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Doctor of Philosophy, Graduate Program in Cell, Molecular and Developmental Biology 
University of California, Riverside, June 2012 

Dr. Emma H. Wilson, Chairperson 
 
 
 
 

 As an immune-privileged site, the brain represents a particularly challenging area 

when it comes to controlling infection and inflammation.  Toxoplasma gondii provides us 

with a model of a chronic infection in the CNS that represents an efficient and balanced 

response from the healthy immune system.  The effector functions of immune cells 

coupled with the ability to effectively migrate to and within the brain to sites of infection 

is essential in controlling the replication of the parasite in the brain.  Impairment of this 

immune response results in parasite reactivation and fatal encephalitis, as seen in AIDS 

patients.  Immune-compromised patients are currently subject to lifelong drug therapies 

that do not result in cyst clearance, presenting a constant danger of reactivation.  

Therefore, the identification of new mechanisms of cyst control is particularly important 

as it may lead to new and effective therapies.  This dissertation examines two novel 

mechanisms of parasite control in the CNS during chronic infection.   

 Previously published data has shown that a reticular network of fibers is present 

in Toxoplasma infected brains and absent in naïve brains which T cells migrate along.  
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SPARC (secreted protein acidic and rich in cysteine) is a multifunctional glycoprotein 

that has been shown to be involved in the production and maintenance of similar fiber 

networks.  Here, data will be presented demonstrating upregulation of SPARC in the 

brain following infection and association of this molecule with a seminal fibrous network 

in the CNS as well as with cysts and migrating cells.  Furthermore, a requirement for 

SPARC in protective immunity and matrix assembly will be demonstrated in vivo, using 

infection studies with SPARC-null mice and live imaging in the brain.    

 The exact mechanisms and cells involved in the clearance and control of cysts 

from the brain remain poorly defined.  Data presented here will demonstrate the presence 

of a population of alternatively activated macrophages (AAMϕ) in the infected brain that 

maintain control of the cyst burden through the secretion of the chitolytic enzyme, acidic 

mammalian chitinase (AMCase).  This mechanism is demonstrated in vitro by both 

chemical and genetic inhibition of the enzyme and the requirement for protective 

immunity is shown through infection of AMCase-null mice. 

 These mechanisms of parasite control during chronic T. gondii infection represent 

two novel areas of study that provide hopeful therapeutic targets in combating this 

chronic infection. 
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CHAPTER ONE 
 
 

Introduction 
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1.1 BACKGROUND 

 
1.1.1 Introduction to Toxoplasma gondii 

 
Toxoplasma gondii is an obligate intracellular protozoan parasite capable of 

infecting any nucleated cell in warm-blooded hosts.  This parasite is considered to be one 

of the most successful protozoans, as it is able to persist in the brain of an 

immunocompetent host with very little pathology (Melo et al., 2011).  T. gondii can 

infect any mammalian species and is one of the most common human infections in the 

world with up to 10-20% seroprevalence in the U.S. and up to 80% seroprevalence in 

parts of Europe and South America (Figure 1-1) (Pappas et al., 2009).  As an 

apicomplexan parasite, T. gondii has a complex lifecycle that requires a definitive host 

for survival (Figure 1-2).  Sexual reproduction of the parasite occurs only in the stomach 

of cats and results in the excretion of highly resistant oocysts that enter the food chain by 

contamination of soil and water (Dabritz et al., 2007).  Once ingested, oocysts convert to 

fast-replicating tachyzoites, which are capable of invading any nucleated cell, thus 

causing a rapid systemic infection (Dubey, 1986).  In the immune competent host, a 

robust immune response characterized by the production of IFN- γ by Th-1 cells 

effectively controls parasite replication, thus converting tachyzoites to slow replicating 

bradyzoites (Denkers and Gazzinelli, 1998).  Bradyzoites can encyst in any type of tissue, 

but they are predominately found in the brain and will remain there for the life of the host 

resulting in a sustained chronic infection (Ferguson and Hutchison, 1987).   
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1.1.2 Disease and Immunity 

 
 As an opportunistic pathogen, T. gondii most commonly causes disease in 

immune deficient individuals.  In addition, congenital Toxoplasmosis through maternal-

fetal transmission remains one of the leading causes of congenital death and birth defects 

in the US (Cook, 1990).  In the 1980s when the AIDS crisis started, we began to see large 

numbers of people with severe neurological disease resulting from the reactivation of T. 

gondii cysts in the brain (Luft et al., 1984). Treatment for TE usually consists of a 

regimen of sulfonamides coupled with pyrimethamine (Luft and Remington, 1992).  

Although these drugs are effective in controlling tachyzoite replication, they are toxic and 

do not clear the chronic cyst form of the parasite, requiring life-long drug therapy. These 

patients and laboratory studies have shown us the importance of T cells and in particular, 

their production of IFN-γ in preventing the reactivation of cysts.  This adaptive immune 

response is dependent on the innate production of IL-12 by macrophages and dendritic 

cells.  Macrophages also directly inhibit parasite replication by phagocytosis and the 

production of reactive oxygen and nitrogen species as well as GTPases that have direct 

microbicidal effects on the parasite (Figure 1-3) (Gazzinelli et al., 1994; Nathan and 

Shiloh, 2000; Scharton-Kersten et al., 1997). In addition to being an important source of 

proinflammatory cytokines and mediators, macrophages are also involved in limiting 

inflammation.  Secretion of cytokines such as IL-10 by macrophages prevents the 

development of severe immunopathology during both acute and chronic stages of T. 

gondii infection (Drogemuller et al., 2008; Gazzinelli et al., 1996; Wilson et al., 2005). 

CNS resident cells including microglia, astrocytes, and neurons have also been shown to 
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play a major protective role in immunity to T. gondii (Drogemuller et al., 2008; Hunter et 

al., 1993; Yap and Sher, 1999b).  Microglia are the resident macrophage of the CNS and 

become highly activated following infection. Much like macrophages, microglia are also 

an important source of cytokines and microbicidal effector molecules (Chao et al., 1994; 

Deckert-Schluter et al., 1999; Kang and Suzuki, 2001).   

 

1.1.3 ECM and Cell Migration 

 
 The extracellular matrix (ECM) is a scaffold consisting of collagen and other 

associated proteins that serves to provide structural integrity to tissues (Bosman and 

Stamenkovic, 2003).  This dynamic and adaptive complex is continuously remodeled 

during development and in response to injury, inflammation and infection (Tsang et al., 

2009).  In recent years, an understanding of the ECM has evolved from simply a 

structural scaffold, to a complex network of proteins that affect a multitude of cellular 

processes including, survival, migration, activation, signaling, and differentiation 

(Sorokin, 2010).  The structure and function of the ECM is regulated by a diverse array of 

matricellular proteins that modulate assembly, degradation, and maintenance as well as 

the physical properties of this structure (Chiodoni et al., 2010). This family of proteins, 

distinguished by their non-structural properties and the ability to regulate cell-matrix 

interactions, include thrombospondins (TSP), osteopontin (OPN), tenascin-C, CCNs, and 

SPARC (Bornstein and Sage, 2002).   

The ECM has also shown to be in important modulator migrating immune cells.  

Leukocyte migration from the bloodstream to peripheral tissues is a tightly controlled 
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process that can be either beneficial or detrimental to the host.  On one hand, the efficient 

migration of immune cells to the site of infection is critical in the control and/or clearance 

of an invading pathogen.  Conversely, unchecked migration of leukocytes into tissues can 

result in tissue damage and other immune-related pathologies such as Crohn’s disease 

and multiple sclerosis (Mackay, 2008).  The ECM is an important modulator of immune 

cell migration, providing both substrate and barrier for leukocytes (Sorokin, 2010).  The 

endothelial basement membrane is composed of a cross-linked network of collagen IV 

and other glycoproteins that serves, in part, as a barrier between blood and tissue 

(Nourshargh et al., 2010).  Migration across this barrier is tightly regulated and requires a 

high degree of cross talk between the migrating immune cell, endothelial cells, 

endothelial junctions, basement membrane, chemokines and cytokines. The proper 

signals result in the arrest, adhesion and extravasation of the cell from the bloodstream 

into the tissue stroma (Vestweber, 2007).  The mechanisms of leukocyte migration within 

tissues are less understood, however recent advances in intravital imaging have yielded 

some insight (Cahalan and Gutman, 2006). In the lymph node, there is a constitutive 

reticular network of chemokine-coated collagen conduits, which guide the migration of 

lymphocytes and dendritic cells (DC) and facilitate antigen presentation (Bajenoff et al., 

2007; Okada and Cyster, 2007).  In tumors, cancer cells migrate along ECM fibers 

composed of long collagen fibrils (Condeelis and Segall, 2003).  Preliminary studies 

following T. gondii infection have shown the existence of a substantial extracellular 

network not present in naïve mice (Wilson et al., 2009). This is revealed by second 

harmonic generation (SHG), a phenomenon during multi-photon microscopy that has 
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been ascribed to materials with first-order nonlinear susceptibility: highly ordered 

noncentrosymetric structures such as collagen. Importantly this is not a parasite specific 

event as we observe similar structures in the spinal cord during experimental autoimmune 

encephalomyelitis (EAE). In addition, following transfer of GFP+ T cells we observe that 

they closely associate and the majority seem to actively migrate along these fibers.  At 

present we do not know the nature of this extracellular matrix but hypothesize that it 

plays a similar role to the organized structure found in the lymph node and could be an 

important aspect of maintaining inflammation at the site of infection.  

 

1.1.4 SPARC and the ECM 

 
SPARC, (secreted protein acidic rich in cysteine), is a highly conserved 

glycoprotein that is expressed during development and tissue remodeling (Bradshaw, 

2009).  SPARC is not a structural protein itself but has been shown to be an important 

regulator of ECM by modulating collagen assembly, signaling through integrins, and 

acting as an anti-adhesive (Figure 1-4) (Motamed and Sage, 1998; Murphy-Ullrich et al., 

1995). SPARC production can thus affect not only ECM assembly, but cell migration, 

proliferation, survival, and cytokine production.  In tumors, SPARC has been associated 

with increased metastasis, including gliomas (Golembieski et al., 2008; Yunker et al., 

2008). Stabilin-1 is the only known receptor for SPARC and is expressed by alternatively 

activated macrophages and endothelial cells.  This scavenger receptor regulates levels of 

SPARC by endocytosis and degradation (Kzhyshkowska et al., 2006b). SPARC-null 

mice show increased clearance of mycobacteria due to poor granuloma formation, 
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increased dendritic cell migration and increased T cell priming (Sangaletti et al., 2005). 

In addition, these molecules are secreted and therefore have the capacity to bind to the 

inflammatory-induced migratory network we see in the brain. SPARC has been shown to 

be produced by many cell types including fibroblasts, endothelial cells, vascular smooth 

muscles cells, astrocytes and macrophages (Brekken and Sage, 2001). In the developing 

CNS, SPARC is produced by astrocytes during tissue remodeling in the retina and 

cerebellum (Vincent et al., 2008; Yan and Sage, 1999).   

SPARC has been continuously associated with regulation of the ECM.  Initially 

characterized as a bone-specific protein involved in binding mineral to type I collagen 

(Termine et al., 1981), more recent studies have since revealed the ability of this protein 

to bind and interact with multiple components of the extracellular environment.  Perhaps 

best characterized, is the Ca2+ -dependent binding of SPARC to collagen (Sasaki et al., 

1998).  SPARC is able to bind multiple collagens, including fibrillar collagens I, II, III, 

and V, and basal lamina collagen IV.  It interacts with collagen through its extracellular 

calcium-binding domain, the affinity of which is increased substantially through cleavage 

by matrix metalloproteases (MMP) at the binding cleft (Sasaki et al., 1997).  

 

1.1.5 SPARC and Collagen assembly 

 
SPARC plays an important role on the proper assembly and maintenance of both 

fibrillar collagens (I, II, III, V) as well as collagen IV in the basal lamina (Bradshaw, 

2009).  The coexpression of collagens and SPARC is observed in basement membranes 

during development as well as at sites of tissue remodeling and wound repair (Mason et 
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al., 1986; Reed et al., 1993).  Additionally, SPARC-null mice compared to wild-type 

show significantly smaller collagen I fibrils resulting in decreased dermal tensile strength 

(Bradshaw et al., 2003).  These studies and others suggest that SPARC is necessary for 

the secretion and initial assembly of collagen, acting as a chaperone to regulate its proper 

folding and distribution (Martinek et al., 2007). However, recent evidence suggests that 

SPARC may act as a molecular chaperone involved, instead, in the degradation of these 

complexes and the transport of ECM proteins into the cell (Chlenski et al., 2011).  In this 

study, it is shown that at high extracellular concentrations of Ca2+, SPARC binds and 

mediates the disassembly of ECM and then shuttles it inside the cell, presumably through 

its receptor Stabilin-1 (Kzhyshkowska et al., 2006c).  In the cytoplasm, lower Ca2+ 

concentrations trigger the release of the ECM product and SPARC is recycled back 

outside of the cell.  Although this study appears to be in contrast with the reduced 

collagen deposition, early onset cataracts and osteopenia seen in SPARC-null mice 

(Bradshaw et al., 2003; Delany et al., 2000; Norose et al., 1998), however, the authors 

postulate that this “scavenging” is necessary for the proper maintenance and remodeling 

of the ECM. 

 

1.1.6 SPARC as an Anti-adhesive Molecule 

 
SPARC has been consistently described as an anti-adhesive molecule, however 

the mechanism by which SPARC regulates cell adhesion is not fully understood.  In vitro 

studies have shown that fibroblasts and endothelial cells treated with SPARC do not lose 

total adhesiveness, but retain a rounded shape and fail to spread (Lane and Sage, 1990; 
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Sage et al., 1989).  This intermediate state of cell adhesion induced by SPARC is thought 

to be due to disruption of focal adhesions coupled with disregulation of actin fibers 

(Bradshaw et al., 1999; Murphy-Ullrich et al., 1995). Fibronectin is an important 

structural and adhesive component of the ECM that is critical for efficient cell migration 

through its binding with integrins and is also involved in the formation of collagen fibrils 

(George et al., 1993; Magnusson and Mosher, 1998).  The site on collagen-I where 

SPARC binds overlaps with binding sites for fibronectin as well as α1β1 integrins (Wang 

et al., 2005).  Thus, SPARC is able to modulate cell migration by binding to the matrix as 

well as directly interacting with cell surface integrins. 

 

1.1.7 SPARC and Cell Signaling 

 
Matricellular proteins have the ability to modulate immune cell signals in multiple 

ways. This family of proteins can act as ligands and directly signal through cell surface 

receptors, modulate growth factor and cytokine activity, regulate the bioavailability of 

extracellular proteins, and regulate the activity of proteases such as MMPs (Bornstein and 

Sage, 2002).  Direct signaling occurs through interactions with specific surface receptors 

as well as engagement of integrins (Chiodoni et al., 2010).  Integrins are known for their 

role in cellular adhesion, but are also involved in “outside-in” signaling, influencing an 

array of pathways important in immunity, including MAPK, JAK-STAT, NF-κB, and 

TGF-β (Schwartz, 2001).  Downstream effects of these pathways include production of 

cytokines, chemokines, and growth factors, all of which are modulated by matricellular 

protein expression (Llera et al., 2009).  
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The myriad role that SPARC plays in the regulation of leukocyte signaling can be 

partially attributed to its ability to interact with multiple binding partners (Brekken and 

Sage, 2001).  In addition to ECM components, SPARC’s binding targets include MMP2, 

PDGF, VEGF, integrin β1, and stabilin-1 (Gilles et al., 1998; Kupprion et al., 1998; 

Kzhyshkowska et al., 2006a; Nie et al., 2008; Raines et al., 1992).  Consequently, 

SPARC can influence a variety of immune signaling pathways such as NF-κB, TGF-β, 

and integrin-linked kinase (ILK) activity (Said et al., 2008; Schellings et al., 2009; Shi et 

al., 2007). 

 

1.1.4 The role of Macrophages in Infection and Inflammation 

 
 Macrophages are involved in not only direct killing of the pathogen, but also 

wound repair, tissue homeostasis and secretion of cytokines that act as effectors for the 

subsequent adaptive immune response (Mosser and Edwards, 2008).   In the model of 

classical macrophage activation (CAMϕ), production of IFN-γ by Th1 cells and NK cells 

activates macrophages to secrete potent microbicidal mediators that directly target 

intracellular pathogens (Dalton et al., 1993; Nathan and Shiloh, 2000).  The production of 

nitric oxide has been shown to be essential for the control of such pathogens and is 

dependent on the metabolism of arginine by iNOS (MacMicking et al., 1997; Scharton-

Kersten et al., 1997).  In the past decade, evidence has accumulated to support the idea 

that there are multiple macrophage phenotypes with varying functions that arise in 

response to different types of stimuli (Figure 1-5) (Mosser and Edwards, 2008).  A 

regulatory macrophage (RMϕ) has been identified that functions to inhibit the 
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transcription of pro-inflammatory genes mainly through the production of IL-10 (Gerber 

and Mosser, 2001).  This anti-inflammatory phenotype can be activated by the presence 

of immune complexes, apoptotic cells, and glucocorticoids and does not contribute to the 

production of the ECM.  Alternatively activated macrophages (AAMϕ) were first 

characterized during helminth infection and are associated with the secretion of IL-4 and 

IL-13 by Th2 cells (Loke et al., 2002; Stein et al., 1992; Wirth et al., 1989).  These 

cytokines in combination with recognition of exogenous molecules such as chitin (Reese 

et al., 2007) induce an alternative phenotype involved in worm expulsion, control of 

inflammation and wound repair (Kreider et al., 2007).  Chitin is common in insects, fungi 

and crustaceans, but is also a component of the T. gondii cyst wall (Boothroyd et al., 

1997).  AA-MΦ are characterized by the expression of scavenger receptors such as 

mannose receptor and stabilin-1, both of which have been shown to be involved in the 

endocytosis and secretion of components of the ECM (Kzhyshkowska et al., 2006c; 

Martinez-Pomares et al., 2006). These cells also produce arginase-1 (ARG1), an enzyme 

that competes with iNOS for arginine binding and thus inhibits NO production associated 

with CA-MΦ (Munder et al., 1998).  Furthermore, ornathine, a product of arginine 

conversion by ARG1, is a precursor to proline, which is required for the synthesis of 

ECM associated proteins such as collagen (Kreider et al., 2007).  

 

1.1.5 Chitin and Chitinases 

 
Chitin is an abundant polysaccharide found in the cell walls of fungi, the 

exoskeletons of crustaceans, and the sheaths of nematodes (Lee et al., 2011).  The 
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purpose of this polymer is to provide structural support as well as environmental 

protection to these organisms.  Chitin biosynthesis and degradation is regulated by a 

chitin synthases and chitinases, respectively, produced by these life forms.  Although 

mammals do not produce chitin or chitin, synthases, chitin can be recognized and 

degraded in response to invasion by chitin-containing pathogens (Funkhouser and 

Aronson, 2007).  Indeed, mammals produce a variety of chitinase and chitinase-like 

proteins (CLP), which play a role in degradation of chitin as well as immune signaling 

(Lee et al., 2011).  True chitinases, such as acidic mammalian chitinase (AMCase) and 

chitotriosidase (CHIT1), contain a chitin-binding domain as well as an enzymatically 

active domain, which hydrolyzes β (1-4) linkages in chitin polymers (Boot et al., 2001; 

van Eijk et al., 2005).  The family of CLPs, including BRP-39, YKL-39 and YM1, lack 

this enzymatically active domain, yet these proteins still play an important role in 

immune signaling processes (Bleau et al., 1999).   

 

1.1.6 The Immune Response to Chitin 

 
The presence of chitin has been shown to induce a potent immune response in 

mammals (Reese et al., 2007; Shibata et al., 2000; Shibata et al., 1997a; Shibata et al., 

1997b; Sohn et al., 2010).  The exact nature of this immune response is varied, and is 

thought to be dependant on the size of the chitin particle as well as the presence of other 

antigens (Da Silva et al., 2009).  The mechanisms of chitin recognition are poorly 

defined, however it has been suggested that this process involves pattern recognition by a 

combination of dectin-1, mannose receptor, and TLR-2 (Da Silva et al., 2009; Da Silva et 
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al., 2008).  Indeed, the administration of small chitin particles (1-10µm) has been shown 

to induce the production of proinflammatory cytokines such as IL-12, TNF-α, and IL-18 

(Shibata et al., 1997b).  Furthermore, particles of this size inhibit Th2 immune responses 

and allergic hypersensitivity (Shibata et al., 2000).  In contrast, the administration of 

chitin-coated beads induced the accumulation of IL-4 producing cells, including 

eosinophils, basophils, and AAMΦ in the lungs of treated mice (Reese et al., 2007).  

These studies are in line with others that observe a high prevalence of asthma in workers 

that are chronically exposed to chitin (Desjardins et al., 1995).  To examine the size-

dependent role of chitin as an immune modulator in mice, Da Silva and colleagues 

administered chitin particles or beads of different sizes and observed the immune 

response (Da Silva et al., 2009).  This study revealed that small chitin particles activated 

the NF-κB pathway through a combination of TLR-2, dectin-1, and mannose receptor 

ligation.  Intermediate sized chitin particles only involved dectin-1 and TLR-2 

recognition, and resulted in the production of both pro- and anti-inflammatory cytokines, 

depending on the route of administration.  The presence of chitin-containing pathogens 

such as nematodes and fungi have also been shown to induce a robust immune response 

in the host (Muzzarelli, 1999; Nair et al., 2005; Satoh et al., 2010).  The production of 

active chitinases by macrophages in response to the presence of chitin is thought to play a 

role in this immune response by breaking down the fungal cell wall or nematode sheaths 

and aid in the clearance of these pathogens (Boot et al., 2001; van Eijk et al., 2005).  The 

role of chitolytic activity in protozoan infections is less clear.  However, since chitin is a 

major component of the T. gondii cyst wall (Boothroyd et al., 1997; Coppin et al., 2003), 
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it is tempting to speculate that active chitinases have the potential to assist in the 

clearance or control of cysts during chronic infection. 

 

1.1.7 Chronic infection in the CNS 

 

Chronic Toxoplasma gondii infection in the brain represents a balanced “stand-

off” resulting in relatively limited pathology from either the replicating parasite or the 

immune system of the healthy host (Yap and Sher, 1999a).  This remarkable phenomenon 

that takes place in the delicate environment of the CNS, contributes to the extraordinary 

success of the parasite and provides us with an incredibly useful model in understanding 

chronic infection.  The persistence of T. gondii in the CNS also poses a constant danger 

to its host of reactivation and severe disease in the event of immune deficiency, as seen in 

multiple cases involving AIDS patients (Luft and Remington, 1992).  Immune deficient 

patients are subject to a lifetime regimen of sulfadiazine in combination with 

pyrimethamine, which commonly leads to adverse effects or even relapse (Fung and 

Kirschenbaum, 1996).  To date, no therapies have proven to be effective in clearing the 

parasite, thus understanding how the competent immune system is able to control the 

replicating parasite in the brain is of utmost importance.  This dissertation describes two 

novel mechanisms of parasite control in the CNS.  Using a variety of in vitro, in vivo, and 

advanced imaging techniques, new and distinct roles for the glycoprotein SPARC and the 

enzyme AMCase will be identified.   
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1.2 Materials and Methods 

 

Mice and Parasites 

 T. gondii Pruigniund and RH strains were maintained in vitro as previously described 

(Noor et al., 2010).   Soluble Toxoplasma antigen (STAg) was prepared from RH strain 

tachyzoites as previously described (Sharma et al., 1983). The Me49 strain of T. gondii 

was maintained in infected Swiss Webster and CBA/CaJ mice. For infection, brains from 

infected mice were removed placed in 3ml sterile 1xPBS and passed 3 -5 times through 

an 18.5 gauge followed by 20.5 and 22.5 gauge needle.   The number of cysts in a 30µl 

aliquot was determined microscopically.  Brain suspensions were adjusted to 100 

cysts/ml and mice were infected each with 20 cysts intraperitoneally.  C57Bl/6, CBA/CaJ 

(Jackson, Bar Harbor, ME) and Swiss Webster mice (Charles River, Wilmington, MA) 

were maintained in a pathogen free environment under IACUC established protocols at 

the University of California Riverside.  SPARC-null (Jackson, Bar Harbor, ME) mice 

were backcrossed with C57Bl/6 mice for at least 9 generations. AMCase-null mice were 

generated by targeting exon 5 using loxP/CRE recombination as previously described 

(Fitz et al., 2011).  The AMCase gene deleted mice were of a mixed background, 

C57BL/6NTac:129SvEvBrd, and were backcrossed to C57/BL6 for at least 10 

generations.  These mice were generated and maintained under IACUC protocols 

established by Pfizer. 
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Preparation of splenocyte, Lymph node, PECS and brain mononuclear cell (BMNCs) 

suspensions 

A single cell suspension from spleens and lymph nodes was prepared by passing through 

a nylon 40µm cell strainer (BD, San Jose, CA). Suspensions were washed with RPMI 

complete (10% FCS, 1%Penicilin/Streptomycin, 1% Glutamine, 1% Sodium Pyruvate, 

1% nonessential amino acids, 0.1% B-mercaptoethanol) (Life Technologies, Grand 

Island, NY) and centrifuged for 5 minutes at 1200 RPM at 4°C. Red Blood Cells were 

lysed using 0.86% ammonium chloride solution, centrifuged and resuspended in RPMI 

complete. Peritoneal exudate cells (PECS) were harvested by injecting 3ml of sterile PBS 

into the peritoneal cavity, gently agitating the abdomen, and slowly drawing up the 

suspension with the syringe.  BMNCs were prepared as previously described (Noor et al., 

2010).  

 

Flow Cytometry 

BMNCs or splenic cells were stained with various conjugated antibodies against CXCR3, 

CD3, CD4, CD8, CD11b, CD11c, CD40, CD44, CD62L, Ly6c, Ly6g, MHCII, IL-10, and 

CD45, (eBioscience, San Diego, CA), MMR (Biolegend, San Diego, CA), MHC I-Ova 

dextramer (Immudex, Denmark), and MHC II-toxo tetramer (NIH, Bethesda, MD).  Cells 

were analyzed using the BD FACSCanto II flowcytometer (BD Biosciences, San Jose, 

CA) and FlowJo analysis software v.8.7.3 (Treestar Software, Ashland, OR).  Cell 

populations were determined by gating on CD4+, CD8+, CD45hi/CD11b+ (macrophages) 

and CD45int/CD11b+ (microglia) from live cell gate.  
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Quantitative Reverse transcription PCR (qRT-PCR) 

 Total RNA from brain tissue samples was extracted with TRIzol reagent (Life 

Technologies, Grand Island, NY). DNase1 treatment and first strand cDNA synthesis was 

performed using cDNA synthesis kit (BioRad, Hercules, CA) according to the 

manufacturer’s instructions. SPARC, CXCR3, CXCL9, CXCL10, CCL2, CCL5, 

AMCase, Arg1, and Chit1 specific primers for Real Time PCR were purchased from 

IDT's primer Quest (http://www.idtdna.com/Scitools/ Applications/Primerquest/). Primer 

sequences were as follows: CXCR3, forward, 5′-TGTAGCCCTCACCTGCATAGTTGT-

3′; reverse, 5′-GTTGTACTGGCAATGGGTGGCATT-3′, CXCL9, forward, 5′-  

TCAGATCTGGGCAAGTGTCCCTTT-3′; reverse, 5′-

TTTGGTGACGTGAGCCTCAGAAGT-3′, CXCL10, forward, 5′- 

TGGCTAGTCCTAATTGCCCTTGGT-3′; reverse, 5′-  

TCAGGACCATGGCTTGACCATCAT-3′, CCL2 forward, 5’-

TCACCTGCTGCTACTCATTCA-3’; reverse, 5’-TACAGCTTCTTTGGGACACCT-3’, 

CCL5 forward, 5’-TCGTGCCCACGTCAAGGAGTA-3’; reverse, 5’-

TCTTCTCTGGGTTGGCACACA-3’, AMCase forward, 5’-

TTTCCACTTCTCAGAACCGCC-3’; reverse, 5’-TGTTGCTCTCAATAGCCTCCT-3’, 

CHIT1 forward, 5’-AGTTCGGTTCTTTCCCAGGGA-3’; reverse, 5’- 

GCTGATGGTTGTCCATTCCAG -3’, Arg1 forward, 5’-

TGGCTTTAACCTTGGCTTGCT-3’; reverse, 5’- AAAGAACAAGCCCTTGGGAGG-

3’, SAG1 forward, 5’- CGACAGCCGCGGTCATTCTC-3’; reverse, 5’- 
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GCAACCAGTCAGCGTCGTCC-3’, SAG4 forward, 5’-

CTGCTTTCGTCTGTCTTCAAC-3’; reverse, 5’-CTTCTTCACTGGCAATGAACTC-

3’, MAG1 forward, 5’-TGAGAACTCAGAGGACGTTGC-3’; reverse, 

TCTGACTCAAGCTCGTCTGCT-3’, SPARC forward, 5’-

ATTAGGCTGTTGGTTCAAA-3’; reverse, 5’-AGCCCTGGTTCTCCAAAA-3’.   Real-

time PCR was performed using the iQ5 real-time PCR Detection System (Bio-Rad, 

Hercules, CA) in total 25µl reaction mixture with 12.5µl SYBR Green qPCR Master Mix 

(2x) (Bio-Rad, Hercules, CA) and 300nM primer. The reaction conditions were as 

follows: 10 min at 95°C, followed by 40 cycles of 15s at 95°C and 60s at 60°C. The 

HPRT (Hypoxine Phosphoribosyl- Transferase) forward primer (5′-

CCCTCTGGTAGATTGTCGCTTA-3′) and reverse primer (5′- 

AGATGCTGTTACTGATAGGAAATTGA -3′) were used as an endogenous control. 

Quantified results represent the fold induction of target gene expression at different days 

post infection in comparison to the target gene expression in naïve cDNA samples. 

Analysis on 1.5% agarose gels was performed to exclude nonspecific amplification. 

NTC, no-template control (reagent alone without template) was included in each assay to 

detect any possible contamination of the PCR reagents.  

 

Immunohistochemistry 

Immediately following excision, brains were bisected sagitally and flash-frozen in cold 

isopentane.  Frozen brains were then put into standard Tissue-Tek cryomold and filled 

with Optimal Cutting Temperature (OCT) solution (Tissue-Tek, Torrance, CA) and put 
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on dry ice and subsequently stored at -80°C. Serial sections of 10-20µm were prepared on 

a standard Cryostat machine (LEICA/CM1850, Simi Valley, CA).  Frozen tissue sections 

were fixed 75% acetone/25% ethanol then blocked in 10% donkey serum prior to 

incubation with purified antibodies.  Purified primary antibodies for SPARC (Abcam, 

Cambridge, MA), Iba-1 (Wako, Richmond, VA), CXCR3 (Life Technologies, Grand 

Island, NY), MMR (AbD Serotec, Raleigh, NC) arginase-1, AMCase, stabilin-1 (Santa 

Cruz Biotechnology, Santa Cruz, CA), as well as biotinylated tomato lectin (Sigma-

Aldrich, St. Louis, MO) were incubated with tissue samples for 2h at RT or overnight at 

4°C, and followed with appropriate secondary antibodies conjugated to Alexa 488, Alexa 

568, or Alexa 647 at 2µg/mL (Life Technologies, Grand Island, NY).  Samples were 

mounted in Prolong Gold with DAPI (Life Technologies, Grand Island, NY) for nuclear 

counterstaining.  Images were collected on a Leica SP2 scanning confocol microscope 

(Leica Optics, Germany), and analyzed using Improvision Volocity 5.0 (Perkin-Elmer, 

Waltham, MA).   

 

Quantification of T. gondii burden by quantitative PCR (qPCR) 

Parasite burden was measured by amplifying the T. gondii genes B1, SAG1, SAG4, or 

MAG1 by real-time PCR as previously described (Contini et al., 2002; Noor et al., 2010).  

 

In vivo peptide blocking 

C57BL/6 mice were infected i.p. with 104 Pruigniund tachyzoites.  At day 21, 23, 25, and 

27 post infection, the animals were injected i.p. with either 0.5ml α-CXCL10 
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(0.5mg/mL), 0.5mL α-CXCR3 (polyclonal), or 0.5ml PBS as previously published (Liu 

et al., 2001; Stiles et al., 2006).  The mice were sacrificed on day 28 p.i. and brains were 

excised for flow cytometric analysis, and parasite burden as described. 

 

Urea Assay 

Supernatants from infected macrophage cultures were added to a 96 well UV plate at 

50µl per sample in triplicates.  Urea reagents A and B were mixed from quantichrom urea 

assay kit (Bioassay systems, Hayward, CA) and 200µl of mixture added to each well.  

Included standard was used starting at 50mg/ml and diluted two fold.  Samples were 

incubated for 30 min at room temperature and plates were read at 520nm to determine 

urea concentration.   

 

Chitinase Assay 

In order to quantitate chitinolytic activity, 10µg of protein from lysates was added to the 

fluourogenic substrates 4-Methylumbelliferyl N,N′-diacetyl-β-D chitobioside, 4-

Methylumbelliferyl N-acetyl-β-D-glucosaminide, or 4-Methylumbelliferyl β-D-N,N′,N′′-

triacetylchitotriose (Sigma-Aldrich, St. Louis, MO).  The samples were incubated at 37°C 

for 30 minutes and the reactions were stopped by adding 200µl sodium carbonate.  The 

fluorescent intensity of free 4-methylumbelliferone (4MU) was measured on a 

fluorimeter at excitation of 360nm and emission of 450nm.  A standard curve was 

generated using serial dilutions of 4MU. 
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Bone Marrow Derived Macrophages 

Femurs and tibias were obtained from 6–12 week old C57BL/6 mice. After euthanasia, 

the mice were sprayed with 70% ethanol and the femurs and tibias were dissected using 

scissors. Muscles connected to the bone were removed using scissors, and the femurs 

were placed into a 50mL tube containing sterile DMEM on ice. In a tissue culture hood, 

the bones were washed in sterile DMEM and then both epiphyses were removed using 

sterile scissors and forceps. The bone marrow was flushed out with a 10ml syringe filled 

with BM20 differentiation media (DMEM supplemented with 10% fetal bovine serum, 

20% L929 supernatant, 5% horse serum, 100 U/ml penicillin, 100 µg/ml streptomycin, 

and 2 mM L-glutamine) (Life Technologies, Grand Island, NY) into a 50 mL sterile tube. 

The tube was vortexed gently and topped off to 50mL with fresh BM20.  10mL of cell 

suspension was plated out on 100cm untreated dishes and incubated for 7 days at 37°C, 

5% CO2 with fresh media added at day 4.  Cells were then washed, counted and plated at 

106 cells/mL in BM10 media (DMEM supplemented with 10% fetal bovine serum 10% 

L929 supernatant, 5% horse serum, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 

mM L-glutamine) (Life Technologies, Grand Island, NY) into a 50 mL sterile tube and 

allowed to rest for 3 days.  Macrophages were stimulated overnight with either 

recombinant IL-4 (10ng/ml), LPS (50ng/ml) or IFN-γ (100U/ml) (all from R&D Systems, 

Minneapolis, MN), stAg (100µg/ml) or cystAg (100µg/ml) in complete DMEM. 

 

Macrophage/Cyst Assays 

To observe the interaction of macrophages and cysts in vitro, cysts were isolated from the 
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brains of chronically infected mice.  Fifty cysts were added per well to 96 well plates 

containing 2x105 bone marrow derived macrophages.  Cysts and cells were viewed using 

a BD HT Pathway 855 microscope (BD Biosciences, San Jose, CA) in a climate-

controlled chamber (37°C, 5% CO2).  Nine cysts were identified per condition and 

photographed every 10 minutes for 14 or 16 hours.  Movies were compiled using ImageJ 

software (NIH, Bethesda, MD) and cyst survival time was determined. 

 

Multiphoton microscopy and SHG analysis 

For preparation of brain tissue for live imaging, mice were euthanized by CO2 

asphyxiation, the brain was removed, placed in a 35mm glass bottom dish and 

immediately transferred into an incubating chamber with RPMI complete (RPMI plus 

10% fetal-calf serum, 1% pen/strep, 1% glutamine, 1% HEPES, 1% nonessential amino 

acids, and 0.1% β-mercaptoethanol), and maintained at 37°C, 5% CO2. Imaging was 

performed on a Leica 710 LSM microscope equipped with 60× (NA 0.8) water objective. 

The setup included external nondescanned dual-channel/fluorescence detectors and a 

diode-pumped, wideband mode-locked Ti:Sapphire femtosecond laser (720–980 nm, 

<140 fs; 90 MHz; Coherent Chameleon). Samples were exposed to polarized laser light at 

a wavelength of 920 nm. Emitted light was separated with a filter set (primary dichroic 

mirror, followed by dichroic mirrors at 520 nm, 495 nm, and 575 nm). Four photo 

multiplier tubes collected light at wavelengths: 457–487 nm; 503–537 nm; 525–570 nm, 

and 580–652 nm.  To quantify the density of SHG, we generated 30µm z stacks with a 

step size of 1 µm. We used Volocity to measure the volume, skeletal length, and skeletal 
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diameter keeping intensity a constant and using a size filter of >50 µm. Mean density, 

total skeletal length, and mean skeletal diameter were calculated from at least six z stacks 

from five infected WT and SPARC -/- mice.  

 

Statistics 

For statistical analysis of survival data, the log-rank test was used.  For all other data, an 

unpaired, two-tailed Student’s t test, or ANOVA test with a 95% confidence interval was 

used (Prism; GraphPad Software, Inc., La Jolla, CA).  All data are represented as means 

± SEM. 
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1-3 FIGURES AND LEGENDS 
 

Figure 1-1. Worldwide seroprevalence of the parasite Toxoplasma gondii.  Global 

statistics for T. gondii seroprevalence by country.  Burgundy = > 60% seroprevalence, 

red = 40 – 40%, yellow = 20 – 40%, blue = 10 – 20%, green = < 10%.  Countries in white 

= no data.  Adapted from (Pappas et al., 2009). 
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Figure 1-2. The life cycle of T. gondii.  A) Members of the family Felidae (domestic 

cats and their relatives) are the only known definitive host to T. gondii.  Sexual 

replication of the parasite occurs only in the stomach of its definitive host.  B) Oocysts 

are shed in the feces of the cat and can endure in the environment for long periods of 

time.  C) Intermediate hosts become infected through grazing or foraging.  Small animals 

and birds can transmit the parasite back to its definitive host when they are preyed on by 

cats, thus completing the life cycle.  Human infection typically occurs by ingestion of 

tissue cysts in undercooked meat.  D) Humans may also become infected by ingesting 

contaminated produce, drinking water, or by close contact with cat feces.  E) Upon 

ingestion, oocysts convert to fast replicating tachyzoites, resulting in an acute systemic 

infection.  F) Chronic infection develops when the tachyzoites convert to slow-replicating 

bradyzoite tissue cysts, which reside predominantly in the brain for the life of the host.  

G) Congenital transmission occurs when a woman is infected during pregnancy and can 

result in severe birth defects. 
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Figure 1-3. The protective immune response to T. gondii.  A) The presence of 

tachyzoites rapidly induces an acute systemic infection in the host.  B) Antigen 

presenting cells are activated through TLR ligation resulting in the production of 

inflammatory mediators by the transcription factor, NF-κB. C) The production of IL-12 

induces activation of Th-1 response.  D) T cells produce the cytokine IFNγ, essential for 

protective immunity to the parasite.  E) IFNγ induces the production of nitric oxide (NO) 

and immunity-related GTPases (IRGs) which directly kill the parasite and control 

replication.  F) Tachyzoites convert to bradyzoite cysts, which reside predominantly in 

the brain for the life of its host. 
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Figure 1-4. The multifaceted role of the matricellular protein SPARC.   Known 

roles for SPARC include: 1) Collagen assembly.  SPARC acts at a chaperone by directly 

binding collagen fibrils during ECM remodeling.  Stabilin-1 regulates bioavailability of 

SPARC through uptake and recycling.  2) Integrin signaling.  SPARC can bind and signal 

through integrin receptors, modulating cell responses such as proliferation, survival, 

migration and cytokine production.  3) Anti-adhesion.  SPARC blocks the formation 

focal adhesions by binding directly with fibronectin and preventing aggregation of 

integrins. 
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Figure 1-5. Macrophage phenotype and function.  Macrophage phenotypes 

according to function include: 1) Classically Activated Macrophages, involved in Th1 

responses, are activated by TLR ligation and the presence of the pro-inflammatory 

cytokines IFNγ and TNFα.  These cells secrete IL-12, IL-23, TNFα, IL-1β, and reactive 

oxygen species (ROS) in response to intracellular pathogens.  2) Regulatory macrophages 

are activated by and secrete the anti-inflammatory cytokine, IL-10 and are involved in 

immune suppression.  3) Alternatively activated macrophages are activated by the Th2 

cytokines IL-4 and IL-13 as well as the exogenous polysaccharide chitin.  These cells 

produce arginase-1, RELMα, chitinase and chitinase-like proteins (CLP), and are 

involved in immunity to helminth infection, allergic responses, and wound healing. 
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CHAPTER TWO 
 
 

SPARC is required for Efficient Cell Migration and Protective Immunity in 

the CNS during Chronic T. gondii Infection 
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2.1 Abstract 

 

 Control of chronic T. gondii infection in the brain requires the continuous presence 

of IFN-γ producing T cells to prevent reactivation of the parasite, however, we have 

limited understanding of how these cells migrate within the parenchyma of the 

brain. It has recently been demonstrated that a network of extracellular matrix 

fibers, not present in naïve mice, exists in the brain after infection with T. gondii.  

This network, revealed using multiphoton microscopy and second harmonic 

generation (SHG), is thought to act as a substrate for migrating T cells to reach sites 

of infection within the parenchyma.  SPARC is a secreted glycoprotein associated 

with remodeling of the extracellular matrix (ECM) and cell migration.  Here we 

show upregulation of SPARC in the frontal cortex and immunostaining reveals long 

fibrous strands associated with parasite cysts and migrating cells similar in nature 

to the network that we have previously observed.  Despite no apparent defect in the 

recruitment or activation of immune cells, there is a significant increase in parasite 

burden in the brain and increased cellular accumulation in the perivascular space, 

suggesting a defect in cell migration within the parenchyma.  These data suggest 

that SPARC may play a role in the assembly of the migratory network of fibers in 

the brain.  Indeed, the volume of these fibers is significantly reduced in the brains of 

SPARC-null mice following infection.  Together, these data identify the 

glycoprotein, SPARC, as an important regulatory component of immune cell 

migration and responses in the CNS. 
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2.2 Introduction 

 

An effective immune response critically depends on the ability of effector cells to migrate 

to sites of infection.  This process is tightly regulated and involves recognition and 

presentation of antigen, production of cytokines and chemokines, activation of innate and 

adaptive immune cells, and migration of these cells from the bloodstream into tissues 

(Friedl and Weigelin, 2008).  The mechanisms of cell migration within tissues remain 

poorly defined.  However, recent advances in intravital imaging have begun to shed light 

on these processes.  Multiphoton microscopy offers the advantage of deep imaging in live 

tissue.   Using this method, we have been able to observe the migration of fluorescently-

tagged cells through tissues in real time (Phan and Bullen, 2010).  In addition, 

components of the extracellular matrix (ECM) can also be observed through a 

phenomenon known as second harmonic generation (SHG).  SHG can be used to 

visualize noncentrosymetric reticular structures such as collagen fibers (Schenke-

Layland, 2008).  Studies using this technique in the lymph node have revealed the 

presence of collagen conduits, coated in the chemokine CCL21 which T cells and 

dendritic cells migrate along (Asperti-Boursin et al., 2007; Bajenoff et al., 2006; Okada 

and Cyster, 2007; Worbs et al., 2007).  This structure provides a physical scaffold for 

migrating leukocytes and allows for efficient and sustained antigen presentation.  Similar 

structures associated with migrating cells have also been observed in tumors and 

granulomas (Condeelis and Segall, 2003; Egen et al., 2008).  These studies and others 

have highlighted a central role for the ECM in facilitating cell migration.  Indeed, our 
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understanding of the ECM has evolved from a static structural scaffold to a dynamic and 

receptive network capable of modulating cell migration, cell signaling, as well the 

bioavailability of effector molecules (Sorokin, 2010).   

 
The structure and function of the ECM is regulated by matricellular proteins that 

modulate its assembly, degradation, maintenance and physical properties (Chiodoni et al., 

2010).  This family of proteins, distinguished by their non-structural properties and the 

ability to regulate cell-matrix interactions, include thrombospondins (TSP), matrix 

metalloproteases (MMP), osteopontin (OPN), and the glycoprotein SPARC (secreted 

protein acidic and rich in cysteine) (Bornstein and Sage, 2002).  SPARC is best known 

for its ability to bind multiple types of collagen and regulate its deposition during 

development and in response to tissue damage or disease (Lane and Sage, 1994).  In 

addition, SPARC can bind and interact with integrins, growth factors and cytokines, thus 

affecting a multitude of cellular functions (Arnold and Brekken, 2009).  SPARC has been 

shown to play a major role in immune cell migration and activation in multiple models of 

cancer, inflammation and infection (Chlenski and Cohn, 2010; Piconese et al., 2011; 

Rotta et al., 2008; Sangaletti et al., 2005).    

 
Toxoplasma gondii is an obligate intracellular protozoan pathogen that leads to a 

persistent infection in its host.  In the presence of a competent immune system, the fast-

replicating tachyzoite converts to slow-replicating bradyzoites, which reside, 

predominantly in the brain, in the form of tissue cysts for the life of the host (Bohne et 

al., 1994; Gazzinelli et al., 1993; Gazzinelli et al., 1994).  This chronic infection is 
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relatively asymptomatic and is maintained by the continuous presence of immune cells, 

most importantly, IFN-γ producing T cells in the CNS (Gazzinelli et al., 1992; Gazzinelli 

et al., 1994).  The requirement for T cells was highlighted in the 1980s during the AIDS 

crisis, when infected patients presented with Toxoplasmic encephalitis, a fatal condition 

resulting from the reactivation of tachyzoites in the brain (Luft et al., 1984; Luft and 

Remington, 1992).  Thus, the ability of T cells to migrate to sites of infection in the brain 

is paramount in controlling the replication of the parasite.  Currently, little is known 

about the mechanisms of immune cell migration within the brain parenchyma.  A recent 

study using multiphoton imaging and SHG revealed the presence of a reticular fibrous 

network in the brains of mice infected with T. gondii and absent in the naïve brain 

(Wilson et al., 2009).  Live imaging shows the migration of CD8+ T cells along these 

structures in a directional manner.  The composition and source of this network is 

unknown, however, it is hypothesized that this is a mechanism for effector cells to 

migrate to sites of infection within the brain. 

 
Here we show that SPARC is upregulated in the brain following infection with T. 

gondii.  Importantly, this upregulation is observed in the frontal cortex of the brain, an 

area associated with parasite infection and replication.  Analysis of SPARC in situ reveals 

the presence of fibrous strands that are associated with migrating cells and parasite cysts.  

Interestingly, these fibers are absent in the brains of naïve mice and are similar in nature 

to the migratory network previously observed through intravital imaging.  SPARC-null 

mice are more susceptible to chronic T. gondii infection, with increased parasite burden 

in the brain, despite no defect in cell recruitment or activation. However, we did observe 
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increased perivascular and meningeal accumulation of cells, suggesting a defect in cell 

migration within the parenchyma possibly due to a compromised migratory network.  

Multiphoton analysis of live tissue reveals a significant decrease in the volume and length 

of extracellular fibers in the brains of SPARC-null mice as compared to wild-type.   

Taken together, these data point to an important role for the glycoprotein, SPARC, in 

matrix remodeling of the migratory network in the CNS. 
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2.3 Results 
 

2.3.1 SPARC is upregulated in the frontal cortex of the brain during T. gondii 

infection. 

 
During chronic T. gondii infection, a migratory network of fibers is established to 

aid in the migration of immune cells to the sites of infection within the CNS (Wilson et 

al., 2009).  This network is not present in naïve mice and therefore requires a substantial 

amount of tissue remodeling prior to or during chronic infection.  Since SPARC is a 

molecule that is consistently associated with such events, we examined its expression 

profile in the CNS following infection.  Infected mice were sacrificed at various time 

points and frontal cortex and cerebellum were analyzed for SPARC expression using rt-

qPCR.  Our results show a substantial increase in SPARC mRNA in the frontal cortex, an 

area of the brain associated with parasite infection, beginning at day 7 and peaking at day 

14 post-infection (Figure 2-1 A).  In contrast, SPARC expression was relatively stable in 

the cerebellum following infection.  SPARC is known to be expressed in the cerebellum 

in the adult brain, but is normally absent from the cortex (Mendis and Brown, 1994).  To 

confirm these results, we examined in situ hybridization for SPARC mRNA (performed 

by Whitney Carter, laboratory of Dr. Monica Carson) on brain slices taken from naïve 

and infected mice (Figure 2-1 B).  Here, our results confirm heavy SPARC expression in 

the hindbrain of both naïve and 14 day infected mice.  However, a substantial 

upregulation of SPARC is noted in the frontal cortex of infected mice at day 14 over 

naïve.  Together, these data demonstrate SPARC upregulation in the CNS as a result of 
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parasite infection.  Furthermore, this increase in SPARC mRNA is limited to areas of the 

brain that are associated with parasite replication and infection.   

 
Next, we examined the localization of SPARC protein in the frontal cortex of the 

infected brain by immunofluorescence.  Brains were taken from infected mice at various 

time points and slices were incubated with specific antibodies against SPARC and 

CXCR3.  CXCR3 is a chemokine receptor known for its role in immune cell migration in 

the CNS following infection (Liu et al., 2005; Stiles et al., 2006).  Fluorescent staining 

revealed SPARC associated with long reticular fibrous strands, similar in nature to those 

previously revealed in the brain using SHG (Wilson et al., 2009) (Figure 2-1 C).  

Additionally, these strands were associated with both parasite cysts as shown with DAPI 

staining, and migrating CXCR3+ cells.   Thus, SPARC is upregulated in the frontal 

cortex of the brain following infection and associated with a reticular fibrous network, 

parasite cysts and migrating immune cells. 

 

 

2.3.2 SPARC deficiency leads to a delayed immune response during acute infection. 

 
SPARC deficiency has been associated with alterations in the immune response 

such as impaired cell migration, antigen presentation and germinal center formation 

(Piconese et al., 2011; Rempel et al., 2007; Rotta et al., 2008).  To determine the role of 

SPARC during the early stages of infection, WT and SPARC-null mice were infected 

with T. gondii and serum levels of proinflammatory cytokines were evaluated using a 
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cytokine bead assay (CBA) (Figure 2-2 A).  At day 7, the peak of the systemic immune 

response, there were no significant differences in concentrations of proinflammatory 

cytokines IL-6, MCP-1, IL-12p70, TNF-α or IFN-γ.  IL-10, an anti-inflammatory 

cytokine required to prevent immunopathology during infection, was also equivalent 

between WT and KO mice.  At day 14 when the infection is moving into the chronic 

stage, concentrations of these cytokines were decreased but remained equivalent between 

WT and SPARC-null mice.   

 
SPARC-null mice have been shown to have a delay in the adaptive immune 

response resulting from defective dendritic cell networking and germinal center 

formation (Piconese et al., 2011).  To determine if there is a defect in immune cell 

recruitment of activation during acute infection with T. gondii, cell populations from 

cervical lymph node and peritoneal exudate cells (PECS) were analyzed using flow 

cytometry.  At day 7 post-infection, there was a significantly larger proportion of CD4+ 

T cells in the lymph nodes of SPARC-null mice (Figure 2-2 B, left).  This proportion 

remained elevated at day 14, but was not statistically significant.  In contrast, proportions 

of CD4+ T cells taken from the site of infection (PECS) were significantly lower in 

SPARC-null mice at day 7 p.i. and showed no differences at day 14 p.i. (Figure 2-2 B, 

right).  SPARC deficiency did not result in any differences in proportions of CD8+ T 

cells in lymph node or PECS at day 7 p.i., however there was a significant increase in the 

proportion of CD8+ cells in the PECS of SPARC-null mice at day 14 (Figure 2-2 C).  

Proportions of CD11b+ cells were equivalent in the lymph nodes of WT and SPARC-null 

mice at day 7 and 14 p.i., however there was a significantly decreased proportion of this 
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population in the PECS of SPARC-null mice at day 7 (Figure 2-2 D).  Thus, in the 

absence of SPARC, there is a delay in the migration of CD4+ T cells and CD11b+ 

macrophages to the site of infection in the peritoneal cavity. 

To determine if there was any difference in activation of immune cells during 

acute infection, we examined CD4+, CD8+, and CD11b+ cells for surface markers 

indicative of activation status.  At day 7 p.i. there was a significant decrease in the 

percentage CD4+ T cells displaying the activated phenotype CD44hi and CD62Llo in the 

lymph nodes and PECS of SPARC-null mice (Figure 2-2 E).  This defect was not present 

at day 14, in fact there was a significant increase of activated CD4+ T cell proportions in 

the lymph nodes of SPARC-null mice at this time point.  There were no differences in the 

percentage of activated CD8+ T cells in either the lymph nodes or PECS at day 7, 

however there was a significant increase in this population in the lymph nodes of 

SPARC-null mice at day 14 (Figure 2-2 F).  Proportions of CD11b+ cells expressing 

MHC II were equivalent in the lymph node at day 7, but increased in SPARC-null mice 

at day 14 (Figure 2-2 G, left).  However, there was a significant decrease in this 

population in the PECS of SPARC-null mice at day 7 p.i. and this difference was 

resolved by day 14 (Figure 2-2 G, right).  Overall, these data suggest that in the absence 

of SPARC, there is a delay in the migration and activation of CD4+ T cells and 

macrophages during the early acute immune response, however this defect appears to be 

resolved by 14 days post infection. 

 
To determine if delayed CD4+ and CD11b+ cell activation results in a decreased 

ability to control parasite replication during acute infection, parasite burden in peripheral 
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tissues was evaluated using qPCR (Figure 2-2 H).  At day 7 following infection, parasite 

DNA in both the lungs and liver was detectable at high levels and decreased by day 14 in 

both WT and SPARC-null mice.  There were no significant differences in parasite burden 

at either timepoint, suggesting no defect in parasite control during acute infection.  Thus, 

despite delayed activation and recruitment of CD4+ T cells and CD11b+ macrophages, 

there is no defect in cytokine production and the immune response is sufficient to control 

parasite replication in the absence of SPARC during the acute stage of infection.   

 

2.3.3 SPARC deficiency does not impair the ability of immune cells to migrate to the 

brain during chronic infection 

 
 During chronic T. gondii infection, there is a continuous need for the presence of 

immune cells in the brain to prevent reactivation of the parasite, most importantly IFN-γ 

producing T cells (Denkers and Gazzinelli, 1998).  These cells must be able to cross the 

blood-brain barrier (BBB) and then migrate into the parenchyma of the brain to the sites 

of infection.  Defective or inefficient cell migration results in a compromised ability to 

control the parasite in the CNS as shown by multiple studies (Khan et al., 2000; Norose et 

al., 2010; Ploix et al., 2011).  SPARC is well known for its role in modulating cell 

migration in multiple models of disease including cancer, fibrosis, and EAE (Girotti et 

al., 2011; Piconese et al., 2011; Rotta et al., 2008; Sangaletti et al., 2005; Sangaletti et al., 

2011; Shi et al., 2007).  To examine a possible role for SPARC in cell migration to the 

brain during chronic infection, WT and SPARC-null mice were infected with the Pru-

OVA strain of T. gondii.  Brains were harvested at days 21, 28, and 42 post-infection, and 
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brain mononuclear cell (BMNC) suspensions were prepared and analyzed for cellular 

composition using flow cytometry.  At 21 days p.i., chronicity of infection is well-

established and significant populations of T cells and macrophages are present in the 

brain (Carruthers and Suzuki, 2007).  At this timepoint, our data show no significant 

differences in proportions of CD4+ or CD8+ T cells in the brains of SPARC-null mice 

(Figure 2-3 A).  Infiltrating macrophages can be distinguished from resident microglia as 

they express higher levels of CD45 (CD11bhi/CD45hi).  At 21 days p.i. we observed no 

significant differences in the populations of either infiltrating macrophages or resident 

microglia (Figure 2-3 B).  Inflammatory monocytes (IM) and neutrophils have both 

shown to play important roles in controlling T. gondii infection (Bliss et al., 2001; Dunay 

et al., 2010).  These populations can be distinguished from each other by differential 

expression of the myeloid differentiation antigens Ly6c and Ly6g, with IMs 

Ly6gint/Ly6chi and neutrophils Ly6ghi/Ly6cint.  Analysis of these populations at day 21 

p.i. reveal no differences in the proportions of either IMs or neutrophils in the brain 

(Figure 2-2 C).  Similarly, we observed no significant differences in any of these 

proportions of infiltrating cells at days 28 and 42 p.i. (data not shown).  

 
 Absolute cell numbers were also calculated for these cell types.  There were no 

significant differences in the numbers of total BMNCs at day 21, 28 or 42 p.i. (Figure 2-3 

D).  Furthermore, we observed no difference in populations of CD4, CD8, macrophage, 

IM, or neutrophil populations in the brain during any of these timepoints, suggesting that 

immune cell migration to the CNS in the absence of SPARC is unaffected.  To evaluate 

the ability of antigen-specific T cells to migrate to the brain, we used MHC class I and II 



46  

tetramers specific to OVA and Toxoplasma antigens, respectively.  There were no 

appreciable differences in the populations of either OVA-specific CD8 cells or Toxo-

specific CD4 cells at days 21, 28, or 42 p.i. (Figures 2-3 E,F).  Furthermore, we observed 

no differences in macrophage activation in the brain at any time point as demonstrated by 

similar expression levels of MHC II and CD40 (Figure 2-3 G, H).  Taken together, these 

data suggest that SPARC is not required for efficient migration of activated leukocytes to 

the CNS during chronic infection. 

 

2.3.4 SPARC-null show delayed control of parasite burden in the brain during 

chronic infection. 

 
Unpublished data from this lab have shown that SPARC-null mice on a B129s 

background display hind-limb paralysis accompanied by a significant increase in parasite 

burden in the brain during chronic Toxoplasma infection.  Paralysis of the hind legs is not 

a phenotype usually associated with high levels of parasite burden in the brain.  This is 

more typical of inflammation in the spinal cord as seen in experimental autoimmune 

encephalitis (EAE) (Miller and Karpus, 2007).  Toxoplasmic myelitis, an extremely rare 

condition resulting from dissemination of the parasite into the spinal cord, has been 

observed in AIDS patients (Vyas and Ebright, 1996).  In these cases, parasite-induced 

lesions were present in the spinal cord resulting in symptoms such as motor loss in the 

lower extremities.  The hind-limb paralysis and increased parasite burden in the brain 

observed in SPARC-null mice is suggestive of a compromised ability to control not only 

the replication, but also the dissemination of the parasite across biological barriers.  
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Although this phenotype has not been observed in SPARC-deficient B6 mice, it is 

possible that SPARC plays an important role in controlling parasite replication and 

dissemination.   

 
To examine this, WT and SPARC-null mice were sacrificed at various time points 

prior to, and during the chronic stage of infection.  Brains and spinal cords were 

harvested and DNA was isolated for analysis of parasite burden by qPCR.  At day 14 p.i. 

parasite DNA was significantly elevated in the brains of SPARC-null mice compared to 

WT (Figure 2-4 A).  Parasite burden for WT and SPARC-null mice peaked at day 21, a 

timepoint considered to be the apex of chronic infection, and was decreased and remained 

level at day 28 and day 42.  A significant increase in pDNA in the brains of SPARC-null 

mice was also observed at days 21 and 28 p.i., but not at day 42.  These data suggest that 

SPARC deficiency leads to an earlier dissemination of the parasite into the brain resulting 

in increased parasite burden during the peak of infection, which is resolved within 42 

days.   

 
To examine parasite burden in the spinal cord, spinal cords were removed and 

bisected into upper and lower sections.  In the upper spinal cord, parasite DNA levels 

were detectable starting at 21 days p.i., increasing at days 28 and 42 (Figure 2-4 B).   

These levels were slightly elevated at days 21 and 28 p.i. in SPARC-null mice, although 

this did not reach statistical significance.  Parasite DNA was also detected in the lower 

spinal cord at day 21, peaking at day 28 and then slightly decreased at day 42 p.i. (Figure 

2-4 C).  There were no significant differences between WT and SPARC-null mice at any 
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timepoint, however, there was a moderate increase in the lower spinal cords of SPARC-

null mice at day 21.  Thus, despite an increase in parasite burden in the brain, there is no 

appreciable difference in parasite dissemination into the spinal cord in the absence of 

SPARC. 

 
Although no defects were observed in immune cell migration to the brains of 

SPARC-null mice, these cells must also have the ability to migrate from perivascular 

spaces into the parenchyma to control the parasite.  Recent studies have suggested that 

this process involves chemokine-dependent migration along a network of extracellular 

fibers (Ploix et al., 2011; Wilson et al., 2009; Wilson et al., 2010).  The composition and 

source of these fibers is currently unknown, but they are similar in structure to those 

visualized through immunofluorescent staining of the chemokine CCL21 as well as 

SPARC (Figure 2-1 C) (Wilson et al., 2009).  Moreover, it has been hypothesized that 

CCL21 regulates T cell entry into the parenchyma and is associated with these fibers, 

providing a substrate and stimulus for directed migration.  CCL21 deficiency during 

chronic T. gondii infection results in the inability of T cells to enter the parenchymal 

space and is characterized by accumulation of cells in the meningeal and perivascular 

spaces (Ploix et al., 2011).   To examine a possible role for SPARC in cell migration 

within the parenchyma, H&E stains were prepared from the brains of 21 day infected WT 

and SPARC-null mice (Figure 2-4 D).  In contrast to WT, brain slices from SPARC-null 

mice showed greater cellular accumulation in the meninges as well as increased 

perivascular cuffing (Figure 2-4 D, bottom).  These data suggest that SPARC may be 



49  

involved in facilitating immune cell migration within the parenchyma, providing a 

possible explanation for the increased parasite burden in the brains of these mice. 

 

2.3.5 Reticular fiber network in the CNS is compromised in SPARC-null mice 

following infection. 

 
Reticular fiber networks that facilitate cell migration have been observed in the 

tumor microenvironment as well as in inflamed tissue following infection or insult 

(Condeelis and Segall, 2003; Herz et al., 2011; Wilson et al., 2009).  The extent to which 

SPARC regulates the assembly of these networks is currently unknown, however several 

studies have drawn a correlation between SPARC deficiency and disregulation of 

reticular networks (Chlenski et al., 2006; Sangaletti et al., 2008; Sangaletti et al., 2005).  

The network observed in the CNS following T. gondii infection is strikingly similar to the 

fibrous strands revealed by SPARC immunostaining.  Furthermore, SPARC is known for 

its ability to bind to and regulate the deposition of fibrillar ECM molecules such as 

collagen (Bradshaw, 2009).  To examine the role of SPARC in the creation or 

maintenance of the migratory network in the CNS following infection, wild-type (WT) 

and SPARC-null mice were infected with T. gondii.  At 4 weeks following infection, 

whole brains were harvested and examined using multiphoton microscopy, for SHG 

signal.  30µm z-stacks were collected from different areas of the cerebral cortex and 3D 

images were compiled and analyzed for volume and structure (Figure 2-5 A-D).  

Visualization of SHG signal in WT mice reveals a dense, organized fibrous network, 

similar to those previously observed following infection (Figure 2-5 A, top).  In contrast, 
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the observed network in the brains of SPARC-null mice appears to be much more sparse 

and tangled.  Volume measurements of these fibers confirm this observation, 

demonstrating a significant decrease in the brains of SPARC-null mice as compared to 

WT (Figure 3-5 B).   Skeletal length is defined here as the total combined length of all 

the fibers in each 3D image.  Our data show a significant decrease in skeletal length of 

fibers in the brains of SPARC-null mice (Figure 2-5 C).  There was no difference in the 

average skeletal diameter of these fibers (Figure 2-5 D).  Taken together, these results 

reveal a novel role for SPARC in the proper formation of ECM networks in the CNS 

following infection.  Furthermore, the increased parasite burden and accumulation of 

cells in the meninges and perivascular spaces observed in the absence of SPARC may be 

attributed to this insufficient migratory network. 
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2.4 Discussion 
 

Chronic T. gondii infection represents a somewhat harmonious balance between 

parasite and host with limited pathology from either the pathogen or immune response.  

This delicate balance is maintained through the controlled activation and migration of 

immune cells from the bloodstream to sites of infection within the CNS.  Until recently, 

very little was known about the mechanisms of cell migration within the brain 

parenchyma.  However, with the relatively recent advancement of live imaging 

techniques, we now have the ability to directly observe these events in live tissues.  

Multiple studies using multiphoton microscopy and second harmonic generation (SHG) 

have highlighted a new and important role for the ECM in facilitating cell migration 

through tissues (Condeelis and Segall, 2003; Egen et al., 2008; Okada and Cyster, 2007; 

Wilson et al., 2009).  From these studies, it is now understood that ECM networks acts as 

a malleable substrates providing bioavailability of chemokines, arrangement of cellular 

interactions, and a directional path from point A to point B.  The migratory network 

observed in the brain during chronic T. gondii infection is absent in uninfected mice, 

suggesting that a substantial tissue remodeling event occurs in the CNS following 

infection (Wilson et al., 2009).  Remodeling of the ECM involves the deposition and 

uptake of collagen and other matrix proteins by tissue remodeling cells such as 

fibroblasts and macrophages (Bosman and Stamenkovic, 2003).  Matricellular proteins 

play an important role in regulating these processes by modulating cell function as well 

as cell-matrix interactions (Bornstein and Sage, 2002).   
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SPARC is a matricellular that plays an important role in the creation and 

maintenance of the ECM (Bradshaw, 2009).  In addition to direct interactions with matrix 

components such as collagen, SPARC can also bind and signal through cell surface 

integrins, thus affecting a multitude of cellular processes including migration, adhesion, 

and activation (Brekken and Sage, 2001).  Here, we identify a novel role for SPARC in 

providing protective immunity during chronic T. gondii infection through regulation of 

the infection-induced migratory network in the CNS. 

 
SPARC is highly expressed in all types of tissue during development and then 

limited to tissues with high ECM turnover after maturation (Nomura et al., 1988).  

Expression of SPARC is induced in tissues following tissue injury and also in cases of 

infection, disease or stress (Bradshaw and Sage, 2001).  In the adult brain, SPARC 

expression is normally limited to the cerebellum and brainstem and is thought to play a 

role in synaptic plasiticity and neurogenesis (Vincent et al., 2008).  Following infection 

with T. gondii, we observed an upregulation of SPARC mRNA in the front cortex of the 

brain, an area associated with parasite infection.  Our observation that SPARC expression 

remains constant in the cerebellum suggests that this induction is a result of infection.  

Induction of SPARC in the brain occurs as early as day 7, peaking day 14 p.i., which is 

prior to the major influx of immune cells that is observed around day 21.  Upregulation of 

matrix metalloproteases (MMP), key mediators of tissue remodeling, have been observed 

in the brain as early as 3 days following infection, suggesting that matrix remodeling in 

the CNS occurs during acute infection (Clark et al., 2010).  The network of reticular 

fibers induced in the brain following infection is characterized by long, linear strands, 
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distinct from the “wavy” appearance of collagen fibrils (Cox and Kable, 2006).  These 

strands are strikingly similar to the fiber-like structures revealed by SPARC 

immunostaining.  Although SPARC is not a structural component of the ECM, it has 

been shown to bind and interact with multiple structural proteins.  Thus, we propose that 

the function of SPARC in the brain following infection is to regulate the assembly and 

maintenance of this network of fibers.    

 
SPARC deficiency has been associated with decreased deposition of collagen and 

compromised ECM networks (Bradshaw et al., 2003; Chlenski et al., 2006; Yunker et al., 

2008).  In the lymph node of SPARC-null mice, poor organization of collagen networks 

and an impaired ability to form germinal centers leads to a delayed adaptive immune 

response (Piconese et al., 2011).  Our data confirm this delayed immune response as 

CD4+ T cell and macrophage populations displayed fewer activated cells and an impaired 

ability to migrate to the site of infection.  This was only observed at day 7 p.i. and did not 

result in defective cytokine production or increased parasite burden.  Furthermore, 

SPARC-null mice showed no impairment in immune cell migration to the brain during 

chronic infection.  In apparent contrast to these findings, we observed significantly 

elevated levels of parasite DNA in the brains of SPARC-null mice at days 14, 21, and 28 

post-infection.  However, by day 42 parasite burden was equivalent to WT suggesting the 

presence of compensatory mechanisms in the absence of SPARC.  Although we had 

previously observed hind-limb paralysis in B129s SPARC-null mice during chronic 

infection, we have yet to observe this phenotype in backcrossed B6 mice.  Evaluation of 

parasite burden in the spinal cord revealed a slight increase in parasite burden in the 
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upper spinal cord of SPARC-null mice, however this difference was not statistically 

significant.  The absence of this phenotype in B6 mice could be attributed to differences 

in susceptibility between the two strains.  Interestingly, despite no apparent defects in 

immune cell activation and migration to the brain, SPARC-null mice showed 

significantly elevated parasite burden.   

 
The inability to initially control the parasite in the brain may be attributed to 

impaired cell migration within the parenchyma.  In line with this, histology taken from 

the brains of chronically infected mice show increased accumulation of cells in the 

meninges and perivascular space of SPARC-null mice.  Entry of T cells into the 

parenchyma from meningeal and perivascular spaces is thought to be facilitated, in part, 

by the chemokine CCL21 (Ploix et al., 2011).  In the lymph node, CCL21 is associated 

with a constitutive network of collagen conduits that act to facilitate T cell migration and 

arrange antigen presentation between T cells and dendritic cells (Okada and Cyster, 2007; 

Worbs et al., 2007).  A similar process is thought to occur in the brain following T. gondii 

infection, where CCL21 would facilitate migration into the parenchyma through 

association with the network of reticular fibers and engagement of its receptor CCR7 

(Noor et al., 2010; Wilson et al., 2009).  Indeed, the absence of CCL21 results in 

accumulation of immune cells in the meninges and perivascular spaces of the brain (Ploix 

et al., 2011).  Similarly, any compromise in the migratory network associated with 

CCL21 would also result in impaired cell migration within the parenchyma.  Our data 

reveal that SPARC deficiency leads to reduced volume and length of reticular fibers in 

the brain during chronic infection.  These results are consistent with previous studies that 
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identify SPARC as a modulator of stromal networks in tumors (Brekken et al., 2003; 

Chlenski et al., 2006; Yunker et al., 2008). 

 
In summary, we have identified a novel role for the matricellular protein, SPARC, 

in the regulation of an infection-induced migratory network in the CNS.  We hypothesize 

that the reduced volume and integrity of these reticular fibers result in an impairment of 

parenchymal migration of immune cells and increased susceptibility to the replicating 

parasite in the brain during chronic infection. 
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2.5 FIGURES AND LEGENDS 

 

Figure 2-1. Expression of SPARC in the CNS during chronic T. gondii infection.  

(A-E)  C57Bl/6 mice were infected with the Pruigniund strain of T. gondii and sacrificed 

at various timepoints.  (A) Front cortex and cerebellum of infected brains were removed 

at days 7, 14, 21, and 50 post-infection.  RNA was isolated and reverse transcribed and 

cDNA was analyzed for levels of SPARC transcript using qRT-PCR. Results are shown 

as fold change over naïve normalized to HPRT.  (B)  Brains were removed from naïve 

and 14 day infected mice.  In-situ hybridization was performed on brain slices with 

probes specific to SPARC mRNA.  (C)  Confocal fluorescence microscopy of 20µm 

brain slices taken from mice at 3 weeks post infection. (C) Panels from left to right show 

parasite cyst identified by punctate DAPI (blue) stain in association with SPARC (green), 

close up image of cyst in association with SPARC, and SPARC (green) fibers associated 

with cell expressing CXCR3 (red).  Data are represented as mean ± SEM, * p < 0.05.
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Figure 2-2. SPARC-null mice have no defect in cytokine production during acute 

T. gondii infection.  C57Bl/6 (WT) and SPARC -/- mice were infected with the 

Pruigniund strain of T. gondii and sacrificed at 7 and 14 days following infection. (A)  

Serum was isolated from whole blood samples and analyzed for IL-10, IL-6, MCP-1, 

IFNγ, TNFα, and IL-12 using a cytometric bead assay (CBA).  (B-G) Cervical lymph 

nodes (LN) and peritoneal exudate cells (PECS) were harvested and prepared for analysis 

by flow cytometry.  Cell suspension were stained and analyzed for expression of (B) CD4 

T cells, (C) CD8 T cells, (D) macrophages (CD45hi/CD11b+), (E, F) activation 

(CD44hi/CD62lo)  of (E) CD4+T cells, (F) CD8+ T cells and (G) MHC II expression by 

macrophages.  (H) DNA was isolated from the lungs and analyzed for parasite burden 

using qPCR. Results are displayed as parasites per mg tissue.  Data are representative of 

at least 2 individual experiments with a minimum of n=4 and are represented as mean ± 

SEM, * p < 0.05, ** p< 0.01. 
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Figure 2-3 SPARC-null mice have no defect in immune cell migration to the 

brain during chronic infection.   C57Bl/6 (WT) and SPARC -/- mice were infected with 

the Ova expressing Pruigniund strain of T. gondii and sacrificed at 21, 28, and 42 days 

following infection. (A-G) Brains were harvested and BMNCs prepared for analysis by 

flow cytometry.  (A-B) Cell suspensions were stained and analyzed for expression of 

CD4 T cells, CD8 T cells, macrophages (CD45hi/CD11b+), microglia (CD45int/CD11b+), 

inflammatory monocytes (IM) (Ly6gint/Ly6chi) and neutrophils (Ly6ghi/Ly6cint).  (A)  

Percentages of (left) CD4 and CD8 T cells, (center) macrophages and microglia, and 

(right) IM and neutrophils in WT and SPARC-/- at 21 days p.i..  (B top)  Absolute cell 

counts of total cells CD4, CD8, macrophages, IM, and neutrophils at days 21, 28, and 42 

p.i..  (C-F) Histograms of cell populations from day 21 infected brains (C) MHC II 

tetramer staining of  toxo-specific  CD4 cells, (D) MHC I dextramer staining of Ova-

specific CD8 cells, (E) MHC II expression on CD11b+ cells, (F) CD40 expression on 

CD11b+ cells.  Data are representative of at least 2 individual experiments with a 

minimum of n=4 and are represented as mean ± SEM. 
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Figure 2-4 SPARC-null mice have higher parasite burden in the brain and 

increased cellular accumulation in perivascular spaces.  C57Bl/6 (WT) and SPARC -

/- mice were infected with the Pruigniund strain of T. gondii and sacrificed at 14, 21, 28, 

and 42 days following infection. (A-C) DNA was isolated from (A) brain, (B) upper 

spinal cord and (C) lower spinal cord and analyzed for parasite burden using qPCR. 

Results are displayed as parasites per mg tissue.  (D) Whole brains were fixed, frozen and 

stained for H&E to examine cellular infiltrates and pathology.  Data are representative of 

at least 2 individual experiments with a minimum of n=4 and are represented as mean ± 

SEM, * p < 0.05. 
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Figure 2-5. SPARC-null mice have compromised reticular fiber network in the 

brain during chronic T. gondii infection.    C57Bl/6 (WT) and SPARC -/- mice were 

infected with the Pruigniund strain of T. gondii and sacrificed at 21 days following 

infection.  (A-D)  Whole brains were removed and imaged on a Zeiss 710 LSM 

multiphoton microscope for second harmonic generation (SHG) signal.  (A)  30µm z-

stacks were obtained at various locations of the cortex.  3D images were compiled using 

Volocity software and reticular fibers were analyzed for (B) volume, (C) skeletal length, 

and (D) skeletal diameter.  Data are representative of at least 2 individual experiments 

with a minimum of n=4 and are represented as mean ± SEM, ** p< 0.01. 
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CHAPTER THREE 

 
 
 
 

Macrophage-derived Acidic Mammalian Chitinase is required to Control 
Cyst Burden in the Brain during Chronic T. gondii Infection 
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3.1 Abstract 

 

Chronic infections represent a continuous battle between the host’s immune system 

and pathogen replication. Many protozoan parasites have evolved a cyst lifecycle 

stage that provides it with increased protection from environmental degradation as 

well as endogenous host mechanisms of attack.  In the case of Toxoplasma gondii, 

these cysts are predominantly found in the immune protected brain making 

clearance of the parasite more difficult and resulting in a lifelong infection. 

Currently, little is known about the nature of the immune response stimulated by 

the presence of these cysts or how they are able to propagate. Here we establish a 

novel chitinase-dependent mechanism of cyst control in the infected brain.  Despite 

a dominant Th1 immune response during Toxoplasma infection, there exists a 

population of alternatively activated macrophages (AAMΦ) in the infected CNS.  

These cells are capable of cyst lysis via the production of AMCase as revealed by 

live imaging, and this chitinase is necessary for protective immunity within the CNS. 

These data demonstrate chitinase activity in the brain in response to a protozoan 

pathogen and provide a novel mechanism to facilitate cyst clearance during chronic 

infections. 
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3.2 Introduction 

 

The brain has unique structures in place to limit access of immune cells and molecules. 

Although this can provide protection against an overambitious inflammatory response, it 

may also lead to the high prevalence of latent and chronic infections that can persist at 

this site. Removal of such pathogens has its own particular problems in an organ dense 

with sensitive neurons and stringent gateways for immune cell infiltration. Toxoplasma 

gondii is a common intracellular protozoan parasite that forms a chronic infection in the 

brain for the lifetime of the host. The infection is controlled, in part, through the effector 

mechanisms of macrophages that result in the conversion of fast replicating tachyzoites to 

the slow replicating, cyst forming bradyzoites (Bohne et al., 1994; Gazzinelli et al., 1993; 

Gazzinelli et al., 1994; Kim and Boothroyd, 2005; Li et al., 2006). Cysts can form in all 

tissues but exist predominantly in the brain for the lifetime of the host requiring a 

continuous immune response to prevent cyst reactivation and Toxoplasmic encephalitis, a 

common cause of AIDS related fatalities (Luft et al., 1984; Luft and Remington, 1992). 

The infection-induced immune response in the brain consists of activated CNS resident 

cells including astrocytes and microglia, infiltrating CD4+ and CD8+ T cells, peripheral 

macrophages and substantial tissue remodeling (Drogemuller et al., 2008; Gazzinelli et 

al., 1996; Wilson et al., 2009; Wilson et al., 2005). Such immune activity in the brain is 

often associated with a pathological outcome yet despite the high prevalence of infection 

Toxoplasma is seemingly controlled without adverse neurological damage. The 

mechanisms that are involved in the trafficking and control of such a potentially 
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pathological immune response within the CNS are only beginning to be understood 

(Drogemuller et al., 2008; Ploix et al., 2011; Wilson et al., 2009; Wilson et al., 2010; 

Wilson et al., 2005). The cyst and cyst-forming bradyzoites are poorly immunogenic 

(Kim and Boothroyd, 2005; Radke et al., 2003) and although we have known for 

sometime that T cells are required to prevent cyst reactivation (Gazzinelli et al., 1992; 

Luft et al., 1984; Luft and Remington, 1992), very little is understood about the biology 

of this structure in the brain.  Although anti-Toxoplasma drugs are available that 

efficiently control the tachyzoite, there are no therapies available that can effectively 

remove the cyst form of the parasite. Thus, the continuous presence of Toxoplasma cysts 

in the brain presents a critical and constant danger for the immune compromised patient.  

It is widely believed that cysts remain intracellular within neurons possibly minimizing 

their contact with host defense systems (Ferguson and Hutchison, 1987). However it has 

been known for some time that cyst burden reaches a peak, declines and becomes stable 

over time pointing to some form of effector mechanism that can target this stage of the 

parasite (Burke et al., 1994). Studies have implicated CD8+ T cell production of perforin 

in cyst clearance with perforin deficient mice exhibiting higher cyst burden and 

susceptibility at the chronic stage of infection (Denkers et al., 1997; Suzuki et al., 2010). 

Nevertheless, histological analysis from these studies as well as recent live imaging of 

cell interactions in the CNS (John et al., 2011) demonstrates monocyte accumulation and 

contact with cysts.  

In recent years, our understanding of macrophages has expanded and we now appreciate 

these cells’ remarkable plasticity. Thus, although whole populations of macrophages can 
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become polarized to classical or alternative phenotypes associated with protection against 

protozoan and helminth pathogens respectively, the ability to respond and adapt to local 

stimuli in the environment is paramount (Redente et al., 2010; Stout et al., 2005; Stout 

and Suttles, 2004). The role of classically activated macrophages in the control of T. 

gondii infection is well documented.  These cells are a source of IL-12, reactive oxygen 

and nitrogen species, and GTPases that enable the direct killing of the parasite (Deckert-

Schluter et al., 1999; Drogemuller et al., 2008; Gazzinelli et al., 1994; Melzer et al., 

2008; Nathan and Shiloh, 2000; Scharton-Kersten et al., 1997). However, here we 

describe a population of CXCR3+ macrophages in the brain following T. gondii 

infection. These cells express the scavenger receptors MMR and stabilin-1 and produce 

arginase in response to the presence of Toxoplasma cysts. In addition to these traditional 

signs of alternative activation, these studies demonstrate that macrophages respond to 

chitin present in the cyst wall and produce the true mammalian chitinase, AMCase. 

Finally, we show that this chitinase activity destroys cysts and is essential for the control 

of cyst burden within the chronically infected brain.   
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3.3 Results 
 
 
3.3.1 CXCR3 and ligands are up regulated in the CNS during chronic T. gondii 

infection.   

 
CXCR3 is required for protective immune responses to T. gondii primarily due to its role 

in Th1 cell recruitment and most recently for T cell search strategies in the brain (Dufour 

et al., 2002; Harris et al., 2012; Khan et al., 2000; Norose et al., 2010).  To examine the 

kinetics of CXCR3 expression in the CNS during the chronic stage of infection, we 

performed RT-PCR on whole brains from mice infected with the Pruigniund strain of T. 

gondii at various time points following infection up to day 42 post-infection.  As 

expected CXCR3 and its ligands CXCL9 and CXCL10 are upregulated as indicated by 

both copy number (Figure 3-1 A) and fold induction (Figure 3-1 B).  Expression of 

CXCR3 transcript is markedly increased in the brains of infected mice beginning at day 

21 post infection compared to naïve controls. This time point coincides with the start of 

chronic infection when tachyzoites in the periphery have been controlled and the parasite 

remains in the brain in cyst form requiring recruitment of immune cells into the CNS 

(Saeij et al., 2005b). Transcript levels for CXCR3 subsequently decrease after day 21, but 

remain elevated over naïve through 6 weeks post infection.   Expression of the ligands 

CXCL9 and CXCL10 increases earlier at day 14 but also peaks at day 21 with CXCL9 

showing almost a 300-fold increase over naïve (Figure 3-1 B).  Although expression 

levels of these ligands have greater copy number at all time points than their receptor, 
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they follow a similar pattern and remain elevated throughout the chronic stage of 

infection (Figure 1A, B).   

 
During infection, there are multiple cell types in the brain that may be a source of 

CXCR3. This includes CNS resident microglia as well as cells infiltrating from the 

periphery: T cells and macrophages (Liu et al., 2005). To determine the cells responsible 

for the increase in CXCR3 in the brain following Toxoplasma infection, brain 

mononuclear cells were isolated from infected animals and analyzed for expression of 

CXCR3.  In the absence of infection or ongoing inflammation, no T cells or macrophages 

are found within the CNS (Mrass and Weninger, 2006). However, during T. gondii 

infection large numbers of T cells and macrophages continually cross into the brain 

parenchyma to control the parasite. Analysis of these populations revealed a significant 

proportion of CD3+ T cells in the infected brain that expressed CXCR3 (Figure 3-1 C), 

This is consistent with the known requirement for CXCR3 in the trafficking of Th1 cells 

and studies using a model of retinal toxoplasmosis (Dufour et al., 2002; Khan et al., 

2000; Norose et al., 2010; Stiles et al., 2006; Yamamoto et al., 2000).  However, in 

addition to T cells, approximately 8% of macrophages isolated from the brain expressed 

CXCR3 during the chronic stage of infection (Figure 3-1 D). Infiltrating macrophages 

can be distinguished from resident microglia by their increased expression of CD45 and 

CD11b (Langrish et al., 2005; Wilson et al., 2005). Flow cytometry data revealed 

CXCR3 expression on both macrophages and microglia (Figure 3-1 D, E). Although the 

CXCR3+ population was not as distinct as that of T cells or macrophages, intrinsic 

expression by microglia was apparent in cells from naïve brains. Following infection, 
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unlike macrophages, there was no development of a distinct population of CXCR3hi 

macrophages. Together, these data demonstrate that CXCR3 and its ligands are up 

regulated during the chronic stages of T. gondii infection and that CXCR3 is expressed 

by not only infiltrating T cells, but also CNS resident microglia and infiltrating 

macrophages.  

 

3.3.2 CXCR3 is required for efficient macrophage migration to the CNS.   

 
CXCR3 is required on T cells for efficient migration to the CNS during viral infection 

and during Toxoplasma infection for control of the parasite during the acute stage of 

infection (Khan et al., 2000; Norose et al., 2010; Stiles et al., 2006). To assess the role of 

CXCR3 for macrophage trafficking into the brain, blocking antibodies for CXCR3 and 

CXCL10 were used.  Mice were allowed to develop a chronic infection (3 weeks post 

infection) and then treated with or without blocking antibodies for a further week.  

Depletion using antibodies to CXCR3 and its ligand CXCL10 led to a significant 

decrease in T cell recruitment and a reciprocal increase in parasite burden (Figure 3-2 A - 

C). However, in addition, the proportion of macrophages in the brain was significantly 

reduced (Figure 3-2 D, E), confirming a role for CXCR3 in the maintenance of this cell 

population.  Thus, despite the increased parasite burden macrophage infiltration is 

significantly decreased by the blockade of CXCR3 signaling. Infiltration of monocytes 

into the CNS has been shown to occur prior to T cell infiltration (Kim et al., 2009; 

Savarin et al., 2010), however depletion of T cells via CXCR3 may indirectly affect the 

recruitment of macrophages be reducing the expression of necessary chemotactic 
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molecules. Therefore, to determine if the decrease in macrophages was due to a lack of a 

migratory signal, we performed qPCR for the macrophage chemoattractants CCL2 and 

CCL5 (Glass et al., 2004; Held et al., 2004) (Figure 3-2 F). No defect in production of 

either of these chemokines was apparent; indeed a significant increase in CCL2 and 

CCL5 was noted during blockade of CXCR3.  These results demonstrate that CXCR3 is 

required for the migration of not only T cells, but also a proportion of macrophages to the 

CNS during the chronic stage of Toxoplasma infection.  

 

3.3.3 A population of AAMΦ in the T. gondii infected brain  

 
Recent studies have identified a substantial increase in tissue remodeling in the brain 

during chronic T. gondii infection (Wilson et al., 2009).  Additionally, there is a 

continuous need for the clearance of debris from ruptured cysts and dead cells in the 

brain (Ferguson et al., 1989).  To investigate if AAMΦ, known for their role in tissue 

remodeling and homeostatic clearance, are present during such an event in the CNS, 

macrophage populations from the infected brain were phenotypically analyzed for the 

expression of known markers of alternative activation. One of the key molecules that has 

been associated with a tissue remodeling macrophage phenotype in the CNS is the 

expression of CXCR3 on microglia (Li et al., 2006; Rappert et al., 2004).  To confirm 

that expression of CXCR3 is associated with alternative activation of macrophages the 

expression of the scavenger receptor ‘macrophage mannose receptor’ (MMR; also known 

as Mrc1 and CD206), a key indicator of the AAMΦ phenotype (Stein et al., 1992) was 

analyzed. Here we show that MMR expression is limited to macrophages and microglia 
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that express CXCR3 (Figure 3-3 A).  To quantify MMR expression by macrophages and 

microglia in the infected brain, qRT-PCR was performed on magnetically isolated 

CD11b+ cells from the brains of naive and infected animals.  Our results show an 

approximate 3-fold increase in MMR expression in macrophage populations from 

infected mice over naïve (Figure 3-3 B).  Confirmation of this population in the brain was 

revealed by immunohistochemical analysis. In situ analysis of MMR+ macrophages 

revealed small and discrete populations of MMR+ cells (Figure 3-3 C). A further 

functional marker of alternative activation is the scavenger receptor stabilin-1 

(Kzhyshkowska et al., 2006a). Stabilin-1 is involved in the clearance of cell corpses as 

well as the uptake of extracellular matrix components (Kzhyshkowska et al., 2006c; Park 

et al., 2009).  Expression of MMR co-localized with stabilin-1 as well as the 

microglia/macrophage marker Iba-1, confirming that these cells display an alternatively 

activated phenotype (Figure 3-3 C, D).  Furthermore, we observed stabilin1 expression 

on macrophages in close proximity with intact T. gondii cysts in the CNS (Figure 3-3 E). 

 
An important feature of AAMΦ is the cell’s ability to produce arginase-1, which acts on 

its substrate, L-arginine to produce L-ornithine, a precursor to collagen (Kreider et al., 

2007).  L-arginine is also the substrate for NO synthase and the two enzymes compete for 

substrate availability and are regulated by Th1 and Th2 type cytokines (Hesse et al., 

2001; Rutschman et al., 2001). Previous studies have demonstrated that direct infection 

of macrophages by T. gondii tachyzoites can induce arginase expression via STAT-6 

dependent and independent pathways (Butcher et al., 2011; El Kasmi et al., 2008; Jensen 

et al., 2011). Furthermore, these studies imply that such an induction is a survival strategy 
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enlisted by the parasite to inhibit killing via NO. To assess whether or not macrophages 

and microglia in the infected brain produce arginase, CD11b+ BMNCs from infected 

mice were isolated and analyzed for arginase-1 expression by qRT-PCR. Our results 

show almost a 2-fold increase in arginase-1 expression in cells from infected brains over 

naïve (Figure 3-3 F).  In contrast, these cells did not express IL-10 ruling out an anti-

inflammatory phenotype (Figure 3-3 G) (Verreck et al., 2004).  Thus, during chronic T. 

gondii infection there is a population of AAMΦ in the CNS characterized by expression 

of CXCR3, MMR, stabilin-1 and the production of arginase-1. 

 

3.3.4 Alternatively activated macrophages secrete an active chitinase in the CNS in 

response to the presence of chitin in the cyst wall 

During chronic infection, there are several forms of the parasite that could be the source 

of the infection-associated stimulus for alternative activation of macrophages in the CNS. 

Since latent cysts are the most prevalent form of infection in the brain, an attractive 

candidate for the source of this stimulus is the presence of chitin in the cyst wall 

(Boothroyd et al., 1997; Coppin et al., 2003). Indeed, it has been shown that the presence 

of chitin induces the recruitment of macrophages that have an alternatively activated 

phenotype (Da Silva et al., 2008; Reese et al., 2007).  It is therefore possible that the 

presence of cysts may be the stimulus for this population of cells.  To determine if 

sources of T. gondii can induce alternative activation, tachyzoites, bradyzoites, and cysts 

were added to bone marrow derived macrophage (BMDM) cultures and the production of 

urea, a downstream product of arginase activity, was measured (Munder et al., 1998). In 

addition, soluble antigen derived from freeze-thawed tachyzoites (sTAg) and whole cysts 
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(cystAg) was assessed for their ability to induce urea (Figure 3-4 A). Our results show a 

baseline production of urea in unstimulated (media) macrophage cultures, possibly due to 

the presence of M-CSF (Lari et al., 2007). This significantly increased (p<0.001) during 

AAMΦ polarization with IL-4.  Despite the known ability of tachyzoites to induce 

arginase production (El Kasmi et al., 2008), tachyzoite infection of macrophages did not 

lead to significant production of urea (Figure 3-4 A).  This can be attributed to the use of 

a type II strain a weak inducer of arginase-1 (Butcher et al., 2011; Jensen et al., 2011).  

However, addition of cysts or cyst antigen but not “naked” bradyzoites, did lead to a 

significant increase in urea production although not as great as induction of alternative 

activation by IL-4 (Loke et al., 2002; Stein et al., 1992).  This points to components of 

the cyst wall as the stimulus for AAMΦ. Taken together, these data demonstrate that 

macrophages can be alternatively activated by the presence of T. gondii cysts, but not free 

replicating parasites.  
 
Chitinase activity has been demonstrated in certain populations of AAMΦ in both mice 

and humans (Boot et al., 2001; Reese et al., 2007; van Eijk et al., 2005).  Chitinolytic 

activity by macrophages has also been implicated in host defense against chitin-

containing fungal pathogens (Boot et al., 2001; Renkema et al., 1995). To test whether or 

not chitinase activity is induced by Toxoplasma infection, a chitinase assay was 

performed on whole brain lysates from naïve and infected animals. Three chitin 

substrates labeled with 4-methylumbelliferone (4MU) were used to assess the type of 

chitinase activity present.  Upon hydrolysis, 4MU is released and can be measured 

fluorometrically to determine chitolytic activity.  Our data reveal that chitinase activity is 

significantly increased in the brains of infected mice as compared to the naïve group in 
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only one of the three substrates (Figure 3-4 B).  4MU N-acetyl-β-D-glucosaminide is a 

substrate suitable for detection of exochitinase activity where the enzyme degrades the 

non-reducing end of the chitin (McCreath and Gooday, 1992).  Several studies have 

linked chitinases and chitinase-like proteins to inflammation (Kzhyshkowska et al., 

2006b; Nair et al., 2005; Sohn et al., 2010).  This family of 18 glycosyl hydrolases is 

typically induced during Th2 type immune responses and plays a role in tissue 

remodeling, fibrosis, and the modulation of both the innate and adaptive immune 

response (Lee et al., 2011).  Acidic mammalian chitinase (AMCase) and chitotriosidase 

(CHIT1) are unique members of this family in that they possess an enzymatically active 

domain that hydrolyzes the β 1-4 linkages that exist in chitin (Boot et al., 2001; Renkema 

et al., 1995).  qRT-PCR analysis of naïve and infected brains demonstrated a significant 

upregulation of AMCase but not CHIT1 (Figure 3-4 C: and data not shown).  Since chitin 

as been shown to activate and recruit AAMΦ, the cyst wall may serve as the stimulus for 

chitinase activity in this population of cells.  To test this further, BMDM were cocultured 

with different forms of the parasite (Figure 3-4 D). The addition of tachyzoites, 

bradyzoites or sTAg did not lead to chitinase production (Figure 3-4 D). In contrast, live 

cysts and cyst antigen led to a significant increase in chitinase production that was 

abolished following chitinase treatment of cysts (Figure 3-4 D, E). Furthermore, 

treatment with IL-4 to induce alternative activation in macrophages did not lead to 

increased chitinase activity.  These data suggest that the presence of chitin in the cyst 

wall induces a phenotype of macrophage characterized by the production of chitinase and 

distinct from IL-4 induced activation.  
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Previous work has shown macrophages in close association with rupturing cysts 

(Ferguson et al., 1989; Suzuki et al., 2010) and the presence of an active chitinase could 

point to a role for these cells in the breakdown of cysts within the brain. Recognition of 

chitin by macrophages is size dependent and likely contact dependent (Da Silva et al., 

2009; Da Silva et al., 2008; Shibata et al., 1997b).  To test this, we cocultured cysts 

separated from macrophages using 5µm transwell inserts and assayed for urea and 

chitinase activity as previously described (Fig 3-4 A, D).  Our results show no increase in 

either urea production or chitinase activity, confirming that the observed alternative 

activation is dependent on contact with cysts or cyst antigen.  

 
Immunohistochemical analysis of the location of AMCase secreting macrophages in the 

infected brain shows them in close proximity with tissues cysts (Figures 3-5 A-C). As a 

proportion of macrophages and microglia in the brain, alternatively activated cells are in 

the minority and it was not possible to find such cells in the naïve brain. However, cysts 

are easily identifiable with a highly spherical distinct morphology, can stain non-

specifically with antibodies and individual bradyzoites within the cyst are visible by 

DAPI staining. Examination of chitinase localization in the infected brain revealed 

distinct cytoplasmic staining of several cells, nearly all of which were within 75mm of a 

cyst. Although there were cells that were AMCase positive yet did not stain positively for 

macrophage/microglial markers, there were clearly several macrophages in close 

association with cysts that displayed chitinase activity polarized to the cyst wall (Figure 

3-5 A). Furthermore, images provided in Figure 3-5 B show an alternatively activated 
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macrophage as judged by its expression of stabilin-1, adhering closely to a large round 

cyst. Polarized, again to the site of macrophage ‘attachment’, bradyzoites are seen 

escaping in an organized fashion towards or into the AAMΦ (Figure 3-5 B, arrows). 

Taken together, these data suggest that the induction of chitinase activity in macrophages 

occurs in close proximity with the cyst wall and that this distinct population of 

macrophages is responsible for attacking the long-term chronic cyst stage of Toxoplasma 

via chitinase activity. 

 

3.3.5 Macrophage chitinase activity is required to lyse cysts in vitro   

 
The prevailing view is that cysts in the brain remain intracellular within neurons and that 

CD8+ T cell production of perforin is responsible for cyst clearance in the brain although 

the exact mechanism of cyst destruction has yet to be described (Denkers et al., 1997; 

Suzuki et al., 2010). In order to determine whether macrophage chitinase activity could 

be responsible for the direct lysis of cysts, BMDM were co-cultured with cysts with and 

without the chitinase inhibitor allosamidin. Cultures were observed for 14 hours 

capturing images every 10 minutes.  Cysts observed in the absence of macrophages 

remained intact for the entire time course suggesting no parasite intrinsic mechanism of 

cyst destruction (Figure 3-6 A).  In contrast, the addition of 20ug/ml trichoderma 

chitinase to cyst cultures led to rapid rupture of the cysts within an average of 4hrs, 

releasing bradyzoites into the media (Figure 3-6 B). Strikingly, cysts that were cultured 

with macrophages came under vigorous attack. This involved efficient and rapid 

migration of macrophages toward the cyst creating clusters of macrophages that could be 



81  

seen pulling at the cyst wall (Figure 3-6 C).  In these cultures, most of the cysts were 

destroyed during the observation period with the average survival time of 9.5 hours 

(Figure 3-6 E).  In contrast, cysts cultured in the presence of macrophages and the 

chitinase inhibitor allosamidin survived significantly longer than in untreated cultures. 

Although there appeared to be no defect in the recruitment and activity of macrophages to 

cysts with similar clustering and ‘pulling’ of the cyst wall, the majority of cysts survived 

the entire 14 hour period when treated with either 100µM or 10µM allosamidin (Figure 3-

6 D).  Decreasing concentrations of allosamidin led to a dose dependent decrease in cyst 

survival time (Figure 3-6 E). These results demonstrate that macrophages can induce cyst 

lysis in a chitinase dependent manner.  

 
Although both AMCase and CHIT1 are upregulated in certain bacterial and nematode 

infections, (Cozzarini et al., 2009; Nair et al., 2005) only AMCase was significantly 

increased in the brain following Toxoplasma infection (Figure 3-4 C) . To confirm that 

AMCase is responsible for the observed chitinase activity, we performed a chitinase 

assay similar to that in Figure 1D using BMDM from WT and AMCase null mice (Figure 

3-7 A).  Our results reveal a severe defect in chitinase production by AMCase null 

macrophages.  Indeed, these cells showed a significantly lower baseline level of chitinase 

and were unresponsive to the addition of cysts.  To test whether the ability to destroy 

cysts is dependent on this enzyme, BMDM from WT and AMCase -/- mice were stained 

with CellTracker green and cultured with cysts containing RFP-expressing parasites.  WT 

non-polarized macrophages were able to lyse cysts in 10 hours as shown previously 

(Figures 3-7 A, D).  In contrast, cysts cultured with AMCase -/- macrophages had a 
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significantly increased survival time over WT macrophages consistent with AMCase 

being the source of chitinase activity (Figures 3-7 B, D).  To determine the role of 

macrophage polarization, macrophages were treated with cytokines to polarize them to 

classical or alternative phenotypes prior to cyst addition. IL-4 priming had no effect on 

cyst survival time, suggesting that cytokine-induced alternative activation does not 

enhance the ability to destroy cysts. (Figures 3-7 D). In contrast, macrophages that were 

classically polarized with LPS and IFN-g showed a defect in chitinase activity and cyst 

destruction (Figures 3-7 D, E). Suggesting that polarization of macrophages is required 

but that chitin is the most likely source of alternative activation and not IL-4. Taken 

together, these data demonstrate that macrophages lyse cysts in an AMCase-dependent 

manner in vitro.  

 

3.3.6 AMCase dependent control of parasite burden in vivo   
 
 
The consequences of chitinase dependent cyst lysis in the CNS could potentially benefit 

either the host or the parasite.  If the escaping bradyzoites were quickly killed by 

macrophages or associated immune cells, we would expect this mechanism to benefit the 

host and result in a lower parasite burden.  Conversely, if bradyzoites are able to 

propagate and infect new cells, this could be a mechanism that promotes the persistence 

of the parasite in the CNS. To investigate the role of AMCase in the brain in vivo, we 

infected WT and AMCase deficient mice and analyzed the immune response and parasite 

burden in the absence of chitinase activity.   To ensure than AMCase deficiency does not 

result in immune defects during the acute stage of infection, tissue samples from lungs 
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were taken at day 7 and analyzed for parasite burden by qPCR.  No significant 

differences in lung parasite load were found and serum IL-12 and IFN-g concentrations 

were equivalent (Figure 3-8 A-C).   At 5 weeks post infection, when systemic 

inflammation has been controlled and parasites are located solely in the brain 

predominantly as cysts containing bradyzoites (Saeij et al., 2005a; Saeij et al., 2005b) 

parasite burden was evaluated.  In the absence of AMCase, there was a significant 

increase (p= 0.0014) of approximately 2-fold in the total number but not the size of cysts 

in the brain (Figures 3-8 D, E).  In addition, total parasite burden in the CNS as measured 

by qPCR was significantly greater by more than 2-fold (p= 0.0055) (Figure 3-8 F) 

correlating with the appearance of more cysts histologically (Figure 3-8 H).  In addition, 

parasite burden was evaluated using RT-qPCR with stage-specific primers identifying 

tachyzoite (SAG1), bradyzoite (SAG4), and cyst (MAG1) specific transcripts (Contini et 

al., 2002) (Figure 3-9).  Our results show similar increases in parasite burden for all three 

transcripts, suggesting that the failure to lyse cysts leads not only to an inability to 

remove cysts, but that this results in an increase in bradyzoite and conversion to 

tachyzoite.  Flow cytometric analysis revealed no differences in infiltrating CD4+, CD8+ 

T cells, or macrophage populations (Figure 3-8 G).  Therefore, the increase in parasite 

burden is not due to a defect in infiltrating effector immune cells.  Furthermore, AMCase-

/- mice failed to survive and succumbed to infection beginning at six weeks (p=0.0177) 

(Figure 3-8 I).  These results demonstrate that AMCase activity is required for the 

protective immune response to T. gondii during chronic infection in the brain and that 
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AMCase mediated cyst lysis in the CNS is a beneficial mechanism for the host to control 

parasite burden at non-lethal levels.   
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3.4 Discussion 

 

Chronic infections represent a continuous battle between the host’s immune system and 

pathogen replication. Many protozoan parasites and fungal pathogens have evolved a cyst 

lifecycle stage that provides it with increased protection from environmental degradation 

as well as endogenous host mechanisms of attack (Aguilar-Diaz et al., 2011; Shapiro et 

al., 2009).  In the case of Toxoplasma, these cysts are predominantly found in the 

immune protected brain making clearance of the parasite more difficult and resulting in a 

lifelong infection.  Here we describe three novel findings 1) despite a dominant Th1 

immune response during Toxoplasma infection there exists a population of macrophages 

in the infected brain which display a distinct alternatively activated phenotype ; 2) these 

cells are responsible for chitinase dependent lysis of Toxoplasma cysts and 3) this 

chitinase activity is through the production of AMCase which is required to maintain 

chronicity of infection and protective immune responses. 

 
Multiple studies have demonstrated the role of CXCR3 and its ligands in the migration of 

activated T cells during Th1 immune responses including to sites of infection (Hsieh et 

al., 2006; Stiles et al., 2006).  It is also known that the chemokines CXCL9 and CXCL10 

are induced by the presence of the proinflammatory cytokine, IFN-g (Dufour et al., 2002; 

Khan et al., 2000; Liu et al., 2001; Norose et al., 2010; Stiles et al., 2009).  More recently, 

however, the function of this family of chemokines has expanded to include neural-glial 

signaling following brain lesion where injured neurons upregulate CXCL10 and recruit 

CXCR3 expressing microglia to phagocytose denervated dendrites (Rappert et al., 2004). 
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Consistent with this, another recent study has implicated CXCR3 in the function of 

perivascular macrophages and their ability to remodel the vasculature during stress (Zhou 

et al., 2010). We noted upregulation of CXCR3, CXCL9 and CXCL10 in the brain during 

chronic Toxoplasma infection.  Furthermore, CXCR3 was preferentially expressed on 

macrophages expressing the scavenger receptors MMR and stabilin-1, suggesting an 

alternatively activated phenotype for these cells. Previous studies have established 

important functions of AAMΦ in the context of helminth infections such as control of 

inflammation (Kreider et al., 2007), wound healing (Satoh et al., 2010), and parasite 

expulsion (Anthony et al., 2006).  Competitive metabolism of l-arginine by arginase-1 

leads to the production of proline and other ECM precursors (Hesse et al., 2001) and is a 

definitive marker of alternative activation in macrophages (Mosser and Edwards, 2008). 

T. gondii can exploit the arginine metabolic pathway via STAT6 dependent and 

independent pathways, and induce arginase-1 expression in macrophages (Butcher et al., 

2011; El Kasmi et al., 2008; Jensen et al., 2011) suppressing nitric oxide production and 

promoting survival. This process is dependent on the Toxoplasma rhoptry kinase, ROP16 

which is absent in type II strains such as the Pruigniund and Me49 strains.  This would 

explain the lack of arginase activity we observed in macrophages infected with 

tachyzoites.  We did, however, observe a significant increase in arginase activity 

following treatment with cysts and cystAg suggesting that this induction is not a result of 

infection by the replicating parasite, but rather by the presence of chitin in the cyst wall.  

This weak induction of arginase activity also points to a limited role for arginase-1 in the 

chitin-induced phenotype.   
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Chitin is found in the exoskeletons of insects, fungal cell walls, sheaths of parasitic 

nematodes, and is a component of the T. gondii cyst wall (Boothroyd et al., 1997; Coppin 

et al., 2003). The presence of this exogenous molecule can induce the recruitment of 

AAMΦ, basophils, neutrophils, and eosinophils (Reese et al., 2007; Shibata et al., 2000; 

Zhu et al., 2004).  Active chitinases such as AMCase and chitotriosidase are secreted by 

macrophages in response to chitin-containing pathogens and have been shown to inhibit 

hyphal growth of chitinous fungi such as Candida and Aspergillus (Boot et al., 2001; 

Renkema et al., 1995). In this study, we demonstrate for the first time, macrophage 

chitinase activity in response to a protozoan pathogen. Chitin recognition is thought to be 

a size dependent process and involve a combination of TLR2 and scavenger receptors 

such as MMR and dectin-1 (Da Silva et al., 2009; Da Silva et al., 2008; Shibata et al., 

1997b). It will be of interest in future studies to determine the role of these molecules in 

cyst containment during Toxoplasma infection. However, the likelihood is that this is a 

contact-dependent process via pattern recognition receptors. Indeed, cysts were unable to 

induce urea production or chitinase activity in macrophages when separated by transwell 

membranes.  Furthermore, analysis of the location of AMCase producing cells in the 

brain finds them reliably close to cysts and often in direct contact with reactivating cysts. 

These images clearly show that despite the presence of many DAPI positive cells 

surrounding the cyst, the escape of parasites through the cyst wall occurs juxtaposed to 

the macrophage. Our data suggest that the presence of cyst antigens induces alternative 

activation of macrophages and that these antigens are required for macrophages to 
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produce chitinase even in the presence of IL-4. Thus, alternative activation of 

macrophages is not sufficient for AMCase production and chitinase activity.   

Live imaging in vitro demonstrated AMCase dependent degradation of cysts as shown 

using both a chitinase inhibitor and AMCase-/- macrophages.   Although there is no 

evidence of an active chitinase produced by T. gondii, the similar cyst survival times 

observed for AMCase-null macrophages and chitinase inhibited macrophages exclude 

this possibility. The chitin dependent induction of chitinase activity implies that 

macrophages have access to the chitin in the cyst wall prior to chitinase-mediated cyst 

destruction. The prevailing view from ultrastructure studies is that cysts remain 

intracellular within neurons yet analysis of cyst burden over time shows a reduction in 

cyst numbers implying a mechanism of control. Several studies have demonstrated 

perforin dependent control of cyst burden during chronic infection . We suggest that 

instead of a direct effect of perforin on cysts, it is most likely that perforin production by 

CD8+ T cells may initiate this process by lysing the cyst infected cell, thus exposing the 

cyst wall to chitinase activity from macrophages. This model would explain the many 

observations of macrophages in close association with rupturing cysts (Ferguson et al., 

1989; John et al., 2011; Suzuki et al., 2010).  

 
AMCase mediated immunity is required for protective immunity during the chronic stage 

of infection as its absence during the acute stage of infection had no significant effect on 

parasite burden or cytokine production. Our observation of a higher cyst count and 

parasite burden as well as decreased survival in AMCase-null mice points to a specific 

and important role for chitinase mediated cyst lysis in the brain during chronic infection. 
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Thus, within the brain, cyst containment seems as important as the killing of free 

parasites in the control of pathology. In addition, continuous chitin-mediated attack by 

macrophages and the release of parasites from latent cysts will provide a constant source 

of antigenic stimulation for the immune response. This latter discovery may provide an 

explanation for the continuous recruitment of T cells into the brain. 

In these studies, we demonstrate the presence of a distinct population of macrophages in 

the brain during chronic Toxoplasma infection, which express CXCR3, MMR, stabilin-1 

and arginase-1. Furthermore, these macrophages have chitinase activity, are localized to 

cysts and are observed in association with cyst degradation. The mechanism of this cyst 

degradation is dependent on AMCase and this enzyme is required for survival during 

chronic infection.  The continuous presence of Toxoplasmic cysts in the brain and other 

tissues presents a constant threat of reactivation to the immune compromised patient. 

Mechanisms that enhance cyst removal or prevent their reactivation would provide a 

novel line of anti-parasitic therapies. 
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3.5 FIGURES AND LEGENDS 

 

Figure 3-1. Expression of CXCR3 and its ligands during chronic T. gondii 

infection.   (A-E)  C57Bl/6 mice were infected with the Me49 strain of T. gondii and 

sacrificed at days 7, 14, 21, 28, 35, and 42 post-infection (p.i.).  (A-B) BMNCs were 

isolated from mice at and RNA was isolated and reverse transcribed.   cDNA was 

analyzed for levels of  CXCR3, CXCL9, and CXCL10 transcripts using qRT-PCR. 

Results are shown as (A) absolute quantitation using a standard curve as a ratio to HPRT 

and (B) fold change over naive.  (C-E) BMNC from 28 day infected mice and splenic 

were isolated and stained with fluorescent conjugated antibodies to identify % CXCR3 

expression on T  cell (CD3), macrophage (CD45hi/CD11b+), and microglial 

(CD45hi/CD11b+) populations.   Isotype controls for CXCR3 are shown in grey.  Data 

are displayed as mean ± SEM and are representative of at least 4 individual experiments.
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Figure 3-2. CXCR3 is required for efficient macrophage migration to the CNS. 

C57Bl/6 mice were infected with the Me49 strain of T. gondii.  Neutralizing antibodies 

for CXCR3 and CXCL10 were administered beginning at 21 days post infection and 

mice were sacrificed on day 28 after infection.  (A-E)  BMNCs were isolated from treated 

and untreated mice and (A) total cell counts were obtained using hemacytometer.  (B, D-

E)  BMNCs were stained and analyzed for cellular composition using flow cytometry.  

The proportions of (B) T cells (CD3), (D-E) macrophages (CD41hi/CD11b+), (D, F) and 

microglia (CD45int/CD11b+) were multiplied by total BMNC count for absolute 

quantitation. (C)  DNA was isolated from the brains of treated and untreated mice and 

parasite burden was determined by qPCR analysis.  (F) RNA was extracted from the 

brains of treated and untreated mice and reverse transcribed.  cDNA was analyzed by 

qPCR for expression of CCL2 and CCL5 transcript. Results are shown as absolute 

quantitation using a standard curve as a ratio to HPRT .Data are representative of at least 

2 individual experiments with a minimum of n=3 and are represented as mean ± SEM, * 

p < 0.05, ** p< 0.01. 
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Fig 3-3  Alternatively activated macrophages in the brain during chronic T. 

gondii infection.   (A-E)  C57Bl/6 mice were infected with the Me49 strain of T. gondii 

and sacrificed on day 28 post-infection (p.i.).  (A) Brain mononuclear cells (BMNC) were 

isolated and analyzed for surface expression of CXCR3 and MMR.  Mean ± SEM 

percentage MMR positive cells from CXCR3- (left) and CXCR3+ (right) 

CD45hi/CD11b+ macrophages. (B, F) BMNCs were isolated from mice at 4 weeks p.i. 

and CD11b+ cells were magnetically purified by positive selection.  RNA was isolated 

and reverse transcribed and cDNA was analyzed for levels of (G) MMR transcript using 

qRT-PCR. Results are shown as absolute quantitation of MMR using a standard curve as 

a ratio to HPRT.  (C-D)  Confocal fluorescence microscopy of 20µm brain slices taken 

from mice at 4 weeks post infection. (C) Panels from left to right show MMR (green), 

Iba-1+ macrophages (red), and merged images in the infected brain with DAPI (blue).  

(D) Panels from left to right show MMR (green), stabilin1 (red), and merged images in 

the infected brain with DAPI (blue).  (E) Panels from left to right show tomato lectin 

(green), stabilin1 (red), and merged images in the infected brain with DAPI (blue).  (F)  

MMR transcript using qRT-PCR.  (G) Brain mononuclear cells (BMNC) were isolated 

and analyzed by intracellular staining for IL-10 expression by macrophages 

(CD45hi/CD11b+) expressing CXCR3 with isotype control (left panel). Results are shown 

as absolute quantitation of MMR using a standard curve as a ratio to HPRT.  Data are 

represented as mean ± SEM, * p < 0.05. 
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Figure 3-4 Macrophages produce active chitinase in the CNS in response to the 

presence of cysts.  (A) BMDM were analyzed for arginase activity by measuring urea.  

BMDM were cultured overnight with bradyzoites, tachyzoites, sTAg, whole cysts, cysts 

separated by 5µm transwell membranes (cysts/TW), cystAg, IL-4, or media alone and 

urea measured colormetrically.  (B) C57Bl/6 mice were infected with the Me49 strain of 

T. gondii., sacrificed on day 28 p.i. and lysates from whole brains were analyzed for 

chitinase activity fluorometrically. (C) qRT-PCR analysis of AMCase expression from 

whole brain RNA normalized to GAPDH.  (D) BMDM were analyzed for chitinase 

activity fluorometrically.  Macrophages were cultured with tachyzoites, sTAg, 

bradyzoites, whole cysts, cysts separated by 5µm transwell membranes (cysts/TW), 

cystAg, IL-4 or media alone. (E) Bone marrow derived macrophages were analyzed for 

chitinase activity fluorometrically.  Macrophages were cultured with whole cysts, cysts 

treated with trichoderma chitinase or media alone.  Data are representative of at least 3 

individual experiments with a minimum of n=3 and are represented as mean ± SEM, * p 

< 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3-5 Chitinase expressing AAMΦ are in close association with cysts in the 

CNS.  (A-B) Confocal fluorescence microscopy of 20µm brain slices taken from mice at 

4 weeks post infection. (A) Panels from left to right show tomato lectin staining for 

macrophages (green) and AMCase (red).  Merged images in the infected brain with DAPI 

(blue) identifying the cyst.  (B) Panels from left to right show tomato lectin staining for 

macrophages (red), Toxoplasma gondii (purple) and AMCase (red).  Merged images in 

the infected brain show disrupted cyst.  (C)  Panels show tomato lectin staining for 

macrophages (red), Toxoplasma gondii (purple), DAPI (blue) and AMCase (red).  

Merged images in the infected brain show location of macrophages in relation to cysts, 

arrows identify colocalization of AMCase with tomato lectin.  (D)  Panels from left to 

right show Iba1+ macrophages (top, red), Stabilin1 (bottom, green), DAPI (blue) to 

identify cyst and escaping parasites (arrows), and merged images in the infected brain.  
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Figure 3-6 Macrophage chitinase is required to lyse cysts in vitro.  (A-E) Cysts 

purified from the brains of Me49 infected mice were cultured with or without BMDM in 

a 96 well plate. Cultures were imaged using an HT pathway microscope for 14 hours. 

Images were collected every 10 minutes and cyst survival time was calculated   (A-D) 

Time-lapse images were taken from (A) cysts alone without macrophages, (B) cysts 

treated with 10µg/ml trichoderma chitinase, (C) cysts with untreated macrophages, and 

(D) cysts with macrophages treated 100µM allosamidin.  (E)  Graph of allosamidin 

concentration and cyst survival time.  Data are representative of at least 3 individual 

experiments with a minimum of n=6 and are represented as mean ± SEM, * p < 0.05. 
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Figure 3-7 Acidic mammalian chitinase is required to lyse cysts in vitro.  (A) 

BMDM from WT and AMCase -/- mice were analyzed fluorometrically for chitinase 

activity.  Chitinase activity from WT and AMCase -/- macrophages cultured with 

bradyzoites, tachyzoites, whole cysts, IL-4 or media alone. (B-D) Me49-RFP cysts 

purified from the brains of infected mice were cultured with or without CellTracker green 

labeled bone marrow derived macrophages from either WT and AMCase null mice in a 

96 well plate. Cultures were imaged using an HT pathway microscope for 16 hours. 

Images were collected every 10 minutes and cyst survival time was calculated   (B-C) 

Time-lapse images were taken from cyst cultures (B) WT macrophages or (C) AMCase -

/- macrophages.  (D)  Graphical representation of cyst survival time over 16 hours.  (E) 

Chitinase activity from WT bone marrow-derived macrophages cultured with whole 

cysts, whole cysts + LPS/IFN-γ, or media alone.  Data are representative of at least 3 

individual experiments with a minimum of n=6 and are represented as mean ± SEM, * p 

< 0.05, ** p < 0.01 *** p < 0.001. 
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Figure 3-8 AMCase-/- mice have a higher parasite burden in the brain and 

succumb to infection during the chronic stage of infection.  (A-C) C57Bl/6 (WT) and 

AMCase -/- mice were infected with the Me49 strain of T. gondii and sacrificed at 7 days 

following infection. (A) DNA was isolated from the lungs and analyzed for parasite 

burden using qPCR. Results are displayed as parasites per mg tissue.  (B-C)  Serum was 

isolated from whole blood samples and analyzed for (B) IL-12 and (C) IFN-γ.  (D-F) 

C57Bl/6 (WT) and AMCase -/- mice were infected with the Me49 strain of T. gondii and 

sacrificed at 5 weeks following infection.   Brains were harvested and analyzed for cyst 

burden, cellular composition and histology.  (D) Cyst counts were obtained from 

homogenized whole brain samples.  (E)  20 cysts from each mouse were photographed 

microscopically and cyst area was determined using ImageJ software.  (F) DNA from 

brains of WT and AMCase-/- was isolated and  analyzed for parasite burden using qPCR.  

(G) BMNCs were isolated and analyzed for expression of CD4 T cells, CD8 T cells, 

macrophages (CD45hi/CD11b+) and microglia (CD45hi/CD11b+) by flow cytometry.  (H) 

Whole brains were fixed, frozen and stained for H&E to examine cyst burden and 

pathology.  (I)  Survival data from C57Bl/6 (squares, n=7) and AMCase -/- (triangles, 

n=7).  Significance was determined using log rank test with p = 0.0177.   Data are 

representative of at least 2 individual experiments with a minimum of n=4 and are 

represented as mean ± SEM, ns = not significant, * p < 0.05, ** p< 0.01. 
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Figure 3-9 Transcripts for tachyzoite, bradyzoite and cyst genes are increased in the 

brains of AMCase-null mice.  C57Bl/6 (WT) and AMCase -/- mice were infected with 

the Me49 strain of T. gondii and sacrificed at 5 weeks following infection. RNA was 

isolated from infected brains, reverse transcribed, and the resulting cDNA was analyzed 

for SAG1, SAG4, and MAG1 transcript levels using qRT-PCR to measure gene 

expression from tachyzoites, bradyzoites and cysts, respectively.  Results are shown as 

absolute quantitation of copy number using standard curve.  Data are representative of at 

least 3 individual experiments with a minimum of n=3 and are represented as mean ± 

SEM, ** p< 0.01, *** p < 0.001. 
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CHAPTER FOUR 

 

Conclusions and Perspectives 
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The study of the protozoan parasite Toxoplasma gondii has yielded some 

wonderful insight into the pathogenicity of chronic infections and the immune response 

required for control.  Despite all of this research, however, there are still no effective 

therapies able to completely clear this infection.  The urgency of developing an effective 

cure for Toxoplasmosis was revealed in the 1980s during the AIDS crisis, when 

thousands of patients died from Toxoplasmic encephalitis (Luft and Remington, 1988).  

Still today, immune compromised patients that are infected with the parasite must adhere 

to a regimen of sulfa drugs and live with the adverse side effects and the constant danger 

of relapse (Fung and Kirschenbaum, 1996).  In recent years, however, new mechanisms 

of parasite control and clearance have been revealed that provide hope for new and 

effective therapies.  The key to a cure for Toxoplasmosis may lie in the natural ability of 

the immune system to control and even clear the replicating parasite. 

 
This dissertation explores two distinct mechanisms of controlling parasite burden 

in the CNS.  First, a novel role for the matricellular protein SPARC, is described, in the 

proper assembly of a migratory network of reticular fibers during chronic infection.  Data 

presented here demonstrated that SPARC is upregulated in infected regions of the brain 

following infection.  Immunoreactivity of SPARC is localized to long tubular strands in 

the CNS that are associated with parasite cysts and migrating cells.  These strands are 

similar in nature to a network of extracellular fibers that acts as a substrate for 

chemokines and migrating cells (Wilson et al., 2009).  It is hypothesized that these fibers 

exist as a mechanism for cells to migrate from meningeal and perivascular spaces to the 

sites of infection within the parenchyma.  Since SPARC is known to regulate the 
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assembly of similar migratory networks in the lymph node and tumor microenvironment 

(Chlenski et al., 2006; Sangaletti et al., 2005; Yunker et al., 2008), I hypothesized that 

SPARC is involved in the regulation of the migratory network in the CNS following 

infection.  The  in vivo studies using transgenic mice and advanced imaging techniques 

presented here, reveal that in the absence of SPARC, there is an inadequate induction of 

migratory fibers in the brain resulting in a reduced ability of immune cells to migrate into 

the parenchyma and an increased susceptibility to the parasite.  Very little is currently 

known about cell migration within the parenchyma, and this study sheds light on a new 

mechanism that will require further investigation.  The chemokine CCL21 has recently 

been identified as a requirement for CD4+ T cells to migrate into the parenchyma (Ploix 

et al., 2011).  It is thought that this chemokine associates with the network of fibers in the 

brain to facilitate the migration of these cells.  Further investigation will be needed to 

determine if CCL21 interacts with SPARC to facilitate this migration.  Additionally, the 

behavior of migrating cells in the absence of SPARC is also unknown.  Since SPARC has 

the ability to mediate interactions between migrating cells and the ECM, it is possible 

that the direction, velocity or displacement of these cells will be affected by the lack of 

SPARC.  Live imaging studies will be needed to determine any behavioral differences of 

migrating cells in the CNS between WT and SPARC-null mice. 

 
Also described here is a novel mechanism of cyst clearance in the CNS during 

chronic infection.  My data show the presence of a population of alternatively activated 

macrophages in the brain that secrete the active chitinase, AMCase, in response to chitin 

in the cyst wall.  Using both chemical and genetic inhibition in vitro, I have 
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mechanistically shown that this enzyme is required for efficient degradation and 

destruction of the cyst.  The necessity for AMCase was demonstrated in vivo, as the 

absence of the enzyme resulted in a significant increase in cyst burden and decrease in 

survival during chronic infection.  Previous studies suggested a mechanism of cyst 

clearance in the brain that involves perforin dependent lysis of the host cell by CD8+ T 

cells (Denkers et al., 1997; Suzuki et al., 2010).  My results here are congruent with these 

studies as host cell lysis would presumably be a requirement to expose the cyst wall to 

immune cells in the brain.  Further study will be necessary to determine whether this 

process is dependent on CD8+ T cells.  Additionally, the mechanisms behind the 

recognition of chitin are largely unexplored.  Although this is thought to be a size 

dependent process possibly involving dectin-1, MMR and TLR2 (Da Silva et al., 2009; 

Shibata et al., 1997b), it is unclear whether any of these receptors are involved in the 

recognition of chitin in the cyst wall.  Although chitin is determined to be a component of 

the cyst wall, it is unknown whether other components are required for recognition or for 

the polarization of these macrophages.  Further study will be needed to identify the 

receptors involved in the recognition of chitin in the cyst wall and the mechanisms behind 

the induction of this macrophage phenotype. 

Together, these studies identify two important mechanisms of parasite control and 

cyst clearance in the CNS.  It is my hope that further study in these areas will lead to new 

and effective therapies for treatment of Toxoplasmosis and other chronic infections. 
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