,54], reactive oxygen species [55], and IL-12 
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will all drive tachyzoite to bradyzoite differentiation. Additional evidence for stage 

differentiation being mediated by the immune system is further supported by data 

from HIV infected individuals, where in the absence of a functional CD4 T cell 

response significant parasite replication is observed.   

 

Stage conversion is tightly linked to a reduction in parasite replication in vitro 

[16].  Although the parasite slows its growth, this developmental change within 

the host is thought to have evolved as a protective mechanism for parasite 

persistence.  Although the exact drivers of stage differentiation in vivo are as yet 

unknown, there have been several published methods to induce bradyzoite 

formation in vitro.  Most of the methods known to induce bradyzoite differentiation 

in vitro include nutrient deprivation or alkaline stress. The classical method to 

induce differentiation involves CO2 depleted conditions in mildly alkaline media, 

(pH 8.2) and this is termed alkaline-shift.  However, studies have also used the 

nutrient requirements of Toxoplasma as an additional means to initiate stage 

conversion.  The parasite is an arginine auxotroph, thus depletion of arginine 

from tissue culture media induced bradyzoite formation [56].  Moreover, 

bradyzoite differentiation can be induced in any cell type, but was first noted in 

astrocytes treated with interferon gamma [57].  In contrast, tachyzoite to 

bradyzoite conversion occurs spontaneously in neurons [58] in vitro in the 

absence of any stress signals (Fig. 1.3B).  The transition from a tachyzoite to a 

bradyzoite under stressed conditions occurs rapidly, and within the first 24 hours 
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after infection bradyzoite antigens can be observed even in vacuoles with as few 

as 2 parasites. 

 

The many developmental switches that occur throughout the T.gondii lifecycle 

are unsurprisingly correlated with dynamic changes in gene expression patterns 

(Fig. 1.4).  The tachyzoite and the bradyzoite share a core set of genes, yet this 

differentiation process is also coupled to significant changes in gene expression 

patterns such that each stage does have stage-specific proteins.  For example, 

surface antigen 1 (SAG1) is a tachyzoite specific antigen, whereas bradyzoite 

antigen 1 (BAG1) is bradyzoite specific.  As bradyzoites are found sequestered 

as cysts, cyst-wall specific antigens are also used to identify bradyzoites, and 

these include CST1, MCP4, BPK1.  

 

Recently, a class of DNA-binding proteins with homology to the Apatella2 (AP2) 

transcription factors have been identified in Apicomplexa [59] and others have 

demonstrated their function in driving stage differentiation in Apicomplexan 

parasites [60] [61] [62].  AP2 transcription factors were first identified in plants to 

regulate gene expression [63].  A single factor can regulate multiple genes, and 

can act as gene activators or repressors.  To date, 27 have been discovered in 

Plasmodium falciparum, whereas 68 have been identified in Toxoplasma [64]. 

Due to the novelty of these ApiAP2 transcription factors, very little has been 

established in the literature, yet it has been shown that many of these factors are 
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cell-cycle regulated and stress induced [64].  Recent characterization of these 

transcription factors, suggest their importance in regulating stage-specific gene 

expression in Toxoplasma [65].   

 

T.gondii tissue cyst 

 

Understanding the developmental transition from a tachyzoite to an encysting 

bradyzoite is critical if we are to ever develop drugs preventing cyst formation or 

targeting cyst clearance.  This requires understanding stage-specific antigen 

expression, as well as the immune responses to these antigens. 

 

A mature tissue cyst is observed beginning at day 21 post-infection in mice, 

although tissue cysts containing as few as two parasites are observed beginning 

at day 7 post infection.  Although the majority of cysts reside within the CNS, they 

have also been seen in visceral organs, skeletal muscle, and heart tissue, [9].   

Toxoplasma gondii cysts vary in size: ranging from 10-100 μm in diameter, 

confined by a cyst wall up to 850 nm thick [66] (Fig. 1.3A).   Other reports note 

that brain cysts rarely grow larger than 70 μm, with an average diameter of 42 

μm [9].  Ultrastructurally, the cyst wall has a ruffled appearance and a matrix 

layer underneath. Small vesicles are also observed in this matrix layer.  This 

ruffling of the cyst wall is hypothesized to facilitate nutrient exchange between 

the host cell and the parasite [67].   
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Cyst formation involves the manipulation of the tachyzoite parasitophorous 

vacuole to form the cyst wall.  When a tachyzoite begins to invade a host cell, a 

tight junction between the host cell membrane and the parasite is formed, termed 

the moving junction.  This moving junction involves a parasite protein complex 

that will facilitate parasitophorous vacuole formation.  Invasion is an active 

process, leading to an invagination of the host cell membrane, and the parasite 

encloses itself within this membrane in the host cell cytoplasm [68]. This 

membrane is termed the parasitophorous vacuole (PV) and is comprised of both 

host cell and parasite derived proteins secreted during invasion.  The inclusion of 

host cell membrane components is a selective process, and few host cell 

proteins are included [69] [70].  It is unclear as to how the parasite manipulates 

the PV membrane to synthesize the cyst wall, but the transition from tachyzoite 

to bradyzoite initiates stage-specific proteins that likely contribute to this process.   

As noted above, the formation of this cyst wall is thought to originate from a 

manipulation of the parasitophorous vacuole, and evidence of dense granule 

proteins that localize to both the tachyzoite PV and bradyzoite cyst wall supports 

this notion [71]. The complete repertoire of cyst wall constituents have yet to be 

fully elucidated, but two different research groups have identified chitin as a 

major component in the cyst wall via in vitro lectin binding assays.  The 

Toxoplasma cysts specifically bound to dolichos biflorus agglutinin (DBA) and 

succinylated wheat germ agglutinin (WGA) [66]. Binding was abolished when 
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these lectins were incubated with their natural sugar ligands, N-

acetylgalactosamine and N-acetylglucosamine, respectively. These two lectins 

are commonly used to identify Toxoplasma cysts in immunofluorescent assays.  

As chitin consists of a 1,4 linkage of N-acetylglucosamine units, it was 

speculated that the cyst wall contains chitin, as do numerous other microbial 

pathogens.  Treatment of T. gondii cysts with chitinase resulted in a loss of lectin 

binding, and caused cyst wall degradation and bradyzoite release [53].  

Additionally, pretreatment of bone marrow macrophages with the chitinase 

inhibitor, allosamidin, prevented cyst destruction [32], while treatment with 

purified chitinase solidified the finding that chitin is indeed a constituent in the 

Toxoplasma gondii cyst wall.  

 

In addition to chitin, several other glycosylated proteins have yet to be identified.  

Deficiencies in a nucleoside sugar transporter, NST1, disrupts lectin binding 

affinity in vitro as well as cyst persistence in vivo [72].  These data suggest that 

such carbohydrate modifications are essential for cyst stability and persistence.  

Bradyzoites are rich in amylopectin granules, in contrast to tachyzoites, and 

these storage amylopectin granules are likely used as the sources for 

carbohydrates [66] 

 

An additional cyst specific antigen was identified by Lou Weiss’ group, and was 

termed CST1 [73].  Immunostaining using a monoclonal antibody against CST1 
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demonstrated that this antigen was found in the cyst wall, and this staining was 

evident one day after initiating bradyzoites differentiation in vitro [73].  Deletion of 

CST1 results in structural instability of the cyst wall, and the cysts become very 

fragile [74].   EM imaging of these mutants demonstrated a loss of cyst wall 

integrity, as the thick granular layer was lost.  Disruption of this gene also 

appeared to have a significant affect on other bradyzoite-specific genes, 

displaying marked reduction in SAG4, BRP1, and enolase1, to name a few.  The 

Toxoplasma gondii database (toxodb.org) provides evidence for other potential 

components of the cyst wall.  For example, the ME49 strain of T. gondii, best 

characterized for its ability to readily form cysts, has shown to possess beta-

glucan synthesizing enzymes.  Such enzymes are absent in non cyst-forming 

counter-strains, such as RH.  Thus, it is possible that beta-glucans may also be a 

present in the cyst wall.  A recent study has concluded that 1,3 beta-glucans are 

absent in T. gondii tissue cysts, but is abundant in oocysts [75].   
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Figure 1.1: Life cycle of Toxoplasma gondii 

 

Toxoplasma is able to replicate both sexually and asexually within the definitive 

and intermediate host, respectively.  Felines are the definitive host and the 

parasite replicates sexually within the enterocytes of the cat, to form both 

microgametocytes and macrogametocytes (oocyst) (1a).  Once infected, felines 

shed millions of oocysts per day in their feces (1).  The shedding of these 

oocysts into the environment can contaminate fruits and vegetables, as well as 

grazing animals (2a) which serve as intermediate hosts facilitating parasite 

asexual replication.  Within intermediate hosts, the parasite forms tissue cysts 

that are associated with the brain, and muscle (3).  Humans become infected 

following ingestion of meat contaminated with tissue cysts, after consuming 

unwashed fruits and vegetables contaminated with oocysts, or from handling 

infected cat feces (4, 2b).  Humans are a dead-end host for the parasite, 

however, it is capable of being passed congenitally if a pregnant mother is 

infected acutely (5).  The parasite’s lifecycle is completed once it reaches a feline 

(6). 
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Figure 1.2: Kinetics of T. gondii infection in mice 

 

Parasite replication begins as soon as the first cell is infected.  The parasite will 

disseminate throughout the body, and parasite burden peaks around day 7 post 

infection.  This is also the time when system cytokine levels peak within the 

animal.  The parasite will gain entry into the CNS, and cyst formation can be 

observed as early as day 7 post infection.  Cyst burden peaks between 4-6 

weeks post infection, before it starts to decline.  It eventually reaches a steady 

state.  IFN gamma is critical for preventing cyst reactivation, and AMCase 

production from macrophages is required for cyst clearance during chronicity. 
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Figure 1.3:  Toxoplasma encysts within neurons in vivo and in vitro. 

 

ME49 infected animals were euthanized at 4 weeks post infection.  Electron 

microscopic images were obtained from Renovo imagining(A).  Toxoplasma 

infects the CNS and forms lifelong cysts within neurons.  The cysts contain 

hundreds of individual bradyzoites confined by a cyst wall (denoted by red 

bracket).  In vitro infection with Toxoplasma tachyzoites results in spontaneous 

cyst formation within neurons (B).  Neuron cultures were infected for 4 days prior 

to fixation and immunostaining.  Neurons were stained using antibodies to beta-

III tubulin, and Toxoplasma cysts were stained using dolichos biflorus agglutinin. 
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Figure 1.4: Stage-specific antigen expression in Toxoplasma 

 

Microarray analysis demonstrating gene differences between tachyzoites and 

bradyzoites.  Data was obtained from toxodb.org, and the original data was 

submitted by John Boothroyd.  Data was analyzed using a Pearson correlation 

coefficient.  Bradyzoite antigens discussed throughout the text are indicated in 

the figure legend. 
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Figure 1.5:  Immune response to Toxoplasma gondii 

 

Natural infection occurs via ingestion of meat contaminated with bradyzoite-

containing tissue cysts, or sporozoite-containing oocysts shed by felines.  The 

parasite will invade intestinal epithelial cells where it will convert into the fast-

replicating tachyzoites.  Mechanical lysis and death of these cells will lead to 

local production of cytokines and chemokines, such as CCL2. Local cytokine 

production recruits inflammatory monocytes (which will mature into macrophages 

or dendritic cells) and neutrophils (N).  These cells will recognize and respond to 

the parasite by phagocytosing and presenting antigen, in addition to producing 

pro-inflammatory cytokines.  The professional antigen presenting cells, which 

include macrophages (Mf) and dendritic cells (DC) will migrate to the lymph node 

and present antigen to T cells.  Antigen presentation, co-stimulation, and 

polarizing cytokine production is the cocktail for T cell activation and proliferation.  

Th1 and cytotoxic T cells will subsequently be recruited to the site of infection, 

where they coordinate the immune response.  Production of IFNγ by these cells 

will induce upregulation of ROS, NO, and IRG-proteins, that assist in parasite 

killing.  However, the parasite does have several strategies to evade the immune 

system.  It will enter the CNS, and will it will persist in neurons as a tissue cysts 

for the remainder of the hosts lifetime. 
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Figure 1.6: Heterogeneity of macrophages 

 

Macrophages are known for their remarkable plasticity, however, heterogeneity 

in these populations has only recently become appreciated.  Although convention 

is to label these cells as either classically activated (M1), or alternatively 

activated (M2), the activation status is now thought of as a spectrum.  

Macrophages are classically activated in response to inflammatory stimuli, such 

as IFNγ, TNFa, and LPS.  In contrast, these cells are alternatively activated in 

the presence of IL-4.  Dependent upon the activation status, these cells will 

upregulate genes responsible for inflammatory cytokine production, or wound 

healing.  This model is adapted from Mosser and Edwards, 2008 [45]. 
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CHAPTER TWO 
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Dectin1 regulates inflammation during Toxoplasma gondii infection, but is 
not required for parasite control. 
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Abstract: 

 

The protozoan parasite Toxoplasma gondii establishes a lifelong chronic 

infection in mammalian hosts.  Macrophages play an active role in the control of 

cyst burden through the effector molecule, AMCase.  Yet, the molecular 

interactions involved in macrophage-cyst recognition leading to the generation of 

AMCase remain unknown.  In this study, we tested the role of dectin1 in cyst 

recognition.  Using quantitative RT-PCR and flow cytometry, we find that dectin1 

is upregulated in the brain throughout infection and is expressed on alternatively 

activated macrophages.  Additionally, immunofluorescence demonstrates its 

expression on macrophages is in association with cysts in the brain.  Our studies 

find no significant role for dectin1 in cyst recognition or parasite clearance in the 

brain during chronic infection, but rather, dectin1 regulates inflammation.  In vitro, 

dectin1 partially inhibits inflammatory cytokine production in response to cysts, 

while in vivo, this molecule restricts cell maintenance in the brain.  Nonetheless, 

the loss of dectin1 is not required for protective immunity. 
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Introduction 

 

The ability of the immune system to recognize pathogens is critical for the 

generation of a protective immune response.  Toll-like receptors have been 

largely studied for their ability to initiate signaling and appropriate cellular 

responses.  More recently, lectin receptors are gaining attention for their ability to 

signal independently from TLRs, but in addition, enhance TLR signaling [1-4].   

The C-type lectin receptor, dectin1, is a prime example.   

 

Dectin1 has been extensively characterized for its role in recognition of fungal 

pathogens [5-11].  This receptor is required for recognition of β-1,3 glucans 

present in fungal cell walls and protective immunity.  This receptor was once 

thought to be restricted to dendritic cells, but it is also present on monocytes, 

macrophages, neutrophils, and a subset of splenic T cells [12-15].  Dectin1 has 

various roles in the context of fungal infection, including cytokine responses and 

cellular recruitment [7,8,16].  In models of invasive Candida albicans, the 

absence of dectin1 results in mortality and higher fungal burdens [8,9]. Studies of 

dectin1 have also demonstrated that this receptor is required for efficient 

phagocytosis of yeast [6,17,18].   Although these requirements for dectin1 have 

been observed, it is important to note that the involvement of this receptor in 

fungal infections is dependent on strain, fungal morphology, and cell wall 

composition [7,9].  For example, such requirements for dectin1 are dependent on 
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the amount of chitin exposed on the surface of the pathogen [9].  Moreover, 

studies suggest that dectin1 is a costimulatory molecule for T cells, wherein 

dectin1 drives T cell proliferation [14].  

 

Dectin1 is unique in the lectin family of pattern recognition receptors because it is 

capable of signaling independently due to an immunoreceptor tyrosine-based 

activation motif (ITAM).  Signaling through this receptor can induce both 

canonical and non-canonical NFκB pathways, a MAPK signaling cascade, and in 

addition, leads to the selective production of reactive oxygen species in 

macrophages [17].  Further, dectin1 and TLR2 are known to work synergistically 

to enhance NFkB signaling [2] and cytokine production [1-3], leading to the 

production of TNFα, IL-10, IL-12 and IL-2 [12]. 

 

Clearly, dectin1 has the potential to play very specific, but multiple roles during 

infection and inflammation.  We sought to investigate if dectin1 plays a role in 

response to infection with the intracellular protozoan pathogen, Toxoplasma 

gondii.  Toxoplasma cysts have generally been regarded as latent entities, and 

were thought to have been poorly immunogenic.  However, several studies have 

implicated the immune system in mediating cyst clearance.  Firstly, there are 

dynamic changes in cyst burden over time.  Cyst numbers peak between 4 to 6 

weeks post infection, and then decline until reaching a state of equilibrium [19]. 

Known effector molecules include perforin and AMCase.  Two studies have 
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demonstrated a role for CD8 T cell production of perforin in cyst clearance in vivo 

[20] [21], while macrophages are able to recognize and lyse cysts in vitro in a 

chitinase dependent manner [22].  AMCase deficient mice exhibit greater cyst 

burdens and succumb to infection, thereby validating the role of the immune 

system in cyst clearance [22].  Further, immunohistochemistry and electron 

microscopy show macrophages and/or microglia actively surrounding areas of 

cysts [22-24] in the brain.  In vivo, cysts form intracellularly within neurons, thus, 

it remains unclear how macrophages are able to “see” the cyst.   

 

The cyst is structurally complex, and while all of its constituents are as yet 

unknown, it is recognized that the cyst wall is highly glycosylated, and chitin is a 

component of the cyst wall [22,25,26].  Chitin is also a component of fungal cell 

walls, yet surprisingly; chitin recognition in mammals has been poorly defined in 

the literature.  Recognition of chitin by alveolar macrophages in vivo leads to the 

production of TNFα and IL-10 [27]. Similarly, this holds true for thioglycollate-

elicited macrophages stimulated in vitro.  Of particular interest, is the partial 

dependency of dectin1 on cytokine production in response to chitin [27]. This 

study demonstrates the involvement of dectin1 is dependent on chitin particle 

size, and therefore, this receptor may be involved in chitin recognition in the 

mammalian system.  In contrast, infections of yeast with high chitin content had a 

reduced dependency on dectin1 in vivo [9], though this finding may be due to 

differences in chitin particle size. 
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Although there is no evidence of β-1,3 glucans present on Toxoplasma 

tachyzoites or cysts, there is significant potential for dectin1 involvement during 

infection.  Firstly, dectin1 and TLR2 are known to act synergistically for cytokine 

production, and TLR2 is known to recognize PAMPs present on the parasite.  

Secondly, dectin1 is sufficient for phagocytosis, and therefore might be 

necessary for phagocytosis of the parasite.  In addition, in the absence of β-1,3 

glucans, dectin1 drives T cell proliferation in vitro, suggesting it may be required 

for T cell proliferation during acute Toxoplasma infection.  Finally, due to the 

presence of chitin and glycosylated moieties, we hypothesized that dectin1 is 

responsible for macrophage recognition of Toxoplasma gondii cysts.  In this 

study, we investigated if dectin1 plays a role during Toxoplasma infection, and 

more specifically, whether it plays a role in cyst recognition and AMCase 

production.  We show that although dectin1 is present and upregulated during 

infection, this receptor has no role in direct recognition of the parasite or the 

generation of an inflammatory response.  Rather, its principal role appears to be 

the regulation of inflammation throughout the course of infection. 
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Materials and Methods 

 

Mice and infections 

All animal research has been done in accordance with the Animal Welfare Act. 

The Institutional Animal Care and Use Committee (IACUC) at the University of 

California, Riverside, approved all protocols. Female mice were purchased from 

Jackson Laboratories, and maintained in a specific pathogen free environment 

under IACUC established protocols at the University of California Riverside. All 

mice purchased were on a C57BL/6 background.  Dectin1 deficient animals were 

a gift from David Underhill at the University of California Los Angeles and Gordon 

Brown at the University of Aberdeen.  Meera Nair at the University of California, 

Riverside, provided Arginase-YFP (YARG) reporter mice.  Female mice were 

infected intraperitoneally with 20 Me49 cysts in 200 μl of sterile PBS, and 

uninfected mice were used as controls.  Mice were monitored throughout the 

course of infection, and were euthanized at any signs of severe deterioration.   

 

Parasite maintenance and harvesting 

Me49 parasites were maintained in CBA/Ca mice, and passaged in C57BL/6 

mice.  Chronically infected animals were euthanized, and brains were 

homogenized using an 18, 20 and 22 gauge needle.  Brain homogenate was 

examined, cysts counted microscopically and diluted in PBS for subsequent 

infection, or purified for in vitro studies using a percoll gradient as previously 
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described [22].  All other strains of the parasite were maintained in human 

foreskin fibroblasts at 37°C and 5% CO2 in parasite specific media.  Parasites 

were harvested as previously described [28].  Briefly, parasites were filtered 

through a 5 μm filter and spun at 3000 RPM, 4°C for 10 minutes.  Parasites were 

resuspended in cDMEM/F12 and counted.  For in vitro infections, cells were 

incubated with the parasites at an MOI of 3:1, and removed after 3 hours of 

infection. 

 

Quantitative PCR 

Female C57BL/6 mice infected with Me49 were sacrificed at days 3, 5, 7, 14, 21, 

28, 35, 42 and 56 post-infection (N=3 per timepoint). Mice were intra-cardiacally 

perfused with 20 ml of cold, sterile PBS. Brains were removed and homogenized 

in TRIzol (Invitrogen) using a bullet blender (Next Advance). RNA was isolated 

using the standard phenol-chloroform method, and nucleic acid concentration 

was spectrophotometrically determined on a nanodrop 2000. Dectin1 specific 

primers (forward 5′-TGGGTGCCCTAGCATTTTGGC -3′ and reverse 5′-

TGAGCACCTAGCTGGGAGCAG -3′), and AMCase specific primers (forward 5′-

TTTCCACTTCTCAGAACCGCC -3′ and reverse 5′-

TGTTGCTCTCAATAGCCTCCT-3′) for quantitative PCR were purchased from 

Integrated DNA technologies. cDNA synthesis and quantitative PCR were 

performed using the Bioline One-step Kit with the CFX-96 real-time PCR 

Detection System (Bio-Rad). GAPDH (Glyceraldehyde 3-phosphate 
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dehydrogenase) was used as an endogenous control (forward 5′-

AGGCCGGTGCTGAGTATGTC-3′ and reverse 5′-

TGCCTGCTTCACCACCTTCT-3′). Quantified results represent the fold induction 

of target gene expression over naïve or media controls using the comparative 

delta delta Ct method. 

 

Immunofluoresence 

Brains were removed and placed in pre-chilled 2-methylbutane for 30 seconds to 

flash freeze and transferred into optimal cutting temperature (OCT) medium and 

stored at -80°C.  Brains were sectioned into 10-15μm slices using a cryostat 

(leica) and transferred onto glass slides. Tissue sections were fixed with ice cold 

75% acetone/25% ethanol for 10 minutes at -20°C. Nonspecific binding was 

blocked by incubating slices in 10% donkey serum for 30 minutes at room 

temperature. Tissue was incubated in primary antibodies targeting either dectin1 

(Lifespan Biosciences, LS-C123382), AMCase (Santa Cruz Biotechnology, sc-

49355), or DBA (vectorbiolabs) for 1 hour at room temperature or overnight at 

4°C.  Secondary antibodies were used at a 1:500 dilution and incubated for 1 

hour at room temperature. Prolong gold with dapi was used as mounting media 

(Invitrogen). Slides were washed 3 times with 1x PBS between incubations.  

Slides were imaged using a Leica epifluoresent microscope or a Leica SP5 

confocal microscope. 
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Cell preparation and Flow Cytometry 

C57BL/6 female mice were euthanized and perfused with sterile 1x PBS. Brains 

were collected in cRPMI and immediately processed as previously described 

[29]. Briefly, brains were finely minced and incubated with collagenase/dispase 

(1mg/ml) for 45 minutes at 37°C followed by an additional 45 minute incubation 

with DNAse (10mg/ml).  Homogenate was collected over a 70um cell strainer, 

washed with cRPMI, and spun at 1200 RPM for 10 minutes at 4°C.  The tube 

was decanted, resuspended in a percoll density gradient, and spun at room 

temperature for 30 minutes.  Cells were harvested, transferred to a fresh tube, 

and subsequently washed in cRPMI.  Brain mononuclear cells (BMNCs) were 

resuspended at 1x106/ml in cRPMI for immunostaining.  BMNCs were incubated 

in FC block for 10 minutes on ice prior to the addition of antibodies.  BMNCs 

were incubated with fluorophore-conjugated antibodies against CD45, CD11b, 

Ly6C, Ly6G, CD4, CD8, NK1.1, CD11c, CD3, KLRG1, CD44 or unconjugated 

rabbit anti-mouse Dectin1, for 30 minutes on ice.  BMNCs were washed in FACs 

buffer, and incubated with secondary antibody for dectin1 staining.  Isotypes or 

appropriate FMO controls were used to assess antibody specificity.   

 

Cytokine analysis, parasite burden and cyst burden quantification. 

Blood was collected on days 7 and 14 post infection.  Serum was isolated and 

analyzed for cytokines using the cytometric bead array (BD biosciences).  To 

quantify parasite burden, tissues were collected and genomic DNA isolated 



	 55	

(Roche). Isolated DNA was used for quantitative PCR and compared to a 

standard curve.  Cyst burden was obtained by needle homogenization of either 

whole brain or half brain tissue and manual counting under a light microscope.   

 

Macrophage Culture, Stimulations and Chitinase activity assay 

To generate macrophage cultures, bone marrow obtained from femurs and tibias 

of mice was flushed and homogenized in macrophage media with 20% L-cell 

supernatant using a 26g needle.  Bone marrow was dispersed amongst several 

petri dishes and incubated for 7 days, with additional media added on day 4.  

After 7 days, differentiated macrophages are re-plated into appropriate culture 

dishes in macrophage media with 10% L-cell supernatant and left for an 

additional 3 days. Macrophages are rested in cDMEM/F12 without L-cell 

supernatant overnight prior to assay.  For chitinase assays, cell lysates were 

obtained and analyzed for chitinolytic activity using Sigma’s fluorometric chitinase 

detection kit per manufacturers protocol.  Macrophage stimulations were 

conducted using 100 U/ml IFNγ, 100 ng/ml LPS, 10 ng/ml IL-4, 1 cyst:1000 

macrophages, or tachyzoites at an MOI 3:1.  Stimulations occurred overnight 

unless otherwise stated. 
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Results 

Macrophages respond to Toxoplasma gondii cysts in vitro. 

 

To date, no studies have investigated cyst recognition, although it is clear from 

our previous studies that macrophages can respond to Toxoplasma cysts in vitro 

by pulling and tugging at the cyst wall [22].  Many have demonstrated that 

tachyzoites are readily recognized by the immune system.  GPI-anchored 

proteins on the surface of the parasite, as well as secreted proteins such as 

profilin are recognized by TLR2/4 and TLR11, respectively [30-36]. Macrophages 

are known to produce cytokines following recognition of tachyzoites, yet the 

immune response and mechanism of cyst recognition is largely unknown.  What 

is clear is that macrophages are required for the control of cyst burden via the 

production of the chitinase, AMCase [22].   

 

In response to tachyzoites, macrophages are known to secrete TNFα and IL-12 

in order to initiate the production of IFNγ from T cells and NK cells.  To test if 

macrophage-cyst interactions lead to the generation of cytokines, supernatants 

from overnight co-cultures were collected and analyzed.  LPS binds to TLR4, and 

the combination of IFNγ and LPS is known to elicit robust proinflammatory 

cytokine production from macrophages, including IL-12, TNFα, and iNOS.  

Zymosan is a cell wall preparation from Sacchromyces cerevisiae that has both 

TLR2 and dectin1 stimulating properties, while zymosan depleted (ZD) is an 
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alkali treated preparation of zymosan, which renders zymosan null of its TLR 

stimulating properties.  Thus, ZD is used as a dectin1 specific agonist, and 

stimulation with ZD drives the production of TNFα.  Macrophages produce IFNγ, 

IL-6, TNFα, and CCL2 when co-cultured with purified cysts in vitro (Fig. 2.1A), 

thereby demonstrating there is a cyst-specific response from macrophages.  

Although IFNγ production from macrophages is unconventional, others have 

described this phenomenon during Toxoplasma infection [37].  Nonetheless, the 

production of cytokines serves as additional evidence that macrophages 

recognize cysts in vitro.  At this point, it is unclear if the cytokines produced are a 

result of phagocytosis or a response to the cyst PAMPs. 

 

To determine if dectin1 plays a role in the cyst-specific response, macrophages 

were co-cultured with cysts in the presence or absence of laminarin.  Laminarin 

is a purified β-1,3 glucan that binds specifically to dectin1, and inhibits binding of 

zymosan without triggering signaling events. In the presence of laminarin, 

production of IL-6, IL-12 and CCL2 are significantly increased over cysts alone, 

suggesting that dectin1 signaling is inhibiting pro-inflammatory cytokine 

production (Fig 2.1B).  Similarly, others have found a role for dectin1 in limiting 

inflammation, via the induction of suppressor of cytokine signaling 1 (SOCS1) 

[38]. Dectin1 has been shown to regulate inflammation, and this appears to hold 

true for the macrophage immune response to cysts, as dectin1 limits the 

production of inflammatory cytokines.  
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Dectin1 is upregulated on alternatively activated macrophages during 

Toxoplasma gondii infection 

 

Dectin1 is a β-1,3 glucan receptor that is ubiquitously expressed by a variety of 

immune cells, but particularly on cells of myeloid lineage [13].  To determine if 

dectin1 is present and upregulated during T. gondii infection in vivo, dectin1 RNA 

levels were assessed in both the periphery and the brain over time.  Expression 

of dectin1 transcripts remained relatively constant, yet highly variable in the 

periphery during the peak of acute infection (Fig. 2.2A) consistent with its 

constitutive expression on myeloid cells.  However, dectin1 expression in the 

brain increased over time (Fig 2.2B).  Parasites can be observed in the brain as 

early as 7 days post infection, and cellular infiltrates are observed around the 

same time, thus, the progressive increase in dectin1 expression over time is 

consistent with cellular influx.  

 

To determine the localization of dectin1 expressing cells during infection, we 

conducted immunohistochemical analysis on chronically infected brain tissue.  

Areas of cysts are surrounded by macrophages and microglia in the brain [22], 

and consistent with the ubiquity of dectin1 expression, these cells are dectin1 

positive.  Indeed, immunohistochemistry reveals that dectin1 expressing cells are 

clustered, and around DBA (dolichos biflorus agglutinin) positive particulates (Fig 
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2.2C).  DBA is a carbohydrate binding protein that specifically binds to N-

acetylgalactosamine, and is used as an identifier for Toxoplasma tissue cyst 

walls [25] [39]. Although microglia and infiltrating immune cells can be seen 

throughout the infected brain, dectin1 staining is not profuse.  Strikingly, there are 

several areas of dectin1 positive cells clustering.  Our observations suggest that 

dectin1 aggregates in situ, and can be found in association with cysts. 

 

Macrophage heterogeneity has been extensively described in the literature, and 

during Toxoplasma infection, macrophages are traditionally polarized to an M1 

phenotype.  However, we have described a population of alternatively activated 

macrophages present in the brain during chronic infection. Moreover, histological 

analysis demonstrates M2 macrophages are near cysts [22].  To determine 

which macrophage subset expresses dectin1 in the brain, we employed the use 

of arginase-YFP (YARG) reporter mice to distinguish between alternatively and 

classically activated macrophage subsets.  Arginase-1 activity and expression is 

a hallmark indicator of alternatively activated macrophages.  If dectin1 were 

involved in cyst recognition, we predicted that dectin1 would be expressed on 

alternatively activated macrophages and located near cysts in the brain.  No 

peripheral cells are observed in the naïve brain, however, in the infected brain, 

there is significant cell recruitment, and macrophages can be identified and 

distinguished from microglia by their expression of CD45 and CD11b using flow 

cytometry (Fig 2.2D).  Macrophages and microglia both express high levels of 
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CD11b, yet microglia express lower levels of CD45, although upregulation of 

CD45 is observed in activated microglia.  Using this method, approximately 13% 

of the total brain mononuclear cell population is microglia, and 18% of cells are 

macrophages.  Consistent with the literature, dectin1 is expressed on both cell 

populations.  Further, dectin1 is observed on alternatively activated macrophage 

populations.  Both macrophages and microglia have similar proportions of 

arginase+, dectin1+ cells (Fig 2.2D).  Fluorescence intensity can be used to 

determine dectin1 expression on a per cell basis within this population, and 

dectin1 expression is greatest on the infiltrating macrophage population (Fig 

2.2D).  This data suggests that both populations might be recognizing cysts, 

however, if dectin1 is mediating this recognition, there is a propensity for 

infiltrating macrophages to be more responsive. 

 

Previous studies have demonstrated that the expression of dectin1 is modulated 

by cytokines, where stimulation with IL-4 and IL-13 leads to an increase in 

dectin1 expression, while IFNγ reduces dectin1 expression [40]. During infection, 

there are several means by which dectin1 expression might be regulated, 

including cytokine production and direct parasite detection or infection.  To test if 

contact with cysts can induce dectin1 upregulation, macrophages were 

stimulated in vitro with RH tachyzoites, Pru tachyzoites, Me49 bradyzoites, or 

cysts.  IFNγ and IL-4 were used as negative and positive controls, respectfully.  

Consistent with previously published work, dectin1 is upregulated by IL-4, and 
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notably, greatly upregulated by type I RH tachyzoites (Fig 2.2E).  In contrast, 

type II Pru tachyzoites, Me49 cysts, nor Me49 bradyzoites induced dectin1 

upregulation.  The RH strain of Toxoplasma is highly virulent, and this strain 

possesses rhoptry protein 16 (ROP16) that modifies host cell signaling, but is 

absent in type II parasite strains.  ROP16 is known to phosphorylate STAT6 to 

induce an anti-inflammatory phenotype [41,42] and promote parasite replication 

in vivo [42].  Due to the nature of dectin1 upregulation by IL-4 and IL-13, STAT6 

is thought to control dectin1 expression, and additional unpublished studies have 

noted a STAT6 consensus sequence in the dectin1 promoter [40].  To test if 

dectin1 upregulation by RH is STAT6 dependent, WT and STAT6-/- 

macrophages were stimulated similarly in vitro.  Modest upregulation of dectin1 

was observed in the absence of STAT6 demonstrating that its expression is 

primarily STAT6 dependent, consistent with IL-4 signaling.  Although RH driven 

upregulation of dectin1 is predominantly STAT6 dependent, it is clear that RH 

uses alternative STAT6-independent pathways to drive dectin1 expression.  To 

our knowledge, this is the first time STAT6 dependent upregulation of dectin1 

has been directly demonstrated.  Taken together, these data show that dectin1 is 

expressed and upregulated on alternatively activated macrophages, and in 

response to Toxoplasma infection, but is independent of cyst recognition.   

 

 

 



	 62	

Dectin1 is not required to control acute Toxoplasma infection. 

 

The potential for dectin1 to play a role in the immune response to Toxoplasma 

extends beyond its traditional role as a pattern recognition receptor.  Dectin1 is 

known for its ability to phagocytose particulate antigens, induce cytokine 

production and respiratory burst [43] [17].  High levels of pro-inflammatory 

cytokines, including but not limited to IFNγ, IL-12, TNFα, IL-6 and CCL2, 

characterize the acute stage of Toxoplasma infection.  Due to the significant 

overlap between dectin1 driven cytokine secretion and cytokines observed during 

infection, it was necessary to decipher if dectin1 plays a functional role during the 

acute stage of infection.  WT C57BL/6 and dectin1-/- mice were infected with 20 

Me49 cysts i.p. and sacrificed at day 7 or day 14 post infection to measure 

parasite burden and quantify systemic cytokine production.  Day 7 post-infection 

marks the peak of acute infection, when cytokine production and parasite burden 

are at their highest.  Both naïve WT and naïve dectin1-/- mice display similar 

basal levels of cytokine production (Fig 2.3A).  Upon infection, type 1 cytokines 

significantly increase, including IFNγ, TNFα, IL-6, CCL2 and IL-12p70.  

Comparing WT and dectin1-/- animals at day 7 post-infection, a modest but 

significant increase in IL-12p70 is observed in dectin1-/- mice, suggesting that 

dectin1 signaling is limiting IL-12 production.  Dectin1 deficient mice display no 

other marked differences from WT mice in cytokine production at the peak of 

infection.  By day 14, circulating cytokines begin to subside, and no significant 
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differences are observed between WT and dectin1-/- animals.  Quantification of 

parasite burden in peripheral tissues also reveals no significant differences, 

despite the difference observed in IL-12p70.   This suggests that dectin1 is not 

required to control parasite burden (Fig 2.3B). Together, these data indicate that 

dectin1 is not required to generate a protective immune response during acute 

Toxoplasma infection.  

 

Dectin1 has also been suggested as a costimulatory molecule for T cells [14], 

where in combination with αCD3, immobilized dectin1 stimulated T cell 

proliferation.  Thus, in the absence of dectin1, we might expect to see a reduction 

in T cell numbers in the periphery during infection.  Absolute numbers of T cell 

subsets (CD3+CD4+ and CD3+CD8+), and CD11b+ cells were quantified at 

each of these time points in the peritoneum, spleen, and lymph node.  There is 

no significant difference in total cell numbers in the spleen, nor are there 

significant differences in any of the above cell subsets in the spleen at the peak 

of acute infection (Fig 2.3C).  Additionally, there are no differences in T cell 

frequencies in the lymph node at day 7 or day 14 post infection (data not shown).   

Inflammatory monocytes and neutrophil populations also remain unchanged at 

day 7 post infection in the spleen (Fig 2.3C).  In contrast to findings during fungal 

infections, examination of peritoneal exudate cells also show no alteration in total 

cell accumulation at the site of inoculation, demonstrating that dectin1 is not 

required for cell recruitment.  Additionally, dectin1 is not required for T cell 
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proliferation or the generation of inflammatory cells during acute infection.  

 

Dectin1 is not required for cell infiltration into the brain during chronic infection 

 

If dectin1 plays a role in limiting inflammation in response to cysts, we would 

expect increased inflammation and cell infiltration in the brains of chronically 

infected mice in the absence of dectin1.  To determine if dectin1 plays a role in 

cell infiltration into the brain during infection, absolute cell numbers were 

quantified and phenotyped from chronically infected mice.  Total cell numbers in 

the brains of WT and dectin1-/- mice during chronic infection shows that dectin1 

is not required for immune cell infiltration.  In contrast to a role for controlling 

inflammation, in the absence of dectin1, there are fewer cells in the brain (Fig 

2.4A).  Dectin1-/- mice have significantly fewer CD3+CD8+ T cells in the 

chronically infected brain (Fig 2.4B), yet parasite burden remains unchanged (Fig 

2.4D).  Although trends towards decreased cell numbers are observed, the 

numbers of CD3+CD4+ T cells remains statistically insignificant.  Curiously, 

these data support a role for dectin1 in promoting inflammation during chronic 

infection. The total number of CD11b+ cells, inflammatory monocytes, and 

neutrophils in the brain remain similar between WT and dectin1-/- animals during 

chronic infection.  Taken together, these data demonstrate that although dectin1 

is not required for cell infiltration into the brain during chronic infection, it does 

specifically impact the CD8 T cell population in an unknown manner.  
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Dectin1 is not required to control cyst burden in the brain 

 

Previous studies have demonstrated the requirement for both macrophage 

production of AMCase [22] and CD8 T cell production of perforin [21] in the 

control of cyst burden during chronic Toxoplasma infection.  We have shown that 

during infection, dectin1-/- mice have reduced numbers of CD8 T cells in the 

brain.  Additionally, dectin1 is expressed on alternatively activated macrophages, 

which are a source of AMCase during Toxoplasma infection.  To test if dectin1 is 

contributing to cyst clearance in the brain, WT and dectin1-/- mice were 

sacrificed between 4 and 6 weeks post infection and analyzed for AMCase 

production, cyst burden and total parasite burden.  As measured by qPCR using 

total brain RNA, there are no differences in AMCase transcripts between WT and 

dectin1-/- mice (Fig 2.5A).  We next quantified AMCase enzymatic activity in 

BMNCs isolated from these mice.  No differences in chitinase activity are 

observed (Fig 2.5B).  To determine if dectin1 plays a role in cyst clearance, cyst 

burden was quantified, and although highly variable, these data demonstrate that 

cyst clearance is dectin1 independent (Fig 2.4D). Cyst sizes can be highly 

variable, ranging from 10-100  µM.  Thus, we quantified total parasite burden, 

and also observed no differences (Fig 2.4D).   

 

As cysts remain intracellular within neurons, AMCase production in the 

chronically infected brain is likely a very transient event dependent upon 
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macrophage-cyst direct contact [22].  Therefore, we utilized in vitro systems to 

address whether or not dectin1 leads to the generation of AMCase.  WT and 

dectin1-/- macrophages were cultured in the presence of cysts, and AMCase was 

quantified via qPCR.  There is no defect in the ability for dectin1 deficient 

macrophages to produce AMCase in response to cysts (Fig 2.5C).  In fact, it 

appears that dectin1 deficient macrophages produce more AMCase, consistent 

with our previous observations that dectin1 limits inflammation in response to 

cysts.  As noted before, the production of AMCase during chronic infection is 

likely a transient event, which accounts for no observed differences in cyst 

burden or AMCase activity between the two phenotypes in vivo.   Although basal 

levels of AMCase are observed in the absence of cysts, immunocytochemistry 

shows positive AMCase staining in both WT and dectin1-/- macrophages 

stimulated with cysts (Fig 2.5E).  Taken together, these data demonstrate that 

dectin1 is not required for AMCase production and control of cyst burden in the 

brain during chronic Toxoplasma infection, but it does play a role in the 

macrophage immune response to cysts likely by modulating the cytokine 

response. 

 

Discussion  

 

Pathogen recognition is essential for the development of protective immunity 

during infections, and macrophages have a well-characterized role for this in 
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mammalian systems.  Pattern recognition of Toxoplasma gondii tachyzoites has 

been well established in the literature, where TLR2, TLR4 and TLR11 have 

recognized roles for recognition of GPI anchored proteins, and profilin, 

respectfully [33-36,44].  However, there is currently little data describing the 

immune response to the cyst, and there are no studies describing immune 

recognition of this stage.  The mechanisms behind cyst wall formation have not 

been elucidated, thus its constituents remain to be fully identified.  This structure 

has largely been understudied due to previous notions that the transition to 

bradyzoite and cyst formation was believed to be a transition to dormancy and 

latency in the host, but we have shown that the cysts are indeed immunogenic.  

Macrophages respond to the cysts in vitro as measured by the production of 

IFNγ, CCL2, IL-6, TNFα, and AMCase.  Additionally, studies have shown actively 

replicating bradyzoites in tissue cysts in vivo, indicating that this infection is not 

as latent as we once thought [45]. 

 

Chitin is a major constituent in the cyst wall [25] [26], and we have previously 

characterized a role for macrophage production of AMCase in the destruction of 

the cyst wall, rendering the parasites vulnerable to immune clearance [22].  We 

investigated receptors that might contribute to chitin recognition and downstream 

effector function.  C-type lectin receptors are a class of PRR that recognize 

various carbohydrate moieties on the surface of pathogens [4].  As the cyst is a 

large and highly glycosylated structure, we sought to investigate the role of one 
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C-type lectin receptor in particular, dectin1.  Dectin1 plays a significant role in the 

immune response against fungal pathogens [7-9].  This receptor is expressed on 

antigen presenting cells, and upon ligand binding, is capable of signaling 

independently leading to the production of pro-inflammatory cytokines [12].  

Studies have also demonstrated a role for dectin1 in chitin recognition [27], but 

no studies have investigated if dectin1 recognition of chitin is linked to AMCase 

production.   

 

Our data demonstrates the presence and upregulation of dectin1 in the brain 

following T. gondii infection.  In healthy individuals, the brain is considered an 

immune-privileged site, and due to an intact blood brain barrier, peripheral 

immune cells are absent in the brain.  During Toxoplasma infection, the BBB is 

compromised, and immune cells are able to enter the brain and traverse into the 

brain parenchyma.  A constant influx of T cells into the brain is required to keep 

the parasite at bay [46].  In addition to T cells, many other cell types enter the 

infected brain, including dendritic cells, macrophages, B cells, and NK cells.  An 

observation using evan’s blue dye injections intravenously suggests transient 

permeability of the blood brain barrier at 3 days post infection, and again at day 

21 post infection, where the permeability is maintained through day 28 (Clement 

David, unpublished observation).  A near 5-fold upregulation of dectin1 can be 

observed in brain tissue by day 21 post-infection, and consistent with the opening 
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of the blood brain barrier, this is likely due to significant cell infiltration that is 

observed during Toxoplasma infection.   

 

Previous literature has demonstrated that chitin induces an alternatively activated 

phenotype in macrophages [47], and our studies have shown that macrophages 

are polarized to an M2 state following contact with cysts in vitro [22].  Flow 

cytometric analysis shows that dectin1 is expressed on alternatively activated 

macrophages, as well as microglia.  A study of dectin1 expression in various 

mouse tissues showed that dectin1 was not detectable in the brain by northern 

blot analysis, or immunostaining suggesting that this receptor is not expressed by 

microglia [13] [15].  Microglia are the resident phagocytes in the brain, and exhibit 

very similar properties to macrophages.  In contrast, other studies have found 

dectin1 expression in whole brain and cultured primary murine microglia by RT-

qPCR and western blot, though the levels in whole brain tissue were significantly 

less [48].  Although these two studies present contrasting data, Taylor et al. 

noted upregulation of dectin1 on resident peritoneal macrophages after 1 day in 

culture.  Shah and colleagues conducted analysis on cultured primary microglia, 

which may account for the discrepant results from the two research groups.  

Nonetheless, our data is consistent with dectin1 expression on microglia.   

 

Dectin1 expression and ability to bind zymosan or phagocytose yeast is 

enhanced in IL-4 or IL-13 treated macrophages, respectively, indicating that local 
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extrinsic signals can impact the functionality of this receptor [40] [49].  

Toxoplasma infection leads to Th1 polarized responses in the host, yet, we do 

see evidence of Th2-type polarization during chronic infection.  As suggested by 

the expression of M2 markers near cysts ex vivo, it is highly likely that these 

areas in the brain represent a small and distinct environmental niche during 

Toxoplasma infection.  It is tempting to speculate that Th2 cytokines including IL-

4 and/or IL-13 might be contributing to this niche, although these studies have 

yet to be conducted.  Consistent with our hypothesis that dectin1 is required for 

cyst recognition, this receptor is expressed on alternatively activated 

macrophages.  Furthermore, its expression is STAT6 dependent, and aggregates 

of dectin1 expressing cells are found in areas of cysts. 

 

There are multiple facets of dectin1 that may play a significant role during 

Toxoplasma infection, including its role in pathogen recognition, signaling leading 

to the induction of ROS and cytokines, and phagocytosis.  Thus, to test the 

requirement for dectin1 in vivo, we infected WT and dectin1-/- mice.  We observe 

little distinction between WT and dectin1-/- mice in the production of cytokines 

during acute infection.  Dectin1 deficient mice were also able to control parasite 

burden during acute infection, which may suggest that this receptor is not 

required for phagocytosis and/or tachyzoite recognition.  However, Toxoplasma 

is capable of escaping the phagosome, and successfully infecting the phagocyte, 

a mechanism recently described as phagosome to vacuole invasion [50].  
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Regardless, our findings demonstrate that dectin1 is not required for survival or 

the generation of a protective immune response during acute infection.  

 

Toxoplasma cysts represent a source of parasite transmission and are principally 

responsible for chronicity.  Due to its ability to recognize chitinous pathogens, we 

investigated the requirement for dectin1 in cyst recognition.  Therefore, we 

quantified cyst burden and chitinase activity in dectin1 deficient animals.  We 

observe no significant differences in cyst numbers (Fig. 2.4D) or chitinase activity 

(Fig. 2.5B) in the absence of dectin1, suggesting that dectin1 is not required for 

cyst recognition in vivo.  To test the role of dectin1 specifically in response to 

cysts, we used cytokine production and AMCase production in our in vitro assays 

as readout for cyst recognition.  Macrophages produce IL-6, TNFα, and CCL2 

upon cyst stimulation (Fig 2.1A).  Blocking dectin1 results in increased cytokine 

production (Fig 2.1B) and AMCase transcription (Fig 2.5C), indicating that 

dectin1 is limiting inflammation in vitro.  If dectin1 were required for cyst 

recognition, we would expect both cytokines and AMCase production to be 

abolished in dectin1 deficient macrophages.  Taken together, these data 

demonstrate that dectin1 is not required for cyst recognition or control of 

Toxoplasma cyst burden.   

 

Dectin1 does, however, appear to play a role in overall inflammation in response 

to Toxoplasma infection.  Although dectin1 appears to be limiting inflammation in 
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response to cysts in vitro, we do not observe this during chronic infection in vivo.  

This is evidenced by a substantial increase in cytokines upon blocking dectin1 in 

vitro (Fig 2.1B), and a decrease in total cell infiltration in the brain at chronicity in 

dectin1-/- mice (Fig. 2.4A,B).  Consistent with its localized expression in the 

brain, this suggests that dectin1 may be modulating the local inflammatory 

environment around cysts in the CNS.  The observed decrease in CD8+ T cells 

at chronicity might be attributed to antigen processing and presentation. Previous 

studies have found a role for dectin1 in antigen cross presentation [51] and CD8 

T cell expansion and function [51,52].  Moreover, Paracoccidioidomycosis 

infection in dectin1 deficient mice results in a reduction of activated CD8 T cell 

recruitment to the lung during late stage disease [53].  Together, differences in 

antigen presentation may explain the decrease in total CD8 T cells observed in 

the brain during T. gondii infection. 

 

Chitin recognition has yet to be fully defined in mammals, and to our knowledge, 

this is the first attempt to identify a receptor for Toxoplasma cysts.  The cysts 

were once thought to be poorly immunogenic, but our findings suggest that cysts 

elicit strong cytokine production in macrophages.  Our studies largely 

demonstrate that there is immune recognition of these structures in vitro.  The 

production of AMCase and proinflammatory cytokines in response to cysts in a 

contact-dependent manner suggests that macrophages are capable of such 

recognition.  The ability for macrophages to respond to this stage of infection, 
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suggests that they are also capable of recognizing PAMPs in the cyst wall.  

However, the cysts are found inside of neurons, and it is unclear how the cysts 

become exposed to macrophages.  Perforin has been described as an additional 

effector molecule controlling cyst burden [21], and therefore, it is possible that T 

cells and macrophages collaborate in the lysis of neuronal cells and cyst 

clearance.  Although dectin1 does not appear to be required for macrophage-cyst 

recognition, it does appear to regulate inflammation during infection. Other 

candidate receptors include MMR and TLR2, both of which have demonstrated a 

role in cytokine production in response to chitin [27]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 74	

References 

1. Ferwerda G, Meyer-Wentrup F, Kullberg BJ, Netea MG, Adema GJ (2008) 
Dectin-1 synergizes with TLR2 and TLR4 for cytokine production in human 
primary monocytes and macrophages. Cell Microbiol 10: 2058-2066. 

 
2. Gantner BN, Simmons RM, Canavera SJ, Akira S, Underhill DM (2003) 

Collaborative induction of inflammatory responses by dectin-1 and Toll-like 
receptor 2. J Exp Med 197: 1107-1117. 

 
3. Yadav M, Schorey JS (2006) The beta-glucan receptor dectin-1 functions 

together with TLR2 to mediate macrophage activation by mycobacteria. 
Blood 108: 3168-3175. 

 
4. Geijtenbeek TB, Gringhuis SI (2009) Signalling through C-type lectin 

receptors: shaping immune responses. Nat Rev Immunol 9: 465-479. 
 
5. Goodridge HS, Simmons RM, Underhill DM (2007) Dectin-1 stimulation by 

Candida albicans yeast or zymosan triggers NFAT activation in 
macrophages and dendritic cells. J Immunol 178: 3107-3115. 

 
6. Herre J, Marshall AS, Caron E, Edwards AD, Williams DL, et al. (2004) Dectin-

1 uses novel mechanisms for yeast phagocytosis in macrophages. Blood 
104: 4038-4045. 

 
7. Steele C, Rapaka RR, Metz A, Pop SM, Williams DL, et al. (2005) The beta-

glucan receptor dectin-1 recognizes specific morphologies of Aspergillus 
fumigatus. PLoS Pathog 1: e42. 

 
8. Taylor PR, Tsoni SV, Willment JA, Dennehy KM, Rosas M, et al. (2007) 

Dectin-1 is required for beta-glucan recognition and control of fungal 
infection. Nat Immunol 8: 31-38. 

 
9. Marakalala MJ, Vautier S, Potrykus J, Walker LA, Shepardson KM, et al. 

(2013) Differential adaptation of Candida albicans in vivo modulates 
immune recognition by dectin-1. PLoS Pathog 9: e1003315. 

 
10. Araujo MI, Bliss SK, Suzuki Y, Alcaraz A, Denkers EY, et al. (2001) 

Interleukin-12 promotes pathologic liver changes and death in mice 
coinfected with Schistosoma mansoni and Toxoplasma gondii. Infect 
Immun 69: 1454-1462. 

 
11. Goodridge HS, Underhill DM (2008) Fungal Recognition by TLR2 and Dectin-

1. Handb Exp Pharmacol: 87-109. 



	 75	

 
12. Brown GD (2006) Dectin-1: a signalling non-TLR pattern-recognition 

receptor. Nat Rev Immunol 6: 33-43. 
 
13. Taylor PR, Brown GD, Reid DM, Willment JA, Martinez-Pomares L, et al. 

(2002) The beta-glucan receptor, dectin-1, is predominantly expressed on 
the surface of cells of the monocyte/macrophage and neutrophil lineages. 
J Immunol 169: 3876-3882. 

 
14. Ariizumi K, Shen GL, Shikano S, Xu S, Ritter R, 3rd, et al. (2000) 

Identification of a novel, dendritic cell-associated molecule, dectin-1, by 
subtractive cDNA cloning. J Biol Chem 275: 20157-20167. 

 
15. Reid DM, Montoya M, Taylor PR, Borrow P, Gordon S, et al. (2004) 

Expression of the beta-glucan receptor, Dectin-1, on murine leukocytes in 
situ correlates with its function in pathogen recognition and reveals 
potential roles in leukocyte interactions. J Leukoc Biol 76: 86-94. 

 
16. Leal SM, Jr., Cowden S, Hsia YC, Ghannoum MA, Momany M, et al. (2010) 

Distinct roles for Dectin-1 and TLR4 in the pathogenesis of Aspergillus 
fumigatus keratitis. PLoS Pathog 6: e1000976. 

 
17. Underhill DM, Rossnagle E, Lowell CA, Simmons RM (2005) Dectin-1 

activates Syk tyrosine kinase in a dynamic subset of macrophages for 
reactive oxygen production. Blood 106: 2543-2550. 

 
18. Strijbis K, Tafesse FG, Fairn GD, Witte MD, Dougan SK, et al. (2013) 

Bruton's Tyrosine Kinase (BTK) and Vav1 contribute to Dectin1-dependent 
phagocytosis of Candida albicans in macrophages. PLoS Pathog 9: 
e1003446. 

 
19. Burke JM, Roberts CW, Hunter CA, Murray M, Alexander J (1994) Temporal 

differences in the expression of mRNA for IL-10 and IFN-gamma in the 
brains and spleens of C57BL/10 mice infected with Toxoplasma gondii. 
Parasite Immunol 16: 305-314. 

 
20. Denkers EY, Yap G, Scharton-Kersten T, Charest H, Butcher BA, et al. 

(1997) Perforin-mediated cytolysis plays a limited role in host resistance to 
Toxoplasma gondii. J Immunol 159: 1903-1908. 

 
21. Suzuki Y, Wang X, Jortner BS, Payne L, Ni Y, et al. (2010) Removal of 

Toxoplasma gondii cysts from the brain by perforin-mediated activity of 
CD8+ T cells. Am J Pathol 176: 1607-1613. 

 



	 76	

22. Nance JP, Vannella KM, Worth D, David C, Carter D, et al. (2012) Chitinase 
dependent control of protozoan cyst burden in the brain. PLoS Pathog 8: 
e1002990. 

 
23. McGovern KE, Wilson EH (2013) Dark side illuminated: imaging of 

Toxoplasma gondii through the decades. Parasit Vectors 6: 334. 
 
24. John B, Harris TH, Tait ED, Wilson EH, Gregg B, et al. (2009) Dynamic 

Imaging of CD8(+) T cells and dendritic cells during infection with 
Toxoplasma gondii. PLoS Pathog 5: e1000505. 

 
25. Boothroyd JC, Black M, Bonnefoy S, Hehl A, Knoll LJ, et al. (1997) Genetic 

and biochemical analysis of development in Toxoplasma gondii. Philos 
Trans R Soc Lond B Biol Sci 352: 1347-1354. 

 
26. Coppin A, Dzierszinski F, Legrand S, Mortuaire M, Ferguson D, et al. (2003) 

Developmentally regulated biosynthesis of carbohydrate and storage 
polysaccharide during differentiation and tissue cyst formation in 
Toxoplasma gondii. Biochimie 85: 353-361. 

 
27. Da Silva CA, Chalouni C, Williams A, Hartl D, Lee CG, et al. (2009) Chitin is 

a size-dependent regulator of macrophage TNF and IL-10 production. J 
Immunol 182: 3573-3582. 

 
28. Noor S, Habashy AS, Nance JP, Clark RT, Nemati K, et al. (2010) CCR7-

dependent immunity during acute Toxoplasma gondii infection. Infect 
Immun 78: 2257-2263. 

 
29. Wilson EH, Wille-Reece U, Dzierszinski F, Hunter CA (2005) A critical role for 

IL-10 in limiting inflammation during toxoplasmic encephalitis. Journal of 
neuroimmunology 165: 63-74. 

 
30. Yarovinsky F (2014) Innate immunity to Toxoplasma gondii infection. Nat Rev 

Immunol 14: 109-121. 
 
31. Pifer R, Yarovinsky F (2011) Innate responses to Toxoplasma gondii in mice 

and humans. Trends Parasitol 27: 388-393. 
 
32. Yarovinsky F, Hieny S, Sher A (2008) Recognition of Toxoplasma gondii by 

TLR11 prevents parasite-induced immunopathology. J Immunol 181: 
8478-8484. 

 



	 77	

33. Yarovinsky F, Zhang D, Andersen JF, Bannenberg GL, Serhan CN, et al. 
(2005) TLR11 activation of dendritic cells by a protozoan profilin-like 
protein. Science 308: 1626-1629. 

 
34. Yarovinsky F, Sher A (2006) Toll-like receptor recognition of Toxoplasma 

gondii. Int J Parasitol 36: 255-259. 
 
35. Debierre-Grockiego F, Campos MA, Azzouz N, Schmidt J, Bieker U, et al. 

(2007) Activation of TLR2 and TLR4 by glycosylphosphatidylinositols 
derived from Toxoplasma gondii. J Immunol 179: 1129-1137. 

 
36. Denkers EY (2010) Toll-like receptor initiated host defense against 

Toxoplasma gondii. J Biomed Biotechnol 2010: 737125. 
 
37. Wang X, Suzuki Y (2007) Microglia produce IFN-gamma independently from 

T cells during acute toxoplasmosis in the brain. J Interferon Cytokine Res 
27: 599-605. 

 
38. Eberle ME, Dalpke AH (2012) Dectin-1 stimulation induces suppressor of 

cytokine signaling 1, thereby modulating TLR signaling and T cell 
responses. J Immunol 188: 5644-5654. 

 
39. Zhang YW, Halonen SK, Ma YF, Wittner M, Weiss LM (2001) Initial 

characterization of CST1, a Toxoplasma gondii cyst wall glycoprotein. 
Infect Immun 69: 501-507. 

 
40. Willment JA, Lin HH, Reid DM, Taylor PR, Williams DL, et al. (2003) Dectin-1 

expression and function are enhanced on alternatively activated and GM-
CSF-treated macrophages and are negatively regulated by IL-10, 
dexamethasone, and lipopolysaccharide. J Immunol 171: 4569-4573. 

 
41. Saeij JP, Coller S, Boyle JP, Jerome ME, White MW, et al. (2007) 

Toxoplasma co-opts host gene expression by injection of a polymorphic 
kinase homologue. Nature 445: 324-327. 

 
42. Butcher BA, Fox BA, Rommereim LM, Kim SG, Maurer KJ, et al. (2011) 

Toxoplasma gondii rhoptry kinase ROP16 activates STAT3 and STAT6 
resulting in cytokine inhibition and arginase-1-dependent growth control. 
PLoS Pathog 7: e1002236. 

 
43. Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, et al. (2011) 

Activation of the innate immune receptor Dectin-1 upon formation of a 
'phagocytic synapse'. Nature 472: 471-475. 

 



	 78	

44. Plattner F, Yarovinsky F, Romero S, Didry D, Carlier MF, et al. (2008) 
Toxoplasma profilin is essential for host cell invasion and TLR11-
dependent induction of an interleukin-12 response. Cell Host Microbe 3: 
77-87. 

 
45. Watts E, Zhao Y, Dhara A, Eller B, Patwardhan A, et al. (2015) Novel 

Approaches Reveal that Toxoplasma gondii Bradyzoites within Tissue 
Cysts Are Dynamic and Replicating Entities In Vivo. MBio 6: e01155-
01115. 

 
46. Gazzinelli R, Xu Y, Hieny S, Cheever A, Sher A (1992) Simultaneous 

depletion of CD4+ and CD8+ T lymphocytes is required to reactivate 
chronic infection with Toxoplasma gondii. J Immunol 149: 175-180. 

 
47. Reese TA, Liang HE, Tager AM, Luster AD, Van Rooijen N, et al. (2007) 

Chitin induces accumulation in tissue of innate immune cells associated 
with allergy. Nature 447: 92-96. 

 
48. Shah VB, Huang Y, Keshwara R, Ozment-Skelton T, Williams DL, et al. 

(2008) Beta-glucan activates microglia without inducing cytokine 
production in Dectin-1-dependent manner. J Immunol 180: 2777-2785. 

 
49. Gales A, Conduche A, Bernad J, Lefevre L, Olagnier D, et al. (2010) 

PPARgamma controls Dectin-1 expression required for host antifungal 
defense against Candida albicans. PLoS Pathog 6: e1000714. 

 
50. Zhao Y, Marple AH, Ferguson DJ, Bzik DJ, Yap GS (2014) Avirulent strains 

of Toxoplasma gondii infect macrophages by active invasion from the 
phagosome. Proc Natl Acad Sci U S A 111: 6437-6442. 

 
51. Ni L, Gayet I, Zurawski S, Duluc D, Flamar AL, et al. (2010) Concomitant 

activation and antigen uptake via human dectin-1 results in potent antigen-
specific CD8+ T cell responses. J Immunol 185: 3504-3513. 

 
52. Leibundgut-Landmann S, Osorio F, Brown GD, Reis e Sousa C (2008) 

Stimulation of dendritic cells via the dectin-1/Syk pathway allows priming 
of cytotoxic T-cell responses. Blood 112: 4971-4980. 

 
53. Loures FV, Araujo EF, Feriotti C, Bazan SB, Costa TA, et al. (2014) Dectin-1 

induces M1 macrophages and prominent expansion of CD8+IL-17+ cells 
in pulmonary Paracoccidioidomycosis. J Infect Dis 210: 762-773. 

 
 
 



	 79	

Figure 2.1:  Macrophages recognize and respond to Toxoplasma cysts 

 

Macrophage cytokine response in co-cultures following an overnight incubation 

period.  Macrophages were cultured in the absence of a stimulus (i.e. media), 

LPS/IFNg, zymosan, zymosan depleted, or cysts.  B) Bone marrow derived 

macrophages were cultured overnight and stimulated in vitro with Toxoplasma 

cysts in the presence or absence of the dectin1 inhibitor, laminarin (1 mg/ml).  

Macrophages without any stimulus (media) were used as a resting baseline 

control for cytokine secretion.  Supernatants were collected and analyzed using a 

cytometric bead array. ****= P < .0001, ***= P<.001, **= P<.01 
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Figure 2.2:  Dectin1 is present and upregulated on alternatively activated 

macrophages following Toxoplasma infection 

 

C57/Bl6 mice were sacrificed beginning at day 3 post infection and continued 

through day 56 post infection.  Tissues were harvested and RNA was isolated.   

Dectin1 expression was quantified using RT-qPCR in the periphery (A) and the 

brain (B) over time.  Fold increase in dectin1 expression was calculated using the 

delta-delta Ct method, using GAPDH as the reference gene.  All plots are 

representing dectin1 fold increase relative to a naïve C57/Bl6 mouse.  C) 

Immunohistochemistry of brain tissue chronically infected with Me49 between 4 

and 6 weeks post infection.  Tissue was analyzed for dectin1 (green) expression 

relative to the parasite.  DBA (red) is used as a marker for Toxoplasma cyst wall. 

Scale bar in image the left image in 80 microns, and the scale bar in the right 

image is 20 microns.  D) Arginase-YFP reporter mice (YARG) were infected with 

Me49 cysts, or left uninfected as appropriate controls (bottom).  Brain 

mononuclear cells were extracted, immunostained, and ran on a flow cytometer. 

Total live BMNC infiltrates can be observed and discriminated based on FSC and 

SSC (data not shown), and macrophage/microglia plots are derived from the live 

cell plot.  Dectin1 expression on arginase-YFP cells was assessed using cell 

frequency of parent gate. Numbers represent mean ± standard deviation. E)  

Mean fluorescence intensity (MFI) of dectin1 on arginase positive and arginase 

negative subsets in both macrophage and microglia populations.  F) In vitro bone 



	 82	

marrow derived macrophage cultures were stimulated overnight, and total RNA 

was isolated and assessed for dectin1 expression in WT and STAT6-/- 

macrophages. A 1:1000 ratio of cysts:macrophages added.  
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Figure 2.3:  Dectin1 is not required to control acute infection 

 

Mice were acutely infected with 20 Me49 cysts intraperitoneally, and bled on 

days 7 and 14 post infection via tail clipping.  Serum was obtained from WT and 

dectin1-/- mice and assessed for cytokine production.  Naïve controls were used 

for baseline cytokine production.  Cytokine concentrations were determined 

relative to a standard curve of known cytokine concentration (A).  A subset of the 

infected mice were euthanized and tissues were harvested and processed for 

DNA isolation.  qPCR was conducted using the B1 gene of Toxoplasma and 

compared against a standard curve to quantify parasite burden during acute 

infection.  Infected mice were euthanized and tissues were harvested on days 7 

and 14 post infection.  Splenocytes were isolated and quantified in both WT and 

dectin1-/- animals (C).  Flow cytometry was used to phenotype and further 

enumerate cell subsets in the spleen throughout the course of infection. Absolute 

numbers of T cells, CD11b+ cells, and neutrophils were determined using 

population frequencies and total cell counts.  Peritoneal exudate cells were 

isolated from mice at day 7 post infection.  The graph represents the 

quantification of total cell infiltrates to the site of infection (D). 
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Figure 2.4:  Dectin1 does not limit inflammation in the infected brain 

 

WT and dectin1-/- mice were euthanized at chronic infection, and brains were 

then harvested and processed for brain mononuclear cell isolation.  Overall cell 

numbers were quantified (A). Isolated BMNCs were subjected to immunostaining 

and flow cytometry.  CD4 and CD8 T cell frequencies were assessed from total 

CD3 T cell populations (B). Absolute cell numbers were quantified using cell 

frequencies and total cell infiltrates (C).  Brains were isolated from chronically 

infected mice and cyst burden was microscopically determined (D). Brain DNA 

was isolated and used for qPCR to determine parasite burden. 
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Figure 2.5:  Dectin1 is not required for AMCase production 

 

(A) AMCase expression in the brain was quantified using RT-qPCR from brains 

of chronically infected mice. N=5 mice per group.  (B)  BMNCs were isolated and 

assessed for total chitinolytic activity. (C)  In vitro bone marrow derived 

macrophages were incubated with cysts and total RNA was isolated, and RT-

qPCR was conducted to assess for AMCase transcription.  (D) In vitro bone 

marrow derived macrophages were seeded in 4 well chamber slides at 1.5 x 105 

cells per well.   Cysts were isolated from brain tissue and incubated with the 

macrophages for 5 hours.  Supernatants were removed and slides were fixed 

and probed for AMCase (red) and cyst wall (DBA; green). 
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CHAPTER THREE 
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Abstract 

 

The ability for the intracellular protozoan Toxoplasma gondii to switch from a fast 

replicating tachyzoite to a slow replicating bradyzoite in cysts enables the 

parasite to remain latent within the host and establish chronicity. Several cell 

cycle regulated AP2 transcription factors mediate this conversion in the parasite.  

AP2IV-4 is a bradyzoite repressor, and genetic knockouts of this transcription 

factor in Toxoplasma results in a lack of cyst formation in the brains of mice, 

despite a high inoculum.  In contrast, ΔAP2IV-4 parasites have a propensity to 

form cysts in vitro compared to wild-type parasites.  These discrepant 

phenotypes are likely a result of the immune response to the parasite.  We 

demonstrate that infection with the parental Pru strain results in preferential 

recruitment of neutrophils, and 100% mortality by day 6 post infection, whereas 

the immune response following infection with PruΔAP2IV-4 is driven by 

inflammatory monocytes.  A significant increase in cell recruitment and 

composition at the site of infection coupled to a decrease in parasite burden 

results in protective immunity in mice infected with PruΔAP2IV-4. 
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Introduction 

 

Parasites have extraordinarily complex life cycles, which often involve two or 

more developmental stages and multiple hosts.  There is frequently a definitive 

host and one or more intermediate hosts, through which parasites replicate 

sexually and asexually, respectively.  Protozoan parasite transmission is 

primarily associated with one developmental stage in particular: the cyst. 

 

It is widely accepted that parasite encystment is generally triggered by adverse 

environmental conditions or immune pressure.  Environmental triggers include, 

but are not limited to: pH, temperature, osmotic conditions, and nutrient 

availability [1-5].  Additionally, the necessity for a parasite to evade the immune 

system also contributes to cyst formation.  Toxoplasma, Entamaeoba, and 

Giardia are examples of highly successful with cyst-forming parasites.  

 

Specifically, the protozoan parasite, Toxoplasma gondii, is capable of infecting 

and replicating within any nucleated cell in any warm-blooded animal.  T. gondii 

can replicate sexually within felines, and asexually within intermediate hosts, and 

within its host, the parasite undergoes a developmental switch.  It has the 

remarkable ability to switch between its fast replicating tachyzoite form and its 

slow-replicating “dormant” stage, the bradyzoite, which is believed to contribute 
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much to its success.  This developmental switch is critical to maintain latency and 

parasitize an intermediate host [6].   

 

Natural infection with the parasite occurs via ingestion of tissue cysts or oocysts, 

but interestingly, bradyzoite antigens are not immunogenic in natural infections 

[7].  Although many have suggested that the cyst is poorly immunogenic, kinetics 

of cyst burden and effector mechanisms of cyst clearance in the brain indicate 

otherwise [8,9].  Moreover, Kim and Boothroyd demonstrated that constitutive 

expression of the bradyzoite specific surface protein SRS9 in tachyzoites results 

in a reduction of cyst burden in the brains of chronically infected mice.  Further, 

mice immunized with recombinant SRS9 display enhanced survival rates and 

fewer cysts in the brain [7].  Together, these studies indicate that bradyzoite 

antigens are immunogenic and cyst formation in the brain can be minimized. 

 

Currently, very little is known about the factors that govern stage differentiation in 

Toxoplasma.  Yet, the field has employed various stress conditions to study this 

process in vitro.  What remains unclear, are the triggers governing this 

developmental switch in vivo, and the parasite-specific factors contributing to this 

process.  Unsurprisingly, this developmental switch is correlated with significant 

changes in gene expression in the parasite.  Until recently, the identification of 

mechanisms controlling this gene expression has been uncharacterized.   
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Apetala2 proteins are a group of transcription factors that regulate gene 

expression in Arabidopsis [10,11] and recently, Apetala2-related proteins with 

DNA binding activity were identified in Apicomplexan parasites (hereby referred 

to as ApiAP2) [12].  Moreover, ApiAP2 factors have been shown to play a 

regulatory role in stage-specific gene expression and parasite development in a 

Plasmodium infected mosquito [13-15].  For example, AP2-Sp deficient parasites 

are unable to properly develop into sporozoites within the mosquito midgut.  To 

date, 27 have been identified in Plasmodium falciparum and 68 in Toxoplasma 

[16].  ApiAP2 transcription factors have amino acid DNA binding motif 

approximately 60 amino acids in length, and are capable of regulating multiple 

genes expression.  Many of these factors are cell cycle regulated and stress 

induced [16,17].  These proteins are named based upon the chromosome 

number, and order within the genome. 

 

AP2IV-4 is of particular interest, as this is amongst the most highly upregulated 

AP2 factor during tachyzoite growth.  We have identified AP2IV-4 as a bradyzoite 

transcriptional repressor due to significant upregulation of bradyzoite genes in 

the absence of AP2IV-4.  BPK1, MCP4, CST1 and SRS9 are significantly 

upregulated in the absence of AP2IV-4.  SRS9 is the most abundant bradyzoite 

surface antigen [18], and notably, AP2IV-4 does bind the SRS9 promoter (data 

not shown).  Murine infections with parasites lacking this transcription factor 

display an inability to form cysts in vivo, and results in a differential immune 
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response during the acute stage of infection.  During acute infection in a wild-

type strain, tachyzoite antigens dominate.  However, we find that misexpression 

of bradyzoite antigens during the tachyzoite proliferative phase skews the 

immune response such that the mice exhibit greater protective immunity.   

 

Materials and Methods 

 

Animals and Infections 

8-12 week old Balb/c mice were purchased from Jaxson Laboratories and 

maintained in a specific pathogen free facility at the University of California, 

Riverside.  All animals were treated in accordance with IACUC standards set 

forth by the University of California, Riverside animal welfare act.  Mice were 

infected intraperitoneally with 104 or 107 tachyzoites in 200 μl sterile 1x PBS.  

Uninfected, age-matched animals were used as controls. 

 

Parasites Maintenance and Harvest 

Parasites were maintained in human foreskin fibroblasts at 37°C, 5% CO2.  In 

preparation for infection, parasite infected flasks were scraped, and needle 

passed through a 25g needle and syringe before being filtered using a 3 micron 

filter.  The parasites were spun at 3000 RPM for 10 min at 4°C, and washed once 

with sterile 1x PBS.  Live parasites were quantified and resuspended at the 

desired concentration for infections using 200 μl sterile 1x PBS. 
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Peritoneal exudate cell collection and cytospins 

Peritoneal exudate cells were obtained from acutely infected balb/c mice at either 

day 5 or day 6 post infection.  In brief, 5 mL of 1x PBS was injected into the 

peritoneal cavity, and then recovered using a 20 gauge needle and 5 ml syringe.  

The volume retrieved from the peritoneal cavity was recorded and cell counts 

were quantified.   

 

Cell Preparation and Flow cytometry 

Peritoneal exudate cells were harvested as described above prior to 

immunostaining.  For preparations of splenic cells, the whole spleen was mashed 

over a 40 μm cell strainer and washed with RPMI.  Cells were spun at 1200 RPM 

for 10 min at 4°C.  Cell pellets were resuspended with ACK lysis buffer to remove 

red blood cells and incubated on ice for 10 minutes.  An additional wash in RPMI 

was conducted prior to counting cells. Following counting, samples were 

immediately used for immunostaining.  FC receptors were blocked using anti 

CD16/CD32 for 5 minutes on ice prior to immunostaining.  Cells were then 

incubated with antibodies to CD3, CD4, CD8, CD62L, CD44, LY6C, LY6G, 

CD11B, CD11C, and MHCII for 30 minutes on ice in dark.  Cells were then 

washed in FACS buffer prior to acquiring samples on a BD FACS Canto II flow 

cytometer. 
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Parasite burden quantification 

DNA extraction was preformed on tissues using the Roche genomic DNA 

isolation kit.  In brief, tissues were placed in tissue lysis buffer with proteinase K 

overnight at 55°C.  DNA was precipitated and washed over a DNA binding 

column prior to elution.  For PECS samples, the cell pellets were spun at max 

speed for 5 minutes in a tabletop centrifuge and resuspended in 200 μl 1X PBS 

and DNA was isolated per manufacturers suggested protocol.  Isolated genomic 

DNA was quantified using a nanodrop 2000, and diluted to 25 ng/μl.  A total of 

100ng was used for PCR, and target DNA was amplified using the B1 gene of 

Toxoplasma.  For quantification, samples were compared against a standard 

curve of T. gondii genomic DNA. 

 

Results 

 

ApiAP2IV-4 is a bradyzoite transcriptional repressor 

 

The identification of Apicomplexan transcription factors has opened up new 

avenues for discovery in Toxoplasma.  Previous studies have demonstrated that 

these transcription factors share a homologous DNA binding motif to the plant 

AP2 transcription factors, and these proteins can regulate gene expression in the 

parasite [12].  Of the 68 transcription factors, very few have been extensively 
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characterized.  However, there are recent predictions of their functions based 

upon their expression within a tachyzoite and a bradyzoite, respectfully [16].   

 

Of particular interest is AP2IV-4, as it is exhibits the greatest expression during 

the tachyzoite replicative stage.  This transcription factor is expressed during the 

S phase through cytokinesis, but is not expressed during G1.  There are two 

possible regulatory roles for this transcription factor during Toxoplasma 

replication.  First, ApiAP2IV-4 may be an activator of tachyzoite gene expression 

or a repressor of bradyzoite gene expression.  To test this, genetic knockouts of 

ApiAP2 were generated in a type I virulent Toxoplasma strain, RH and an 

avirulent type II Toxoplasma strain, Pru and microarray analysis was conducted 

using a Toxoplasma gene chip.  Parental parasites as well as ApiAP2IV-4 

complemented strains were used as a control.  In the ApiAP2IV-4 deficient 

parasites, genes associated with bradyzoites were significantly upregulated 

relative to the control parental and complemented strains (Fig. 3.1A). Of the 

genes that were significantly upregulated in PruΔAP2IV-4 and RHΔAP2IV-4, 

many were associated with bradyzoite surface antigens and cyst wall associated 

proteins, including MCP4, BPK1, SRS9, DBA, and CST1.   

 

To confirm the microarray findings, confluent monolayers of human foreskin 

fibroblasts (HFF) were infected with parental controls, ΔAP2IV-4 parasites, or 

ΔAP2IV4::AP2IV-4 complemented strains, and immunostained for the above 
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bradyzoite specific markers, as well as SAG1.  Although some spontaneous cyst 

formation does occur in culture, the vast majority of the vacuoles do not express 

bradyzoite and cyst wall antigens after 24-48 hours of co-culture in parental 

parasites.  However, cells infected with RHΔAP2IV-4 (data not shown) and 

PruΔAP2IV-4 contains significantly more parasitophorous vacuoles positive for 

these markers (Fig. 3.1B and 3.1C). Although significant differences in 

expression of bradyzoite antigens are observed in the ΔAP2IV-4 strains, 

expression of tachyzoite antigens, specifically SAG1, remains uniformly 

expressed amongst all strains tested (Fig. 3.1D). Notably, the expression of 

SAG1 and bradyzoite specific markers was not limited to distinct vacuoles.  

ΔAP2IV-4 parasites co-express SAG1 and SRS9.  Therefore, we concluded that 

parasites deficient in AP2IV-4 misexpress bradyzoite antigens.   

 

PruΔAP2IV-4 does not encyst in the CNS 

 

Studying stage-differentiation in protozoan parasites in vivo has proven 

challenging due to the unknown triggers for differentiation in an animal.  

However, initiating encystation in protozoan parasites in vitro has proven a 

successful means to study this process.  In vitro encystation is commonly 

associated with stressed conditions, which include pH, O2 tension, CO2 

starvation or nutrient deprivation [1] [2] [3,4].  In Toxoplasma, the classical 

method to induce tachyzoite to bradyzoite differentiation is culturing the parasite 
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in mildly alkaline conditions (pH 8.2) in the absence of CO2 [19].  This method is 

highly efficient and results in slowed growth, and expression of bradyzoite 

antigens and mature cyst wall specific antigens. 

 

Prior studies have shown that constitutive expression of SRS9 in tachyzoites 

decreased cyst formation in the brain over time [7].  As PruΔAP2IV-4 parasites 

demonstrate a unique expression repertoire of bradyzoite antigens during 

tachyzoite proliferation, we tested whether misexpression of bradyzoite antigens 

influences parasite encystation in vitro and in vivo.  In comparison to the parental 

strain, the PruΔAP2IV-4 parasites exhibited a greater propensity to form cysts 

under alkaline stress.  To test the ability for the parasites to encyst in the CNS, 

animals were infected, and at 4 weeks post infection, the mice were euthanized 

and the brains were collected.  Cysts can be purified from the brain, and can be 

easily quantified through standard light microscopy due to their distinct 

morphological characteristics: spherical shape, the presence of a cyst wall, and 

numerous parasites confined within the wall. Parental infected controls harbored 

a normal cyst burden at 4 weeks post infection.  However, despite the propensity 

for PruΔAP2IV-4 parasites to encyst in vitro, no cysts were found in the brains of 

mice infected with this strain (Fig. 3.2A).  To test if this phenomenon is dose-

related, mice were infected with 107 parasites intraperitoneally, and monitored 

daily for signs of illness.  Infection with the parental Pru strain at this infection 

load resulted in 100% mortality in the mice by day 6 post infection (Fig. 3.2B).  In 
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stark contrast, mice infected with PruΔAP2IV-4 all survived acute infection.  Cyst 

burden was examined in these mice at chronicity, and the use of a high dose 

infection did not influence cyst formation (data not shown).  No cysts were 

observed in the brains of PruΔAP2IV-4 infected animals.    

 

Bradyzoite antigen misexpression by the tachyzoite thwarts host mortality.  

 

The developmental switch from a tachyzoite to a slow-growing bradyzoite cyst, is 

due in part to the host’s immune response.  Evidence of this is supported by 

studies demonstrating that immunosuppressed animals suffer from cyst 

recrudescence and dissemination of parasites throughout the periphery [20].  As 

a result of immunosuppression, these animals succumb to infection.  The survival 

differences observed following infection with PruΔAP2IV-4 and lack of cyst 

formation in the brain is likely a result of a heightened immune response to the 

parasite.  The misexpression of bradyzoite antigens may act as an adjuvant to 

enhance the overall immune response, or it may prime the immune response to 

bradyzoite antigens thereby facilitating clearance from the brain.  To test the 

productivity of the immune response to misexpressed bradyzoite antigens during 

acute infection, mice were infected intraperitoneally with 107 Pru parental or 

PruAP2IV-4 parasites.  As expected, mice infected with a high dose of parental 

parasites began to succumb to infection at day 5 post infection, and lost 

significantly more weight than the AP2IV-4 deficient infected animals (Fig 3.2C).  
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A means to measure the productivity of the immune response is by quantifying 

systemic cytokine production.  During Toxoplasma infection, high levels of IFNγ, 

TNFα, IL-12, IL-6, and CCL2 are observed.  IFNγ protection is critical during 

Toxoplasma infection, because it helps orchestrate the response to the parasite 

in inflammatory cells during acute infection, but is also responsible for parasite 

latency in the brain [21] [22].  IFNγ is produced by Th1 T cells and cytotoxic CD8 

T cells, but in addition, recent evidence has shown IFNγ production from natural 

killer cells [23] as well as neutrophils [24].  This cytokine’s anti-toxoplasma 

activity contributes to parasite clearance by activating ROS and NO production, 

increasing phagocytic activity, inducing the production of IL-12, and inducing IRG 

proteins in infected cells, which will bind to and destroy the parasitophorous 

vacuole [22,25]. Studies have demonstrated that administration of IFNγ depleting 

antibodies leads to 100% mortality in mice within 10 days post infection [22] [23].  

 

Following infection with Pru parental and PruΔAP2IV-4 parasites, there are no 

detectable differences at day 3 post infection (Fig 3.3).  However, by day 5 post 

infection, there are significant increases in pro-inflammatory cytokine production 

in mice infected with PruΔAP2IV-4, specifically, IFNγ, IL-6, and TNFα.  IL-12p70 

is notoriously difficult to detect in the serum.  Moreover, there are greater levels 

of the regulatory cytokine, IL-10 in these animals.  IL-10 is known to limit Th1 

induced pathology in various models of infection.  The increase in inflammatory 
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cytokine production, particularly IFNγ, is consistent with host survival in these 

animals.  CCL2 is a chemokine that recruits monocytes.  At day 5 post infection, 

we observe remarkable decreases in CCL2 levels in PruΔAP2IV-4 infected mice, 

which proposes the possibility of differential cell recruitment to the peritoneum 

during infection. 

 

Bradyzoite antigen drives the influx of MHCIIHI inflammatory monocytes 

 

During oral infection, the parasite will rapidly convert from a 

sporozoite/bradyzoite to a fast-replicating tachyzoite inside of enterocytes.  

Toxoplasma immune infiltrates into the gut following oral infection with type II 

Me49 cysts has been characterized by several groups.  Following oral infection, 

damaged and infected enterocytes will secrete cytokines and chemokines 

responsible for granulocyte and monocyte recruitment.  As with many infections, 

neutrophils are the first responders to infection.  Neutrophils have well 

characterized roles in Toxoplasma infection, and are actively involved in parasite 

phagocytosis as well as cytokine and chemokine induction.  During Toxoplasma 

infection, these cells secrete IL-12 and TNFα, thereby inducing IFNγ production 

from T cells [26-28].  In addition to neutrophils, inflammatory monocytes are 

recruited to the site of infection, and will similarly produce TNFα and IL-12, and 

these cells are highly phagocytic.  
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Neutrophils and inflammatory monocytes are among the primary responders to 

infection, and play a critical role in cytokine production and T cell activation, 

respectively.  To test if the expression of bradyzoite antigens on a tachyzoite 

influences cell infiltration to the site of infection, total cell infiltrates, neutrophils 

(CD11b+, Ly6G+, Ly6CINT) and inflammatory monocytes (CD11b+, Ly6G-, Ly6CHI) 

were quantified in the peritoneal exudates. Neutrophils and inflammatory 

monocytes can be readily distinguished by their expression of Ly6C and Ly6G 

surface antigens.  In these studies, mice infected with PruΔAP2IV-4 resulted in 

significantly more cell infiltrates into the site of infection (Fig 3.4A).  Peritoneal 

exudates from parental infected mice displayed extensive neutrophil infiltration, 

and at this parasite load, this finding is not unexpected (Fig 3.4B).  In contrast, 

mice infected with PruΔAP2IV-4 parasites had a significantly different 

composition of cell recruitment.  Although neutrophils were observed in the 

peritoneal cavity, the quantity of inflammatory monocytes was profoundly 

increased relative to parental infected mice (Fig 3.4B).  This finding was 

consistent upon examination of cell frequencies and absolute cell numbers (Fig 

3.4C).   

 

It is possible that the expression of bradyzoite antigens by PruΔAP2IV-4, 

rendered the parasites weaker than the parental strain in vivo.  Therefore, 

cytospins were conducted from peritoneal exudates, stained hematologically, and 

examined for evidence of parasite invasion and replication (Fig 3.5).  This would 
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suggest that the parasites were not simply being phagocytosed, and do have the 

capacity to replicate and disseminate.  Indeed, we did observe parasitophorous 

vacuoles in cells infected with PruΔAP2IV-4, and there was evidence of 

synchronous replication. 

 

Aside from the difference in bradyzoite gene expression, the Pru Parental, and 

the PruAP2IV-4 strain appear very similar (Fig 3.1B). To determine if the early 

expression of bradyzoite antigens is influencing antigen presentation, the cells 

were incubated with antibodies targeting MHCII.  Strikingly, the frequency of 

CD11b+ MHCIIHI cells was significantly greater in comparison to Pru Parental 

infected mice (Fig 3.6A and 3.6B).  This suggests that the capacity for antigen 

presentation to CD4 T cells is greatly upregulated when bradyzoite antigens are 

being misexpressed.  This finding is consistent with the greater influx of 

inflammatory monocytes during infection with PruΔAP2IV-4.  This could 

potentially be a result of skewed balance between inflammatory monocytes and 

neutrophils when comparing these two infections, as neutrophils are not known 

for their antigen presentation capabilities.  Nonetheless, the expression of MHCII 

on inflammatory monocytes as measured by mean fluorescence intensity (MFI) is 

greater in PruΔAP2IV-4 infected mice (Fig 3.6C). 
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Misexpression of bradyzoite antigens on the tachyzoite results in protective 

immunity. 

 

The increased capacity for antigen presentation suggests that there may be 

differences in T cell recruitment and activation.  Therefore, CD4 (CD3+CD4+) and 

CD8 (CD3+CD8+) T cell subsets were examined in the peritoneum.  Consistent 

with the influx of MHCIIHI inflammatory monocytes, there are more CD4 cells per 

ml recruited in the animals infected with PruΔAP2IV-4 (Fig 3.7A), although the 

frequencies of the populations remain unchanged.  However, there are no 

differences in the activation status of these cells, as measured by the frequency 

of CD62LLO and CD44HI cells (Fig 3.7B).  Moreover, there are increased CD8 T 

cells, which are responsible for killing infected cells through perforin-mediated 

activity.  The increase in T cell influx into the peritoneum is consistent with the 

increases in IFNγ observed at day 5 post infection (Fig 3.3). 

 

By day 6 post infection, the parasite disseminates throughout the body, and can 

be observed in almost all tissues in the mouse.  Due to the presence of 

substantial T cell populations and inflammatory monocytes, which are associated 

with parasite clearance [29], we measured parasite burden in the peritoneal 

cavity as well as peripheral organs.  Mice infected with PruΔAP2IV-4 had a 

significantly less parasite burden in the peritoneum than the parental infected 

mice (Fig 3.8).  To determine if the PruΔAP2IV-4 were being cleared in the 
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periphery, or if the parasites are reaching the brain, parasite burden was 

examined in the brain.  At day 6 post infection, there is evidence of parasite 

invasion in both strains, but to a lesser extent in mice infected with PruΔAP2IV-4 

(Fig 3.8).  Combined, these data demonstrate that infection with PruΔAP2IV-4 

results in greater protective immunity in vivo.   

 

Discussion 

 

The recent discovery of AP2- related factors in Apicomplexa has opened up new 

avenues for study within the field of Toxoplasma.  Understanding the 

transcriptional mechanisms that regulate stage-development in the parasite are 

critical steps to the development of novel vaccinations.  AP2IV-4 is a bradyzoite 

transcriptional repressor that is expressed in the replicating tachyzoite.  Thus, in 

its absence, the parasite expresses bradyzoite antigens, but simultaneously 

maintains its tachyzoite-like characteristics.  We conclude that there is 

misexpression of bradyzoite antigens during tachyzoite replicative phase.  For 

example, the parasites co-express the tachyzoite specific antigen, SAG-1 and 

the bradyzoite specific antigen, SRS9. 

 

In this study, we have shown that the expression of bradyzoite antigens 

modulates the immune response to the parasite.  The immune system does not 

normally see these antigens in abundance until around three weeks post 
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infection, a time when cyst formation is most evident in the brain. However, 

following infection with PruΔAP2IV-4, these antigens are now being 

misexpressed at the time of infection, and this results in an absence of cysts in 

the brain, despite the remarkable ability for the parasites to encyst in vitro.  

Although the deletion of this transcription factor may result in differences in tissue 

tropism within the host, we hypothesized that the immune response is amplified 

following infection with this strain.  Congruent with this hypothesis, we find that 

the immune response to a high dose infection with the avirulent type II Pru strain 

results in 100% mortality in mice, while infection with PruΔAP2IV-4 results in 

survival.  The immune response to PruΔAP2IV-4 parasites is dominated by 

MHCII high inflammatory monocytes and greater T cell infiltrates associated with 

increases in the protective cytokine, IFNγ. 

 

The roles of inflammatory monocytes and neutrophils have been teased out in 

recent years, due to the development of more specific neutralizing antibodies.  In 

previous studies, data has shown that neutrophils are required to control infection 

with T. gondii [30].  However, these studies employed the antibody clone RB6-

8C5 targeted against GR1, and this antibody clone was later shown to recognize 

an epitope expressed by inflammatory monocytes.  Therefore, depletion of 

neutrophils using clone RB6-8C5, simultaneously depleted inflammatory 

monocytes, proving difficult to pinpoint the role of neutrophils specifically.  

Regardless, these findings illustrated the importance of these cell types in 
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controlling Toxoplasma infection in vivo.  The use of a more specific antibody 

clone 1A8, was shown to specifically deplete neutrophils in vivo, and these 

studies demonstrated neutrophil infiltration during oral infection was associated 

with pathology [29].  In the same study, CCR2-/- animals succumbed to infection 

by day 10 post infection because of uncontrolled parasite replication, but 

neutrophil populations remained intact.  This shows that neutrophils are 

associated with pathology, whereas inflammatory monocytes are required to 

control parasite burden. 

 

Consistent with the studies performed by Dunay and colleagues, our studies 

show substantial inflammatory monocyte recruitment following infection with 

PruΔAP2IV-4 results in reduced parasite burden in the peritoneum compared to 

parental parasite infection, and an absence of cysts at chronicity.  However, we 

have not ruled out the possibility that misexpression of bradyzoite antigens may 

be altering tissue cyst tropism.  Additional aspects of the immune response to 

bradyzoite antigen misexpression still need further examination.  At this time, it is 

unclear if there is a dominant bradyzoite antigen to which the cells are 

responding, although prior studies would suggest SRS9 is the dominant antigen.  

It is unknown if the immune response is being primed to specifically target 

bradyzoites, or if the bradyzoite antigens are contributing to an overall amplified 

immune response during the acute stage.  Nonetheless, it is clear that 
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misexpressed bradyzoite antigen results in an overall protective immune 

response in the host. 
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Figure 3.1: ApiAP2IV-4 represses bradyzoite gene expression 

 

RHΔAP2IV-4 and PruΔAP2IV-4, and their respective parental strains were 

subjected to a toxoplasma gene chip.  Table demonstrates bradyzoite genes 

exhibit the greatest upregulation in the absence of AP2IV-4 (A).  Dot plot of the 

parental and the AP2IV-4 deficient parasite strains.  Correlation was calculated 

using Pearson correlation coefficeint (B).  Pru parasites were cultured in human 

foreskin fibroblasts for 24-48 hours.  Cells were then fixed, and stained using 

antibodies targeted against BPK1, MCP4, CST1, SRS9, or DBA binding lectin.  

Vacuoles were quantified, and percent of positive staining in each vacuole was 

recorded (C).  Pru AP2IV-4 deficient parasites were cultured and immunostained 

as described above.  Antibodies targetting SAG1, and SRS9 were used (D).  

Percent positive vacuoles were quantified. 
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Figure 3.2: Murine infection with PruΔAP2IV-4 is protective 

 

10-12 week old Balb/c mice were infected intraperitoneally with 104 (A), or 

107parasites (B,C).  At 4 weeks post infection, animals were euthanized, and 

brains were collected.  Cysts were purified from the brain, and quantified using 

standard light microscopy and manual counting (A).  Mice were infected with a 

high dose of parasites, and monitored daily for animal surivival (B).  Weights 

were also obtained from these animals, and weight loss per day was calculated 

using the initial animal weight (C). 
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Figure 3.3:  PruΔAP2IV-4 infection drives inflammatory cytokine production 

 

Balb/c mice were infected with 107 Pru Parental or PruΔAP2IV-4 parasites 

intraperitoneally.  Tail blood was collected on days 3 and 5 post infection.  

Systemic cytokine levels in the serum were quantified using BD cytometric bead 

array and samples were acquired on a BD FACS canto II.  Analysis was 

conducted using BD FCAP array software.  Statistical analysis was conducted 

using students t-test for each timepoint measured. N=3 for Naïve and N=5 for 

infected animals.  *P<0.05 **P<01 ***P<.001 
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Figure 3.4: Inflammatory monocytes dominate the peritoneum during 

infection with PruΔAP2IV-4. 

 

Mice were infected with 107 PruΔAP2IV-4 or Pru parental strain intraperitoneally 

and were euthanized at day 6 post infection. Peritoneal exudate cells were 

collected and quantified (A).  Cells were then processed for immunostaining for 

flow cytometry.  Cells were incubated with antibodies to CD45, Ly6C and Ly6G to 

determine frequencies of inflammatory monocyte (I.M.) and neutrophil 

populations (Neut) as indicated, using flow cytometry (B).  Frequencies of 

inflammatory monocytes and neutrophils were determined from flow cytometry 

analysis.  Absolute cell numbers were quantified using cell counts and 

frequencies of the respective populations (C). T test was used for statistical 

analysis.  *P<0.5 **P<.01 ***P<.001 ****P<.0001 
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Figure 3.5: PruΔAP2IV-4 parasites are able to infect and replicate in vivo. 

 

Peritoneal exudate cells were collected from acutely infected mice, and spun 

onto coated slides using a cytospin.  Slides were stained using HEMA3 protocol 

staining, and mounted using cytoseal.  Slides were examined using standard 

light microscopy and images were acquired at 25X (top panels) and 63X (bottom 

panels).  Slides were examined for populations using nuclear morphological 

characteristics.  In the bottom panel, the (*) indicates intracellular parasites within 

a parasitophorous vacuole.  Each vacuole has a minimum of 2 parasites, 

indicating both strains are capable of infection and replication. 
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Figure 3.6: PruΔAP2IV-4 infected mice display a greater capacity for 

antigen presentation 

 

Mice were euthanized at day 6 post infection and analyzed for cell populations of 

interest using flow cytometry.  CD11b cells were examined for their ability to 

present antigen following infection with Pru Parental, or PruΔAP2IV-4 (A).  

Quantification of MHCII expression on myeloid cells (B).  To further characterize 

the capacity for antigen presentation, MHCII expression was examined on 

inflammatory monocytes and neutrophils (C).  Mean fluorescence intensity was 

quantified from the respective histograms. 
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Figure 3.7:  PruΔAp2IV-4 infected mice display greater T cell infiltration to 

the site of infection 

 

Due to the divergent phenotypes in MHCII expression, absolute cell numbers of 

CD3+CD4+ and CD3+CD8+ T numbers were quantified (A), as well as examined 

for their activation status (B).  Activated T cells were defined by expression of 

CD62L and CD44.  Activated cells are CD62LLO,CD44HI. 
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Figure 3.8:  PruΔAP2IV-4 infection results in protective immunity to 

Toxoplasma 

 

Parasite burden was quantified at day 6 post infection in the periphery.   

Peritoneal exudate cells were harvested, spun at 3000 RPM for 5 minutes, and 

resuspended in PBS and proteinase K.  Cells were then incubated at 95°C for 10 

minutes prior to DNA extraction. DNA was obtained from the lung and brain by 

homogenizing tissue in lysis buffer with proteinase K.  DNA was quantified, and 

diluted for qPCR analysis.  Parasite burden was quantified based upon a 

standard curve of parasite DNA.  Naïve, uninfected mice were used as negative 

controls in the PCR. 
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Toxoplasma gondii forms cysts spontaneously in murine cortical neuron cultures  
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Abstract 

 

For Toxoplasma gondii to establish latency within an intermediate host, the 

parasite must undergo a developmental switch.  Currently, little is known about 

the triggers for stage-differentiation in vivo, and the initiation of cyst formation.  

Evidence suggests that the immune system plays a role in stage differentiation.  

In this study, we demonstrate that neurons are also contributing to this process.  

Toxoplasma spontaneously forms cysts in neurons in vitro, and these cells can 

produce inflammatory cytokines following infection. Currently, it is unclear why 

the parasite targets neurons for cyst formation, and how these cells contribute to 

the initiation of stage-differentiation.   
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Introduction 

 

Toxoplasma gondii maintains latency within the CNS of it’s intermediate hosts.  

This protozoan parasite achieves latency by residing intracellularly within 

neurons as a slow-replicating or dormant bradyzoite confined within a cyst wall.  

The cyst serves as the source of chronicity and transmission between 

intermediate hosts, and yet, the developmental cues driving cyst formation in vivo 

remain largely unknown.   

 

Recent studies have demonstrated that neurons are the primary target for cyst 

formation in vivo, and principally localize to axon terminals [1].  Infection with 

Toxoplasma is generally considered harmless for immunocompetent individuals, 

although behavioral anomalies in mice are recognized [2,3].  For example, 

studies have found a correlation of Toxoplasma infection with the incidence of 

schizophrenia, OCD, and suicide in humans (reviewed in [4,5]). Pathological 

consequences on neuronal architecture and function in chronically infected 

animals have been extensively highlighted in the literature [6-9]. One study 

demonstrated that dopamine levels in infected neuronal cultures were elevated 

compared to uninfected controls [7], and another has reported anomalous Ca2+ 

signaling in T. gondii infected neurons and functional silencing [6].  Moreover, 

chronically infected animals display abnormal dendritic spine development and a 

concomitant reduction in dendritic spine counts [8], as well as abnormal 
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morphology and molecules involved in synaptic transmission [9].  Further, 

infected animals exhibit increased excitotoxic modulators in the brain such as 

high extracellular glutamate concentrations [8].  These data support the notion 

that cysts may not be as harmless as once thought. 

 

Cysts were previously regarded as dormant entities, but recent studies have 

rejected this notion. Cysts isolated from brain tissue demonstrate an increase in 

total number and size over time, though size is not a predictor of bradyzoite 

burden [19].  There are many inherent difficulties for studying cyst development 

in vivo.  Firstly, there are low numbers of cysts in the brain at chronicity, 

rendering molecular and biochemical analysis problematic.  Secondly, cyst 

burden is dynamic during early chronicity, which is a critical time point for 

studying cyst formation and development.  Therefore, no studies have examined 

cyst growth and development in vivo.  

 

The most informative techniques for studying cyst development to date have 

been histological analysis and the use of transgenic parasites.  Transgenic 

parasites have been used to study cellular preferences for parasite invasion, 

replication and cyst development in the murine brain.  Infections of Cre-reporter 

mouse strains with Cre-GFP transgenic parasites further demonstrates that 

Toxoplasma preferentially infects neurons within the CNS [11].  Although these 

techniques have provided valuable insight into Toxoplasma cyst localization, 
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cellular preference, and more recently, bradyzoite replication, we still know very 

little about these structures.  It is unclear how the cysts form, and the detailed 

kinetics of cyst formation.  It is also not understood why the parasite targets 

neurons for infection, and if neurons contribute to cyst development.  Further, as 

mentioned above, cysts are not harmless entities and we do not understand how 

the cyst manipulates the host cell and/or the local environment.  Studying cyst 

development in vivo presents its own specific challenges mentioned above, but in 

addition, consideration of host-parasite interactions adds another level of 

complexity.  These challenges demonstrate a need for developing a model 

system to 1) study cyst formation and 2) host-parasite interactions in vitro.   

 

The broad kinetics of cyst burden suggest that the immune system is capable of 

controlling cysts during chronicity, and few studies have examined the effector 

molecules involved [13-15].  No studies have examined if neurons contribute to 

this process, rather than being bystander cells serving as reservoirs for cyst 

formation.  To investigate this further, we examined cyst formation in primary 

neuron cultures isolated from the murine brain, and examined cyst formation and 

cytokine production.  These studies show that infected neurons do produce 

inflammatory cytokines following infection, which may contribute to the overall 

anti-parasitic immune response. 
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Materials and Methods 

 

Animals and Primary Neuron Cultures 

All mice were housed at the University of California, Riverside.  Mice were 

housed in a specific pathogen free environment according to standards set forth 

by the IACUC at the University.  6-8 week old C57BL/6 female mice were used 

for timed pregnancies.  Female animals were co-housed with males at a 2:1 

ratio.  At E17 or E18, pregnant mice were anesthetized using isofluorane and 

cervically dislocated.  Embryonic pups were quickly removed from the gestational 

sac, the cerebellum was removed, and the brains were placed in Hanks 

Balanced Saline Solution.  Cells were isolated by gently mashing the brain over a 

70 um cell strainer and washed with HBSS, and neurons were isolated using the 

MACS neuron dissociation kit. Cells were resuspended in complete neurobasal 

media (1x B-27 Supplement, 1% L-glutamine, 1% Penicillin/Streptomycin in 

neurobasal media).  Neurons were supplemented with 25 μM L-glutamate for the 

first 24 hours of culture.  Cells were plated at 5x105 per well in a 6 well plate, or 

1.5x105 in a 24 well plate.  Sterilized glass coverslips and plates were coated 

with 15 μg/ml laminarin and 100 μg/ml poly-D-lysine prior to plating neurons.  

Alternatively, primary mouse cortical neurons were purchased from Invitrogen, 

and cultured per manufacturers suggested protocol. 
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Parasite isolation and infection 

Me49-RFP Toxoplasma tachyzoites were maintained in human foreskin 

fibroblasts at 37°C and 5% CO2.  Tachyzoites were isolated from the cells by 

needle passing through at 26g needle and 3 um filter.  Parasites were quantified 

by manual cell counting, and added to neurons at a MOI of 1:2 (Parasite:Neuron) 

after 6 or 9 days post neuron culture.  Parasites were incubated with neurons for 

4 days prior to analysis.  

 

Immunocytochemistry 

Culture supernatants were removed, and stored at -80°C.  Cells were fixed using 

4% PFA for 15 minutes at room temperature.  Cultures were permeabilized using 

TritonX-100 and blocked using 10% donkey serum.  Antibodies targeting B-III 

tubulin (1:), DBA (1:300) or WGA (1:300) were incubated for 1 hour at room 

temperature prior to the addition of secondary antibodies (1:500).  Glass 

coverslips were mounted onto slides using Pro-long gold with Dapi, and sealed 

with cytoseal.  Slides were imaged using a Leica epifluoresent microscope.  
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Results 

 

Toxoplasma infects and forms cysts intracellularly within neurons in the murine 

brain 

 

Localization of Toxoplasma cysts in the literature is variable.  Some groups state 

that there is regional tropism for cyst formation, while others find the distribution 

is not region-specific [9]. Those that do find regional specificity report that 

Toxoplasma cysts are localized primarily in the cortices, hippocampus, and 

amygdala [16].  Although the parasite is capable of forming cysts in any cell if the 

parasite is stressed, studies have shown that bradyzoites have a propensity to 

develop within neurons in vivo [1,16,17].  To validate these findings, we 

examined murine brains using electron microscopy from animals 6 weeks post 

infection with a cyst forming strain of Toxoplasma, Me49.  Cysts can easily be 

identified using the large size, presence of the cyst wall containing parasites, and 

uniform circular morphology within the brain (Fig. 4.1A) 

 

Cysts can range from 10-100 μm in diameter, and the particular cyst examined 

measured approximately 47 μm (Fig. 4.1A), with a cyst wall of 295 nm (Fig. 

4.1B).  Cysts were confined intracellularly, as evidenced by a thin membrane 

encompassing the cyst wall (Fig. 4.1A-C).  The cell was confirmed to be a 

neuron, using neuronal features including: pre-synaptic vesicles, and a synaptic 
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cleft (Fig.4.1C). In electron microscopy, synaptic clefts appear as electron dense 

areas [18], and these areas can be observed in various locations throughout the 

infected neuron (Fig. 4.1C).  Our findings are congruent with previous studies, 

demonstrating cyst formation is observed in neurons in the murine brain.  

Further, the presence of synaptic vesicles and several synaptic clefts throughout 

the neuronal membrane suggests that infected neurons are still alive and 

functioning. 

 

Murine neurons are permissive to Toxoplasma cyst formation in vitro 

 

Traditionally, initiating cyst formation in vitro requires conditions that will stress 

the parasite, and limit parasite replication.  Cyst formation in culture requires 

slowed parasite growth in conjunction with the production of cyst wall proteins 

[10].  The simplest way to induce cyst formation in vitro is by culturing the 

parasite in mildly alkaline media (pH 8.2) in the absence of CO2.  Nutrient 

deprivation is an alternative means to stress the parasite [11].  For example, 

parasites cultured in arginine free media will initiate the production of cyst wall 

proteins.  Although Toxoplasma is capable of encysting in any cell in vitro under 

stressed conditions, it spontaneously forms cysts in primary mixed cultures 

consisting of neurons, astrocytes and microglia, though most bradyzoite 

development is observed in neurons [12].   
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In vitro studies of cyst development have been obscured by the presence of brain 

resident immune cells capable of controlling the parasite [12].  This study utilized 

mixed cultures in which neurons, astrocytes and microglia were present.  

Astrocytes and microglia secrete cytokines following infection with the parasite, 

which may influence the rate and quantity of cyst formation in neurons.  Although 

mixed cultures more closely resemble what may be happening in vivo, it is 

difficult to isolate variables contributing to cyst development.  To test the capacity 

for the parasite to form cysts in neuronal cultures devoid of immunocompetent 

glial cells, neurons were infected with Me49-RFP for 4 days, and examined for 

cyst formation using immunocytochemistry.  DBA and WGA are two lectins 

commonly used to identify Toxoplasma cysts in ex vivo analysis, and bind N-

acetylglucosamine, and N-acetylgalactosamine respectively.  After 4 days in 

culture, vacuoles containing multiple parasites can be observed within neurons, 

and are identified as cysts as by lectin immunofluorescence (Fig. 4.2).  In 

cultures where neuronal purity was compromised, and the presence of other cell 

types were abundant, there was an absence of cyst formation, and a concomitant 

increase in tachyzoite replication (Fig. 4.3).  Moreover, in these cultures, neurons 

were observed as less frequent targets for tachyzoite replication.  The abundant 

cells are morphologically consistent with glial cells, and this is the primary cell 

responsible for neuronal cell contamination.  Consistent with previous reports, 

this data suggests that in the presence of glia, the parasite preferentially infects 

and replicates in non-neuronal cells in vitro [20].  Purified neuron cortical cells 
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were purchased to alleviate any potential contamination, where neuronal cell 

purity is greater than or equivalent to 98%.  Similarly, these cells were cultured 

and infected with Me49-RFP at an MOI of 1:2 for 4 days, fixed, and 

immunostained.  Consistent with our previous observation, cyst formation 

occurred spontaneously but in addition, individual tachyzoites were also seen 

(Fig. 4.5).  Individual tachyzoites far outweighed the number of observed cysts in 

these cultures.  However, tachyzoites were commonly seen as individual 

parasites, rather than in large vacuoles as in our less pure cultures (Fig. 4.3).  

This suggests that 1) the parasites are rapidly lysing the neurons and being 

released as individual parasites, or 2) the tachyzoites are not efficiently invading 

neurons.  Typically, after infection, media is replaced after 2-3 hours post 

addition of tachyzoites to remove extracellular parasites that have not efficiently 

invaded.  Although neuronal death is observed in infected cultures, we cannot 

exclude the possibility that these extracellular tachyzoites are dead, because we 

cannot fully replace the neuron media after invasion, without compromising the 

neurons. 

 

Infected neurons produce cytokines 

 

The production of pro-inflammatory cytokines is thought to contribute to stage 

differentiation and cyst formation in vivo.  To date, only one study has 

demonstrated that neurons infected with T. gondii tachyzoites secrete cytokines, 
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particularly IL-6 [21].  Pro-inflammatory cytokines are produced in response to 

the parasite to activate leukocytes and increase the microbicidal activity of these 

cells.  As neurons are the primary cell infected in vivo, we tested if inflammatory 

cytokine production from neurons is a contributing factor for cyst formation in 

cultivated neurons.  Primary neurons were infected as described above, and 

supernatants were collected after 4 days of parasite co-incubation.  The 

supernatants were analyzed by luminex and assayed for various pro-

inflammatory and anti-inflammatory cytokines.  Uninfected neurons produce 

undetectable or low levels of inflammatory cytokines IL-12p70, TNFα and IL-6 

(Fig 4.4).  To our surprise, infection with Toxoplasma results in a modest, but 

statistically significant increase in IL-6 production.  IL-6 production by neurons is 

not an anomalous finding, as this cytokine has been shown to play a role in 

neurogenesis and neuroinflammation [22]. 

 

The brain is considered an immune privileged site, and thus, neurons were once 

thought to be MHCI deficient and immunologically inactive cells, even in the 

context of a CNS infection [23].  However, increasing evidence supports a role 

for neurons as immune modulating cells.  Studies have indicated that MHCI 

expression is induced in neuronal cultures stimulated with IFNγ [24], suggesting 

that MHCI expression could be dependent on local inflammatory signals.  

Further, virus-infected neurons significantly upregulate MHCI expression [25].  To 

determine if T. gondii infection stimulates MHCI expression, we infected purified 
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murine cortical neurons at a 1:2 ratio, and immunostained after 4 days.  Similar 

to our uninfected controls, we find no evidence of MHCI expression on neurons 

following infection with Toxoplasma gondii  (Fig. 4.5).  Although purified neurons 

infected with Toxoplasma do not express MHCI, there may be additional 

requirements for this molecule’s expression, including the presence of IFNγ from 

T cells.  

 

Discussion 

 

The requirements for cyst formation and the functional consequences in vivo 

remain a significant area of interest for Toxoplasma research for several reasons.  

Firstly, stage differentiation and cyst formation within the CNS enables the 

parasite to establish latency within intermediate hosts.  Secondly, this stage of 

parasite development is the source of transmission between intermediate hosts.  

Finally, significant behavioral anomalies are attributed to chronic Toxoplasma 

infection.  Until recently, chronic infection was thought to have relatively little 

consequence in healthy individuals.  We can now appreciate there are not only 

behavioral changes associated with chronic infection, but in addition, 

morphological and functional consequences in the CNS [2-8].  Although some 

previous studies have suggested that cysts can form within other cells, including 

glia, in this study, we find that neurons are primary reservoirs for cyst formation in 

vivo and in vitro (Fig 4.1A, Fig 4.2A).  
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Traditionally, cyst formation in culture is initiated by stressing the parasite in 

mildly alkaline media and maintaining the cultures in CO2 depleted conditions. 

Consistent with previous reports, we find that cysts will form spontaneously in 

neuron cultures without the addition of stress.  The cysts that form are mature 

cysts, as they bind both WGA and DBA lectins (Fig 4.2).  Notably, we also 

observe that glial cells are reservoirs for tachyzoite replication, while cyst 

formation occurred spontaneously in neurons, although these cells also appear 

to support tachyzoites.  Thus, we questioned if neurons are contributing to stage 

differentiation by contributing to the pro-inflammatory cytokine response.  We find 

that neurons do secrete IL-6 upon infection with Toxoplasma (Fig 4.4), but do not 

secrete TNFα or IL-12p70.  Neurons were once thought to be immunologically 

inactive cells, yet, we have demonstrated that they produce immune modulating 

cytokines during infection, such as IL-6.  Although IL-6 is known to have several 

different functions, it does have a significant impact on the progression of 

Toxoplasma infection in murine animals.  IL-6 deficient mice have significantly 

higher cyst burdens and succumb to infection during early chronicity [26] [27].  

Thus, it is possible that IL-6 secretion from neurons is contributing to parasite 

control. 

 

The immune system plays a critical role in cyst burden, particularly macrophages 

and perforin-secreting CD8 T cells.  Perforin secretion is initiated following 
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antigen presentation via MHCI to cytotoxic CD8 T cells.  Although neurons were 

initially thought to be MHCI deficient, more recent studies have contested this 

notion.  We investigated the potential for neurons to present antigen to CD8 T 

cells, by examining MHCI expression in infected neuron cultures. We find no 

evidence of MHCI expression on infected neurons.  However, studies have 

suggested the cultured primary neurons express MHCI following treatment with 

IFNγ [24].  IFNγ is required for control of Toxoplasma during both acute and 

chronic infection, thus further experimentation is needed to determine if neurons 

upregulate MHCI following infection in vivo. 

 

At this point, much remains unclear regarding Toxoplasma cyst formation.  

Although recent studies have provided insight into bradyzoite replication and 

cellular preferences for cyst formation, it remains unclear how neurons contribute 

to this process.  In this study we find that neurons are a source of pro-

inflammatory cytokines during Toxoplasma infection in vitro, which a potential 

immune-pressure driving cyst formation.  However, it is quite possible that 

neuronal metabolism is unique from other cell types, thereby driving stage 

differentiation due to the parasite’s metabolic requirements.  On the other hand, 

cyst formation in neurons could have evolved as a means to evade the immune 

system because these cells are insufficient at presenting parasite antigen 

following infection.  There are still many questions that remain to be answered 

regarding cysts, and studying this process in neuronal cultures will begin to 
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address some of the questions we have regarding the differentiation from 

tachyzoite to bradyzoite, cyst wall formation, and host-parasite interactions, as 

well as provide foundation for in vivo studies. 
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Figure 4.1: Toxoplasma cysts are found in Neurons  

 

CBA mice were infected with 20 Me49 cysts intraperitoneally and euthanized at 6 

weeks post infection. Brains were extracted and fixed in glutaraldehyde buffer, 

and sent to renovo for EM imaging.  Toxoplasma cysts are observed 

intracellularly within neurons, and are variable in size (A).  Individual parasites 

are confined by a cyst wall (B) within neurons.  Neurons were identified using 

morphological features, including synaptic cleft formation (C, white arrows). 

N=Neuron, CW= Cyst wall, Br = Bradyzoite (C)  
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Figure 4.2: Toxoplasma forms cyst spontaneously in neurons 

 

Neurons were cultured for 6-9 days prior to infection with Me49-RFP at a MOI of 

1:2 (Parasite:Neuron).  Parasites were cultured with neurons for 4 days prior to 

fixation to allow for cyst formation.  Cultures were stained in 6 well plates using 

FITC-WGA or FITC-DBA, and Chicken α Mouse beta-III tubulin at 1:300.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 154	

 

 

Dapi 

Me49-RFP 

Cyst 

#-III Tubulin 

Merge 

WGA DBA 



	 155	

Figure 4.3: Non-neuronal cells promote tachyzoite replication. 

 

Neurons were infected at an MOI of 1:2 and imaged after 4 days of co-culture 

with parasites.  DBA negative, but Me49-RFP positive vacuoles (denoted with a 

*) can be seen in non-neuronal cells. This vacuole contain greater that 42 

parasites, quantified by counting the number of DAPI positive nuclei 
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Figure 4.4: Neurons produce IL-6 following infection 

 

Neurons were infected with Toxoplasma gondii and assayed for cytokine 

production via luminex.  Uninfected neurons were used as baseline controls.  3 

wells per condition were assayed.  INF= Infected; UNINF= Uninfected.  Statistical 

analysis was conducted using students T test. **= P<0.01  
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Figure 4.5: Infected neurons do not express MHCI in vitro 

 

Purified mouse cortical neurons were infected at an MOI of 1:2 and imaged after 

4 days.  Immunocytochemistry was conducted and incubated with antibodies 

targeted to MHCI, and Beta-III tubulin. Individual tachyzoites are observed, as 

well as a small cyst (denoted with a *).  
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CHAPTER FIVE 
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CONCLUSIONS AND PERSPECTIVES 
 
 
Introduction 
 
 
Combined with its ability to encyst within tissues of a multitude of intermediate 

hosts and felines, the ability for the protozoan parasite to encyst presents a major 

hurdle for the development of a vaccine against Toxoplasma.  The hardiness of 

the oocyst and high transmissibility of this stage as well as tissue cysts 

demonstrates the necessity for inhibiting cyst formation in the host, or targeting 

the immune system towards clearance.  The recent discovery of AP2 

transcription factors within apicomplexan parasites presents numerous 

opportunities to study stage-differentiation in the parasite.  The use of transgenic 

parasite lines will not only present opportunity for study of the parasite itself, but 

also, the study of the host immune response to bradyzoite and cyst antigens, a 

field that is relatively untouched.  Such studies have the potential to unveil novel 

mechanisms of cyst recognition and clearance during chronicity. 

 
 
Future Directions and Perspectives 
 
 
Although once believed to be dormant, and a relatively benign infection, recent 

studies have highlighted significant neuropathology during infection with 

Toxoplasma gondii [1].  While there are drugs that are targeted against the fast-

replicating tachyzoite, there are no drugs as of yet that is capable of clearing 

Toxoplasma cysts.  The distinct developmental stages of Toxoplasma gondii 
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have presented many challenges in the development of a vaccine or effective 

treatment regimen once the parasite reached the central nervous system. There 

are many barriers to overcome to develop an effective treatment against the 

parasite once it becomes a cyst.  Firstly, the drug must be able to cross the blood 

brain barrier.  Secondly, it must be specifically targeted to infected neurons, and 

lastly, it must be able to penetrate the cyst wall.  The evasion strategies and 

hardiness of the cyst wall make this a continuous endeavor within the field. 

 

While the complex interplay between the host and parasite has gained significant 

momentum in the last decade, we still do not understand how the immune 

system recognizes the cyst.  Yet, the immune system, specifically macrophages, 

can recognize and respond to these structures [2]. In this dissertation, I 

investigated the immune response to the cyst as well as the immune response to 

bradyzoite antigens. 

 

Evidence supporting a role for the immune system in cyst clearance has been 

demonstrated in few studies [2,3].  Here, I investigated a potential role for dectin1 

in macrophage-cyst recognition.  I hypothesized that dectin1 would recognize the 

chitin in the cyst wall, and facilitate the clearance of cysts from the brain through 

the production of AMCase.  Although dectin1 is upregulated in the brain in 

response to infection, and expressed on alternatively activated macrophages, we 

do not find a role for dectin1 in cyst clearance.  However, we do observe dectin1 
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in areas of cysts in the brain, thus, there may be an alternative “clean-up” or 

“scavenging” role for this receptor.  Nonetheless, we find that dectin1 does have 

an immunomodulatory role during infection by limiting inflammatory cytokine 

production in response to cysts and CD8 T cell infiltration into the brain.  TLR2 

and MMR would be of interest in future studies examining cyst recognition, as 

chitin recognition is partially dependent on these receptors [4].  However, TLR2 is 

a less likely candidate because its deficiency does not alter cyst burden in the 

brain [5].  Evidence of cyst clearance via perforin-mediated mechanisms has 

been established in the literature [3], although, it is unclear if CD8 T cells can 

directly lyse cysts, or if these cells are responsible for lysing infected neurons, 

rendering the cyst vulnerable for macrophage attack.  Future studies will need to 

be conducted that determine the requirements for cyst lysis, and understanding 

this developmental stage within neurons in vitro will propel our understanding of 

such host-parasite interactions in addition to fundamental requirements for cyst 

formation.   

 

The discovery of novel transcription factors within the parasite has now made 

studies examining parasite development within the host possible.  Our studies 

indicate that AP2IV-4 is a bradyzoite transcriptional repressor, and is expressed 

specifically in replicating tachyzoites.  Deletion of AP2IV-4 in two distinct 

Toxoplasma lineages results in the misexpression of bradyzoite antigens MCP1, 

BPK4, CST1 and SRS9. Previous studies with SRS9 have demonstrated that this 
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antigen is required for cyst persistence in the brain [6], and constitutive 

expression of SRS9 in tachyzoites results in decreased cyst formation at 

chronicity [6].  We hypothesized that infection with AP2IV-4 deficient parasites 

would result in a more efficient immune response and parasite clearance.  

Murine infection with this strain did indeed result in an amplified immune 

response as measured by inflammatory monocyte and T cell recruitment, 

systemic cytokine production, parasite burden and cyst burden.  Remarkably, 

expression of bradyzoite antigens as a tachyzoite leads to a complete abrogation 

of cyst formation in the brain.  At this time, it is still unclear if the deletion of 

AP2IV-4 alters tissue tropism in the host, although it is clear that the expression 

of bradyzoite antigens acutely is associated with protective immunity.  Moreover, 

it remains to be determined if the misexpression of bradyzoite antigens primes 

the immune response to target bradyzoites, or if the presence of these antigens 

acts as an adjuvant to enhance the overall anti-parasitic response. 

 

The data presented in this dissertation illustrate that the immune response to 

developmentally dependent antigens expressed by Toxoplasma gondii is 

complex.  Yet, the possibility of cyst clearance by arming the immune system is 

still a conceivable notion for the future. 
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