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ABSTRACT 
 

As a major natural host for Toxoplasma gondii, the mouse is widely used for the study of 

the immune response to this medically important protozoan parasite. However, murine innate 

recognition of toxoplasma depends on the interaction of parasite profilin with TLR11 and 

TLR12, two receptors that are functionally absent in humans. This raises the question of how 

human cells detect and respond to T. gondii. In this thesis project, I have shown that primary 

monocytes and dendritic cells from the peripheral blood of healthy donors produce IL-12 and 

other proinflammatory cytokines when exposed to toxoplasma tachyzoites. I also demonstrated 

that monocyte derived IL-12 is capable of driving primary human NK cell-IFNγ production in 

vitro. Cell fractionation studies determined that IL-12 and TNFα secretion is limited to CD16+ 

monocytes and the CD1c+ subset of dendritic cells. In direct contrast to their murine 

counterparts, human myeloid cells fail to respond to soluble tachyzoite extracts and instead 

require contact with live parasites. Importantly, we found that tachyzoite phagocytosis and 

endosomal acidification, are required for cytokine induction. Furthermore, by utilizing small 

molecule inhibitors targeting critical kinases in PRR singling pathways, we demonstrate a TLR-

independent, TAK1-dependent mechanism by which CD16+ monocytes respond to T. gondii. 
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Global transcriptome screening of uninfected and infected CD16+ and CD16- monocytes 

revealed that both are capable of detecting T. gondii, although only the CD16+ subset secretes 

proinflammatory cytokines. Additional analysis of the data suggested that the master regulator of 

translation and metabolic activity, mTORC1/2, controls this response. Metabolic analysis of total 

monocytes demonstrated a dramatic shift from oxidative phosphorylation to aerobic glycolysis 

shortly after infection with toxoplasma. Moreover, blockade of PI3K, an upstream regulator of 

mTOR, inhibited cytokine production, implicating the PI3K/Akt/mTOR pathway in the cellular 

response elicited by T. gondii. Together these studies reveal that the innate cytokine response of 

human myeloid cells is distinct from that of the mouse in both the specific subsets involved and 

that the pathogen sensing mechanism involved differs fundamentally from that utilized by mice. 

These differences may reflect the direct involvement of rodents, and not humans, in the parasite 

lifecycle.  
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CHAPTER ONE: INTRODUCTION 
 

1.1 Parasite life cycle and medical importance 

  Toxoplasma gondii is an obligate intracellular protozoan parasite of the phylum 

Apicomplexa. This phylum consists of several pathogens of clinical importance such as 

Plasmodium falciparum and Cryptosporidium parvum. Due to its amenability to genetic 

manipulation, T. gondii has emerged as a significant model organism for studying diseases 

caused by members of this phylum (1). Importantly, T. gondii itself is medically significant as 

nearly one-third of the world’s population is infected with this cyst-forming parasite (2).  

  T. gondii has three major infectious stages: tachyzoites, bradyzoites and sporozoites (3) 

(Figure 1.1) . Ingesting one of these stages by any warm-blooded animal leads to infection of the 

host. Once ingested, the parasite converts into the fast dividing tachyzoite stage that initially 

invades the gut epithelium and lamina propria cells, replicates asexually though a process called 

endodyogeny, then egresses to infect new cells in the surrounding tissue (4). This process is 

repeated several times during the acute stage of infection and will kill an immunocompromised 

host. However, immune pressure controls the infection by killing most of the tachyzoites while 

only a few parasites escape by infecting long lived cells at immunoprivileged sites such as in the 

muscles (5) and brain (6) of the animal. In cells such as neurons and myocytes, toxoplasma 

converts into the slow dividing bradyzoites stage and forms tissue cysts, establishing the chronic 

stage of infection which remains throughout the lifetime of the host.  

  Unlike most intracellular pathogens, T. gondii does not infect cells by being phagocytized 

and then escaping into the cytosol or converting the phagosome into a hospitable niche. Rather, 

toxoplasma and related Apicomplexans invade host cells though an active process dependent on  
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Figure 1.1 The life cycle and transmission of Toxoplasma gondii 
 
The life cycle of T. gondii begins when male and female gametes are produced via merogony 
inside enterocytes of feline intestines. The gametes combine to produce oocysts, which are 
shed into the environment and further mature through sporulation. Small animals such as mice 
consume oocysts, which triggers the development of the fast dividing tachyzoite stage. The 
immune response controls the infection but the parasite persists by infecting long-lived cells 
in the brain and muscle of the host. Here, they convert to a slow-dividing stage called 
bradyzoites and form tissue cysts that can contain between 10 to 100 bradyzoites. The life 
cycle is complete with a feline eats an infected mouse harboring the tissue cysts, leading to 
the infection of enterocytes in the gut. Humans are a dead-end host and acquire the infection 
by consuming raw meet of infected livestock or eating food or water contaminated with 
oocysts. Infections may lead to clinical pathology such as ocular, congenital or cerebral 
toxoplasmosis. 
Adapted from “Modulation of innate immunity by T. gondii virulence effectors”, Hunter, CA, Sibley, LD, 2012, 
Nat Rev Microbiol. 10, p. 767 Copyright 2012 by Nature Publishing Group. Reprinted with permission. 
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the actin cytoskeleton of the parasite itself (7) (Figure 1.2). Specialized secretory organelles 

called rhoptries and micronemes at the apical end of the parasite are necessary for the invasion 

process. First, the parasite moves though the environment by secreting membrane bound proteins 

onto its surface and treadmilling them from its apex to its base, where they are enzymatically 

cleaved. This constant flow of adhesion proteins is what allows T. gondii to move in a process 

described as gliding motility (8). Once toxoplasma comes into contact with a host cell, the 

parasite attaches its apex to the membrane, forming a moving junction. The parasite then 

discharges rhoptry and microneme proteins into the cytoplasm and membrane (9), and encases 

itself with the host’s membrane forming an invagination. Host proteins are excluded from the 

forming vacuole during this process (10), which results in a newly formed, non-fusogenic 

parasitophorous vacuole (PV) where the parasite survives and replicates (11).  

  The life cycle of T. gondii is mainly between felines and small prey animals such as birds 

and rodents. Felines are known as the definitive host because they are the only known organisms 

in which toxoplasma can sexually replicate (12). In the gut of felines, oocysts form and later 

mature into sporozoites after being shed into the environment in the cat’s feces. Intermediate 

hosts such as mice and birds become infected after ingesting these environmental oocysts and the 

life cycle is complete when a feline consumes the infected prey. However, T. gondii is capable of 

infecting any warm-blooded animal even if they are not the prey of felines, leading to many 

dead-end hosts, including humans, with chronic toxoplasma infections. The primary route of 

infection for humans is through consuming tissue cysts in the raw or undercooked meat of 

infected livestock or by ingesting food or water contaminated with oocysts (13). The  
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Figure 1.2 Host-cell invasion mechanism of T. gondii 
 
T. gondii actively invades host cells through a series of coordinated events that begin when 
parasite surface proteins (SAG) bind to the host cell. Microneme proteins begin to accumulate 
at the apex as apical attachment occurs. Toxoplasma forms a moving junction (MJ) by 
secreting rhoptry proteins both into the host’s cytosol and into the membrane of the 
developing invagination. The parasite penetrates the host cell by pulling the host membrane 
around itself forming the parasitophorous vacuolar membrane (PVM). Closure of the forming 
PV involves the fission of the PVM and host membranes, after which the parasite separates 
and forms the characteristic non-fusogenic PV in which it replicates. Adapted from “Pulling 
together: an integrated model of Toxoplasma cell invasion”, Carruthers, V and Boothroyd, JC, 2007, Curr Opin 
Microbiol. 10, p. 85 Copyright 2006 by Elsevier Ltd. Reprinted with permission. 
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seroprevalence in the United States ranges from 11% to 15% (14) while other countries, such as 

France, have rates as high as 59% (15).  

  Most T. gondii isolates in North America and Europe have been identified as belonging 

to one of three major clonal lineages (16) that have greater than 98% genetic identity among 

them (17). These strains, known as Type I, II and III, are primarily categorized based on their 

virulence in mice. Type I (e.g., RH88) strains are highly virulent with a LD100 (100% lethal 

dose) of less than 10 parasites. Type II and III strains (e.g., ME49 and VEG) are less virulent and 

require greater than 1000 parasites to achieve an LD100. Strains also vary in their infection rates, 

tissue specificity, replication time and the cytokines elicited by the host (18). It is thought that 

the asexual transmission of toxoplasma has contributed to the largely clonal populations 

observed in nature, however, more recent data suggest that this may not be the case outside 

North America and Europe as several new strains are being identified in Brazil and other South 

American countries (19). 

  While most infections are asymptomatic, occasionally exposure to toxoplasma can lead to 

lymphadenopathy, encephalitis, myocarditis, hepatitis, or retinochoroiditis (20). The major health 

threats T. gondii poses to immunocompetent individuals are congenital toxoplasmosis (21) and 

ocular toxoplasmosis (22) (Figure 1.3). Vertical transmission of toxoplasma can lead to 

developmental abnormalities, encephalitis, spontaneous abortion, and a reduced quality of life 

for infants who survive (23). The severity of diseases depends on several factors including the 

health of the mother, the trimester of exposure and the size of the inoculum (24). Ocular 

toxoplasmosis can develop as a consequence of in utero exposure (25) or a newly acquired 

infection, which can lead to impaired vision or blindness (26). Risk factors for developing ocular  
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Figure 1.3 Clinical manifestations of T. gondii infection 
 
Toxoplasma gondii infection in immunocompetent individuals may lead to retinochoroiditis, 
which appears as scaring on the macula in one or more foci (large necrotic lesion; left panel) 
(22). This can lead to impaired vision and blindness if untreated. Cerebral toxoplasmosis is 
more commonly observed in immunocompromised individuals. Patients develop neurological 
symptoms prompting MRI scans that show brain lesions and encephalitis, which can be fatal 
if left untreated (center panel) (29). Primary toxoplasma infection in pregnant women can be 
vertically transmitted to the developing fetus. The disease can manifest as ocular 
toxoplasmosis in the infant, spontaneous abortion, neurologic developmental impairments or 
hydrocephaly (right panel) (21).  
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disease are thought to include a combination of parasite strain (27) and host genetics (28). 

Immunocompromised individuals are the most vulnerable to disease following infection or 

reactivation of dormant tissue cysts. Primary infection or reactivation in these patients can lead 

to the life threating condition known as cerebral toxoplasmosis in which the parasite causes large 

lesions and inflammation in the brain (29).  

  Currently there are no vaccines available and only one drug that has been FDA approved 

for treating toxoplasmosis, pyrimethamine (Daraprim). Pyrimethamine is typically prescribed 

with sulfadiazine, which targets dihydrofolate reductase (30) and dihydroperoate synthetase, 

respectively, to inhibit folic acid synthesis and thus RNA and DNA synthesis (31). 

Pyrimethamine was designed to specifically target protozoan dihydrofolate reductase, but is 

often given with folic acid derivative supplements such as Leucovorin to limit side effects in 

patients. Its original use was to treat malaria patients (32) but the drug was found useful for 

treating other Apicomplexans infections. Unfortunately, there are growing reports of resistance 

to Daraprim (33), which has been shown to be the result of natural selection for parasites with 

alleles that interfere with drug binding sites (34). Thus, with increasing drug resistance being 

documented, there may be no options for patients suffering from toxoplasmosis in the future.  

1.2 The immune response to T. gondii in the murine model of infection 

 T. gondii is a highly successful parasite that maintains a chronic infection in a wide 

variety of animals. To achieve this, the parasite must infect, replicate and persist without killing 

the host. The delicate balance between overwhelming the host and killing it versus being cleared 

and failing to establish a chronic infection in order to spread to other hosts, primarily revolves 

around the immune response of the host (35) and the subversion mechanisms of the parasite (36). 
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As an important intermediate in the T. gondii life cycle, the murine model has proven to be a 

useful tool for understanding the cellular and molecular mechanisms involved in this dynamic 

interaction (37).  

 In the mouse model of infection, toxoplasma is initially detected when parasite profilin 

(TgPRF) binds to the pattern recognition receptors (PRR) toll-like receptor (TLR) 11 (38) and 12 

(39) (Figure 1.4). TgPRF is an actin-binding molecule necessary for parasite motility, invasion 

and thus survival (40). TLR11 and 12 are PRR found on innate myeloid cells such as dendritic 

cells (DC) and are located within endosomes. Early studies in which soluble tachyzoite antigen 

(STAg) was injected intravenously into mice discovered that splenic CD8α+ DC responded 

within hours by migrating from the red pulp to marginal zones and producing IL-12 (41, 42). 

This IL-12 response was later shown to be dependent on the adaptor proteins IRAK4 and 

MyD88 as well as the transcription factor IRF8 (43, 44). More recent studies have also shown 

that monocyte-derived inflammatory DC are capable of producing IL-12 transiently at the site of 

infection (45). Thus, the mouse utilizes a “detection at a distance” strategy by sensing parasite-

specific soluble factors using germline encoded PRRs to alert the host of the parasitic infection.  

Innate IL-12 is critical for driving the early production of NK cell IFNγ (46) and 

propagating an inflammatory milieu that drives a T helper 1 (Th1) polarized adaptive immune 

response (47) characterized by IFNγ and TNFα production. IFNγ protects the host though several 

distinct but related mechanisms. First, early NK IFNγ production has been shown to differentiate 

inflammatory monocytes into TNFα inducible NO synthase (iNOS) and NO producing DC (Tip-

DC) at the site of infection, which in turn produce more IL-12 to promote more inflammation 

(45). Moreover, IFNγ can upregulate IRF8 expression in macrophages and CD11b+ DC enabling  
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Figure 1.4 The murine immune response to T. gondii 
 
T. gondii profilin is detected by TLR11/12 expressed on CD8α+ DC resulting in the MyD88 
and IRF8 dependent production of IL-12. This cytokine acts on NK cells early and on CD4 
and CD8 cell later, driving the production of IFNγ. Lymphoid derived IFNγ acts back on 
APC such as macrophages, inducing anti-parasitic mechanisms. The parasite is either 
destroyed or subverts the immune response by hiding in tissue cysts inside long –lived cells 
such as neurons.  
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them to produce IL-12, which they were incapable of before priming (45, 48). IFNγ exposed 

macrophages also upregulate a family of immune related GTPases (IRG) that help eliminate 

intracellular parasites by attaching to the parasitophorous vacuole (PV) membrane (49). In 

macrophages, IFNγ also induces iNOS and NO that are microbicidal effector molecules critical 

for parasite killing (50). Mice lacking IL-12 or IFNγ rapidly succumb to acute infection due to 

overwhelming parasitemia. Moreover, toxoplasma infected AIDS patients with CD4 T-cell 

counts below 100 cells/µl are at high risk of developing cerebral toxoplasmosis from reactivated 

tissue cysts (51), which is thought to be precipitated by the lack of IFNγ (52, 53). Thus, in both 

the human and mouse, innate detection and cytokine production drives a protective IFNγ 

response which is thought to be critical for parasites control.  

However, it is important to note that humans do not express functional TLR11 due to 

several premature stop codons in the sequence and TLR12 is absent from the genome entirely 

(54). Humans also lack IRGs that are necessary for resistance in the mouse (55). Moreover, 

NFκB and not IRF8, has been shown to be activated in human myeloid cells (56) but not in IL-

12 producing murine DC (44). Thus, while the overall paradigm of acute inflammation driving 

an IFNγ mediated protective immune response seems to be conserved between the two species, 

the details of the early events leading to this response remain unclear in humans. 

1.3 Myeloid cells, their role in T. gondii infection and the human equivalents 

 Several innate myeloid cells have been shown to play critical roles in the protection and 

control of T. gondii in the murine model. Neutrophils, monocytes, dendritic cells and 

macrophages all play distinct yet interconnected parts during infection. In addition, subsets of 

monocytes and DC have unique functions that further specialize this response. Several of these 
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subsets have human equivalents and systematically comparing human and mouse responses to T. 

gondii in vitro in order to determine the sensing mechanism has yet to be done.  

One of the first cell types recruited from the blood to the site of infection in response to a 

variety of pathogens, including T. gondii, are neutrophils. These cells are phenotypically defined 

as CD11b+ F4/80- Ly6Cint and Ly6G+ and functionally known to phagocytize pathogens, produce 

inflammatory cytokines and chemokines as well as prime T cells (57). Early studies 

demonstrated that murine neutrophils were capable of producing IL-12 in response to in vitro 

stimulation with STAg (58). Moreover, this same group later demonstrated that antibody 

mediated in vivo depletion of neutrophils leads to the development of parasite induced lesions in 

the spleen, lung, liver and brain and is associated with impaired IL-12, TNFα and IFNγ 

production (59). These data strongly suggested an essential role for neutrophils in host protection 

against T. gondii. However, it was later discovered that the monoclonal antibody used in this 

depletion study, anti-Gr-1 clone RB6C6.8C5, targets both Ly6G and Ly6C and thus depletes 

both neutrophils and inflammatory monocytes, complicating the conclusions of the study (60). A 

new monoclonal antibody, clone 1A8 that specifically targets Ly6G on neutrophils and not 

inflammatory monocytes, was later used to conclusively determine that inflammatory monocytes 

and not neutrophils were necessary for controlling T. gondii infection in mice (61). 

Murine monocytes are generally identified by the presence of CD115 (CSF1R), CD11b 

(complement receptor 3), F4/80 (adhesion GPCR), and the absence of Ly6G and can be further 

segregated into two distinct subsets based on expression of Ly6C (62). Inflammatory monocytes 

are Ly6Chi CCR2+ and CX3CR1low, while the patrolling monocytes are Ly6Clow CCR2- and 

CX3CR1+. Functionally, inflammatory monocytes are recruited quickly to the site of infection, 
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phagocytize pathogens and produce proinflammatory cytokines and chemokines (63). Moreover, 

these cells are capable of differentiating into macrophages and DC depending on signals received 

both in the bone marrow (64) and at the site of inflammation (45). Patrolling monocytes are 

thought to be derived from inflammatory monocytes based on cell transfer and monocyte 

depletion experiments and get their name for the unique migratory behavior observed on 

vascular endothelium in vivo. These cells are also known for clearing damaged cells and debris 

from the vasculature, promote wound healing and recruiting neutrophils to sites of inflammation 

(65).  

As mentioned above, antibody depletion studies demonstrated a requirement for 

inflammatory monocytes in the control of T. gondii infection. The study also utilized CCR2 KO 

mice that lack peripheral blood inflammatory monocytes due to the monocyte’s inability to 

egress from the bone marrow. Interestingly, the patrolling monocyte compartment remained 

intact in these mice suggesting their role during infection was less important in controlling 

infection. Inflammatory monocytes are thought to control toxoplasma in a number of ways. Early 

reports showed inflammatory monocytes produce TNFα and IL-12 at the site of infection (66), 

which contributes to inducing IFNγ production from NK cells and CD4 T cells. Moreover, IFNγ 

producing NK cells at the site of infection signal inflammatory monocytes to differentiate into 

effector Tip DC and inflammatory macrophages that are capable of killing the T. gondii (67). 

Infiltrating monocytes are also important sources of reactive nitric species (RNS) and can clear 

parasites themselves via phagocytosis (68).  

One of the most characterized myeloid cell types in the murine model of toxoplasma 

infection is the dendritic cell. DC are known as the bridge between the innate and adaptive 
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immune systems (69) as they sample the surrounding environment, migrate into lymph nodes 

and present antigens to T and B cells. Because of their important role in immunity, they are 

equipped with a large number of PRR including almost all TLR. Conventional DC (cDC) are 

phenotypically defined by their expression of CD11c and MHC II molecules (70). There are two 

major division of cDC: lymphoid resident and tissue resident. Among the lymphoid resident cells 

are the CD8α+ CD11b- and CD8α- CD11b+ subsets which are dependent on the transcription 

factors IRF8/Batf3 and RbpJ/IRF4 for development, respectively (71). The two tissue resident 

DC subsets can be defined as either CD103+ CD11b- or CD103- CD11b+. Transcriptional 

profiling and transcription factor KO experiments have shown that the CD8α+ lymphoid cDC are 

equivalent to the CD103+ tissue DC (72) and have similar functions such as cross-presentation 

and produce comparable cytokine profiles in response to pathogens and TLR agonists.  

Early studies with T. gondii demonstrated that splenic CD8α+ DC produced large 

quantities of IL-12 within hours of injecting profilin containing STAg and more recent studies 

have shown Batf3 dependent DC in the mucosal associated lymphoid tissue (MALT) also 

produce IL-12 in response to T. gondii. This IL-12 activates bone marrow NK cells to produce 

IFNγ and primes inflammatory monocytes prior to entering the site of infection (64). Once 

arriving, the monocytes produce IL-12 locally and drive inflammation and differentiate into Tip-

DC. Interestingly, CD11b+ DC are unable to produce IL-12 in response to STAg unless they 

express IRF8, which only occurs after IFNγ priming (45). Additionally, cDC prime the adaptive 

immune response by presenting parasite-derived antigens and driving the Th1 immune response 

necessary for parasite control.  
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Macrophages are abundant phagocytic cells located in almost every tissue throughout the 

body. Phenotypically, they express CD11b, F4/80 and CD68 (macrosialin) and perform a wide 

variety of functions including cytokine production, phagocytosis, wound healing, antigen 

presentation and clearing dead or apoptotic cells (73). They are also regarded as the primary 

effector immune cell. During T. gondii infection, IFNγ from NK cells, and later T cells, activates 

macrophages to upregulate reactive oxygen species (ROS), RNS, IRGs and increase their rate of 

phagocytosis (74, 75). Interestingly, it is the inflammatory monocyte-derived macrophages and 

not the resident macrophages that are the principle effector immune cells as tissue resident cells 

are lost from the site of infection as a result of the inflammation (76).  

Monocytes and DC subsets have also been characterized in the peripheral blood of 

humans and their murine counterparts have been determined mainly through the use of 

transcriptional profiling (77-79) (Figure 1.5). Human monocytes are comprised of 3 major 

subsets: the classical (CL), intermediate (IM) and non-classical (NC). CL monocytes make up 

85% of the total monocyte population, and are defined by the expression of CD14 but not CD16. 

This subset is the human equivalent of murine inflammatory monocytes (Ly6C+) both of which 

are known to enter into inflamed tissues and produce effector cytokines and differentiate into 

macrophages and DC. The other 15% of monocytes are IM and NC and they both express CD16 

but are CD14+ and CD14dim, respectively. The NC subset comprises 10% of total monocytes and 

is the human equivalent of murine Ly6Clow patrolling monocytes. Studies using sort purified 

monocyte subsets have shown that NC monocytes respond to viral PAMPs in contrast to the CL 

monocytes that respond strongly to bacterial PAMPs (80). Changes in monocyte frequencies 

have been associated with viral (81), parasitic (82) and bacterial infections and an increase in the 
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IM subset has been correlated to adverse cardiovascular events (83). Despite having access to 

human peripheral blood monocytes, much of what we know about their function comes from 

murine models.  

Myeloid DC (mDC) in human peripheral blood are similar to cDC and can be divided 

into two subsets based on CD1c+ (mDC1) and CD141 (mDC2), which are the human equivalent 

of murine CD8α- CD11b+ DC (84) and CD8α+ DC (85), respectively, based on transcriptional 

profiling. Moreover, CD141+ DC have been shown to cross-present viral antigens similar to the 

murine CD8α+ DC. Although there are many similarities between mouse and human DC subsets, 

it is also important to note the differences between the two species. Murine pDC and mDC 

express TLR7 and TLR9, while these TLRs are only expressed in human pDC. Moreover, TLR8 

is not expressed in human pDC but present in mouse pDC. Additionally, human mDC1 cells 

have a superior capacity to cross-present antigens compared to their murine counterparts (86).  

1.4 Phagocytosis and pathogen detection 

 Phagocytosis is regarded as one of the first lines of defense utilized by the innate immune 

system and an important pathway of adaptive immune activation by promoting antigen 

presentation to T cells (87). By definition, phagocytosis is a receptor-mediated process of 

engulfing particles larger than 0.5 µm, and although fibroblasts, epithelial and endothelial cells 

are capable of phagocytosis, only professional antigen presenting cells (APC) can internalize 

microbes (88). Engulfing microbes serve two purposes, to kill the invading pathogen and to 

induce inflammation though proinflammatory cytokine and chemokine production. Pathogen 

detection and the sequestration of phagocytized microbes into endosomal compartments may be 
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Figure 1.5 Alignment of human and mouse monocyte and dendritic cell subset orthologs 
 
Human monocytes can be divided into 3 subsets based on the differential expression of CD14 
and CD16 as shown above. Through transcriptional profiling and functional studies, it was 
proposed that the human NC monocytes are orthologous to the murine patrolling monocytes, 
which are defined by the low expression of Ly6C. The human CL subset is similar to the 
murine inflammatory monocytes, which expresses high levels of Ly6C. Similarly, human DC 
subsets also have orthologous murine subsets. The human mDC are similar to the lymphoid 
resident murine cDC and can be divided into two subsets based on the differential expression 
of CD141 and CD1c. Murine cDC subsets are distinguished by their expression of either 
CD8α or CD11b. Additionally, both human and mouse have pDC which are a rare population 
of cell in the blood that produce large quantities of type I IFN in response to nucleic acids.  
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synchronized events, and many studies are seeking to better understand how the two process 

influences each other (89-93). The best evidence for this interaction was in a recent report on the 

microtubule-associated protein 1S (MAP1S) that demonstrated its ability to regulate both 

phagocytosis initiation and TLR signaling by directly interacting with MyD88 (94). 

Phagocytosis begins with the binding of membrane bound receptors to a particle, which 

recruits more receptors into a cluster that triggers a signaling cascade (95) (Figure 1.6). 

Depending on the receptor, clustering may be necessary for the phosphorylation of cytoplasmic 

motifs (96), which in turn recruit Src-family kinases (SFK) (97) and adaptor proteins such as 

Grb2 (98), Gab2 (99) and LAT (100). These proteins form a signaling platform that activates 

lipid-modifying enzymes such as PLCγ (101), nucleation-promoting factors and the actin 

nucleation complex Arp2/3 near the phagocytic cup (102). This results in pseudopod extensions 

and engulfment of the particle. Phagosome formation around large particles such as T. gondii 

require more membrane than the surface area of the cell can accommodate. In this case, a process 

called “focal exocytosis” targets recycling endosomes and late endosomes to the forming 

phagosome, donating membrane volume and thus allowing the phagocytosis of large particles 

while maintaining the extracellular membrane integrity (103).  

 Once a phagosome has formed around a microbe, maturation of the structure leads to a 

sequential series of events culminating in the destruction of the pathogen. Soon after 

internalization, sorting endosomes are trafficked to and from the phagosome, coordinated by a 

family of molecular switches known as the Rab GTPases (104). Early endosome fusion events 

are controlled by Rab5 (105) while later fusion events are mediated by Rab7 (106) and 

lysosomal fusion by LAMP-1 (107). As the phagosome matures, the vesicles that are trafficked 
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Figure 1.6 Formation and signaling pathways of the phagocytic cup 
 
Clustering of phagocytic receptors on the cell surface results in the phosphorylation of ITAM 
motifs on Fc receptors (depicted above) by Src-family kinases (orange). This recruits adaptor 
proteins (green) that act as the scaffolding on which lipid-modifying enzymes (blue) and 
nucleation-promoting factors (purple) attach. GTPases (brown) activate the nucleation factors 
WASP and WAVE that in turn activate the Arp2/3 complex. This complex is essential in actin 
polymerization that structurally forms the phagocytic cup and pseudopod extension of the 
nascent phagosome. 
Adapted from “The Cell Biology of Phagocytosis”, Flannagan, RS, Jaumouille V, Grinstein, S, 2012, Annu Rev 
Pathol. 7, p. 68 Copyright 2012 by Annual Reviews. 
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to the structure release and transfer proteins such as V-ATPase H+ ion pumps that generate a 

decreasing internal pH (108). This acidification serves several purposes such as restricting 

microbial growth, activating proteolytic enzymes and generating ROS. Moreover, fusion 

between the phagosome and lysosome results in the release of a multitude of effector molecules 

including lactoferrin, NRAMP1, lysozyme, cationic antimicrobial peptides, cathepsins, acid 

hydrolases, lipases, nucleases, glycosidases and phosphatases (87).  

 Phagocytic cells express a wide variety of PRR such as TLRs, NOD like receptors 

(NLR), C-type lectin like receptors (CLR) and RIG-I like receptors (RLR) (109). Early studies 

found that surface TLR2 and TLR4 are recruited to the forming phagosome suggesting these 

PRR may sense microbial PAMPs from within the phagosome (89). Since then, several studies 

have demonstrated a relationship between PRR signaling and phagocytosis. One study found that 

TLR9 signaling enhances the rate of phagocytosis in macrophages (110) while another 

discovered that phagocytosis and endosomal acidification are necessary for liberating gram 

positive bacterial PAMPs before being recognized by TLRs inside the phagosome (111). It has 

also been observed that the contents of the phagosome can be transferred, either actively or 

passively, to the cytosol where cytosolic PRR can detect microbial PAMPs (112), or to the ER 

for processing and presentation in HLA molecules (113, 114). Moreover, the surface receptor 

Dectin-1 acts as both a PRR (115) and a phagocytic receptor (116) further tying these two 

processes together.  

Although it is known that phagocytosis plays an important role in the clearance of T. 

gondii, few studies have examined the role of phagocytosis in the sensing of toxoplasma. 

Recently, a group demonstrated that invasion, and not phagocytosis of toxoplasma tachyzoites, 
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was necessary for priming an adaptive immune response to the parasite in mice. These results 

suggest that antigens presented to T cells from APC are acquired from the PV and not the 

phagolysosome (117). However, the group did not investigate the sensing mechanism or the 

APC cytokine response as it was previously shown to depend on TLR11 and 12 (38, 39). Since 

humans lack these receptors and may not be able to detect T. gondii though soluble factors “at a 

distance”, phagocytosis may play a more significant role in the detection of toxoplasma PAMPs 

in human myeloid cells. 

1.5 Metabolism and the innate immune response 

 As described above, sensing of a pathogen and the resulting response by a myeloid cell 

requires a number of processes to occur quickly and efficiently. Stimulation of a PRR results in a 

signaling cascade instructing the cell to activate, which may involve increasing lipid synthesis 

for enlarging the ER and Golgi (118), increasing nucleic acid synthesis for mRNA production 

(119), upregulating amino acid anabolism in preparation for secreting large amounts of cytokine 

and chemokines (120) or actin polymerization for phagocytosis or migration (121). All of these 

events require energy and are controlled by the host cell’s metabolism. Mammalian target of 

rapamycin (mTOR) kinase is the master regulator of metabolism and is highly conserved among 

eukaryotes, although the signaling complexes mTOR complex 1 and 2 (mTORC1 and 2) have 

evolved considerably (122). In mice and humans, mTOR has been suggested to coordinate the 

immune response by sensing the available nutrients and tailoring the response accordingly (123). 

This places mTOR and host metabolism at the center of host immunity. 

 The activation of mTORC in myeloid cells can occur through several mechanisms 

including TLR activation, growth factor stimulation, cytokine signaling and more (Figure 1.7). 
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Figure 1.7 The role of mTOR in regulating PRR signaling pathways and its effect on 
the cytokine response 
 
Stimulating myeloid cells with PRR agonists (LPS shown above) leads to the activation of 
PI3K upstream of the mTOR complexes. Depending on the signals received, activation of 
mTORC2 inhibits the proinflammatory FOXO1 transcription factor. The mTORC1 complex 
can counteract this by inducing IL-10 production in a STAT3 dependent manner. Although 
not depicted, PI3K can also activate mTORC1 through Rheb, leading to an increase in 
protein translation mediated by S6K1. The ability of PI3K to activate both mTOR complexes 
complicates studying the mechanism by which mTOR regulates the cytokine response. 
However, this may also explain reports of cell specific responses triggered by the same 
stimuli.  
Adapted from “Regulation of innate immune cell function by mTOR”, Weichhart T, Hengstschlager M, Linke 
M, 2015, Nat Rev Immunol. 15, p. 605 Copyright 2015 by Nature Publishing Group. Reprinted with 
permission. 
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The phosphatidylinositol 3-kinases (PI3K) (124) and mitogen-activated protein kinases (MAPK) 

(125) are two distinct but interrelated pathways upstream of mTORC1 and 2 that control their 

activation. However, there are several regulatory pathways the cell uses to modulate the 

activation of these complexes, many of which are tied to the sensing of energy sources. 

Insufficient lipid levels (126), low availability of amino acids, (127), glucose (128) and ATP 

(129) all have been shown to inhibit mTORC1 activation through a variety of mechanisms. 

However, if an innate cell has the available nutrients, activation of mTOR can drive energy 

production necessary for responding to the stimuli. mTORC1 upregulates translation though the 

phosphorylation of 4E-BP1 and activation of eIF4F and the translation complex (130). In 

addition, S6K1 and S6K2 are also substrates of mTORC1 phosphorylation that lead to protein 

translation. Moreover, activation in innate myeloid cells also leads to the production of ROS and 

nitric oxide (NO). Among other functions, NO inhibits the mitochondria respiratory chain (131), 

pushing the cell to rely on, and increase, aerobic glycolysis. This shift from mitochondrial 

oxidative phosphorylation to aerobic glycolysis has been observed in a number of settings such 

as cancer (Warburg effect) and inflammation (132). The immunological consequence of this 

metabolic shift is trained immunity, which has been defined as the nonspecific protection from 

secondary infections due to the metabolic reprograming of innate immune cells (133). This 

reprogramming allows for a stronger and quicker immune response and this effect has been 

demonstrated to last as long as 7 days in vitro. Due to the critical role mTOR plays in both 

metabolism and immune function, many pathogens have evolved mechanisms to modulate or 

inhibit its function (134).  
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 T. gondii has been shown to exploit the mTOR pathway and host cell metabolism for its 

growth and immune evasion. Parasite targeting of mTORC2 has been suggested as a mechanism 

to limit host cell motility, which could prevent tissue resident DC from migrating to lymph nodes 

and priming the adaptive immune response. It was also shown by the same group that the 

parasite was utilizing the host cell cytoskeleton and centrosome to reorient the ER, Golgi and 

lysosomes, possibly to acquire nutrients from the host cell during stress (135). Another study 

using human fibroblast cells (3T3) and human ovarian cancer (HeLa) cells demonstrated that 

invasion of T. gondii activates mTOR, inducing cell-cycle progression despite its failure to 

activate the canonical S6K1 pathway or induce the downstream phosphorylation of 4E-BP1. 

These data would suggest that T. gondii inhibits the upregulation of protein synthesis, while 

allowing the cell to progress into the S phase of the cell cycle (136). This mechanism could allow 

for the parasite to acquire the nutrients necessary for proliferation. Despite this work to 

understand the role of mTOR and metabolism in T. gondii infected cells, no study has addressed 

this in primary human myeloid cells and linked it to immune function. If the parasite is targeting 

the mTOR pathway, it may do so to inhibit the cell’s ability to produce cytokines and 

chemokines and avoid detection.  
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CHAPTER TWO: MATERIALS AND METHODS 

2.1 Human donors and monocyte isolation 

  Peripheral blood monocytes were obtained from healthy volunteers by counterflow 

centrifugal elutriation at the National Institutes of Health (NIH) Blood Bank under Institutional 

Review Board approved protocols of both the National Institute of Allergy and Infectious 

Diseases and the Department of Transfusion Medicine. Of the 49 donors 79% were males and 

21% females; 63% were Caucasian, 26% African American, 8% Hispanic and 2% Asian. Donor 

age raged from 21 to 70 with a median value of 41, while seropositivity for CMV and 

toxoplasma was 42% and 35%, respectively. 

  Elutriated monocytes were further purified by CD14 MicroBead (Miltenyi Biotec) 

positive selection to minimize the donor-to-donor variability by contaminating cell populations. 

Monocyte purity was >95% as assessed by flow cytometry (data not shown). 

2.2 Parasites 

  Tachyzoites of the RH88 type I, including the mCherry+ (137) GFP+ and conditional T. 

gondii profilin KO (TgPRF KO) parasites (40) and ME49 type II strains were propagated in the 

human foreskin fibroblast cell line Hs27 (ATCC CRL-1634). Confluent fibroblasts cultured in 

75 cm2 flasks were infected with 106 tachyzoites and incubated for 24 h before changing the 

media to remove free parasites. After an additional 48 to 72 h culture period, fibroblasts were 

detached by scrapping and passed through a 25G needle to release tachyzoites. The conditional 

TgPRF KO RH88 parasites were collected from 72 h fibroblast cultures performed in the 

presence or absence of 1 µg/ml of anhydrotetracycline (ATc). The deletion of profilin in TgPRF 
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KO parasites from cultures containing ATc was confirmed by plaque assay reflecting the 

requirement for this protein in parasite invasion. 

  The parasites were washed in PBS, filtered through a polycarbonate 3 µm membrane 

(Whatman) and counted. Their viability, determined by either Trypan Blue Exclusion or by 

fluorescein diacetate (FDA) (Sigma-Aldrich), was > 98%. In some experiments, tachyzoites were 

killed by either fixation in a 2% paraformaldehyde (PFA) solution or by heating at 65°C for 15 

min. 

2.3 Parasite fractions 

  A soluble tachyzoite fraction (STAg) was prepared from RH88 parasites as previously 

described (138). A total extract containing both the soluble and insoluble membrane fractions of 

the RH88 tachyzoite (referred to as Extract) was prepared by harvesting 2x109 tachyzoites in 

PBS with 5 mM EDTA which were then subjected to 10 rounds of rapid freeze/thaw/sonicate 

cycles. For each round, parasites were snap frozen in liquid nitrogen, rapidly thawed in a 56°C 

water bath and sonicated in a water bath sonicator (Sonicator® Ultrasonic Processor XL, 

Misonix Inc.) at 60% using 0.1 s bursts for a total of 30 s. An aliquot was inspected by light 

microscopy at 40X magnification to ensure that all parasites were completely lysed. Stock 

preparations of STAg and Extract were endotoxin free based on Endpoint Chromogenic LAL 

assay (Lonza). 

2.4 In vitro generation of macrophages and dendritic cells 

  CD14+ column purified (Miltenyi) monocytes were isolated from elutriated monocytes 

and differentiated into macrophages or DC as previously described (139). Briefly, monocyte 

cultures from a single donor were treated in parallel with human rGM-CSF (800 U/ml) 
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(PeproTech) and rIL-4 (1000 U/ml) (PeproTech) or with human rM-CSF (500 U/ml) 

(PeproTech) on days 0, 3 and 5, for generation of DC and macrophages, respectively. On day 7, 

cells from both cultures were harvested and stimulated as indicated. 

2.5 Isolation of monocyte and DC subsets 

  Monocyte and DC subsets were FACSort purified after staining elutriated monocyte with 

Alexa Fluor® 488-anti-HLA-DR (L243), PE-anti-CD14 (TüK4), APC-anti-CD16 (3G8), PerCP 

Cy5.5-anti-CD141 (M80) and APC-Cy7-anti-CD1c (L161) on a BDTM FACSAriaII (BD 

Biosciences). Neutrophils were excluded from analysis by gating out SSChi HLA-DRneg CD16+ 

cells. Monocytes were gated as SSClow HLA-DR+ cells and subsets defined by the expression of 

CD14 and CD16. DC were gated as SSClow HLA-DR+ CD14neg CD16neg and subsets were 

distinguished by the expression of either CD141 or CD1c. Post-sort analysis confirmed purities 

of >98% for each subset (see Appendix Supplemental Figure 1). 

2.6 Purification of human NK cells 

  After red blood cells lysis, cells in the lymphocyte elutriated fraction were stained with 

PE-anti-CD56 (HCD56), PE-Cy7-anti-CD16 (3G8), Pacific Blue-anti-CD127 (eBioRDR5), 

APC-anti-CRTH2 (BM16), Pacific OrangeTM-anti-CD45 (HI30) and Lineage cocktail: 

eFluor®450-anti-CD3 (OKT3), eFluor®450-anti-CD4 (RPA-T4), eFluor®450-anti-CD8 

(OKT8), eFluor®450-anti-CD14 (61D3), Pacific BlueTM-anti-CD11c (3.9), Pacific BlueTM -anti-

CD11b (ICRF44), eFluor®450-anti-CD19 (HIB19), Pacific BlueTM -anti-FceR1a (AER-37), and 

NK cells defined as SSClow, lineage negative, CRTH2neg CD127neg CD56+ population, including 

both CD16+ and CD16dim subsets, were purified on a BDTM FACSAriaII sorter. 
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2.7 Cell culture 

  All cultures were performed in Complete Media: RPMI 1640 medium (Life 

Technologies) supplemented with 10% heat inactivated FCS, 4 mM L-glutamine, 10 mM 

HEPES, 1 mM Sodium Pyruvate, 1X MEM NEAA, 100 units/ml of penicillin, 100 µg/ml of 

streptomycin, and 50 µM 2-mercaptoethanol. Experiments were carried out on the day of 

collection. Monocytes were plated at 1x106/ml in 0.5 ml in 48-well tissue culture plates and 

stimulated with T. gondii tachyzoites at an MOI of 1:1, STAg (10 µg/ml), Extract (10 µg/ml) or 

recombinant TgPRF (1µg/ml) (AdipoGen Life Sciences). As a positive control, the cells were 

stimulated with LPS (100 ng/ml; E. coli O111:B4, Invivogen), R848 (300 ng/ml; Invivogen) or 

both. 

2.8 NK cell IFNγ secretion assay 

  CD14+ column purified monocytes (5x105), NK cells (5x105) or autologous monocyte 

and NK cell co-cultures (1x106) were cultured with RH88 tachyzoites (MOI 1:1). In a second set 

of experiments, NK cells (1x106/ml) pre-activated with 10 U/ml rIL-2 (PeproTech) for 30 min, 

were stimulated with monocyte culture supernatants (75%). Supernatants generated by 

stimulating monocytes with medium or RH88 tachyzoites or R848 300 µg/ml for 24 h, were 

centrifuged at 1000 g for 5 min, aliquoted and stored at -80°C. Before adding to NK cell 

cultures, each supernatant was treated with either 2 µg/ml of neutralizing anti-p70 IL-12 Ab 

(Clone #24910; R&D Systems) or an isotype control Ab (Clone 11711; R&D Systems) for 30 

min. In both experiments, NK cells were cultured for 24 h and IFNγ measured by ELISA. 
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2.9 Cytokine and chemokine measurements 

  Cell culture supernatants were collected after 18 to 24 h of incubation and stored at -

80°C. TNFα, p70 IL-12, p40 IL-12 and IFNγ were measured by Human TNFα DuoSet® ELISA 

(R&D Systems), Human IL-12 p70 Quantikine ELISA (R&D Systems) Human p40 IL-12 Direct 

ELISA kit Novex® (Life Technologies) and Human IFN gamma ELISA Ready-SET-Go!® 

(Affymetrix eBioscience) respectively. When indicated, supernatants were analyzed for human 

sCD40L, IFNγ, IL-10, IL-1β, IL-6, IL-8, TGFα, TNFα, VEGF, EGF, Fractaline, G-CSF, GM-

CSF, IFNα2, IL-12p40, IL-12p70, IL-13, IL-1α, IL-1RA, IP-10, MIP-α and MIP-1β using a 

Millliplex MAP Human Cytokine/Chemokine Magnetic Bead Panel Immunoassay (Millipore). 

2.10 Transwell assay 

  CD14+ column purified monocytes (1x106) were cultured in 0.7 ml in 24 well plates with 

a 0.4 µm pore size Transwell® insert (Corning Inc. 3412) containing 1x108 RH88 tachyzoites. 

After 24 h, the transwell insert was removed, supernatants collected and cytokines measured by 

ELISA. 

2.11 Parasite invasion inhibition assay 

  Tachyzoites (3x106) in 0.5 ml PBS were treated with either 100 µM of 2,4’-

dibromoacetophenone (DBAP) (19956582) (Sigma-Aldrich), 3 µM Mycalolide B (MYB) 

(17993573) (Enzo Life Sciences) or DMSO (Sigma-Aldrich) as the vehicle control. After 30 min 

incubation at room temperature, tachyzoites were thoroughly washed with PBS and resuspended 

in culture media. An aliquot of each drug treated parasite preparation was tested for viability 

using FDA (Sigma-Aldrich), and the tachyzoites shown to be ≥95% viable in all conditions. To 

confirm that each drug inhibited parasite invasion, monocytes infected for 24 h were examined 
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by cytospins and no intracellular parasitophorous vacuoles were observed in the drug-treated 

conditions but were clearly visible in vehicle control cultures. 

2.12 Intracellular cytokine staining 

  CD14+ column purified monocytes (2x106) were cultured in medium alone, or with R848 

(300 ng/ml) or mCherry+ RH88 tachyzoites (MOI 1:1) pretreated with DMSO or MYB (3 µM) 

for 12 h with the last 9 h in the presence of Brefeldin A (3 µg/ml). Cells were then washed with 

PBS containing 2 mM EDTA, stained with Fixable Viability eFluor® 780 (Affymetrix 

eBioscience) and fixed with 2% PFA. After an overnight incubation in Permeabillization Buffer 

(Affymetrix eBioscience) cells were stained with FITC-labeled mouse anti-human IL-12 p40/p70 

(C11.5) Ab for 1 h. After extensive washing, data were acquired on a BD LSRFortessa (BD 

Biosciences), and analyzed with FlowJo 10.0.8 software (FlowJo, LLC). 

2.13 Endosomal acidification blocking assay 

  Column purified or FACS purified monocytes and DC (1x106) were cultured with RH88 

tachyzoites (MOI 1:1) in 48 well plates in the presence of either 3 µM of Bafilomycin A1 or 5 

mM NH4Cl for 24 h. Culture supernatants were collected and analyzed for p40 IL-12 and TNFα 

by ELISA. Drug treatment did not affect host cell viability or the rate of parasite infection (data 

not shown). 

2.14 Confocal microscopy 

  Column purified monocytes (1x106) were cultured with green fluorescent protein (GFP)-

RH88 (generously provided by Dr. M.E. Grigg, NIAID, NIH, Bethesda, MD) at MOI 1:1 for 3 h 

in 15 ml polypropylene tubes. Cultures were washed with PBS, fixed with 2% PFA, 

permeabilized with PBS containing 0.1% Saponin and 5 mM EDTA and stained with Alexa 
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Fluor®700-anti-LAMP-1 (clone H4A3) and mouse-anti T. gondii GRA7 Ab (kindly provided by 

Dr. I. Coppens, Johns Hopkins University, Baltimore, MD) for 1 h on ice. After extensive 

washing, cells were additionally stained with a Rhodamine RedTM-X-donkey-anti mouse Ab 

(Jackson ImmunoResearch Laboratories) for 1 h on ice, washed and affixed on glass slides by 

cytospin (Shandon). Cells were mounted using Prolong Gold Antifade with DAPI (Molecular 

Probes) and allowed to cure for 24 h at room temperature before imaging on the Confocal Laser 

Scanning Microscope Leica SP8 (Leica MicroSystems). 

2.15 Parasite opsonization assay 

  Sera pooled from 3 healthy donors found to contain T. gondii specific antibodies or from 

3 donors that were negative for anti-toxoplasma antibodies, were heat inactivated at 56°C and 

then stored at -80°C. Heat killed RH88 tachyzoites were incubated for 30 min at 37°C with 

pooled sera from either T. gondii positive or negative donors at the indicated dilution, washed in 

1X PBS, resuspended in Complete Media and added to monocyte cultures (MOI 1:1). 

Supernatants were collected after 24 h and p40 IL-12 and TNFα measured by ELISA.  

  An aliquot of parasites with the indicated opsonization dilution of the pooled sera was 

stained with R-PE AffiniPure Goat Anti-Human IgG, Fcγ Fragment Specific antibody (Jackson 

ImmunoResearch Laboratories Inc.). Parasites were washed and data were acquired on a BD 

LSRFortessa (BD Biosciences), and analyzed with FlowJo 10.0.8 software (FlowJo, LLC).  

2.16 RNA purification 

  After culture supernatants were removed, TRIzol was directly added to cell culture plates 

and total RNA was extracted using chloroform per the TRIzol protocol (ThermoFisher 

Scientific). The aqueous layer was removed and an equal volume of 70% ethanol was added. 
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Samples were loaded into RNeasy Micro spin columns, processed according the manufacturer’s 

instructions (Qiagen) and eluted in RNase free water. Samples were stored at -80°C until further 

processing. 

2.17 Microarray processing and analysis 

  Elutriated monocytes from 8 healthy donors were stained, sorted into the three subsets 

(CL, IM and NC) and plated (1x106/ml) in a 24 well plate. Each population was infected with 

RH88 (MOI 1:1) or cultured in media alone for 3 h. Supernatants were aspirated and cells were 

stored in Trizol at -80°C. RNA was extracted as described above from all 48 samples in one 

batch and RNA quality was confirmed using the R6K RNA Screen Tape on the Agilent Tape 

Station 2200 (Agilent Technologies, Inc.) 500 ng of total RNA was amplified and labeled using 

Illumina Total Prep RNA Amplification Kit (Ambion). Labeled RNA was hybridized on 

Illumina Human HT-12 v4 Expression BeadChips. Signal data were extracted from the image 

files with the Gene Expression module (v. 1.9.0) of the GenomeStudio software (v. 2011.1) from 

Illumina, Inc. Signal intensities were converted to log2 scale. Calculation of detection p-values is 

described in the GenomeStudio Gene Expression Module User Guide. Data for array probes with 

insufficient signal (at least two arrays must have detection p value < 0.1) were removed from the 

dataset. After dropping nonperforming probes, quantile normalization was applied across all 

arrays. ANOVA was performed on the normalized log2 expression estimates to test for mRNA 

expression differences by cell fraction and/or infection status. A p-value of 0.05 was used for the 

statistical significance cutoff, after adjusting for the family-wise error rate (FWER) using 

Benjamini–Hochberg method to account for multiple testing. Statistical analysis was performed 

using JMP/Genomics software version 7.0 (SAS Institute Inc.). 
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2.18 Metabolic profiling assay 

  Column purified elutriated monocytes (1.785x106/ml) were cultured in Complete Media 

alone or infected with RH88 tachyzoites (MOI 1:1). After 3 h, cells were washed in cold 1X PBS 

and resuspended in XF Assay media (Seahorse Biosciences) pH 7.4, either supplemented with 

5.5 mM glucose and 1 mM sodium pyruvate for the Mito-Stress assay or with 1 mM sodium 

pyruvate for the Glycolysis-Stress assay and seeded in triplicate cultures (2.5x105/well) into an 

XFe96 bioflux plate (Seahorse Biosciences) pre-coated with 3.5 µg/cm2 Cell-Tak per 

manufacturer’s instructions (Corning). The plate was centrifuged at 300 g for 2 min at 4°C and 

then incubated at 37°C in a non-CO2 incubator for 1 h. The Mito-Stress assay and Glycolysis-

Stress assay were run in parallel using the XFe96 Extracellular Flux Analyzer according to the 

manufacturer’s instructions (Seahorse Bioscience). For the Mito-Stress assay, the oxygen 

consumption rate (OCR) was measured every 8 min, 4 times before and 4 times after the addition 

of the following drugs: 0.5 µM oligomycin, 1.5 µM carbonyl cyanide-p-

(trifluoromethoxy)phenylhydrazone (FCCP) and 100 nM/1 µM Rotenone/Antimycin A. For the 

Glycolysis-Stress assay, the extracellular acidification rate (ECAR) was measured every 8 min as 

described above but after adding: 25 mM glucose, 5 µM oligomycin and 100 mM 2-deoxy-D-

glucose (2DG). All drugs were resuspended in the appropriate assay media at a pH of 7.4. After 

the assay, the culture media was removed and stored at -80°C overnight. Cell number was 

quantified the next day via CyQUANT according to the manufacturer’s instructions 

(ThermoFisher Scientific) and used for data normalization.  

2.19 Metabolic data analysis 
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  For the Mito-Stress assay, non-mitochondrial respiration is calculated as the average of 

the last four measurements after the Rotenone/Antimycin A injection. Proton leak is the 

difference between the non-mitochondrial respiration and the averaged four measurements after 

injecting oligomycin. Basal respiration is the difference between the average of the first four 

measurements and the non-mitochondrial respiration. ATP-linked respiration is the difference 

between basal respiration and proton leak. Maximal respiration is the difference between the 

averaged 4 points following the FCCP injection and the non-mitochondrial respiration. Reserve 

respiratory capacity was calculated by subtracting the maximal respiration from the basal 

respiration. 

  For the Glycolysis-Stress assay, non-glycolytic acidification is calculated as the 

difference between the averaged first 4 measurements and the last four. Glycolysis is the 

difference between the averaged 4 points following the injection of glucose and the non-

glycolytic acidification. Glycolytic capacity is the difference between the averaged 4 points after 

oligomycin injection and the non-glycolytic acidification. Glycolytic reserve is calculated by 

subtracting the glycolytic capacity from glycolysis. OCR and ECAR values were normalized to 

cell number for both the Mito-Stress assay and Glycolysis-Stress assay. Each data 

point/measurement is the mean of 3 technical replicates.  

2.20 Statistical analysis 

  Statistical differences between conditions were analyzed by matched, nonparametric 

Friedman Test using GraphPad Prism software version 6.0e (GraphPad) unless otherwise 

indicated. In all cases, p values are indicated as *p< 0.05, **p< 0.01, *** p< 0.001  
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CHAPTER THREE: PRIMARY HUMAN CD16+ MONOCYTES AND 

CD1C+ DC ARE THE MAJOR IL-12 PRODUCING CELLS IN THE 

PERIPHERAL BLOOD THAT RESPOND TO T. GONDII 

3.1 Introduction 

  Toxoplasma gondii is a highly successful obligate intracellular protozoan parasite capable 

of infecting virtually any warm-blooded species and an important pathogen of humans. 

Toxoplasma is typically acquired by consuming undercooked meat of infected livestock or by 

ingesting food or water contaminated with oocysts shed from felines, the definitive hosts of the 

parasite (140). While most acute infections are asymptomatic, a fraction of infected 

immunocompetent individuals develop significant morbidities such as ocular or congenital 

toxoplasmosis while life-threating conditions such as cerebral toxoplasmosis can occur in 

immunocompromised patients (20). Nevertheless, humans are thought to be accidental, end 

stage, hosts and the natural transmission cycle is believed to depend largely on predation of small 

animals, in particular rodents, by cats (141).  

  Since mice are natural intermediate hosts of T. gondii, they provide a biologically 

relevant and convenient model for elucidating the cellular and molecular immune mechanisms 

governing the host-pathogen interaction. Early studies established key roles for IFNγ (142) and 

IL-12 (48) in murine host resistance to T. gondii and identified dendritic cells as a major source 

of the latter cytokine. CD8α+ DC were characterized as the principle IL-12 producing subset in 

the spleen (42, 143), although CD11b+ CD8α- DC were later demonstrated to produce IL-12 

transiently at the site of infection (45). IL-12, in turn was shown to be critical for the generation 
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of IFNγ-producing NK cells as well as the CD4 and CD8 T cells required for adaptive immunity 

to the parasite (48). Interestingly, parasites belonging to the Type I and Type II T. gondii genetic 

lineages, which in mice are virulent and avirulent respectively, differed in their capacity to 

trigger IL-12 production in vivo (144). 

  In this study we have systematically investigated the cytokine response of human 

myeloid cells to T. gondii using elutriated leukocytes from healthy blood donors as the cellular 

source. Monocytes and DC are important cytokine producing cells in human peripheral blood 

that respond to microbial stimulation. Human monocytes are heterogeneous and consist of 3 

major subsets. The largest subset consists of the classical monocytes (CL), which make up 85% 

of the total population, express CD14+ and are CD16neg. This subset is the human equivalent of 

murine inflammatory monocytes (Ly6C+) (77) both of which are known to produce effector 

cytokines and chemokines and enter into inflamed tissues. The two minor subsets are the 

intermediate monocytes (IM) and non-classical monocytes (NC), which both express CD16 and 

are CD14+ and CD14dim, respectively. The NC subset is the human equivalent of the murine 

patrolling monocyte subset (Ly6Clo) that responds to viral pathogen associated molecular 

patterns (PAMPs), recruits neutrophils to sites of inflammation and clears cellular debris from 

the luminal side of blood vessels (145). The mDC in human peripheral blood can also be divided 

into two major subsets, the CD1c+ mDC1 and the CD141 mDC2 that have unique functions and 

are the human equivalent of murine CD8α- CD11b+ DC (84) and CD8α+ DC (85), respectively. 

  Here we have identified CD16+ monocytes and CD1c+ DC as the major myeloid cells in 

human peripheral blood that produce IL-12 and TNFα in response to stimulation with T. gondii 

tachyzoites. Moreover, we demonstrate that the monocyte cytokine response is capable of 
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driving NK cell IFNγ production in vitro in an IL-12 dependent manner. We also established key 

differences in cytokine production between primary mDC and monocyte-derived DC in response 

to stimulation with T. gondii and a surprising lack of cytokine production in monocyte-derived 

macrophages. Together, these findings reveal human and mouse differences in the myeloid cell 

subsets that produce innate cytokines in response to T. gondii possibly reflecting their unique 

evolutionary relationships to the parasite. 

3.2 Results 

3.2.1 T. gondii elicits the production of a distinct set of proinflammatory cytokines 

including IL-12 by human monocytes 

  To determine if primary human monocytes are capable of detecting and responding to T. 

gondii, we exposed CD14+ column purified elutriated monocytes from healthy blood bank 

donors to live tachyzoites of two different strains of toxoplasma, RH88 and ME49, which based 

on infection outcome in mice, are considered virulent or avirulent, respectively. Both RH88 and 

ME49 induced highly significant levels of p40 IL-12 p40 and TNFα from human monocytes of 

most donors and these responses approached the levels induced by LPS (Fig. 3.1A). While a 

high degree of donor-to-donor variation was observed, monocytes from the same donors tested 

more than 6 months apart secreted comparable levels of cytokines when cultured with RH88 

(Figure 3.2A) suggesting that this variation reflects donor intrinsic differences rather than mere 

experimental variation. However, the observed variation in cytokine responses between donors 

could not be attributed to donor age or prior toxoplasma or CMV exposure (Figure 3.2B-D). 

  To better define the monocyte response to T. gondii, we extended the analysis to 16 

different cytokines, chemokines and growth factors. Monocytes failed to produce detectable  
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Figure 3.1 Primary human monocytes exposed to T. gondii secrete proinflammatory 
cytokines. 
 
(A) Elutriated monocytes (106/ml) from healthy donors (n=49) were infected with RH88 or 
ME49 tachyzoites (MOI 1:1) or stimulated with LPS (100 ng/ml). Supernatants were 
collected after incubation for 24 h and p40 IL-12 and TNFα measured by ELISA. Each 
symbol represents an individual donor and the horizontal lines the mean ± SEM of the values. 
(B) Primary monocytes from 6 donors were incubated with RH88 or ME49 T. gondii or LPS 
(as described in A). Bars represent the mean ± SEM of the values obtained for the indicated 
cytokines measured by Multiplex bead-based assay. *p< 0.05, ** p < 0.01, *** p < 0.001, nd= 
not detected. 
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amounts of TGFα, EGF, VEGF, G-CSF, GM-CSF, IFNα2 or CX3CL1 (data not shown) when 

exposed to either strain of T. gondii. However, they did secrete significant amounts of p70 IL-12 

as well as several other proinflammatory cytokines and chemokines (Figure 3.1B). Interestingly, 

the T. gondii induced cytokine profile was qualitatively and quantitatively distinct from that 

triggered by LPS which, consistent with previously published studies (146, 147), was found to be 

dominated by high levels of IL-1, MIP-1α, IL-6, IL-8 and IL-10. 

3.2.2 T. gondii induced cytokine production by monocytes drives NK cell IFNγ production 

in vitro 

  In the murine model of T. gondii infection, p70 IL-12 plays a protective role by inducing 

IFNγ production by NK cells and T cells (46). To determine whether the IL-12 produced by 

infected human monocytes is sufficient to drive NK cell IFNγ secretion, we tested the IFNγ 

response to RH88 tachyzoites of monocytes alone, NK cells alone or autologous monocyte + NK 

cell co-cultures. Only when NK cells were cultured with monocytes were significant amounts of 

IFNγ detected (Figure 3.3A). We next tested the ability of cell-free supernatants collected from 

cultures of RH88-infected monocytes to induce IFNγ secretion by NK cells in vitro. We found 

that the monocyte-conditioned media in itself was sufficient for triggering NK cell IFNγ 

production and that the response observed was IL-12 dependent as preincubating the conditioned 

media with neutralizing anti-p70 IL-12 mAb completely inhibited IFNγ production (Figure 

3.3B). Taken together, these results demonstrate that primary human monocytes can detect and 

respond to T. gondii by producing a specific set of proinflammatory cytokines including IL-12, 

which can drive NK cell IFNγ production. 
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Figure 3.2 Reproducibility of donor cytokine production and lack of association 
between cytokine production and donor age, CMV or toxoplasma status.  
 
(A) T. gondii stimulated monocyte cytokine production from individuals who donated at 
two time points greater than 6 months apart. (B) Correlation analysis between age and 
RH88 T. gondii stimulated p40 IL-12 and TNFα production amongst the different donors. 
R2 calculated using a linear regression, p value calculated using a nonparametric Spearman 
rank test. (C) Comparison between CMV statuses, provided by the NIH Blood Bank or (D) 
toxoplasma status, determined by toxoplasma-specific Ab ELISA and the cytokine 
response of individual donors to RH88 tachyzoites. p value calculated using a 
nonparametric Mann-Whitney test. 
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3.2.3 Both monocyte-derived DC and sort purified blood mDC produce p40 IL-12 in 

response to T. gondii 

  To test whether other human myeloid populations can respond to T. gondii infection, we 

first compared the cytokine production of donor-matched monocytes and in vitro-derived 

macrophages and DC. When stimulated with RH88 tachyzoites, monocyte-derived DC but not 

macrophages secreted p40 IL-12 (Figure 3.4A). Moreover, the quantity of IL-12 produced was 

comparable between monocytes and DC. Interestingly, neither the in vitro derived macrophages 

nor dendritic cells secreted TNFα following stimulation with T. gondii, although significant 

levels of the cytokine were detected in parallel cultures after stimulation with LPS (Figure 

3.4A). Together these results indicate that monocytes and in vitro generated DC share the ability 

to respond to T. gondii by producing IL-12. 

  To determine whether primary DC are similarly responsive, we FACS purified blood 

mDC and measured cytokine production following exposure to live T. gondii or LPS. We found 

that the cytokine profile of blood DC to both stimuli closely resembled that of elutriated 

monocytes, although blood mDC overall displayed lower levels of IL-1β, MIP-1α, IL-8, IL-6 and 

IL-10 (Figure 3.4B versus Figure 3.1B). As in the monocytes, the T. gondii-induced response in 

mDC was dominated by p70 IL-12, TNFα, IL-1RA and IP-10. These findings demonstrate that 

despite their different origins and functions, primary human monocytes and mDC share the 

ability to detect and respond to T. gondii by producing IL-12 and a signature set of 

proinflammatory cytokines. 
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Figure 3.3 IL-12 secreted by monocytes exposed to T. gondii triggers IFNγ production by 
NK cells.  
 
(A) IFN-γ production by monocytes (white bars), NK cells (black bars) or co-cultured 
autologous monocytes and NK cells at a 1:1 ratio (checkered bars) in the presence or absence 
of RH88 tachyzoites was assayed by ELISA in supernatants collected after 24 h. Bars 
represent the mean ± SEM of the IFN-γ values obtained for three different donors. (B) 
Supernatants obtained after 24 h culture of monocytes with medium alone, RH88 tachyzoites 
(MOI 1:1) or R848 (300 ng/ml) were preincubated with anti-p70 IL-12 (white bars) or an 
isotype control Ab (black bars) and then added to NK cells (5x105/ml) pre-activated with IL-2 
(10 U/ml). Bars represent the mean ± SD of the IFN-γ values in NK cell culture supernatants 
measured by ELISA. Representative results from one of two donors tested are shown *p< 
0.05, ** p < 0.01, *** p < 0.001, nd= not detected. 
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3.2.4 CD16+ monocytes and CD1c+ mDC are the major cytokine producing subsets in 

response to ex vivo T. gondii exposure 

  To determine which specific subsets within the monocyte and DC populations are 

responsible for the observed cytokine response, we cultured equal numbers of FACS purified 

monocyte and DC subsets (see Appendix Supplemental Figure 1A for gating strategy) with T. 

gondii or LPS. Surprisingly, we found that the minor CD16+ IM and NC monocyte subsets 

produce the majority of the TNFα and IL-12 while CL CD16neg monocytes are largely non-

responsive (Figure 3.5A). Even more striking was the clear dichotomy in TNFα and IL-12 

production between the mDC1 and mDC2 subsets following T. gondii exposure (Figure 3.5B). 

Thus, the CD1c+ mDC1 subset produced high amounts of p40 IL-12 and TNFα after stimulation 

with tachyzoites while secretion of the same cytokines by the CD141+ mDC2 cells was near the 

limit of detection. The same response pattern was observed when p70 IL-12 was measured in 

culture supernatants from T. gondii stimulated monocyte and DC subsets (data not shown). 

Importantly, all subsets produced TNFα and IL-12 in response to LPS+R848 (Figure 3.5C) 

confirming their general capacity to respond to PAMPs. Interestingly, on a per-cell basis the 

mDC1 produced more p40 IL-12 than the CD16+ monocyte subsets while the latter cells 

produced more TNFα. In the same series of experiments, sort purified neutrophils failed to 

produce either cytokine (data not shown). Together, these data identify CD16+ monocytes and 

CD1c+ DC as the major circulating myeloid cells producing TNFα and IL-12 in response to T. 

gondii. 
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Figure 3.4 Both monocyte-derived DC and blood mDC secrete IL-12 and 
proinflammatory cytokines in response to T. gondii.  
 
(A) Column purified undifferentiated monocytes and donor matched in vitro monocyte-
derived macrophages or DC (106/ml) from 4 individuals were stimulated with RH88 
tachyzoites (MOI 1:1) or LPS (100 ng/ml). Supernatants were collected at 24 h and p40 IL-12 
and TNFα assayed by ELISA. (B) Total blood mDC (CD11c+) were FACSort purified form 
healthy donors (n=6) and exposed to RH88 tachyzoites or LPS as described in (A). Cytokines 
were measured in the culture supernatants using a bead-based Multiplex assay. Bars represent 
the mean + SEM of values obtained for the group of donors. *p< 0.05, ** p < 0.01, nd= not 
detected 
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3.3 Discussion 

  In this study, we have identified CD16+ monocytes and CD1c+ DC as the major myeloid 

cell populations in human peripheral blood that produce IL-12 and TNFα following exposure to 

T. gondii. Moreover, we demonstrated that T. gondii exposed monocytes are capable of driving 

NK cell IFNγ, through the production of IL-12. Surprisingly, these two human myeloid subsets 

are not the murine equivalent subsets known to produce IL-12 and other proinflammatory 

cytokines in the murine model of infection (42, 45, 61) suggesting a divergence in how each host 

responds to T. gondii. Indeed, the absence of functional TLR11 and TLR12 in humans predicts 

the existence of alternative parasite recognition mechanisms that can function in the absence of 

these major receptors utilized by mice and other species. 

  Our findings establish that in humans, monocytes in addition to DC are important sources 

of IL-12 and TNFα in the response to T. gondii. Human peripheral blood monocytes have 

previously been shown to produce IL-1β upon infection with T. gondii, (56) consistent with their 

known constitutive expression of active caspase-1, (148) and this observation was confirmed in 

the present study. However, we also found that T. gondii stimulated monocytes and DC 

simultaneously produce high levels of IL-1RA, which might limit the effects of IL-1. Moreover, 

in dendritic cells, which do not constituently express active caspase-1, we were unable to detect 

significant levels of IL-1β suggesting that while the inflammasome may be important for host 

protection in vivo (149), myeloid cells most likely detect T. gondii through a caspase-1 

independent mechanism.  

  In the murine host, inflammatory monocytes have been shown to produce IL-12 and 

TNFα in the lamina propria (66) and to produce IL-12 in the peritoneum (45) following parasite  
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Figure 3.5 CD16+ monocytes and CD1c+ DC are the major subsets producing IL-12 and 
TNFα.  
 
(A) CD16+ CD14low, CD16+ CD14+, and CD16neg CD14+ monocytes or (B) CD1c+CD141neg 
and CD1cneg141+ DC were FACS purified from 5 donors and cultured at 1x106/ml with T. 
gondii tachyzoites (MOI 1:1) for 24 h. (C) Cells from A and B were stimulated in parallel 
with LPS+R848 as a positive control for cytokine production. Cytokines in culture 
supernatants were measured by ELISA. Bars represent the mean ± SEM of values obtained 
for individual donors. Statistical significance was determined using a nonparametric 2-way 
ANOVA. *p< 0.05, ** p < 0.01, ns= not significant, nd= not detected 
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inoculation. Interestingly, in our experiments examining the monocyte subsets responding to T. 

gondii, CD14+ CD16neg monocytes, which are the human equivalent of murine inflammatory 

monocytes, failed to secrete significant levels of IL-12 and TNFα following stimulation with the 

parasite. At present, it appears that this distinction reflects a genuine human-mouse species 

difference and not a divergence between circulating versus inflammation-recruited tissue 

monocytes, since when examined in murine peripheral blood, inflammatory monocytes were 

again a major source of IL-12+ following STAg stimulation (Wu and Jankovic, unpublished 

data). CD14dim CD16+ monocytes are known to play a major role in clearing cellular debris from 

damaged endothelia cells, recruiting neutrophils to the site of infection (150) and responding to 

viral PAMPs (80). In addition, the two minor CD16+ CD14dim NC and CD14+CD16+ IM 

monocyte subsets that produced high levels of IL-12 and TNFα following T. gondii exposure 

have previously been identified as major cytokine producing cells in the response to Aspergillus 

fumigatus (151) and, in recently published work, to Plasmodium vivax (152). Our findings 

extend those of latter study in demonstrating that human CD16+ monocytes can play a selective 

role in the cytokine response to another major protozoan pathogen. 

  In parallel with our observations on the response of monocyte subsets, we showed that 

IL-12 and TNFα production following T. gondii stimulation is restricted to only one subset of 

human myeloid DC (i.e. the CD1c+). Interestingly, the non-responsive CD141+ DC population is 

the human equivalent of the murine CD8α+ DC subset, which dominates the IL-12 response of 

mice to T. gondii (42). Moreover, the CD141+ subset appeared to be totally unresponsive to 

parasite stimulation based on multiplex assay of 16 different cytokines and chemokines (data not 

shown). Previous studies on the human CD1c+ DC have indicated that this subset can produce 
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IL-12 in response to a variety of stimuli (153, 154) suggesting that the discrepancy highlighted 

above may reflect a genuine human vs. mouse difference in the behavior of this cell population. 

  Because of its important role as an intermediate host in the toxoplasma life cycle, the 

mouse (and related rodents) may have evolved distinct immunological mechanisms for detecting 

and controlling this parasite (155, 156). Due to the emerging discrepancies between the mouse 

and human immune responses to T. gondii noted above, studies directly identifying the specific 

requirements for recognition of toxoplasma by the human host are essential both for 

understanding pathogenesis and for the design of effective immunologic interventions. 
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CHAPTER FOUR: THE INNATE RESPONSE TO T. GONDII IS 

DEPENDENT ON THE PHAGOCYTOSIS OF LIVE PARASITES 

INDEPENDENT OF TLR SIGNALING 

4.1 Introduction 

  Toxoplasma gondii is an obligate intracellular protozoan parasite and the etiological 

agent of cerebral toxoplasmosis, a life threatening condition in immunocompromised individuals. 

Although one-third of the world is infected, most immunocompetent people control the infection. 

In the murine model of toxoplasmosis, T. gondii is detected when soluble parasite derived actin-

binding protein profilin (TgPRF) engages TLR11/12 on antigen presenting cells (APC) such as 

DC (38, 39). This interaction results in the production of IL-12, which in turn drives IFNγ 

production in NK cells and later in T cells. The critical role for TLR11/12 is demonstrated by the 

acute mortality of T. gondii infected mice lacking these receptors. Interestingly, human lack 

TLR11 due to several premature stop codons in the gene and TLR12 is absent from the genome 

entirely (54). This observation lead us to investigate the mechanisms utilized by primary human 

myeloid cells to produce proinflammatory cytokines in response to T. gondii which we observed 

in our previous studies.  

  Toxoplasma tachyzoites actively invade host cells though a process dependent on the 

polymerization of parasite F-actin, and completely independent of host cytoskeleton 

rearrangements (7). T. gondii initially attaches to the cell and forms a moving junction, secreting 

parasite-derived proteins into the cytosol and host membrane in order to exclude host proteins 

from the forming vacuole (10). Penetration of the host cell establishes a nonfusogenic 
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parasitophorous vacuole (PV), which is formed from the host’s plasma membrane (157). This 

process enables the parasite to evade the normally toxic host cell phagocytic machinery and 

resist acquiring markers targeting it to the endocytic and exocytic pathways (158), while 

maintaining the ability to acquire host metabolites via pores in the PV membrane (159).  

  Phagocytosis is the receptor-mediated process of engulfing large particles or pathogens 

and is a critical component of the innate and adaptive immune response (87). Professional 

phagocytes such as monocytes, macrophages, dendritic cells and neutrophils express a wide 

variety of receptors that are known to initiate phagocytosis. These receptors are broadly grouped 

into three categories: pattern-recognition receptors, opsonic receptors and apoptotic corpse 

receptors (160). Engagement of some of these receptors, such as Dectin-1, results in a 

proinflammatory cytokine response (116), other receptors such as CD36 induce an anti-

inflammatory cytokine response (161) and some receptors simply provide a means of attachment 

for the phagocyte to engulf the particle or pathogen. Once a receptor has engaged its ligand, a 

multimeric complex forms by recruiting other receptors in an actin-dependent process (162). 

This clustering triggers a signaling cascade resulting in the phagocytosis of the pathogen or 

particle (96). Once engulfed, the phagosome becomes a potent microbicidal and degradative 

organelle. T. gondii subverts these innate killing mechanisms by invading the cell and forming 

the PV. However, previous studies have shown the parasite can be targeted to the phagosome by 

antibody-mediated opsonization resulting it its destruction (163).  

  In the mouse, recent studies have established that neither host cell invasion nor 

phagocytosis of the parasites is critical for the IL-12 response (45, 117) confirming the role of 

soluble factors mediating host resistance in the murine model. Because our previous studies have 
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highlighted differences in the cell types responding to T. gondii between mice and men, we 

investigate the mechanism by which human monocytes and DC respond to T. gondii, considering 

both the “detection at a distance” strategy used by mice and a more direct host/parasite 

interaction possibly utilized by humans and other hosts lacking TLR11/12. 

  Here we discovered that the IL-12 and TNFα cytokine response elicited by T. gondii in 

CD16+ monocytes and CD1c+ DC is dependent on physical contact with toxoplasma. Moreover, 

we show that this response requires the phagocytosis of live parasites and endosomal 

acidification. In contrast to the murine model, neither monocytes nor DC produced cytokines in 

response to soluble tachyzoite antigens, whole parasite lysate or purified T. gondii derived 

profilin. This lack of a response was not the result of inhibition, different kinetics or cell 

viability. Together, these findings reveal fundamental differences between mice and humans in 

the mechanism they utilize to respond to T. gondii. This divergence in mechanisms may be the 

result of unique evolutionary pressures between toxoplasma and each host, possibly reflecting 

the salient role rodents play in the parasite’s life cycle.  

4.2 Results 

4.2.1 Monocyte cytokine production in response to T. gondii is dependent on physical 

contact with live tachyzoites 

  Because soluble tachyzoite antigen (STAg), and specifically TgPRF, are potent inducers 

of IL-12 in murine cells, we tested whether human monocytes and DC are capable of responding 

to the same parasite products. Interestingly, human monocyte failed to produce cytokines upon 

stimulation with either STAg, a whole membrane-containing tachyzoite extract (Extract) or 

recombinant TgPRF, while secreting significant amounts of p40 IL-12 and TNFα in response to  
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Figure 4.1 Physical contact with live parasites is required for monocyte cytokine 
production in response to T. gondii.  
 
(A) CD14+ column-purified elutriated monocytes (1x106/ml) from 9 donors were exposed to 
RH88 tachyzoites (MOI 1:1) or stimulated with STAg (10 µg/ml), total tachyzoite Extract (10 
µg/ml) or recombinant T. gondii profilin (TgPRF) (1µg/ml). Supernatants were collected at 24 
h and p40 IL-12 and TNFα measured by ELISA. (B) Monocytes prepared as in (A) from 5 
donors were cultured with tachyzoites of the conditional TgPRF KO RH88 strain in which 
deletion of profilin is ATc inducible. Cytokines were measured by ELISA in culture 
supernatants after 24 h. (C) Monocytes from 4 donors prepared as in (A) were cultured for 24 
h with either RH88 tachyzoites together (black bars) or separated by a 0.4 µm pore size 
membrane (grey bars) and cytokines were measured by ELISA. (D) Monocytes from 8 donors 
prepared as in (A) were cultured with live, irradiated, PFA fixed or heat killed parasites (MOI 
1:1) for 24 h. TNFα and p40 IL-12 were measured by ELISA. Bars represent the mean ± SEM 
of the values obtained for the group of donors. Statistical significance in (A and B) was 
determined using the Kruskal-Wallis test and in (C) using the Student t test. *p< 0.05, ** p < 
0.01, *** p < 0.001, nd= not detected, ns= not significant. 
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live parasites (Figure 4.1A). In parallel experiments, monocyte-derived and peripheral blood DC 

were also shown to be unresponsive to STAg (data not shown). As a positive control, we 

demonstrated that murine splenocytes produce p40 IL-12 after stimulation with STAg and 

Extract (Figure 4.2A) (143). Additionally, we confirmed that this difference in cytokine 

production by human monocytes is unrelated to host cell viability (Figure 4.2B) or kinetic 

differences in cytokine production (Figure 4.2D). To test the possibility that the 

unresponsiveness of human monocytes to STAg could be the result of active inhibition of 

cytokine secretion, we stimulated monocytes with LPS or tachyzoites and increasing amounts of 

STAg. We found that STAg failed to inhibit the cytokine response elicited by these two agonists 

(Figure 4.2C). In addition to failing to stimulate TNFα and IL-12 production, STAg was also 

unable to elicit the production of 16 other cytokines and chemokines measured by multiplex 

(data not shown). Since lack of direct recognition of TgPRF does not preclude the possibility that 

the activity of this protein relevant in the context of live parasites, we tested the responsiveness 

of human monocytes to TgPRF KO tachyzoites. As shown in Figure 4.1B, the cytokine 

responses induced by live TgPRF KO tachyzoites were indistinguishable from those induced by 

WT parasites. 

  To determine if physical contact with live parasites is necessary for cytokine production, 

we cultured monocytes with freshly isolated tachyzoites either together or separated by a 

semipermeable membrane in a transwell assay. Monocytes in contact with T. gondii produced 

p40 IL-12 and TNFα as previously shown, but when separated from the parasite failed to 

respond (Figure 4.1C).  
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Figure 4.2 In contrast to murine cells, human monocytes fail to produce cytokines in 
response to soluble parasite antigens.  
 
(A) Murine splenocytes (1x107/ml) were stimulated with live RH88 tachyzoites (MOI 1:1), 
STAg (10 µg/ml) or total tachyzoite extract (10 µg/ml). p40 IL-12 was measured in culture 
supernatants at 24 h. The data shown are the pooled means + SD from two replicate 
experiments. (B) CD14+ purified monocytes (106/ml) from 7 donors were stimulated with 
RH88 or ME49 tachyzoites (MOI 1:1), LPS (100 ng/ml) or STAg (10 µg/ml). After 24 h, cells 
were stained with UV Fixable Live/Dead and viability quantified by flow cytometry. (C) 
Monocytes were stimulated with either RH88 (MOI of 1:1) or LPS (100 ng/ml) and in the 
presence of increasing concentrations of STAg. Cytokines was measured by ELISA in the 
culture supernatants at 24 h. (D) Monocytes were prepared and stimulated as in (B). TNFα 
and p40 IL-12 were measured by ELISA in supernatants at the indicated time points. (C-D) 
Each symbol indicates the mean ± SD of triplicate ELISA values. The experiment shown is 
one representative of three performed each with a different donor. 
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  To establish whether the cytokine response is dependent on live or replicating parasites, 

we cultured monocytes with live, irradiated or dead tachyzoites killed by heating at 65°C or PFA 

fixation. Both live and irradiated parasites (which are alive but cannot replicate) induced strong 

cytokine responses. However, heat killed and PFA fixed parasites, despite being taken up by 

human monocytes (data not shown), failed to stimulate cytokine production (Figure 4.1D). 

Together, these data indicate that monocyte cytokine production is dependent on physical contact 

with live parasites and is not induced or inhibited by STAg. 

4.2.2 T. gondii invasion is dispensable for monocyte cytokine production 

  T. gondii is an obligate intracellular parasite that can actively invade any nucleated cell. 

Because physical contact with live parasites is required for cytokine production, we investigated 

the role of parasite invasion in cytokine production by primary human monocytes. To test this, 

we pretreated parasites with either of two different drugs that block parasite invasion through 

distinct mechanisms: mycalolide B (MYB), an irreversible inhibitor of actin cytoskeleton 

polymerization and (164) 2,4’-dibromoacetophenone (DBAP), an irreversible inhibitor of 

phospholipase A2s that prevents rhoptry protein secretion (165). Interestingly, monocytes 

secreted cytokines in response to drug treated parasites indicating that invasion is dispensable for 

monocyte cytokine production (Figure 4.3A). Moreover, TNFα levels tended to be higher in the 

cultures with drug treated tachyzoites than with the control parasites treated with DMSO alone. 

To ensure that the drugs blocked invasion, cytospins were prepared from each culture condition 

24 h after infection and examined by light microscopy and parasitophorous vacuoles were 

observed only in the control samples containing DMSO treated tachyzoites (data not shown).  
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Figure 4.3 Parasite invasion is not required for T. gondii induced cytokine production by 
human monocytes.  
 
(A) RH88 tachyzoites were pretreated with the irreversible inhibitors DBAP (100 µM), MYB 
(3 µM) or the vehicle control, DMSO, prior to culture with CD14+ monocytes. p70 IL-12, p40 
IL-12 and TNFα were measured by ELISA in culture supernatants 24 h later. Bars represent 
the mean + SEM of the values obtained for 8-9 individual donors (B) GFP expressing RH88 
tachyzoites treated with MYB or DMSO were cultured with CD14+ monocytes for 3 h. 
Representative confocal images of invasion and phagocytosis are shown (magnification 63X) 
after monocytes were stained for GRA7 and LAMP-1. (C) Frequency of GFP+ monocytes 
after 3 h in culture with GFP+ RH88 assessed by flow cytometry and (D) the percentage of 
invasion versus phagocytic events assessed by confocal microscopy in the same cultures. 
Results are shown as the mean ± SD of the values obtained from three (C) and two (D) 
different donors. (E) Representative FACS contour-plots gated on live cells showing 
intracellular p40 IL-12 staining of column purified monocytes cultured in medium alone, with 
mCherry-RH88 tachyzoites (MOI 1:1) treated with DMSO or MYB, or stimulated with R848 
(300 ng/ml) from one of three donors analyzed. *p< 0.05, **p< 0.01, *** p< 0.001, nd= not 
detected, ns= not significant. 
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Additionally, we failed to observe extracellular parasites in cultures where invasion was 

inhibited suggesting that the monocytes might be phagocytizing and degrading the parasites.  

  To determine if phagocytosis was indeed occurring, we infected monocyte cultures with 

GFP expressing RH88 tachyzoites treated with MYB or DMSO and then examined the cells by 

confocal microscopy after 3 h (Figure 4.3B). Using LAMP-1 as a marker for the phagolysosome 

(166) and GRA7 as a specific marker for the PV membrane (167), we were able to distinguish 

among the GFP positive monocytes between cells containing PV formed by parasite invasion on 

the one hand and phagocytized parasites on the other. In monocytes that had been successfully 

been invaded, GRA7 was clearly observed around the GFP signal and LAMP-1, while present, 

did not associate with the PV. In contrast, in monocytes that had phagocytized parasites, the GFP 

signal was present albeit weaker, GRA7 was absent and LAMP-1 was associated with the GFP 

expressing parasites. When analyzed by FACS the percentage of monocytes containing 

intracellular GFP+ parasites was on average 27% and 12% in cultures exposed to RH88-DMSO 

and RH88-MYB respectively (Figure 4.3C). Further analysis by confocal microscopy showed 

that among GFP positive cells in RH88-DMSO cultures, 16% contained phagocytized parasites 

while 84% displayed evidence of invasion events (Figure 4.3D). In contrast, 98% of GFP 

positive monocytes in RH88-MYB cultures acquired the parasites through phagocytosis and only 

2% through invasion. Thus, after 3 h in culture, roughly 4.5% of cells are phagocytized in the 

DMSO condition whereas 11% are in the MYB condition. This 3-fold increase in phagocytic 

events in monocyte cultures exposed to MYB-treated parasites is roughly proportional to the 2-

fold increase in cytokine production observed. Similarly, when ICS was performed, the 

frequency of IL-12+ monocytes was 2-fold higher in cultures exposed to invasion-incompetent  
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Figure 4.4 Cytokine production from total monocytes is dependent on phagocytosis of 
live tachyzoites. 
 
(A) Experimental design used to uncouple phagocytosis from parasite invasion showing four 
possible outcomes by combining treatment of either monocytes or tachyzoites with the 
irreversible inhibitor MYB. (B) Photomicrographs of monocytes 24 h after exposure to the 
corresponding conditions in (A), demonstrating the efficacy of the drug treatments outlined in 
the experimental design. Arrowheads indicate extracellular tachyzoites and arrows indicate 
intracellular parasites. (C) Monocytes (106/ml) from 6 donors were preincubated with DMSO 
or MYB (3 µM) and stimulated with LPS (100 ng/ml) or R848 (300 ng/ml) or cultured at an 
MOI of 1:1 with RH88 tachyzoites that had been preincubated with either DMSO or MYB. 
Supernatants were collected after 24 h and TNFα and p40 IL-12 measured by ELISA. Bars 
represent the mean ± SEM of the values obtained for individual donors. *p< 0.05, nd= not 
detected. 
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than competent parasites (Figure 4.3E). Importantly, in both cases the majority of monocytes 

producing p40 IL-12 contained intracellular parasites. Together, these data indicate that while 

phagocytosis and invasion of tachyzoites both occur in monocyte cultures, parasite invasion is 

not required for monocyte cytokine production. 

4.2.3 Phagocytosis of tachyzoites and endosomal acidification is required for monocyte 

cytokine production 

  To determine if the phagocytosis of tachyzoites is necessary for eliciting a cytokine 

response from monocytes, we inhibited phagocytosis by treating the monocytes with MYB and 

culturing them with invasion competent or incompetent parasites as depicted in Figure 4.4A 

while the representative cytospins of corresponding cultures are shown in Figure 4.4B. As 

predicted, when monocyte were capable of phagocytizing parasites, a strong TNFα and p40 IL-

12 response was observed and even higher levels of the cytokines were detected in cultures with 

invasion incompetent parasites. However, when monocyte phagocytosis was inhibited, the cells 

failed to produce cytokines in response to T. gondii regardless of the parasite’s ability to invade. 

Nevertheless, the same MYB treated cells responded normally to LPS stimulation (Figure 4.4C).  

  Because cytokine production was dependent on phagocytosis, we wanted to determine if 

the general process of phagocytosis resulted in cytokine production. To address this question, we 

opsonized heat-killed parasites, which do not elicit a cytokine response on their own, with 

toxoplasma specific antibodies from the serum of healthy donors (Figure 4.5A) and cultured 

them with primary human monocytes. As expected, monocytes did not produce p40 IL-12 or 

TNFα in response to heat killed parasites regardless of opsonization (Figure 4.5B). 
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Figure 4.5 Fc receptor mediated phagocytosis of dead parasites does not induce cytokine 
production. 
 
(A) Heat killed RH88 tachyzoite were incubated with the indicated dilutions of sera pooled 
from 3 healthy donors that were either positive or negative for anti-T. gondii Ab, and then 
stained with PE-conjugated anti-human Fc IgG. Representative contour plots gated on 
tachyzoites are shown to demonstrate the efficiency of parasite opsonization. (B) CD14+ 
column purified monocytes (1x106/ml) from one donor were cultured in media alone or with 
RH88 tachyzoites, heat killed (HK) RH88, or opsonized HK parasites (MOI 1:1) for 24 hours. 
Culture supernatants were collected and p40 IL-12 and TNFα were measured by ELISA. Bars 
represent mean + SD.  
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  We next asked whether endosomal acidification, a key event in phagosome maturation is 

required for cytokine induction. To do so, we treated monocytes with NH4Cl (Figure 4.6A) or 

Bafilomycin A1 (Figure 4.6B), two agents which inhibit the acidification of endosomes via 

distinct mechanisms. Monocytes infected in the presence of either drug failed to secrete 

cytokines but remained responsive to LPS stimulation. Light microscopic examination of the 

cultured cells demonstrated that at the concentrations used the drugs failed to inhibit parasite 

invasion or replication, arguing against an indirect effect on the parasites themselves. Moreover, 

FACS purified CD16+ NC and IM monocytes and CD1c+ DC displayed the same requirements 

for cytokine production in response to T. gondii (Figure 4.7A-B). Together, these findings lend 

further support to the hypothesis that phagocytosis of live parasites is required for the induction 

of cytokines in human monocytes and DC. 

4.2.4 The cytokine response of primary human monocytes to T. gondii is independent of 

TLR signaling but requires TAK1. 

  Because inhibiting endosomal acidification also inhibits the function of endosomal TLR 

(TLR7/8/9) (168) (Figure 4.6), we examined the role of these receptors in the cytokine response 

elicited by T. gondii in primary human monocytes. To do this, we pretreated monocytes with 

inhibitory oligodeoxynucleotides (ODN) that specifically block TLR7/8/9, then infected the cells 

with tachyzoites or stimulated them with LPS or R848. As expected, the drug treatment inhibited 

the cytokine response to R848, a TLR7/8 agonist, in a dose dependent manner and had no effect 

on LPS treated cells. Interestingly, the drug treatment failed to inhibit the cytokine response to T. 

gondii (Figure 4.8A). To determine if any other TLR could be utilized by monocyte to sense 

toxoplasma, we inhibited the kinases IRAK1 and IRAK4 which are immediately downstream of,  
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Figure 4.6 Cytokine production from total monocytes is dependent on phagocytosis of 
live tachyzoites. 
 
Elutriated monocytes (106/ml) were stimulated with RH88 tachyzoites (MOI 1:1), LPS (100 
ng/ml) or R848 (300 ng/ml) in the presence or absence of (A) NH4Cl (5 mM) or (B) 
Bafilomycin A1 (3 µM). Supernatants were collected 24 h later and cytokines measured by 
ELISA. Bars represent the mean ± SD of the ELISA values obtained for one representative 
donor of 3 in (A) and 2 in (B) tested. The photomicrographs shown confirm that the parasites 
were able to infect and replicate in the drug treated cultures. Arrows indicate intracellular 
parasites. *p< 0.05, nd= not detected. 
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and necessary for signaling in all TLR (169) except TLR3, which monocytes do not express 

(170). After pretreating the monocytes with the IRAK1/4 inhibitor, the cells were infected or 

stimulated with LPS or R848 in the presence of the drug. Surprisingly, monocytes produced 

slightly higher amounts of TNFα after exposure to T. gondii despite a dramatic reduction in 

cytokine production by LPS and R848 stimulated cells (Figure 4.8 B). These results strongly 

argue that primary human monocytes do not sense T. gondii through the use of any TLR.  

  Since T. gondii is not sensed by TLR in primary human monocytes, we tested if another 

innate signaling pathway might be involved by targeting the protein kinase TAK1, which is 

known to be downstream of NLR (171), RLR (172), CLR (173) as well as TLR (174). To 

address this question, we used a small molecule inhibitor of TAK1 (5Z-7-Oxozeaenol), which 

irreversible inhibits the kinase’s function (175). As before, we pretreated the monocytes for 1 h 

and then infected or stimulated the cells. The inhibitor blocked monocyte cytokine secretion in 

response to LPS, R848 and RH88 tachyzoites in a dose dependent manner (Figure 4.8C). 

However, unlike the other drugs, it also had an affect on parasite infectivity and replication. To 

circumvent this issue, the experiment was repeated but the drug was washed out in one condition 

(Pretreat) prior to stimulation or infection with T. gondii (Figure 4.8D). While the effect of the 

drug was less efficient when removed after the pretreatment (Pretreat versus Duration), the 

monocyte cytokine production was still inhibited (Figure 4.8D). These data indicate that T. 

gondii is sensed through a TLR-independent mechanism that requires TAK1.  

4.3 Discussion  

  In this chapter we showed that the IL-12 response of human monocytes and DC is 

distinct from that of murine myeloid cells, which are highly responsive to soluble parasite  
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Figure 4.7 Phagocytosis of tachyzoites and endosomal acidification are required for the 
T. gondii-induced cytokine response by both CD16+ monocyte and CD1c+ DC.  
 
FACS purified (A) CD16+ NC and IM monocytes or (B) CD1c+ CD141neg DC were pretreated 
with DMSO (orange bars) or MYB (3µM) (yellow bars) and then cultured (1x106/ml) with 
DMSO or MYB (3µM) pretreated RH88 (MOI 1:1) or with R848 (300 ng/ml) for 24 h. In 
parallel, Bafilomycin A1 (3µM) was added for the duration of the culture to the untreated 
monocytes or DC exposed to MYB-treated parasites (grey bars). Bars represent the mean ± 
SEM of the values obtained for two individual donors. 
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products and in particular the TLR11/12 agonist, TgPRF (38). In addition, TgPRF failed to 

trigger cytokine response in human monocytes even after priming with IFN-γ (data not shown). 

Moreover, our data show that TgPRF does not contribute to the induction of cytokine response in 

human monocytes exposed to live parasites (Figure 4.1A-B). These findings are inconsistent 

with a recent report by Salazar Gonzalez et al (176) who showed that TgPRF stimulates human 

monocytes to secrete IL-6 and IL-12 in a TLR5-dependent manner. The basis of this discrepancy 

is unclear but we speculate that it may stem from monocyte purification techniques employed by 

these authors, which differ from those used here. 

  A major conclusion of the present study is that IL-12 production by human monocytes, 

while not stimulated by killed parasites, requires the phagocytosis of live tachyzoites. Since both 

heat-killed and PFA-fixed parasites are actively phagocytized (data not shown), these results 

argue against phagocytosis as a non-specific initiator of cytokine secretion in our system. 

Moreover, killed parasites opsonized with human-anti-T. gondii antibodies also failed to elicit a 

cytokine response from primary human monocytes (Figure 4.5B). In contrast to the need for 

phagocytosis of live parasites, active tachyzoite invasion of these cells was found not to be 

essential for cytokine production. Previous studies with human monocyte-derived DC and THP-1 

cells also documented a requirement for live tachyzoites in the activation of these cells by 

toxoplasma but did not examine the differential role of invasion versus phagocytosis in this 

process (177, 178). A requirement for phagocytosis in the induction of IFNβ mRNA has recently 

been demonstrated (179) in tachyzoite exposed murine bone marrow inflammatory monocytes, 

however the relevance of this finding to the human IL-12 response is complicated by the likely 

presence of the TLR11/12 pathway in these cells. At a more general level, phagocytosis and 
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Figure 4.8 The human monocyte response to T. gondii is triggered through a TLR-
independent TAK1-dependent mechanism. 
 
(A) Elutriated monocytes (106/ml) from healthy donors (n=3) were preincubated with the 
indicated concentration of a mixture of C869, C661 and DVX42 for 1 h. Cells were then 
stimulated in the presence of the drugs for an additional 24 h with RH88 tachyzoites (MOI 
1:1), LPS (100 ng/ml) or R848 (300 ng/ml). Supernatants were collected 24 h later and 
cytokines measured by ELISA. Graphs are 1 donor representative of 3; bars represent the 
mean ± SD of duplicate cultures. (B-C) Monocytes (106/ml) from 4 donors were preincubated 
with an (B) IRAK1/4 inhibitor or (C) TAK1 inhibitor with the indicated concentration for 1 h. 
Cells were then stimulated in the presence of the drugs with DMSO or MYB treated 
tachyzoites (MOI 1:1), LPS or R848 as described in (A). (D) Monocytes were pretreated with 
the TAK1 inhibitor (250nM) for 1 h, washed and then stimulated or infected as in (A) 
(Pretreated) or pretreated for 1 hr with the same concentration then stimulated or infected in 
the presence of the drug (Duration) for an additional 24 h. Supernatants were collected and 
TNFα measured by ELISA. (B-C) Graphs are 1 donor representative of 4, bars represent the 
mean ± SD of duplicate cultures. (D) Graph is of 1 donor; bars are the mean ± SD of duplicate 
cultures. 
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endosomal acidification-dependent cytokine production have been shown to be essential features 

of the response to gram-positive bacteria and this requirement was proposed to reflect the need to 

liberate cryptic PRR ligands from the pathogen (111). Such a mechanism could explain why 

active infection, in which tachyzoites persist in an unacidified PV (180), is insufficient on its 

own in stimulating a significant cytokine response in human monocytes. Indeed, it is well 

documented that active infection of myeloid cells can inhibit cytokine responses induced by 

other stimuli such as TLR agonists (181). 

  An important question raised by our findings concerns the nature of the parasite PAMPs 

involved in stimulation of IL-12 and TNFα in human monocytes and DC. Clearly, in our study 

these molecules are distinct from the tachyzoite TgPRF responsible for cytokine induction in 

murine myeloid cells (38, 39, 182). As discussed above, one hypothesis is that the relevant 

PAMPs require enzymatic digestion in the phagolysosome to be released in a form that can 

interact with the relevant PRR either within the endosome itself or perhaps in the cytosol 

following transfer to that compartment. Although TLR3/7/8/9 are all known to function within 

endosomes, TLR3 is not expressed by human monocytes and therefore is unlikely to be involved 

in the response to T. gondii. A role for the TLR nucleic acid sensing receptors was suggested by 

the UNC93B1 dependency of host resistance to the parasite in mice and the greater susceptibility 

of TLR3/7/9/11 deficient versus TLR11 deficient animals to T. gondii infection (182). In 

addition, the same group demonstrated that human PBMC stimulated with T. gondii RNA and 

DNA produce IL-12 and TNFα, but only after stimulation with IFNγ. In contrast, we directly 

tested the role of nucleic acid sensing (NAS) TLR in the detection of T. gondii by pretreating the 

monocytes with specific inhibitors of TLR7/8/9. We demonstrated that these PRR play no role in 
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the detection of toxoplasma in human cells. Furthermore, we inhibited all TLR signaling by 

inhibiting IRAK1/4 and showed that human monocytes use a TLR-independent mechanism of 

detection. The discrepancy between the two studies can be attributed to using different cell types 

and stimuli. In the previous study, the authors used PBMCs, which contain B-cells and pDC, 

both of which are known to be highly sensitive to nucleic acid stimulation. They also used 

parasite derived RNA and DNA instead of live parasites. In our studies, we used live parasites to 

stimulate a pure population of primary human monocytes. Thus, while parasite RNA and DNA 

may be able to elicit a response in IFNγ activated PBMC, the same cells may not be able to 

respond to intact parasites.  

  As noted above, it is also possible that cytokine production in T. gondii exposed cells is 

stimulated by cytosolic receptors that encounter parasite derived PAMPs as a result of transfer 

from the phagosome. In the case of exogenous proteins, such a transfer from phagosome to 

cytosol is known to occur during antigen cross-presentation in dendritic cells (183, 184). Release 

of PAMPs into the cytosol is also thought to occur as a consequence of pathogen or damage-

induced induced leakage of the phagosomal membrane (185-187). This mechanism has been 

proposed as an explanation for the phenomenon of “vita-PAMPs” in which the phagocytosis of 

live bacteria is required for the induction of NLRP3 dependent cytokine production (188). In that 

case, evidence was presented that the relevant PAMPs are labile mRNA molecules thereby 

explaining the dependence on phagocytic uptake of live organisms, a requirement also observed 

in our experiments on the induction of cytokines by T. gondii in human cells. In this hypothesis, 

leakage of toxoplasma-derived nucleic acids into the cytosol would trigger IL-12 and TNFα via 

receptors such as RIG-I or MDA5. Experiments are in progress to examine the specific role of 
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parasite derived nucleic acids as the PAMPs involved in the response of human monocytes and 

DC and to assess the relative contribution of endosomal vs. cytosolic PRR in this process. 

  The work presented here demonstrates a novel mechanism for sensing T. gondii in 

humans that is distinct from the soluble factor-based mechanism utilized in mice. These data 

extend our previous findings that revealed myeloid cell subsets capable of responding to 

toxoplasma are different in humans and mice. While these studies have shed light on how 

primary human myeloid cells respond to T. gondii, several questions still remain unanswered 

such as the nature of the parasite PAMP, which human PRRs are responsible for detecting the 

PAMP, what signaling pathways are involved and what dictates which cell can or will respond 

among the monocyte subsets. Addressing these questions could lead to developing new host-

directed therapies for treating cerebral toxoplasmosis by boosting the immune response in 

immunocompromised individuals. 
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CHAPTER FIVE: GENE EXPRESSION PROFILES OF T. GONDII 

INFECTED MONOCYTE SUBSETS INDICATE A ROLE FOR mTOR AND 

METABOLISM IN THE RESPONSE TO INFECTION 

5.1 Introduction 

  Toxoplasma gondii is an abundant parasite that infects one-third of the world’s 

population and is capable of infecting any warm-blooded animal (2). Although, humans are 

considered a dead end host, as the life cycle is primarily dependent on felines and rodents (3), 

toxoplasma infection can lead to significant morbidities in immunocompetent individuals 

including blindness, and death in untreated patients who are immunocompromised (24). Previous 

work has demonstrated that humans and mice differ in both the cells that respond and the 

mechanism required for the response. Specifically, it was demonstrated that of the three 

monocyte subsets, only CD16+ populations are capable of producing proinflammatory cytokines 

such as p40 IL-12 and TNFα (Chapters 3 and 4). However, what remains to be determined is the 

difference between these subsets that licenses some to respond to T. gondii.  

  Monocytes can be subdivided into three phenotypically and functionally different subsets 

based on CD14 and CD16 expression (189). Previous studies have determined that NC 

monocytes (CD14dim CD16+) are particularly adept at responding to viral PAMPs while CL 

monocytes (CD14+, CD16-) are more potent inducers of cytokines following stimulation with 

bacterial PAMPs. Both Geissmann (80) and Wong et. al. (190) sorted primary human monocytes 

from healthy donors and analyzed their transcriptomes by microarray. They found that the NC 

and IM subsets are more closely related phenotypically and functionally than the CL subset. 
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Moreover, Wong and colleagues found that the CL subset is the least differentiated based on a 

clustering analysis utilizing Gene Ontology (GO) processes and showed an enrichment for genes 

associated with proliferation, cell differentiation and apoptosis. However, the NC subset is 

considered the most differentiated with clusters of genes associated with pro-apoptotic and anti-

proliferative functions. This observation is consistent with previous studies suggesting a 

developmental progression from CL to NC monocytes (191).  

  Differentiation of leukocytes has previously been associated with changes in basal 

metabolic rates (BMR) and altered nutrient requirements for ATP production (192). Studies in 

mice analyzing T cell metabolism have demonstrated that the metabolic profile of less 

differentiated naïve T cells is defined by oxidative phosphorylation (193), while effector T cells 

rely heavily on aerobic glycolysis (194) and the most differentiated, memory T cell, utilizes β-

oxidation to persist (195). While these and other important studies (196-198) have exposed a link 

between differentiation and metabolism in many cell types including lymphoid cells, much less 

is known about the metabolism of myeloid cells in relation to their differentiation. To our 

knowledge, no study has examined the metabolic profile of the different monocyte subsets and it 

is unknown if these subsets have different BMRs that correlate with their states of 

differentiation. It is also unclear what impact this would have on how each subset senses and 

responds to environmental cues such as cytokines, growth factors or pathogens. 

  One explanation for this lack of research could be because differentiated myeloid cells 

are often seen as a completely different cell type rather than a more differentiated version of the 

same cell. Studies examining in vitro-derived macrophages or DC rarely compare the data to the 

precursor cell type when analyzing the results. Moreover, studies that have investigated myeloid 
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cells and metabolism have mainly focused on how stimulation with various cytokines (199), 

growth factors (200) or TLR agonists (120) alters metabolism rather than how basal metabolic 

differences associated with differentiation alters the response to stimuli. Previous work by Pearce 

and colleagues demonstrated that activation of murine bone marrow-derived DC (BMDC) with 

LPS leads to an increase in glycolysis and a decrease in oxidative phosphorylation compared to 

unstimulated BMDC (201). Interestingly, these metabolic changes were shown to be dependent 

on the phosphatidyl inositol 3’-kinase (PI3K)/Akt signaling pathway which is upstream of a 

central player in metabolism, mammalian target of rapamycin (mTOR). These data would 

suggest that pattern recognition receptors signal through mTOR to modulate host cell 

metabolism. However, there is a growing body of evidence to suggest mTOR itself regulates 

how the incoming signals are interpreted and executed, acting as a rheostat to optimize the 

cellular response to environmental cues (123).  

  Many cellular processes are controlled by the kinase mTOR complex 1 (mTORC1) and 

mTORC2. After stimulation, activated myeloid cells undergo several energetically demanding 

processes involving the mTORC1-mTORC2 network including changes in cell migration (202), 

morphology (203) and increases in protein, lipid and nucleic acid synthesis (204). Importantly, 

mTORC1 promotes protein synthesis by regulating cap-independent and –dependent mRNA 

translation (205) through the phosphorylation of 4E-BP1, 4E-BP2 and S6K, virtually changing 

the proteasome profile of the cell. Since mTOR is a central component of so many crucial 

processes, several regulatory mechanisms evolved, which not only keep the kinase from 

spontaneously activating, but also imparts an ability to sense internal and external conditions and 

optimized the cellular response (123). To accomplish this, mTORC1 is equipped to sense all the 
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major classes of nutrient and energy sources and respond to stimuli appropriately. When lipids 

levels are insufficient, phosphatidic acid (PA) does not bind to mTORC1, which inhibits its 

function (126). In addition, when low availability of amino acids is detected by RAG GTPases 

on the lysosome surface mTORC1 activation is precluded (127) and low glucose levels 

inactivate mTORC1 by inducing hexokinase 2 (HK2) binding (128). Finally, low ATP 

availability is sensed through AMPK, which inhibits mTORC1 by phosphorylating RAPTOR 

(129). In the case of LPS stimulated murine BMDM, the TBK1/Akt-driven rapid glycolytic 

reprogramming supports lipid generation and expansion of the ER and Golgi, enabling the cells 

to produce copious amounts of proinflammatory cytokines, while mTORC1 activation in these 

cells sustain this response by activating HIF-1α and promoting iNOS production, which inhibits 

oxidative phosphorylation (118). Thus, pathogen sensing and innate immunity are linked to 

metabolism via mTOR. 

  Due to the critical role of mTOR in innate immune function and metabolism, pathogens 

often target the mTOR complex to subvert the immune response and gain a replicative advantage 

over the host (134). For example, T. gondii has been reported to activate mTORC2, which 

reorients the host centrosome, mitochondria and lysosomes near the PV and restricts host cell 

migration in order to survive in MEF. Others have shown that T. gondii infection activates 

mTORC1 based on the phosphorylation of S6, yet avoids phosphorylating 4E-BP1 downstream 

of the complex thus impairing protein synthesis (136). This dissociation between mTOR and its 

effectors was proposed to be a mechanism though which T. gondii promotes mTOR-dependent 

host cell growth, favoring parasite survival, yet avoids cellular activation via 4E-BP1 

phosphorylation. Based on these data, one would predict that T. gondii infected cells make little 
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protein and cannot migrate, however other studies have shown that DC infected with T. gondii 

upregulate costimulatory molecules and increase their migration (206), possibly to promote 

dissemination of the parasite (207). These seemingly conflicting reports on the role of mTOR in 

T. gondii infected cells can be partially explained by the use of different cell types, which are 

known to vary in their mTOR activation states. Nevertheless, what is clear from these studies is 

an association of T. gondii infection with mTOR and host cell metabolism. How monocyte 

metabolism changes in response to parasite infection has never characterized. 

  In this study, we examined global changes in the transcriptome of each monocyte subset 

in response to T. gondii infection by microarray. We found that as early as 3 hours post-

infection, there was a dramatic change in mRNA expression in all three subsets indicating that 

each subset is capable of sensing T. gondii but not necessarily of producing proinflammatory 

cytokines despite an increase in their transcript levels. Further analysis of these data revealed 

several mTOR related pathways are significantly enriched in the non-cytokine producing CL 

subset compared to the IM and NC subsets suggesting the parasite is targeting this pathway to 

modulate the immune response and host metabolism. Furthermore, we linked monocyte cytokine 

production to the mTOR pathway by inhibiting PI3K upstream of mTOR demonstrating that this 

reduced monocyte cytokine production in response to T. gondii but not LPS. Together these data 

suggest that all monocyte subsets detect toxoplasma and that the PI3K/mTOR pathway plays an 

important role in the innate response to T. gondii in primary human monocytes, which may be 

targeted as an immune subversion mechanism by the parasite.  
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5.2 Results 

 5.2.1 T. gondii infection induces a similar transcriptional profile in the non-classical and 

intermediate monocyte subsets but differentially regulates a larger number of genes in 

classical monocytes. 

  As described above, the NC and IM subsets produce IL-12 and TNFα in response to 

infection with T. gondii, although CL monocytes fail to respond. To determine if this lack of a 

response is due to an inability of the CL subset to sense toxoplasma, we analyzed the 

transcriptome of FACSort purified monocyte subsets from 8 healthy donors, 3 hours after culture 

in media alone or following infection with RH88 tachyzoites. Surprisingly, the CL subset 

appeared to have the strongest transcriptional response to T. gondii infection indicated by the 

greater distance between the uninfected (small red dots) and infected (large green dots) donors, 

based on the principal component analysis (PCA) of the data (Figure 5.1A). As expected, the 

main source of variation in the dataset was attributed to monocyte cell type, patient and infection 

status respectively (Figure 5.1B). As reported previously (80, 190), the gene expression profiles 

of uninfected NC and IM subsets were more closely related than to that of the CL monocytes.  

  To more precisely determine the similarities and differences between the conditions, we 

created a heat map based on Pearson correlations of the quantile-normalized and detection 

filtered probe signals between all arrays in a pairwise combination, and then organized the arrays 

based on hierarchical cluster using the Ward method. We found that the samples clustered 

primarily based on cell type and infection status, validating the PCA findings. Interestingly, 4 of 

the uninfected IM monocytes clustered with the uninfected CL monocytes and 4 clustered with 

the infected IM monocytes, which were more similar to the NC subset. Overall, the infected CL 
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monocytes were the most dissimilar of the entire dataset based on dendrogram distances 

(Supplemental Figure A2).  

  To better understand the basis for this pattern of clustering, we analyzed the data on the 

gene level using volcano plots which revealed that the CL monocytes, on average, differentially 

regulated significantly more genes with greater fold changes than either the NC or IM subset. 

However, while the ratio of up and down regulated genes in the CL subsets appeared close to 1, 

there were more genes significantly upregulated than downregulated in the NC and IM 

monocytes (Figure 5.1C). Taken together, these data suggest that despite the inability of CL 

monocytes to produce significant amounts of proinflammatory cytokines in response to T. 

gondii, they do respond transcriptionally to infection. Unexpectedly, the NC and IM subsets had 

a very modest transcriptional response to infection compared to the CL subset, both in number of 

differentially expressed genes and fold change levels.  

 5.2.2 Classical monocytes fail to produce proinflammatory cytokines in response to 

infection despite an upregulation in their transcripts. 

  To determine if the global changes we observed in the transcriptome are the result of 

sensing T. gondii, we examined the normalized mean intensity values of several proinflammatory 

cytokines and chemokines known to be downstream of many PRRs. Surprisingly, we found that 

the CL subset upregulated several of these transcripts, and in many cases, to a greater degree 

than the NC and IM subsets (Figure 5.2A). Previously we analyzed the production of p40 IL-12 

and TNFα in response to T. gondii infection in each subset and demonstrated that the cytokine 

production was restricted to the NC and IM, CD16+ subsets. Here, we repeated our analysis in 

order to further validate this conclusion by sorting monocytes from 7 healthy donors and  



 

 
 

78 

 

  

Figure 5.1 Principal Component Analysis reveal sources of variation and relationships 
between subsets pre- and post-infection with T. gondii. 
 
Primary human monocytes from 8 healthy donors were sort purified into three subsets and 
cultured (1x106) in media alone or with RH88 tachyzoites (MOI 1:1) for 3 h. RNA was 
isolated and the transcriptome was analyzed by microarray. (A) Principal component analysis 
of quantile normalized arrays in 3D space showing principal component (prin) 1 (monocyte 
cell type) on the y-axis, prin 2 (infection status) on the x-axis and prin 4 (donor) on the z-axis. 
Each sphere represents a condition, large spheres highlight infection status and color denotes 
monocyte subset and infection status. (B) Weighted average proportions across all principal 
components and the variance proportion organized by principal component. (C) Volcano plots 
showing the global transcriptional fold changes in CL, IM and NC uninfected vs. uninfected 
monocytes. Each dot represents the mean value (n=8) of one gene. The log2 fold change is 
plotted on the x-axis, the –log10 (p-value) on the y-axis, and the red dashed line indicates the 
FDR cutoff of p= 0.05. All graphs were generated using JMP Genomics. 
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exposing them to T. gondii for 24 hours, then measuring the cytokines and chemokines by 

Luminex assay. We found that CD16+ monocytes produced p70 IL-12, IL-6, IL-8, IL-1β, CCL3 

and TNFα while the CD14+ CL subset failed to secrete significant levels of any of these 

cytokine. We also confirmed that STAg did not induce cytokine production in sort-purified cells 

validating our previous finding with total elutriated monocytes (data not shown). Together these 

data demonstrate that in spite of failing to produce significant amounts of IL-12, TNFα and 

several other proinflammatory cytokines, CL monocytes are capable of sensing toxoplasma and 

induce the transcription of proinflammatory cytokines.  

 5.2.3 T. gondii infected classical monocytes downregulate genes associated with mTOR 

signaling despite upregulating genes involved in protein translation. 

  To better understand what cellular functions and signaling pathways could be responsible 

for the disconnection between transcription and proinflammatory protein production, we 

analyzed the microarray data using Ingenuity Pathway Analysis (IPA). After calculating the fold 

change of genes by comparing infected to uninfected samples, we analyzed the subsets in 

parallel and found that 5 of the top 20 most significant canonical pathways of the CL subset were 

associated with mTOR signaling (denoted by asterisk) (Figure 5.3A). Moreover, the p-values for 

these same pathways were several logs lower in the NC and IM subsets suggesting they may not 

be affected by toxoplasma infection.  

  To determine specifically what genes were being differentially regulated in these 

pathways, we focused on the mTOR signaling pathway because of the established role mTOR 

plays as a regulator of protein translation, in addition to its role in cellular metabolism. We found 

that several transcripts, including mTOR itself, AKT, ERK, PI3K and RAS were downregulated  
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Figure 5.2 Proinflammatory gene transcription does not correlate with protein 
production in classical monocytes. 
 
(A) Heat map of several proinflammatory cytokines and chemokines organized by infection 
status and monocyte subset. Colors indicate gene normalized log2 mean signal intensity 
values (n=8), blue indicating the lowest signal and red indicates the highest signal for each 
gene across all conditions. (B) Primary human monocytes from 7 different donors were sort 
purified based on CD16 and CD14 expression, cultured (1x106/ml) for 24 h with media alone, 
STAg (10µg/ml) or RH88 (MOI 1:1). Supernatants were collected and cytokines were 
measured by Luminex bead-based assay. Bars represent the mean + SEM of values obtained 
for the group of donors. Significance was determined using the Freidman test *p< 0.05, ns= 
not significant.  
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(green) in CL monocytes. Unexpectedly, the majority of genes that were uniquely different in the 

CL subset were upregulated (red) genes associated with protein translation such as eIF4E, 

eIF4G, eIF4A and components of the 40S ribosome (Figure 5.3B). Altogether, these findings 

suggest that, based on transcriptional data, toxoplasma infection has a more significant impact on 

mTOR and its associated pathways in CL monocytes than in the NC or IM subsets which may 

explain the lack of consistency between proinflammatory transcript and protein levels.  

 5.2.4 Monocyte metabolism shifts after T. gondii infection by increasing glycolysis and 

decreasing oxidative phosphorylation dependent respiration. 

  Because the microarray data from the infected monocyte subsets suggested mTOR could 

be playing a role in the response against T. gondii, and because mTOR plays a central role in 

cellular metabolism, we sought to test the hypothesis that T. gondii infection affects mTOR using 

a functional assay comparing the metabolic response of infected and uninfected monocytes. 

Utilizing the mitochondrial stress assay, we found that both infected and uninfected monocytes 

had similar basal respiration and ATP-linked respiration rates. However, infected cells had a 

substantially decreased maximal respiration rate and a lower reserve respiratory capacity than 

uninfected monocytes (Figures 5.4 A and C). Similarly, we used a glycolysis stress assay and 

found that while both infected and uninfected monocytes had similar non-glycolytic acidification 

rates, infected cells increased glycolysis and had an increased glycolytic capacity compared to 

uninfected cells. Surprisingly, the infected cells did not have a major decrease in their glycolytic 

reserve (Figure 5.4B and D) despite their increase in glycolysis. Together these data 

demonstrate that primary human monocytes increase glycolysis and have decreased oxidative 

phosphorylation dependent respiration after infection with T. gondii, which may reflect an  
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Figure 5.3 Significant associations between mTOR signaling pathways and gene changes 
induced by infection in classical monocytes, but in not non-classical and intermediate 
cells. 
 
Mean fold change and p-values (n=8) for differentially expressed genes in infected vs. 
uninfected CL, IM and NC subsets were calculated in JMP genomics and exported into 
Ingenuity Pathway Analysis for the analysis of genes with an FDR < 0.05 and a FC cutoff of 
0.25. (A) The top 29 pathway canonical pathways ranked by the most significant p-value of 
the CL subset (dark purple) to least significant (white). Columns compare the –log10 (p-
value) of each subset side-by-side. (B) IPA mTOR Signaling pathway showing individual 
genes and their function overlaid with colors indicating upregulation (red), down regulation 
(green) or no significant change (grey). Pathways are colored based on differential gene 
changes in the (A) CL, (C) IM and (D) NC subsets as indicated. 
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interaction between toxoplasma and mTOR regulated metabolic processes and affect the 

cytokine response. 

5.2.5 Inhibition of the PI3K-mTOR pathway decreases monocyte cytokine production 

  If T. gondii invasion suppresses cytokine production by inhibiting the mTOR pathway as 

suggested by the microarray data, then phagocytosis of the parasite may avoid this inhibition and 

result in higher cytokine production, a phenomenon we have already observed. Therefore, it is 

reasonable to expect that if the mTOR pathway was inhibited in monocytes exposed to 

toxoplasma, there should be a decrease in cytokine production. To test this hypothesis, we 

targeted PI3K, which is upstream of mTOR, using two small molecule inhibitors, LY294002 and 

Wortmannin. We found that for both invasion competent and invasion incompetent parasites, 

inhibition of PI3K resulted in a dose dependent reduction in TNFα production (Figure 5.5A and 

B). This cytokine decrease could not be attributed to failure of parasites to invade and replicate 

in DMSO treated parasite conditions, and was not due to host cell death (data not shown). 

Moreover, the drugs did not inhibit LPS stimulated cytokine production in the same cells 

indicating that the monocytes retained their capacity to produce cytokine in response to 

microbial products, however they were no longer able to respond to T. gondii. Because we 

previously demonstrated that the minor CD16+ subset was the major cytokine producers in our 

system, we sort purified the cells and stimulated them with T. gondii in the presence or absence 

of the drugs (Figure 5.5C). We found that inhibition of PI3K upstream of mTOR also inhibited 

cytokine production in these cells, confirming our data obtained using total monocytes. Thus, 

these data support the hypothesis that T. gondii may be targeting the PI3K-mTOR pathway in 

order to reduce cytokine production in primary human monocytes to avoid detection.  
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Figure 5.4 Metabolic profiling reveals a shift from oxidative phosphorylation to 
glycolysis after monocyte exposure to T. gondii. 
 
Primary human monocytes from one donor was column purified and cultured (3x106/ml) in 
media alone or exposed to RH88 (MOI 1:1) for 3 h then placed on ice until the metabolic 
assay was performed. The oxygen consumption rate and extracellular acidification rate were 
measured in real time before and after injection of (A) oligomycin (5µM), FCCP (1.5µM) and 
Rotenone (100nM)/Antimycin A (1µM) for the mitochondria stress test and (B) glucose 
(25mM), oligomycin (5µM) and 2-DG (100mM) for the glycolytic stress test at the indicated 
time points (arrows). (C) Quantitative comparison of basal respiration, maximal respiration, 
ATP-linked respiration and reserve respiratory capacity between infected (red) and uninfected 
(black) monocytes for data plotted in A. (D) Quantitative comparison of glycolysis, glycolytic 
capacity, glycolytic reserve and non-glycolytic acidification between infected and uninfected 
monocytes for data plotted in B. For A and B, lines represent the mean of 3 technical 
replicates for one donor and error bars indicate SD. For C and D, bars represent the mean + 
SD of 3 technical replicates for one donor.  
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5.3 Discussion 

  By analyzing the global transcriptome of infected and uninfected monocytes subsets, we 

have determined that the CL subset is capable of detecting T. gondii, despite their failure to 

respond by producing proinflammatory cytokines. Surprisingly, we found that the cytokine 

producing CD16+ subsets, on average, upregulated fewer transcripts and to a lesser degree than 

the CD16- classical monocytes. We also demonstrated that that T. gondii invasion of primary 

human monocytes alters the metabolism of the cell. Furthermore, we have identified mTOR as a 

central player that could be targeted by the parasite to both modulate the immune response and 

hijack host cell metabolism.  

  One major finding of this study is that T. gondii infection leads to in upregulation of 

proinflammatory transcripts in all three monocyte subsets yet only the two minor subsets are 

capable of producing significant quantities of these same cytokines and chemokines in vitro. This 

was interesting and highlighted the difference between being able to sense the parasite, which 

can be gauged by monitoring the expression of mRNA, and being able to respond to toxoplasma 

by producing proinflammatory cytokines. While one could argue that sensing without responding 

is biologically irrelevant, this opinion does not take into account the in vitro environment in 

which the studies were performed. Perhaps, sensing T. gondii and upregulating transcripts in the 

CL subset is one signal and, in vivo, the CL monocytes receive a second signal provided by the 

environment, licensing them to respond. One such signal could be IFNγ produced by NK cells at 

the site of infection (208). This interpretation of the data allows for the CL monocytes to be 

biologically relevant in vivo in the context of inflammation, and explains the lack of response 
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Figure 5.5 Inhibition of PI3K blocks monocyte cytokine production in response to T. 
gondii exposure, but not LPS stimulation. 
 
Primary human monocytes were pre-incubated for 1 h with (A) LY294002 or (B) 
Wortmannin, then cultured with DMSO or MYB treated tachyzoites (MOI 1:1), LPS or R848 
for an additional 24 h. Supernatants were collected and TNFα measured by ELISA. Graphs 
are of one donor representative of four. Bars indicate the mean + SD of duplicate cultures. (C) 
CD16+ sort purified monocytes from one donor were pre-incubated with the indicated drugs 
and cultured with tachyzoites as described in (A). Supernatants were collected after 24 h and 
TNFα was assayed by ELISA.  
 



 

 
 

89 

 in vitro. Because the CL subset represents 85% of total monocytes in circulation, this 

hypothetical two-signal regulation mechanism in the CL subset may have evolved to protect 

against immunopathology. The smaller subsets may have been under less selective pressure as 

premature cytokine production in a smaller number of cells would lead to less damage, but 

would allow for higher sensitivity in the detection of pathogens. 

  An alternative hypothesis to the above is that T. gondii infection was able to inhibit 

proinflammatory cytokine production by modulating host metabolism, and specifically the 

mTOR pathway, in the CL but not the IM and NC subsets. Indeed, there is a precedent for 

parasite-derived factors modulating host-signaling pathways (207, 209). ROP5 (210), ROP16 

(211), ROP18 (212) and GRA15 (213) are T. gondii derived proteins that have been shown to 

manipulate the murine response to T. gondii by a variety of mechanism including inhibiting 

NFκB (214), prolonging STAT3/6 activation (215), and modulating IL-12 production (144). 

Moreover, previous studies have shown that toxoplasma modulates mTORC2 in order to subvert 

the immune response and acquire nutrients from host cells (135). Our transcriptome analysis of 

the three infected monocyte subsets revealed that mTOR related pathways were more 

significantly modulated in the CL subset than the NC or IM monocytes. Since mTOR controls 

translation, modulating this pathway could explain the upregulation in proinflammatory mRNA 

despite a lack of protein production. A better understanding of the basal metabolic rate 

differences and the activation states of mTOR in each subset may help explain why only the CL 

subset was unable to overcome this possible parasite subversion mechanism.  

  Another interesting finding of this study was the role of the PI3K-mTOR pathway in 

cytokine production. The PI3K has been previously shown to regulate the innate immune 
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response in both human and murine cells, albeit with different results. Using the same drugs 

employed in our study, LY294002 and Wortmannin, previous work on murine cells found a 

PI3K dependence for TLR4 proinflammatory cytokine production (216, 217) while studies on 

human monocytes found that inhibiting PI3K enhanced the LPS response (218), which is in 

agreement with our data. While these studies did not directly link PI3K signaling to mTOR 

activity, other studies examining both PI3K and mTOR utilized mTOR inhibitors to provide 

strong evidence for the role of this pathway in cytokine production in human myeloid cells (219). 

One weakness of the data presented here is that we did not directly test the role of mTOR by 

inhibiting the kinase itself. However, we did observed a dramatic shift in the metabolic state of 

the cells after infection, which is controlled by mTOR, and found that inhibiting upstream 

signaling events controlling mTOR lead to a reduction in cytokine production. Together, these 

data suggests that the PI3K/mTOR pathway regulates the cytokine producing potential of the 

cells, which has previously been demonstrated under different conditions (220). Thus, the PI3K 

dependence of cytokine production in primary human monocytes, along with the dramatic shift 

in metabolisms following infection and the transcriptome analysis showing an enrichment of 

mTOR related pathways in infected CL monocytes unable to produce cytokines, strongly argues 

for a central role of the PI3K/mTOR pathway in the response of primary human monocytes to T. 

gondii.  

  Our work demonstrates for the first time in primary human monocytes, that T. gondii 

invasion alters host cell metabolism, which may lead to a decrease in protective proinflammatory 

cytokine production. Our work also adds to the existing body of literature that ties innate 

immunity and cellular metabolism together in an interdependent network used to not only 
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respond to pathogens, but to link cellular fitness with the inflammatory response. These finding 

open up the possibility of using host-directed therapies that target mTOR in APC to promote the 

detection and protective inflammatory response in patients. 
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CHAPTER SIX: CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Implications for the use of mice to model human diseases 

  Murine models have been vital tools for immunologists studying disease pathology and 

molecular mechanisms in an in vivo setting.  In many ways, the mouse mirrors human biology 

remarkably well. Indeed, when the mouse genome was sequenced, 80% of murine genes had a 

human orthologue, while less than 1% of genes (~300) in the mouse had no homologue in the 

human genome (and vice versa) (221). Moreover, the overall immune structure in both species is 

highly similar including all the primary and secondary lymphoid structures. In addition, T-cells, 

B-cells, NK cells, macrophages, monocytes and dendritic cells all have corresponding 

populations in mice and men. Similarities also have been found in the detailed molecular 

transcription factor regulatory mechanisms that lead to the development of immune cells in the 

two species (222). However, despite the abundant similarities between the two hosts, notable 

differences in immune structure and function exist between the two species that can lead to 

incorrect assumptions about the nature of human disease.  

  Much controversy has been generated from papers suggesting that mice provide 

inaccurate models of human disease. A notable example is the 2013 PNAS paper by Ronald G. 

Topmkins and colleges (223) arguing, based on genome-wide transcriptome analysis that the 

mouse poorly mimics humans in terms of the inflammatory response. This paper generated a 

large number of comments in high profile journals (224-231). Importantly, Keizo Takao and 

Tsuyoshi Miyakawa published a follow-up study just two year later in the same journal using the 

original authors’ own data set arguing that the murine inflammatory response indeed closely 

parallels that of humans (232). While the disparate conclusions reached in these two studies were 
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attributable to which genes were included in each analysis, the two papers, and the attention they 

drew illustrate the extent of the controversy within the medical research community. Indeed the 

debate is more than academic. Data obtained from mouse models can provide the basis for 

clinical trials costing drug companies millions of dollars at a time when the rate of success for 

translating therapies from animal models to clinical trials in cancer is less than 8% (233). 

Nevertheless, few researchers believe that work in mouse and other animal models should be 

abandoned because of the possibility of discrepancies with humans. Instead, the current 

controversy has led to a more balanced view in which scientists seek to more carefully confirm 

findings from experimental models with supporting data from humans (or non-human primates) 

before embarking on further clinical trials and product development.  

  The known structural differences between the murine and human immune systems need 

to be considered carefully when modeling a disease in the mouse. For instance, mice have many 

fewer and smaller lymph nodes than humans and these are organized in chains compared to the 

branch like structures commonly seen in humans (234). Similarly, the human spleen has very 

well developed lymphoid follicles, and has true vascular sinuses lined with flat endothelial cells 

whereas murine spleens have less defined lymphoid structures and lack vascular sinuses (235). 

Secondary lymphoid structures such as the mucosal associated lymphoid tissue (MALT) also 

differ between mice and humans. Mice are born with a fixed number of Peyer’s patches (PP), 

usually 6 to 12, and have relatively few follicles, 5 to 20, whereas human follicles and PP 

increase in both size (20 to 900 follicles) and number (75 to 300 PP) until puberty then decline 

with age (236). Even the cellular composition of white blood cells in peripheral blood is 

different. The percent of neutrophils, lymphocytes, monocytes, eosinophils and basophils in mice 
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are 9.7, 81.3, 6.5, 1.1 and 1.4% respectively (237), while in humans the percentages are 62, 27, 

6, 4, and 1% respectively (238). 

  On the molecular level, humans and mice are also different with regards to the immune 

system in the context of T. gondii infection. One prominent difference that sparked the initiation 

of this dissertation is that mice express TLR11 and 12 whereas humans functionally lack these 

receptors. TLR11/12 detects soluble toxoplasma profilin and mice lacking these receptors die of 

overwhelming parasitemia. Data presented in Chapter 4 suggest that humans detect T. gondii 

though physically interacting with live parasites instead of utilizing the murine strategy of 

detection at a distance. Moreover, our data presented in Chapter 3 demonstrate that in addition to 

different receptors, there is a difference in the myeloid subsets that produce the major 

proinflammatory cytokines IL-12 and TNFα in response to T. gondii. Murine CD8α- DC do not 

produce IL-12 in response to STAg, whereas CD8α+ DC secrete copious amounts of the cytokine 

(45). In contrast the human equivalent of murine CD8α+ DC, CD141+ DC, fail to produce 

proinflammatory cytokine in response to live T. gondii, while the CD8α- equivalent, CD1c+ DC, 

produces high levels of IL-12 and TNFα. A similar difference between mice and humans was 

observed for monocyte subsets in that murine inflammatory, Ly6C+ monocytes equivalent to the 

human CL subset, strongly responded to T. gondii while the patrolling, Ly6Clow monocytes 

equivalent to the NC subset in humans, failed to do so. Together these data suggest that humans 

and mice use distinct pathogen sensing mechanisms as well as myeloid cell subsets in the innate 

response to T. gondii. 

  It is also noteworthy that humans lack the IFNγ inducible immune-related GTPase (IRG) 

family of effector molecules required by the mouse to mediate the intracellular killing of 
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tachyzoites (49, 239). Moreover, the signaling mechanisms and transcription factors activated in 

T. gondii infected cells differ between the two species as those triggered in mice depend on IRF8 

(44) whereas our studies (data not shown) and others (56) have shown NFκB to be primarily 

activated by the parasite in humans. Thus, at the level of pathogen sensing, signaling and anti-

parasite effector mechanisms, there are important differences that need to be taken into account 

when translating discoveries from the mouse model of toxoplasmosis to those that might operate 

in humans. 

6.2 Implications for the utility of in vitro studies of myeloid subset specific responses in 

human disease and therapy 

  Myeloid cell heterogeneity in dendritic cells, macrophages and monocytes is well 

established. Each subset has been characterized both phenotypically and functionally and 

assigned a role that fits into a larger model of the prototypical immune response. Most of this 

work has been carried out in the mouse model, which has proved to be an invaluable tool for 

understanding the role of myeloid subsets in health and disease, especially linking in vitro 

studies to in vivo biology. For example, a previous study demonstrated that exposure to 

schistosome antigens in vitro drives murine CD8α- DCs to induce the characteristic Th2 immune 

response to this pathogen (240). A later study investigating the role of CD8α+ versus CD8α- DC 

in suppressing allergic responses revealed that CD8α- DC were able to protect against an 

antigen-specific IgE mediated allergic response by driving Treg development when adoptively 

transferred from mice infected with Schistosoma japonicum (241). Furthermore, a third study 

investigating the role of these DC in T cell differentiation also found that the same CD8α- DC are 

capable of driving both Th2 and Treg responses using a single model of experimental 
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autoimmune encephalomyelitis (EAE) (242). Together, these data are important in that they link 

a DC subset specific in vitro response (e.g. a Th2/Treg promoting DC phenotype) to a 

specialized function in vivo (e.g. promoting resistance to allergies or amelioration of EAE). In 

another study, in vitro experiments using primary human monocyte subsets demonstrated that the 

CL subset inhibits Aspergillus fumigatus conidial germination while the NC and IM subsets 

trigger inflammation (151), while a separate study found an association with monocytopenia and 

increased fungal infections (243). Thus, relating the in vitro anti-fungal properties of a major 

monocyte subset and the in vivo observation of increased fungal infections in the absence of 

these cells further supports the functional role of this subset and the ability to imply in vivo 

function from in vitro studies. Myeloid subsets also play important roles in promoting disease as 

illustrated in a study showing that the prolonged presence and activation of M1 macrophages is 

responsible for inflammation, tissue breakdown and impaired wound healing in a model of 

chronic venous leg ulcers (244). Previous work has shown M1 macrophages are capable of 

producing proinflammatory cytokines, while M2 macrophages produce anti-inflammatory 

cytokines in response to in vitro simulation (245). Thus, in vitro studies of myeloid cells can 

provide valuable information on their in vivo function in disease.  

  The work presented in Chapter 3 of this dissertation adds to the existing body of literature 

by demonstrating that human monocyte subsets have distinct responses in vitro to T. gondii. 

Based on our demonstration that the NC and IM monocyte subsets as well as the mDC1 subset, 

secrete high levels of proinflammatory cytokines in response to T. gondii, we hypothesize that 

these subsets are critical for protection against toxoplasmosis in vivo. In a similar study, IM 

monocytes from patients infected with Plasmodium vivax, an apicomplexan parasite similar to T. 
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gondii, were demonstrated to exhibit increased rates of phagocytosis and produced higher levels 

of intracellular TNFα and ROS, which the authors suggest is evidence for an important effector 

role for these cells in vivo during P. vivax infection (152). Thus, by examining the function of 

primary human myeloid cells in vitro, one might be able to predict which subsets would be 

protective in vivo, which could be logically targeted as part of a host directed therapy regimen. 

  While the field of vaccinology has long proposed the use of specific DC subsets for 

driving specialized immune responses (246), treating infectious diseases based on targeting 

specific subsets has yet to be fully exploited. If each subset of innate immune cells plays a 

specific yet critical role in fighting off infections, then targeting the cells that should but fail to 

control the pathogen has enormous therapeutic potential. One obvious obstacle to this approach 

is the method of drug delivery that specifically targets an immunomodulatory drug to one 

myeloid subset and not another. However, recent progress in the field of cancer immunotherapy 

has led to the development of a lentivirus delivery mechanism capable of targeting human mDC1 

(247) or mDC2 (248) cells specifically by using nanoparticle technology. Another attractive 

technology that holds promise for the specific targeting of drugs to myeloid cells combines 

liposomal nanocarriers with selective binding peptides (249). Therefore, with drug delivery 

technology rapidly progressing so that any cell subset can be potentially targeted, it is of great 

importance to identify which subset to focus on in order to achieve the desired outcome.  

  The work presented here is also important because it demonstrates that the function of 

murine myeloid subsets may not behave the same as human myeloid subsets in disease. Previous 

studies performed microarray analysis on freshly isolated murine and human cells comparing the 

two in order to define the homologous cell populations (77). Some studies also examine in vivo 
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functions such as response to defined PRR agonists, rates of phagocytosis (80) or the ability to 

cross present antigens (250). These data are useful and help to establish a link between the 

subsets, however, if the end goal is to treat disease, then the most appropriate comparison would 

involve in vitro infections with human and mouse cells in parallel. When we compared the 

cytokine response of primary human and mouse peripheral blood monocytes to T. gondii, we 

discovered that the human and mouse “equivalent” populations responded very differently. Thus, 

caution must be taken when translating findings in the mouse model to human therapies.  

6.3 Implications for a phagocytosis dependent mechanism of pathogen detection 

  Myeloid cells such as monocytes, macrophages and DC are part of the innate immune 

system and the frontline of defense against microbial pathogens. As such, they are equipped with 

several classes of germ-line encoded receptors capable of distinguishing self from non-self and 

these include TLR, CLR, NLR and RLR (109). However, these receptors can also detect self-

molecules known as damage-associated molecular patterns (DAMP) such as nucleic acids and 

HMGB1 (251) that are released during sterile inflammation or necrosis. Studies have shown that 

TLR9 detects unmethlyated CpG sequences, which are common in microbial DNA (252). 

However, TLR9 is also capable of detecting self DNA-peptide complexes (253) and Z-DNA-

binding protein 1 (DAI) (254) is capable of detecting self-cytosolic DNA (255). Thus, if these 

receptors are able to detect both foreign and self-nucleic acids, then one would predict the cell to 

employ a mechanism to regulate how the PRR interacts with the PAMP or DAMP. Also, it 

would be expected that immunopathology would result when these mechanisms are disrupted. 

The ability of TLR9 and other nucleic acid sensing receptors to sense self DNA might be why 

these TLRs evolved to be endosomal rather than expressed on the surface of cells (256). This 



 

 
 

99 

sequestration would allow another layer of regulation to control the inflammatory response 

elicited by the triggering of these receptors. Indeed, the pathology associated with systemic lupus 

erythematosus (257) and Sjogren’s syndrome (258) is thought to be exacerbated by the TLR9 

dependent recognition of self-DNA. However, bacterial DNA is recognized by TLR9 containing 

endosomes after fusing with the phagolysosome, leading to an appropriate immune response 

(259). Thus, by spatially separating PAMPs and PRR, the host is able to respond to pathogens 

while limiting autoimmune disease.  

  One important goal of this study was to determine the PRR human myeloid cells employ 

to detect T. gondii since they lack the receptors utilized by rodents. While we failed to discover 

the receptor(s), my research advances our understanding of the requirements necessary for the 

human innate immune cell response to toxoplasma. In this work, we demonstrated that the 

proinflammatory cytokine production elicited by T. gondii is TLR-independent and requires the 

phagocytosis of live parasites followed by endosomal acidification. Furthermore, we found that 

the response was also dependent on TAK1. This indicates that an innate receptor exists and the 

response is not merely the result of cellular stress or damage caused by the parasite. As for the 

specific receptor involved, one hypothesis is that human monocytes sense T. gondii through 

RIG-I or MDA-5, members of the RLR receptor family. In this scenario, toxoplasma is 

phagocytized by monocytes and degraded by the cytolytic enzymes found in the phagolysosome. 

As the parasite is being degraded, mRNA is liberated from T. gondii and is translocated into the 

cytosol, either actively or passively, where a member of the RLR family detects the PAMP. 

Since mRNA is quickly degraded and the proposed PRR are cytosolic, this would explain why 

the parasites must be alive and phagocytized in order to elicit a response (Figure 6.1). A similar 
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mechanism has been suggested as an explanation for “vita-PAMPs” which are short-lived 

PAMPs that are associated with live pathogens. In the study describing vita-PAMPs, it was 

demonstrated that the phagocytosis of live bacteria is required for the induction of NLRP3 

dependent cytokine production after binding mRNA (188). In another study that lends support to 

this hypothesis, the phagocytosis and degradation of S. aureus was shown to be a necessary 

prerequisite for liberating PAMPs not initially available for detection (111). Future experiments 

need to confirm the activation of RLR after exposure to T. gondii by assaying for 

phosphorylation events of enzymes and adaptor proteins downstream of RIG-I or MDA5. This 

approach could also be used to rule out the activation of other receptors such as NLR, although it 

is unlikely they are involved since toxoplasma is not thought to express any PAMPs recognized 

by this family of PRR. Another experiment which would support the involvement of RIG-I in the 

detection of T. gondii, would be to expose monocytes to T. gondii and then fix the cells as done 

for ChIP-Seq assays. However, instead of pulling down a transcription factor and sequencing the 

DNA bound to it, isolate RIG-I, MDA5 or other RLR members and sequence the RNA. If the 

sequences map back to the toxoplasma genome, then it would provide direct evidence that a RLR 

directly interacts with parasite RNA. This approach has been successfully used for viruses (260) 

and intracellular bacteria (261), but never for parasites. However, the above hypothesis does not 

explain why endosomal TLR are not involved despite being positioned to detect nucleic acids of 

pathogens inside of the phagolysosome.  

  Another aspect this hypothesis fails to address is the subset specific response observed in 

both monocytes and DC. One explanation is that mTOR regulates the response of the subsets  
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Figure 6.1 Mechanistic model of the detection and response of human monocytes to T. 
gondii 
 
Invasion of monocytes by T. gondii leads to the formation of a non-fusogenic PV and avoids 
killing. Parasite phagocytosis by monocytes results in the destruction of the parasite and 
elicits cytokine production. Once engulfed, the phagosome matures and decreases the internal 
pH, activating proteolytic enzymes, ROS and other effector molecules. Parasite RNA escapes 
into the cytosol and is detected by an unknown receptor, possibly RIG-I. Alternatively, 
parasite proteins or metabolites leak into the cytosol and activate a signaling cascade 
independent of IRAK1/4 but dependent on TAK1. This activates NFκB, which translocates 
into the nucleus to transcribe proinflammatory mRNA. Depending on the metabolic state of 
the cell and activation status of mTORC, the transcripts are translated and cytokines secreted. 
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but not the detection of the pathogen. If mTOR or the basal metabolic state of the subsets differs, 

this could explain the discordance between sensing toxoplasma, as determined by mRNA, and 

the cytokine response observed. However, this raises the possibility of a two-signal mechanism 

similar to that of the inflammasome. For the activation of the inflammasome to occur, the cell 

must receive signal 1 that increases mRNA and pro-IL-1β followed by signal 2, which cleaves 

IL-1β into its active form and releases it into the extracellular environment (262). In the case of 

T. gondii, signal one could be a short-lived parasite protein that is detected in the cytosol, and 

signal 2 could be the activation of mTOR, which is controlled by the metabolic state of the cell. 

In support of this hypothesis, a recent study found an intermediate metabolite of bacteria, HBP, 

triggered a TIFA-dependent inflammatory response after gaining access to the host cell cytosol. 

Interestingly, this response was dependent on phagocytosis of the bacteria, endosomal 

acidification, NFκB and TAK1, but independent of IRAK1/4, consistent with our data presented 

in Chapter 4 (263). The study also demonstrated that bacterial HBP directly phosphorylates host 

TIFA, which results in a signaling cascade activating NFκB. Thus, if a toxoplasma protein were 

capable of phosphorylating a host adaptor protein such as TIFA in human cells, then the PAMP 

would not be a nucleic acid. Phagocytosis and endosomal acidification would be required to 

allow the parasite protein access to the host cytosol, and the transient nature of the protein would 

explain why live parasites are required. Additionally, this would avoid the conundrum of how 

nucleic acid sensing TLR could not detect parasite mRNA in the phagolysosome but PRR 

receptors in the cytosol could. Moreover, there are many reports of toxoplasma proteins 

interacting with (213) and even phosphorylating host proteins (264). Although, these examples 

are of virulence factors intentionally secreted by the parasite to subvert host resistance, the 
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parasite carefully regulates the timing of release of these proteins (265). However, an unintended 

consequence of having these enzymes could be that in the case of a catastrophic event, such as 

degradation inside of the phagolysosome, all of these carefully regulated proteins are released 

which inadvertently activates host PRR singling pathways. To test this hypothesis, one could use 

KO parasites lacking known virulence factors that interact with host proteins, such as GRA15 or 

ROP18. If the KO parasites fail to elicit a response from human myeloid cells, both on the 

protein and mRNA level, then this would provide conclusive evidence that parasite proteins are 

stimulating the inflammatory response.  

6.4 Implications for the role of mTOR and metabolism in the immune response 

  Pathogen sensing is crucial for host survival as is regulating host metabolism. As such, it 

should not be surprising that each response can affect the other (266). mTOR has long been 

known as the master regulator of cellular metabolism, but this unique role also places it in an 

optimal position to sense when an invading pathogen might be coopting the host’s nutrients for 

its own survival (133). In fact, many pathogens actively target the mTOR pathway, including 

HPV (267), HSV (268), HCMV (269), HIV-1 (270), SVST (271), Staphylococcus aureus (272), 

Listeria monocytogenes (273), Leishmania major (274) and T. gondii (135). As animals have 

coevolved with their pathogens, this may have put selective pressure to link the inflammatory 

response with host metabolism. Evidence for this can be seen in experiments where myeloid 

cells that have been preincubated with mTOR inhibitors and then stimulated with LPS or 

infected with MTB produce higher amounts of IL-12 (120, 275). Therefore, if an invading 

pathogen inhibits mTOR in order to acquire host nutrients, it may lead to a proinflammatory 
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response depending on the cell it infects. Thus, by linking cellular metabolism to innate 

immunity, the host acquires another means of sensing pathogens.  

  Another aspect of the interdependence of metabolism and immunity is that it expands the 

number of druggable targets that can be used to fight infectious diseases. Recent mTOR 

inhibitors have shown promise in a humanized mouse model of HIV infection, reducing viral 

entry into primary lymphocytes, inhibiting viral replication, decreasing HIV serum RNA levels 

and partially restoring CD4/CD8 T cell ratios (276). Similarly, AMPK is critical to mTOR 

function by sensing intracellular levels of ATP and inhibiting mTOR when levels are low. 

Metformin, which targets AMPK, was recently shown to increase macrophage ROS production, 

facilitate phagosome-lysosome fusion and decrease lung pathology in MTB infected mice (277). 

Targeting mTOR and its related pathways as part of a host-directed therapy may prove to be a 

successful strategy in combating drug resistance in microbes.  

  In summary, this work characterizes the innate immune response of primary human 

monocytes and DC to T. gondii and describes the requirements for cytokine production. I 

demonstrated that CD16+ monocytes and CD1c+ DC produce large quantities of TNFα and IL-12 

after phagocytizing live parasites. I also identified the kinase TAK1 as an essential molecule in 

the signaling pathway upstream of TNFα secretion. Additionally, I found an association between 

the monocyte subset-specific cytokine response and cellular metabolism and our data provide 

evidence suggesting mTOR regulates cytokine translation post-exposure to toxoplasma. This 

mechanism of phagocytosis-dependent cytokine production is distinct from that utilized by mice 

and highlights important differences in immune response between the two species. These 
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differences will be important when developing new host directed therapies to treat toxoplasmosis 

as drug resistance is becoming more common.  
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APPENDIX 

 

 

 

 

Supplemental Figure A1 Sorting strategy for the isolation of monocyte and DC subsets. 
 
Primary human elutriated cells were stained and sorted on a FACAriaII into the 3 monocyte 
subsets and 2 DC subsets. Representative contour plots illustrate the monocyte and DC 
gating strategy pre-sort and subset purities post-sort. 
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Supplemental Figure A2 Correlation matrix and clustering shows NC and IM 
monocytes responding more similar to T. gondii infection that CL monocytes. 
 
Primary human monocytes from 8 healthy donors were sort purified into three subsets and 
cultured (1x106) in media alone or with RH88 tachyzoites (MOI 1:1) for 3 h. RNA was 
isolated and the transcriptome was analyzed by microarray. Heat map of array-wide Pearson 
correlations of quantile-normalized and detection filtered probe signals between each pairwise 
array combination. Hierarchical clustering and dendrogram was arranged using the Ward 
method. Row label coloring indicates monocyte subset and infection status as in A. 
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