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ABSTRACT 
 

Toxoplasma gondii is an obligate intracellular parasite that infects up to 1/3 of the 

world’s population. Genetically distinct Toxoplasma strains show differences in acute 

and chronic virulence in mice, and possibly in humans. In determining the mechanisms 

that cause these differences, recent in vivo data have revealed that Toxoplasma 

polymorphic effector proteins can modulate different innate immune responses in a 

strain-specific manner. But little is known about how these differences play out in the 

central nervous system (CNS), the major organ affected in human disease. To address 

this gap, we infected mice with two canonical Toxoplasma strains (type II and type III) 

and examined the systemic and CNS immune responses. We observed that at 5 days post 

infection (dpi), type III-infected mice polarized macrophages to alternatively activated 

(M2) phenotype, whereas, type II-infected mice had more classically activated (M1) 

phenotype in the spleen. At 21 dpi, we found that despite having similar parasite burden, 

the CNS of type III-infected mice had a more pro-inflammatory CNS immune response 

(macrophages and T-cell response, and cytokines/chemokines) and a significantly lower 

M2s and regulatory T cells as compared to type II-infected mice. Taking these data 

together, we propose that early immune responses determines the later sub-acute CNS 

immune response during Toxoplasma infection. To test this idea, we engineered a type III 

strain that lacks ROP16, the polymorphic effector protein that drives the early M2 

response. Type IIIΔROP16-infected mice showed a more type II-like CNS response with 

lower levels of infiltrating T cells and macrophages/microglia and higher numbers of 

M2s as compared to type III strain. Collectively these studies suggest that early immune 

response differences play a key role in determining the later sub-acute immune response. 
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CHAPTER 1 

INTRODUCTION 

1.1 Toxoplasma gondii and its life cycle 

Toxoplasma gondii (Toxoplasma) is a ubiquitous obligate intracellular parasite that 

infects up to one-third of the world’s population (1–3). Once infected, hosts develop a 

chronic asymptomatic infection. However, in the immunocompromised, and some 

immunocompetent individuals, Toxoplasma infection can lead to clinical outcomes 

ranging from mild fever to chorioretinitis to toxoplasmic encephalitis and even death (4).  

Toxoplasma undergoes both sexual and asexual life cycles. Sexual replication of the 

parasites occurs in the epithelial cells of the small intestine of felids, the only definitive 

hosts. Toxoplasma can differentiate into male and female gametocytes and undergo 

sexual reproduction. If the felids are infected with different strains, recombination occurs 

generating different clones of Toxoplasma (5). These infected felids can shed millions of 

sporozoite-containing oocysts that can survive in harsh environmental conditions. The 

asexual life cycle occurs in intermediate hosts (6–8). Toxoplasma infects a wide range of 

intermediate hosts ranging from birds to humans to rodents. Toxoplasma undergoes 

asexual replication by a process termed endodyogeny, in which parasites grow and 

replicate their haploid genome and divide into two daughter cells (9). Toxoplasma has a 

number of organelles that are found in most eukaryotic organisms. These organelles 

include the mitochondria, Golgi complex, endoplasmic reticulum, ribosomes, and nucleus 

(8,10,11). In addition to these typical organelles, Toxoplasma also has a number of 

unique organelles including secretory organelles like micronemes, dense granules, and 
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rhoptries (10). The proteins within these secretory organelles are known to be involved in 

host cell invasion and modulation of host cell signaling pathways (8,12).  

In this asexual life cycle, the parasites exist in two forms. The tachyzoite is a rapidly 

replicating stage and the bradyzoite is a slow replicating stage. Both of these stages can 

infect a wide range of host cells in most warm-blooded organisms (8,13,14). Tachyzoites 

and bradyzoites have similar morphology with some variations between them. 

Toxoplasma parasites are crescent shaped: tachyzoites are 2 by 6 μm and bradyzoites are 

1.5 by 7 μm in size (8). Once the tachyzoites convert into slow replicating bradyzoites, 

the parasites persist in the host cells by forming tissue cysts. The size of the cysts varies 

and can range from 5-70 μm depending on the number of parasites present inside the cyst 

(8,15,16). Both tachyzoites and bradyzoites express various molecular and metabolic 

markers that are unique to them. The tachyzoites express tachyzoite specific antigen 1 

(SAG1), lactate dehydrogenase 1 (LDH1) and enolase 2 (ENO2) and bradyzoites express 

bradyzoite specific antigen 1 (BAG1), lactate dehydrogenase 2 (LDH2), SAG-1 related 

sequence 9 (SAG2X), and enolase 1 (ENO1) (17–20). One of the hallmark features of the 

cyst wall is staining for dolichos biflorus lectin (DBL), which recognizes N-

acetylgalactosamine (21). CST1, a 116-kDa glycoprotein, has been shown to be the major 

DBL binding component of the cyst wall (22). Brain tissue cyst staining is visualized in 

Figure 1. 
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Intermediate hosts acquire Toxoplasma by ingesting contaminated food and water, 

vertical transmission, and, in some rare cases, during organ transplant or blood donation 

(23). During oral infection, Toxoplasma first infects the epithelial cells of the small 

intestine and passes through the lamina propria to invade other cell types like neutrophils, 

macrophages, and lymphocytes (24,25). Toxoplasma proliferates rapidly and 

disseminates systemically infecting various organs like the lungs, spleen, and brain 

(8,26,27). This active infection then triggers the host immune response. In the setting of 

immune pressure, tachyzoites differentiate into bradyzoites, which as noted above are 

able to encyst and persist for the life time of the hosts (2,28). How these tachyzoites 

convert into bradyzoites is not fully understood and is an active area of research. We have 

only begun to understand how Apicomplexa transcriptional regulators serve as stage 

specific activators or repressors of bradyzoite genes during bradyzoite development 

(29,30).  

 

 
 
Figure 1: Tissue cyst in the infected mouse brain. Mice were infected with mCherry 
expressing parasites and stained with DBA conjugated to fluorescein (FITC) to visualize 
tissue cyst in the brain. 
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1.2 Host cell invasion and manipulation by Toxoplasma 

Toxoplasma invades the host cell by inserting its own invasion machinery into the 

host cell plasma membrane (8,31). The invasion machinery arises from proteins that are 

secreted from the micronemes and rhoptries. As Toxoplasma has its own machinery and 

does not require any specific host cell receptor these parasites are able to invade any 

nucleated cell.  

Initial attachment to the host cell is initiated by the microneme proteins (MICs), 

where MIC2 protein facilitates the interaction with host cell ligands such as intracellular 

adhesion molecule (ICAM-1) (3,32). Through a recently characterized glidosome-

associated connector (GAC), MIC2 spans the parasite’s plasma membrane and it 

complexes with an actin-myosin machine called the glideosome (33). The glideosome 

powers both the motility of the parasite and invasion in to the host cell (34). Initial 

attachment of Toxoplasma is followed by the formation of the moving junction (MJ), 

which is formed by indenting the host cell plasmalemma. The MJ is composed of rhoptry 

neck proteins (RONs) that form a tight junction with the MIC protein, apical membrane 

antigen 1 (AMA1) (35,36). Toxoplasma injects RON2, RON4, RON5 and RON8 into the 

host cell forming a complex (RON2,4,5,8) which gets inserted into the host cell membrane 

as shown in Figure 2 (35,37,38). During invasion, host membrane is pulled around the 

invading parasite, forming the parasitophorous vacuole (PV). The parasitophorous 

vacuole membrane (PVM) is devoid of host proteins allowing Toxoplasma and the PV to 

avoid fusion with host endocytic and lysosomal compartments. The PV provides an 

appropriate environment for parasite persistence and proliferation (3,8,31,39). The PVM 

provides structural integrity to the vacuole, serves as barrier that separates the parasite 
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from the nutrient rich environment of the host cell cytosol, is important in acquisition of 

nutrients and other cellular functions, and serves as the foundation for the cyst wall (40–

42). During cyst formation, there are changes in the structures of the PV and the outer 

membrane of the cyst wall is derived from the PVM (43,44). 

Invasion is powered by the glidesome and formation of the MJ, which causes the 

release and integration of rhoptry proteins (ROPs) and dense granule proteins (GRAs) in 

the PVM. These proteins are not only involved in host cell invasion but also contribute to 

parasite survival by manipulating the host cells. Select proteins from the rhoptries and 

dense granules are known to traffic in to the host cell cytoplasm and nucleus and affect 

host cell signaling.  

 

Rhoptry effector proteins are primarily released at the time of invasion, while dense 

granule proteins can be released at the time of invasion or later after the parasite has fully 

 
 
Figure 2: Schematic showing host cell invasion by Toxoplasma. Initial attachment of 
Toxoplasma to the host cell membrane is facilitated by glideosome machinery, MIC2 and 
host cell receptor, ICAM1. Following attachment MJ is formed by indenting host cell 
plasmalemma.  MJ is composed of rhoptry neck proteins (RON 2.3.5.8) and AMA-1, which 
enables the formation of the parasitophorous vacuole (PV). 
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invaded the cell. A number of parasite proteins like rhoptry proteins ROP2, ROP3, ROP4 

and ROP7 and dense granule proteins GRA1, GRA2, GRA3, GRA4, GRA5 and GRA6 

are secreted and associate with the PVM (8). Some of these parasite proteins like ROP2, 

GRA3 and GRA5 are loaded onto the PV whereas, other ROP and GRA proteins along 

with PV and PVM form a tubulovescicular membrane network (TMN) (8). This TMN 

helps in exchanging molecules and nutrients between the parasite and host. During 

encystment, GRA5 is localized to the cyst wall membrane along with GRA1, GRA3 and 

GRA6 (26,45–47). Most dense granules that are secreted localize to the PVM, but dense 

granule proteins like GRA16 and GRA24, traverse the PVM and localize to the host cell 

nucleus. GRA16 affects p53 levels in the host cells (p53 is involved in cell cycle 

progression), whereas, GRA24 phosphorylates p38 Mitogen-activated protein kinase 

(MAPK) that consequently activates multiple host signaling pathways (48,49). Some 

rhoptry proteins (ROP5, ROP16, ROP18) and dense granule protein (GRA15) differ 

among different Toxoplasma strains, and these will be discussed in detail in Chapter 1, 

Section 1.7 (50–52). Collectively, these host-parasite modifications establish a replicative 

niche for the parasites. Once the parasites replicate, they egress by rupturing the PVM 

and host cell plasma membrane and then infect neighboring cells (34). This egress of the 

parasites from the infected cell then allows the dissemination of the parasites.  

 
 
1.3 Toxoplasma dissemination into the brain 

To establish an acute and chronic Toxoplasma infection, the parasite requires crossing 

biological barriers like the blood-brain barrier (BBB) (Figure 3A), the intestine, or the 

placenta (53). During acute Toxoplasma infection, tachyzoites disseminate from intestine, 
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the initial site of infection, to different tissues. It is believed that Toxoplasma can cross 

these barriers in three different ways: paracellular migration, transcellular migration or 

the leukocyte-assisted “Trojan” horse mechanism as shown in Figure 3B (53–55). 

Toxoplasma infection is acquired most often by ingesting contaminated food and 

water, thus, the first barrier that Toxoplasma encounters is gut. Epithelial cells in the gut 

are tightly packed and sealed by integral membrane proteins called occludins, claudins, 

and junctional adhesion molecules (56,57). These integral membrane proteins form tight 

junctions and regulate the gut immune barrier. Toxoplasma is able to use active motility 

to directly cross polarized cell layers and extracellular matrix in vitro, which mimics the 

gut epithelial barrier. This migration across the barrier is termed as paracellular migration 

(58). Transcellular migration is when Toxoplasma directly infects the apical side of the 

epithelial cells, followed by replication and then lysis of the host cells and egress of 

parasites from the basolateral side of the epithelial cells (27,55). After breaching the gut 

epithelial barrier, parasites replicate, egress, and infect several other cell types including 

monocytes, macrophages, neutrophils, natural killer cells (NK), and dendritic cells (DCs) 

that come into the site of infection to control parasite replication (59–61). Some of these 

innate immune cells like monocytes, macrophages, neutrophils and DCs become infected, 

which results in changes in the surface adhesion molecules (62). The changes allow 

Toxoplasma-infected monocytes to tether, firmly adhere, and roll on vascular 

endothelium (63). These infected immune cells can circulate in the body and migrate to 

distant organs (64). 

In order to establish a persistent Central Nervous System (CNS) infection, 

Toxoplasma must cross the BBB. The BBB is composed of endothelial cells and these 
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endothelial cells in the brain capillaries have tight junctions akin to the gut. These tight 

junctions are one of the key properties of the BBB. The endothelial cells are surrounded 

by the basal lamina and pericytes followed by the astrocytic end feet as shown in Figure 

3A (55,62). Like the gut epithelial barrier, Toxoplasma is thought to cross the BBB 

through paracellular migration and transcellular migration. In addition, infected 

monocytes and DCs that disseminate into the brain are also thought to play a role and 

help Toxoplasma cross the BBB as shown in Figure 3B (58,65–67). The BBB in the 

CNS limits the entry of soluble factors, pathogens, and immune cells. Previous studies 

using dyes showed that these dyes did not penetrate the BBB (68–70). Once in the brain 

parenchyma, Toxoplasma should then be able to infect the parenchymal CNS cells- 

astrocytes, oligodendrocytes, or neurons- or the CNS tissue resident macrophages, termed 

microglia (43,71,72).  
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Adapted from Mendez et al, Plos Pathogen, 2017 

 
Figure 3: Toxoplasma persists in the CNS by crossing the BBB. A. The BBB is composed of 
endothelial cells, which are surrounded by basal lamina, pericytes and astrocytic end feet. B. 
Toxoplasma crosses the BBB by using 3 methods: 1. Paracellular migration: when parasites can 
directly migrate through the tight junctions between the endothelial cells; 2. Transcellular 
migration: when parasites infect endothelial cells, replicate and egress through the basolateral 
side; 3. Trojan horse: when the immune cells infected with Toxoplasma disseminate to the brain 
and migrate through the tight junctions into the brain parenchyma. 
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1.4 Development of Tissue Cysts 

Toxoplasma forms tissue cysts in the CNS and in skeletal and cardiac muscle (2,26). 

In humans and rodents, the brain is the major organ for encystment and persistence. As 

discussed above, these tissue cysts are intracellular, made up of bradyzoites, and are 

thought to persist for the life time of the host (26,42,73). Tissue cysts and bradyzoites 

potentially avoid clearance by the host immune system by changing the surface antigens 

(74) and persisting in long-lived cells (neurons and myocytes) that are traditionally 

thought to be unable to develop typical cellular responses to immune cytokines and/or 

invading microbes (43). Tachyzoites are found in the brain as early as 7-10 days post 

infection (dpi). By 22-25 dpi, these parasites encyst and tachyzoites were no longer found 

in the brain (26,71).  

In vitro studies show that cyst formation occurs within neurons, microglia, and 

astrocytes (2,44,72). However, in vivo studies have shown that Toxoplasma encyst only 

in the neurons during CNS infection (43,75). It was previously thought that encytment of 

Toxoplasma in the neurons is secondary to neurons not being able to clear parasite 

infection, however, our recent work has shown that Toxoplasma predominantly interacts 

and infects neurons in vivo and this preferential interaction maybe why Toxoplasma 

persists in neurons (71). Parasite and CNS-host cell interaction will be further described 

in detail in Chapter 2. 

 

1.5 Immune response to Toxoplasma 

This section will focus on innate and adaptive immunity to Toxoplasma. Gut 

epithelial cells are the first host cells that interact with Toxoplasma during oral infection. 
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These cells can secrete number of antimicrobial peptides (AMPs), such as defensins, 

cathelicidins, and C-type lectins. These AMPs play a role in promoting the barrier 

between the gut microbiota and the host, determine the composition of the microbiota, 

and limit the colonization of pathogens (76). However, the role of AMPs in Toxoplasma 

infection is not fully understood. Studies have shown that enterocytes play a major role 

on mucosal surfaces as a first line of defense. The enterocytes secrete Nitric Oxide (NO), 

which can inhibit parasite replication (77). In addition, when Toxoplasma infects 

enterocytes, they produce chemokines such as monocyte chemotactic protein 1 (MCP1), 

macrophage inflammatory proteins 1 α and β (MIP-1α and MIP-1β), MIP2, and regulated 

on activation and normally T-cell expressed substance (RANTES/CCL5) (77,78). These 

chemokines attract neutrophils, macrophages, DCs and lymphocytes to the site of 

infection (59–61).  

Once these innate immune cells arrive at the site of infection, Toxoplasma profilin, a 

pathogen associated molecular pattern (PAMP) will be recognized by Toll-like receptor 

(TLR) TLR-11 and TLR-12 heterodimers and TLR-12 homodimers on the CD8α+ DCs. 

This TLR recognition promotes Myeloid Differentiation Primary Response Gene 88 

(MyD88) activation causing induction of Interleukin (IL) IL-12 (78–81). In addition, 

tachyzoites have glycosylphosphatidylinositol (GPI) on their surface, which will activate 

TLR-2 and TLR-4 on macrophages, which leads to the production of Tumor Necrosis 

Factor alpha (TNF-α) (12,82). NOD-like Receptor Protein 1 (NLRP1), a cytosolic 

PAMP, in macrophages are activated during Toxoplasma infection leading to secretion of 

IL-1β (83). This production of IL-12 and IL-1β then stimulates NK cells to produce 

Interferon gamma (IFN-γ) (79,84–86). These cytokines in turn stimulate macrophages, 
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DCs and neutrophils to increase their phagocytic activity and provoke secretion of IFN-γ, 

which is a key cytokine required to control both acute and chronic Toxoplasma infection 

(59,60,87,88). During murine Toxoplasma infection, two interferon inducible gene 

families- the p65 guanylate binding proteins (GBPs) and IFN-γ-inducible immunity 

related GTPases (IRGs) are activated (79,89). The IRG family is divided into membrane 

bound GMSs and cytosolic GKSs (90). These GBPs and IRGs are recruited to the PVM 

and their accumulation on the PVM causes oligomerization of the IRGs and GBPs. This 

oligomerization vesiculates the PVM, thereby, exposing parasites to host defense factors 

and mechanisms that eventually lead to killing of the parasites in the infected cell (91,92). 

In addition to causing the up-regulation of the IRGs and GBPs, IFN-γ also causes the up-

regulation of immune molecules such as class I Major Histocompatibility Complex 

(MHC) expression on infected cells. This would then lead to adaptive immune cells 

recognizing and potentially killing the infected cells. In our study we use intraperitoneal 

infection. During intraperitoneal Toxoplasma infection, the initial immune response 

described above in the gut occurs in the intraperitoneal space instead, where peritoneal 

exudate cells (PECs) are involved instead of the epithelial cells. 

As the innate immune response is occurring at the site of initial infection, infected 

monocytes and DCs disseminate to the lymph nodes and spleen where they can activate 

Toxoplasma-specific T cells and B cells, thus, generating an adaptive immune response. 

Both CD4+ T and CD8+ T cells are important in conferring host resistance to Toxoplasma 

during acute and chronic infection (93). Though parasites are sequestered in the PVM, 

parasite antigen is still presented on class I MHC in a TAP transporter protein dependent 

manner by the DCs, generating a CD8+ T cell response, and on class II MHC, generating 
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CD4+ T cell response (93–96). Activated CD4+ and CD8+ T cells produce IFN-γ that is 

required to control both acute and chronic infection (94,97–99). Mice treated with IFN-γ 

neutralization antibody succumbed to toxoplasmosis whereas, mice that did not receive 

neutralization antibody survived and developed chronic Toxoplasma infection (99,100). 

These studies defined IFN-γ as one of the major cytokines necessary to control 

Toxoplasma infection. Another mechanism that CD8+ T cells use to eliminate 

Toxoplasma cysts is through their perforin-mediated cytotoxic activity. Perforin, is a 

molecule that mediates cytolysis of target cells by CD8 cytotoxic T cells (101–103). 

Thus, activated CD8+ T cells clear parasites in a IFN-γ and perforin-dependent manner.  

Even in the presence of robust innate and adaptive immune responses, Toxoplasma 

traffics to the CNS to establish a persistent infection (described previously in Chapter 1, 

Section 1.4). As previously discussed in Chapter 1, Section 1.3, Toxoplasma is believed 

to cross the BBB and enter the CNS through several different mechanisms (Figure 3B). 

Once in the brain, several other brain-specific properties are thought to make clearance of 

Toxoplasma from the brain ineffective. In the normal state, the brain has low constitutive 

levels of class I MHC and class II MHC molecules, limited antigen presentation, and low 

production of cytokines and chemokines in the CNS (68). Together, these studies gave 

rise to the concept of the CNS being immune privileged as it was thought that there was a 

disconnect between the CNS and systemic immune response. However, during CNS 

inflammation, immune cells breach the BBB, glial limitans, and reach the brain 

parenchyma (104).  

During infection with Toxoplasma, α4β1-integrin is upregulated on the immune cell 

and its ligand vascular cell adhesion molecule-1 (VCAM-1) is upregulated on the 
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endothelial cells  (105). This allows immune cells to tether, roll along the endothelial 

wall, and ultimately leads to immune cell diapedesis into the brain parenchyma (104). 

Though at baseline, immune cells such as neutrophils and T cells do not regularly traffic 

to and persist in the CNS, this state changes during a global systemic inflammatory 

response. Following Toxoplasma infection, DCs, macrophages and T cells migrate into 

the brain parenchyma (2,101). 

In the CNS, IFN-γ is the major cytokine that plays an important role in controlling 

tachyzoites (99,101,106). As in the periphery, macrophages, which in the CNS include 

microglia and infiltrating peripheral monocytes that differentiate into macrophages, and T 

cells are the major producers of brain IFN-γ (107–109). In addition to the role of IFN-γ, 

limited evidence suggests that intracellular cysts in the CNS can be removed by the 

perforin mediated cytotoxic activity of CD8+ T cells (103). Along with IFN-γ, TNF-α and 

inducible Nitric Oxide (iNOS) produced by the macrophages, microglia and astrocytes 

also help in controlling development of severe toxoplasmic encephalitis (110,111). 

 

1.6  Regulation of host immune response during Toxoplasma infection 

The host must strike a balance between establishing an effective immune response 

that controls the parasite infection while avoiding an overly exuberant immune response 

that would un-necessarily damage host tissue (112–115). This balancing act is likely 

essential to Toxoplasma’s ability to establish a persistent infection.  

During infection, once the effector T cells have activated and acquired their effector 

function as evidenced by the production of pro-inflammatory cytokines like IFN-γ, TNF-

α, as well as mediate perforin-mediated cytotoxicity, the vast majority of these effector T 

cells die and only a small number of these cells differentiate into effector memory T cells 
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(116). Even though there are effector memory T cells specific to Toxoplasma, during 

chronic infections, some of these effector T cells lose their capacity to produce pro-

inflammatory cytokines, leading to T cell exhaustion, with increased expression of 

inhibitory receptor, Programmed Death-1 (PD-1) on their surface (117–119). This 

exhaustion likely plays a role in allowing parasites to establish a lifelong infection. In 

addition, during chronic infection, to avoid tissue damage our body uses compensatory 

mechanisms that include forkhead box P3 (FoxP3) expressing regulatory T cells (Tregs) 

and alternatively activated macrophages (M2) that have wound healing properties. Tregs 

are required to maintain self-tolerance and immune homeostasis (98,120). During acute 

infection, the number of Tregs decrease and the naïve T cells acquire effector T cell 

function, whereas during chronic infection, M2 macrophages and Tregs are required in 

the brain to establish persistent infection (97,98,121,122). These regulatory cells produce 

cytokines such as IL-4, IL-10 and Transforming growth factor β (TGF-β) which are also 

known to play a role in establishing persistent Toxoplasma infection (123,124).  

 

1.7 Disease outcomes of Toxoplasma infection 

As noted in the introduction, the vast majority of people infected with Toxoplasma 

show no symptoms or mild-flu-like symptoms during acute infection. In symptomatic 

patients, it is clear that a lack of a fully intact and robust immune response is the biggest 

risk factor for developing clinically relevant disease. Yet within these immunodeficient 

groups there is still a wide range of disease outcomes. We have a limited understanding 

of what factors influence disease outcomes.  
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While host immune responses plays an important role in disease severity, recent 

evidence suggests that the genotype of the infecting parasite may also influence disease 

outcomes. Toxoplasma strains are classified into six major clades (A-E) and 15 genetic 

haplotypes. This includes the three canonical strains - type I, type II and type III (now 

haplotype 1, 2 and 3 and Clade A, D and C respectively) (125–128). In one study that 

correlated Toxoplasma genotypes and chorioretinitis, outcomes in North America and 

Europe, non-type II strains were more common in aggressive ocular toxoplasmosis in the 

immunocompetent while type II strains were found primarily in the immunocompromised 

(125,129,130). In addition, recent US studies have shown that non-type II strains are 

linked to a significantly higher likelihood of severe chorioretinitis, blindness, and 

epilepsy in congenital disease (131,132). Finally, Brazil, which has a high rate of non-

canonical, non-type II strains, has high incidences of severe congenital infection and 

symptomatic acquired chorioretinitis in the immunocompetent. In Brazil, 18% of infected 

immunocompetent individuals develop symptomatic chorioretinitis, whereas in US only 

2% of such individuals develop symptomatic chorioretinitis (129,130,133,134).  

During the HIV epidemic, toxoplasmic encephalitis was one of the main causes of 

death in HIV patients. Studies showed that not all AIDS patients that had a latent 

Toxoplasma infection developed toxoplasmic encephalitis, thus, implying that different 

factors may be involved in causing variation in disease outcomes, like host genetic 

predisposition and difference in parasite strain with which these individuals may be 

infected (135). In 65% of AIDS patients in North America and Europe, toxoplasmic 

encephalitis is associated with type II strains, whereas non-type II strains have been 
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shown to be more common in ocular toxoplasmosis (2,7,43). These data highlight that 

strain specific host-parasite interactions likely influence clinical outcomes. 

 

1.8 Different Strains of Toxoplasma and Polymorphic Effector Proteins 

In North America and Europe, many phylogenetic analysis of different Toxoplasma 

isolates suggest that Toxoplasma is a globally distributed species and has a highly clonal 

population structure (125,136). Earlier studies have used different genetic markers like 

isoenzymes, single nucleotide polymorphisms (SNPs), microsatellite sequencing and 

restriction fragment length polymorphisms (RFLPs) to distinguish Toxoplasma isolates 

(5,137). In North America and Europe, population genetics studies based on these genetic 

markers and phylogenetic analysis indicates that Toxoplasma strains consists 

predominantly of three clonal lineages (6,125,126). However, in South America the 

population structure is more diverse, reflecting that these lineages have undergone both 

sexual recombination and asexual transmission (138,139). Over the recent years, 

epidemiological studies have extended their screening of Toxoplasma strains across a 

wider geographical and host range and now have included many strains that differ from 

the previously categorized canonical strains. This inclusion of these newer strains has led 

to a reorganization of Toxoplasma strains into six major clades and 15 haplotypes (128). 

Along with the genetic markers used to distinguish different Toxoplasma isolates, 

phenotypic studies have also been performed in mice, which are natural hosts for 

Toxoplasma. Even though the sequence level difference among these three Toxoplasma 

genotypes is less than 1-2%, the virulence phenotypes observed in mice are strikingly 

different (6,127). Type I strains are highly virulent with a LD100= 1, that is one parasite is 
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enough to kill 100% of the mice. Type II strains have intermediate acute virulence with a 

LD50= 103 -104, and type III strains are avirulent with a LD50= 104 -105, that is for both 

type II and type III strains 50% of mice die with the noted doses (127,128). This clear 

phenotypic difference led several groups to use F1 progeny from a type I x III and type II 

x III cross and Quantitative Trait Loci (QTL) analysis to identify genes responsible for 

the differences in acute virulence (140,141). From these studies, strain-specific alleles of 

two rhoptry proteins, ROP5 and ROP18, were determined to explain the difference 

between the acute virulence of type I, II and III strains (142).  

ROP18 belongs to ROP2 family of serine-threonine kinases that are secreted from the 

rhoptries, a secretory organelle at the apical end of the parasite (143). Using mRNA and 

qPCR data, it was shown that ROP18 is expressed at significantly lower levels in type III 

strains as compared to type I and type II strains. The decreased expression found in type 

III strains is secondary to a 2.1 kb sequence insertion in the ROP18 promoter which 

prevents it from being expressed (143). Insertion of a type I or type II ROP18 into a type 

III strain essentially makes the type III strain as virulent as a type I strain (143). ROP5, a 

pseudokinase that also belongs to a ROP2 family, is a cluster of repeated paralogs with 

variation in the copy numbers in different Toxoplasma strains (142). Each canonical 

strain contains multiple isoforms of the gene. Type I and type III strains have similar 

ROP5 alleles and contain isoforms that are associated with high virulence, whereas, the 

type II strain primarily produces ROP5A protein. The mechanism by which these 

differences in copy nu7mber and alleles affects virulence has not been defined (144).  

Recently, studies have shown the mechanism by which this kinase and pseudokinase 

work together to affect acute virulence in mice. As described previously in Section 1.5, 
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GBPs and IRGs are activated and are recruited to the PVM. The oligomerization of IRGs 

and GBPs vesiculates the PVM leading to parasites killing in the infected cell (91,92). 

ROP18 and ROP5, which are secreted at the time of invasion and decorate the PVM, 

work coordinately to phosphorylate the IRGs, which prevents IRG oligomerization and 

PVM loading, thus, blocking this mechanism of parasite clearance (144–148).  

In addition to identifying ROP5 and ROP18, the type II x III cross has resulted in the 

identification of a number of strain-specific polymorphic effector proteins, which 

differentially affect the host cells but do not influence acute virulence. While all three 

canonical strains of Toxoplasma can cause Signal Transducer and Activator of 

Transcription (STAT) STAT3 phosphorylation for the first 2 hours after invasion, only 

type I and III parasites cause STAT3 and STAT6 phosphorylation for greater than 24 

hours. This STAT activation phenotype is caused by the type I/III ROP16 (ROP16I/III) 

being able to directly phosphorylate STAT3 and STAT6 while the type II allele of 

ROP16 cannot (149). Deletion of ROP16 from a type I strain has been shown to induce 

IL-12 and NO production in a MyD88 dependent manner (150). The ROP16I/III has been 

shown to limit parasite replication and dissemination in a ROP16-mediated arginase-1 

induction dependent manner (50). In addition to modulating host signaling pathways, 

these polymorphic effector proteins can also determine macrophage polarization. 

Toxoplasma ROP16I/III induces activation of M2 macrophages in a STAT6 dependent 

manner (151). Studies have also shown that ROP16 in part might be inhibiting the 

induction of IL-12 in the infected cells (149). 

During acute infection with type I and type II strains, type II-infected macrophages 

induced higher levels of IL-12 as compared to type I-infected macrophages, and this 
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induction of IL-12 levels have been shown to be consistent with activation of Nuclear 

Factor kappa-light-chain-enhancer of activated B cells (NFκB) (152). Using F1 progeny 

from type II x III cross, investigators were able to identify GRA15 as the polymorphic 

effector protein linked to NFκB activation. The dense granule protein, GRA15, is 

secreted into the host cell during invasion. Studies have shown that only a type II allelic 

copy of GRA15 (GRA15II) can activate NFκB as compared to the type I and type III 

GRA15 allele (51). The GRA15II promotes activation of classically activated 

macrophages (M1) (151). These strain-specific differences in polymorphic effector 

proteins are summarized in Table 1. 

Even though we do not fully understand how distinct Toxoplasma strains differ in 

their ability to cause different clinical outcomes, we now recognize that polymorphic 

effector proteins that modulate host immune response in a strain-specific manner may 

play an important role in disease variability.  
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Strain 
type 

Polymorphic Effector Proteins 
Rop18 ROP5 ROP16 GRA15 

Type I Expressed in high 
levels 
 
Inhibits parasite 
clearance 

Enhances 
ROP18 activity 

Induces long term 
STAT3 and STAT6 
activation 
 
Polarizes 
macrophages to M2 
phenotype 

Does not activate 
NFκB 

Type II Expressed in high 
levels 

Does not 
enhance 
ROP18 activity 
as the protein is 
nonfunctional 

Does not induce long 
term activation of 
STAT3 and STAT6 

Activates NFκB 
 
Induces IL-12 
production 
 
Polarizes 
macrophages to 
M1 phenotype 

Type III Expressed in low 
levels 
 
Due to low 
expression does 
not inhibit parasite 
clearance 

Can enhance 
ROP18 activity 

Induces long term 
STAT3 and STAT6 
activation 
 
Polarizes 
macrophages to M2 
phenotype 

Does not activate 
NFκB 

 
Table 1: Summary of strain-specific differences in polymorphic effector proteins. 
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1.9 Significance and Goal of this dissertation 

  Toxoplasma establishes an asymptomatic infection in most immunocompetent 

individuals, however, in immunocompromised and some immunocompetent individuals, 

Toxoplasma infection can lead to variation in disease outcomes ranging from 

chorioretinitis to severe toxoplasmic encephalitis. Emerging evidence suggests that the 

genotype of the infecting Toxoplasma strain influences these clinical outcomes. How 

different Toxoplasma strains might affect disease outcomes is unknown, but, one 

possibility is through provoking strain-specific immune responses. This possibility is 

consistent with recent work described above showing that the canonical strains of 

Toxoplasma (type I, type II and type III) elicit different host cell immune responses 

through the secretion of strain-specific polymorphic effector proteins. Thus, we 

hypothesize that Toxoplasma provokes distinct strain-specific CNS immune response, 

which may then contribute to disease severity. 

To test this hypothesis, we propose studying the mouse model of CNS toxoplasmosis 

as a mechanism for understanding how the two canonical, persistent strains, type II and 

type III, provoke strain-specific tissue immune responses during acute and chronic 

infection. The goal of this dissertation is to: 

1. Identify the CNS host cells that interact with Toxoplasma and establish the CNS 

model of Toxoplasma immune response.  

2. Identify the Toxoplasma strain-specific differences in CNS immune cell 

polarization. 

3. Determine the role of polymorphic effector proteins in provoking strain-specific 

immune responses identified in 2. 
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CHAPTER 2 

IDENTIFY THE CNS HOST CELLS THAT INTERACT WITH TOXOPLASMA 

GONDII AND ESTABLISH THE CNS MODEL OF TOXOPLASMA INFECTION 

2.1 Introduction 

 Like humans, mice are a natural intermediate host for Toxoplasma infection and 

CNS is the major organ for encystment (72,153–155). Toxoplasma can infect both human 

and rodent primary CNS cell cultures and can encyst in both astrocytes and neurons in 

vitro (39,72,156). However, in vivo studies show that Toxoplasma exclusively persists in 

neurons (43,75,99). This disparity between in vitro and in vivo studies can be explained 

by two possibilities. One possibility is that both astrocytes and neurons are infected in 

vivo but only astrocytes are able to kill parasites in an IFN-γ dependent manner that is 

described in detail in Chapter 1 section 1.5. Alternatively, Toxoplasma persists in 

neurons because these are the cells with which Toxoplasma predominantly interfaces. In 

vitro studies have shown that only astrocytes but not neurons stimulated with IFN-γ can 

kill parasites by using IFN-γ regulated GTPases (157–160). While these studies imply 

that Toxoplasma primarily encysts in neurons because neurons are not able to clear 

intracellular parasites, no studies have directly addressed this question as there were no 

techniques that could identify host cells that have interacted with Toxoplasma. In 

addition, most studies of encytment have used only type II strains. Thus, given our goal 

to understand strain-specific CNS immune responses, we wanted to know if neurons are 

the predominant cell types that different Toxoplasma strains persists in and whether these 

different Toxoplasma strains interact with same CNS host cells.  
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In addition, to eliminate differing parasite burdens as a confounder, we wanted to 

establish a model in which parasite burden was equivalent during early CNS infection.  

Though a great deal of work has been done to understand the genes that underlie the 

clearly documented strain-specific differences in acute virulence, relatively little work 

has addressed if strain-specific differences exist in the chronic phase of the disease. Only 

two studies using the mouse model of Toxoplasma infection, have formally tested if the 

parasite genotype influences different CNS outcomes. Both studies were performed over 

20 years ago (1984 and 1994) and used basic histology to identify strain-specific 

differences in CNS inflammation. In the first study, mice infected with Me49 (a type II 

strain) or DAG (an unidentified strain) showed mild and general inflammation in the 

brain at 2wpi. However, at 16 wpi, DAG infected mice had resolved their inflammation 

but inflammation was still evident in Me49 infected mice (161). The second study 

showed that reactivation of encysting strains provoked different neuroinflammatory 

response. Both Me49 and Beverly (a type II strain) strains showed marked 

neuroinflammation as compared to mice infected with C56 (a type III strain) (162). These 

were the first studies to determine that distinct Toxoplasma strains provoked strain-

specific differences in the CNS immune response, suggesting that the genotype of the 

infecting strain could play a role in CNS disease severity.  

While above studies were the first to identify Toxoplasma strain-specific difference 

in CNS immune response, they had several limitations. The first was that using histology 

they were only able to look at the gross differences in immune cell infiltration. Second, 

basic histology cannot be used to define the phenotype of immune cells (for example, 

regulatory T cells vs. effector T cells) infiltrating into the CNS after Toxoplasma 
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infection. Finally, in both studies, Me49-infected mice had higher CNS cyst burdens 

compared to DAG, C56 and Beverly infected mice (161,162), making it difficult to 

determine if the differences in neuroinflammation were simply driven by the differences 

in cyst burden.  

Our overall goals were to determine parenchymal CNS cells that interact with 

distinct Toxoplasma strains and re-examine the possibility of strain-specific CNS immune 

responses in a system that addressed the limitations of the prior studies. To address which 

CNS host cells interact with Toxoplasma, we generated strains that inject Cre 

recombinase into the host cell (163). By using these Cre-secreting parasites to infect mice 

that express GFP in a Cre-dependent manner we can identify and track host cells that 

directly interact with the parasites (164). As host cell GFP expression is only dependent 

on the injection of a Toxoplasma protein and does not require an active infection, we can 

identify injected host cells even if these cells do not harbor parasites. Previously, our 

studies showed that most parenchymal CNS cells that were GFP+ and did not harbor any 

parasites were neurons (165). Here, we expand upon our initial findings and rigorously 

identify parenchymal CNS cells that directly interact with parasites in vivo. Once we 

determine the cell type that distinct Toxoplasma strains interact with, the next step will be 

to quantify immune cells infiltrating the site of infection and also to use flow cytometry 

to determine the quality of immune responses given that different Toxoplasma strains can 

polarize immune cells.  
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2.2 Methods 

Parasite maintenance: 

 All strains were maintained through serial passage in human foreskin fibroblasts (gift 

John Boothroyd, Stanford University, Stanford, CA) using DMEM, supplemented with 

10% fetal bovine serum, 2mM glutagro™, and 100 I.U./ml penicillin/ 100 µg/ml 

streptomycin. In all experiments except for those involving the type III-Cre-ROP18 

strain, previously described type II (Prugniaud) and type III (CEP) strains that express 

Cre and mCherry were used (165,166). To engineer the type III strain that expresses a 

type I ROP18, previously described molecular techniques were used (163), with parasites 

co-transfected with the pToxofilin-Cre plasmid (163) and a plasmid that contained an 

expression cassette for the type I ROP18 with the endogenous 5’ UTR and an expression 

cassette for the fluorescent protein mCherry flanked by the GRA2 promoter and 5’ UTR 

and GRA2 3’-UTR (165). The original ROP18 expression plasmid (167) (gift Jeroen 

Saeij, UC, Davis, CA) was modified by standard molecular techniques to remove the 

HPT expression cassette and add the mCherry expression cassette, resulting in the 

pROP18ImCherry plasmid. To verify secretion of a functional toxofilin:Cre fusion 

protein single cell clones were tested for efficacy in causing Cre-mediated recombination 

in Cre-reporter cells (163). Increased virulence of the III-Cre-ROP18 strain (now LD100 

with inoculum of only 50 parasites) was considered evidence for expression of a 

functional type I ROP18. 
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Mice: 

All mice used in this study are Cre reporter mice that only express GFP in their cells after 

Cre-mediated recombination (163,164). Mice were purchased from Jackson Laboratories 

(stock # 007906) and bred in the University of Arizona, BIO5 Animal Facility. Unless 

otherwise specified, mice were inoculated intraperitoneally with freshly syringe-released 

parasites, diluted to the appropriate inoculums in 200 µl volume in USP grade PBS. The 

inoculating number of parasites was 10,000 (II-Cre) or 100,000 (III-Cre) except where 

otherwise specified. For immune response study, Mice were inoculated with 10,000 or 

50,000 freshly syringe-lysed parasites diluted in 200 µl of UPS grade phosphate buffered 

saline (PBS). 

 

In vivo IFN-γ depletion experiments: 

At 4 weeks post infection (wpi), mice infected with II-Cre parasites were treated i.p. with 

either 2mg of anti-IFN-γ antibody (clone XMG1.2; BioXcell, BE0055) or rat IgG1 

isotype-matched control antibody (BioXcell; BE0088). Two additional doses of either 

anti-IFN-γ antibody or Rat IgG1 isotype-matched control antibody were administered 

every 5 days. Two days post administration of the third dose mice were sacrificed and 

brains were harvested. 

 

Experiments requiring sulfadiazine treatment: 

Mice were infected intraperitoneally with freshly syringe-released parasites, III-Cre 

(50,000 tachyzoites) or III-Cre-ROP18 (500 tachyzoites), in 200 µl of USP grade PBS. 

Starting at 5 days post infection (dpi), mice received sulfadiazine sodium salt in their 
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water (100mg/L) (S6387-25G; Sigma Aldrich). At 11 dpi, sulfadiazine-containing water 

was replaced by fresh water. The mice were sacrificed at 2, 3 and 4 wpi and their brains 

were harvested. 

  

Tissue preparation for Immunofluorescence:  

For immunohistochemical analyses, on the appropriate day post infection, mouse brain 

tissue was harvested, fixed, and sucrose embedded as previously described (165). Forty 

micron thick sagittal or coronal brains were cut on a freezing sliding microtome (Microm 

HM 430) and stored as free floating sections in cryoprotective media (0.05 M sodium 

phosphate buffer containing 30% glycerol and 30% ethylene glycol) until stained and 

mounted on slides.  

 

Immunofluorescence Assays: 

For immunofluorescence, brain sections were stained with the following primary 

antibodies: polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) (Z0334; Dako, 

1:200), monoclonal biotin conjugated anti-NeuN-B clone A60 (MAB377; Millipore, 

1:200), monoclonal mouse anti-MAP2 (2a+2b) (M2320; Sigma-Aldrich, 1:2000), 

polyclonal chicken anti-200KD Neurofilament heavy antibody (ab4680; Abcam 

1:20,000), mouse anti-SAG1 (gift John Boothroyd, 1:100,000); rabbit anti-SRS9 (gift 

John Boothroyd, 1:2000), polyclonal rabbit anti-Iba1 (019-19741; Wako Pure Chemical 

Industries, Ltd., 1:2000-3000), monoclonal hamster anti-mouse CD3ε 500A2 (550277; 

BD PharmingenTM, 1:500), and Biotinylated Dolichos Biflorus Agglutinin (B-1035; 

Vector Laboratories Inc., 1:500). The following species-appropriate secondary antibodies 
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were used: Alexa Fluor 405 goat anti-rabbit IgG, Cy-5 Streptavidin (Invitrogen), Alexa 

Fluor 647 goat anti-mouse IgG, Alexa Fluor 647 goat anti-chicken IgG, Alexa Fluor 647 

goat anti-hamster IgG, and DyLightTM 405-conjugated Streptavidin (Jackson Immuno 

Research Laboratories, Inc. 1:2000). Unless otherwise noted, secondary antibodies were 

obtained from Life Technologies and used at a concentration of 1:200. Sections were 

mounted as previously described (165).  

 

Microscopy: 

An inverted Leica SP5-II resonant scanner confocal microscope (Leica Microsystems, 

Buffalo Grove, IL) with standard LAS AF software was used to generate images for co-

localization studies as well as the high resolution stitched grid images. All images shown 

in a given figure and with a given color were obtained using identical parameters. Images 

were processed using ImageJ software, and/or Adobe Photoshop.  

 

Tissue preparation for histology and protein/DNA extraction: 

At 3 wpi, mice were anesthetized with ketamine (24 mg/ml) and xylazine (4.8 mg/ml) 

cocktail and transcardially perfused with ice cold PBS. After harvesting the organs, left 

hemisphere of the mouse brain was fixed in 4% paraformaldehyde in phosphate buffer 

and kept at 4°C overnight, rinsed in PBS and then was embedded in 30% sucrose as 

previously described (71,165,168). Post fixation, the brain was sectioned into 40 µm 

thick sagittal sections using a freezing sliding microtome (Microm HM 430), which were 

stored in the cryoprotective media (0.05 M sodium phosphate buffer containing 30% 

glycerol and 30% ethylene glycol) as free floating sections until stained and mounted on 
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to slides (168). The right hemisphere of the brain was sectioned coronally into 2 halves 

and stored in separate tubes. These tubes were flash frozen and stored at -80°C until used 

for protein or DNA extraction. 

 

Immunohistochemistry: 

As described previously, free-floating tissue sections were stained using standard staining 

protocol (168,169). Briefly, for immunohistochemical staining, sections were washed 

with Tris buffered saline (TBS) and endogenous peroxidases was quenched with 0.6% 

H2O2 in 0.3% Triton X/TBS for 40 min. Sections were washed and blocked with 3% 

Goat Serum in 0.3% Triton X/TBS for 1 hr and incubated with following primary 

antibodies overnight: polyclonal rabbit anti-Iba-1 (019-19741, Wako Pure Chemical 

Industries, Ltd., (1:3000); monoclonal hamster anti-mouse CD3ε 500A2 (550277, BD 

PharmingenTM, (1:300). Following incubation with primary antibody, sections were 

washed and incubated in secondary antibodies for 1 hr: biotinylated goat anti-rabbit (BA-

1000, Vector Laboratories (1:500) and biotinylated goat anti-hamster (BA-9100, Vector 

Laboratories, (1:500). Next, sections were incubated in ABC (32020, Thermo Fisher) for 

1 hr followed by incubation with 3,3’-Diaminobenzidine (SK-4100, Vector Laboratories) 

to detect biotinylated antibodies.  

 

Image analysis for Immunohistochemistry: 

The percent area of Iba-1+ macrophages and microglia and CD3+ T cells were quantified 

using Simple PCI software (Hamamatsu, Sewickley, PA) on an Olympus IMT-2 inverted 

light microscope using a 20x objective. As previously described, 12 fields of view were 
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randomly sampled from the cortex region of the brain and this was done in 3 sections per 

mouse (169). 

 

Quantitative real time PCR: 

For quantification of parasite burden, genomic DNA from the rostral quarter of the frozen 

brain was isolated using DNeasy Blood and Tissue kit (69504, Qiagen) and following the 

manufacture’s protocol. The Toxoplasma specific, highly conserved 35-fold repeat B1 

gene was amplified using SYBR Green fluorescence detection with the Eppendorf 

Mastercycler ep realplex 2.2 system using forward primer 5’- tcc cct ctg ctg gcg aaa agt -

3’ and reverse primer 5’ - agc gtt cgt ggt caa cta tcg att g -3’ with GAPDH forward 

primer 5’- agg tcg gtg tga acg gat ttg -3’ and reverse 5’- tgt aga cca tgt agt tga ggt ca -3’ 

control. GAPDH was used as control to normalize parasite DNA levels. Results were 

calculated as previously described (168). 

 

Statistical analyses:  

All statistical analyses were performed using GraphPad Prism (version 6.0f, © 1994-

2014 GraphPad Software, Inc., La Jolla, CA). Statistical tests for any given set of data are 

described in the figure legend. In brief, for direct comparisons between two groups, an 

independent sample, two-tailed t-test was used. For cyst counts and absolute GFP+ cell 

counts in experiments with IFN-γ depletion, the counts were log10 transformed prior to 

subjection to t-test. In any experiment comparing multiple time points, one-way ANOVA 

testing was performed to determine if the mean percentage of a given GFP+ cell-type 

varied over time. For macrophage/microglia and T cell counts, the counts were log2 
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transformed prior to subjection to one-way ANOVA with Fisher’s protected LSD test 

was performed. For quantify B1 gene expression, one-way ANOVA with Fisher’s 

protected LSD test was performed. 

 

2.3 Results 

2.3.1 Neurons are the primary CNS parenchymal cell injected with Toxoplasma 

effector proteins throughout CNS infection 

To identify which CNS host cells directly interact with Toxoplasma and if those 

interactions are strain-specific, Cre reporter mice were infected intraperitoneally with 

either of two genetically divergent strains of Toxoplasma, Prugniaud (II-Cre) or CEP (III-

Cre). At various time points post infection, mice were sacrificed and brains were 

harvested, sectioned and stained with antibodies against neurons and astrocytes. To 

determine the lineage of those cells that have been injected with the parasite Cre fusion 

protein, stained brain sections were analyzed using confocal microscopy. Cells were 

categorized into neurons or astrocytes based on co-localization between GFP and 

neuronal or astrocytic staining (Figure 4A). GFP+ cells were categorized as neurons 

(Figure 4A white arrowhead, Figure 5A), astrocytes (Figure 5B), or unidentified 

(Figure 4A red arrowheads, Figure 5A,C-D). Neurons made up the vast majority of the 

identified cell type in both II-Cre (93-97%, Figure 6C) and III-Cre (87-97%, Figure 4E) 

infections (Figure 4B-E) at 1.5-12 wpi. At 1.5 wpi, GFP+ astrocytes were 7+4% for II-

Cre and 13+2% III-Cre. To ensure that we were not missing other major parenchymal 

cell type, we stained for oligodendrocytes and used confocal microscopy to analyze 

colocalization between GFP and anti-oligodendrocyte stain. The oligodendrocytes 
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accounted for only 1-2% of GFP+ cells in II-Cre and 0-2% in III-Cre infected mice at 

1.5-3 wpi (Figure 6). In addition, at 1.5 wpi, approximately 40% of the GFP+ cells that 

were unidentified (i.e. did not stain for astrocyte or neuron markers) had immune cell 

morphology and stained for T cell or macrophages/microglia markers (Figure 6). At 3 

wpi, in both II-Cre and III-Cre approximately 10% of the GFP+ cells stained for T cells 

and macrophages/microglia (Figure 6). At 3wpi, the majority of GFP+ cells were 

morphologically neurons but did not stain with anti-neuronal antibodies (red arrows, 

Figure 4A). 

Together, these data suggest that regardless of strains used, throughout the CNS, 

neurons make up the majority of the parasite-injected CNS cells. 
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Figure 4. Toxoplasma parasites predominantly interact with neurons throughout CNS 
infection. Cre-reporter mice were infected with II-Cre or III-Cre Toxoplasma parasites as 
labeled. Brains were harvested, sectioned, and stained for neurons (anti-neuronal cocktail) and 
astrocytes (anti-GFAP) at different time points. Stained sections were analyzed by confocal 
microscopy to identify if GFP co-localized with stains for neurons, astrocytes, or neither 
(unidentified). A. Representative stitched-grid image of a brain section from a III-Cre infected 
mouse at 3 weeks post infection (wpi). White boxed area in left image is enlarged and separated 
into the different channels, as labeled (right images). White arrowheads denote GFP+ cells that 
co-localized with anti-neuron staining, red arrowheads denote GFP+ cells that did not co-
localize with either anti-neuron or anti-astrocyte staining. Left image scale bar, 1 mm. Enlarged 
image scale bar, 50 µm. B. Quantification of co-localization for II-Cre infected brain sections at 
different time points post infection. Bars, mean ±SEM. C. As in B but restricting the analysis 
only to GFP+ cells identified as neurons or astrocytes. D., E. As in B, C but for III-Cre infected 
mice. Bars, mean ±SEM. N = 3-4 mice/time point/Toxoplasma strain. The total number of GFP+ 
cells examined at each time point ranged from 232 – 372/II-Cre and 368 – 506/III-Cre. No 
statistical differences were found in the mean percentage of GFP+ neurons across time points in 
either II-Cre or III-Cre infection (one-way ANOVA, p=0.13 and p=0.45 respectively). At 6 wpi, 
one of the III-Cre infected mice had a substantially lower percentage of GFP+ neurons compared 
to the other mice (67 vs. 91,100,100). Exclusion of this mouse from data analysis changes the 
mean percentage of GFP+ neurons at 6 wpi from 90 ±8 (full data set) to 97 ±3 (1 mouse 
excluded), which results in a suggestion that in III-Cre infected mice the percentage of GFP+ 
neurons is lower at 1.5 wpi compared to 6 and 12 wpi (one-way ANOVA, p < 0.01 ). No GFP+ 
cells were found in brain sections from 0.5 wpi II-Cre or III-Cre infected mice (N = 2 
mice/Toxoplasma strain, 9 sections/mouse, data not shown). 
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Figure 5. GFP+ cells are identified by co-localization with standard staining for different cell 
lineages. Forty micron brain sections are stained with antibodies against astrocyte proteins (anti-
astrocyte, blue) and/or neuronal proteins (anti-neuron, cyan). Sections are then analyzed by confocal 
microscopy to identify co-localization of GFP+ cells and antibody staining. A. Representative image of 
GFP+ cells with morphology consistent with neurons (big nuclei with large straight processes 
emanating from cell body) and that co-localizes with antibody staining for neurons (white arrowheads) 
or do not clearly co-localize with anti-neuronal cocktail antibodies (red arrowhead). As the GFP+ cell 
at which the red arrowhead points is not clearly co-localizing with anti-neuron antibody staining, it is 
considered “unidentified”. B. Representative image of GFP+ cell with astrocyte morphology (nucleus 
surrounded by short, radiating processes) and that co-localize with astrocyte antibody staining (white 
arrowhead).  C. GFP+ cells with morphology most consistent with immune cells (small cells, no 
projections) (red arrowheads) and without co-localization with astrocyte or neuronal markers. D. GFP+ 
cell with neuronal morphology but no co-localization with anti-astrocyte or neuron stains (red 
arrowhead). Scale bars, 20 µm. Images A, B, and C are from a II-Cre infected mouse at 3 wpi. Image 
D is from a III-Cre infected mouse at 1.5 wpi. 
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Figure 6. Few GFP+ cells are identified as oligodendrocytes. Brain sections from the same 
mice represented in Figure 17 were stained for oligodendrocytes (anti-Olig2) or T-cells (anti-
CD3e) and macrophages/microglia (anti-Iba1). Stained sections were analyzed by confocal 
microscopy to identify GFP co-localization with described stains. Graphs show the 
percentage of GFP+ cells identified as oligodendrocytes, T-cells, or macrophages/microglia 
at specified time points for II-Cre (left graph) or III-Cre (right graph) infected mice. No 
GFP+ cells co-localized with Olig2 staining at 3 wpi in III-Cre infected mice. Bars, mean 
±SEM. In II-Cre-infected mice, for oligodendrocytes, N = 62–111 GFP+ cells examined/ 
infected mouse, 3 mice/time point (total of 229–317 GFP+ cells evaluated/time point). For T-
cells and macrophages/microglia, N = 57–163 GFP+ cells examined/ infected mouse, 3 
mice/time point (total of 229–317 GFP+ cells evaluated/ time point.) In III-Cre-infected 
mice, for oligodendrocytes, N = 100–128 GFP+ cells examined/ infected mouse, 4 mice/time 
point, (total of 438–447 GFP+ cells evaluated/time point.) For T-cells and 
macrophage/microglia, N = 100–163 GFP+ cells examined/ infected mouse, 4 mice/time 
point, (total of 432–520 GFP+ cells per time point.) 
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2.3.2 IFN-γ depletion leads to an increase in parasite burden, GFP+ cells, and GFP+ 

astrocytes 

Even though astrocytes are invaded by Toxoplasma in vitro, our data showed that 

astrocytes represented a low percentage of parasite-injected CNS cells in vivo. In vitro 

studies have shown that IFN-γ inducible IRGs are a major mechanism by which murine 

cells- including astrocytes- kill intracellular parasites. We hypothesized that IFN-γ might 

play a critical role in influencing CNS cell-parasite interaction because, IFN-γ stimulated 

astrocytes become infected, kill intracellular parasites and die all prior to the GFP 

expression, hindering our ability to detect these transient interactions.  

To test this hypothesis, the Cre-reporter mice that were chronically infected with II-

Cre parasites were administered with anti-IFN-γ or control, non-cytokine depleting 

antibodies. After two weeks of antibody administration, brains were harvested, sectioned, 

stained and analyzed using confocal microscopy. Serum was taken at the time of sacrifice 

and was tested for levels of IFN-γ. Mice treated with anti- IFN-γ antibody showed 

significant decrease in serum IFN-γ levels compared to mice treated with control 

antibody (Figure 7).  IFN-γ depleted mice showed marked increase in GFP+ cells 

compared to the control mice (Figure 8A). IFN-γ depleted mice showed approximately 

10-fold increase in CNS parasite cyst burden (Figure 8B) and accounted for 27% +7 of 

the GFP+ cells (Figure 8C) as compared to the control mice. In IFN-γ depleted mice, 

54% + 4 and in control mice 76% +8 of GFP+ cells were neurons (Figure 8C). Even in 

these extreme condition, neurons were the predominant cell type that interacted with the 

parasite (Figure 8D).  
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Figure 7. Mice treated with IFN-γ antibody show a significant decrease in serum IFN-γ 
levels compared to control mice treated with non-depleting antibody. 
Serum IFN-γ levels determined by specific ELISA. N = 4–5 mice/ treatment. Bars, mean 
±SEM. ***p< 0.001 by independent sample, two-tailed t-test. 
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Figure 8. In the setting of IFN-γ depletion, Toxoplasma reactivation leads to an increase in 
parasite burden, GFP+ cells, and GFP+ astrocytes in the CNS. Starting at 4 wpi, isotype control or 
anti-interferon-γ antibodies were administered every 5 days to Cre reporter mice infected with II-Cre 
parasites. Mice were sacrificed at 6 wpi after receiving 3 doses of antibody treatment. Confocal 
microscopy was used to analyze stained brain sections from control and IFN-γ-depleted mice. A. 
Representative stitched-grid image of half of a coronal brain section from a control (left) or IFN-γ-
depleted (right) mouse. Scale bar, 1 mm. B. Quantification of cyst number (6 sections/mouse) and 
GFP+ cell number (1 section/mouse) found in control or IFN-γ-depleted mice. N = 4-5 mice/group. 
*p< 0.05 by independent sample, two-tailed t-test. C. Quantification of the lineage of GFP+ cells by 
co-localization with antibody stains for neurons, astrocytes, or neither (unidentified). D. As in (c) but 
restricting the analysis only to GFP+ cells identified as neurons or astrocytes. N = 4-5 mice/group. N 
= 82 – 209 GFP+ cells/mouse analyzed for cell lineage studies. ***p< 0.001 by independent sample, 
two-tailed t-test. 
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2.3.3 IRG-dependent astrocyte death does not account for lack of GFP+ astrocytes 

Even though the above experiments demonstrate that IFN-γ-depletion affects CNS 

host cell interactions, they do not define the mechanism. Increase in the GFP+ astrocytes 

can be explained by either 1) enabling our detection by blocking IRG-dependent host cell 

killing or 2) uncontrolled parasite growth leading to increase in parasite-astrocyte 

interaction. To address these possibilities we first generated IRG-resistant parasites. 

Previous studies showed that specific alleles of the parasites ROP5 and ROP18 confer 

IRG-resistance which is described in detail in Chapter 1, Section 1.8 (146,148). Type III 

strains encode ROP5 but have low expression of ROP18 because of an insertion just 

upstream of the ROP18 start codon (143,170). We engineered type III to express the 

virulent type I ROP18 (171) as well as the Cre fusion protein, thus, generating an IRG-

resistant strain capable of encystment and triggering Cre-mediated recombination. This 

strain is referred as III-Cre-ROP18. Cre-reporter mice were infected with either III-Cre or 

III-Cre-ROP18 strain and treated with sulfadiazine during acute infection (5-11 dpi) as 

III-Cre-ROP18 strains are now hypervirulent during acute infection. At 2wpi, we 

harvested brains and stained with neuronal or astrocytic staining. Both III-Cre and III-

Cre-ROP18 infected mice showed similar CNS infections (Figure 9A-B). The vast 

majority of GFP+ cells in both III-Cre (94+1%) and III-Cre-ROP18 (94+1%) infections 

were neurons (Figure 9C-D). 

These data along with the original wild type data (Figure 4D) and IFN-γ depletion 

data (Figure 8D) suggest that IRG-dependent parasite and astrocyte death do not explain 

for low numbers of GFP+ astrocytes. 
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Figure 9. Neuron-parasite interactions predominate during infection with IRG-resistant 
Toxoplasma parasites. Cre reporter mice were infected with either III-Cre or III-Cre parasites that 
express the type I ROP18 protein (III-Cre-ROP18). At 2, 3, and 4 weeks post infection (wpi), brains were 
harvested, sectioned, stained for astrocytes and neurons, and analyzed by confocal microscopy. A, B 
Representative merged stitched-grid image of a brain section from a III-Cre A. or III-Cre-ROP18 B-
infected mouse. Blue = astrocyte stain (GFAP), Cyan = neuronal stain (neuronal cocktail), Green = GFP 
expression. Scale bar, 1 mm. C. Quantification of the lineage of GFP+ cells by co-localization with 
antibody stains for neurons, astrocytes, or neither. N = 46-113 GFP+ cells/mouse, N = 3 mice/III-Cre, 4 
mice/III-Cre-ROP18. For III-Cre strains graph is pooled data from mice sacrificed at 2, 3, and 4 wpi (1 
mouse/timepoint). For III-Cre-ROP18 graph is pooled data from mice sacrificed at 3 and 4 wpi (2 
mice/time point) as no GFP+ cells were found in 2 wpi mice (3 mice). D. As in C but restricting the 
analysis only to GFP+ cells identified as neurons or astrocytes. There is no significant difference between 
the mean percentage of GFP+ neurons or astrocytes in III-Cre vs. III-Cre-ROP18 brain sections (p-value = 
0.51, independent sample, two-tailed t-test.)  
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2.3.4 Type II and type III infected mice showed strain specific differences in the 

immune response 

Acute virulence with different strains of Toxoplasma has been defined in mice with 

type I being hypervirulent with LD100=1, type II is intermediate in its virulence with 

LD50= 103-104 and type III is avirulent with LD50=104-105 (127,128) . To determine 

which cells interact with Toxoplasma, we used different inoculums of type II (10,000) 

and type III (100,000) strains during infection (165). This methodology was concerning 

because if we found differences in the immune response between mice infected with type 

II or type III parasites, we would not be able to tease apart whether the difference we 

observe is due to the parasite itself or the difference in the immune response is being 

driven by the parasite inoculum. To address this concern, mice were infected with either 

10,000 or 50,000 parasites of type II or type III strain. At 3 wpi, a time point for peak 

cyst burden in our hands, mice were sacrificed. The CNS immune response, as defined by 

the macrophage/microglial response and the T cell response, were analyzed. We focused 

on macrophages and T cells because these cells have been identified as critical for the 

control of Toxoplasma and has been described in detail in Chapter 1, Section 1.5 

(99,101,107). 

Brain sections were either stained with antibodies against Iba-1, a pan 

macrophage/microglia marker or with antibodies against CD3, a pan-T cell marker, and 

were analyzed by light microscopy. We observed that the macrophages/microglia in the 

CNS of infected mice showed increase in ramification as compared to the saline treated 

control mice (Figure 10A). We found that 10K type III-infected mice showed 

approximately 2-fold increase in macrophage/microglia response as compared to 10K 
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type II-infected mice (Figure 10B). Type III-infected mice showed stronger T cell 

response in the CNS as compared to type II-infected mice (Figure 11A). Similarly, we 

found that 10K type III-infected mice showed approximately a fold increase in T cell 

response as compared to 10K type II-infected mice (Figure 11B). Type II-infected mice 

showed a dose dependent macrophage/microglia and T cell response, however, the 

macrophages/microglia and T cell response in type III-infected mice did not show a dose 

dependent response (Figure 10B, 11B). One possible explanation for not observing dose-

dependent response in type III-infected mice is threshold of response to the infection, that 

is, at certain parasite burden the macrophage/microglia and T cell response is maximized. 
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Figure 10: Iba-1+ macrophage and microglia response in mice infected with varying dose of 
type II and type III strains. A. Representative image of Iba-1+ macrophage/microglia staining 
in the CNS of saline treated, type II or type III infected mice. B. Quantification of the percent 
area covered by Iba-1 staining. N= 3 uninfected, 8-10 mice/strain/dose. N=12 fields of view/ 
section, 3 sections/ mouse. *p<0.05, ****p<0.0001 using one-way ANOVA with Fisher’s 
protected LSD test. 
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Figure 11: CD3+ T cell response in mice infected with varying dose of type II and type III 
strains. A. Representative image of CD3+ T cell staining in the CNS of saline treated, type II or 
type III infected mice. B. Quantification of the number of CD3+ T cells. N= 3 uninfected, 8-10 
mice/strain/dose. N=12 fields of view/ section, 3 sections/ mouse. *p<0.05, using one-way 
ANOVA with Fisher’s protected LSD test. 
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2.3.5 Despite having similar parasite burden, type II and type III infected mice 

showed strain-specific immune response 

Next, we wanted to see if the parasite burden influenced the CNS immune response 

after type II or type III infection. At 10K parasite inoculation, we found no difference in 

CNS parasite burden between type II and type III-infected mice, even though we found 

clear differences in the macrophage and T cell immune response (Figure 10B, 11B, 12). 

Interestingly, inoculation with 50K parasites did not alter the CNS parasite burden, but 

did increase the overall variability (Figure 10B, 11B, 12).  
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Figure 12: Type II and type III infected mice have equivalent parasite burden between the 
similar dosage. Quantification of Toxoplasma B1 gene was performed using quantitative PCR 
(qPCR). ns= not significant (10K type II vs. type III, p= 0.2642, 50K type II vs. type III, 
p=0.0626), using one-way ANOVA with Fisher’s protected LSD test. n.d= not determined. 
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2.4 Discussion 

The development of Toxoplasma-Cre system allowed us to identify transient host 

cell-parasite interactions (163–165). Neurons are the majority of GFP+ parenchymal CNS 

cells that interacts with the parasite regardless of time point and infecting strains used. 

Toxoplasma showed predilection to neurons even in highly manipulated circumstances, 

such as IFN-γ depletion, or parasites that are resistant to IFN-γ mediated killing. As both 

type II and type III strains interact with neurons in the CNS after infection, any CNS 

immune cell difference we find between type II and type III strains is not secondary to 

the strains infecting different CNS cells. In addition, neurons being the predominant cell 

type that interacts with the parasite suggests that neurons are not mere bystanders that are 

incidentally infected by Toxoplasma, but are critical cells needed in establishing 

persistent CNS infection. In addition, these data suggest that neurons are the major CNS 

cells that are being directly manipulated by parasites, and so the strain-specific 

manipulation of neurons may play an important role in strain-specific CNS immune 

responses.  

In addition to confirming that both type II and type III strains interact and infect the 

same CNS cell types, we also established a reliable model in which we can use the same 

inoculum and still achieve similar CNS parasite burdens between the strains. Taking 

these data together, we determined that infection with 10K type II and type III parasites 

provided us with most consistent result. Thus, for our subsequent studies, we inoculated 

mice with 10,000 type II or type III parasites. This eliminated parasite burden as the 

confounding factor for the difference in the immune response between type II and type 
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III-infected mice, and gave us a reliable model to study quantitative and qualitative 

difference in immune response between distinct Toxoplasma strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

CHAPTER 3 

TOXOPLASMA STRAIN-SPECIFIC EARLY IMMUNE RESPONSES 

DETERMINE SUBACUTE CNS IMMUNE RESPONSES 

3.1 Introduction 

Toxoplasma gondii is a ubiquitous obligate intracellular parasite that chronically 

infects the brain, heart and skeletal muscle of humans (3,106). Up to one third of the 

world’s population is estimated to be chronically infected with Toxoplasma (1). While 

most infected people are asymptomatic, in some immunocompromised individuals and 

developing fetuses, Toxoplasma can cause fever, chorioretinitis, toxoplasmic encephalitis 

and even death (172). While the host immune status plays a key role in determining 

disease outcomes, clinical data suggest that the genotypes of the infecting Toxoplasma 

strain may also play a role (129–135,173–175). Toxoplasma strains are classified into 15 

genetic haplotypes which include the three canonical strains - type I, type II and type III 

(now haplotype 1, 2 and 3 and Clade A, D and C respectively) (125,127,128).  

Our understanding of how different Toxoplasma strains might cause distinct 

disease outcomes in mice and potentially humans has greatly expanded in the last decade. 

We now know that Toxoplasma injects and secretes effector proteins into host cells that 

can be polymorphic between strains. These polymorphisms can profoundly affect the host 

cell response. For example, during acute in vitro infection of fibroblasts or immune cells 

only the type I/III, allele of ROP16 (ROP16I/III), not the type II allele, causes direct and 

prolonged phosphorylation of the transcription factors STAT3 and STAT6 (50,143). In 

immune cells, this prolonged activation of STAT3/6 leads to decreased production of IL-

12, a key pro-inflammatory cytokine (50). Conversely, only the type II allele of GRA15 
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(GRA15II), not the type I/III allele, activates the transcription factor, NFκB, which leads 

to host cell production of pro-inflammatory cytokines (51,151). In infected macrophages, 

strains that express Gra15II polarize macrophages to a classically activated phenotype 

whereas, strains that express ROP16I/III polarize macrophages to an alternatively activated 

phenotype (50,151,152). While such strain-specific modulation of host cell signaling 

pathways has been shown to affect immune responses in vitro and acutely in vivo (1-3 

days post infection (dpi)) (151), it is unclear how these strain-specific differences might 

change the more sub-acute or chronic responses seen in central nervous system (CNS), 

the major organ affected in symptomatic disease. The only studies looking at Toxoplasma 

strain-specific tissue immune responses during chronic infection were done 20 years ago 

in the mouse model of toxoplasmosis and used histology to define strain-specific immune 

responses in the CNS. While these studies showed that Toxoplasma strains provoked 

distinct neuroinflammatory responses, little follow up has been done to understand the 

mechanisms behind these differences (151,161,162).  

To address this gap, we infected mice with a representative strain from either of 

the two canonical, encysting Toxoplasma strains (type II or type III) and then defined the 

strain-specific differences in the neuroinflammatory response using quantitative 

immunohistochemistry (IHC), multiplex cytokine analysis, and flow cytometry. At 21 

dpi, type III-infected mice showed a higher number of macrophages, infiltrating T cells, 

and levels of pro-inflammatory cytokines (e.g IFN-γ) in the CNS, compared to type II-

infected mice. In addition, our flow cytometry analysis of CNS and splenic mononuclear 

cells showed that type III-infected mice had fewer alternatively activated macrophages 

(M2) and regulatory T cells (Tregs) compared to type II-infected mice, the opposite of 
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what is seen with acute infection in vivo and in vitro. By examining the peripheral 

macrophage immune response over time, we determined that, early in infection, type III-

infected mice have more M2 macrophages compared to type II-infected mice and that 

this response changes over time, leading to fewer M2 macrophages in the spleen and 

brain of type III-infected mice by 21 dpi. To define if these differences in the early 

macrophage response affected the subsequent tissue immune response, we engineered a 

type III strain to lack the ROP16 gene (type IIIΔROP16), as this gene is the driver of the 

early type III-associated M2 response (50,151). Consistent with our hypothesis, 

compared to the parental type III strain, type IIIΔROP16-infected mice now showed a 

more type II-like CNS immune response with fewer macrophages and infiltrating T cells 

by IHC and an increase in M2s in the CNS. Collectively, these data highlight that 

Toxoplasma strain-specific immune responses persist in the sub-acute phase of disease 

and that early immune response differences play a role in determining the subsequent 

immune response. 

 

3.2 Methods 

Parasite maintenance: 

As described previously, all parasite strains were maintained through serial passage in 

human foreskin fibroblast (gift of John Boothroyd, Stanford University, Stanford, CA) 

using DMEM, supplemented with 10% fetal bovine serum, 2mM glutagro, and 100 

I.U/ml streptomycin in all experiments (71,165). Unless otherwise mentioned, in all the 

experiments previously described type II (Pruginaud) and type III (CEP) expressing Cre 

and mCherry were used (71,165). For experiments using ROP16 depletion mutant, we 
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used parental strains PruΔhpt and CEPΔhpt, in which the endogenous gene for 

hypoxanthine xanthine guanine phosphoribosyl transferase (HPT) (gift of John 

Boothroyd) (143). 

 

Mice: 

All mice used in this study are either C57BL/6J mice or Cre-reporter mice in a C57BL/6J 

background that express GFP only when the cells undergo cre-mediated recombination 

(164). Cre-reporter mice were purchased from Jackson Laboratories (stock # 007906) and 

bred in the University of Arizona Animal Center. C57BL/6J mice were purchased from 

Jackson Laboratories (stock # 000664). The mice were inoculated with 10,000 freshly 

syringe-lysed parasites diluted in 200 µl of UPS grade PBS. We used these mice in 

combination with our Cre-secreting parasites as a way to identify the immune cells that 

had been injected with parasite rhoptry proteins (165). For both splenocytes and 

mononuclear immune cells isolated from brains, we identified very few GFP+ immune 

cells, which is consistent with our prior work (71). The number of GFP+ immune cells 

was so limited that we could not make meaningful conclusions about these cells and so 

all of our flow cytometry analysis refer to all of the immune cells we isolated. 

 

Tissue preparation for histology and protein/DNA extraction: 

At appropriate times post infection, mice were anesthetized with ketamine (24 mg/ml) 

and xylazine (4.8 mg/ml) cocktail and transcardially perfused with ice cold phosphate 

buffered saline. After harvesting organs, the left half of the mouse brain was fixed in 4% 

paraformaldehyde in phosphate buffer and kept at 4°C overnight, rinsed in PBS and then 
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was embedded in 30% sucrose as previously described (71,165). Post fixation, the brain 

was sectioned into 40 µm thick sagittal sections using a freezing sliding microtome 

(Microm HM 430). Sections were stored in the cryoprotective media (0.05 M sodium 

phosphate buffer containing 30% glycerol and 30% ethylene glycol) as free floating 

sections until stained and mounted on to slides. The right half of the brain was sectioned 

coronally into 2 halves and stored in separate tubes. These tubes were flash frozen and 

stored at -80°C until used for protein or DNA extraction. 

 
 
Immunohistochemistry: 

As described previously, free-floating tissue sections were stained using following 

primary antibodies: polyclonal rabbit anti-Iba-1 (019-19741, Wako Pure Chemical 

Industries, Ltd., (1:3000); monoclonal hamster anti-mouse CD3ε 500A2 (550277, BD 

PharmingenTM, (1:300) (168,169). Following incubation with primary antibody, sections 

were incubated in secondary antibodies: biotinylated goat anti-rabbit (BA-1000, Vector 

Laboratories (1:500) and biotinylated goat anti-hamster (BA-9100, Vector Laboratories, 

(1:500). Next, sections were incubated in ABC (32020, Thermo Fisher) for 1 hr followed 

by incubation with 3,3’-Diaminobenzidine (SK-4100, Vector Laboratories) to detect 

biotinylated antibodies.  

 

Immune cell quantification: 

Brain sections were stained for anti-CD3 or anti-Iba-1 antibody and detected using 

diaminobenzide were quantified using light microscopy. The number of CD3ε cells was 

quantified using SimplePCI software (Hamamatsu, Sewickley, PA) on an Olympus IMT-

2 inverted light microscope (169). The number of Iba-1+ cells was quantified by manually 
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counting cells with FIJI software (176). Twelve field of view throughout the cortex 

region of the brain beginning with the rostral region and moving causally was samoked in 

a stereotyped way for each brain section. This was performed over 3 sections per mouse. 

Investigators quantifying CD3+ and Iba-1+ cells were blinded to the infection status of the 

mouse  

 

Protein Extraction, Quantification and Multiplex LUMINEX Assay: 

The caudal quarter of the flash frozen brain tissue was homogenized in 

radioimmunoprecipitation assay buffer (1% Triton-X, 0.1% SDS, 1X PBS) and 1% 

phosphatase inhibitor cocktail (P5726-1ML, Sigma-Aldrich) and 1% protease inhibitor 

cocktail (P8340-1ML, Sigma-Aldrich). The samples were sonicated on ice in 3-s bursts 

until it homogenized with buffer and then were centrifuged at 4°C as previously 

described (168). The protein concentration of each sample was measured using Direct 

Detect® Infrared Spectrometer. Each sample was stored at -80°C until the LUMINEX® 

assay was performed. Cytokines and chemokines were assessed using the MILLIPLEX-

MAP-Mouse-Cytokiine/Chemokine-Magnetic-Bead-Panel (MCYTOMAG-70K, EMD 

Millipore) (168). This is a multiplex panel that allows the detection of 25 different 

cytokines/chemokines. It also includes quality controls for each cytokine/chemokine in 

the kit. The samples were plated as duplicates and the plate was analyzed using the with a 

LUMINEX MAGPIX xPONENT 1.2 System which uses Milliplex Analyst software and 

Luminex® technology to detect individual cytokine/chemokine quantities.  
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Quantitative real time PCR: 

For quantification of parasite burden, genomic DNA from the rostral quarter of the frozen 

brain was isolated using DNeasy Blood and Tissue kit (69504, Qiagen) and following the 

manufacture’s protocol. The Toxoplasma specific, highly conserved 35-fold repeat B1 

gene was amplified using SYBR Green fluroscence detection with the Eppendorf 

Mastercycler ep realplex 2.2 system. GAPDH was used as control to normalize parasite 

DNA levels. Results were calculated as previously described (168). 

 

Cyst counts: 

Sagittal brain sections were washed and blocked in 3% Goat Serum in 0.3% Triton 

X/TBS for 1 hr. These sections were then incubated with biotinylated Dolichos biflorus 

agglutinin (DBA) (Vector Laboratories 1031, 1:500). DBA is a lectin which binds to the 

sugar in the cyst wall. The following secondary was used: 405 Streptavidin (Invitrogen, 

1:2000). Sections were mounted as previously described (169). The number of cysts were 

enumerated using a standard epifluorescent microscope (EVOS microscope).  

 

Flow Cytometry: 

At appropriate times post infection, mice were euthanized by CO2 and then intracardially 

perfused with 20 mL ice-cold PBS, and then spleens and brains were harvested. These 

tissues were then made into single cell suspensions. For brain, mononuclear cells were 

isolated by mincing and then were subsequently passed through an 18-gauge needle and 

22-gauge needle in complete RPMI (86% RPMI, 10% FBS, 1% penicillin/streptomycin, 

1% L-glutamine, 1% NEAA, 1% sodium pyruvate and <0.01% β-mercaptoethanol) as 
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described previously (177). After syringe passage, the cell suspension was passed 

through a 70-µm strainer and mononuclear cells were isolated using a density gradient 

that consisted of a 60% Percoll solution in cRPMI overlayed with a 30% Percoll solution 

in PBS. Brain mononuclear cells were isolated from the interphase. Spleens were made 

into single cell suspension and passed through a 40-µm straine (178). The red blood cells 

were lysed by using ammonium chloride-potassium carbonate (ACK) lysis buffer. The 

total number of viable cells from brain and spleen suspensions were determined using a 

hemocytometer by trypan blue exclusion. Brain and spleen single cell suspension had Fc 

receptors blocked with 2.4G2 to prevent non-specific staining. Samples were either 

stained for a T cell panel or a macrophage panel. The following directly conjugated 

antibodies were utilized for flow cytometry analysis of T cells: CD3 APC eFluor® 780 

(clone 17A2; eBioscience, 47-0032-80), CD8a PerCP-Cy 5.5 (clone 53-6.7; eBioscience, 

45-0081-82), CD4 PECy7 (clone GK1.5; BioLegend, 100422), CD44 Alexa Fluor® 700 

(clone IM7; eBioscience, 12-0441-82), CD279 (PD-1) eFluor® 450 (clone J43; 

eBioscience, 48-9985-82) were used to incubate cells for 30 min protected from light. 

Following directly conjugated antibodies were utilized for flow cytometry analysis of 

Macrophages/microglia: CD45 PerCP-Cy5.5 (clone 30-F11; eBioscience, 45-0451), 

F4/80 Alexa Fluor® 700 (clone BM8; BioLegend, 123130), CD11b Pacific Blue™ (clone 

M1/70; BioLegend, 101224), CD11c PE/Cy7 (clone N418; BioLegend, 117318), CD183 

(CxCR3) phycoerythrin (PE) (clone CXCR3-173; BioLegend, 126505), CD206 (MMR) 

phycoerythrin (PE) (clone C068C2; BioLegend, 141706), CD80 APC (clone B7-1; 

eBioscience 17-0801-82), CD86 APC (clone GL-1; BioLegend, 105012), Ly-6G/Ly-6C 

(Gr-1) PE/Cy5 (clone RB6-8C5; BioLegend, 108410) were used to incubate cells for 30 
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min protected from light. Samples were then stained with live/dead Fixable Yellow Dead 

Cell Stain Kit (Life Techologies, L34959) for 30 min protected from light to distinguish 

between live and dead cells. Samples were washed and fixed using permeabilization and 

fixation kit (eBioscience, 00-5223-56; 00-5123-43; 00-8333-56). Intracellular staining 

protocol was used to stain for FoxP3 PE (clone FJK-16s; eBioscience, 12-5773-82) and 

IFN-γ APC (XMG1.2; eBioscience 17-7311-82) for 30 min. Samples were washed after 

each staining step to remove residual unbound antibody. Flowjo (Treestar) was used for 

all flow cytometry analysis. 

 

Plasmid construction 

All the plasmids and primers used in this study are listed in in Table 4. The ROP16-

targeting CRISPR plasmids (sgROP16Up and sgROP16Down) was constructed from 

sgUPRT using a Q5 mutagenesis protocol previously described (179–181). To generate a 

plasmid for inserting hxgprt into the rop16 locus, upstream (500-bp) and downstream 

(500-bp) regions directly adjacent to the sgROP16Up and sgROP16Down target 

sequence were used to flank hxgprt via sequential restriction cloning. 

 

Generation of ROP16 knockout: 

To disrupt ROP16 in Type IIIΔhpt, we co-transfected the sgROP16Up CRISPR and 

sgROP16Down CRISPR plasmids along with the pTKO (182) plasmid containing 

ROP16 homology regions surrounding a Hypoxanthine phosphoribosyltransferase hxgprt 

cassette. As previously described, parasites were then screened for expression of hpt 

using media containing 25 mg/ml mycophenolic acid and 50 mg/ml xanthine, prior to 
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cloning by limiting dilution (163). Clones that were subsequently screened by PCR for 

loss rop16 and correct integration of hxgprt into the ROP16 locus. Clones negative for 

rop16 and positive for integration of hxgprt were confirmed to have lost the ROP16-

dependent phosphorylation of STAT6 using previously described by immunofluorescent 

assays (149). 

 

Peritoneal Exudate Cells Isolation: 

Cre-reporter mice were infected i.p with 1x105 type II, type III or type IIIΔROP16. At 1, 

3 and 5 dpi, peritoneal exudate cells were collected by peritoneal lavage with 10 ml of 

cold 1 x PBS. As described previously, PECs were incubated in FcBlock for 10 min. 

Flow antibodies for macrophage panel described above was used and analyzed using LSR 

II (165).  

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism (version 7.0f, © 1995-

2017 GraphPad Software, Inc., La Jolla, CA). Statistical tests for any given set of data are 

described in the figure legend. To improve distributional characteristics, total numbers of 

CD3 and Iba-1 cells were log transformed prior to analysis. For all experiments, Two-

way ANOVA with Fisher’s protected LSD was used for analysis. For all experiments we 

used cohort as the block factor and strains as the principal experiment factor. Data were 

analyzed using a one-way analysis of variance (ANOVA) with Bonferroni post-hoc test 

for cytokine levels. 
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3.3 Results 

3.3.1 Type III-infected mice have increased macrophage/microglia and T cell 

response as compared to type II-infected mice 

To determine if genetically divergent Toxoplasma strains cause a strain-specific CNS 

immune responses, we infected mice with either a type II (Prugniaud) or type III (CEP) 

strain and analyzed the CNS macrophage and T cell immune response at 21 days post 

infection (dpi). We focused on the macrophages/microglial and T cell responses because 

prior work has suggested that these cells are essential for controlling acute and chronic 

toxoplasmosis (7,99,100,106,107,183). To quantify the macrophages/microglia and T 

cells in the CNS after Toxoplasma infection, we stained brain sections with antibodies 

against Iba-1, a pan macrophages/microglial marker, or CD3, a pan-T cell surface 

marker. These sections were then analyzed by light microscopy. We found that type III-

infected mice had approximately twice the number of CNS macrophages/microglia 

compared to type II-infected mice (Figure 13A,B). Type III-infected mice showed a 

similar increase in the number of CNS T cell compared to type II-infected mice (Figure 

13C,D).  

To determine how the influx of these immune cells changed the global CNS 

cytokine/chemokine environment, we isolated and analyzed protein from brain 

homogenates of control (saline inoculated) or infected mice using a 25-plex cytokine and 

chemokine LUMINEX assay. As expected, compared to control mice type II and type III 

infected mice showed a >2-fold increase in most of the pro-inflammatory cytokines and 

chemokines in the panel (Table 2). Of these cytokines and chemokines, a subset of pro-



74 
 

inflammatory cytokines and chemokines also showed a >2-fold increase in type III-

infected mice compared to type II-infected mice (Figure 13F). 

Together, these data show that, at 21 dpi, type III-infected mice have significantly 

higher numbers of both macrophages/microglia and T cells in the CNS. Consistent with 

the increased immune cell infiltration, type III-infected mice showed a stronger CNS pro-

inflammatory cytokine and chemokine milieu compared to type II-infected mice. 

Together, these data show that at 21 dpi, type III-infected mice have significantly 

higher numbers of both macrophages/microglia and T cells in the CNS. Consistent with 

the increased immune cell infiltration, type III-infected mice showed a stronger CNS pro-

inflammatory cytokine and chemokine milieu compared to type II-infected mice. 
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Figure 13: Type III infection provokes a stronger pro-inflammatory CNS immune response 
compared to type II infection. Mice were inoculated with saline, type II or type III parasites. Brains 
were harvested at 21 days post infection (dpi). A. Representative images of macrophages/microglia 
staining for Iba-1 in brain sections from uninfected (saline), type II and type III-infected mice. B. 
Quantification of the number of Iba-1+ cells in the CNS in uninfected (saline), type II and type III 
infected mice. C. Representative images of T cells staining for CD3 in brain sections from type II and 
type III-infected mice. D. Enlargement of the boxed area in (C). E. Quantification of the number of 
CD3+ cells in the CNS from uninfected (saline), type II or type III-infected mice. For B,D. Bars, mean + 
SEM. N=12 fields of view/section, 3 sections/mouse, 8 mice/infected group. *p<0.05, ****p<0.0001, 
Two-way ANOVA with Fisher’s protected LSD. Data are representative of 3 individual experiments. F. 
The table lists the subset of cytokines or chemokines from a 25-plex assay that showed a >2-fold 
difference between protein levels in brain homogenates from type II and type III-infected mice. Table 2 
has full list of cytokines/chemokines. N=8 mice/infected group. p-values determined by one-way 
ANOVA with Bonferroni post-hoc test.  = uninfected (saline),  = type II,  = type III. 
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 Cytokine/Chemokine Saline Type II Type III p-value (Type II 
vs. Type III) 

CCL5 (RANTES) 0.34+0.05 45.78+16.18 82.06+7.32 * 
0.040 

IP-10 19.34+1.91 679.87+240.37 1003.77+48.19 ns 
0.075 

IFN-γ 2.86+0.32 55.52+19.63 157.72+23.96 * 
0.012 

MCP1 2.35+0.29 34.11+12.06 93.29+16.70 ** 
0.009 

TNF-a 0.64+0.09 4.33+1.52 7.55+0.89 * 
0.020 

IL-6 1.54+0.05 18.45+6.52 38.19+6.90 ns 
0.196 

KC 1.06+0.02 6.56+2.32 13.69+2.07 * 
0.162 

MIP1b 1.73+0.08 8.04+2.84 16.89+3.23 * 
0.043 

IL-5 2.39+0.27 13.55+4.79 22.39+1.71 ** 
0.002 

IL12 (p40) 1.18+0.13 5.37+1.90 7.73+0.49 * 
0.024 

IL-17 0.35+0.02 1.48+0.52 2.34+0.27 * 
0.308 

G-CSF 3.04+0.12 12.79+0.13 23.13+2.06 ** 
0.002 

IL-1b 1.80+0.25 6.63+2.34 12.35+1.95 * 
0.033 

IL-1a 2.47+0.55 8.86+3.13 16.51+2.44 * 
0.035 

IL-12 (p70) 0.48+0.08 1.69+0.60 2.64+0.23 * 
0.015 

MIP2 3.60+0.51 8.69+3.07 13.06+1.23 * 
0.011 

GM-CSF 5.55+1.37 13.49+4.77 15.27+0.42 ns 
0.073 

IL-7 0.34+0.03 0.73+0.26 0.87+0.04 ns 
0.089 

IL-10 2.38+0.17 5.17+1.83 6.07+0.38 ns 
0.177 

IL-13 14.02+2.82 23.09+8.16 24.22+1.24 ns 
>0.999 

MIP1a 5.36+1.22 4.74+1.67 7.32+1.05 ns 
0.102 

IL-4 0.29+0.02 0.29+0.10 0.40+0.02 ** 
0.008 

IL-9 25.17+3.43 37.61+13.30 32.75+1.76 ns 
0.202 

IL-2 2.90+1.04 4.33+1.53 2.86+0.15 ** 
0.006 

IL-15 32.10+14.21 11.82+4.17 12.85+0.97 ns 
>0.999 

 

Table 2. List of cytokines and chemokines from the 25-plex LUMINEX assay. The table shows 
the fold difference (above) and the mean pg/ml concentration + SEM (below) of cytokines and 
chemokines. Blue represents those cytokines or chemokines with a >2-fold change over saline treated 
controls. p-value based on one-way ANOVA with Bonferroni post-hoc test. 
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3.3.2 Differences in the CNS immune response between type II and type III-infected 

mice are not driven by parasite burden 

Given the consistent differences we found in the number of 

macrophages/microglia and T cells (Figure 13), we sought to determine if these 

differences simply reflected disparities in parasite burden. To address this question, we 

analyzed CNS parasite burden by two methods. First, we performed quantitative PCR 

(qPCR) for the Toxoplasma specific gene B1 on DNA isolated from brain homogenates 

(168,169,184,185). Second, we quantified cyst numbers by performing 

immunofluorescent assays on brain sections using Dolichos biflorous agglutinin (DBA), 

a lectin that stains N-acetylgalactosamine, a hallmark feature of the cyst wall (21). By 

both measures, we found that type II and type III infected mice had equivalent CNS 

parasite burdens at 21 dpi (Figure 14A,B).  

Furthermore, to ensure that differences in parasite dissemination to the CNS were 

not driving the immune response differences, we quantified CNS parasite burden at 5, 10, 

15, and 21 dpi using B1 qPCR. We found that the CNS parasite in type II and type III 

infected mice did not significantly differ at any of analyzed time points (5, 10, 15 and 21 

dpi) (Figure 14C).  

These data suggest that the CNS immune response differences we identified in 

type II and type III infection are not secondary to differences in parasite dissemination to 

or persistence in the CNS, at least up to 21 dpi. 
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Figure 14. Type II and type III-infected mice have a similar parasite burden throughout early 
and sub-acute CNS infection. Mice were inoculated with type II or type III parasites, and brains 
were harvested at noted time points. A. Quantification of CNS Toxoplasma burden at 21 dpi using 
quantitative PCR (qPCR) for the Toxoplasma-specific B1 gene and host GAPDH gene (loading 
control). Toxoplasma and mouse genomic DNA were isolated from brain homogenates. B. 
Quantification of Toxoplasma cyst burden at 21 dpi in brain sections stained with Dolichos biflorous 
agglutinin (DBA), which stains the cyst wall. Stained sections were then analyzed by epifluorescent 
microscopy to quantify DBA+ mCherry+ cysts. For A,B. Bars, mean + SEM. N= 8 mice/infected 
group. ns= not significant; two-way ANOVA with Fisher’s protected LSD. Data representative of 3 
individual experiments. C. Quantification of Toxoplasma CNS burden was performed as in (A) at 
specified time points. Bars, mean + SEM. N=4-6 mice/infected group/time point. No significant 
differences were found in mean B1 quantification. Two-way ANOVA with Fisher’s protected LSD. 
Data are representative of 2 individual experiments.  = type II,  = type III. 
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3.3.3 Type III-infected mice have fewer alternatively activated macrophages and 

regulatory T cells in the CNS and spleen at 21 dpi 

While our IHC data suggest that type III infection causes a higher number of 

macrophages and T cells to infiltrate into the CNS compared to type II infection, they do 

not address whether type II and type III infection affect the phenotype of the infiltrating T 

cells and macrophages. To address this question, we isolated immune cells from the CNS 

of Toxoplasma-infected mice and then used flow cytometry to identify the frequency of 

different immune cell populations, focusing primarily on macrophages/microglia and T 

cells. Additionally, we performed the same studies on splenocytes isolated from these 

mice to define if differences we found in CNS immune cells were specific to the CNS or 

merely reflective of differences in the global immune response. For the reasons stated 

above, we focused on the macrophage/microglial and T cell compartments. As these 

studies represented the first studies to use flow cytometry to compare strain-specific CNS 

macrophage and T cell responses, we sought to identify differences in major classes of 

these cells, using previously identified markers for these states (122,123,186). In 

particular, we focused on classically activated macrophage (M1), alternatively activated 

macrophages (M2), effector T cells (Teff), and regulatory T cells (Tregs). Gating 

schemes are shown in Figure 15 and Figure 16. 

Our analyses showed that, type III-infected mice had approximately half the 

number and frequency of M2s (CD45+, F4/80+, CD11bhi, CD11clo, CXCR3+ MMR+) 

compared to type II-infected mice (Figure 17A,B). For M1s (CD45+, F4/80+, CD11bhi, 

CD11clo, CD80+ CD86+), we observed no significant difference in the absolute number 

or, frequency between the groups (Figure 17C,D). We found that type III-infected mice 
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had half the number and frequency of Tregs (CD3+, CD4+, FoxP3+) as compared to type 

II-infected mice (Figure 17E,F) and no difference in the number or frequency of Teffs 

(CD3+, CD4+ or CD8+, CD44+) (Table 3).  

Consistent with our findings in the CNS we observed that, splenocytes from type 

III-infected mice had approximately half the absolute number and frequency of M2 

macrophages as compared to the splenocytes from type II-infected mice (Figure 18A,B). 

There was no significant difference in the absolute number and frequency of M1 

macrophages in the spleen (Figure 18C,D). Akin to our CNS data, splenocytes from type 

III-infected mice had half the number and frequency of Tregs than splenocytes from type 

II-infected mice (Figure 18E,F).  

We found no differences in the numbers of total CD3+ T cells, CD4 (CD3+, 

CD4+) T cells, CD8 (CD3+, CD8+) T cells, exhausted (CD3+, CD8+, PD-1+) T cells, or 

macrophages (CD45+, F4/80+, CD11bhi, CD11clo) (Table 3) in either the CNS or the 

spleen.   

Collectively these data show that in addition to quantitative differences in the 

CNS immune response to type II vs. type III infection, there are also differences in the 

phenotype of immune cells infiltrating into the CNS. Our data suggest that at 21 dpi, type 

III infection provokes a more pro-inflammatory immune response with a relative 

decrease in the macrophages (M2s) and T cells (Tregs) that suppress the pro-

inflammatory response. In addition, as these differences are seen in immune cells isolated 

from the CNS or spleen, these data suggest that the CNS immune response, is reflective 

of the systemic immune response at this time point.  
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Figure 15. Gating Scheme for Macrophage markers. Immune cells were isolated from the brain. 
Single cells were discriminated from doublets by plotting side scatter height (SSC-H) versus side 
scatter area (SSC-A). Cells were selected by plotting SSC-A versus forward scatter area (FSC-A). 
Live cells were gated on live/dead Yellow-. CD45+ CD3- cells were gated by plotting CD3 versus 
CD45. From CD45+ gate, F4/80+ and F4/80- cells were gated by plotting FSC-A versus F4/80. From 
F4/80+ gate, macrophages (Macs) were gated by plotting CD11c versus CD11b. From Macs gate, 
(CD80+ CD86+) M1 cells were gated by plotting CD80/CD86 versus CD11b. From Macs gate, 
(MMR+ CxCR3+) M2 cells were gated by plotting MMR/CxCR3 versus CD11b. Uninfected 
controls and isotype controls were used for setting up gating scheme. 
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Figure 16. Gating scheme for T cell markers. Immune cells were isolated from the brain. Single 
cells were discriminated from doublets by plotting side scatter height (SSC-H) versus side scatter 
area (SSC-A). Cells were selected by plotting SSC-A versus forward scatter area (FSC-A). Live 
cells were gated on live/dead Yellow-. CD3+ cells were gated by plotting SSC-A versus CD3. 
From CD3+ gate, CD4+ and CD8+ cells were gated by plotting CD4 versus CD8. From CD4+ gate, 
FoxP3+ Tregs were gated by plotting FoxP3 versus CD4. Uninfected controls and isotype controls 
were used for setting up gating scheme. 
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Figure 17: Type III-infected mice have fewer alternatively activated macrophages (M2) and T 
regulatory cells (Tregs) in the CNS as compared to type II-infected mice. At 21 dpi, immune cells were 
isolated from the CNS of either type II or type III infected mice, stained for T cell and macrophage markers 
and then analyzed by flow cytometry. A,B. CNS mononuclear cells evaluated for the presence of M2 
macrophages (CD45+, F4/80+, CD11bhi, CD11clo, CXCR3+ MMR+). C,D. CNS mononuclear cells evaluated 
for the presence of M1 macrophages (CD45+, F4/80+, CD11bhi, CD11clo, CD80+ CD86+). E,F. CNS 
mononuclear cells evaluated for the presence of Tregs (CD3+ CD4+ FoxP3+). Bars, mean + SEM. N= 6 
mice/infected group. **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA with Fisher’s protected LSD. 
Data representative of 2 individual experiments.  = type II,  = type III. 
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Figure 18: Type III-infected mice have fewer splenic alternatively activated macrophages (M2) and T 
regulatory cells (Tregs) compared to type II-infected mice. At 21 dpi, immune cells were isolated from the 
spleen of either type II or type III-infected mice and stained and analyzed as in Fig.3. A,B. Splenic 
mononuclear cells evaluated for the presence of M2 macrophages. C,D. Splenic mononuclear cells evaluated 
for the presence of M1 macrophages. E,F. Splenic mononuclear cells evaluated for the presence of Tregs. 
Bars, mean + SEM. N= 6 mice/infected group. **p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA with 
Fisher’s protected LSD. Data representative of 2 individual experiments.  = type II,  = type III. 
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Table 3: List of cells types characterized between type II and type III-
infected mice. 

 

 

 

 

 

 

 

 

Cell type (Brain) Type II Type III 
CD3 T cells 5.0+5.1x105 5.3+7.0 x105 
CD4 (CD3+, CD4+) T cells 3.5+3.7x105 3.6+4.8x105 
Activated CD4 (CD3+, CD4+, CD44+) T 
cells 

3.4+0.2x105 4.2+0.7x105 

CD8 (CD3+, CD8+) T cells 1.1+1.3x105 1.1+1.5x105 
Activated CD8 (CD3+, CD8+, CD44+) T 
cells 

9.7+1.1x104 1.3+0.3x105 

Exhausted (CD3+, CD8+, PD-1+) T cells 1.2+1.3x104 1.4+2.8x104 
Macrophages (CD45+, F4/80+, CD11bhi, 
CD11clo) 

2.4+3.1x105 1.5+1.3x105 

 

Cell type (Spleen) Type II Type III 
CD3 T cells 1.8+0.2x107 6.6+0.5x106 
CD4 (CD3+, CD4+) T cells 5.3+0.7x106 2.9+0.2x106 
Activated CD4 (CD3+, CD4+, CD44+) T 
cells 

2.5+0.4x106 1.3+0.1x106 

CD8 (CD3+, CD8+) T cells 5.8+0.8x106 2.3+0.2x106 
Activated CD8 (CD3+, CD8+, CD44+) T 
cells 

3.4+0.6x106 1.4+0.9x106 

Exhausted (CD3+, CD8+, PD-1+) T cells 6.4+0.9x105 3.4+0.6x105 
Macrophages (CD45+, F4/80+, CD11bhi, 
CD11clo) 

2.3+0.3x105 1.45+0.4x105 
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3.3.4 Macrophage phenotype switches over time during type II and type III 

Toxoplasma infection 

Our finding that type III infection provoke a stronger pro-inflammatory response 

at 21 dpi was unexpected because of the prior work showing that macrophages infected 

with type III parasites are polarized to M2s while macrophages infected with type II 

parasites are polarized to M1s (151,187). As our work was done in vivo at 21 dpi and the 

previous work was done in vitro or very early in vivo (1-3 dpi), one explanation for these 

discrepancies is that the in vivo, immune response evolves over time. To test this 

possibility, and given that we had found that splenocytes were accurate predictors of the 

CNS immune response, we phenotyped splenocytes from infected mice at 5, 10 and 21 

dpi.  

At 5 dpi, we observed that type III-infected mice had approximately 3-fold higher 

frequency and 2-fold higher number of splenic M2s as compared to type II-infected mice 

(Figure 19A). In addition, at this time point, type II-infected mice showed an increased 

frequency and a double the number of splenic M1s as compared to type III-infected mice 

(Figure 19B). By 10 dpi, the macrophage compartment from both type II and type III-

infected mice had expanded and no difference in macrophage polarization state was seen 

(Figure 19C-F). By 21 dpi, the splenic macrophage compartment was contracting and 

now type III-infected mice have fewer splenic M2 both by absolute number and 

frequency compared to type II-infected mice (Figure 19C,D). At 5 and 10 dpi, we found 

no difference in the Tregs response (Figure 19G,H). 

 



87 
 

Together, these data show that early in infection, and consistent to the prior work, 

type III-infected mice provoke a stronger M2 macrophage response than type II-infected 

mice. However, as the infection progresses, the immune response evolves such that by 21 

dpi, type III-infected mice now showed a significant decrease in these anti-inflammatory 

macrophages compared to type II-infected mice, even though parasite dissemination to 

the CNS is equivalent over this time period (Figure 14). Unlike the macrophage 

response, we did not observe strain-specific differences in Tregs until 21 dpi. 
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Figure 19: Macrophage phenotype changes over time during type II and type III infection. At 5 dpi 10 
dpi and 21 dpi, immune cells were isolated from the spleen of either type II or type III-infected mice and 
stained and analyzed as in Fig.3. A,B. Quantification of the frequency and number of M2 (A) or M1 (B) 
macrophages at 5 dpi. C,D. Quantification of the frequency (C) and number (D) of splenic M2 
macrophages over time. E,F. Quantification of the frequency (E) and number (F) of splenic M1 
macrophages over time. G,H. Quantification of the frequency (G) and number (H) of splenic Tregs over 
time. Bars, mean + SEM. N= 5-7 mice/infected group. *p<0.05, **p<0.01, two-way ANOVA with Fisher’s 
protected LSD. Data representative of 2 individual experiments.  = type II,  = type III. 
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3.3.5 Infection with a type IIIΔROP16 strain converts the CNS immune response to 

a type II response 

Given our strain-specific differences in macrophage phenotypes during the acute 

(5 dpi) and sub-acute (21 dpi) phase of infection, we hypothesized that the sub-acute 

immune response might result from these early differences in macrophage phenotype. For 

type II infection, we hypothesized that the early, pro-inflammatory M1 response induced 

a compensatory anti-inflammatory response, which is called into the CNS as parasite 

disseminate. On the other hand, type III infection initiates an early, less inflammatory 

response with a higher level of M2s thereby avoiding the induction of the compensatory 

anti-inflammatory response. The proliferation and dissemination of type III parasites 

could then drive a strong pro-inflammatory response that would infiltrate into the CNS. 

To test this hypothesis, and because the ROP16I/III has been linked to the early M2 

response (50,151,152), we used the CRISPR/Cas9 system (179–181,188,189) to delete 

ROP16 from our type III strain. We validated that our type III∆ROP16 clone was a 

knock-out using locus-specific PCR (Table 4) and a functional assay to show these 

parasites no longer induced host cell phosphorylation of STAT6, the transcription factor 

linked to the ROP16I/III-associated M2 phenotype (50) (Figure 20). We then infected 

mice with the type II, type III, or type III∆ROP16 parasites and, at 21 dpi, we analyzed 

the CNS immune response of these mice by quantitative IHC and flow cytometry. 

Consistent with our hypothesis, by quantitative IHC, we found that the CNS immune 

response in type III∆ROP16-infected mice looked similar to type II-infected mice with 

fewer infiltrating macrophages/microglia and T cells compared to type III-infected mice 

(Figure 21A-E). By flow cytometry, type III∆ROP16-infected mice again looked similar 
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to type II-infected mice in terms of M2 macrophages frequency and absolute number 

(Figure 22A,B). The type III∆ROP16 and type II-infected mice showed a statistically 

detectable increase in the frequency but not in the absolute number of M1 macrophages 

compared to type III-infected mice (Figure 22C,D). Remarkably, and unexpectedly, by 

both Toxoplasma-specific qPCR and cyst count, the type III∆ROP16-infected mice 

showed a substantial decrease in the CNS parasite burden compared to type II or type III-

infected mice (Figure 23A,B). 

In summary, these data show that infection with a type III-strain that lacks ROP16 

(type III∆ROP16) provokes a CNS immune response that is similar to type II-associated 

CNS immune response rather than the parental type III-associated immune response. In 

addition, this robust immune response is generated despite a very low CNS parasite 

burden. 
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Figure 20. Generation of type IIIΔROP16 mutant. A. Schematic representation of the 
approach used to create the Type IIIΔROP16 parasite. B. PCR analysis to confirm the knockout 
of ROP16 in Type IIIΔROP16 by detecting of flanking regions. Clone 1 is the deletion mutant. C. 
PCR analysis of SAG1. D. IL-4 stimulated HFF and Type III infected HFF induced 
phosphorylation of STAT6, whereas Type IIIΔROP16 did not. 
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Table 4. List of Primers used. 
 

 

 

 

 

 

 

 

 

 

 

Primers Sequences 
B1 FWD tcc cct ctg ctg gcg aaa agt 
B1 REV agc gtt cgt ggt caa cta tcg att g 
GAPDH FWD agg tcg gtg tga acg gat ttg 
GAPDH REV tgt aga cca tgt agt tga ggt ca 
SagI Sequencing FWD Set 4 cgc tgc acc act tca tta ttt 

SagI Sequencing REV Set 4 tgt tcc cgc aga cga ttt 

Rop16 gRNA Upstream FWD aag ttg tgt tgt cgg ttc ccg aat ag 
Rop16 gRNA Upstream REV aaa act att cgg gaa ccg aca aca ca 
Rop16 gRNA Downstream FWD aag ttg agt tac ttc tca tct cac tg 
Rop16 gRNA Downstream REV aaa aca gtg aga tga gaa gta act ca 
Rop16 Upstream Flank KpnI FWD gat cag gta cca gtt gtg tct gct tgg aca cg 
Rop16 Upstream Flank KpnI REV gat cag gta cct ctt gcg aca aac aag atc ac 
Rop16 Downstream Flank HindIII 
FWD gat caa agc ttg ggt gta agg ttc cca cct t 

Rop16 Downstream Flank HindIII 
REV gat caa agc ttg tga cag gaa cct gcg cc 

Rop16 Internal Fragment PCR FWD gga gtt gga tgt tcg gga taa g 
Rop16 Internal Fragment PCR REV gct ctt gag ggt ctg gat tta g 
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Figure 21: The infection with typeIIIΔROP16 parasites produce a type II-like CNS response with 
fewer CNS macrophages/microglia and T cells. At 21 dpi, macrophages/microglia and T cells 
infiltration into the CNS was determined by quantitative IHC (as in Fig.1). A. Representative image of 
Iba-1+ (macrophage/microglia) staining. B. Quantification of the number of Iba-1+ 
macrophages/microglia. C.  Representative image of CD3+ T cell staining. D. Enlargement of the boxed 
area in C. E. Quantification of the number of CD3+ T cells. Bars, mean + SEM. N= 12 fields of 
view/section, 3 sections/mouse, 5 mice/infected group. *p<0.05, two-way ANOVA with Fisher’s 
protected LSD. Data representative of 2 individual experiments.  = type II,  = type III,  = type 
IIIΔROP16. 
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Figure 22: The typeIIIΔROP16 infection provokes more alternatively activated macrophages, akin to a 
type II CNS immune response. At 21 dpi, immune cells were isolated from brains infected mice and then 
stained and analyzed as in Fig.3. A,B. CNS mononuclear cells evaluated for the presence of M2 macrophages 
(CD45+, F4/80+, CD11bhi, CD11clo, CXCR3+ MMR+). C,D. CNS mononuclear cells evaluated for the 
presence of M1 macrophages (CD45+, F4/80+, CD11bhi, CD11clo, CD80+ CD86+). Bars, mean + SEM. N= 5 
mice/infected group.  *p<0.05, **p<0.01, ***p<0.001, two-way ANOVA with Fisher’s protected LSD. Data 
representative of 2 individual experiments.  = type II,  = type III,  = type IIIΔROP16. 
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Figure 23: Type IIIΔROP16-infected mice had a significantly lower CNS parasite burden than 
type II and type III-infected mice. Mice were inoculated with type II, type III, or type IIIΔROP16 
parasites. Brains were harvested at 21 dpi and analyzed as in Fig.2. A. Quantification of CNS 
Toxoplasma burden by qPCR for the Toxoplasma-specific B1 gene. B. Quantification of 
Toxoplasma cyst burden in brain sections stained with Dolichos biflorous agglutinin. Bars, mean + 
SEM. N= 5 mice/infected group.  *p<0.05, ns=not significant, two-way ANOVA with Fisher’s 
protected LSD. Data are representative of 2 individual experiments.  = type II,  = type III,  = 
type IIIΔROP16. 
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3.3.6 During acute infection, type IIIΔROP16 parasites generate a 

hyperinflammatory response associated with increased parasite clearance 

To confirm that the CNS immune response changes were downstream of a change 

in the acute inflammatory response, we phenotyped splenocytes from mice infected with 

type II, type III, or type IIIΔROP16 at 5 dpi. Unexpectedly, mice infected with type 

IIIΔROP16 showed a mixed immune phenotype with an increase in both M2 and M1 

macrophages (Figure 24A,B). In addition, and unlike either type II or type III-infected 

mice (Figure 19G,H), type IIIΔROP16-mice showed an increase in both Treg number 

and frequency (Figure 24C). In the IFN-γ+ CD4 and CD8 compartment, type 

IIIΔROP16-infected mice showed a clear elevation in the absolute number of these cells 

compared to both type II and type III-infected mice (Figure 24D,E). In addition, the level 

of IFN-γ production in these cells, as assessed by mean fluorescence intensity of IFN-γ+ 

staining was 1.5-fold higher in type II and type IIIΔROP16-infected mice compared to 

type III-infected mice (Figure 24D,E). 

Given this mixed inflammatory response, we hypothesized that the type 

IIIΔROP16-infected mice induced an extremely pro-inflammatory response early in 

infection (high M1s and Teff response) that leads to a rapid decrease in the number of 

type IIIΔROP16 parasites. This heightened early inflammatory response and the rapid 

clearance of parasites would then provoke an even stronger counterbalancing anti-

inflammatory response than the type II parasites, thus resulting in increased numbers of 

both M2s and Tregs even early in infection. This hypothesis is particularly appealing for 

several reasons. First, type III strains have a very low expression of ROP18, a parasite 

virulence gene, that disables a major mechanism by which murine host cells kill 
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intracellular parasites in an IFN-γ dependent manner (147,190,191). Second, this 

hypothesis is consistent with the findings of another lab that has shown that infection 

with the type III∆ROP16 strain results in a significant decrease in the number of infected 

peritoneal macrophages that show the M2 phenotype compared to parental type III-

infected macrophages (Chen et al, manuscript in preparation). Finally, early clearance 

would explain why type III∆ROP16-infected mice had such a low CNS parasite burden at 

21 dpi (Figure 23). To test this possibility, we quantified the number of infected 

peritoneal exudate cells (PECs) at 1, 3 and 5 dpi from mice infected with type II, type III, 

or type III∆ROP16 parasites. At 1 and 3 dpi, all 3 strains showed the same number of 

infected PECs, suggesting there was no deficit in invasion. By 5 dpi, type III∆ROP16-

infected mice had a significantly lower number of infected PECs as compared to type II 

and the parental type III strain (Figure 25A-C). These data are consistent with the 

findings of Chen et al. (in preparation). 

Collectively, these data suggest that the type III∆ROP16 parasites provoke a 

distinct early immune response from the parental type III parasites and this type 

III∆ROP16- provoked immune response leads to rapid clearance of parasites in the acute 

phase of infection (Figure 25A-C). Collectively, the increased pro-inflammatory 

response (higher M1, Teff, Figure 24B,D) and the rapid clearance of parasites might then 

induce a very strong counterbalancing anti-inflammatory response, which could explain 

the type III∆ROP16 associated increase in M2 macrophages and Tregs at 5 dpi. This 

stronger counterbalancing anti-inflammatory response found in the periphery would then 

traffic into the CNS establishing a sub-acute CNS immune response that is similar to type 

II. 
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Figure 24: TypeIIIΔROP16 infected mice showed a hyperinflammatory immune response in the 
periphery. At 5 dpi, immune cells were isolated from the spleen of infected mice and then stained and 
analyzed as in Fig 3. A. Quantification of the frequency and number of splenic M2 macrophages. B. 
Quantification of the frequency and number of splenic M1 macrophages. C. Quantification of the 
frequency and number of Tregs. D. Quantification of the number and mean fluorescence intensity of 
splenic IFN-γ producing CD4+ T cells.  F. Quantification of the number and mean fluorescence intensity 
of splenic IFN-γ producing CD8+ T cells. Bars, mean + SEM N= 5 mice/infected group. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001, two-way ANOVA with Fisher’s protected LSD. Data 
representative of 2 individual experiments.  = type II,  = type III,  = type IIIΔROP16. 
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Figure 25: TypeIIIΔROP16 parasites are cleared early in vivo. At 1, 3 and 5 dpi, peritoneal 
exudate cells (PECs) were isolated from infected mice and then stained with antibodies against a 
Toxoplasma surface antigen (SAG1). A,B. Representative plots of infected PECs at (A) 1 dpi and 
(B) 5 dpi. C. Quantification of the frequency of infected cells over time. Bars, mean + SEM. N=5 
mice/infected group. *p<0.05, ***p<0.001, two-way ANOVA with Fisher’s protected LSD. Data 
representative of 2 individual experiments. 
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3.4 Discussion 

The results presented here show that genetically distinct Toxoplasma strains 

provoke strain-specific CNS immune responses and, that these sub-acute immune 

responses are heavily influenced by the initial systemic immune response. We have 

shown that infection with a type III strain induces a more pro-inflammatory, sub-acute 

CNS immune response at the level of infiltrating T cells and macrophages/microglia, 

cytokine milieu, and the quality of the infiltrating CNS immune cells (e.g. decreased 

levels of M2s and Tregs) than infection with a type II strain and that these strain-specific 

immune responses are not simply driven by differences in parasite burden. In addition, 

we have shown that, for the parameters monitored, the CNS immune response mirrors the 

systemic immune response as gauged by splenocytes. By profiling the systemic strain-

specific macrophage response over time, we show that the macrophage responses evolve 

over time, leading us to hypothesize that the early macrophage response affects the 

subsequent sub-acute response. Given the documented role of the type I/III allele of 

ROP16 in driving an early M2 response, we were able to support our hypothesis by 

engineering a type IIIΔROP16 strain that induces a type II-like CNS immune response, in 

both quantity and quality, despite having a much lower CNS parasite burden than either 

the type II or the parental type III strain. 

Based upon these data and prior work, we propose the following model: in acute 

infection, type II-infected macrophages are polarized to M1s which leads to an increased 

production of IL-12 (151,152) that results in a systemic, highly pro-inflammatory early 

M1 responses (5 dpi). This early pro-inflammatory response provokes a counter-

balancing anti-inflammatory response that leads to a rise in M2s, which continues as 
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parasites disseminate and enter the brain. This systemic response is then recapitulated in 

the CNS as parasites establish a chronic CNS infection (Figure 26A). Conversely, in 

acute infection, type III-infected macrophages are polarized to M2s via ROP16I/III leading 

to decreased IL-12 and increased IL-4 production that promotes more M2-shifted 

systemic response. This less inflammatory early response then avoids the compensatory 

anti-inflammatory response, so as type III parasites disseminate to the CNS, the immune 

response that is provoked is now strongly pro-inflammatory (Figure 26B). 
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Figure 26: Model for strain-specific acute and sub-acute immune responses. A. During acute 
infection, the type II parasites modulates host immune response to cause acute elevations of IL-12, via 
GRA15II, leading to more M1 polarized macrophages and Teff that produce more IFN-γ. This early pro-
inflammatory immune response then initiates a compensatory anti-inflammatory immune response (M2 
macrophages and Tregs). During this time, parasites proliferate and disseminate to the brain, at which 
point the immune cells that are present in the periphery infiltrate into the brain. B. During acute 
infection, the type III parasites, via ROP16I/III, produce less IL-12 and more IL-4 leading to an 
increased level of M2 polarized macrophages and Teff that produce less IFN-γ. This less pro-
inflammatory response avoids the early compensatory anti-inflammatory immune response. As type III 
parasites proliferate and disseminate a highly inflammatory response occurs, through unknown 
mechanisms which then infiltrates into the brain.  
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CHAPTER 4 

FINAL DISCUSSION AND FUTURE DIRECTIONS 

While these models fit our data, they leave a number of unanswered questions. 

What are the molecular and cellular mechanisms by which these early immune responses 

influence the later responses? How does the type II GRA15 allele, which drives an M1 

phenotype in infected macrophages, influence the immune response to the type II strain?  

Do these differences persist even in highly established chronic infections (e.g. months to 

years post infection)? We believe we have established a system in which these highly 

complex host-parasite interactions can systematically be dissected through the use of 

engineered parasites and mice. 

In addition to establishing a tractable system for understanding the evolution of 

immune responses, several other important points arise from our data. Here we have 

shown that the strain-specific polarizations identified in infected macrophages (151) also 

extends to surrounding uninfected macrophages found in the spleen. We speculate that 

this propagation of polarization occurs via strain-specific differences in cytokines 

secreted from infected immune cells, as type II-infected macrophages express more IL-12 

while type I/III-infected macrophages show less IL-12 and more IL-4 secretion 

(12,50,151,152). Since Il-12 and IL-4 are major cytokines that are either induced or 

inhibited in a strain-specific manner during early infection, it would be interesting to 

study the role of IL-12 and IL-4 in establishing the strain-specific, sub-acute CNS 

immune response. To study the role of the early IL-12 response in establishing strain-

specific, sub-acute CNS immune response, we can infect IL-12p40 knockout mice (192), 

which are unable to produce IL12, or infect transgenic mice that overexpress IL-12p40 
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(193) under the control of MHC II promoter with either type II or type III strain and 

study macrophage polarization over time. We predict that during type II infection, IL-

12p40 deficient mice will not be able to establish a M1 macrophage response early in 

infection, which would result in M2 macrophage response and would lead to immune 

response that is less inflammatory. As the infection progresses, the parasites will replicate 

and establish a pro-inflammatory CNS immune response. We predict that during type III 

infection, IL-12p40 overexpressing mice will establish a M1 response, which is highly 

pro-inflammatory. This early pro-inflammatory response provokes a counter-balancing 

anti-inflammatory response that leads to a rise in M2s, which continues as parasites 

disseminate and enter the brain. In addition, to study the role of IL-4 in establishing 

strain-specific sub-acute immune response, we will infect IL-4 knockout mice, which 

have reduced ability to produce Th2 derived cytokines, with type II or type III parasites. 

We predict that type III-infected mice will not be able to establish an early M2 response, 

resulting in more pro-inflammatory response during acute infection. This would provoke 

the activation of counter-balancing anti-inflammatory response, giving rise to M2 

macrophage response during sub-acute infection. 

Once Toxoplasma infects a host cell, it replicates, egresses and lyses out from the 

infected cell and can then infect the neighboring cells. Cytokines produced by the 

infected cells can then recruit monocytes to the site of infection and cause them to 

become activated. These activated macrophages are now involved in cleaning up debris 

from the infected cell. In doing so, PAMPs and Danger associated molecular pattern 

(DMAPs) are recognized by the TLRs and NLRPs. As we have shown that genetically 

distinct Toxoplasma strains cause strain-specific immune responses early in infection, 



105 
 

which ultimately shapes the sub-acute CNS immune response, we can tease apart which 

one or all of these innate sensors are important in causing strain-specific differences. It 

has been shown that GPI present on the surface of Toxoplasma is recognized by TLR-2 

and TLR4 on the surface of macrophages, which leads to the production of TNF-α. TLR-

11 and TLR-12 recognize profilin resulting in induction of IL-12. Activation of NLRP 

leads to secretion of IL-1β during Toxoplasma infection. In order to tease apart which of 

these innate sensors are important, we can use TLR or NLRP specific knockout mice. We 

can infect these knockout mice (TLR-2-/-, TLR-4-/-, TLR-2/4-/-, TLR-11/12-/- and NLRP-/-) 

with either the type II or type III strain and evaluate macrophage polarization over time. 

Since, IL-12, TNF-α, IL-1β are important to stimulate other innate cells like macrophages 

and NK cells to produce IFN-γ, a key cytokine required to control both acute and chronic 

Toxoplasma infection, we predict that type II infected mice will generate an M2 response 

early on leading to a less inflammatory response. As the compensatory mechanism will 

not be activated, the parasites will replicate and provoke this stronger pro-inflammatory 

response during the sub-acute CNS immune response.  

We also found that the splenic macrophage phenotypes were consistent with the 

macrophage phenotypes we identified in immune cells isolated from the brain. These data 

suggest that the environmental cues that determine macrophage polarization in the spleen 

must also be mirrored in the brain, indicating that important next steps will be to 

determine which cells in the brain are “instructing” the infiltrating monocytes or resident 

microglia.  

Serendipitiously, we also identified a reason for the retention of the type I/III ROP16 

(ROP16I/III) allele. In the original type II x III cross, ROP16 was not identified as a 
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virulence gene but rather its strain specificity was identified through strain-specific 

differences in host cell signaling in human fibroblasts (149). In fact, in a highly lethal 

type I strain, at 72 hours post infection, the loss of ROP16 increased IL-12 production in 

peritoneal exudative cells while also increasing parasite burden in distal organs (50). 

Conversely, we used a type III strain, which is genetically similar to the type I strain, 

except that it has a low expression of ROP18, a key protein for blocking murine IFN-γ 

dependent cell intrinsic defenses (147,190,191). In the context of low ROP18 expression, 

the ability of ROP16I/III to decrease IL-12 and IFN-γ and increase the M2 macrophage 

response appears essential for type III strains to avoid rapid and effective clearance 

during the very earliest points of infection (Figure 24, Chen et al, in preparation). 

Collectively, these data suggest that ROP16I/III is dispensable for type I strains, which 

highly express ROP18, but is essential for the low ROP18-expressing type III strains. 

Though our study suggests that the type III ROP16 allele is involved in driving these 

strain-specific differences in the immune response, as we lack the type IIIΔROP16+ 

ROP16type III, a complemented strain, we cannot definitively say the differences we 

identified here are only driven by ROP16. To address the cellular and molecular 

mechanism of ROP16 in driving these strain-specific differences in immune response, we 

are working on generating the type IIIΔROP16+ ROP16type III strain. If ROP16 is 

involved in driving these strain-specific differences in immune response, we predict that 

our complemented strain will provoke an immune response that is similar to type III 

strain during both acute and subacute Toxoplasma infection. In addition, it will be 

interesting to study the immune response and parasite persistence when a functional 

ROP18 is added to type IIIΔROP16 strain. We predict that functional copy of ROP18 in a 
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type IIIΔROP16 strain, will now make these strain hypervirulent. Such a strain would 

allow us to determine the influence of the type IIIΔROP16 in the absence of parasite 

clearance. 

Also, ROP16I/III has been shown to cause direct and pro-longed activation of 

STAT3/6 signaling pathways and also polarize macrophages into a M2 phenotype. Chen 

et al. (in preparation) have shown that STAT6 activation is important during acute 

infection for parasite survival and also for macrophage polarization to M2 phenotype 

during type III infection. Since these data show that early in infection STAT6 is 

important in provoking M2 macrophage response in type III infected mice, we predict 

that over time, in the absence of STAT6, type III infected mice will provoke a M1 

macrophage response. This pro-inflammatory immune response will then induce the 

compensatory mechanism which will lead to less inflammatory sub-acute immune 

response in the CNS.  

As type II GRA15 has been shown to modulate host signaling pathways and 

differentially polarize macrophage phenotype, next we want to study the effect of GRA15 

in driving these strain-specific differences in immune response using parasites that have 

GRA15 knocked out (type IIΔGRA15). We predict that type IIΔGRA15 parasites will 

provoke M2 macrophage response early in infection leading to less inflammatory 

response. As the infection progresses, type IIΔGRA15-infected mice will provoke more 

M1 macrophage response giving rise to a pro-inflammatory sub-acute CNS immune 

response. Finally, now that we have established this model, we can use highly engineered 

strains (for e.g. type IIIΔROP16+ GRA15type II) to understand how these polymorphic 

effector proteins work synergistically to establish a persistent Toxoplasma infection. We 
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have only begun to understand how Toxoplasma polymorphic effector proteins play a 

role in determining strain-specific differences in the CNS immune response. Thus, to 

understand what other genes play a role in causing strain-specific differences in CNS 

immune response, we can use F1 progeny form II x III cross.  

In this study we used global markers to identify M1 and M2 macrophages. Next, we 

will perform functional assays (iNOs and Arginase-1 production) to further classify these 

macrophage response during Toxoplasma infection. We will also perform microarray 

analysis to phenotype macrophages in the spleen and CNS after infection with distinct 

Toxoplasma strains.  

We have shown that the type IIIΔROP16 strain is able to elicit a strong brain 

immune response, including infiltration of T cells and likely monocytes, despite having a 

very low CNS parasite burden. We believe our data showing rapid clearance of type 

IIIΔROP16 parasites from PECs (Figure 25) as well as the data from another group 

showing decreased parasite burden in PECs and lung at 4 and 10 dpi (Chen et al, 

manuscript in preparation) strongly suggest that only a small number of type IIIΔROP16 

parasites reach the brain rather than the type IIIΔROP16 parasites having increased 

clearance in the brain. The finding of a much stronger CNS immune response than 

parasite burden is consistent with prior work showing that immune cells can and do 

infiltrate into the CNS in the setting of a strong systemic immune response without brain 

infection or pathology (194). We suggest that our data add to the growing body of 

literature that the “immune privileged” status of the CNS is less absolute than previously 

thought and that we still have much to learn about what governs when and if immune 

cells infiltrate into the CNS.    
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  Finally, the predominance of neuron-parasite interaction implies that neurons are not 

mere bystanders, but rather they are critical players involved in the establishment of the 

persistent CNS infection. And now that we know distinct Toxoplasma strains cause 

strain-specific CNS immune response, we can ask whether these distinct Toxoplasma 

strains modulate neurons that have interacted with the parasites, in a strain-specific 

manner. Previously, we have used laser capture microdissection to dissect out neurons 

that have interacted with the parasites and performed RNA-seq analysis on these neurons. 

Even though our initial findings suggest that there are some pathways that are modulated 

in the neurons in a strain-specific manner, we found that laser capture microdissection 

introduced T cell contamination in our RNA-seq analysis. We will use single cell 

dissociation technique or use in vitro neuronal cultures to control for immune cell 

contamination. We can infect transgenic mice or neuronal cell cultures with type II, type 

III or genetically engineered Toxoplasma strains such as, type IIIΔROP16, and type 

IIΔGRA15 parasites and perform transcriptome analysis to study how these parasites 

modulate neurons. Thus, we can now tease apart why Toxoplasma preferentially interacts 

and encysts in host neurons and what role these neurons play to establish a persistent 

infection.  
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