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ABSTRACT OF THE DISSERTATION 
 

 
Influences on T Cell Migration Behavior in the Inflamed Brain 

by 

Kathryn E. McGovern 

 
Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 

University of California, Riverside, June 2016 
Dr. Emma H. Wilson, Chairperson 

 
 

Cell migration is an integral function of immunity.  Control of cellular 

infiltration and behavior are critical to prevent inflammation-induced pathology 

while still combating infection.  Nowhere in the body is this balance more 

important than the CNS.  As an immune privileged site, the brain needs a potent 

response that is compatible with the surrounding sensitive tissue.  Chronic 

infection with the parasite Toxoplasma gondii provides a model of balance.  T 

cells must migrate efficiently within the brain to find sites of infection and keep 

parasites from replicating.  Many factors can influence cell behavior once 

leukocytes enter the brain.  This dissertation examines the role two molecules 

play in T cell migration during chronic Toxoplasma infection. 

First, the role of the intracellular adaptor protein β-arrestin 2 (β-arr2) is 

examined in T cell migration in response to the chemokine CCL21.  β-arr2 is 

required for migration of naïve cells and those isolated from the brain.  

Chemotaxis studies demonstrate this requirement is a result of mediating 

migratory speed.  Next, β-arr2’s role in cell trafficking to infected tissue is tested 
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in vivo. Finally, using two-photon microscopy β-arr2 is shown to mediate 

migratory speed of infiltrating T cells in the brain.  Together these data define the 

specific role for β-arr2 in regulating T cell velocity in the CNS. 

Next, the effect of the matricellular glycoprotein SPARC is discussed.  

Infected astrocytes are the source of SPARC in the infected brain, the same 

source as CCL21.  Novel binding partners for SPARC- CCL21 and CCL19- are 

reported, expanding the potential roles of SPARC to include the maintenance of 

chemokine signals in the brain.  SPARC’s presence enhances T cell migration in 

response to CCL21.  Finally, two-photon imaging reveals SPARC enhances T 

cell access to the brain and slightly enhances T cell migration behavior within the 

brain.  These data demonstrate how SPARC cooperates with other proteins in 

the brain matrix to contribute to T cell behavior.   

Lastly, additional levels of regulation for chemokine dependent cell 

migration are considered and potential areas of further investigation are 

proposed. This dissertation provides new insight into T cell migration during a 

protective immune response in the brain. 
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CHAPTER ONE 

 

Introduction 
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1.1 The Biology of Toxoplasma gondii 

 

1.1.1 Discovery and Prevalence 

When Charles Nicolle, Louis Manceaux and Alfonso Splendore first described 

Toxoplasma gondii in 1908, their depiction of the parasite was similar and very 

detailed (1,2).  Both papers, presented days apart, describe T. gondii as a 

parasite found both inside and outside of nucleated cells, never in red blood cells, 

having a rounded or piriform shape, and with a length of 5-8 mm.  Splendore 

describes the wasting exhibited by all the rabbits he was studying before they 

succumbed to infection.  He goes on to describe the hypertrophied and 

discolored spleen, the enlarged liver and lymph nodes and the ulcerated small 

intestine.  He even describes, in addition to the parasite’s commonly observed 

“kidney-shaped form”, the presence of cysts, 8-40 mm in diameter.  Nicolle and 

Manceaux focus their efforts on describing T. gondii’s morphology and 

systematically recounting in which types of tissues the parasite is found in the 

gundis they were studying.  Both papers underscore T. gondii’s similarity to 

Leishmania, so much so that Nicolle and Manceaux proposed to call their new 

parasite, Leishmania gondii (1,2). 

 

It is now known that Toxoplasma is an obligate intracellular parasite that can 

invade any nucleated cell in any warm-blooded animal. The prevalence rate of 

this parasite is very high, with recent estimates between 15-30% in the US and 
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UK and up to 80% in parts of Europe and South America. Infection stimulates a 

proinflammatory immune response with systemic parasitemia contained within 

one to two weeks. The host remains infected for life and a continuous T cell 

response is required to prevent reactivation of Toxoplasma cysts, primarily 

located in the brain. Severe pathology therefore manifests in the immune 

compromised, most commonly observed as Toxoplasmic encephalitis.   

 

1.1.2 Life Cycle 

Though a wide variety of animals can serve as a secondary host, this 

apicomplexan parasite’s definitive host is the cat and T. gondii can only sexually 

reproduce in the digestive system of the cat (Figure 1).  Highly resilient T. gondii 

oocysts are shed with the cat’s feces and contaminate the soil and water (3).  

Secondary hosts become infected by ingesting contaminated food or water.  

Once eaten, oocysts convert to tachyzoites and disseminate throughout the body, 

invading and quickly replicating within any nucleated cell.  Pressure from the 

immune system, namely the production of IFNγ by Th1 cells controls parasite 

replication.  In response, tachyzoites convert to slowly replicating bradyzoites 

and encyst.  Tissue cysts can be found in any tissue, but they are predominately 

found in the brain for the remainder of the host’s lifetime.  
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1.2 Chemokines and Cell Migration During Toxoplasma Infection 

As with all infections, parasites induce inflammation - that is the mobilization, 

proliferation and recruitment of leukocytes to the site of infection. This immune 

cell trafficking and the effector functions of these cells can control the pathogen 

or exacerbate pathology. In comparison to viral or bacterial invasion, parasites 

are complex eukaryotic pathogens often with multiple lifecycle stages within the 

mammalian host. Their characteristic ability to manipulate the host immune 

response and tendency to cause chronic infections adds further complexity to the 

recruitment and maintenance of cellular immune responses within infected 

tissues. 

 

Chemokines are essential regulators of cell trafficking.  They are a large family of 

small cytokines named for their ability to induce chemotaxis in cells expressing 

the appropriate receptors and categorized into four subfamilies (C, CC, CXC, 

CX3C) depending on the sequence position of conserved cysteine residues.  

Chemokines play multiple roles in physiology including during development for 

directed cell guidance and hematopoiesis in addition to mediating inflammatory 

responses (4-9).  However, perhaps because of the inherent requirement for 

continuous migration of cells, the influence chemokines exert on the immune 

system has been extensively studied. This includes the role they play in 

lymphocyte homeostasis, which requires several chemokines, primarily CCL19 

(ELC, EBV-induced chemokine, MIP-3b) and CCL21 (SLC, exodus 2), the 
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ligands for CCR7. CCL21 is required for T cell circulation within and between 

primary and secondary lymphoid organs (10-13) as well as the homeostatic 

expansion of naïve CD4+ T cells (10).  Moreover, CCR7 signaling cooperates 

with CXCR5 signaling on B cells to orchestrate B cell migration within the lymph 

nodes and B cell access to T cell help. This is in addition to the expression of 

CXCL13 within the B cell follicle that controls B cell retention and organization in 

this area of the lymph node (14-16).  However, ultimately our immune system 

has evolved for efficient and optimal defense against invading pathogens. This 

dissertation will focus on the role chemokines, specifically CCL21, and 

subsequent cell trafficking in the rapid, coordinated and long-term immune 

defense against parasitic infection.  

 

1.2.1 Chronic Infection 

In the case of T. gondii, parasites persist in the brain after trafficking to the CNS 

as free parasites (17,18) or inside infected cells (19,20).  Parasites can appear in 

the brain as early as 10 days after initial exposure (21) and remain there for the 

lifetime of the host (22).  Control of parasite replication and maintenance within 

cysts depends on IFNγ production by infiltrating T cells (23-26).  Two major 

chemokine ligand/receptor systems are important for T cell recruitment and 

behavior within the chronically infected brain: CCL21/CCR7 and CXCL10/CXCR3.  

Both CCL21 and CCL19 are upregulated in the brain during infection and linear 

strands of CCL21 can be observed within the brain parenchyma associated with 
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migrating CD8+ T cells (27,28). In addition, CCL21 is required for efficient CD4+ 

T cell migration from extraparenchymal sites into the brain parenchyma (29) 

(Figure 3C).  This was demonstrated in plt/plt mice (deficient in CCL19 and 

CCL21-ser) and transgenic GFAP-CCL21 mice (where CCL21 is constitutively 

over-expressed under the astrocyte specific promoter, GFAP). In wild type mice 

chronically infected with T. gondii, immune infiltrates can be observed in the 

perivascular spaces and meninges, in addition to the tissue parenchyma (29).  In 

mice lacking CCL19/CCL21, significantly higher numbers of CD4+ T cells are 

recruited to the brain.  However, these cells accumulate in the extraparenchymal 

spaces.  In contrast, mice overexpressing CCL21 displayed little accumulation of 

CD4+ T cells in extraparenchymal spaces and instead cells were found 

dispersed throughout the brain instead of focused in the frontal cortex where T. 

gondii primarily resides (29).   

 

Ligands for CXCR3, CXCL9 and CXCL10, are significantly upregulated in the 

brain upon infection (30).  CXCL10 is required for a protective antigen specific 

CD8+ T cell population within the CNS. Whether this is through recruitment or 

retention of these cells is not known, however in the absence of CXCL10 there is 

a 60% reduction in the T cell population at this site (30). CXCL9 and CXCL10 are 

found at perivascular areas in the brain suggesting a role in recruitment across 

the blood brain barrier (31). However, the role of CXCR3/CXCL10 signaling in 

the Toxoplasma infected brain seems more fundamental than trafficking across 
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this barrier. Recent mathematical modeling of CD8+ T cell behavior 

demonstrates that these cells undergo a Lévy random walk, characterized by 

sudden long ‘flights’. This is an optimal search strategy conserved throughout the 

animal kingdom and at the cellular level (30) and suggests that these cells are 

not undergoing gradient-guided migration.   However CXCR3 signaling is 

required for CD8+ T cell migratory speed (30) as blockade of CXCL10 signaling 

leads to a significant reduction in cell velocity without changes in the search 

strategy of the cell. Ultimately more work is needed to determine if or when 

guided migration within infected tissue occurs, how local gradients act, and the 

effect differential downstream signaling of competing chemokines may have on 

cell behavior and optimal parasite control. 
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1.3 β-arrestins in Immune Responses and Cell Migration 

 

1.3.1 CCR7 Biology 

Cell migration is a critical aspect of the immune response.  There is a continuous 

redistribution of cells from the primary and secondary lymphoid organs to 

infection sites, which must be tightly controlled to provide efficient protection from 

invading pathogens while minimizing immune related pathology.  Chemokines 

and their receptors are major regulators of the cell trafficking required to mediate 

an immune response.  For example, CCR7 is a well-known homing receptor, 

expressed on mature dendritic cells (DCs) naïve and memory T cells, and naïve 

B cells.  DCs continuously scavenge for antigen in peripheral tissues and 

upregulate CCR7 to migrate to the secondary lymphoid tissues and present 

antigen (32,33). Naïve T cells present in the lymph node express high levels of 

CCR7.  Once they are presented with their cognate antigen by DCs, they 

downregulate CCR7 to migrate out of the lymph node and into the periphery.  

When these now antigen experienced T cells reach inflamed tissue, CCR7 is 

again acquired to facilitate lymphocyte migration into the tissue from the blood 

(34-37).   Central memory T cells reside in lymphoid tissue and express high 

levels of CCR7, but down regulate the receptor as they proliferate after a 

subsequent antigen stimulation to mobilize to inflamed tissue (38).  On the other 

hand, CCR7low effector memory T cells reside in the tissues and upregulate 

CCR7, induced by restimulation with antigen.  Further, CCR7 expression on B 
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cells will prompt them to migrate toward the lymph node’s T cell zone to receive 

CD4 T cell help, critical for promoting effective B cell responses (39,40).   

 

CCR7 has two ligands, CCL19 and CCL21, which bind to their receptor with 

equal affinity (41).  They only share 32% sequence homology and the main 

structural difference between them is CCL21’s C-terminal glycosaminoglycan 

binding domain, allowing CCL21 to remain immobilized while CCL19 is soluble 

(42-46).  Both ligands are constitutively expressed on the high endothelial 

venules of the lymph node to facilitate lymphocyte entry (40,47).  Within the 

lymph node, CCL21 and CCL19 are expressed by fibroblastic reticular cells and 

follicular dendritic cells to form the conduits that enable T cell and DC migration 

and facilitate antigen presentation (48,49).  Both ligands are also inducible upon 

infection to facilitate T cell entry into inflamed tissue (12,28).  Thus, interactions 

between CCR7 and its ligands play a vital role in orchestrating leukocyte 

trafficking between the periphery and lymphoid tissues. 

 

1.3.2 β-arrestins Downstream of CCR7 

As a chemokine receptor, like most other 7 transmembrane domain receptors, 

CCR7 has two signaling axes.  The best known and best conserved axis is the 

activation of G protein signaling (50).  Agonist binding to CCR7 causes a 

conformational change leading to the exchange of GDP for GTP in the Gαi 

subunit of the heterotrimeric G protein complex that is coupled to the receptor.  
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This exchange leads to the dissociation of Gαi from the heterotrimeric complex, 

which goes on to inhibit adenylyl cyclase activity.  Agonist bound receptors like 

CCR7 are then targeted by G-protein coupled receptor kinases (GRKs) and 

phosphorylated at the C-terminal tail.  Phosphorylated receptors recruit β-

arrestins, the molecules responsible for the second signaling axis. β-arrestins are 

a family of four intracellular proteins, two of which, β-arrestin 1 and 2 (β-arr2) are 

ubiquitously expressed in mammalian cells (51,52).  The most well known 

actions of β-arrestins include G protein uncoupling, receptor internalization and 

recycling, but β-arrestins can also scaffold actin remodeling proteins at the 

leading edge of a migrating cell, promoting gradient sensing and chemotaxis 

even without the actions of G proteins (53-56).  These actions may vary 

depending on cell type, or may be temporally and spacially regulated within the 

same cell (57,58). 

 

Despite equal affinity for CCR7, equal activation of G proteins, and equal calcium 

mobilization, subtle differences elicited by CCL19 and CCL21 have been 

reported (43,59-61).  Bard et al. first reported that CCL19, but not CCL21 leads 

to receptor endocytosis (62) in human lymphocytes isolated from the blood, but 

the mechanism through which endocytosis occurs was not investigated.   Later, 

CCL19 mediated β-arr2 binding to CCR7 was detected in stably transfected HEK 

cells, presumably initiated by phosphorylation of CCR7 at the carboxyterminal 

serine/threonine cluster (63).  A report by Byers et al. revealed CCL21 can also 
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lead to CCR7 endocytosis, but to a lesser degree than CCL19, such that most of 

the receptor remains on the cell surface.  However, by knocking down β-arr2 in a 

lymphoma cell line and rescuing β-arr2 expression in arrestin deficient MEK cells, 

β-arr2 mediated CCR7 internalization was detected only after stimulation with 

CCL19 (64).  CCL21 mediated β-arr recruitment to CCR7 was finally detected in 

HEK cells using FRET assays by the Lefkowitz group (41).  Further, it was 

determined that phosphorylation of CCR7 by GRK6 occurs after stimulation by 

either ligand, but phosphorylation by GRK3 only occurs after stimulation with 

CCL19 (41), pointing to a mechanism for the observed ligand bias and differential 

chemotaxis. 

 

Chapter 2 of this dissertation focuses on the role of β-arr2 in the migration of 

primary T cells in response to CCL21 and indeed within the complex environment 

of the inflamed brain.  Data suggest that β-arr2 promotes CCL21 driven 

chemotaxis of naïve T cells isolated from the lymph nodes and activated T cell 

isolated from the brain.  It is not required for T cells to enter the brain to combat 

infection, but does mediate efficient migratory speed.  This suggests β-arr2’s role 

is not simply pro- or anti-inflammatory in the context of infection, but rather it has 

a nuanced part to play by bolstering the speed at which T cells must migrate to 

keep parasite replication under control. 
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1.4 Extracellular Matrix Remodeling and its Contribution to Cell Migration 

The proliferation of intravital microscopy in studies of immune responses is 

continually showing how the extracellular matrix has an important role not only in 

supporting, but also influencing cell behavior.  It is a dynamic scaffold, 

continuously remodeled during development but also during injury and 

inflammation (65).  The secreted proteins that make up the ECM are frequently 

decorated with sulphated glycosaminoglycans (66,67), allowing for interactions 

with other secreted molecules like chemokines, and influencing the arrangement, 

concentration, and availability of these factors to infiltrating immune cells (67).  

Further, the proteins that make up the ECM are targets of enzymatic cleavage 

during immune cell infiltration and the remaining fragments can also elicit 

chemotaxis (68-71).  Thus the ECM delivers a multitude of signals to modulate 

immune functions such as activation, polarization, and migration within tissue. 

 

Integral for the ECM’s ability to continuously renew, matricellular proteins are 

another family of secreted proteins.  While structurally they are unrelated to each 

other (72), matricellular proteins function similarly in that they regulate matrix 

turnover.  They are highly expressed during tissue remodeling events like growth 

and development and following injury or infection.  Their expression is tightly 

controlled to help strike a balance between orchestrated and disordered cell 

movement.  Regulating these events is not a trivial matter.  Abnormal growth 

leads to developmental disorders while aberrant leukocyte infiltration leads to 
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immune-mediated pathology (73).  There are many members of the matricellular 

protein family (74), but the focus here is on SPARC (secreted protein acidic and 

rich in cysteine). 

 

1.4.1 SPARC and the Extracellular Matrix 

SPARC (also referred to as osteonectin or BM-40) is capable of binding to a 

variety of different ECM components including but not limited to fibronectin, 

vitronectin, thrombospondins and at least four different isoforms of collagen (75).  

Thus, SPARC has the ability to regulate the barrier functions of the ECM, such 

as regulating immune cell infiltration through basement membranes, in addition 

to regulating the matrix structure in tissue parenchyma.   

 

SPARC’s interaction with collagen is probably best characterized.  Early studies 

observed the co-expression of collagens and SPARC during development and 

wound healing (76,77) suggesting that SPARC is a chaperone for the initial 

assembly and distribution of collagen in the matrix.  This is supported by the 

lesser amount of collagen deposited in the skin of SPARC deficient mice (78,79).  

However, the identification of SPARC’s only known receptor, Stabilin-1, on 

alternatively activated macrophages (80) provides a competing hypothesis.  

SPARC binds to ECM components in a Ca2+ dependent manner.  Outside the 

cell, calcium is abundant and SPARC’s affinity for matrix proteins is high.  When 

alternatively activated macrophages are recruited to areas where SPARC 
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expression is occurring, they target SPARC via Stablin-1 (80).  Then the entire 

SPARC complex is endocytosed.  Inside the cell, low calcium concentrations 

mediate the release and subsequent degradation of matrix and SPARC is 

exported from the cell.  Thus, scavenging SPARC in this way leads to the 

degradation or clean-up of matrix components. 

 

1.4.2  SPARC and Cell Migration 

SPARC’s contribution to cell migration is varied.  For example, SPARC is often 

described as a counter-adhesive molecule.  Addition of recombinant SPARC to 

cells in vitro does not lead to complete separation from the culture dish, but does 

lead to separation from other cells and rounding (81).  This is thought to be 

caused by SPARC’s direct interaction with integrins on the cell surface (82) 

though in vivo may also be due to SPARC binding to ECM fibers to block integrin 

binding (83). 

 

Matrix turnover is an essential part of injury repair.  Therefore we would expect 

the presence of SPARC to be essential for wound healing and the mediate 

inflammation.  However, the opposite appears to be true.  Skin excisions in 

SPARC null mice close faster than in WT mice (78).  This may be due to a 

variety of factors.  Expression of cytokines and other small factors like leptins are 

increased in SPARC deficient mice and may act in a compensatory manner to 

help heal the injury (78,84).  Further, collagen present in skin is less dense in the 
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absence of SPARC and therefore could more easily accommodate infiltrating 

immune cells.  Indeed, in a mouse model of peritonitis, SPARC -/- mice exhibit 

increased neutrophil and leukocyte infiltration (85).  Further, dendritic cell 

migration to the draining lymph node and T cell priming is increased in a mouse 

model of contact hypersensitivity (79).  The same phenotype is observed in a 

mouse model of salmonella infection due to the inability of SPARC deficient mice 

to form granulomas.  However, in this model, despite enhanced immune cell 

activation, SPARC null mice die anyway because without granulomas the 

infection cannot be contained (86).  Therefore SPARC’s multifaceted roles can 

lead to unexpected phenotypes in vivo. 

 

The work in chapter three of this dissertation investigates the role SPARC plays 

in mediating efficient chemokine T cell migration during chronic Toxoplasma 

gondii infection in the brain.  Infected astrocytes are a source of both SPARC and 

CCL21.  In vitro, SPARC can bind to CCL21 directly, and when added to 

chemotaxis assays, SPARC enhances the T cell response to CCL21.  In the 

brain, the absence of SPARC leads to the accumulation of T cells in densely 

populated clusters, suggesting access to the parenchyma is impaired in SPARC 

null mice.  The velocity, displacement, and meandering index of T cells migrating 

in SPARC-/- mice are all significantly reduced compared to those migrating in 

WT mice.  All together, these data demonstrate how SPARC promotes CCL21 

mediated cell migration and provides optimal access to the infected brain. 
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1.5 Materials and Methods 

 

Mice 

CBA/CaJ, Swiss Webster, C57BL/6, congenic CD45.1 (C57BL/6 background) 

OTI, dsRed (C57BL/6 background), and GFP (C57BL/6 background) mice were 

purchased from Jackson ImmunoResearch (West Grove, PA). SPARC null mice 

on a mixed background were also purchased from Jackson ImmunoResearch 

and backcrossed onto a C57BL/6 background for at least 9 generations. β-

arrestin 2-/- (C57BL/6 background) mice were provided by Robert Lefkowitz 

(Duke University Medical Center).  All mice were bred and maintained in a 

pathogen free environment and all animal procedures were in accordance with 

the guidelines on the use and care of laboratory animals set by the national 

institutes of health and approved by the Institutional Animal Care and Use 

Committee at the University of California, Riverside. 

 

Parasites 

T. gondii Prugniaud and RH strain tachyzoites were maintained in vitro in Human 

Foreskin Fibroblasts (HFF) grown in complete DMEM (90% DMEM, 10% fetal 

bovine serum (FBS), 1% Penicillin/Streptomycin).  After infecting HFFs, parasites 

were grown in D10 media (70% DMEM, 20% M199, 10% fetal bovine serum, 5% 

penicillin/ streptomycin, 5% gentamycin).  Parasite strains engineered to express 

ovalbumin grown under selection in the presence of chloramphenicol.  Parasites 
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were purified from culture by passing through a 23-gauge needle followed by 

passage through a 5µm filter.  Parasite suspension was centrifuged at 3000rpm 

for 10 minutes, resuspended in 1 mL PBS, and counted.  Parasites were diluted 

to 50,000 parasites per mL and 10,000 parasites were injected interperitoneally 

into each mouse.  Me49 and Me49-RFP strains were maintained in infected 

Swiss Webster and CBA/CaJ mice.  To isolate cysts for infection, brains from 

infected mice were placed in 3mL sterile 1xPBS and passed 5 times through an 

18.5-gauge, 20.5-gauge, then a 22.5-gauge needle.  The number of cysts in a 

30mL aliquot was counted microscopically then brain suspensions were adjusted 

to 100 cysts/mL and each mouse was infected with 15-20 cysts interperitoneally.  

All reagents and experiments involving T. gondii were conducted under Biosafety 

Level 2 (BSL2) conditions in compliance with approved Biological Use Authorized 

protocols.   

 

Systemic Cytokine Measurement 

Blood was collected from the tail vein or by cardiac puncture at the time of 

sacrifice from naïve animals or at 7 days post infection with T. gondii and 

centrifuged at 14,000rpm for 10 minutes at 4oC. Serum was collected and stored 

at -80oC until IFNγ, IL-12, IL-10, IL-6, TNFα, and CCL2 levels could be measured 

using the Cytometric Bead Array (BD) according to the manufacturer’s 

instructions. 
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Cytospins 

Peritoneal exudate cells (PECs) were harvested by injecting 3mL of sterile 

1xPBS into the peritoneal cavity, agitating the abdomen gently, and withdrawing 

the PBS with the syringe.  100mL of the cell suspension was spun onto a glass 

microscope slide with a cytocentrifuge. 

 

Adoptive Transfer 

Naïve T cells were purified from the lymph nodes and spleens of WT and β-

arrestin 2-/- using T cell enrichment columns (R&D Systems).  The enriched 

suspension was determined to be approximately 90% T cells as assessed by 

flow cytometry.  T cells were resuspended in sterile 1xPBS and 2-5x106 cells in 

200mL were injected intravenously into each mouse.  OVA specific T cells were 

expanded in culture as previously described (87), resuspended in sterile 1xPBS 

and 5x106 cells in 200mL were injected intravenously into each mouse. 

 

Preparation of Single Cell Suspensions 

Mice were sacrificed via asphyxiation with CO2 and perfused with ice cold, sterile 

1xPBS. Suspensions of splenocytes and lymphocytes were prepared by passing 

tissue through a 40mm cell strainer and washing with complete RPMI.  

Suspensions were centrifuged for 10 minutes at 1200rpm at 4oC.  Red blood 

cells were lysed in 0.86% ammonium chloride solution and washed away with 

complete RPMI. Brain mononuclear cells (BMNCs) were prepared by mincing 



!

! 19!

brain tissue with a razor blade and passed 3-5 times through and 18-gauge 

needle.  The suspension was incubated with collagenase/dispase (10mL at 

10mg/mL, Roche) for 45 minutes at 37oC and then with DNAse (300mL at 

10mg/mL, Sigma) for a further 45 minutes at 37oC.  The cell suspension was 

then passed through a 70mm strainer, washed with complete RPMI and 

centrifuged at 1200rpm for 10 min at 4oC.  The pellet was then resuspended in 

60% percoll (GE Healthcare) in complete RPMI and overlaid with 30% percoll in 

1xPBS.  The percoll gradient was centrifuged at 200rpm for 25 minutes at room 

temperature.  After centrifugation, BMNCs were recovered from the percoll 

interface and washed with complete RPMI prior to counting, staining and further 

analysis. 

 

Restimulation Assay 

Single cell suspensions of splenocytes and/or BMNCs were diluted to 1-4 x 106 

cells/mL.  Cells from biological replicates were added in triplicate to a round 

bottom 96-well plate in 100mL of complete RPMI.  Cultures were then treated 

with media alone, stimulated with PMA (50ng/mL) and Ionomycin (1mg/mL), or 

stimulated with soluble Toxoplasma antigen (sTAg) for 6 hours at 37oC and 5% 

CO2.  Brefeldin A (10mg/mL) was added 2 hours prior to harvest to block 

secretion of cytokines.  STAg was prepared from RH tachyzoites as previously 

described (88). 
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Transwell Assay 

BMNCs and splenocyte suspensions were prepared, diluted to 5x106 cells per 

mL of assay medium (RPMI with 0.5% bovine serum albumin and 25mM 

HEPES) and 100mL of each suspension was applied to the transwell insert 

(5.0mm pore size, Costar). Differing concentrations (50-2000ng/mL) of 

chemokines (CCL21 or CXCL10, R&D Systems) were prepared in assay medium 

and 600mL of each concentration was applied to the lower chamber.  For the 

input count, 500mL of assay medium was incubated in an empty well with 100mL 

of each cell suspension.  After a 90 minute incubation, cells were collected from 

the lower chamber for counting and phenotyping by flow cytometry.  Cell 

numbers were quantified using 5000 count beads per sample (20mm 

Fluoresbrite (FITC) microspheres, Polysciences).  

 

Flow Cytometry 

After counting, 1x106 cells from each sample was transferred to a FACS tube 

(BD Falcon) and centrifuged at 1200rpm for 5 minutes at 4oC.  Cells were 

washed in FACS buffer (1xPBS with 1%BSA and 0.01% EDTA) then incubated 

with a saturating solution of Fc block (eBioscience) for 10 minutes on ice.  

Samples stained with MHC class I dextramer (Immudex) or class II tetramer (NIH 

tetramer core facility) were incubated at room temperature for 30 minutes 

followed by surface staining with a mixture of conjugated antibodies for 30 

minutes on ice.  Cells were washed and resuspended in 300uL FACS buffer and 
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analyzed using the BD FACSCantoTM II flow cytometer and Flowjo 8.0.  For 

intracellular staining, cells were first stained surface markers and fixed with 4% 

paraformaldehyde overnight.  Cells were permeabilized with 0.3% saponin (in 

FACS buffer) and stained with conjugated antibodies raised against intracellular 

targets for 30 minutes on ice. Cells were then washed in permeabilization buffer 

and resuspended in FACS buffer. 

 

Real Time PCR 

Parasite burden in mice was measured by amplifying the T. gondii specific genes 

B1, SAG1, SAG4 or MAG1.  CCL19, CCL21, CXCL10, GAPDH and HPRT 

transcript was amplified from RNA isolated from cultured astrocytes or whole 

organs with TRIzol reagent (Invitrogen) according to the manufacturer’s 

instructions.  Quantified results represent the fold induction of the target gene at 

different days post infection or stimulus compared to naïve samples.  Primer 

sequences and protocols have been previously described (27,89). 

 

Immunohistochemistry 

Following excision, tissues were flash frozen in isopentane then put into standard 

sized cryomolds and embedded in Optimal Cutting Temperature (OCT) solution 

(Tissue-Tek, Torrance, CA) on dry ice and stored at -80oC. Serial sections, 10-

25mm thick, were prepared on a standard cryostat (Leica CM1850, Simi Valley, 

CA) then fixed with 75% acetone/25% ethanol and blocked with 2-5% donkey 
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serum prior to incubation with purified primary antibodies.  Antibodies for SPARC 

(R&D Systems), CCL21 (Peptrotech), Lamanin (Cedar Lane) and CD4 or CD8 

(Ebioscience), or GFAP (Life Technologies, Grand Island, NY) were incubated 

with blocked tissue samples for 3 hours at room temperature and/or overnight at 

4oC followed by appropriate secondary antibodies conjugated to Alexa 488, 568, 

or 647 at a 1:500 dilution (Life Technologies, Grand Island, NY).  Samples were 

mounted with Prolong Gold with DAPI for nuclear staining.  Samples were 

imaged on a Leica SP5 confocal microscope or a Leica epifluorescent 

microscope (Leica Optics, Germany).  Images were analyzed using Volocity 6.1 

(Perkin Elmer, Waltham, MA). 

 

Multiphoton Microscopy 

Live tissue was excised from euthanized mice, placed in a 35mm glass bottom 

dish in cRPMI (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 37oC with 20% O2 and 5% CO2.  Imaging was performed on a 

Zeiss LSM 710 NLO or a Nikon FN1.  Samples were excited at 920nm with a 

Ti:Sapphire laser (Coherent Chameleon) and emitted light was detected with 

non-descanned detectors.  Volocity software was used to measure SHG volume 

and to quantify cell movement.  
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Gel Filtration 

Recombinant proteins (SPARC, CCL21, CCL19, CXCL10, R&D Systems) were 

resuspended in PBS according to the manufacturer’s instructions.  4mg of each 

protein combination was mixed in a 1:1 ratio and incubated at 4oC for two hours.  

The mixture was then loaded onto a column of Sephadex G-50 (Sigma) and 

eluted in 2mL fractions.  Fractions that contained protein were pooled and 

concentrated with Amicon filters (Millipore, Billerica, MA).  Concentrated eluate 

was mixed with Laemmli buffer and subjected to SDS-PAGE on 10% Tris-HCL 

gels (Biorad, Hercules, CA) followed by western blot onto nitrocellulose 

membranes on a semi-dry blotter (Biorad, Hercules, CA).  Membranes were 

blocked with 5% nonfat dry milk then probed with anti-SPARC (R&D Systems), 

anti-CCL21 (Peprotech), anti-CCL19 (R&D Systems) or anti-CXCL10 (R&D 

Systems) antibodies.  Blots were imaged using an Odessey Infrared Imaging 

system (Li-COR Biosciences).  

Thermophoresis 

Microscale thermophoresis analyses were carried out with a Monolith NT.115 

instrument (NanoTemper, Munich, Germany).  Recombinant murine SPARC was 

covalently linked to the fluorescent label, NT-495, by NHS coupling according to 

NanoTemper’s instructions.  Increasing concentrations of unlabeled CCL21, 

CCL19, and CXCL10 in Ca+2-MST buffer (50mM Tris, pH7.4, 150mM NaCl, 2mM 

CaCl2, 0.05% Tween 20) were titrated against 4.5nM of Labeled SPARC.  

Standard treated capillaries (K002 Monolith NT.115) were loaded with the 
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samples, and all measurements were performed three times at room temperature.  

Data evaluation was performed with the Monolith software (NanoTemper, Munich, 

Germany) and Prism 6 (GraphPad, La Jolla, CA). 

 

T cell Depletion 

Mice were infected with the Pru strain of T. gondii.  On day 28 post infection, the 

mice were given three intravenous injections every five days of 500mg of anti-

CD4 (clone GK1.5, Bio X cell, West Lebanon, NH), anti-CD8 (clone 2.43, Bio X 

cell, West Lebanon, NH), or IgG control antibodies (Bio X cell, West Lebanon, 

NH).  On the fifth day after the last injection, the mice were sacrificed and their 

brains, spleens, and lymph nodes were excised to confirm T cell depletion by 

flow cytometry and to measure parasite burden and transcripts of SPARC, 

CCL21, CCL19, and CXCL10. 

 

Chemotaxis Assays 

Collagen IV coated m-Slide Chemotaxis slides (ibidi, Madison, WI) are were 

seeded with WT-dsRed CD8+ T cells (500,000 cells/mL) suspended in 2.4 

mg/mL Matrigel Matrix (Corning, Tewksbury, MA) according to the 

manufacturer’s instructions.  Then, slide reservoirs were filled with assay media 

on either side, CCL21 on either side, or with media on one side and CCL21 on 

the other to establish a gradient.  Movies were filmed for 20 min at 37oC, 5% CO2 
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and 20% O2.  Cell behavior was analyzed with Volocity 5.0 or 6.1 (Perkin-Elmer, 

Waltham, MA). 

 

Statistics 

Survival data was analyzed using the log-rank test.  All other data was analyzed 

with an unpaired, two-tailed student’s t test (for Gaussian populations), a Mann-

Whitney test (for non-Gaussian populations), or an ANOVA test with a 95% 

confidence interval (Prism, GraphPad Inc., La Jolla, CA).  All data are displayed 

as means ± SEM. 
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1.6 FIGURES AND LEGENDS 

 

Figure 1.1. Life Cycle of Toxoplasma gondii.  An infected cat sheds oocysts in 

its feces, contaminating the environment (1).  Secondary hosts such as birds, 

mice (2), or livestock (3) become infected by drinking contaminated water or 

grazing on contaminated land.  Once consumed, oocysts convert to tachyzoites 

and disseminate throughout the host’s body.  In response, a pronounced Th1 

immune response is ellicited that clears the parasite from most tissues.  To 

protect themselves, tachyzoites convert to bradyzoites that form tissue cysts, 

which can be found in muscle but are predominantly found in the brain (4).  Cats 

then become infected by eating prey that harbor tissue cysts (5).  Like other 

warm blooded animals, humans may become infected by consuming food or 

water contaminated with cat feces (6) or eating undercooked meat from infected 

animals (7).  Humans may also become infected through organ transplantation or 

blood transfusion and from mother to fetus (8).  
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 Figure 1.2. Role of CCL21 in response to parasitic infection. (A) Skin 

resident Langerhans cells (LCs, white) and dermal dendritic cells (DCs, teal) 

scavenge antigen at the exposure site.  LCs are slow to move in the epidermis, 

but extend their dendrites to scavange antigen (black) from their environment. In 

contrast, dermal DCs constantly patrol their environment and upon antigen 

uptake, they upregulate CCR7 and migrate to the lymphatic vessels (LV) 

following gradients of CCL21 (red) produced by the lymphatic endothelium 

(green).  (B) Once DCs reach the lymph node, they transverse the walls of the 

high endothelial vessels (HEVs) and enter the parenchyma of the lymph node (1).  

There, they migrate randomly along a network of fibroblastic reticular cells (light 

green) coated with CCL21.   The migration elicited by CCL21 enables DCs to 

encounter and present antigen to naïve, CCR7+ T cells and initiate an adaptive 

response (2).  (C) Both neurons (light blue) and astrocytes (green) produce 

CCL21 in response to injury or insult.  CCL21 is necessary to recruit CD4+ T 

cells into the brain from the perivascular spaces to keep parasite replication 

under control. CCL21 co-localizes with astrocytic and neuronal markers, 

appearing as long strands to which migrating T cells associate. 



!

! 29!

 



!

! 30!

Figure 1.3. β-arrestin mediated chemokine receptor endocytosis.  According 

to the model describing receptor turnover, β-arrestins bind to phosphorylated 

receptors occupied by chemokine.  This promotes the clathrin-dependent 

internalization of the receptor.  Once internalized, the occupied receptor can be 

targeted for lysozomal degredation, or the ligand can be degraded and the 

receptor can traffic back to the cell surface.!!
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Figure 1.4. β-arrestin and actin remodeling. β-arrestins are responsible for 

keeping a variety of signaling molecules at the leading edge of a migrating cell.  

To facilitate actin remodeling, β-arrestins bind and inactivate LIM kinase (LIMK) 

and scaffold cofilin with its activating phosphatase.  They can also regulate the 

activity of Ral, which is important for membrane protrusion.  It is thought that β-

arrestins act to provide spactiotemporal control of these molecules at the leading 

edge to promote precise formation of lamellipodia toward a chemokine gradient. 
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Figure 1.5. The many functions of SPARC.  (A) Integrins can aggregate on the 

surface of the cell and bind to matrix molecules like fibronectin to facilitate focal 

adhesion.  (B) SPARC can block focal adhesion by binding to fibronectin and 

preventing integrins from binding to the matrix.  (C) As a regulator matrix 

assembly, SPARC signaling can directly impact cell migration, proliferation, and 

survival.  (D) SPARC chaperones collagen remodeling by binding to collagen in 

the matrix.  Then stablin-1, the only known receptor for SPARC, takes up both 

SPARC and the collagen fragment to which it is bound.  In this manner, collagen 

is degraded and stablin-1 is recycles to the cell surface.  
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CHAPTER TWO 

 

β-arrestin 2 mediates T cell migratory speed in the inflamed brain 
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2.1 Abstract 

As regulators of cell migration, β-arrestins influence actin remodeling and 

chemokine receptor endocytotis.  These functions are critically important in the 

generation and maintenance of an immune response, particularly during chronic 

infection.  In vitro migration data suggests that T cells isolated from tissue 

depend on β-arr2, one of two commonly expressed β-arrestin family members, to 

migrate toward CCL21 and that the absence of β-arr2 is detrimental to migratory 

speed.  β-arr2 is not required for T cells to infiltrate the inflamed brain.  However, 

once T cells have entered and are migrating within the parenchyma, intravital 

microscopy reveals that β-arr2 is required for optimal T cell velocity.  Together 

these data demonstrate the role of β-arr2 in regulating cell migration behavior 

within inflamed tissue. 
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2.2 Introduction 

Cell migration is a critical aspect of both homeostatic lymphocyte homing and the 

immune response.  There is a continuous redistribution of cells from the primary 

and secondary lymphoid organs to infection sites, which must be tightly 

controlled to provide efficient protection from invading pathogens while 

minimizing immune related pathology.  Chemokines and their receptors are 

major regulators of the cell trafficking required to mediate an immune response.  

For example, the role of CCR7 and its ligands have been intensely studied during 

both basal and inflammatory conditions.  Like most other 7 transmembrane 

domain receptors, CCR7 has two signaling axes.  The best known axis is the 

activation of G protein signaling (1).  Ligand binding to CCR7 causes a 

conformational change leading to the exchange of GDP for GTP in the Gαi 

subunit of the heterotrimeric G protein complex that is coupled to the receptor.  

This exchange leads to the dissociation of the heterotrimeric complex to form Gαi 

and Gβγ subunits, which go on to control a myriad of second-messenger 

molecules, including Ca2+, necessary for CCR7 mediated cell migration (2,3).   

Agonist bound CCR7 is then targeted by G-protein coupled receptor kinases 

(GRKs) and phosphorylated at the C-terminal tail.  Phosphorylated receptors 

recruit β-arrestins, the molecules responsible for the second signaling axis. β-

arrestins are a family of four intracellular proteins, two of which, β-arrestin 1 and 

2 (β-arr2) are ubiquitously expressed in mammalian cells (4,5).  The most well 

known actions of β-arrestins include receptor internalization and recycling, but β-
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arrestins can also scaffold actin remodeling proteins at the leading edge of a 

migrating cell, promoting gradient sensing and chemotaxis even without the 

actions of G proteins (6-9).  These actions may vary depending on cell type, or 

may be temporally and spatially regulated within the same cell (10,11). 

 

The differential signaling axes influenced by CCR7’s ligands are just one 

example of the complex signaling cascades that mediate the tight control 

necessary for regulating an immune response.   Exactly how T cells are directed 

to sites of inflammatory loci within tissue and if the signaling requirements for 

circulating T cells are distinct from those that have entered tissue are unknown.  

In this work, we asked what signaling events are required for T cells to migrate 

within tissue.  Toxoplasma gondii was used to model CNS inflammation, as 

following a robust systemic Th1 immune response, this parasite establishes a 

chronic infection in the brain and requires a constant influx of IFNγ secreting T 

cells to control replication.  CCR7 plays a critical role in host immunity to T. 

gondii.  CCR7-/- mice succumb early during infection due to a significant 

decrease in IFNγ production (12).  Further, there are increases in CCL21 

expression in the brain during T. gondii infection and this chemokine appears as 

long linear strands associated with migrating T cells (13-15).  Indeed, 

CCR7/CCL21 signaling within the brain is crucial to control parasite replication 

after T. gondii infection (16).  Though the inflammatory environment is complex in 

vivo, the reluctance of CCR7 to be internalized upon stimulation with CCL21 (17) 



! 49!

suggests a specific mechanism for promoting the chemotaxis of infiltrating 

immune cells either by promoting intrinsic searching behaviors (18) or in a 

directed, gradient-dependent manner (19).  In in vitro assays T cells isolated from 

tissue require β-arr2 to migrate toward CCL21 because CCL21 mediates the 

cell’s migratory speed toward a CCL21 gradient.  Further, while β-arr2 is not 

required to recruit T cells into the brain parenchyma, β-arr2 is necessary to 

maintain optimal migratory speed within the brain.  Together these data define a 

role for β-arr2 in mediating efficient effector T cell responses in the inflamed 

brain. 
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2.3 Results 

 

2.3.1 β-arrestin 2 is required for T cells to migrate toward soluble CCL21. 

It had been previously reported that CCR7 dependent migration toward CCL21 is 

independent of β-arrestin signaling in a T cell lymphoma line (20).  However, 

primary cells may behave differently than a cell line, possibly due to differences 

in CCR7 expression at the cell surface or differences in signaling downstream of 

CCR7.  To determine if β-arr2 is required for naïve, CCR7hi T cells to migrate 

toward CCL21, T cells were isolated from the lymph nodes and spleens of naïve 

WT and β-arr2-/- mice and their chemotaxis toward increasing concentrations of 

soluble CCL21 was measured using a transwell assay (Fig. 2.1A and B).  

Migration of WT CD4+ T cells increased with increasing concentrations of 

CCL21, peaking at 1000ng/mL (Fig 2.1A).  However, while migration of CD4+ T 

cells that lack β-arr2 modestly increased as the concentration of CCL21 

increased, the ratio of cells migrated/input remained significantly lower than the 

ratio exhibited by WT cells (Fig 2.1A).  Similar results were obtained for CD8+ T 

cells (Fig 2.1B).  Therefore, naïve, primary CD4+ and CD8+ T cells require β-arr2 

to migrate toward soluble CCL21.  To determine if the differences seen in the T 

cell migratory behavior was due to differences in surface expression of CCR7, 

the proportion of CCR7+ T cells isolated from the lymph node was determined 

using flow cytometry (Fig 2.1C).  CCR7 expression on both CD4 and CD8+ cells 

was similar between genotypes, therefore there is a requirement for β-arr2 
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signaling downstream of CCR7 during the chemotaxis of naïve primary cells, in 

contrast to previous reports (20). 

 

To address if β-arr2 is required for activated T cells to respond to CCL21, 

chemotaxis assays were performed on leukocytes harvested from the spleens 

and brains of WT and β-arr2 mice infected with T. gondii for 28 days.  Migration 

of WT CD4+ T cells isolated from the spleen sharply increased at a CCL21 

concentration of 500ng/mL before leveling off at higher chemokine 

concentrations (Fig. 2.1D).  β-arr2 -/- CD4+ T cells followed similar migration 

kinetics (Fig. 2.1D).   Migration of activated WT CD8+ T cells steadily increased 

as the concentration of CCL21 increased, peaking at a concentration of 

1500ng/mL (Fig. 2.1E).  In contrast, the migration of β-arr2-/- CD8 T cells peaked 

at a CCL21 concentration of 500ng/mL and any further increases in CCL21 did 

not result in increased migration (Fig. 2.1E).  Equivalent CCR7 expression was 

confirmed on T cells isolated from the spleen between genotypes (Fig 2.1F), but 

as expected, when compared to levels found in naïve T cells, CCR7 expression 

is reduced.  These results indicate that circulating, activated T cells either lose 

the requirement for β-arr2 signaling to migrate toward CCL21 or are able to 

overcome it through compensatory mechanisms such as signaling through 

another isoform of β-arrestin.   
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As activated, antigen specific T cells infiltrate the brain, CCR7 expression is 

reacquired to leave the blood and enter the brain parenchyma (16,21).  

Therefore, the requirement for β-arr2 signaling to mediate migration toward 

CCL21 may also be reacquired.  To test if T cells in the brain need β-arr2 to 

migrate toward soluble CCL21, brain mononuclear cells were isolated from 

chronically infected WT and β-arr2-/- mice and were subjected to the transwell 

assay.   The migration of WT CD4+ T cells peaked at 1000ng/mL CCL21 (Fig. 

2.1G), affirming previous data acquired in our lab (Noor et al., 2016, submitted).  

The migration of β-arr2-/- CD4+ T cells did not deviate from baseline migration 

until exposed to 2000ng/mL CCL21, when the ratio of cells migrated/input 

increased sharply to match that of the WT cells (Fig. 2.1G).  Similar migration 

kinetics were seen for CD8+ T cells (Fig. 2.1H). Again, CCR7 expression was 

tested and found to be equivalent between genotypes with a frequency of 

approximately 20% (Fig. 2.1I).  However, the recovery of CCR7 expression in the 

brain is not equal to naïve expression levels (Fig. 2.1C), therefore the migration 

differences in naïve, activated circulating, and activated infiltrating T cell 

populations cannot be attributed to CCR7 expression alone.  These results 

indicate that CCR7 dependent migration toward CCL21 is dependent on β-arr2 

signaling in primary murine T cells isolated from the brain.  Together, these data 

suggest that the behavior of T cells isolated from the brain is more similar to 

those isolated from another tissue such as the lymph node than to T cells that 

are circulating in the blood, despite their activation status. 
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2.3.2 β-arrestin2 is required for efficient T cell migration toward a gradient 

of CCL21.   

Transwell assays illustrate the chemotactic response toward soluble CCL21.  

However, within tissue CCL21 is not all soluble, but rather is immobilized to the 

extracellular matrix (19,22).  It is possible that chemokines bound to the matrix 

may elicit migration behavior that differs from behavior generated by chemokines 

in their soluble form.  Additionally, as CCL21 has been shown to be upregulated 

in the brain upon infection with T. gondii (13), it may be that CCL21 is secreted 

only on areas of the brain where parasites are found and that a gradient of 

CCL21 is generated, providing local guidance signals for T cells toward areas of 

infection.  Further, the absence of β-arr2 may impact specific aspects of cell 

migration behavior, such as the ability to sense the presence of a gradient.  To 

mimic T cell migration within tissue, CCR7hi WT dsRed and β-arr2-/- GFP T cells 

isolated from the lymph node were seeded in artificial matrix and their migration 

in response to no chemokine, a constant concentration of CCL21, or a gradient 

of CCL21 was imaged and quantified.  Normalizing cell tracks to begin at the 

origin reveals that in both the presence and absence of β-arr2, cells migrate very 

little in the absence of chemokine (Fig. 2.2A), cover somewhat more distance in 

response to a constant concentration of chemokine (Fig. 2.2B), and that both 

groups travel farthest in the direction of an increasing chemokine gradient (Fig 

2.2C).  WT T cells have a baseline speed of almost 3 µm/min migrating in 
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response to media alone.  When bathed in a constant concentration of CCL21 

their velocity increases to 4 µm/min and when following a gradient, their speed 

averages nearly 6 µm/min but some cells can reach a speed of 9 µm/min (Fig 

2.2B).  While β-arr2-/- cells have a significantly higher starting velocity at 4 

µm/min, the presence of constant chemokine does not change this speed.  The 

presence of a gradient results in a small but significant increase in the speed of 

β-arr2 deficient cells over media alone, but the absence of β-arr2 results in a 

significantly slower velocity compared to WT cells (Fig. 2.2D).  Treatment of cells 

with media does not lead to any differences in the displacement of cells between 

groups, nor does treatment with a constant concentration of CCL21 (Fig. 2.2E).  

Under the influence of a gradient, a large variation of cell displacement can be 

observed in both WT and β-arr2-/- cells, and while the mean displacement is 

lower in β-arr2-/- cells compared to WT, this difference did not reach statistical 

significance (Fig. 2.2E).  Quantifying the cells’ meandering index, where a value 

of zero indicates no directed movement while a value of one indicates ideal 

directed movement, revealed a small but statistically significant difference 

between WT and β-arr2-/- cells that were treated with media alone.   Exposure to 

either constant or increasing CCL21 concentrations indicate that β-arr2-/- cells 

can overcome this initial defect and can be guided by CCL21 just as well as WT 

cells.  Together these data show the absence of β-arr2 in T cells is detrimental to 

their migratory speed.  
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2.3.3 Infection indicates CD8+ T cell recruitment to the brain requires β-

arrestin 2  

Under homeostatic conditions, T cells are not present in the brain.  Indeed, T 

cells only migrate to the brain as a result of immune insult or injury (23).  During 

T. gondii infection, any delay in T cell recruitment to the initial infection site leads 

to uncontrolled parasite replication.  Previous reports indicate β-arr2-/- exhibit 

poor disease control such as uncontrolled tumor growth (24) and sepsis (25). To 

test if such a defect in T cell recruitment would be detrimental to the mice at the 

chronic stage of infection, WT and β-arr2-/- mice were infected and a chronic 

infection was allowed to establish.  The numbers of circulating cells isolated from 

the spleen were equivalent between genotypes (Fig. 2.3A).  Flow cytometry 

analysis revealed approximately 14% of cells found in the spleens of WT mice 

were CD4+ while 17% were CD8+.  In contrast, in β-arr2-/- spleens CD4+ and 

CD8+ T cells were both significantly reduced to 8% (Fig. 2.3B).  Despite the 

reduced proportion of cells, the number of CD4+ T cells was unchanged between 

groups (Fig. 2.3C), but the number of CD8+ T cells was significantly reduced in 

the absence of β-arr2 (Fig. 2.3D). 

 

The numbers of mononuclear cells (BMNCs) that migrated to the brain in 

response to infection were equivalent between groups (Fig. 2.3E).  Consistent 

with previous reports, (26) at four weeks post infection approximately 24% of the 

cells recruited to the brains of WT mice were CD4+ and approximately 21% were 
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CD8+ (Fig 2.3F).  In mice lacking β-arr2, the proportion of CD4+ T cells in the 

brain remained comparable to that of the WT at 22%.  However, the proportion of 

CD8+ T cells in the brain dropped significantly to approximately 9% (Fig. 2.3F).  

Analysis of total T cell numbers revealed that the number of CD4+ T cells 

remained unchanged between groups (Fig. 2.3G).  However, the number of 

CD8+ T cells found in the brains of β-arr2 -/- mice was significantly reduced (Fig. 

2.3H).  As both CD4+ and CD8+ T cells are required to control infection, it would 

be expected that the defect seen in the recruitment of CD8+ T cells to the brain in 

the absence of β-arr2 would lead to a higher parasite burden and possible impair 

survival.  To test if fewer CD8+ T cells in β-arr2 -/- mice lead to differences in the 

ability to control parasite replication, the number of parasites in the brain was 

quantified using RT-PCR.  Surprisingly, and in contrast to other infection studies 

using these mice (25), β-arr2 deficient mice were found to have significantly 

fewer parasites in the brain (Fig. 2.3I).  Consequently these mice also have a 

significantly lower cyst burden in the brain (Fig. 2.3J).  While there was 

considerable variability in the ability of β-arr2-/- mice survive the infection (data 

not shown), ultimately the mice live due to a failure of Toxoplasma to disseminate 

to the brain (Fig. 2.3I and J).   Together these data indicate either a failure of 

CD8+ T cells to enter the brain in equal numbers to WT cells due to the lack of 

antigen in the CNS. 
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2.3.4 Adoptive transfer reveals T cell recruitment is β-arrestin2 -/- 

independent 

Infection of whole knockout mice indicate some T cells can arrive at the brain in 

the absence of β-arr2, however differences in antigen load make it difficult to 

draw clear conclusions about to the role β-arr2 is playing within infiltrating T cells. 

T cells might indeed be slower to enter the brain in the absence of β-arr2, or they 

may be failing to expand and infiltrate at levels comparable to WT mice because 

less antigen makes it unnecessary.  Therefore, to test if β-arr2 is required for T 

cell migration to the brain, CD45.2 CD3+ T cells were transferred from WT and β-

arr2-/- mice into congenic CD45.1 WT animals one day prior to infection.  Cell 

populations recruited to the brain during chronic T. gondii infection were 

analyzed.  Of the CD4+ T cells that were in the brains of mice that received cell 

transfers, approximately 16% were the WT transferred population and roughly 

25% were the β-arr2-/- cells (Fig. 2.4A).  Analysis of the total number of 

transferred CD4+ T cells in the brain determined that while the difference in the 

number of WT and β-arr2 -/- cells never reached statistical significance, the 

variation in the number of β -arr2 -/- cells was significantly higher than the 

variation in WT cells (Fig. 2.4B).  Immunohistochemistry of brain sections from 

adoptively transferred mice revealed that like WT cells, β-arr2 -/- CD4+ T cells 

are able to cross the blood-brain barrier into the brain parenchyma (Fig. 2.4C).  

Similar results were observed with CD8+ T cells: approximately 19% of the cells 

that made it to the brain were the transferred, CD45.2 population regardless of 
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the presence of β-arr2 (Fig. 2.4D), the absence of β-arr2 lead to an increased 

variance in the number of transferred cells in the brain (Fig. 2.4E), and the 

absence of β-arr2 had no effect on the cell’s ability to leave the perivascular 

spaces and enter the brain parenchyma (Fig. 2.4F).  Thus, both CD4 and CD8+ 

T cells do not require β-arr2 to enter the brain. 

 

As β-arr have been shown to mediate endocytosis of surface receptors, a 

possible explanation for variable cell recruitment in β-arr2 deficient cells may be 

variable expression of chemokine receptors known to be critical for mediating T 

cell migration to and within the brain.  Therefore, we used flow cytometry to 

analyze the expression of CCR7 on the surface of adoptively transferred T cells 

isolated from the brains of chronically infected congenic mice.  Like data 

previously collected in our lab, approximately 20% of WT T cells found in the 

brain express CCR7 (Noor et al., 2016, submitted) and while the proportions and 

number of CCR7 expressing cells did not significantly differ between WT and β-

arr2 -/- CD4+ T cells (Fig. 2.4G, H), the variability of β-arr2 -/- CD4+CCR7+ T 

cells was significantly higher than their WT counterparts (Fig. 2.4H).  Similarly, 

chemokine receptor expression on transferred CD8+ T cells did not significantly 

differ between groups (Fig. 2.4I and J), yet the variability of β-arr2 -/- 

CD8+CCR7+ cells was significantly higher than that of the WT cells (Fig. 2.4J).  

Taken together, these data suggest that β-arr2 is required for optimal CCR7 

expression on the surface of T cells infiltrating the brain, but the changes in 
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observed CCR7 expression are not sufficient to detrimentally affect T cell 

recruitment to the brain. 

 

2.3.5 T cell velocity in the inflamed brain depends on β-arrestin 2 

Since is was clear that both WT and β-arr2-/- T cells can access the brain 

parenchyma and do not accumulate in perivascular spaces as observed in plt/plt 

mice (16), T cells are still responsive to CCL21 in the brain in the presence and 

absence of β-arr2.  However, immunohistochemistry and flow cytometry cannot 

determine if the migration behavior of T cells is in any way impaired without β-

arr2.  Therefore, we expanded on a previously utilized experimental system to 

test if β-arr2 deficient effector T cells can migrate as easily as WT cell in the 

inflamed brain.  β-arr2-/- mice were crossed with GFP+ mice and their progeny 

were crossed with OTI mice to generate mice with β-arr2-/- GFP CD8+ T cells 

that were specific for ovalbumin.  OTI mice were also crossed with dsRed mice to 

generate ovalbumin specific dsRed WT controls.  T cells were expanded in vitro 

before being adoptively transferred into uncolored WT mice that were chronically 

infected with a strain of T. gondii that was engineered to express ovalbumin (Pru-

OVA) (27-29).  One week post-transfer, brains of recipient mice were excised 

and cell migration was imaged over time using two-photon microscopy.  Both WT 

OTI dsRed and β-arr2-/- OTI GFP cells infiltrated the brain and were observed 

migrating along the network of fibers generated in the brain upon infection (Fig. 

2.5A).  Plotting cell tracks so that each track begins at the origin of a flower plot 
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reveals that the distance traveled by the cells of either genotype are equivalent 

(Fig 2.5B).  Analysis of the behavior of individual cells revealed the average 

velocity of WT T cells was almost 8 µm/min, though individual cells were 

recorded at up to 20 µm/min, in line with previous reports (29).  In contrast, β-

arr2-/- T cells migrating in the same brain (and therefore under identical 

conditions) had a significantly smaller average velocity of approximately 5 

µm/min (Fig. 2.5C).  The differences in T cell velocity had no effect on the 

displacement of T cells.  Cells in both groups traveled an average of 

approximately 23 µm away from their starting points (Fig 2.5D).  Similarly, there 

were no statistical differences in the meandering indices of tracked cells, 

indicating no differences in the cells’ ability to be guided by a chemokine gradient 

(Fig. 2.5E). 

 

 

 

 

 

 

 

 

 

 



! 61!

2.4 Discussion  

Chemokine mediated cell trafficking is essential for any immune response.  

Immune cell infiltration must be tightly governed in any organ, but especially so in 

the CNS where any slight imbalance of cell effector functions can cause 

irreparable damage or death.  Until recently, little was known about the signaling 

events for efficient cell migration within tissue.  For example, it is unknown if the 

signals used to migrate within infected tissue differ from those that regulate 

migration within lymphoid organs.  It is also unknown if those signals are cell-

specific or merely specific to individual receptors regardless of the cell upon 

which those receptors are expressed.  Finally, it is unknown if there could be 

tissue-specific signals that could govern the intensity of immune responses, such 

as in peripheral verses immune-privileged organs like the brain.  Presently, we 

know the generalized levy walk behavior of infiltrating CD8+ T cells is mediated 

by Gαi protein signaling coupled to CXCL10 stimulated CXCR3 and that when 

CXCL10 is depleted, average cell velocity is significantly reduced (18).   Further, 

we know CCL21 signaling through CCR7 mediates T cell entry into the inflamed 

brain and efficient control of parasitic infection (13,16,29).  Knowing the signaling 

requirements for cell migration within tissue downstream of chemokine receptors 

like CCR7 is critical if we intend to influence, direct, or correct the location and 

magnitude of inflammation within infected organs or during inappropriate immune 

responses. 
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These studies provide insight into the subtle role β-arr2 plays in orchestrating T 

cell migration within the inflamed brain.  In vitro data presented here indicates 

that naïve, CCR7hi T cells require β-arr2 to migrate toward CCL21 (Fig. 2.1A-C).  

Once cells become activated and enter the circulation, CCR7 is downregulated 

and the requirement for β-arr 2 is lost. (Fig. 2.1D-F).  Therefore it is tempting to 

conclude that activation status regulates the requirement for β-arr2 in regulating 

cell migration.  However, when those activated cells re-enter tissue, specifically 

the chronically infected brain, CCR7 expression is partially re-acquired, as is the 

necessity of β-arr2.  CD4+ and CD8+ subsets respond to CCL21 in the same 

manner, which may indicate that any type of T cell (Treg, Trm, Teff, etc.) from either 

inflamed tissue or naïve secondary lymphoid organs would respond similarly to 

CCL21 stimulation as long at they express sufficient levels of CCR7. 

 

To further characterize the role β-arr2 plays in mediating T cell migration within 

tissue, T cells were seeded in artificial matrix to mimic migration behavior in a 

three dimensional space.  Quantifying cell behavior revealed that both WT and β-

arr2 deficient T cells increased their speed, displacement and meandering 

indices, indicating that β-arr2-/- T cells are capable of sensing a gradient is 

present and are able to respond to it.  Indeed the only difference observed in β-

arr2-/- cells is a slower average velocity (Fig 2.2D), similar to in vivo data 

demonstrating the role of CXCL10 mediating migratory speed (18).  Therefore β-

arr2 deficient T cells are able to get where they need to go, but need more time 
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to get there.  This is supported in vivo with adoptive transfer data (Fig 2.4).  Both 

transferred CD4+ and CD8+ β-arr2-/- T cells are present in the brain parenchyma 

in proportions equal to transferred WT cells and any variability in cell number can 

be explained by variability in the surface expression of CCR7.  Further, the 

results observed in our T cell migration assay can be recapitulated in vivo in the 

inflamed brain (Fig 2.5).  Both WT and β-arr2-/- T cells migrate similar distances 

(Fig 2.5D) and are equally capable of being guided by chemotactic signals (Fig. 

2.5E), but β-arr2-/- T cells are slower than WT.  Taken together, these data 

indicate the role of β-arr2 in T cell movement in the brain is more refined than 

simply pro- or anti-inflammatory.  Rather, its role in mediating optimal migratory 

speed is independent of recruitment, infiltration, and gradient sensing. 
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2.5 Figures and Legends 

 

Figure 2.1. β-arrestin 2 mediated migration toward CCL21. Ratios of CD4+ 

(A) and CD8+ (B) T cells isolated from spleen and lymph nodes of naïve WT and 

β-arr2-/- mice that migrated through transwells toward increasing concentrations 

of CCL21 (0-2000ng/mL) over input.  (C) CCR7 expression on each T cell subset 

from spleen and lymph nodes of naïve WT and β-arr2-/- mice.  Ratios of CD4+ 

(D) and CD8+ (E) T cells isolated from spleen and lymph nodes of chronically 

infected WT and β-arr2-/- mice that migrated through transwells toward 

increasing concentrations of CCL21.  (F) CCR7 expression on each T cell subset 

from spleen and lymph nodes of chronically infected WT and β-arr2-/- mice. 

Ratios of CD4+ (G) and CD8+ (H) T cells isolated BMNCs of chronically infected 

WT and β-arr2-/- mice that migrated through transwells toward increasing 

concentrations of CCL21. (F) CCR7 expression on each T cell subset BMNCs of 

chronically infected WT and β-arr2-/- mice.  Migration data in this figure was 

analyzed using ANOVA.  CCR7 expression was compared using the student’s T 

test. *p<0.05, **p<0.01, ***p<0.001 
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Figure 2.2. β-arrestin 2 mediates efficient migratory speed in response to a 

gradient of CCL21.  (A-C) Flower plots show migratory tracks of individual WT 

(green) or β-arr2-/- (pink) T cells with the start of each track placed at the graph 

origin.  Cells were imaged migrating in response to media alone (A), a constant 

concentration of CCL21 (B), or a gradient of CCL21 (C). (D) Scatter plot of 

velocities of T cells migrating under each condition. (E) Scatter plot of 

displacement of T cells migrating under each condition. (F) Scatter plot of 

meandering indices of T cells migrating under each condition. Migration data was 

analyzed using the student’s T test. *p<0.05, **p<0.01, ***p<0.001 
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Figure 2.3. T cell recruitment to the brain during chronic T. gondii infection.  

WT and β-arr2-/- mice were infected for 28 days and T cells recruited to the 

spleen and brain were quantified.  (A) Absolute numbers of cells isolated from 

the spleen.  (B) Flow cytomtery plots with the proportions of T cells found in the 

spleens of infected mice. Absolute number of CD4+ (C) and CD8+ (D) T cells 

found in the spleen were calculated.  (E) Absolute numbers of BMNCs isolated 

from the brains of infected WT and β-arr2-/- mice. (F) Flow cytometry plots with 

the proportions of T cell subsets in BMNCs. Absolute number of CD4+ (G) and 

CD8+ (H) T cells isolated from the brain were calculated.  (I) Parasite DNA was 

quantified from infected brain samples using qPCR relative to a standard curve. 

(J) Cyst burden in the brains of WT and β-arr2-/- was quantified. Flow cytometry 

data was analyzed using the student’s T test. *p<0.05, **p<0.01, ***p<0.001 
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Figure 2.4. Recruitment of adoptively transferred T cells to the brain is 

independent of β-arrestin 2.  CD45.2+ CD3+ T cells from WT and β-arr2-/- 

were isolated and adoptively transferred into CD45.1 congenic mice one day 

before infection with T. gondii.  At 28 days post-infection, cells that infiltrated the 

brain were phenotyped. Proportions (A) and absolute numbers (B) of transferred 

(CD45.2) CD4+ T cells.  (C) IHC demonstrating transferred CD4+ T cells can 

enter the brain parenchyma. Proportions (D) and absolute numbers (E) of 

transferred CD8+ T cells in the brain.  (F) IHC demonstrating transferred CD8+ T 

cells can enter the brain parenchyma. Proportions (G) and absolute numbers (H) 

of transferred CD4+ T cells that express CCR7. Proportions (I) and absolute 

numbers (J) of transferred CD8+ T cells that express CCR7.  Flow cytometry 

data was analyzed using the student’s T test. **p<0.01 
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Figure 2.5. T cell velocity depends on β-arrestin 2 in the brain.  WT mice 

were infected for 28 days with the OVA expressing Pru strain of T. gondii and 

then adoptively transferred with a 1:1 ratio of dsRed+ OVA specific WT CD8+ T 

cells and GFP+ OVA specific β-arr2-/- CD8+ T cells that had been expanded in 

vitro.  (A) Still image of OVA specific WT and β-arr2-/- T cells in the inflamed 

brain.  (B) Representative flower plot of WT and β-arr2-/- cell tracks.  (C) Scatter 

plot of the velocity of individual T cells migrating in the inflamed brain. (D) Scatter 

plot of displacement of T cells in the infected brain.  (E) Scatter plot of 

meandering indices of each cell migrating in the brain.  Migration data was 

analyzed using the Mann-Whitney test. *p<0.05 
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CHAPTER THREE 

 

Astrocytic SPARC facilitates T cell migration by binding CCL21 
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3.1 ABSTRACT 

As discussed in chapters 1 and 2, CNS insult can result in profound changes in 

the brain including the release of the chemokine CCL21 to recruit lymphocytes to 

infected or injured tissue.  Infection with the protozoan parasite Toxoplasma 

gondii results in a life-long infection in the brain.  Control of parasite replication 

requires the continuous presence of IFNγ producing T cells to keep T. gondii in 

its slowly replicating, cyst form.  Astrocytes contribute to resistance to the 

parasite via a variety of immune functions.  These studies demonstrate infected 

astrocytes secrete the extracellular matrix remodeling protein SPARC (secreted 

protein acidic rich and cysteine) and that in this model, astrocytes are the 

predominant source of CCL21 in the brain.  We also report SPARC can bind to 

CCL21 directly and enhances migration in vitro. In vivo, SPARC’s presence plays 

a greater role in allowing effector T cells access to the inflamed CNS than 

contributing to optimal migration behavior within the brain parenchyma.  

Collectively, these data show how SPARC and CCL21 cooperate to contribute to 

T cell migration behavior within the inflamed brain.  
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3.2 INTRODUCTION 

Cell migration is critical for all aspects of the immune response, especially the 

ability of effector cells to migrate to and within infected tissue.  Cells need 

guidance to arrive at the correct organ and to infected areas within that organ.  

Cell migration is controlled by a multitude of individual processes, including but 

not limited to blood vessel permeability, remodeling of the extracellular matrix, 

and the production of both positive and negative chemotactic gradients.  How 

these processes are controlled in a sensitive environment such as the brain is 

poorly understood.  However, studies using Toxoplasma gondii as a model of 

CNS inflammation, as well as other brain infection models, have begun to 

discover how T cells are drawn into the parenchyma of the brain (1) and the 

behavior of T cells once they are inside (2,3).  

 

As previously discussed in this dissertation, T. gondii is an intracellular parasite 

that results in a chronic infection in the brain.  Parasitic cysts persist within 

neurons for the lifetime of the host.  The continuous presence of IFNγ secreting T 

cells in the brain is required to keep parasite replication in check (4). An 

inflammatory response in the brain must require unique mechanisms of control.  

The skull limits the brain’s capacity to swell and the blood-brain barrier limits 

access to the CNS.  However, in otherwise healthy individuals, the immune 

response to T. gondii infection does not cause any apparent pathology.  

Therefore, T. gondii serves as a model of balanced CNS inflammation- potent to 
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control the parasite yet controlled to curb collateral damage in the brain.   

During chronic T. gondii infection, chemokines like CCL21, CCL19, and CXCL10 

are upregulated in the brain (1-3,5).  These chemokines are thought to control 

distinct aspects of cell behavior in the brain, such as crossing into the 

parenchyma (1) and mediating Levy walk migration patterns to efficiently 

encounter infected cells (3).  The movement of antigen specific T cells in the 

brain appears to be supported by the formation of a network of fibers of currently 

unknown composition.  We now see a requirement for SPARC (secreted protein, 

acidic, rich in cysteine) in these remodeling events.  SPARC is a matricellular 

protein whose function is important for ECM maintenance and remodeling.  It can 

exert its functions through direct interaction with matrix proteins and on infiltrating 

immune cells via integrin signaling.  Indeed the absence of SPARC can have a 

profound impact on the ability of immune cells to access inflamed tissue and to 

control infection (6-8), although its effects during the course of T. gondii infection 

appear to be more subtle, as any slight differences in cell populations and 

parasite burden resolve as infection progresses (Nance et al., manuscript in 

preparation). Building on previous studies from the Wilson lab, a nuanced role for 

SPARC is further defined in providing a protective immune response to T. gondii 

infection. 

In this study, the hypothesis that increased expression of CCL21 and SPARC in 

the inflamed brain is a mechanism to guide immune cells within the brain 
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parenchyma to control parasite replication through the production of a 

chemokine-coated, fibrous reticulum in the brain was investigated.  We 

determined that astrocytes are the source of both CCL21 and SPARC produced 

during T. gondii infection and that in the absence of SPARC, CCL21 transcripts 

are reduced.  Further, SPARC and CCL21 production is intrinsic to astrocytes 

and does not require signaling from infiltrating T cells.  Despite earlier work 

suggesting otherwise, CCL21 does not bind to the fibrous network but remains 

bound to its cellular source.  In contrast, SPARC can bind directly to both CCL21 

and CCL19, and that SPARC’s presence enhances CCL21 driven chemotaxis of 

lymphocytes.  In vivo, T cell access to the brain is patchy in the absence of 

SPARC and T cell migration is impaired.  Together these data suggest that in 

addition to its influence on tissue malleability, SPARC works in combination with 

chemotactic cytokines to facilitate immune cell access to and migration within the 

parenchyma of the brain. 
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3.3 RESULTS 

 

3.3.1 Reactive astrocytes are the source of CCL21 and SPARC during 

chronic T. gondii infection. 

Previous studies demonstrated CCL21 is upregulated in the brain following 

infection with T. gondii (2,5) and T cells associate with CCL21 filaments (2).  

CNS stromal cells, neurons and astrocytes are capable of expressing CCL21 in 

various models of CNS disease (9-12), however astrocytes are thought to be the 

primary producers of chemokines in the CNS following infection with T. gondii 

(13-16). As chemokine production by astrocytes may be a result of direct 

infection or stimulation by the inflammatory milieu, we first tested the conditions 

in which astrocytes upregulate CCL21.  At the peak of systemic infection with 

Toxoplasma, circulating cytokines activate astrocytes, even before the parasite is 

thought to enter the brain (13).  Therefore, to test if exposure to systemic 

cytokines can trigger CCL21 induction, primary murine astrocytes were cultured 

with media alone and with IFNγ, a cytokine important for control of intracellular 

pathogens and required to combat T. gondii replication.  RNA was isolated from 

astrocyte cultures and tested for the production of CCL21 transcripts relative to a 

standard curve. However, stimulation with IFNγ is not sufficient to trigger CCL21 

induction by astrocytes (Fig 3.1A).  In order for CCL21 to act as a directional 

signal for infiltrating T cells to combat the parasite, it must be produced following 

infection.  Upregulation of CCL21 mRNA was observed after stimulation with live 
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avirulent type II (Pru) (p<0.001) and virulent type I (RH) (p<0.001) parasite 

strains, indicating that cultured astrocytes must be invaded by or interact with 

parasites to start producing the CCL21 (Fig 3.1A).  However, it is possible that 

parasite antigens may be sufficient to upregulate CCL21.  To test if T. gondii 

derived protein can prompt CCL21 production, astrocytes were stimulated with 

soluble Toxoplasma antigen (sTAg).  While stimulation with sTAg resulted in an 

elevated CCL21/HPRT ratio, this change never reached statistical significance.  

Therefore, astrocytes that interact with live parasites begin producing CCL21 

during T. gondii infection. 

 

Past studies from our lab have demonstrated that like CCL21, SPARC is 

upregulated in the cortex following infection with T. gondii (Nance et al. 

manuscript in preparation). Therefore we probed the same stimulated astrocyte 

cultures for the induction of SPARC transcripts (Fig. 3.1B).  When stimulated with 

IFNγ, we observe no induction of SPARC.  Similarly to our results with CCL21, 

stimulation with sTAg causes an increase in the average number of SPARC 

transcripts but this change did not result in statistical significance.  SPARC 

transcripts were significantly induced following infection with Pru parasites 

(p<0.05), but not following infection with the more virulent RH strain (Fig. 3.1B), 

indicating there is a role for parasite strain-specific rhoptry proteins in the 

induction of SPARC.  
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To confirm that direct invasion by T. gondii is required to induce CCL21 

production, rather than exposure to Toxoplasma protein or interaction that result 

in uninfected, injected cells, primary astrocytes were cultured in the presence of 

RH parasites (MOI 1:3) for three hours before any remaining extracellular 

parasites were removed and cells were incubated for an additional 21 hours. 

Cultured naïve and infected astrocytes were then fixed and stained for both 

SPARC and CCL21 by immunohistochemistry.  Mirroring our PCR results, little 

SPARC or CCL21 protein is expressed in naïve astrocytes, while in infected 

astrocytes both proteins stain brightly (Fig 3.1C).  In situ, low levels of 

constitutive SPARC and CCL21 expression have been reported in the CNS (17).  

In our hands, very little SPARC and CCL21 expression is detected in the cortex 

of naïve brains and staining for GFAP, an astrocyte marker, is dim (Fig. 3.1D).  In 

chronically infected brains, and consistent with previous reports (2,14), GFAP is 

upregulated in the cortex, indicative of the morphological changes astrocytes 

undergo in response to CNS pathology.  SPARC and CCL21 staining co-localize 

with reactive astrocytes (Fig. 3.1D), confirming that while damaged neurons can 

produce CCL21, astrocytes are the primary source of this chemokine and 

SPARC during chronic T. gondii infection.  In addition, while few astrocytes in the 

brain interact with Toxoplasma (18), astrocytes throughout the cortex are 

expressing SPARC and CCL21, indicating that while infection may trigger initial 

upregulation, once the infection reaches the chronic stage astrocytes throughout 

the cortex secrete both molecules (Fig. 3.1D).  
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3.3.2 Production of CCL21 and SPARC transcripts is independent of 

parasite reactivation. 

Results from figure 3.1 suggest that continued parasite invasion would lead to 

increased CCL21 production by astrocytes.  Uncontrolled parasite replication 

occurs in the absence of IFNγ-secreting T cells (4).  Therefore, to determine if 

CCL21 is induced due to increased parasite burden during re-activation of a 

latent infection, mice were infected with T. gondii and a chronic infection was 

allowed to establish.  Then, mice were treated with a regimen of depleting 

antibodies targeting either CD4+ or CD8+ T cells.  After treatment, mononuclear 

cells from the brain, spleen, and cervical lymph nodes were isolated from each 

group and flow cytometry was used to confirm cell depletion (Fig. 3.2A and data 

not shown).  Parasite burden was assessed with control and T cell depleted 

mice, confirming that the loss of either CD4+ or CD8+ T cells leads to a sharp 

increase in the number of parasites found in the brain (p<0.05 and p<0.01, 

respectively) (Fig. 3.2B). Absolute copy numbers of SPARC and CCL21 were 

quantified using RT-PCR after RNA was extracted from the brains of T cell 

depleted and control mice.  No changes in transcripts levels of these molecules 

were detected (Fig. 3.2C).  In addition, absolute copy numbers of CCL19 and 

CXCL10 were quantified to access the impact on increased parasite burden on 

the expression levels of these chemokines.  No changes in transcript levels were 

detected with the exception of a reduction in CXCL10 transcripts (p<0.001) in the 
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absence of CD4+ T cells (Fig. 3.2C).  Taken together, these data demonstrate 

that neither SPARC nor chemokine production is enhanced in the brain upon 

parasite reactivation once a chronic infection is established.   

 

3.3.3 Infection induced CCL21 transcripts are reduced in the absence of 

SPARC. 

As CCL21 and SPARC have the same cellular source in the T. gondii infected 

brain, it was possible that the expression of CCL21 may be influenced by the 

absence of SPARC either directly through SPARC’s role in regulating astrocyte 

proliferation (19) or indirectly through differences in astrocyte activation in an 

altered matrix environment  (20)(Nance et al. manuscript in preparation). 

Therefore, primary astrocytes from WT and SPARC-/- mice were cultured with 

the same stimulants as those featured in Fig 3.1, as well as with a few additional 

treatments.  As expected, WT astrocytes cultured with media and IFNγ, exhibited 

a low production of CCL21 transcripts.  When astrocytes were stimulated with 

TNFα, another pro-inflammatory cytokine released early in response to a variety 

of insults, CCL21 mRNA levels were comparable to media alone (Fig. 3.3A).  

Cultures were stimulated with TGFβ, an anti-inflammatory and neuroprotective 

cytokine released during CNS inflammation, but this cytokine does not change 

CCL21 expression compared to the media control (Fig 3.3A).  Stimulation with 

sTAg again did not increase transcript levels, while infection with both Pru 



! 87!

(p<0.01) and RH (p<0.05) parasites caused an increase in CCL21 in WT 

astrocytes (Fig 3.3A). 

 

For CCL21 to accurately draw T cells only toward infection sites, its expression 

must also be controlled by the absence of parasites.  IFNγ stimulated astrocytes 

inhibit parasite replication through the activation of IFNγ induced GTPases (13) 

and are thought to help control parasite dissemination in the brain (21).  

Therefore, cultured astrocytes were primed with IFNγ for three hours prior to 

infection with RH parasites to determine if CCL21 transcripts are reduced if 

infection can be controlled.  Indeed, the induction of CCL21 is abolished when 

cells are primed with IFNγ (Fig. 3.3A). In addition to producing CCL21, astrocytes 

express the two receptors for CCL21 (CCR7 and CXCR3) (22,23).  Moreover, 

CCR7 is upregulated in response to inflammatory stimuli (22) and CCL21 

stimulation can elicit astrocyte proliferation and Ca2+ signaling (23).   

Consequently, cultured astrocytes were stimulated with recombinant CCL21 

protein to test if CCL21 induction can be propagated in a paracrine like manner.  

Astrocytes stimulated with CCL21 increase production of CCL21 transcripts, 

suggesting that the presence of CCL21 in the parenchyma is sufficient to drive 

CCL21 induction in neighboring astrocytes (Fig 3.3A). 

 

In contrast to WT astrocytes, no significant induction of CCL21 transcripts can be 

observed in SPARC deficient astrocytes. Indeed, stimulation of SPARC-/- 



! 88!

astrocytes with IFNγ leads to a reduction of transcripts compared to cultures 

stimulated with media alone (Fig 3.3A). To examine the kinetics of CCL21 

production in the brain over the course of infection, WT and SPARC-/- mice were 

infected and RNA was extracted from tissue samples taken at days 7, 14, 21, 28, 

and 42 post infection.  CCL21 transcripts in the brains of infected WT mice 

followed kinetics similar to those previously reported (2,5) (Fig. 3.3B).  In 

contrast, CCL21 production in the brain in the absence of SPARC peaks at day 

7- much earlier than we would expect to see parasites and infiltrating T cells in 

the brain.  Following this peak, transcripts steadily decline, returning to baseline 

levels late into the chronic phase of infection (Fig 3.3B).  Despite these 

differences at the RNA level, CCL21 protein is produced in the brains of SPARC 

deficient mice at the chronic stage of infection and all of the CCL21 staining 

colocalizes with GFAP, indicating astrocytes are still the source of this 

chemokine in the absence of SPARC (Fig. 3.3C).   

 

3.3.4 CCL21 does not coat the fibrous reticulum that forms during brain 

inflammation. 

Previously published data from our lab has implicated SPARC in the formation of 

the reticular fibers that form upon infection in the brain (Nance et al. manuscript 

in preparation).  This network, detected through second harmonic generation via 

multiphoton microscopy is associated with cell migration through the inflamed 

parenchyma (2).  It was postulated that the network facilitates cell migration 
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through the brain because it is coated with CCL21 (2), similar to the collagenous 

network observed in the lymph node (24-26).  Visualizing the reticulum in 

preserved/stained tissue sections is technically challenging because fixation 

abolishes the SHG signal (data not shown).  Yet when tissue is flash frozen, we 

can find a few areas where the signal is preserved (Fig. 3.4A).  Like previously 

published results (2), CCL21 staining can be observed as strands which appear 

similar to reticular strands.  However, imaging these sections with two-photon 

microscopy reveals the fibers of CCL21 are separate from the SHG signal (Fig. 

3.4A).  Staining frozen sections for CCL21 and GFAP confirmed astrocytes as 

the cellular source of the chemokine (Fig. 3.4B).  The SHG signal has already 

been reported as distinct from reactive astrocytes (2).  Using this method we are 

able to observe CCL21 staining is entirely confined to areas of astrocyte staining 

in both WT and SPARC-/- mice (Fig 3B).  This data, together with previous 

studies, show that while the SHG network is not coated in CCL21 and immune 

cells migrating along it are still responsive to CCL21 (Noor et al., 2016, 

submitted) bound to the surface of reactive astrocytes. 

 

3.3.5 SPARC binds CCR7 ligands. 

SPARC is well known to facilitate extracellular matrix remodeling (ECM) by 

binding to matrix components (27).  Many matrix components are thought to be 

structural in nature to provide a scaffold for tissue growth and cell migration.  

However, chemokines are also secreted into the extracellular space and may be 
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subject to the same remodeling mechanisms as matrix constituents.  Further, 

although we determined CCL21 in the brain does not bind to the reticular fibers 

generated in the brain upon infection, CCL21 in particular is known to bind matrix 

molecules through its basic C-terminal domain and has been theorized to prompt 

haptotaxis, cellular movement driven by matrix-bound chemokines within tissue 

(28).  Indeed, as SPARC’s N-terminal domain is acidic, we theorized that SPARC 

and CCL21 might interact directly, either facilitate remodeling within the 

extracellular space or to present CCL21 in the correct confirmation to elicit 

movement of infiltrating T cells.  To test if they interact, recombinant SPARC and 

CCL21 were mixed and applied to a 50mL size exclusion column packed with 

Sephadex G-50.  The absorbance at 280nm of each 2mL fraction eluted from the 

column was plotted on an elution profile (Fig. 3.5A).  Three peaks appear on the 

elution profile, indicating that some of the proteins applied to the column elute 

together as a complex.  To confirm this finding, the fractions that contained 

protein were concentrated and subjected to western blot.  Both SPARC and 

CCL21 are detected in the first peak.  The remaining SPARC elutes in the 

second peak and the remaining CCL21 elutes in the third peak (Fig. 3.5A).  Next, 

microscale thermophoresis was used to independently verify the interaction and 

to quantify the dissociation constant.  CCL21 was diluted using a 3:1 serial 

dilution ratio and titrated against SPARC.  Using this method, the dissociation 

constant was calculated to be 772.3±250.4nM (R2=0.84) (Fig. 3.5A), which is a 

value similar to SPARC’s known interaction with collagen (1-2mM), but a much 
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weaker interaction than CCL21’s known interaction with collagen (4.6nM).  If 

SPARC binds CCL21 through its basic C terminus, we would expect that a 

chemokine that lacks such a domain would not interact with SPARC.  Therefore, 

CCL19 was chosen to test if a basic C-terminus was necessary to bind to 

SPARC.  Like CCL21, CCL19 binds to CCR7 to elicit cell migration, but unlike 

CCL21, it lacks a C terminal tail and consequently remains a soluble chemokine 

even when expressed in tissue (29).  When gel filtration is repeated with 

recombinant CCL19, three distinct peaks are seen in the elution profile (Fig. 

3.5B).  Surprisingly, more protein elutes in the first peak than in the other peaks 

in the profile.  Western blotting confirmed the majority of SPARC and CCL19 

applied to the column elutes as a complex.  Thermophoretic analysis using a 1:1 

serial dilution ratio determined SPARC has a much higher affinity for CCL19 than 

CCL21 (2.6±0.85nM, R2=0.9) (Fig. 3.5B).  To determine if SPARC has some 

specificity or if it sticks to any protein it encounters, SPARC’s capacity to bind 

CXCL10 was also tested.  CXCL10 is another chemokine known to have a major 

influence on the migratory behavior of infiltrating T cells in the brain during T. 

gondii infection (3).  CXCL10 belongs to a different subfamily of chemokines than 

CCL19 and CCL21 and signals through the receptor CXCR3.  Repeating the gel 

filtration with CXCL10 reveals no peak where a protein complex should elute and 

a distinct peak where SPARC elutes (Fig. 3.5C).  CXCL10 does not elute in a 

single peak, as the chemokine forms dimers and tetramers in solution (30).  

Thermophoresis estimates a dissociation constant of 77.3nM.  However, the 
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standard error of this measurement is 45nM and the fit is poor (R2=0.61) (Fig. 

3.5C).  At the highest CXCL10 concentrations, there is some indication that bi-

phasic binding may be taking place between CXCL10 and SPARC.  However, 

further studies are necessary to determine how those proteins might interact. 

 

3.3.6 SPARC facilitates T cell migration.   

During chronic Toxoplasma gondii infection, continual surveillance of the brain by 

T cells is required to keep parasites sequestered within latent cysts.  We know 

CCL21 facilitates T cell entry into the brain parenchyma (1).   

However, SPARC’s effect on the migration of primary T cells in the brain has not 

been reported.  In cancer models, SPARC expression is associated with 

increased metastasis (31,32).  Therefore we hypothesized that the presence of 

SPARC may contribute to T cell migration behavior.  We can model migration 

through tissue by seeding lymphocytes in artificial matrix. CD8+ dsRed T cells 

were isolated and suspended in matrigel with or without recombinant SPARC.  T 

cell migration was imaged in response to no chemokine, a constant 

concentration of CCL21, or a gradient of CCL21.   Then cells were tracked and 

migratory behavior was quantified.  Normalizing cell tracks reveals cells travel 

further from their starting position under the influence of chemokine regardless of 

whether the chemokine exists as a gradient (Fig. 3.6A).  However, by analyzing 

each cell’s migratory behavior, cell speed, the distance they traveled, their 
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meandering index all increased (p<0.05), indicating T cells migrate more directly 

when SPARC is present in the extracellular matrix (Fig. 3.6B).   

 

3.3.7 Reticular fibers formed upon infection facilitate efficient T cell entry 

into the brain. 

Reticular ECM structures that support cell migration have been observed in a 

variety of inflammatory models, including Toxoplasma infection (2,33,34)(Nance 

et al. manuscript in preparation).  Indeed, studies from our laboratory reveal 

SPARC plays a role in ensuring the formation of a dense and linear network 

instead of a tangled one (Nance et al. manuscript in preparation) in the cortex of 

the brain, where the majority of parasites reside.  While the majority of the in vivo 

data in this dissertation focuses on the cortex, brains were excised at the peak of 

network formation (two weeks post infection, Nance et al., manuscript in 

preparation) to determine the extent to which the network forms in other areas of 

the brain.  Fresh brains were sliced coronally and imaged with two-photon 

microscopy to visualize the reticular fibers.  In WT mice, the fibers can be seen 

throughout the cortex and beyond (Fig. 3.7A).  Second harmonics can also be 

observed in SPARC deficient brains in the same areas as WT brains, but the 

signal is diminished, due to the reduced organization and volume of the network 

formed in these mice (Fig. 3.7A, Nance et al. manuscript in preparation).   
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In order to determine how the absence of SPARC and the network affects T cell 

infiltration into the brain, WT and SPARC -/- mice were infected with a T. gondii 

strain designed to secrete ovalbumin (Pru-OVA) (35) and a chronic infection was 

allowed to establish.  Twenty-eight days after infection, the mice received OVA 

specific dsRed+CD8+ T cells that were expanded in vitro, as previously 

described (2,36).  One week later, brains were excised and two-photon 

microscopy was used to image the dsRed+ T cells that have entered the brain 

(Fig. 3.7B).  In WT mice, cells are evenly distributed and the majority are 

associated with the fibrous network (Fig. 3.7B, left).  In SPARC deficient mice, 

while cells are also associated with the network, the distribution of T cells is 

discontinuous. The majority of cells appear in sparsely populated areas of the 

cortex (Fig. 3.7B, center) with the exception of a small number of densely 

populated cell clusters (Fig. 3.7B, right).  Flow cytometry analysis reveals that at 

this timepoint, and despite patches that contain a large number of cells, there is a 

significantly smaller proportion (Fig. 3.7C) and number (Fig. 3.7D) of both 

endogenous and adoptively transferred CD8+ OVA specific T cells in the brains 

of SPARC-/- mice.  Previous studies have revealed SPARC-/- mice exhibit 

delayed control of parasite burden in the brain (Nance et al. manuscript in 

preparation).  However, by six weeks after infection, these differences resolve.  

Thus despite evidence that SPARC enhances cell migration in vitro (Fig. 3.6) and 

a deformed fibrous network is limiting the access of T cells to the infected CNS 



! 95!

(Fig. 3.7B), the survival of SPARC-/- animals is equivalent to that of WT mice 

(Fig. 3.7E). 

 

3.3.8 SPARC facilitates optimal CD8+ T cell migration in the brain. 

Control of chronic T. gondii infection requires a constant presence of IFNγ 

secreting T cells in the brain.  Thus, if the presence of SPARC enhances 

chemokine guided T cell migration in vitro (Fig. 3.6) and a deformed fibrous 

network is limiting the access of T cells to the infected CNS (Fig. 3.7), it was 

surprising to discover that the survival of SPARC-/- mice is unchanged compared 

to WT mice.  To test if the absence of SPARC has a detrimental effect on T cell 

migration in vivo, the movement of OVA specific CD8+dsRed+ T cells was 

imaged over time in the chronically infected brains of WT and SPARC-/- mice.  

Representative still images of cells and their tracks in WT and SPARC-/- brains 

are shown in Fig. 3.8A.  Despite defects in network formation in SPARC-/- mice, 

infiltrating T cells can clearly be seen migrating in close association with second 

harmonics.  The number of cells per movie recorded reveals cells within a cluster 

in SPARC-/- mice is much higher than in normal fields of view in the same 

animals or in WT mice (Fig. 3.8B) Therefore, clusters were defined as any area 

that contained more than 100 cells in the field of view.  Flower plots of cell tracks 

show that the majority of CD8+ T cells in SPARC-/- are less displaced than in WT 

mice through cells within SPARC-/- clusters are capable of migrating distances 

similar to those migrating in the presence of SPARC (Fig. 3.8C).  
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Finally, data quantifying cell speed, displacement and meandering were plotted 

and compared (Fig. 3.8D-F).  Cells migrating in SPARC deficient brains and a 

significantly lower velocity, displacement, and meandering index than cells 

migrating in WT brains (p<0.0001).  When cell migrating within SPARC-/- clusters 

are compared to those migrating outside the clusters, cell velocity and 

meandering index is increased within the cluster (Fig 3.8G and I).  This is in line 

with previous observations that cell speed is high when number of infiltrating T 

cells are also high (2).  An increased meandering index among clustered cells 

may be in direct contrast with reports of more localized cell clustering with fewer 

cells (2,37).  However, that behavior is consistently attributed to finding an 

infected target or a professional antigen-presenting cell.  SPARC-/- clusters are 

large and densely populated with fast moving cells.  Apart from a few outlying 

cells, the majority of cells migrating within a SPARC-/- cluster are significantly 

less displaced (Fig. 3.3H).  Therefore it is more likely that SPARC-/- clusters 

identify an easy access point for T cells to gain access to the brain in mice with 

disordered matrix and lower CCL21 expression.  Overall, while the differences 

between WT and SPARC-/- mice are significant, they are so slight that they are 

unlikely to be biologically significant, as there are plenty of cells in SPARC-/- 

brains that are migrating just as fast, far and in a directed manner as there are in 

WT brains. 
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3.4 DISCUSSION 

Many studies have reported CCL21 and SPARC induction in the CNS in 

response to inflammation in the brain (17).  We have also reported upregulation 

of both molecules following infection with Toxoplasma gondii (2,5)(Nance et al. 

manuscript in preparation).  Indeed we have observed cables of both SPARC and 

CCL21 in association with parasites and infiltrating immune cells (2)(Nance et al. 

manuscript in preparation).  This led us to theorize that infection in the brain 

leads to localized production of SPARC and CCL21 which bind to ECM 

molecules to optimize cell migration and provide directional cues resulting in an 

immobilized chemokine gradient.  This could guide or facilitate migration of 

infiltrating T cells in infected areas of the brain. 

 

This hypothesis is especially appealing as it would provide an underlying 

mechanism of control to explain why the majority of infected individuals show no 

symptoms of neurological disease despite a robust immune response in the 

brain.  The immune response in the brain is very tightly controlled and a 

chemokine gradient would allow T cells to target infected cells while avoiding 

non-specific inflammation induced cell death.  In support of this hypothesis, our 

lab has shown that CCL21 deficient animals have an increased parasite burden 

in the brain and that constitutive over-expression of CCL21 by astrocytes 

throughout the brain (i.e. in both infected and uninfected areas) causes a high 

degree of variability in parasite burden, indicating that T cells are less efficient at 
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homing to sites of infection if CCL21 is expressed at equivalent levels 

everywhere (1).    Further, as critical components of the blood-brain barrier, it is 

likely that astrocytes are exposed to circulating cytokines like IFNγ, TNFα, and 

TGFβ even before the parasite can disseminate to the brain (38), yet these 

stimuli do not upregulate CCL21 (Fig. 3.3A).  Therefore it was important to test if 

direct invasion by the parasite triggered CCL21 induction. Invasion by 

tachyzoites can lead to chemokine production in a variety of cells (13,39-42).  

Nonetheless, in order to exist as a gradient within tissue, CCL21 expression must 

be highest were active parasite replication is occurring (Fig 3.1).  In vivo, it is 

extraordinarily unlikely that the parasite has infected or interacted with every 

astrocyte in the CNS (18,43).  However, we observe astrocyte activation and 

CCL21 staining throughout the cortex (Fig 3.1D and 3.3C).  Therefore our finding 

that CCL21 protein can promote CCL21 upregulation in naïve astrocytes offers a 

mechanism to explain the propagation of CCL21 signaling throughout the 

astrocyte network (Fig. 3.3).  

 

Alternatively, it is possible that CCL21 expression by reactive astrocytes is simply 

a mechanism to attract T cells to the brain parenchyma from the 

extraparenchymal spaces (1).  Further, while the parasite does not encyst within 

every neuron (18), neuronal damage appears to be more widespread than the 

rare individual infected neuron, as shown by patches of corrupted neurons 

observed in this model (44,45) indicating that the immune response in the brain 
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may target more than a few infected cells.  Indeed, analysis of the migration of 

effector T cells in the brain reveals they exhibit a Levy walk behavior and show 

little to no directed movement (3), although CCL21 may be one of many signals 

the T cell uses to stop its Levy flight and investigate a particular area.  

Additionally, while we can’t exclude some neurons might produce CCL21 in this 

model, the vast majority of the CCL21 we detect histologically is produced by 

astrocytes throughout the cortex of the brain and does not obviously exist as a 

gradient, either illustrating the limitation of the technique or supporting that the 

damage to the CNS is more prevalent in this model than originally appreciated. 

 

SPARC expression by reactive astrocytes is also a common feature in the CNS 

during injury and disease (46).  Therefore, it was not remarkable to discover the 

circumstances of SPARC expression in vitro are similar to those that lead to 

CCL21 induction (Fig. 3.1A and B).  However, as CCL21 protein can be detected 

in the astrocytes of infected SPARC deficient mice (Fig. 3.3C and 3.4B), it was 

surprising to see SPARC is needed for optimal expression of CCL21 at the 

mRNA level (Fig. 3.3A), although a reduction in CCL21 expression may be a 

mechanism to explain increased accumulation of T cells in extraparenchymal 

spaces in chronically infected mice that lack SPARC (Nance et al. manuscript in 

preparation).  Moreover, CCL21 does not bind to the reticular fibers that are 

formed in the brain during infection but rather remain bound to the surface of the 

astrocyte independently of the presence of SPARC. 
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The biological significance of SPARC’s interaction with chemotactic cytokines in 

the inflamed brain is probably multifaceted.  First, binding to SPARC may help 

keep chemokines in a confirmation that will most effectively interact with their 

respective receptors on the surface of a migrating cell, eliciting optimal 

movement so that the cell can find its target efficiently. SPARC’s interaction with 

CCR7 ligands specifically, may contribute to the maintenance of an extracellular 

gradient of either CCL21 or CCL19.  While CXCL10 needs to be present for ideal 

migratory speed (3), it does not necessarily need to exist in a gradient to exert its 

effects on T cells.  In addition, SPARC may be needed to clear excess 

chemokine from the ECM to maintain a gradient, employing a stabilin-1 mediated 

mechanism similar to the way SPARC facilitates collagen remodeling (27,47). 

Additionally, SPARC’s role in ECM remodeling likely helps to accommodate 

immune cell infiltration into the brain independently of its interaction with 

chemokines.  Indeed, SPARC’s presence in our in vitro assays of cell migration 

lead to increased cell velocity, which could support either scenario.  Additional 

studies are necessary to determine the site(s) to which CCL21 and CCL19 bind 

to SPARC and whether those interactions would help or hinder SPARC’s other 

known functions.   

 

The astrocyte’s capacity to produce both SPARC and CCL21 does not appear to 

depend on factors that are continually secreted from infiltrating T cells.  These 
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results are in direct contrast to a recent report that SPARC expression in 

astrocytes is rapidly regulated by T cell derived cytokines in an animal model of 

multiple sclerosis (48).  In vitro experiments indicate that CCL21 and SPARC are 

not upregulated in response to the effector cytokine IFNγ and only through 

interaction/infection with live parasites (Fig. 3.1A and 3.3A).  As priming with IFNγ 

before infection lead to a decrease in CCL21 transcripts, control of parasite 

replication would diminish CCL21 production because T cell recruitment should 

no longer be necessary.  Therefore continued parasite invasion in the absence of 

T cells should lead to an increase of CCL21 and SPARC expression.  However, 

this is not the case (Fig. 3.2C).  SPARC and CCL21 expression is independent of 

parasite burden as the depletion of CD4+ or CD8+ T cells from chronically 

infected mice did not change the expression of these molecules at the mRNA 

level, nor did it change the expression of CCL19 (Fig. 3.2C).  The only change 

detected in the absence of T cells was a reduction in CXCL10 following the 

depletion of CD4+ T cells from the brain, perhaps as a compensatory mechanism 

to control the influx of cytotoxic T cells in the absence of CD4+ T regulatory cells 

(Fig. 3.2C). These results may point to a mechanism in which CCL21 expression 

in the parenchyma reaches a maximum limit after being prompted by infection or 

another, still unknown trigger.  It is also possible that other mechanisms are in 

place to prevent overexpression of chemokines to avoid inflammation induced 

CNS damage even during reactivation of T. gondii, such as TGFβ signaling (44). 
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Independent of its interaction with chemokines, SPARC exerts influence on cell 

migration behavior by organizing the scaffold upon which cells migrate (Nance et 

al. manuscript in preparation) and facilitating cell movement, both in the presence 

and absence of chemokines in vitro (Fig. 3.6).  Therefore it was important to 

determine the impact SPARC has on cell migration in vivo.  The absence of 

SPARC leads to slight delays in the acute and adaptive immune response 

(Nance et al. manuscript in preparation), and a decrease in the number of 

antigen specific T cells recruited to the brain (Fig 3.7C and D).  Further, T cell 

distribution is patchy in the absence of SPARC with large numbers of T cells 

accumulating in a few clusters in the cortex while the rest are sparsely distributed 

(Fig. 3.7B). These findings indicate that SPARC plays a role in regulating T cell 

entry and accumulation in the brain.  Previous work has determined that the 

absence of SPARC leads to a transient increase in parasite burden in the brain 

(Nance et al. manuscript in preparation).  This may be due to the ability of T cells 

to access the CNS or point to impaired cell migration within the brain.  Thus it 

was important to quantify cell migration behavior with the CNS in the absence of 

SPARC.  Measuring cell velocity, displacement and meandering indicated a 

small but significant decrease in all parameters in the absence of SPARC.  

Therefore it is tempting to conclude that SPARC is required to facilitate cell 

migration in vivo and that migratory defect is at least partially due to SPARC’s 

role in maintaining chemokine gradients in the brain (due to the decrease in 

average meandering index in the absence of SPARC).  However there are plenty 
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of cells that are migrating just as fast, far and in a directed manner in the 

absence of SPARC as they are in WT mice, especially those cells present in 

SPARC-/- clusters.  Therefore the poor initial control of parasite burden is 

probably a better indicator of the importance of the reticular fibers early in 

infection to facilitate effector cell infiltration into the brain.  Whereas later in 

infection, the fibers partially resolve along with differences in parasite burden 

between WT and SPARC-/- mice, indicating that once T cells have access to the 

CNS, they are able to control parasite replication regardless of the presence of 

SPARC.  

 

In conclusion, these data show infection of astrocytes leads to increased CCL21 

and SPARC production and the upregulation of those molecules propagates 

throughout the astrocyte network.  Rather than binding to the network of fibers 

induced with SPARC’s help by infection, CCL21 remains bound to the surface of 

the astrocyte.  Therefore the ECM network provides structural support for the 

migration of infiltrating T cells while CCL21 exerts its influence on T cells while 

remaining bound to the astrocyte surface, much like the chemokine peppered 

fibroblast network found in the secondary lymphoid organs. 
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3.5 FIGURES AND LEGENDS 

 

Figure 3.1.  CCL21 and SPARC are expressed by murine astrocytes upon 

infection. (A and B)  Primary astrocyte cultures were infected with the Pru or RH 

strain of T. gondii, or stimulated with sTAg or IFNγ or media alone.  Real-time 

RT-PCR was conducted to determine the absolute copy numbers of CCL21 and 

SPARC transcripts compared to those of the reference gene HPRT using a 

standard curve. (C) Primary astrocyte cultures infected with T. gondii were 

stained for CCL21 (red) and SPARC (green). The red arrow indicates the small 

nuclei of replicating parasites. (D) Brains of naïve and chronically infected mice 

were stained for GFAP (white), CCL21 (red), and SPARC (green). Expression 

data was analyzed using the student’s T test. *p<0.05, ***p<0.001 
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Figure 3.2.  SPARC and CCL21 expression does not increase during 

parasite reactivation. T cell subsets were depleted from chronically infected 

mice and RNA isolated from the brain was probed for SPARC and chemokine 

transcripts. (A) Flow cytometry analysis on brain mononuclear cells confirmed 

depletion of T cells in the brain. (B) Parasite burden increases in the absence of 

either subset of T cell.  (C) RNA isolated from the brain was probed for SPARC, 

CCL21, CCL19, and CXCL10 transcripts.  Flow cytometry and expression data 

was analyzed using the student’s T test. *p<0.05, **p<0.01, ***p<0.001 
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Figure 3.3.  CCL21 expression in SPARC -/- mice is reduced. (A) Primary WT 

and SPARC -/- astrocytes were infected with the Pru or RH strain of T. gondii, or 

stimulated with sTAg, the cytokines IFNγ, TNFα, TGFβ, the chemokine CCL21, 

or media alone.  Real-time RT-PCR was conducted to determine the absolute 

copy numbers of CCL21 and SPARC transcripts compared to those of the 

reference gene HPRT using a standard curve. B. Differences in CCL21 

expression in the brains of naïve and infected WT and SPARC-/- mice were 

quantified by real-time RT-PCR using the standard curve method.  Results are 

reported as a ratio of CCL21 transcripts over HPRT transcripts. C. Brains from 

chronically infected WT and SPARC-/- mice were stained for GFAP (white), 

SPARC (green), and CCL21 (red) by IHC. Expression data was analyzed using 

the student’s T test. *p<0.05, **p<0.01 
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Figure 3.4.  CCL21 and SHG are distinct. Flash frozen WT and SPARC-/- 

tissue sections were stained for CCL21 and imaged using multiphoton 

microscopy to visualize second harmonic signals found in the brain.  A. CCL21 

appears as strands that are separate from strands of SHG. B. CCL21-stained 

sections were counterstained with GFAP. 
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Figure 3.5.  SPARC interacts directly with CCR7 ligands.  Recombinant 

SPARC was incubated with CCL21, CCL19, CXCL10, or BSA and the mixture 

was then applied to a Sephadex G-50 column. The elution profiles for 

SPARC+CCL21 (A), SPARC+ CCL19 (B), SPARC+CXCL10 (C) and the 

corresponding western blots and thermophoretic plots are shown.  Values 

presented are the estimated dissociation constants ± SEM. 
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Figure 3.6. T cell migration is enhanced in the presence of SPARC. dsRed+ 

T cells were seeded in matrigel in the presence or absence of recombinant 

SPARC.  Their migration was imaged in response to no chemokine, a constant 

concentration of chemokine, or a chemokine gradient over 20 min.  Videos of cell 

migration were analyzed. (A) Tracks of T cells migrating in response to media 

alone, a constant chemokine stimulation, or in response to a gradient of CCL21 

were normalized to begin at the origin to visualize migration trends.  Cell velocity 

(B), displacement (C), and meandering index (D) were quantified. Migration data 

was analyzed using the student’s T test. *p<0.05, ***p<0.001 
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Figure 3.7.  SHG network facilitates efficient T cell entry into the brain. (A) 

Brain were excised from mice two weeks post-infection, then whole coronal 

sections were imaged with two-photon microscopy.  (B) WT and SPARC-/- mice 

were infected with Pru-OVA for 28 days then adoptively transferred with OVA 

specific CD8+ T cells.  2x2 tiled images were taken of the cortex using two-

photon microscopy to visualize the distribution of T cells infiltrating the brain. (C) 

Flow cytometry plots of endogenous and transferred OVA specific T cells in 

chronically infected WT and SPARC-/- mice.  (D) Absolute cell numbers of both 

endogenous and transferred OVA specific T cells isolated from chronically 

infected WT and SPARC-/- mice.  (E) Survival curve of WT and SPARC-/- mice. 

Flow cytometry data was analyzed using the student’s T test. Survival data was 

analyzed using the log-rank test. *p<0.05 
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Figure 3.8.  SPARC facilitates optimal CD8+ T cell migration in the brain. 

Videos imaged of cell migration in the infected brain were analyzed.  (A) Still 

images of OTI-dsRed T cell behavior in WT and SPARC-/- mice.  (B) Number of 

cells in the field of view per movie imaged for each genotype.  (C) Flower plots 

showing cell tracks normalized to the origin.  Velocity (D), displacement (E), and 

meandering index (F) for cells migrating in WT and SPARC-/- brains were 

quantified. Velocity (G), displacement (H), and meandering index (I) for cells 

migrating in SPARC-/- clusters brains were compared to cells migrating in normal 

areas of infiltration. Clusters were defined as any area that contained more than 

100 cells in the field of view. Migration data was analyzed using the Mann-

Whitney test. **p<0.01, ****p<0.0001 
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4.1 INTRODUCTION 

While our grasp of immune cell migration to and away from infected tissues is 

rapidly evolving, gaps in our knowledge still remain.  Parasitic infections are 

particularly complex but because of this they can teach us much about cell 

trafficking. Coordinated cell recruitment and maintenance of cell populations is 

required to combat all infections, including T. gondii. Many infections occupy a 

chronic niche within the host and therefore necessitate sustained chemokine 

dependent recruitment to specialized organs.  Using these infection models will 

allow researchers to tease out the signaling requirements for cell migration within 

tissue and answer lingering questions about whether signals can be tissue 

specific, cell specific, influenced by chemokines, or influenced by other 

molecules present within tissue. 
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4.2 MOVING FORWARD 

 

4.2.1 The complexity of chemokine signaling. 

Currently chemokines are studied by manipulating them or their receptors one by 

one. Techniques have to be developed where it is recognized that a cell may be 

able to detect and/or respond to multiple chemokines simultaneously, a much 

more realistic situation for cell migration within infected tissue. In addition, 

immunologists spend a considerable amount of time phenotyping cell populations 

and demonstrating their heterogeneity. Even the swarming behavior of 

neutrophils is not a clonal response during infection (1). Rapid detection of 

changes in receptor expression, internalization and downstream signaling 

currently available in vitro and being newly developed in the field of 

developmental biology (2) need to be utilized in vivo to truly understand 

chemokine dynamics during infection. 

 

As science progresses, the complexity surrounding chemokine signaling is 

increasingly appreciated.  Of the 40 or so chemokines that are expressed by 

humans and mice (3), one group is thought of as homeostatic (constitutively 

expressed to maintain cell populations) while the rest are considered 

inflammatory (expressed upon activation, infection, or injury to attract or repel cell 

populations).  However, these categories are definitely not mutually exclusive- 

CCL21/CCR7 is a classic exception.  Additionally, we know that several 
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chemokines can target the same receptor.  CCL19 is also a ligand for CCR7, and 

in high concentrations, CCL21 has been shown to bind to CXCR3, a receptor 

that already has three other known ligands (CXCL9, CXCL10, CXCL11)!  Thus, 

the concept of signaling bias is introduced (4).  This hypothesis, for which there is 

considerable evidence, states that the binding of one ligand as opposed to 

another will preferentially activate one of many possible signaling pathways.  

These pathways can be as straightforward as favoring G protein signaling over β-

arrestin recruitment, or even go so far as to favor one of several isoforms of G 

protein.  For example, five different Gα proteins have been reported to associate 

with CCR7 (Gαi1, Gαi2, Gαi3, Gα01, Gα02) (5). 

 

We also now understand that chemokine receptors themselves are decorated 

with post-translational modifications such as glycosylation and siliation (6).  

Those modifications can alter the manner in which ligands are able to bind to 

their receptors.  Further, those modifications can be altered by enzymes released 

by one cell type, such as dendritic cells, to enhance or diminish the migration of 

another cell type, such as T cells (6).  Changes induced by enzymes can also 

have a direct impact of the chemokines themselves.  For instance, dendritic cells 

can convert immobilized CCL21 into a soluble form that is functionally distinct 

from both intact CCL21 and CCL19 (6,7).  Each level of regulation may be at play 

during chemokine mediated cell responses and tweaking any or all of them can 

have a profound impact on the immune response in the brain and elsewhere.  
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4.2.2 The continuing mystery surrounding infection induced reticular 

fibers. 

In 2009, the induction of a densely organized network of fibers seemingly 

emanating from the vasculature and visualized using second harmonic 

generation was reported in the brain upon infection with T. gondii (8).  While this 

dissertation, and other work from the Wilson lab has identified the importance of 

SPARC in the proper assembly of this network (Nance et al, manuscript in 

preparation), seven years later we still don’t know the composition of these 

fibers. 

 

Second harmonic generation in biological samples is caused by 

noncentrosymmetric structures, the most abundant of which is collagen.  

Collagen networks have been described in other tissues such as the lymph node 

and seem to support cell migration.  The generation of a network of collagen 

fibers at a time when cells need to infiltrate the brain would be further evidence of 

a conserved mechanism to assist cell infiltration.  Also a major source of collagen 

in the brain is the vasculature and the observation that the fibers seem to branch 

from blood vessels would support the hypothesis that collagen is rearranged in 

the brain upon infection to facilitate cell invasion. 

 

However, There is no evidence that collagen is upregulated at the mRNA level in 

the brain upon infection, though this could be due to remodeling at the protein 
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level.  Immunohistchemistry staining for collagen is restricted to blood vessels 

and there is no evidence of immunoreactivity within the parenchyma.  Further, 

there is anecdotal evidence that fixation destroys the reticular network and 

collagen is known to be preserved well within tissue by fixation.  Therefore the 

composition of the system of reticular fibers is yet to be determined. 

 

There are, however, more candidates for the composition of this network.  An 

intriguing possibility is an extracellular matrix protein called elastin.  Elastin can 

be visualized using multiphoton microscopy and is capable of forming an 

extensive network of straight fibers in other tissues (9-11).  Further, the 

vasculature is also a source for elastin in the brain, as it is with collagen, its 

appearance as a network resembles the long, straight, interwoven fibers seen 

during T. gondii infection, and neutrophils are known to secrete elastases as they 

infiltrate tissue and have recently been reported to do so in experimental 

autoimmune encephalomyelitis (12).  This may explain the early formation of the 

network in the brain and its eventual resolution as innate immunity to T. gondii 

wanes and the adaptive T cell response increases over time.  Another intriguing 

candidate is β-amyloid peptide, which has recently been shown to act as a 

defense mechanism employed by neurons to protect themselves from a variety 

of infections (13).  However, no one has yet demonstrated that β-amyloid can be 

visualized without a probe or dye.  In short, while the composition of this network 

still remains unknown, there are numerous avenues for further research. 
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4.3 CONCLUSION  

All together, the data described in this dissertation begin to characterize the 

structural and signaling requirements for cells to migrate efficiently within the 

brain.  I hope that further studies can build on these findings so that one day the 

T cell response can be enhanced, leading to new therapies for chronic 

Toxoplasma gondii infection- a condition for which there is still no cure. 
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