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ABSTRACT OF THE DISSERTATION 

Unraveling host and parasite pathways in human innate immunity to Toxoplasma gondii  

by 

Lanny Gov 

Doctor of Philosophy in Biological Sciences 

University of California, Irvine, 2014 

Assistant Professor Melissa B. Lodoen, Chair 

 

Toxoplasma gondii is a pathogen of global importance. Innate immunity is critical for control 

of acute infection. In vivo mouse models have shown that monocytes are rapidly recruited to 

sites of T. gondii infection and MCP-1 and CCR2 knock-out mice that fail to do so succumb to 

infection, underscoring the importance of monocytes in host defense. However, the role of 

human monocytes in immunity to T. gondii and their specific interactions with T. gondii are not 

well understood. 

Human monocytes are actively infected by T. gondii and permissive to parasite replication. 

Infected human monocytes release interleukin-1β (IL-1β), a “master regulator” of inflammation 

that has been shown to be protective against T. gondii in vivo. However, the host and parasite 

factors regulating T. gondii-induced IL-1β production in human monocytes were unknown. We 

found that T. gondii induces IL-1β transcript, post-translational processing, and release from 

human monocytes. We demonstrate a role for host inflammasome components caspase-1 and 

ASC and the parasite protein GRA15 in the induction and release of IL-1β. This work provides 
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important mechanistic insight into the regulation of a key mediator of inflammation and is the 

first to identify a T. gondii factor that drives innate immune responses in human cells. 

Recently, there has been increasing appreciation for the heterogeneity of circulating 

monocytes. Three phenotypically and functionally distinct subpopulations have been defined in 

humans based on CD14 and CD16 expression. However, the interactions of specific monocyte 

subsets with T. gondii and their functional outcomes have not been elucidated. We found that 

T. gondii preferentially invades classical (CD14+CD16-) and intermediate (CD14+CD16+) 

monocytes and that these subsets are more permissive to intracellular parasite survival. All 

monocyte subsets were capable of phagocytosing and degrading Mycalolide B-treated 

parasites. T. gondii infection induces IL-1β in all three monocyte subsets, but the resident 

monocytes (CD14loCD16+) showed an enhanced IL-1β response. These data suggest that 

resident monocytes are less permissive to infection and may play a critical role in parasite 

control.  

Collectively, our work defines host and parasite pathways driving innate immunity and 

contributes to a better understanding of the role of human monocytes in parasite control. 
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Chapter One 

 

Introduction to Toxoplasma gondii Immunity 
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Toxoplasma gondii Biology 

Toxoplasma gondii is an obligate intracellular parasite of the Apicomplexa phylum that can 

infect a wide range of hosts, including humans. Its worldwide prevalence and ability to cause 

disease makes it a human pathogen of global importance. T. gondii has a complex life cycle 

which involves multiple hosts as well as three different life stages: sporozoites in oocysts, slowly 

growing bradyzoites in tissue cysts, and rapidly dividing tachyzoites [1]. Felines are the 

definitive hosts in which T. gondii can undergo sexual replication [1]. Upon fertilization in the 

small intestine of felines, oocysts are formed and shed into the environment [2]. Several million 

oocysts may be shed from a feline for up to three weeks following infection [3]. In the 

environment, oocysts sporulate and become highly infectious [3]. All warm-blooded mammals, 

including humans, are intermediate hosts and typically become infected via consumption of 

food or water contaminated with parasite tissue cysts or oocysts [4]. During acute infection, 

intestinal enzymes will break down the cyst or oocyst walls, and the parasite will convert from 

bradyzoites or sporozoites into the tachyzoite form. Tachyzoites can rapidly replicate asexually 

by an internal budding process known as endodyogeny [5,6] and can disseminate from the 

intestine into secondary sites, such as the lungs, liver, spleen, kidney, brain, heart, and eyes 

[7,8], where it colonizes tissue and induces pathogenesis [1]. Pressure from the immune 

response and a change in the parasite developmental program are thought to induce 

encystation where tachyzoites transform into the slow growing bradyzoite form that resides 

within cysts [9]. Tissue cysts may contain hundreds to thousands of bradyzoites [4]. Despite a 

robust immune response, sterile immunity is not achieved as T. gondii establishes a lifelong 

chronic infection as cyst-forming bradyzoites, which tend to concentrate in long-lived tissues 
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such as the heart, brain, and muscles [10]. Within a host, bradyzoites can be released from 

cysts and differentiate back into the tachyzoite form, resulting in recrudescence [10]. This can 

cause fatal disease in immunocompromised patients, as will be discussed later. Carnivorism 

results in the consumption of tissue cysts, perpetuating the horizontal transmission of T. gondii. 

T. gondii tachyzoites are crescent shaped eukaryotic cells, approximately 2 by 8 μM in size, 

with a narrow anterior end and a round posterior end [11]. Ultrastructural analysis has revealed 

that T. gondii has three distinct secretory organelles characteristic of all Apicomplexans: 

micronemes, rhoptries, and dense granules [11]. These organelles sequentially secrete parasite 

effector proteins [12] that play a key role in host cell attachment, invasion, and modulation, all 

of which will be discussed in further detail later. Micronemes are rod-shaped structures 

concentrated at the apical end of the parasite. Micronemes are the first to secrete their 

contents, micronemal proteins (MICs), upon an intracellular rise in calcium levels within the 

parasite [13-15]. This calcium signal is required for microneme secretion and subsequent 

invasion [13]. MICs are adhesins that play a role in directional attachment to the host cell, a 

critical first step in T. gondii invasion, a polarized process [13]. T. gondii has 8-10 rhoptries, club-

shaped organelles located at the apical end of the parasite that secrete after the micronemes 

[11,12]. There are two classes of rhoptry effector molecules, rhoptry neck proteins (RONs) and 

rhoptry bulb proteins (ROPs), localized to the neck and bulb of the rhoptry organelle, 

respectively. RONs and ROPs are sequentially secreted and have distinct functions in host cell 

invasion and modulation, respectively, and this will be discussed in detail later [16,17]. Upon 

successful invasion, the parasite resides in a parasitophorous vacuole (PV) within the host cell 

cytosol. Secretion from spherical, electron dense granules is delayed until invasion is complete 
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and the PV is fully formed [12]. Dense granules constitutively secrete their effectors (GRAs) into 

the PV, and these proteins have been shown to modulate host signaling pathways and are 

believed to modify the PV to promote intracellular survival [12]. The role of T. gondii soluble 

effector proteins in host cell modulation will be discussed in detail later. 

Early multilocus enzyme electrophoresis and restriction fragment length polymorphism 

(RFLP) analyses revealed that T. gondii has a clonal population structure in North America and 

Europe [18,19]. Three predominant clonal lineages of T. gondii, designated type I, II, and III, 

have been described, with only an estimated 5% nucleotide divergence [19]. In contrast, 

genetically diverse “atypical” or “exotic” strains have been described in South America [20,21]. 

Subsequent comparative genetic analysis of the T. gondii population structure on a global level 

revealed that there is strong geographic separation between the Northern and Southern 

hemispheres, with largely clonal lineages of T. gondii in the Northern Hemisphere and greater 

genetic diversity in the Southern Hemisphere [22]. Recent sequence-based analyses have 

redefined the T. gondii population structure into 12 distinct haplogroups based on 

polymorphisms in intron regions of housekeeping genes [23,24]. Previously defined lineages 

type I-III have been reclassified as haplogroups 1-3 [23]. Subsequent work utilizing a 

combination of RFLP, microsatellite, and intron sequencing for comparative analysis extended 

these findings, grouping related haplogroups into 6 major clades [22]. This study represents the 

broadest and most comprehensive population analysis of T. gondii to date [22]. 

Phylogenetic analysis of T. gondii has revealed an extreme geographic separation between 

strains common to North America and Europe versus those endemic to South America [22,23]. 

Isolates from North America and Europe are made up of haplogroups 1-3 [19] and isolation of 
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atypical strains from toxoplasmosis patients is rare in these geographical locations [25,26]. 

Additionally, haplogroup 12 is a fourth clonal lineage endemic to North America and has been 

isolated from both wild animals and humans [24]. In contrast, type II parasites were not 

identified in a study analyzing T. gondii isolates from cats in Brazil [27], and a study of acute 

toxoplasmosis cases diagnosed in French Guiana found that all were due to atypical strains [28]. 

Additionally, haplogroups 4, 5, 8, and 9 are found almost exclusively in South America [23].  

In contrast to the clonal population structure of isolates from North America and Europe, 

strains endemic to South America are genetically diverse [27,29]. Linkage disequilibrium (LD) 

studies between isolates from Brazil and the United States found that LD was substantially 

lower in Brazil, indicating a non-clonal population structure [30]. These data suggest that sexual 

recombination is prevalent among strains in South America while those in North America and 

Europe predominantly replicate asexually. 

Strain comparison studies examining host responses have predominantly been done with 

the classical type I, II, and III genotypes. The strains differ in their virulence [7,31,32], 

transmigration ability [33], and dissemination in vivo [8], with type I strains being the most 

virulent. The LD100 of type I parasites is 1 while the LD50 of type II and III parasite is >103 [34]. 

Studies investigating the correlation between parasite strain and disease have been done, and 

there is some evidence that the type I strain is associated with toxoplasmosis in AIDS patients 

[35]. However, several studies have convincingly shown that there is a predominance of the 

avirulent type II strain in both postnatally acquired toxoplasmosis and congenital 

toxoplasmosis, accounting for approximately 80% or more of the cases in these studies 

[19,25,26,36]. Severe toxoplasmosis appears to be associated with infection by atypical strains 
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[28,37]. A comparison of concurrent cohorts of congenitally infected patients in Brazil and 

Europe revealed that ocular disease was more severe in Brazil, characterized by the 

development of larger lesions with increased frequencies [38]. The relevance of type II parasites 

and atypical strains to human disease underscores the need to investigate immune pathways in 

response to these strains and the value of performing strain comparison studies. 

 

T. gondii Clinical Disease 

Worldwide, 30% of the population is estimated to be seropositive for T. gondii [39]. T. 

gondii is an opportunistic pathogen and approximately 90% of subjects that acquire the 

parasite are asymptomatic [39]. This is due to effective control of the parasite by the host 

immune system. However, sterile immunity is not achieved, resulting in the establishment of a 

latent, chronic infection characterized by bradyzoites encysted in neuronal and muscular tissue 

as well as organs such as the lungs, liver, and kidneys [1,9]. The critical role of host immunity in 

parasite control is underscored by the manifestation of disease in immunocompromised 

patients. Cancer patients [40] or organ transplant recipients [41,42] undergoing 

immunosuppressive therapy, as well as AIDS patients [43], are at risk for disease manifestations 

such as encephalitis, myocarditis, or retinochoroiditis [20] upon primary infection or 

recrudescence of a latent infection. Donor-to-recipient transmission of T. gondii is a major 

complication of organ transplantations, especially in cases of donor/recipient serology 

mismatch, and can often be fatal. This has been documented in heart [41,44], liver [45], and 

kidney [46-48] transplantations as well as leukocyte transfusions [49] and hematopoietic stem 

cell transplantations [50]. The precise role of host immune effectors against T. gondii has been 
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determined by performing infection experiments using various knock-out (KO) mice [8,51-54] 

and will be discussed in further detail later.  

 Although less common, cases of toxoplasmosis have been described in immunocompetent 

individuals as well. Ocular toxoplasmosis can arise in infected individuals regardless of immune 

status and are typically associated with virulent type I or recombinant strains found in South 

America [29,55,56]. Seropositive immunocompetent individuals, even though initially 

asymptomatic upon T. gondii infection, are at risk for the development of ocular, vision-

impairing lesions years later [57]. During a 6.5 year period in French Guiana, 16 cases of severe 

toxoplasmosis were diagnosed in immunocompetent individuals [28]. All 16 cases were due to 

infection by an atypical isolate, and the symptoms were unusually severe and included 

pulmonary complications [28]. Severe toxoplasmosis in immunocompetent patients appears to 

be associated with infection by atypical strains [28,37], but the underlying molecular basis for 

this is unknown. This underscores the need to establish how protective immunity is mounted 

against different T. gondii strains. 

Primary maternal infection during pregnancy can result in vertical transmission of T. gondii 

to the fetus and cause congenital toxoplasmosis [58-60]. Clinical manifestations include 

spontaneous abortion, stillbirth, hydrocephaly, mental retardation, cerebral calcifications, and 

retinochoroiditis, which can lead to blindness [60,61]. The placenta is a natural barrier against 

most pathogens, but T. gondii is able to infect the placenta and induce tissue damage 

[25,59,62]. Placental infection precedes fetal infection and the extent of placental damage 

correlates with disease severity [58,60,62]. Disease severity inversely correlates with 

gestational age of exposure although the likelihood of transmission increases with gestational 
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age [60,63]. Transmission rates range from approximately 10% in the first trimester to roughly 

70% in the third trimester, and is even higher closer to the time of delivery [63]. Western 

European countries have implemented programs to routinely screen for congenital 

toxoplasmosis, but such a program is lacking in the United States [61]. Recent studies indicate a 

prevalence of 14.1% in the United States [64].  

 Although less common, vertical transmission can occur in HIV-infected women who 

experience T. gondii reactivation as well as in previously immunized women who are reinfected 

during pregnancy, typically by a different strain than the original infection [65]. The first case 

report of congenital toxoplasmosis due to toxoplasmic reactivation in an HIV-infected women 

was published in 1994 and was believed to be due to chronic or intermittent parasitemia in the 

mother [66]. Previously, it was thought that only immunologically naïve pregnant women were 

at risk for congenital toxoplasmosis. However, it is now appreciated that vertical transmission 

can occur in seropositive, immunocompetent women who are reinfected, usually by an atypical 

strain [67-69]. Studies using in vivo mouse models affirm that acquired immunity may not 

protect against reinfection with atypical strains [67]. There is also a possibility that immunity 

raised against T. gondii cysts may not be protective against reinfection by the highly infectious 

oocysts [68]. Unfortunately, the frequencies and likelihood of congenital toxoplasmosis due to 

reinfection are less well understood, but these cases caution that seropositive women should 

be as vigilant as immunologically naïve women in reducing their exposure to T. gondii.  

The current standard of care for toxoplasmosis includes treatment with the macrolide 

antibiotic spiramycin or a combination therapy with pyrimethamine and sulfadiazine [70]. 

However, there is debate about the efficacy of spiramycin in reducing the risk of mother-to-
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child transmission of T. gondii [71]. Additionally, spiramycin does not cross the placenta readily 

and would not useful in cases of congenital infection [70]. Additionally, pyrimethamine may be 

teratogenic [72] and sulfadiazine hypersensitivity has been reported [73]. Current drug 

treatments against T. gondii are limited and may have adverse side effects, and long-term 

therapy is needed as the available therapeutics are ineffective against the bradyzoite form. To 

date, there is no effective vaccine approved for T. gondii in humans [39,74]. Collectively, this 

reinforces the need to develop more targeted therapeutics to combat this parasite. 

 

T. gondii Invasion of Host Cells 

T. gondii has a remarkable ability to infect virtually any nucleated cell, at least in vitro. This 

process of invasion is mediated by the use of the parasite’s own receptor and ligand for host 

cell attachment and entry, as will be described in detail below. Thus, T. gondii is not limited by 

host cell tropism. Parasite invasion is an active, orchestrated cascade of events involving the 

initial loose attachment to the host cell, followed by sequential secretion of parasite effector 

molecules from the micronemes, rhoptries, and dense granule organelles into the host cell 

[12,75,76]. The parasite surface is decorated with glycophosphatidylinositol (GPI)-anchored 

surface antigens (SAG), in particular SAG 1-3 [77]. SAG-1 is the most abundant of these and 

inhibition of SAG-1 function by neutralizing antibodies or mutant parasites expressing defective 

SAG-1 results in reduced host cell binding, by up to 71% [78,79], suggesting that SAG-1 plays an 

important role in the invasion process. However, some of the mutant parasites lacking 

functional SAG-1 were still capable of invasion [79], suggesting the involvement of other 

effector molecules with functional redundancy. Indeed, SAG-3 was found to bind to host cell 
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heparan sulfate proteoglycans and play a role in parasite adherence to host cells [80]. 

Neutralization of SAG-2 with antibodies revealed its role in apical orientation of the parasite 

[81], which is a crucial event since invasion is a polarized process wherein the parasite 

penetrates the host cell with its apical end [76]. Epithelial cells infected with T. gondii in the 

presence of a SAG-2 neutralizing antibody had increased parasite attachment to the host cell 

compared to control antibody treatment, but microscopic examination of the cultures revealed 

that the parasites attached posteriorly or laterally to the host cell [81]. SAG-2 functions after 

SAG-1 mediates host cell attachment, as neutralizing antibodies against SAG-1 abolishes the 

phenotype seen with the SAG-2 antibody treatment as well [81]. The abundance of SAG 

proteins on the parasite surface suggests that they function coordinately in low-affinity 

interactions with the host cell in preparation for invasion.  

Host cell invasion is tightly coupled to the release of microneme proteins, which is a 

temperature sensitive process that is initiated by the intracellular rise in calcium levels in the 

parasite [13]. It is believed that the transient increase in calcium levels upon host cell contact is 

sufficient for microneme secretion [15]. Microneme proteins such as micronemal protein 2 

(MIC2) are adhesins that mediate parasite gliding motility and loose attachment of the parasite 

to the host cell, allowing the parasite to orient itself for invasion [82,83]. MIC2 is released from 

the apical end of the parasite upon host cell contact, treadmills to the posterior end of the 

parasite during invasion, and is cleaved off prior to cell entry [12,15]. MIC2 knock-out parasites 

display impaired host cell attachment and invasion as well as reduced dissemination in vivo, 

suggesting that MIC2 is important for parasite entry into host cells [83].  
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Once micronemes mediate loose host cell attachment, rhoptry neck proteins are secreted 

into the host cell [12]. In particular, T. gondii RON2, RON4, RON5, and RON8 are targeted to the 

host cell membrane and form the moving junction [84-87], a dynamic ring-like interface 

between the host cell and parasite [84,88]. Apical membrane antigen 1 (AMA1), another 

microneme protein, is secreted by the parasite and associates with the parasite-derived moving 

junction by directly interacting with RON2, utilizing it as a receptor for host cell entry [88,89]. 

This mediates a firm adhesion between the parasite and host cell, allowing the parasite to then 

invade by propelling itself forward, powered by its actin machinery [90]. Once inside the host 

cell, the parasite resides and replicates within a parasitophorous vacuole (PV). Following 

invasion, T. gondii actively modulates host cell function via secreted rhoptry bulb proteins and 

subsequent secretion of dense granule proteins [12]. ROP proteins contribute to the 

modification of the PV membrane to access host metabolites [91]. Many ROPs are also kinases 

and phosphatases and directly modulate host cell signaling [32,92]. Rhoptry bulb proteins are 

targeted to the PV or into the host cell and consist of many key virulence factors [12,93,94]. 

Bioinformatics analysis has identified 44 putative ROP kinase family members consisting of both 

kinases and pseudokinases [94]. These kinases are regulated in a highly strain-specific manner 

[94]. ROP38, ROP16, ROP18, and ROP5, in particular, are highly polymorphic between strains 

and are among the most well characterized of this family [94] and are discussed in more detail 

below. GRA proteins have also been shown to directly activate host signaling pathways, in 

particular the Nuclear factor kappa B (NF-κB) and Mitogen-activated protein kinases (MAPK) 

pathways [95,96], and T. gondii modulation of these host pathways will be discussed in further 

detail later.  
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Three Modes of T. gondii Intracellular Entry 

To date, three distinct modes by which T. gondii can enter the host cell have been 

characterized. The parasite can actively invade the host cell using its own actin machinery and 

effector molecules, as described above. This process is rapid and occurs within 25-40 seconds 

[75]. Upon successful invasion, the parasite resides in a unique PV that is composed primarily of 

invaginated host cell membrane [97,98]. The PV is devoid of a majority of host cell proteins, 

which are selectively filtered out by the moving junction during its formation, and does not fuse 

with the host endocytic network [99-102]. Formation of a PV ultimately results in parasite 

survival. Alternatively, phagocytic cells can engulf extracellular tachyzoites. Unlike invasion, 

phagocytosis is a slower event (2-4 min) involving extensive host membrane ruffling. 

Phagosomes also contain host cell membrane markers and sequentially fuse with early and late 

endosomes and lysosomes and generally, will result in parasite degradation [99]. A third mode 

of cellular entry has been described and recently, was further characterized as a hybrid 

“phagosome to vacuole invasion” (PTVI) pathway [75,103]. In this noncanonical pathway, 

parasites are initially phagocytosed and then proceed to actively invade the host cell from 

within the phagosome in a manner that is dependent on phagosome acidification [103]. This 

pathway is predominantly used by avirulent type II strains, but opsonized type I parasites are 

capable of utilizing PTVI if they are phagocytosed [103]. Much of this work has been done with 

mouse macrophages, and it remains to be determined if these parallel pathways exist in human 

monocytes as well. 
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Immunity to T. gondii 

The role of cytokines in immunity to T. gondii has been the focus of many labs, and there 

are several lines of evidence suggesting that these soluble host effector molecules are critical 

for the control of acute infection. It is now appreciated that the cytokines IL-12 and interferon-γ 

(IFN-γ) are key mediators of host defense against T. gondii, as both IL-12 and IFN-γ KO mice 

rapidly succumb to non-lethal infection [104,105]. Furthermore, antibody-mediated 

neutralization of IL-12 in C56BL/6, BALB/c, and SCID mice resulted in increased susceptibility to 

T. gondii [106]. Conversely, recombinant IL-12 therapy rescued “triple-defective” (3d) mice with 

a mutation in UNC93B1, a chaperone for the endosomal nucleic acid sensing Toll-like receptors 

(TLR), and quadruple TLR3/7/9/11 KO mice who were also unable to control parasite infection 

and had a defective IL-12 and a delayed IFN-γ response [107,108]. Recombinant IL-12 also 

prolonged the survival of SCID mice and this was dependent on both IFN-γ and NK cells [109]. In 

vivo, dendritic cells are the first to make IL-12 upon T. gondii infection [110], but macrophages 

and neutrophils can also produce IL-12 [104,106,109,111,112]. IFN-γ KO mice had unimpaired 

IL-12 production and neutralizing antibodies against IL-12 did not alter host survival, suggesting 

that IL-12 functions upstream of IFN-γ [105]. The production of IFN-γ was shown to be 

dependent on IL-12 and was mediated by CD4+ T cells and NK cells [105,106,109]. The 

protective effect of IFN-γ is mediated through its activation of various antimicrobial programs, 

including the generation of nitric oxide or reactive oxygen species, the induction of tryptophan 

starvation [113], and the generation of immunity-related GTPases [114,115]. 

CD4+ T cells are important for IFN-γ production as well as for maintenance of a CD8+ T cell 

response [116]. CD4-/- mice were able to induce a normal antigen-specific CD8+ T cell response 
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following T. gondii challenge, but failed to maintain an effective Th1 response [116]. 

Specifically, at 30 and 90 days post-infection, wild-type and CD4-/- mice had comparable 

numbers of CD8+ T cells in the spleen, and CD8+ T cells from wild-type and CD4-/- mice produced 

comparable levels of IFN-γ upon stimulation with T. gondii lysate antigen [116]. However, at 

180 days post-infection, CD4-/- mice had fewer CD8+ T cells and these CD8+ T cells had reduced 

IFN-γ production [116]. In a chronic infection model, infected animals treated with either anti-

CD4 or anti-CD8 antibodies did not exhibit increased parasite reactivation, but simultaneous 

inhibition with anti-CD4 and anti-CD8 antibodies resulted in increased pathology and mortality 

[117], suggesting that T cells are critical for preventing T. gondii reactivation and that CD4+ and 

CD8+ T cells play compensatory roles. 

A strong cell-mediated immune response is ultimately necessary to establish long-term 

protective immunity against T. gondii, and this is demonstrated by several mouse models. 

Severe combined immunodeficient (SCID) mice, which lack T and B lymphocytes, succumb to 

non-lethal infection but can be rescued if adoptively transferred with splenocytes from 

immunocompetent mice [118]. Athymic mice lacking T cells and wild-type mice challenged with 

a virulent strain of T. gondii succumb to infection if left untreated but will survive if sulfadiazine 

treatment is administered [119]. Prophylaxis with sulfadiazine for 16 days is sufficient for wild-

type mice to develop protective immunity and 80% of these mice survive even if sulfadiazine 

treatment is halted [119]. In contrast, athymic mice rapidly die once sulfadiazine treatment is 

suspended, demonstrating the importance of T cells in establishing protective immunity [119]. 

Anti-T. gondii antibody treatment is not protective in acutely infected wild-type or athymic 

mice, but helps reduce parasite burden in B cell-deficient mice [119]. These data suggest that 
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antibody-mediated defense is important, but that cell-mediated immunity is critical. This is 

exemplified by the close association between the incidence of toxoplasmic encephalitis and 

CD4+ T cell counts in HIV-infected patients [120].  

 

Toll-like Receptor Sensing of T. gondii 

Myeloid differentiation primary response gene 88 (MyD88) is an adaptor protein 

downstream of all TLR, except TLR3, and the IL-1 receptor that plays a critical role in host signal 

transduction pathways [121]. In contrast to wild-type mice, MyD88 KO mice have higher 

parasite burden and greater parasite dissemination, and rapidly succumb to non-lethal T. gondii 

infection [8,104]. This is associated with defective IL-12 production by dendritic cells, 

macrophages, and neutrophils and an impairment in IFN-γ production [104]. These data suggest 

that TLR and/or IL-1 receptor signaling are critical for immunity against T. gondii. 

TLR are ancient, evolutionarily conserved pattern recognition receptors whose function is to 

recognize pathogen- or danger- associated molecule patterns (PAMPs or DAMPs, respectively) 

and activate downstream immune defenses such an inflammatory cytokine production. Ten 

human and twelve mouse TLR have been characterized. Humans express TLR1-10 and mice 

express TLR1-9 and TLR11-13. TLR10 in mice and TLR11 in humans are non-functional 

pseudogenes, and humans lack TLR12 and TLR13 [122,123]. The ectodomain of TLR contains 19-

25 copies of a leucine-rich repeat (LRR) binding motif, and TLR function as homo- or 

heterodimers to recognize a variety of PAMP or DAMP [124]. TLR1-2, TLR4-6, and TLR10 are 

located on the cell surface and recognize microbial membrane components such as 

lipopolysaccharide (TLR4; [125]). In contrast, TLR3, TLR7-9, and TLR11-13 are endosomal and 
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recognize RNA, DNA, and various microbial proteins such as T. gondii profilin (TLR11-12; 

[108,126-128]) or bacterial flagellin (TLR11; [129]). The cytoplasmic tail of all TLR have a Toll-

like/IL-1R (TIR) domain that can recruit and interact with adaptor proteins such as MyD88 upon 

activation. Recruitment of MyD88 and subsequent downstream signaling leads to the activation 

of NF-κB and MAPK pathways and the induction of proinflammatory genes, including IFN-γ, IL-

12, and IL-1β [130]. T. gondii actively modulates host NF-κB and MAPK pathways, as discussed 

below. 

Various TLR are known to be involved in innate recognition of T. gondii. In mice, TLR2 and 

TLR4 are activated by T. gondii heat shock protein 70 as well as GPI-anchored proteins that 

decorate the parasite surface [131,132]. Mouse endosomal TLR7 and TLR9 are involved in the 

recognition of T. gondii RNA and DNA, respectively, and mediate the induction of protective 

tumor necrosis factor-α (TNF-α) and IL-12 [108]. TLR11 and TLR12 heterodimers, but not 

homodimers, directly bind T. gondii profilin, a virulence factor important for parasite motility, 

and this is critical for IL-12 production in vitro and in vivo [82,108,127,128]. Conditional KO of 

parasite profilin results in increased susceptibility to T. gondii and a defective IL-12 response, 

underscoring the critical role of host cell recognition of virulence factors in eliciting an effective 

immune response [82]. However, TLR11 and TLR12 are not present in humans and the role of 

TLR in human immunity to T. gondii is less well understood. Human peripheral blood 

mononuclear cells (PBMC) have been shown to be activated by T. gondii RNA and DNA, but the 

TLR that recognize these ligands have not been defined in humans [108]. Soluble tachyzoite 

antigen and T. gondii profilin fail to induce IL-12, TNF-α, and IL-1β in human PBMC [108]. The 

precise role of TLR signaling in human innate immunity remains to be determined. 
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Many T. gondii immunity studies have utilized TLR KO mice. Surprisingly, TLR1, TLR2, TLR3, 

TLR4, TLR6, TLR7, TLR9, and TLR11 individual KO mice were able to control infection 

[8,107,108,127,133]. Protection is thought to be mediated by unimpaired production of IL-12 

[104]. Furthermore, double endosomal TLR KO (TLR3/7, TLR 7/9, or TLR 7/8) and even triple 

TLR3/7/9 KO mice were not highly susceptible to non-lethal challenge and had normal IL-12 and 

IFN-γ responses [108], suggesting that TLR are highly redundant. However, triple TLR7/9/11 and 

quadruple TLR3/7/9/11 KO mice are highly susceptible to infection and recapitulate the 

phenotype of the MyD88 KO mice [108]. These KO mice have impaired IL-12 and early IFN-γ 

production as well as elevated parasite burden [108], suggesting that although single TLR are 

dispensable, optimal immunity requires the activity of both the nucleic acid sensing TLRs and 

TLR11, which senses T. gondii profilin. Collectively, these data suggest that intracellular 

recognition of T. gondii is critical for the host response and may require the degradation of the 

parasite to expose T. gondii ligands (i.e., DNA, RNA, and profilin).  

 

Nod-like Receptor Sensing of T. gondii 

NOD-like receptors (NLR) are cytosolic pattern recognition receptors that are important for 

sensing intracellular PAMPs or DAMPs. Humans and mice have 23 and 34 NLR, respectively 

[134]. NLR are central to the formation of innate signaling complexes, including NOD 

signalosomes and inflammasomes [135]. Similar to TLR, NLR are composed of a C-terminal 

domain that consists of a series of LRR involved in ligand sensing and an N-terminal effector 

domain that mediates signal transduction. NOD signalosomes can activate the NF-κB 

transcription factor, whereas inflammasomes activate caspases to cleave inflammatory 
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cytokines of the IL-1 family [135]. Inflammasomes are multi-protein complexes that consists of 

a NLR, the adaptor protein apoptosis-associated speck-like protein containing a caspase 

recruitment domain (CARD) (ASC), and typically, the protease caspase-1 [136]. NLR are the 

sensor component of the inflammasomes, and binding of the NLR to its ligand triggers complex 

assembly. ASC is the molecular bridge, mediating protein to protein interaction with the NLR 

and caspase-1 via its N-terminal pyrin (PYD) domain and C-terminal CARD domain, respectively 

[135]. Caspase-1 is the canonical caspase associated with the inflammasome. Caspase-1 is 

produced as an inactive zymogen, and its autoproteolysis and subsequent activation is 

regulated by recruitment to the inflammasome complex [136]. Mature caspase-1 can cleave its 

substrates, pro-IL-1β and pro-interleukin 18 (IL-18), into their mature, bioactive forms [137-

141]. 

In recent years, inflammasome activity has been shown to be important for host defense 

against T. gondii. The first evidence of this was in 2011, when Witola et al. [142] found that 

susceptibility alleles to human congenital toxoplasmosis mapped to the gene encoding NLR 

family, pyrin domain containing 1 (NLRP1, NALP1). Using genetic and pharmacological 

approaches, our lab was the first to demonstrate a role for host cell inflammasome 

components, ASC and caspase-1, in innate immunity to T. gondii, and this will be discussed in 

more detail in the next chapter. It is now known that T. gondii activates NLRP1 and NLR family, 

pyrin domain containing 3 (NLRP3, NALP3) inflammasomes in humans, rats, and mice [143-

146]. Caspase-1/11, ASC, NLRP1, and NLRP3 KO mice had decreased survival, increased parasite 

burden, and greater dissemination than their wild-type counterpart, suggesting that 

inflammasome activity was important for parasite control [145,146]. This protective effect may 
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be mediated by the induction of pro-inflammatory cytokine production. In human monocytes, 

NLRP1 knock-down led to the decreased release of two inflammatory mediators, IL-1β and IL-18 

[142,143]. In particular, treatment with IL-1β has been shown to be protective against T. gondii 

infection in vivo [147,148] and protective IL-12 induced IFN-γ production is dependent on IL-1β 

in a SCID mouse model [148]. These data underscore the importance of the inflammasome and 

its regulation of inflammatory mediators in the host response to T. gondii.  

 

Modulation of Host Cell Pathways by T. gondii Effectors  

T. gondii parasites have been shown to secrete rhoptry bulb proteins and dense granule 

proteins that actively modulate host signaling pathways as well as host immune pathways. 

These effectors intersect host signaling pathways that are central to pro-inflammatory signal 

transduction, including NF-κB, MAPK, and Janus kinase/Signal transducer and activator of 

transcription (JAK/STAT) pathways [149-153]. T. gondii secreted virulence factors and their 

effects on the host cell are summarized in Table 1.1 and are described in further detail below. 

NF-κB is a family of conserved transcription factors that play an important role in immunity, 

especially the control of inflammatory responses. p50 (NF-κB1), p52 (NF-κB2), p65 (RelA), RelB, 

and c-Rel function as homo- or heterodimers to activate downstream target genes [154], 

including interleukin-1β (IL-1β, a master regulator of inflammation [155], and interleukin-12 (IL-

12), a key cytokine in parasite control [109]. In unstimulated conditions, NF-κB subunits are 

sequestered in the cytoplasm by inhibitor of kappa B (IκB-α). Upon activation, the IκB kinase 

(IKK) complex, which consists of the catalytic IKKα and IKKβ units and the regulatory IKKγ 

subunit, phosphorylates IκB-α. Phosphorylated IκB-α is targeted for ubiquitination and 
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subsequently degraded, allowing activation and nuclear translocation of the NF-κB subunits 

[156]. Mice lacking NF-κB subunits have increased susceptibility to T. gondii (reviewed in [157]), 

suggesting that NF-κB signaling plays an important role in immunity to the parasite. T. gondii 

has been shown to differentially modulate NF-κB signaling in a strain-specific manner. Type II 

parasites have been shown to induce NF-κB nuclear translocation to a greater degree than type 

I parasites in both mouse splenocytes and bone marrow-derived macrophages [158,159]. 

Additionally, Rosowski et al. demonstrated that the type II, but not type I or III, strain induces 

sustained NF-κB nuclear translocation and this was mediated by the polymorphic dense granule 

protein, GRA15 [95]. In contrast, type I parasites actively inhibit NF-κB activation via ROP18-

mediated phosphorylation of p65 at serine-468, promoting its degradation [160]. ROP18 

selectively targeted p65 for phosphorylation, as IκB-α was not affected [160]. Type I parasites 

deficient for ROP18 failed to inhibit NF-κB and induced pro-inflammatory genes, including IL-12, 

IL-16, and TNF-α [160]. 

MAPKs constitute an evolutionarily conserved signaling pathway that plays an important 

role in immunity. Three major groups of MAPK exist in mammals and include the extracellular 

signal-regulated protein kinases (ERK), the p38 MAPK, and the c-Jun NH2-terminal kinases (JNK). 

Classically, these MAPK are activated downstream of Toll-like receptor (TLR) signaling by dual 

phosphorylation at a tripeptide motif, Thr-X-Tyr, by MAPK kinases and can activate downstream 

transcription factors [150,161]. T. gondii infection transiently activates ERK, p38, and JNK in 

human THP-1 monocytes [162], mouse macrophages [163-165], and mouse neutrophils [166]. 

In mouse macrophages and neutrophils, activation of p38 and JNK are required for production 

of IL-12 and MCP-1, a chemokine involved in the critical recruitment of monocytes [52,165]. 
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Table 1.1. T. gondii virulence factors and their strain-specific effects on the host cell 
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Recently, it was shown in human foreskin fibroblasts and mouse macrophages that T. gondii 

dense granule protein GRA24 translocates to the nucleus and forms a stable dimeric complex 

with host p38, triggering its autophosphorylation and subsequent pro-inflammatory cytokine 

induction [96]. Furthermore, type II parasites were found to induce more substantial changes in 

host cell gene expression than type I parasites [96]. Mice infected with GRA24 knock-out 

mutants failed to control the infection, suggesting the importance of host recognition of GRA24 

for immunity [96]. Surprisingly, parasite infection also induced refractoriness in MAPK 

activation following subsequent LPS stimulation, potentially limiting pro-inflammatory cytokine 

production [164]. These data suggest that T. gondii can finely tune the regulation of host 

signaling pathways and indicate that further investigation of these pathways in human cells in 

response to type II strains is warranted.  

ROP38 is a highly regulated gene and is differentially expressed between parasite strains 

and during tachyzoite-to-bradyzoite differentiation [94]. Type I parasites have little to no 

expression of ROP38 while type III parasites highly express ROP38 [94]. Upon infection, T. gondii 

ROP38 globally impacts host cell gene expression in a strain specific manner [94]. Infection with 

type I parasites leads to differential expression of greater than 6,000 host genes while infection 

with type III parasites only affects approximately 650 host genes [94]. However, type I parasites 

stably expressing a ROP38 transgene leads to differential expression of roughly 400 genes, 

suggesting that ROP38 inhibits host cell transcription [94]. Interestingly, most of the genes 

down-regulated by ROP38 were associated with host cell MAPK signaling, apoptosis and 

proliferation [94]. However, the mechanism by which ROP38 affects host cell transcription and 

its role in pathogenesis is still unknown. 
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ROP16 is an active kinase that localizes to the host cell nucleus upon invasion [151,152]. 

ROP16 activates host cell STAT3 and STAT6 proteins [151,153,167]. This was dependent on its 

kinase activity, and ROP16 has been shown to directly phosphorylate both STAT3 and STAT6 

[152,153]. Furthermore, ROP16 modulation of host STAT signaling pathway occurred in a strain-

specific manner [151,153]. Specifically, the type I and III, but not type II, alleles of ROP16 led to 

sustained STAT activation, resulting in an anti-inflammatory response that promoted parasite 

survival. This was characterized by suppressed IL-12 production [151,153] and M2 alternative 

macrophage polarization [168]. ROP16 actively reprograms the host immune response to 

promote an anti-inflammatory environment. 

ROP18 is a serine/threonine kinase that is released into the PV upon invasion and 

associates with the PV membrane [92,169]. ROP18 is highly polymorphic between strains and is 

highly expressed by type I and II strains but not type III [32,92]. In general, mice succumb to 

type I infection, but mice infected with type I parasites deficient in ROP18 or type I parasites 

expressing a catalytically inactive ROP18 mutant exhibit increased survival [92,170]. 

Furthermore, non-virulent type III strains stably expressing the type I or type II allele of ROP18 

exhibit increased parasite growth and host mortality [32,92]. These studies establish ROP18 as 

a key virulence factor that alone can confer virulence to a non-virulent strain in a manner 

dependent on its kinase activity.  

ROP18 has been shown to modulate the host immune response in multiple ways, and 

this is summarized in Figure 1.1. Upon infection with type II and III parasites, host immunity is  

mediated by IFN-γ inducible GTPases (IRGs) that are recruited to the PV where they oligomerize 

and rupture the PV membrane, killing the parasite [114,115]. However, type I parasites are able  
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Fig. 1.1 Strain-specific modulation of host immunity by T. gondii ROP18 
(A) Type I ROP18 and (B) type II or III ROP18 differentially modulate host immune pathways. (A) 
Infection with type I strain. In 1), Rop18I inhibits host GBP recruitment to the PV membrane by an 
unknown mechanism. In 2), ROP18I phosphorylates host IRG, preventing their recruitment to and 
subsequent rupture of the PV membrane. In 3) and 4), ROP18I phosphorylates host p65 and ATF6β, 
respectively, preventing host cell transcription. Collectively, this results in parasite survival and 
contributes to the high virulence of the type I strain. (B) Infection with type II or III strains. In 1), host 
GBP is recruited to the PV membrane and promotes host immunity by an unknown mechanism. In 2), 
host IRG proteins are recruited to the PV membrane, resulting in PV membrane rupture and parasite 
killing. In 3) and 4), host p65 and ATF6β are not phosphorylated and transcription of immunity-
promoting genes can occur. Unlike ROP18I, ROP18II/III is unable to interfere with host immune pathways 
and parasite killing is promoted. 
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to block IRG recruitment to the PV and survive [115,171]. This is mediated by type I ROP18 

phosphorylation of host IRGs, including Irga6 and Irgb6, blocking their recruitment and 

promoting parasite survival [170,172].  

In addition to IRGs, host guanylate-binding proteins (GBPs) are induced upon T. gondii 

infection and are recruited to the PV of type II and III strains, but not type I strains [173-175], 

correlating with the more virulent effects of type I parasites. Mice deficient in GBPs were highly 

susceptible to non-lethal T. gondii infection, underscoring the critical role GBPs play in host 

defense [176].The mechanism by which GBPs promote host immunity is not fully understood 

yet, but GBPs have been shown to recruit Irgb6 to the PV [176]. Type I parasites or type III 

parasites stably expressing the type I allele of ROP18 avoid GBP recruitment via an as-of-yet 

unidentified mechanism [175]. 

 ROP18 knock-out parasites elicit more IFN-γ production by CD4+ and CD8+ T cells than wild-

type parasites in an in vivo infection model [177], suggesting that ROP18 plays a role 

suppressing the host IFN-γ response as well. This is mediated by ROP18 phosphorylation of 

ATF6β, an ER localized transcription factor that induces genes involved in ER associated 

degradation [177]. Phosphorylation of ATF6β leads to its degradation, resulting in defective 

antigen presentation and impaired IFN-γ production by T cells [177]. This is an example of how 

ROP18 targets host cellular proteins for degradation. ROP18 has also been shown to 

phosphorylate p65 and target it for degradation, and this will be discussed later. 

Mice express 23 IRG genes but humans express only two, one of which is a pseudogene, 

and neither are IFN-γ inducible [178], suggesting that IRGs are not the major target of ROP18 in 
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human infection. However, both mice and humans express GBP and ATF6β, and these may be 

the mechanisms by which type I ROP18 promotes virulence in humans. 

Quantitative trait analysis has revealed that ROP5 is the major determinant of virulence 

between T. gondii strains. ROP5 is a pseudokinase that localizes to the cytosolic face of the PV 

membrane [179]. Although it has no kinase activity, it is a major virulence factor and type I 

ROP5 knock-out parasites exhibit a one-million-fold decrease in virulence in vivo compared to 

wild-type parasites [180,181]. Virulence of ROP5 knock-out parasites was fully restored upon 

complementation [180]. Further studies revealed that ROP5 acts as a cofactor for ROP18, 

directly binding to IRGs and conformationally inactivating them, setting the stage for ROP18 to 

phosphorylate and fully inactive the IRGs [182,183]. 

 

Monocytes in Immunity to T. gondii 

Human blood monocytes originate in the bone marrow and are derived from a common 

myeloid precursor. Upon differentiation of this precursor, monocytes are released into the 

blood where they circulate. Monocytes constitute approximately 5-10% of the peripheral blood 

leukocytes in humans and roughly 2-4% in mice [184]. Each day, approximately half the 

circulating monocytes homeostatically leave the bloodstream and enter tissues [185], and this 

is significantly higher during inflammatory challenge [185,186]. Recruitment of monocytes to a 

site of infection is mediated by chemokines such as monocyte chemotactic protein (MCP-1) 

[187,188]. Despite normal numbers of circulating leukocytes, MCP-1 knock-out mice were 

impaired in monocyte trafficking, suggesting that MCP-1 is critical for monocyte recruitment 

[188]. Upon tissue injury or inflammation, monocytes are recruited out of the bloodstream and 
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into tissues where they respond to the injured environment, appropriately expressing 

antimicrobial properties and contributing to host defense and repair [185,189]. Acute 

inflammation can induce the egress of monocytes from the bone marrow into the bloodstream 

to levels twice as high as that seen in healthy controls, and promote the entry of these cells into 

tissues [185]. Monocytes can produce inflammatory mediators such as reactive oxygen species, 

nitric oxide, and inflammatory cytokines [184]. Monocytes are also capable of killing pathogens 

via phagocytosis and can differentiate into tissue macrophages and dendritic cells [190-192] 

that further control the infection. 

Monocytes that circulate in human peripheral blood are heterogeneous, as summarized in 

Table 1.2. Three phenotypically and functionally distinct subpopulations have been defined 

based on their differential expression of the surface molecules CD14, which is part of the 

lipopolysaccharide receptor, and CD16, the low-affinity FcγRIII receptor [193,194]. Parallel 

subsets have been defined in mice based on their expression profiles of Gr-1 (myeloid 

differentiation antigen) and chemokine receptors CX3CR1 and CCR2 [195-198]. CD14+ CD16- (Gr-

1hi CX3CR1lo CCR2+ in mice) monocytes are known as classical or inflammatory monocytes, so 

named as they resemble the originally described monocytes [194] and are actively recruited to 

sites of inflammation [195], respectively. Human classical monocytes parallel their mice 

counterpart in that they are also CX3CR1lo CCR2+ [195]. This subset has been shown to produce 

the highest and broadest range of cytokines, and they ultimately differentiate into 

inflammatory dendritic cells [195,199]. Resident monocytes are CD14lo CD16+ (Gr-1lo CX3CR1hi  

CCR2- in mice) and have been shown to crawl on endothelium and homeostatically patrol blood 

vessels [200,201]. Human resident monocytes are also CX3CR1hi CCR2-, recapitulating the 
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Table 1.2. Heterogeneity among monocytes 
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phenotype of mice resident monocytes [195]. This subset is thought to provide immune 

surveillance, and in response to local tissue damage, they are the first to home to the site of 

insult, even before neutrophils and classical monocytes [201]. Upon extravasation into tissues, 

these CD14lo CD16+ monocytes initiate early immune responses by up-regulating antimicrobial 

genes such as TNF-α and IL-1β and ultimately differentiate into macrophages, which facilitate 

pathogen clearance [199,201]. A third population of monocytes, which are CD14+ CD16+ (Gr-

1intermediate in mice), was described as smaller in size and less adherent and phagocytic than 

classical monocytes [194]. These “double positive” monocytes have been named intermediate 

monocytes as they express intermediate levels of 87 percent of genes expressed by the classical 

and resident subsets [199]. 

Specific monocyte subsets have been shown to play both beneficial as well as detrimental 

roles in response to parasitic diseases. Classical monocytes, in particular, are important for the 

control of Leishmania major and Plasmodium chabaudi. In a mouse model of L. major infection, 

classical monocytes are rapidly recruited to the site of infection and efficiently control the 

parasite via the production of superoxide [202]. In response to P. chabaudi, inflammatory 

monocytes are recruited to the blood and spleen where they phagocytose parasites and control 

infection. CCR2 KO mice, which fail to recruit classical monocytes, have higher parasitemia but 

can be rescued by adoptive transfer of classical monocytes from a wild-type donor [203]. 

Immunopathological roles have been ascribed to monocyte subsets as well. Infection with 

Leishmania donovani results in visceral leishmaniasis, and splenomegaly is a hallmark of this 

disease. Classical monocytes recruited to the spleen in response to L. donovani infection have 

been shown to remodel the splenic vasculature [204]. In Trypanosoma brucei infection, classical 
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monocytes accumulate at the sites of infection and differentiate into TNF/inducible nitric oxide-

producing dendritic cells (Tip-DC). These Tip-DC have been shown to cause inflammatory tissue 

damage, and CCR2 KO mice have fewer Tip-DC, reduced pathology and increased survival [205]. 

Currently, the role of resident and intermediate monocytes during infection are not as well 

understood. 

During T. gondii infection, classical monocytes are actively recruited to the site of infection 

after intraperitoneal injection of the parasites into mice [206,207]. Both MCP-1 and CCR2 

knock-out mice, which lack the chemokine and chemokine receptor, respectively, to recruit 

classical monocytes to the site of infection, rapidly succumb to non-lethal infection, suggesting 

that these cells are critical for parasite control [52,53]. Furthermore, classical monocytes have 

been shown to be both necessary and sufficient for mucosal immunity to the parasite [53]. In 

addition to mediating host defense, monocytes are infected by T. gondii, and compared to 

lymphocytes and neutrophils, are more permissive to T. gondii replication. T. gondii is known to 

hijack motile immune cells such as monocytes [208-210] for transport to secondary sites where 

the parasites cause disease pathogenesis [8,211,212]. As discussed earlier, T. gondii effector 

molecules also directly modulate the host cell and influence the immune response [93,95,96]. 

Therefore, monocytes are not only critical for controlling infection, but they are also infected 

and manipulated by the parasite. The work presented here dissects both host and parasite 

pathways in the immune response to T. gondii. Ultimately, these findings should provide a 

framework for the development of more targeted therapeutics that enhance host immunity 

against this global pathogen.   
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Chapter Two 

 

Human Innate Immunity to Toxoplasma gondii is Mediated by Host 

Caspase-1 and ASC and Parasite GRA15  
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Introduction 

Toxoplasma gondii is an obligate intracellular parasite that has a remarkable ability to 

infect virtually any nucleated cell of almost any warm-blooded mammal, including humans 

[213]. The parasite is a successful pathogen with a global distribution: at least one third of the 

world population is estimated to be seropositive [39]. T. gondii can be transmitted either 

horizontally, through the ingestion of tissue cysts or oocysts found in contaminated food or 

water, or vertically, from the mother to her fetus, in the case of primary maternal infection 

during pregnancy [1]. In mice, the type I strain of T. gondii is highly virulent while the type II and 

III strains are avirulent [34]. However, several studies have shown that there is a predominance 

of the type II strain in human disease [19,25,26,36]. T. gondii infections are usually 

asymptomatic in healthy individuals. However, primary infection or reactivation of latent 

infection in immunocompromised individuals such as AIDS patients or patients undergoing 

immunosuppressive therapy or congenital infection can result in life-threatening disease 

[120,214]. 

A strong cell-mediated immune response is critical for protective immunity against the 

parasite [51,54]. However, several studies also indicate that innate immunity, and in particular 

monocytes, play an important role in host defense against T. gondii. Upon recruitment to the 

site of infection, monocytes differentiate into macrophages and IL-12-producing dendritic cells 

[207]. In particular, the Gr1+ inflammatory subset of monocytes are recruited during the early 

stage of T. gondii infection in a low-dose non-lethal in vivo model [206]. Mice deficient in the 

CCR2 chemokine receptor or its ligand, MCP-1 (CCL2), fail to recruit Gr1+ inflammatory 

monocytes to the site of infection and succumb to non-lethal infection with T. gondii [159]. 



33 
 

Gr1+ monocytes have also been shown to be necessary and sufficient for mediating mucosal 

immunity to T. gondii, as CCR2-/- and MCP-1-/- mice exhibit increased mortality and pathology in 

response to oral T. gondii challenge, but CCR2-/- mice are rescued by the adoptive transfer of 

Gr1+ monocytes from wild-type mice [53]. Among human peripheral blood leukocytes, 

monocytes are preferentially infected by T. gondii [215]. Taken together, these data suggest 

that monocytes play a critical role in controlling the T. gondii infection, but there is little known 

about the mechanisms mediating innate immunity to the parasite in human cells.  

IL-1β is an inflammatory cytokine that has been described as a “master regulator” of 

inflammation, since it can activate downstream inflammatory genes [155]. T. gondii has been 

shown to induce IL-1β in multiple human cell types, including monocytes, foreskin fibroblasts, 

and retinal pigment epithelial cells in vitro [142,216-218]. Exogenous administration of IL-1β is 

protective against lethal T. gondii infection in vivo [147]. Additionally, IL-1β is required for IL-12-

mediated resistance to T. gondii in an in vivo SCID mouse model [148]. These data suggest that 

T. gondii-induced IL-1β mediates protection against the parasite, but pathways that lead to IL-

1β production in human cells during T. gondii infection are not well understood.  

The current model for IL-1β regulation involves two signals, whereby Toll-like receptor (TLR) 

activation (signal one) and NF-κB signaling induce IL-1β transcription. The mRNA is 

subsequently translated into pro-IL-1β and a second signal activates the inflammasome, a 

multi-protein complex, to proteolytically process the zymogen into mature, bioactive IL-1β, 

which can be released from cells [219]. The classical inflammasome consists of a NOD-like 

receptor (NLR) sensor, the adaptor protein apoptosis-associated speck-like protein containing a 

caspase recruitment domain (ASC), and the protease caspase-1 [136]. Myeloid cells, in 
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particular, produce IL-1β in response to a variety of intracellular pathogens as a critical means 

of host defense. Recently, Witola et al. [142] found that susceptibility to human congenital 

toxoplasmosis mapped to alleles of the NALP1 (NLRP1) gene, which encodes the sensor for the 

NLRP1 inflammasome, implicating a role for the inflammasome in the protective innate 

immune response to T. gondii.  

Collectively, this research suggests that monocytes and IL-1β contribute to immunity to T. 

gondii. In the current study, we provide important mechanistic insight into the regulation of IL-

1β during T. gondii infection of primary human monocytes and THP-1 cells by defining both 

parasite and host factors involved in IL-1β synthesis, processing, and release. We show that 

unlike IL-1β, IL-18 mRNA levels are not induced by T. gondii infection. Using both 

pharmacological inhibitors and short hairpin RNA (shRNA) knock-down, we demonstrate that T. 

gondii-induced IL-1β production is dependent on the classical inflammasome components 

caspase-1 and ASC. Human monocyte production of IL-1β required active parasite invasion, and 

among the type I, II, and III strains of T. gondii, only the type II strain induced substantial levels 

of IL-1β. Additionally, we demonstrate a role for a specific parasite factor, dense granule 

protein GRA15, in T. gondii induction of IL-1β.  
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Results 

T. gondii infection induces IL-1β, but not IL-18, in human monocytes  

Since monocytes are critical for controlling T. gondii infection, and IL-1β plays an important 

role in protective immunity, we investigated the regulation of the IL-1 family members, IL-1β 

and IL-18, in response to parasite infection in human monocytes. We found that infection by 

type II T. gondii (Prugniaud strain) highly up-regulated IL-1β transcript levels in both primary 

monocytes and THP-1 cells compared to mock-infected cells (Fig. 2.1A and 2.1B, respectively). 

In contrast, IL-18 transcripts were not induced upon parasite infection, and even appeared to 

be slightly reduced in infected THP-1 cells (Fig. 2.1A and 2.1B). These data suggest that IL-1β 

and IL-18 transcripts are not coordinately regulated during T. gondii infection.  

We next examined the release of IL-1β into the culture supernatant of infected cells by 

ELISA. IL-1β signal was below the level of detection in mock-infected cultures, as expected. In 

contrast, parasite infection induced IL-1β release in primary monocytes (Fig. 2.1C) and THP-1 

cells (Fig. 2.1D), and this induction increased over time (Fig. 2.1D). By examining monocytes 

from multiple donors, we found that monocytes from all donors produced IL-1β in response to 

T. gondii, although there was donor-to-donor variability in the magnitude of the IL-1β response 

(data not shown). As a control to confirm that the detected IL-1β was produced by the infected 

monocytes and not carried over from the parasite cultures, we also added parasites to wells 

without monocytes (labeled as “no cells”). In all experiments, the IL-1β signal from these 

control samples was below the level of detection, confirming that the IL-1β detected was 

indeed produced by the infected monocytes (Fig. 2.1C and 2.1D).  
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Figure 2.1. IL-1β and IL-18 synthesis in primary human monocytes and THP-1 cells in response to T. 
gondii infection 
Primary monocytes or THP-1 cells were either mock-infected or infected with GFP-expressing type II T. 
gondii. (A, C) Primary monocytes were infected for 16 hours (h), and (B, D, E) THP-1 cells were infected 
for 12 or 24 h. (A, B) Quantitative real-time PCR (Q-PCR) was performed with primers specific for IL-1β 
or IL-18. The transcript levels relative to those of GAPDH are shown. (C, D) IL-1β released into the 
culture supernatant was measured by ELISA. “No cells” indicates samples in which parasites were added 
to wells without monocytes and were cultured in parallel as a negative control. n.d.: not detected. (E) 
Pro- and mature IL-1β in the cell lysate and culture supernatant (s/n) of THP-1 cells were visualized by 
Western blotting. As a positive control for IL-1β detection, THP-1 cells were primed with PMA and 
treated with MSU. For A-D, error bars represent the standard deviation of biological triplicates. These 
experiments were performed 3 (A, B), 5 (C), 8 (D), and 6 (E) times. Representative experiments are 
shown. *p<0.05 ** p<0.01 (Student’s t-test)  
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Unlike many other secreted proteins, IL-1β lacks a classical signal sequence and does not 

traffic through the Golgi-ER secretion pathway. IL-1β is synthesized as a zymogen, pro-IL-1β, 

which is post-translationally processed into mature IL-1β [139]. To investigate the processing of 

pro-IL-1β in T. gondii-infected cells, we examined the forms of IL-1β present in the lysate and 

supernatant of infected monocytes by Western blotting. We detected pro-IL-1β in the cell 

lysate and mature IL-1β in the supernatant of parasite-infected cells (Fig. 2.1E). THP-1 cells 

primed with phorbol myristate acetate (PMA) and stimulated with monosodium urate crystals 

(MSU) have been shown to release mature IL-1β in a caspase-1 inflammasome-dependent 

manner [220], and we included this treatment as a positive control (Fig. 2.1E). Notably, mock-

infected cultures did not harbor a pool of pro-IL-1β or mature IL-1β (Fig. 2.1E), suggesting that 

parasite-induced IL-1β protein was newly synthesized and processed upon infection. 

T. gondii induces the release of IL-1β from human monocytes in an ASC-dependent manner 

Since T. gondii infection of monocytes induced the cleavage of pro-IL-1β and the release of 

mature IL-1β (Fig. 2.1E), we next investigated the host cell pathways responsible for this post-

translational processing. The canonical pathway by which IL-1β cleavage occurs is through the 

inflammasome, a multi-protein complex that typically consists of a NLR sensor, the ASC adaptor 

protein, and the protease caspase-1 [136]. We first investigated the role of ASC in T. gondii-

mediated IL-1β processing, since it is an adaptor protein common to multiple inflammasomes 

[136,221,222]. THP-1 cells were stably transduced with a lentivirus containing a shRNA 

targeting ASC (shASC) or a non-targeting shRNA (shNeg) as a control. By Western blotting, we 

confirmed >80% knock-down of ASC in the shASC cells compared to the shNeg cells (Fig. 2.2A).  
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Figure. 2.2. T. gondii induction of IL-1β in shASC cells 
THP-1 cells stably transduced with a non-targeting shRNA control (shNeg) or a shRNA targeting ASC 
(shASC) were mock-infected or infected with GFP-expressing type II T. gondii. (A) The degree of ASC 
knock-down was visualized by Western blotting. (B) At 24 hpi, the percentage of GFP+ (infected) cells in 
the culture was measured by flow cytometry. (C) IL-1β released into the supernatant upon T. gondii 
infection was measured by ELISA. “No cells” indicates samples in which parasites were added to wells 
without monocytes and were cultured in parallel as a negative control. n.d.: not detected. Error bars 
represent the standard deviation of biological triplicates. (D) shNeg or shASC cells were either left 
unstimulated (gray histograms) or were stimulated (black histograms) with 0.5 µM PMA for 24 h. The 
cells were stained with a control Ig (dotted histograms) or anti-CD11c antibodies (solid histograms) and 
examined by flow cytometry. These experiments were performed 4 (A-C) or 3 (D) times, and 
representative experiments are shown. Data shown in B and C are from the same experiment. 
***p<0.001 (Student’s t-test) 
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Since the parasites constitutively express green fluorescent protein (GFP), the percentage of 

GFP+ cells in the culture can be used as a measure of infection efficiency. Infection of the shASC 

and shNeg cells with T. gondii resulted in similar infection efficiencies (Fig. 2.2B). When we 

measured the levels of IL-1β released from these cells after T. gondii infection, we observed a 

72% reduction in the amount of IL-1β released into the supernatant of the infected shASC cells 

compared to the infected shNeg cells (Fig. 2.2C). We also infected THP-1 cells stably expressing 

a shRNA targeting ASC or expressing a mutated shASC control shRNA that were independently 

generated and provided by the Ting lab [223] and found that T. gondii also induced IL-1β 

release in an ASC-dependent manner in these cells (data not shown). We conducted control 

experiments to confirm that the ASC knock-down cells could still respond to other stimuli. Since 

ASC has been shown to play a role in the production of multiple cytokines in response to a 

variety of TLR ligands [223], we stimulated the shASC and shNeg cells with PMA and examined 

the up-regulation of CD11c as a read-out of responsiveness. CD11c was similarly up-regulated 

on the surface of the shASC and shNeg cells after PMA stimulation (Fig. 2.2D), indicating that 

the ASC knock-down cells were responsive to stimuli. Collectively, these data demonstrate that 

the inflammasome adaptor protein ASC mediates the release of IL-1β from T. gondii-infected 

monocytes. 

 

T. gondii-induced IL-1β production is dependent on the protease caspase-1 

We next sought to define the specific protease involved in T. gondii-induced IL-1β 

processing, and we focused on the prototypical protease, caspase-1. We detected elevated 

levels of mature caspase-1 in the culture supernatant of T. gondii-infected monocytes 
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compared to mock-infected cells, suggesting caspase-1 activation in infected cells (Fig. 2.3A). To 

test a role for caspase-1, we first used acetyl-YVAD-chloromethylketone (Ac-YVAD-CMK), a cell 

permeable tetrapeptide inhibitor that binds to the active site of caspase-1 and prevents 

substrate interaction [139]. We confirmed by flow cytometry that the caspase-1 inhibitor did 

not affect the infection efficiency (Fig. 2.3B) or cell viability (data not shown), as compared to 

the dimethyl sulfoxide (DMSO) vehicle control. T. gondii-mediated IL-1β release was 

significantly reduced in the presence of the caspase-1 inhibitor compared to the DMSO control, 

and this reduction was observed at all time points assayed (Fig. 2.3C).  

To complement the experiments using the pharmacological inhibitor, we used a genetic 

approach to confirm a role for caspase-1 in regulating T. gondii-induced IL-1β. We stably 

transduced THP-1 cells with a shRNA targeting caspase-1 (shCasp1) and confirmed efficient 

knock-down of caspase-1 by Western blotting. As shown in Fig. 3D, caspase-1 levels in the 

shCasp1 cells were below the level of detection, whereas caspase-1 was expressed in the shNeg 

control cells. In addition, we confirmed that the infection efficiency (Fig. 2.3E) and cell viability 

(data not shown) were comparable between the shCasp1 cells and the shNeg cells. T. gondii-

induced IL-1β protein release was decreased by 52% in the caspase-1 knock-down cells 

compared to the shNeg control cells (Fig. 2.3F). As a positive control, we measured the amount 

of TNF-α released into the culture supernatant following IFN-γ and LPS stimulation of these 

cells and confirmed that these stimuli induced comparable levels of TNF-α in the shNeg and 

shCasp1 cells (Fig. 2.3G). These findings are consistent with the caspase-1 inhibitor data and 

indicate that caspase-1 plays a role in mediating IL-1β production during T. gondii infection of 

human monocytes.  
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Figure 2.3. Role of caspase-1 in parasite-mediated IL-1β release 
THP-1 cells were mock-infected or infected with GFP-expressing type II T. gondii for 24 h. (A) Caspase-1 
in the culture supernatant was visualized by Western blotting. (B, C) THP-1 cells were pre-treated with 
either DMSO (vehicle control) or 20-50 μM Ac-YVAD-CMK (YVAD), a specific caspase-1 inhibitor, and 
infected as described above. (D-F) THP-1 cells were stably transduced with either a non-targeting shRNA 
control (shNeg) or a shRNA targeting caspase-1 (shCasp1), and infected as described above. (D) The 
degree of caspase-1 knock-down in the cell lysate was visualized by Western blotting. (B, E) At 24 hpi, 
infection efficiency was measured by flow cytometry. (C, F) The amount of IL-1β released into the 
culture supernatant was measured by ELISA. “No cells” indicates samples in which parasites were added 
to wells without monocytes and were cultured in parallel as a negative control. (G) shNeg or shCasp1 
cells were left unstimulated or were stimulated with 100 U/mL IFN-γ and 1 µg/mL LPS for 24 h, and the 
amount of TNF-α released into the culture supernatant was measured by ELISA. n.d.: not detected. Error 
bars represent the standard deviation of biological triplicates. Data are representative of 4 (A), 3 (B, C, 
G), and 4 (D-F) independent experiments. Data shown in E and F are from the same experiment. 
**p<0.01  ***p<0.001 (Student’s t-test) 
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T. gondii-mediated IL-1β induction requires active parasite invasion 

To better understand how T. gondii induces IL-1β in monocytes, we sought to determine the 

parasite factors required for induction. T. gondii infection of host cells occurs in an orchestrated 

cascade of events, in which the parasite first attaches to the host cell membrane, secretes 

parasite factors into the host cell, and then actively invades [90]. T. gondii can be treated with 

pharmacological inhibitors that impair invasion. To formally test if IL-1β induction required 

parasite invasion, we cultured monocytes with parasites that were treated with DMSO (vehicle 

control), heat-killed, or pre-treated with mycalolide B. Heat-killed parasites allow us to test 

whether host cell sensing of the parasite is sufficient to mediate IL-1β induction. Mycalolide B 

irreversibly inhibits actin polymerization. The parasites were pre-treated with Mycalolide B and 

then extensively washed before addition to host cells so that Mycalolide B will inhibit actin 

polymerization in the parasite, but not in the host cell. Mycalolide B treatment of T. gondii 

allows the parasites to attach to the host cell, but prevents their active invasion. We first 

evaluated the effectiveness of these treatments by immunofluorescence microscopy. T. gondii 

that constitutively express GFP were used. Samples were stained with an antibody against T. 

gondii surface antigen-1 (SAG-1, red) without permeabilization, thus allowing us to distinguish 

between intracellular (GFP+) and extracellular (GFP+ and SAG-1+) parasites. As expected, DMSO-

treated parasites successfully invaded and replicated within monocytes, and did not stain 

positively for SAG-1 (Fig. 2.4A, row 2). By differential interference contrast (DIC) microscopy, 

heat-killed parasites remained visibly extracellular (Fig. 2.4A, row 3). These parasites did not 

stain positively for SAG-1, presumably due to epitope denaturing from the heat treatment. As 

expected, parasites pre-treated with Mycalolide B were localized around the host cell and  
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Figure 2.4. Effects of blocking parasite invasion on IL-1β production 
(A, B) Parasites were treated with DMSO (vehicle control), heat-killed, or pre-treated with 3-5 μM 
mycalolide B and added to THP-1 cells for 24 h. Mock-infected cells were cultured in parallel. 
Unpermeabilized cells were fixed and stained with an antibody against T. gondii SAG-1 (shown in red) 
and examined by IFA (A) or analyzed by flow cytometry (B). (C) IL-1β mRNA levels were measured by Q-
PCR and transcript levels relative to those of GAPDH are shown. (D) The amount of IL-1β released into 
the culture supernatant was measured by ELISA. “No cells” indicates samples in which parasites were 
added to wells without monocytes and were cultured in parallel as a negative control. n.d.: not 
detected. Error bars represent the standard deviation of biological triplicates. (E) THP-1 cells were either 
mock-infected or infected with GFP-expressing type II T. gondii. At 24 hpi, the cells were fixed, 
permeabilized, and stained with a control Ig or an antibody against IL-1β and analyzed by flow 
cytometry. These experiments were performed 2 (A), 4 (B, C), 3 (D), and 3 (E) times. Representative 
experiments are shown. **p<0.01 (Student’s t-test) 

 

 

appeared to be attached, but clearly remained extracellular, as indicated by positive SAG-1 

staining (Fig. 2.4A, row 4). We also evaluated the effectiveness of these treatments on a 

population level by flow cytometry (Fig. 2.4B). When monocytes were infected with DMSO-

treated parasites, approximately 60% of the cells were infected. As predicted, heat-killed 

parasites did not infect the cells. When the parasites were pre-treated with Mycalolide B, the 

percentage of GFP+ cells was reduced by approximately 82% compared to the DMSO control. 

Collectively, our data indicate that these treatments effectively impaired invasion.  

Interestingly, heat-killed and Mycalolide B-treated parasites did not induce any IL-1β mRNA 

or protein release compared to the DMSO control-treated parasites (Fig. 2.4C and 2.4D, 

respectively). These data suggest that host cell sensing of the parasite and/or parasite 

attachment to host cells were insufficient for IL-1β transcript induction and IL-1β release. 

Moreover, these data indicate that T. gondii-mediated IL-1β transcript induction and protein 

release from human monocytes required active parasite invasion. 
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To investigate if uninfected bystander cells in an infected cell culture were capable of 

producing IL-1β, we fixed and permeabilized the cells after parasite infection and performed 

intracellular cytokine staining for IL-1β. This method allowed us to examine IL-1β production on 

a single cell basis and to gate specifically on the infected (GFP+) or uninfected (GFP-) cells. As 

demonstrated in Fig. 2.4E, intracellular IL-1β was detected only in the infected cell population, 

and specifically in the cells harboring the greatest number of parasites (i.e., those cells with the 

highest GFP intensity). These data indicated that IL-1β was produced specifically in parasite-

infected cells and was not produced in response to a soluble host cell factor released during 

infection. We cannot distinguish if the IL-1β-expressing GFPhigh population was the result of 

parasite replication within the cell or due to multiple invasion events of a single cell. However, 

taken together these data indicate that T. gondii induction of IL-1β requires active parasite 

invasion, and that IL-1β production is linked to high parasite burden. 

 

T. gondii induction of IL-1β in human monocytes is strain-specific and mediated by GRA15 

In Europe and North America, there are three dominant clonal lineages of T. gondii with less 

than 5% genetic divergence [19], but these strains differ dramatically in their virulence in mice 

[31]. To investigate if T. gondii induces IL-1β in a parasite strain-specific manner, we infected 

human monocytes with parasites from each of these three clonal lineages, type I, II, and III. For 

each experiment, we observed that the cells maintained high viability in all samples (data not 

shown) and measured the infection efficiency to confirm that all three strains had infected the 

monocytes to a comparable degree (Fig. 2.5A). This was an important control, since we had 

observed that IL-1β production was linked to high intracellular parasite burden (Fig. 2.4E); if the  
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Figure 2.5. Strain specificity of T. gondii-induced IL-1β in human monocytes 
THP-1 cells were infected with the indicated strain of GFP-expressing parasites (type I, II, or III) for 24 h. 
(A) Infection efficiency was measured by flow cytometry. (B) IL-1β mRNA levels were measured by Q-
PCR and normalized to GAPDH. (C) The amount of IL-1β in the culture supernatant was measured by 
ELISA. “No cells” indicates samples in which parasites were added to wells without monocytes and were 
cultured in parallel as a negative control. Error bars represent the standard deviation of biological 
triplicates. These experiments were performed 7 (A, C) and 3 (B) times. A representative experiment is 
shown. **p<0.01 (Student’s t-test)  
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monocytes are not comparably infected with the different parasite strains, any differences in IL-

1β production may be due simply to differences in infection efficiency rather than to genetic 

differences among the strains. Interestingly, we found that infection with types I and III 

parasites did not substantially induce IL-1β mRNA over mock-infected cells (5- and 1.8-fold, 

respectively) (Fig. 2.5B) or protein release into the culture supernatant (Fig. 2.5C). In contrast, 

infection with type II parasites substantially induced IL-1β mRNA (327-fold) and protein release 

compared to mock-infected cells (Fig. 2.5B and 2.5C, respectively). These data indicate that T. 

gondii induced IL-1β in a strain-specific manner in human monocytes. 

It has previously been demonstrated that the type II strain, but not the type I or III strains, 

of T. gondii activates sustained NF-κB nuclear translocation in infected mice and human cells 

due to the type II allele that encodes the dense granule protein GRA15 [95]. Since IL-1β 

transcription is known to be activated downstream of NF-κB signaling, we hypothesized that 

the parasite factor GRA15 may mediate IL-1β induction during monocyte infection with type II 

strains. To test this possibility, we infected human monocytes with either type I, type I stably 

expressing a type II allele of GRA15 (type I GRA15II), type II, or type II GRA15 knock-out (type II 

GRA15KO) parasites. We confirmed by flow cytometry that the infection efficiency and cell 

viability were comparable across all samples (Fig. 2.6A and 2.6D, and data not shown). As 

expected, monocytes infected with type I parasites did not substantially up-regulate IL-1β 

mRNA (4-fold over mock-infected cells) or release IL-1β (Fig. 2.6B and 2.6C). In contrast, type I 

parasites expressing a type II GRA15 markedly induced IL-1β mRNA (159-fold over mock-

infected cells) and protein release from monocytes (Fig. 2.6B and 2.6C), suggesting that GRA15II 

is sufficient to mediate IL-1β induction in human monocytes infected with type I T. gondii. 
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Figure 2.6. Role of GRA15 in T. gondii-mediated IL-1β induction in human monocytes 

THP-1 cells were infected with the indicated strain of GFP-expressing parasites and examined at 24 hpi. 
(A, D) The infection efficiency was measured by flow cytometry. (B, E) IL-1β mRNA levels were measured 
by Q-PCR and normalized to GAPDH. (C, F) The amount of IL-1β in the culture supernatant was 
measured by ELISA. “No cells” indicates samples in which parasites were added to wells without 
monocytes and were cultured in parallel as a negative control. n.d.: not detected. (G) Cells were fixed, 
permeabilized, and stained with an antibody against the p65 subunit of NF-κB and examined by IFA. (H) 
The mean fluorescence intensity (MFI) of nuclear p65 was quantified for 70 mock cells, 132 cells from 
type II-infected cultures, and 132 cells from type II GRA15KO-infected cultures. Red bars indicate the 
average MFI. Error bars represent the standard deviation of biological triplicates. These experiments 
were performed 7 (A, C), 3 (B, E), and 4 (D, F) and 1 (G, H) times. Representative experiments are 
shown. *p<0.05 ***p<0.001 (Student’s t-test)  
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Additionally, type II GRA15 knock-out parasites were dramatically impaired in their ability to 

induce IL-1β mRNA (9-fold over mock-infected cells) and protein release, compared to type II 

parasites (568-fold over mock-infected cells) (Fig. 2.6E and 2.6F). Collectively, these data 

demonstrate that type II GRA15 is necessary and sufficient for IL-1β induction in human 

monocytes. 

To confirm that type II T. gondii induces NF-κB nuclear translocation in human monocytes, 

THP-1 cells were mock-infected or infected with type II or type II GRA15KO parasites, and the 

localization of the p65 subunit of NF-κB was examined by microscopy. Nuclear p65 was clearly  

detectable in monocytes infected with type II T. gondii, whereas p65 remained predominantly 

in the cytoplasm of uninfected cells or cells infected with type II GRA15KO (Fig. 2.6G). We also 

quantified the mean fluorescence intensity (MFI) of nuclear p65 in over 330 cells and found a 

significant increase in p65 signal in the nucleus of monocytes infected with type II parasites, as 

compared to uninfected monocytes in the same culture (2.4-fold), mock-infected cells (3.6- 

fold), or monocytes infected with type II GRA15KO parasites (4.9-fold) (Fig. 2.6H). These data 

indicate that T. gondii GRA15II mediates NF-κB nuclear translocation in human monocytes. 
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Discussion 

IL-1β is a pro-inflammatory cytokine that plays a critical role in host defense and innate 

immunity. Given its potent inflammatory activities, the production of IL-1β can also trigger 

immune pathology and tissue damage, reinforcing the importance of IL-1β regulation for 

maintaining innate immune function without excessive inflammation. The synthesis and 

processing of IL-1β has been extensively studied in the mouse, but there are differences in the 

pathways involved in IL-1β release in humans and mice [224], and among different cell types 

[225]. The mechanisms that mediate IL-1β induction and regulation during human innate 

immune responses are far less understood. 

IL-1β and IL-18 are related cytokines that share structural homology and are processed by 

caspase-1 [139-141]. Although both IL-1 family members contribute to inflammation, their gene 

expression and synthesis are known to differ. Unlike IL-1β, which is induced upon stimulation, 

IL-18 mRNA is constitutively expressed in freshly isolated, unstimulated human peripheral 

blood mononuclear cells (PBMC) and whole blood, and pre-existing IL-18 precursor protein is 

present in unstimulated cells and is not further elevated upon stimulation [226]. In primary 

human monocytes and THP-1 cells, we found that T. gondii infection induced IL-1β but not IL-18 

mRNA levels, and even appeared to reduce IL-18 transcripts, suggesting differential regulation 

of these cytokines during T. gondii infection.  

Inflammasomes are multi-protein complexes that mediate cytosolic immune surveillance 

and activate caspase-1 to proteolytically process IL-1β and IL-18 [134]. Interestingly, genetic 

mapping studies have implicated an inflammasome sensor in the control of T. gondii in humans. 

Witola et al. demonstrated that susceptibility alleles for human congenital toxoplasmosis 
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mapped to the NALP1 (NLRP1) gene and that NALP1 contributed to the control of parasite 

growth in human monocytes [142]. Our study extends these findings and provides the first 

evidence that the inflammasome components ASC and caspase-1 are involved in the innate 

immune response to T. gondii in human monocytes by regulating the release of IL-1β. 

Interestingly, even though caspase-1 was undetectable in shCasp1 cells, we observed a 52% 

reduction in IL-1β release after T. gondii infection. It is possible that the residual caspase-1 

expressed in the knock-down cells is sufficient to mediate pro-IL-1β processing. Alternatively, 

another enzyme may be involved. In humans, caspase-1, along with caspase-4 and caspase-5, 

comprise the group I inflammatory caspases [227]. The NALP1-ASC complex has been shown to 

activate both caspase-1 and caspase-5 in human THP-1 cells, and optimal pro-IL-1β cleavage 

required both caspase-1 and caspase-5 [136]. Interestingly, caspase-1 deficient (IL-1β-

converting enzyme, ICE-/-) mice control infection with a non-lethal dose of type II T. gondii 

(PTGluc strain) comparably to wild-type mice [8]. The original caspase-1 knock-out mice [228] 

are now known to also be deficient in caspase-11 [229]. It would be interesting to know if there 

are independent functions for caspase-1 and caspase-11 or a role for the inflammasome in host 

defense to T. gondii infection in mice. 

In delineating the parasite factors involved in IL-1β induction in human monocytes, we 

found that active parasite invasion was necessary for up-regulating IL-1β mRNA. These data 

suggested that extracellular pattern recognition receptors (PRR) sensing of T. gondii was 

insufficient to induce IL-1β, and that either intracellular sensing of the parasite or the activity of 

parasite effector molecules was required. The strain-specific difference in IL-1β induction led us 

to investigate the dense granule protein GRA15, which activates NF-κB nuclear translocation, 
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since transcription of IL-1β is known to be downstream of NF-κB signaling. Moreover, the 

effects of GRA15 on NF-κB are independent of MyD88 and TRIF [95], the adaptor proteins that 

mediate signaling from TLR. GRA15 is secreted into host cells during invasion and is believed to 

be continuously released from intracellular parasites, contributing to increased nuclear 

translocation of the NF-κB p65 subunit over time [95]. Our finding that Mycalolide B-treated 

parasites do not induce IL-1β transcripts or protein release indicates that these treated 

parasites may not secrete sufficient GRA15 into the host cells to mediate NF-κB nuclear 

translocation and IL-1β transcription. This is also consistent with our data showing that 

intracellular IL-1β is predominantly detected in monocytes with a high parasite burden, which 

may be the result of parasite replication or of multiple invasion events of the same cell. 

At this point, it remains to be determined if T. gondii induces IL-1β solely at the level of its 

transcription, or if the parasite activates multiple steps in the synthesis and processing of IL-1β. 

Unlike macrophages, human blood monocytes have constitutively active caspase-1 and can 

release mature IL-1β in response to TLR signals alone without the need for a second signal to 

activate the inflammasome [225]. It is possible that GRA15II activation of IL-1β transcription is 

sufficient to drive monocyte production of IL-1β. Alternatively, GRA15II may mediate both the 

induction of IL-1β mRNA via NF-κB and also IL-1β processing by activating the inflammasome 

through an as-of-yet uncharacterized mechanism. A third possibility is that GRA15II induces IL-

1β transcription and that another aspect of T. gondii infection serves as the “second signal” to 

activate the inflammasome. This second signal may be a different parasite effector protein, 

since it is now appreciated that a large number of parasite-secreted proteins gain access to the 

host cell cytosol [93] and may serve as potential ligands for inflammasome sensors. The second 
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signal could also be provided as an indirect effect of infection, for instance through the release 

of “danger signals” such as ATP from dying cells. Although we have confirmed high monocyte 

viability at the end of each infection experiment, it is possible that ATP or other factors are 

released from the small percentage of dying cells. ATP translocation into cells via the P2X7 

receptor (P2X7R) has been shown to activate the inflammasome, leading to IL-1β processing 

[230], and several studies have indicated a role for the P2X7R in host defense against T. gondii 

[231-233]. Each of these potential models reinforces the complex interplay between T. gondii 

and the infected host cell. Moreover, the delicate balance between IL-1β-mediated host 

protection and inflammation underscores the value of understanding the pathways that 

regulate IL-1β production. This study defines both host and parasite factors involved in the 

regulation of IL-1β in response to T. gondii and sheds light on an important mechanism of 

innate immunity in human cells. 
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Materials and Methods 

Host cell and parasite cultures 

Human foreskin fibroblasts (HFF) and 293T cells (a gift from Dr. David Fruman, University of 

California, Irvine) were cultured in D-10% medium: Dulbecco’s modified Eagle’s medium 

(DMEM; Thermo Fisher Scientific, Waltham, MA) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS; Omega Scientific, Tarzana, CA), 2 mM L-glutamine, 100 U/ml penicillin, and 

100 μg/ml streptomycin. HTR-8/SVneo trophoblasts were a gift from Dr. Dongbao Chen, 

University of California, Irvine. THP-1 cells stably expressing a shRNA against ASC (shASC) and a 

mutant shASC construct were generously provided by Dr. Jenny Ting (University of North 

Carolina, Chapel Hill) and previously published in [223]. All THP-1 cells were cultured in R-10% 

medium: RPMI 1640 (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% heat-

inactivated FBS, 2mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. Where 

indicated, THP-1 cells were primed with 0.5 μM PMA (Sigma-Aldrich, St. Louis, MO) for 3 hours 

(h), washed, plated overnight, and stimulated with 100 μg/mL MSU (Invivogen, San Diego, CA) 

for 6 h to activate the NLRP3-caspase-1 inflammasome [220]. All blood samples were collected 

at the University of California, Irvine, Institute for Clinical and Translational Science in 

accordance with guidelines and approval of the University of California, Irvine, Institutional 

Review Board. Human monocytes were isolated from peripheral blood mononuclear cells 

(PBMC) using counterflow elutriation, as previously described [234]. Freshly isolated cells were 

resuspended in R-10% medium and used immediately after isolation in infection experiments.  

Tachyzoites of type I (RHgfpluc [235]), II (Prugniaud A7 [216]), III (cΔLuc123 [163]), 

transgenic type I GRA15II  [95], and type II GRA15KO [95] T. gondii were used for infections. All 
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parasite strains constitutively express green fluorescent protein (GFP) and were maintained as 

previously described [163]. Transgenic type I GRA15II, and type II GRA15KO T. gondii were 

generously provided by Dr. Jeroen Saeij (Massachusetts Institute of Technology).  

All parasite and mammalian cell cultures were maintained at 37°C in 5% CO2 incubators. All 

parasite and cell lines were tested monthly for mycoplasma contamination and were confirmed 

to be negative. 

 

Infections 

T. gondii tachyzoites were passaged once through the HTR-8/SVneo human trophoblast line 

prior to infection of human monocytes. This was performed because T. gondii can induce IL-1β 

production in HFF, but not in HTR-8/SVneo cells (data not shown). Therefore, T. gondii cultures 

were maintained in HFF but were passaged once through the HTR-8/SVneo cells prior to use in 

infection experiments to reduce the likelihood of any potential IL-1β carry-over from the HFF 

cultures into the monocyte infection experiments. Infected HTR-8/SVneo monolayers were 

syringe-lysed and T. gondii tachyzoites were washed with D-3% medium: DMEM supplemented 

with 3% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml 

streptomycin. Syringe-lysed parasite cultures were further purified using a PD-10 desalting 

column (GE Healthcare, Waukesha, WI), washed again with D-3% medium, and resuspended in 

R-10% medium for use in infections. This isolation process resulted in pure parasite cultures 

without host cell debris. Monocytes were infected at a multiplicity of infection (MOI) of 1-2 in 

biological triplicates. Samples were harvested at 24 hours post-infection (hpi) unless otherwise 

indicated. 
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Inhibitors 

The caspase-1 inhibitor Ac-Tyr-Val-Ala-Asp-chloromethylketone (Ac-YVAD-CMK, Cayman 

Chemical, Ann Arbor, MI) was resuspended in dimethyl sulfoxide (DMSO; Thermo Fisher 

Scientific, Waltham, MA). Monocytes were pre-treated with the inhibitor at 20-50 μM or with 

an equivalent volume of DMSO as a vehicle control for 30 min and infected, as described above. 

The inhibitor did not alter the viability of the cells, as indicated by propidium iodide (PI) 

exclusion (data not shown). 

T. gondii tachyzoites were prepared as described above and differentially treated prior to 

use in infections. Parasites were heat-killed by boiling at 100°C for 15 min. Mycalolide B (Myc B; 

Enzo Life Sciences, Farmingdale, NY), an irreversible actin polymerization inhibitor [236], was 

resuspended in DMSO. Parasites were pre-treated with 3-5 μM of mycalolide B for 10 min at 

room temperature (RT) and then washed twice. As a control, parasites were treated with an 

equivalent volume of DMSO for 10 minutes (min) at RT. These treated parasites were then 

added to the monocytes.  

 

Quantitative real-time PCR (Q-PCR) 

Total RNA was extracted using the RNeasy Mini kit (Qiagen, Germantown, MD) and treated 

with DNase I (Life Technologies, Carlsbad, CA) to reduce genomic DNA contamination. 

Complementary DNA (cDNA) was synthesized using the Superscript III First-Strand Synthesis Kit 

(Life Technologies, Carlsbad, CA) according to the manufacturer’s instructions, and 

quantification of cytokine gene expression was performed using an iCycler PCR system (Bio-

Rad, Hercules, CA) and iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). The threshold cycle 
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(ΔΔCT) method was used for data analysis [237], and the data shown are the transcript 

expression levels relative to the levels of GAPDH, a housekeeping gene. Primers used were 

either previously published sequences, IL-1β [238], GAPDH [239], or self-designed, IL-18: 

GGCTGCTGAACCAGTAGAAGACAAT (sense) and AGGCCGATTTCCTTGGTCAATGAAG (antisense). 

All primer pairs spanned intron-exon boundaries. All primers were commercially synthesized by 

Integrated DNA Technologies (Integrated DNA Technologies, Coralville, IA). Negative controls in 

the Q-PCR reaction included water in the place of DNA template and cDNA synthesized in the 

absence of reverse transcriptase. No amplification of product was observed in reactions with 

these negative controls. All reactions were performed in triplicate and error bars reflect the 

standard deviation of these triplicates. 

 

Preparation of cell lysates, Western blotting, and ELISA 

Whole cell lysates were generated by the addition of 2X Laemmli buffer containing 10% β-

mercaptoethanol. For experiments in which supernatant was concentrated and analyzed by 

Western blotting, serum-free medium was used. Supernatant was concentrated using Amicon 

Ultra Centrifugal filters (EMD Millipore, Billerica, MA) according to the manufacturer’s 

instructions, and diluted with 2X Laemmli buffer containing 10% β-mercaptoethanol. Cell 

lysates and concentrated supernatant were separated by SDS-PAGE and transferred to 

polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA). Membranes were blotted 

with antibodies against IL-1β (clone 3ZD from the National Cancer Institute Biological Resources 

Branch), GAPDH (ZG003, Life Technologies, Carlsbad, CA), caspase-1 (Cat no. 2225, Cell 

Signaling Technology, Danvers, MA), or ASC (AL177, Enzo Life Sciences, Farmingdale, NY). 
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Primary antibodies were followed by horseradish peroxidase-conjugated secondary antibodies. 

Membranes were developed with Amersham ECL prime (GE Healthcare, Waukesha, WI) and 

detected using a Nikon camera as previously described [240]. Released IL-1β and TNF-α protein 

levels were measured using the Ready-Set-Go! ELISA kit (eBioscience, San Diego, CA), according 

to the manufacturer’s instructions. In samples indicated as “n.d.: not detected,” the IL-1β signal 

was below the threshold of detection.  

 

Flow cytometry 

In every infection experiment, the cells were analyzed by flow cytometry for viability and 

infection efficiency. At the harvest time point, the cells were collected, resuspended in FACS 

buffer (PBS with 2% FBS), and stained with PI (eBioscience, San Diego, CA). Data was 

immediately acquired on a FACSCalibur flow cytometer with CellQuest software (BD 

Biosciences, San Jose, CA) and analyzed using FlowJo software (Treestar, Ashland, OR). Samples 

were gated on PI- cells, followed by forward (FSC) and side (SSC) scatter, and then on GFP+ 

(infected) cells.  

For cell surface marker staining, cells were resuspended in FACS buffer containing human Fc 

receptor binding inhibitor (eBioscience, San Diego, CA) and incubated on ice for 10 min. The 

cells were then stained with control IgG1 conjugated to allophycocyanin (APC; TG5/CCR2) or 

anti-CD11c conjugated to APC (3.9) and incubated on ice for 30 min and washed. For 

intracellular cytokine staining, cells were fixed with 4% paraformaldehyde (PFA), blocked with 

human Fc receptor binding inhibitor as described above, permeabilized with 0.1% Triton-X, and 

stained with a mouse IgG2a, κ isotype control (eBioscience, San Diego, CA) or an anti-IL-1β 
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antibody (CRM56, eBioscience, San Diego, CA) conjugated to PE. Data were acquired and 

analyzed with software described above. Antibodies were purchased from BioLegend (San 

Diego, CA), except where indicated. 

 

Immunofluorescence microscopy 

Coverslips were coated with 20 μg/mL fibronectin for 1 h. Cells were infected as described 

above and at 23 hpi, infected cells were settled on to fibronectin-coated coverslips for the last 

hour of culture. At 24 hpi, cells were fixed with 4% PFA and blocked with 5% normal goat serum 

and 1% bovine serum albumin for 1 h at RT to prevent non-specific binding. For T. gondii SAG-1 

staining, cells were stained with a rabbit polyclonal antibody against T. gondii surface antigen-1 

[241] without permeabilization. For examining NF-κB nuclear translocation, cells were 

permeabilized with 0.5% Triton-X for 20 min at RT and then stained with a rabbit monoclonal 

antibody against the p65 subunit of NF-κB (C22B4, Cell Signaling Technology, Danvers, MA). The 

primary antibodies were followed by an Alexa Fluor 594-conjugated secondary antibody (Life 

Technologies, Carlsbad, CA). Coverslips were mounted onto glass slides using Vectashield with 

DAPI (Vector Lab, Burlingame, CA). Images were acquired using a Nikon Eclipse Ti inverted 

microscope with a 40X objective and NIS-Elements acquisition software (Nikon Instruments, 

Melville, NY). MFI from p65 signal in the THP-1 nuclei minus background MFI was calculated for 

334 cells chosen at random using ImageJ software.  
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shRNA plasmid construction and lentiviral transduction 

shRNA knock-down was performed using lentiviral transduction. A non-targeting control 

hairpin cloned into the pLKO.1 puro backbone (shNeg, plasmid 17920 deposited by Dr. Sheila 

Stewart [242]) and psPAX2 viral packaging plasmid (plasmid 12260 deposited by Dr. Didier 

Trono) were purchased from Addgene (Cambridge, MA). pCMV-VSVg viral envelope plasmid 

was generously provided by Dr. Jessica Hamerman. shRNA target sequences have previously 

been published and are as follows: shASC: GCTCTTCAGTTTCACACCA [223]; shCasp1: 

GTGAAGAGATCCTTCTGTA [243]. shASC and shCasp1 were cloned into the pLKO.1 puro 

backbone. 293T cells were co-transfected with the shRNA, psPAX2, and pCMV-VSVg plasmids 

using Lipofectamine 2000 (Life Technologies, Carlsbad, CA) according to manufacturer’s 

protocol. Lentiviral supernatants were harvested on days 2 and 3 post-transfection. THP-1 cells 

were infected with lentivirus by centrifugation at 2500 rpm for 2 h at 25°C in the presence of 8 

μg/mL hexadimethrine bromide (Sigma-Aldrich, St. Louis, MO). Thirty hours post-transduction, 

target cells were selected with 2 μg/mL puromycin (Thermo Fisher Scientific, Waltham, MA). 

Western blotting was performed after 5 days in puromycin selection to confirm knock-down of 

the targeted protein. In addition, knock-down was confirmed in each experiment performed 

with the transduced cells. Where indicated, shRNA-expressing THP-1 cells were stimulated with 

100 U/mL human interferon gamma (IFN-γ) and 1 μg/mL lipopolysaccharide (LPS) or 0.5 μM 

PMA for 24 h as a positive control. 
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Chapter Three 

 

Toxoplasma gondii Preferentially and Actively Invades Classical and 

Intermediate Human Monocytes  
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Introduction 

Toxoplasma gondii is a eukaryotic pathogen of great clinical concern for 

immunocompromised individuals, including AIDS patients [43], patients undergoing 

immunosuppressive therapy [40,44,46], or the developing fetus [60], where infection can result 

in disease manifestation such as encephalitis, myocarditis, or retinochoroiditis [20]. The 

parasite is a successful pathogen, with a global distribution: approximately one third of the 

human population worldwide is seropositive [39]. Human transmission typically occurs by 

accidental ingestion of tissue cysts or oocysts found in contaminated food or water, or from a 

mother to her fetus, in the case of primary maternal infection during pregnancy [1,244]. During 

oral infection, T. gondii actively invades the intestinal epithelium and differentiates into the 

rapidly dividing tachyzoite form which can enter the circulation [20]. T. gondii is an obligate 

intracellular parasite and extracellular tachyzoites are sensitive to lysis by serum [245,246]. In 

the blood, surviving tachyzoites invade circulating leukocytes, and these intracellular parasites 

are the key to parasite dissemination across biological barriers [247]. T. gondii hijacks these 

motile immune cells, especially monocytes [208-210], for transport to secondary sites where it 

causes disease pathogenesis [8,211,212]. 

Human blood monocytes originate in the bone marrow and are derived from a common 

myeloid precursor. In steady-state conditions, monocytes circulate in the peripheral blood for 

1-3 days [185,186,248] and are recruited into tissue upon injury or inflammation [185,188]. 

Monocyte recruitment is chemokine-mediated and is dependent on MCP-1 binding to CCR2 

[188]. In tissues, monocytes have antimicrobial functions and can replenish tissue macrophages 

and dendritic cells [185,186,190,191]. Heterogeneity exists among peripheral blood monocytes. 
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In humans, three phenotypically and functionally distinct subpopulations have been defined 

based on the differential expression of CD14 and CD16: classical monocytes (CD14+ CD16-), 

resident monocytes (CD14lo CD16+), and intermediate monocytes (CD14+ CD16+) [193,194]. 

Parallel subsets have been defined in mice [195-198]. Classical monocytes are actively recruited 

to sites of inflammation [195] whereas resident monocytes homeostatically patrol the blood 

vasculature [200]. Intermediate monocytes are smaller and less phagocytic than classical 

monocytes and express intermediate levels of genes compared to the classical and resident 

subsets [199]. 

Over the past ten years, there has been increasing appreciation for the heterogeneity of 

monocytes and their interactions with pathogens in human blood. Regarding T. gondii infection 

specifically, classical monocytes have been shown to be rapidly recruited to sites of infection, 

replacing resident monocytes, and differentiating into IL-12-producing dendritic cells that 

control infection [206,207]. Despite normal Th1 responses, MCP-1 and CCR2 knockout mice, 

which fail to recruit classical monocytes to the site of infection, succumb to non-lethal infection 

[52]. Additionally, classical monocytes have been shown to be both necessary and sufficient for 

mucosal immunity against T. gondii [53]. These data suggest that classical monocytes are critical 

for parasite immunity and that different monocyte subsets may play distinct immunoregulatory 

roles. However, the mechanism by which classical monocytes control the infection and the 

precise role of the resident and intermediate monocytes during T. gondii infection are not well 

understood.  

Among human peripheral blood mononuclear cells (PBMC), monocytes and dendritic cells 

are more permissive to T. gondii infection and replication than lymphocytes and neutrophils 
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when infected in isolation or mixed in equal numbers [215]. These data suggest that monocytes 

are preferentially infected, but they do not recapitulate the competition condition of the PBMC 

composition naturally found in peripheral blood. Additionally, monocytes are phagocytes, and 

the parasite has two potential fates when interacting with a phagocytic cell. T. gondii can 

directly invade monocyte and establish a parasitophorous vacuole (PV), which leads to parasite 

survival [75,97,99,101,102]. Alternatively, the parasite can be phagocytosed, which typically 

leads to its destruction [99]; however, an additional pathway of “phagosome to vacuole 

invasion” has recently been defined [103]. The nature of the interactions of T. gondii with 

different subsets of human monocytes has not been investigated.  

IL-1β is a “master regulator” of inflammation that can positively regulate its own production 

and activate other downstream inflammatory genes [155]. T. gondii-infected monocytes 

secrete IL-1β and this is associated with high parasite burden [143]. However, the specific 

monocyte subset responsible for IL-1β production in response to T. gondii remains an 

outstanding question.  

 In the current study, we investigate the interactions between T. gondii and different human 

monocyte subsets and the functional consequences thereof. We show that among human 

PBMC in their natural composition, as well as among an enriched monocyte population, T. 

gondii preferentially interacts with classical and intermediate monocytes and these subsets are 

more permissive to parasite survival. We demonstrate that this is predominantly due to active 

invasion of the host cell. All three subsets are capable of phagocytosing T. gondii and this leads 

to parasite destruction. IL-1β production in response to T. gondii is mediated by all three 

subsets, but the resident monocytes are the major producers of IL-1β.   



66 
 

Results 

Among human PBMC, monocytes preferentially harbor T. gondii 

We established a multi-color staining panel and sequential gating scheme that would allow 

us to distinguish each leukocyte population in a mixed PBMC culture by flow cytometry (Fig. 

3.1A). Whole blood from healthy donors was separated using lymphocyte separation media, 

and buffy coats containing PBMC were isolated and immediately infected with T. gondii. Three 

independent donors were analyzed, and the results were comparable across all donors. 

Samples were analyzed using a 7-color parallel staining protocol and sequential gating analysis 

(Fig. 3.1A). Positively staining cells were included in the analysis. Using this system, we found 

that PBMC isolated from human blood consisted predominantly of T cells (approximately 60%). 

NK cells, NK T cells, and B cells constituted about 15%, 3%, and 10% of the population, 

respectively. The remaining 10-15% of the population were collectively monocytes, primarily 

classical monocytes, as expected (Fig. 3.1B).  

To investigate if human peripheral blood leukocytes differentially harbor T. gondii, we 

cultured freshly isolated PBMC with T. gondii and quantified the percent of GFP+ cells in each 

immune cell population. The parasites used in this study constitutively express green 

fluorescent protein (GFP), allowing us to use GFP to identify those cells that harbor T. gondii. 

We infected the cells for 30 minutes to 1.5 hours at a multiplicity of infection (MOI) of 2. Over 

multiple experiments, these infection conditions consistently resulted in 16-32% of analyzed 

cells being GFP+. Strikingly, even though T cells constituted about 60% of PBMC, less than 8 

percent of T cells harbored parasites (Fig. 3.1B – 3.1D). In contrast, a majority of the monocytes, 

regardless of subpopulation, were GFP+. Even though they constitute a small fraction of PBMC,  
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Figure 3.1. Among human PBMC, T. gondii is preferentially associated with monocytes 
(A) Sequential gating analysis used to identify immune cell populations. Cells were first gated based on 
forward and side scatter and then analyzed by CD3 and CD56 expression. T cells (CD3+ CD56-), NK cells 
(CD3- CD56+), and NK T cells (CD3+ CD56+) were identified. The CD3- CD56- population was analyzed for 
CD19 expression. B cells were identified as CD3- CD56- CD19+. CD3- CD56- CD19- cells were analyzed for 
CD11b expression and CD3- CD56- CD19- CD11b+ cells were identified as monocytes. Monocytes were 
further characterized as classical (CD14+ CD16-), intermediate (CD14+ CD16+), and resident (CD14lo 
CD16+) monocytes based on CD14 and CD16 expression. Only positively staining cells were included in 
the analysis. (B) Cell composition of isolated PBMC culture. (C and D) PBMC were either mock infected 
or infected with GFP-expressing type II T. gondii for 1 h. The percentage of GFP+ cells in the each 
immune cell population was measured by flow cytometry. These experiments were performed 3 times. 
Representative experiments are shown. 
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almost all of the classical and intermediate monocytes and most of the resident monocytes 

carried intracellular T. gondii (Fig. 3.1C and 3.1D). These data are consistent with those 

reported by Channon et al. [215] and suggest that T. gondii does not infect cells at random. 

There was a slight enrichment of GFP+ cells among B cells, but not among NK or NK T cells, and 

not to the same degree as observed with monocytes (Fig. 3.1C and 3.1D). These data indicate 

that among human PBMC, T. gondii strongly and preferentially associates with monocytes, 

despite the fact that these cells represent a minority population of the total PBMC. 

 

Among monocytes, classical and intermediate monocytes preferentially harbor T. gondii 

To specifically evaluate the interaction of T. gondii with the different monocyte subsets, we 

enriched for monocytes from PBMC by using counterflow elutriation. Four independent donors 

were analyzed, and the results were comparable across all donors. Representative data from 

the same donor is shown in Figures 3.1 and 3.2. Samples were analyzed using a 7-color parallel 

staining protocol. Sequential gating analysis, as described in Fig. 3.1A, allowed us to gate out 

any contaminating population, which represented a small minority of the cells, and to analyze 

only the CD11b+ monocytes. Of these, approximately 70% were classical (CD14+ CD16-), 7% 

were intermediate (CD14+ CD16+), and 4% were resident (CD14lo CD16+) monocytes (Fig. 3.2A). 

When we cultured the monocytes with T. gondii at a MOI of 2 to 3 for 0.5 to 1.5 hours, we 

found that over multiple experiments, these infection conditions resulted in 56-83% of the 

analyzed cells being GFP+. When we examined the percent of GFP+ cells within each monocyte 

subset, we found an enrichment of GFP+ cells in the classical and intermediate subsets 

compared with the resident monocyte population (Fig. 3.2B and 3.2C).   
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Figure 3.2. Among elutriated human monocytes, T. gondii is preferentially associated with classical 
and intermediate monocytes 
 (A) Monocytes were identified based on sequential gating analysis as in Fig. 3.1A and further 
characterized as classical (CD14+ CD16-), intermediate (CD14+ CD16+), and resident (CD14lo CD16+) 
monocytes based on CD14 and CD16 expression. Percentages shown reflect percent of CD3- CD56- CD19- 

CD11b+ population. (B and C) Monocytes were either mock infected or infected with GFP-expressing 
type II T. gondii for 1 h. The percentage of GFP+ cells in the each subset was measured by flow 
cytometry. Data are representative of 4 independent experiments. 
 

 

A majority of intracellular parasites actively invaded human monocytes 

To date, three mechanisms for T. gondii entry into phagocytic host cells have been 

described. The two classically characterized methods are active invasion by the parasite using 

its actin-myosin machinery and phagocytosis of the parasite by the host cell [75,90]. Recently, a 

third mechanism of invasion was described. In the phagosome to vacuole invasion (PTVI) route 

of invasion, phagocytosed parasites invade from within the host cell phagosome in a process 

dependent on phagosome maturation [103]. Before the discovery of the PTVI pathway, the 

intracellular fate of the parasite was believed to be determined at the time of entry. Active 
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invasion by the parasite results in a non-fusogenic parasitophorous vacuole that is devoid of 

host endocytic regulatory proteins, and in which the parasite ultimately survives [97,99-102]. In 

contrast, phagocytosed parasites reside in a phagosome that subsequently fuses with the host 

endocytic network, leading to parasite degradation [75,97,99,102]. The PTVI pathway 

ultimately results in the formation of a PV that harbors replicating parasites. 

Since monocytes are professional phagocytes, we investigated the mechanism(s) of parasite 

entry into these cells. To distinguish between the different pathways of parasite internalization, 

monocytes were infected for various times (0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, or 3 hours) and then 

fixed. These time points were selected to allow us to carefully analyze the early cellular entry 

events and the kinetics of parasite entry into host cells. After fixation, the cells were stained 

with antibodies against T. gondii surface antigen 1 (SAG-1, blue), which abundantly decorates 

the parasite [77-79], in the absence of permeabilization. SAG-1 staining allowed for the 

discrimination of extracellular parasites (SAG-1+ GFP+) from intracellular parasites (SAG-1- GFP+) 

and enabled selective analysis of intracellular parasites only. The cells were subsequently 

treated with saponin, which permeabilizes the host and PV membranes but not the parasite 

plasma membrane [151], and stained with antibodies against T. gondii dense granule protein 7 

(GRA7; red). In infected host cells, GRA7 is localized both in the dense granules and in the PV 

whereas in extracellular parasites, GRA7 is found only in the dense granules [249]. However, by 

using saponin for permeabilization prior to staining, we will only detect GRA7 in the PV, since 

this detergent does not permeabilize the parasite plasma membrane and therefore, this 

antibody will not have access to the dense granules. Using these conditions, positive GRA7 

staining will indicate that the parasite had successfully invaded and established a PV. A 
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Figure 3.3. A majority of intracellular T. gondii are GRA7+ 
(A and B) Monocytes were either mock infected or infected with GFP-expressing type II T. gondii. Cells 
were fixed and stained with an antibody against T. gondii surface antigen-1 (SAG-1, blue). Samples were 
then permeabilized and stained with an antibody against T. gondii dense granule protein 7 (GRA7; red) 
and (A) examined by immunofluorescence assay. Scale bar represents 5µm. (B) GRA7+ intracellular 
parasites in (A) were quantified. (C) T. gondii parasites were left untreated, opsonized with C1q (“C1q”), 
left extracellular (“EC”) or left extracellular and coated with C1q (“EC + C1q”) and added to monocytes. 
Cells were stained as described above. (B and C) Error bars represent the standard error of the mean 
(SEM) of 10 replicate fields of view from one representative experiment. For each time point, 97-265 
intracellular T. gondii were counted and scored. These experiments were performed 3-5 times using 
monocytes purified from independent donors. Representative experiments are shown. 
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representative image of a monocyte with extracellular and intracellular parasites is shown in 

Fig. 3.3A. Three extracellular, SAG-1+ parasites (blue) are shown in the extracellular space, 

attached to the monocyte (Fig. 3.3A). Intracellular, GRA7+ parasites have a ring of GRA7 (red) 

around them, as expected of PV staining, and this combined with negative SAG-1 staining 

indicates that they have successfully invaded the monocyte (Fig 3.3A). 

We quantified the number of intracellular parasites that had actively invaded as indicated 

by GRA7+ staining in the PV (Fig 3.3B). We found that as early as 0.25 hours post-infection (hpi), 

approximately 60% of intracellular parasites secreted GRA7 into the PV (Fig 3.3B). The percent 

of GRA7+ cells increases to approximately 70% by 1.5 hpi (Fig 3.3B). The percent of GRA7+ cells 

plateaued at 1.5 and 2 hpi, and this decreased slightly at 2.5 hpi and more so at 3 hpi, where it 

was approximately 40% (Fig 3.3B). Collectively, these data indicate that a majority of 

intracellular T. gondii had actively infected human monocytes and established a PV.  

T. gondii in the bloodstream will encounter host soluble serum components such as 

complement proteins. C1q is a complement protein that plays a role in the activation of the 

classical complement pathway [250]. To test if C1q affects parasite invasion by promoting 

phagocytosis, parasites were either left untreated or were opsonized with C1q. Lysed parasites 

that are left extracellular in PBS for >2 hours have been shown to be impaired in their ability to 

actively invade host cells due to the discharge of proteins forming the invasion machinery and a 

majority of these parasites were taken up by phagocytosis when added to bone marrow 

derived macrophages [75]. We included parasites that were left extracellular (EC) as a positive 

control for phagocytosis. EC parasites coated with C1q (EC + C1q) were also included to test the 

role of C1q in opsonizing debilitated parasites. Differentially treated parasites were added to 
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monocytes and at 0.5 hpi, the cells were fixed and stained as in Fig. 3.3A. The percentage of 

intracellular parasites that was GRA7+ was quantified for each condition (Fig 3.3C). We found 

that 69% of intracellular parasites were GRA7+ in the untreated parasite condition (Fig 3.3C, 

dark green bar), consistent with the data shown in Fig 3.3A. Opsonization of T. gondii with C1q 

did not impair parasite invasion, as 64% of intracellular C1q-coated parasites were GRA7+ (Fig 

3.3C, light green bar). These data suggest that C1q alone does not affect parasite invasion into 

human monocytes. In contrast, extracellular T. gondii were greatly impaired in their invasion 

ability, as expected. Only 22% of intracellular parasites in this condition stained GRA7+ (Fig 3.3C, 

dark blue bar), suggesting that most of these intracellular events were due to phagocytosis by 

the host cell. Interestingly, opsonization of extracellular parasites with C1q alone decreased the 

percent of GRA7+ intracellular parasites to approximately 9% (Fig. 3.3C, light blue bar). These 

data suggest that the C1q used in our assays was active, and that this opsonin either promotes 

phagocytosis or hinders active invasion of debilitated parasites, but does not greatly affect the 

ability of live, invasion-competent parasites to invade. Therefore, we did not continue to 

opsonize parasites with C1q in subsequent experiments. 

We found that collectively, monocytes preferentially harbored T. gondii and a majority of 

these intracellular events were due to active invasion by the parasite (Fig. 3.1 - Fig. 3.3). 

However, the different subsets of monocytes have different phagocytic indexes, with the 

classical monocytes being the most phagocytic, followed by the intermediate subset, and the 

resident monocytes being the least phagocytic [194]. Therefore, we investigated the invasion 

and phagocytosis rates between the different monocyte subsets. Monocytes were mock-

infected or were exposed to either untreated parasites or parasites that had been treated with 
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Mycalolide B (MycB), an irreversible actin polymerization inhibitor [237]. Mycalolide B 

treatment allows the parasites to attach to the host cell, but prevents their active invasion, as 

previously demonstrated (Fig. 2.4A and Fig. 2.4B). Parasites were pre-treated with Mycalolide B 

and washed before addition to host cells. At 0.5, 1, 10, and 16 hpi, the cells were fixed and 

stained for the surface markers CD14 and CD16 to distinguish the three monocytes subsets. 

These time points were chosen to examine early invasion or phagocytosis events (0.5 and 1 hpi) 

as well as replication events and degradation events over time (10 and 16 hpi). The samples 

were then analyzed on a population level by flow cytometry for intracellular parasite burden 

within each monocyte subset. Since the parasites constitutively express green fluorescent 

protein (GFP), the GFP+ cells in the culture are indicative of cells harboring T. gondii. The 

percent of infected, GFP+ cells (Fig. 3.4A, C, and E) as well as the mean fluorescence intensity 

(MFI) of GFP (Fig. 3.4B, D, and F) were analyzed for each monocyte subset. 

Mock-infected cells did not result in GFP+ cells, as expected (blue bars). We found that a 

greater percent of classical and intermediate monocytes exposed to untreated parasites (dark 

green bars) harbored intracellular parasites (70% and 67%, respectively) than did resident 

monocytes, which were 53% GFP+ (Fig. 3.4A and C compared to Fig. 3.4E). These data 

recapitulate our earlier work (Fig. 3.2C). Most of the intracellular events in the classical and 

intermediate monocytes can be attributed to productive invasion, as indicated by the stability 

of GFP+ signal over time (Fig. 3.4A and Fig 3.4C, respectively). Indeed, there is a rise in the MFI 

of the GFP signal in both the classical and intermediate monocyte subsets which peaks at 10 

hpi, consistent with parasite replication (Fig. 3.4B and Fig. 3.4D, respectively). The GFP intensity 

decreases by 16 hpi (Fig. 3.4B and Fig 3.4D) and this is likely due to host cell lysis, as we have  
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Figure 3.4. Classical and intermediate monocytes are more permissive to parasite survival 
GFP-expressing type II T. gondii that were left untreated (Untreated T. g., dark green bars) or pre-
treated with Mycalolide B (MycB T. g.; light green bars) were added to monocytes. Mock-infected cells 
were cultured in parallel (blue bars). At the indicated time point, cells were fixed and analyzed by flow 
cytometry. (A, C, E) The percent of GFP+ cells in the population is shown for (A) classical, (C) 
intermediate, and (E) resident monocytes. (B, D, F) The mean fluorescence intensity (MFI) of GFP is 
shown for (B) classical, (D) intermediate, and (F) resident monocytes.   
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observed that primary monocytes do not support parasite infection too far beyond 16 hpi 

before lysing. In contrast, the resident monocytes show the greatest decrease in the percent of 

GFP+ cells over time, dropping from its peak of 54% at 0.5 hpi to approximately 30% at 10 and 

16 hpi (Fig. 3.4E). Additionally, unlike the classical and intermediate subsets (Fig. 3.4B and 3.4D, 

respectively), the resident monocytes do not show a substantial increase in the MFI of GFP at 

10 hpi (Fig. 3.4F), suggesting that the resident monocytes may not be as permissive to parasite 

replication. 

In parallel, we analyzed monocytes that were exposed to Mycalolide B-treated T. gondii 

(MycB). We found that all three monocyte subsets were capable of harboring MycB-treated 

parasites (Fig. 3.4, light green bars). The parasite burden due to untreated and MycB-treated 

parasites was comparable for all three monocyte subsets at the earliest time point examined, 

as indicated by the percent of GFP+ cell as well as the MFI of GFP (Fig. 3.4, compare dark green 

to light green bars). All three subsets of monocytes exhibited a loss of GFP+ signal over time, 

indicating that they were able to effectively degrade intracellular MycB-treated parasites (Fig. 

3.4, light green bars). For example, in classical monocytes, the addition of MycB-treated 

parasites resulted in 63% GFP+ cells, with a GFP MFI of 276, at 0.5 hpi, and this declined to 6% 

GFP+ cells, with a GFP MFI of 41.2, by 16 hpi (Fig. 3.4A and Fig. 3.4B). Our data suggest that 

degradation is not occurring to a significant degree between 0.5 to 1 hpi, but substantial 

degradation has occurred by 10hpi, as indicated by the sharp decline in GFP signal between 1 

and 10 hpi (Fig. 3.4, light green bars). Collectively, these data indicate that all three monocyte 

subsets can phagocytose and degrade debilitated parasites, and that the classical and 

intermediate monocytes are more permissive to T. gondii survival and replication when actively 
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Figure 3.5. Intracellular IL-1β expression levels in the three monocyte subsets 
(A, B) Monocytes were cultured with GFP-expressing type II T. gondii. At 10 hpi, samples were harvested 
and stained for the cell surface markers CD14 and CD16 and control IgG or intracellular IL-1β antibody. 
Samples were analyzed by flow cytometry and the percentage of the GFP+ population that stained 
positively for IL-1β is shown for the classical, intermediate, and resident monocytes. Data is 
representative of 2 experiments from independent donors. 
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invaded by the parasite. 

We previously showed that T. gondii infection of monocytes results in production of a key 

inflammatory mediator, IL-1β [143]. However, an outstanding question is which monocyte  

subset is responsible for IL-1β secretion. To address this, we infected monocytes with T. gondii, 

and at 10 hpi, we harvested the samples and stained them for the surface markers CD14 and 

CD16 to distinguish the different subsets. We then fixed and permeabilized the cells and 

stained them with a control antibody or an antibody against IL-1β. We then analyzed the 

samples on a population level by flow cytometry. This method allowed us to gate specifically on 

each monocyte subset and to examine IL-1β production on a single-cell basis within each  

monocyte population. The different monocyte subsets were identified based on their CD14 and 

CD16 expression. We then gated on the GFP+ cells within each monocyte subset. This allowed 

us to exclusively analyze cells which harbored intracellular T. gondii and examine how T. gondii 

affects IL-1β production within each monocyte subset. Within the GFP+ population of each 

monocyte subset, we gated on the IL-1β+ population. Intracellular IL-1β signal was only 

detected in the samples stained with an anti-IL-1β antibody, and not in those stained with a 

control IgG antibody, as expected (Fig. 3.5A and 3.5B). We found that T. gondii infection 

induced IL-1β in all three monocyte subsets (Fig. 3.5A and 3.5B). However, we found that the 

resident monocytes had elevated IL-1β production compared to the classical and intermediate 

subsets (Fig. 3.5A and B). As shown in Figs. 3.5A and 3.5B, 25% and 21% of the infected (GFP+) 

cells stained positively for IL-1β in the classical and intermediate subsets, respectively. In 

contrast, the percent of IL-1β-producing, infected (GFP+) cells was approximately twice as high 

in the resident subset (45%, Fig. 3.5A and B). These data indicate that upon exposure to T. 
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gondii, the resident monocytes produce elevated levels of IL-1β compared to the classical and 

intermediate subsets. 
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Discussion 

Monocytes are rapidly recruited to the site of T. gondii infection [206] and have been shown 

to be critical for immunity against the parasite. Mice that fail to recruit monocytes to the site of 

infection rapidly succumb to non-lethal infection [52]. T. gondii can actively invade any 

nucleated cell and in the blood of infected mice, T. gondii has been found in monocytes [208]. 

T. gondii-infected human monocytes have been shown to release mature IL-1β, an 

inflammatory mediator that has been shown to be protective against T. gondii in vivo [147]. 

However, the interactions between T. gondii and specific monocyte subsets have not been well 

delineated and the subset(s) responsible for T. gondii-induced IL-1β production has not been 

identified. Using defining markers, we show among PBMC mixed in their natural composition, T. 

gondii preferentially interacts with professional phagocytes and a majority of the parasites had 

actively invaded the host cell. Furthermore, among an enriched population of monocytes, 

classical and intermediate monocytes were found to harbor more parasites than resident 

monocytes. 

Given that only 10-15% of PBMC are monocytes, yet almost all of the monocytes harbor 

parasites, these data suggest that the parasites actively sense and select their host cell and that 

invasion is not random. Indeed, time-lapse microscopy revealed that upon contact with host 

bone marrow-derived macrophages, parasites could remain loosely adherent to host cells 

without invading or provoking phagocytosis for up to several minutes [75], presumably sensing, 

or being sensed by, the nearby host cells. Invasion occurs rapidly, within 25-40 seconds, while 

phagocytosis occurs over a period of 2-4 minutes, suggesting that successful invasion by the 

parasite is a race against the defenses of the host cell [75]. Given this time component, it may 
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be risky for the parasite to delay invasion and remain extracellular for a longer period, as T. 

gondii tachyzoites are sensitive to lysis by serum components [245,246]. However, it may be 

advantageous for the parasite to take the time to evaluate and select its host cell, as that may 

affect its survival. Compared to lymphocytes and neutrophils, monocytes are more permissive 

to T. gondii replication [215]. Furthermore, we found that within a heterogeneous mixture of 

monocytes, the resident monocytes appear to be less permissive to T. gondii and they produce 

more inflammatory IL-1β than the classical and intermediate subsets. The advantages 

associated with infecting a classical or intermediate monocyte may outweigh the increased risk 

of being phagocytosed as the parasite surveys its potential host. It would be interesting to know 

by which mean or measure T. gondii evaluates a potential host cell. 

It is notable that professional phagocytes preferentially harbor T. gondii. Among the 

monocytes, the classical and intermediate subsets harbor more parasites than do the resident 

monocytes, the least phagocytic of the three subsets [194]. In previous reports, about 20 

percent of phagocytosed parasites escape the phagosome and establish a parasitophorous 

vacuole from within the host cell [75] in a process later characterized by Zhao et al. as the PTVI 

pathway [75,103]. These data suggest that the fate of a parasite in a phagosome is not 

necessarily set. We cannot exclude the possibility that classical and intermediate monocytes 

harbor more parasites due to increased phagocytosis and subsequent PTVI, especially since 

type II parasites were examined. Different parasite strains differentially utilize the PTVI 

pathway. Type I parasites predominantly invade host cells while type II parasites are more likely 

to be phagocytosed and utilize PTVI [103]. However, if opsonized and phagocytosed, type I 

parasites are capable of escaping the phagosome via the PTVI route [103]. It remains to be 
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determined if there is a correlation between host cell phagocytic index and route of parasite 

intracellular entry. Additionally, the prevalence of the PTVI pathway may vary between the 

different monocyte subsets as well as different T. gondii strains and remains to be investigated. 

We found that infected (GFP+) monocytes were capable of producing IL-1β in response to T. 

gondii and this did not appear to be linked to high parasite burden, as we had previously 

reported [143]. This difference may be due to the use of primary monocytes in this study 

compared to the use of the THP-1 monocytic cell line in the previous study [143]. Even though 

the THP-1 cells were capable of producing IL-1β in response to T. gondii, they may be less 

sensitive than primary cells and would require a higher parasite burden to initiate a response to 

T. gondii infection.   

Monocytes are both critical to defense against T. gondii and are infected by the parasite. 

Precisely how monocytes contribute to parasite control remains to be determined, although 

induction of IL-1β may be a potential mechanism. Indeed, we demonstrate that the resident 

monocytes were less permissive to intracellular T. gondii survival and produced elevated levels 

of the inflammatory IL-1β protein, at least at 10 hpi. These data suggest the interaction of T. 

gondii with different monocyte subsets may have distinct functional outcomes. 

 Additionally, parasite dissemination into secondary sites underlies disease pathogenesis 

and monocytes have been shown to shuttle parasites to distant, often immune-privileged 

organs [8,33,208]. It is unknown which monocyte subset is responsible for this. These 

outstanding questions underscore the need to understand the complex interplay between 

different monocyte subsets, their interactions with the parasite, and the subsequent functional 

outcomes. This study provides the groundwork for delineating these pathways.   
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Materials and Methods 

Host cell and parasite culture.  

Human foreskin fibroblasts (HFF) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM; Hyclone, Logan, UT) supplemented with 10% heat-inactivated fetal bovine serum (FBS; 

Omega Scientific, Tarzana, CA), 2mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml 

streptomycin (D-10% medium). Blood samples were collected at the University of California, 

Irvine, Institute for Clinical and Translational Science in accordance with guidelines and 

approval of the University of California, Irvine, Institutional Review Board. Human peripheral 

blood mononuclear cells (PBMC) were separated by lymphocyte separation media (LSM; 

Corning, Corning, NY) gradient centrifugation. Human monocytes were enriched from PBMC 

using counterflow elutriation, as previously described [234]. Freshly isolated cells were 

resuspended in RPMI 1640 (Hyclone, Logan, UT) supplemented with 10% heat-inactivated FBS, 

2mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (R-10% medium) and used 

immediately after isolation in infection experiments. 

Type II T. gondii (Prugniaud A7) [216] tachyzoites constitutively expressing green 

fluorescent protein (GFP) were maintained by serial passage in confluent monolayers of HFF. 

Infected HFF monolayers were syringe lysed, washed, further purified by passage through a 5.0 

μm filter (EMD Millipore, Billerica, MA), washed again, and resuspended in R-10% medium for 

use in infections. This isolation process resulted in pure parasite cultures without host cell 

debris. Extracellular parasites were prepared as described above and subsequently incubated in 

PBS for at least 2 h at 37°C. C1q-opsonized parasites were coated with 150 μg/ml C1q for 15 

min. Mycalolide B (MycB; Enzo Life Sciences, Farmingdale, NY) was resuspended in DMSO. 
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Parasites were pre-treated with 3μM MycB for 10min at room temperature. C1q-coated and 

MycB-treated parasites were washed twice following treatment, before addition to host cells. 

Parasites were added to host cells at a multiplicity of infection (MOI) of 1 to 3. Human C1q was 

a generous gift from A. Tenner (University of California, Irvine). 

All mammalian and parasite cultures were maintained at 37°C in 5% CO2 incubators. 

Cultures were tested monthly for mycoplasma contamination and were confirmed to be 

negative. 

 

Flow cytometry 

For cell surface staining assays, cells were collected at the harvest time point, resuspended 

in fluorescence-activated cell sorting (FACS) buffer (PBS supplemented with 2% FBS) containing 

human Fc receptor binding inhibitor (BioLegend, San Diego, CA) and incubated on ice for 10 

min. Cells were then washed, stained with directly conjugated antibodies diluted in FACS 

buffer, and incubated on ice for 30 min. Stained cells were washed, fixed with 4% 

paraformaldehyde (PFA) at room temperature (RT) for 20 min, and analyzed using a LSR II (BD 

Biosciences, San Jose, CA) with FACSDiva software (BD Bioscienes, San Jose, CA) or a FACS 

Calibur (BD Bioscienes, San Jose, CA) with Cell Quest software (BD Bioscienes, San Jose, CA). 

FlowJo software (Tree Star, Ashland, OR) was used for analysis. Only positively staining cells 

were analyzed. 

The following anti-human monoclonal antibodies (mAb) were used: α-CD3-PerCP/Cy5.5 

(UCHT1), α-CD56-APC (HCD56), α-CD19-PE/Cy7 (HIB19), α-CD11b-APC/Cy7 or -PE (ICRF44), α-

CD14-Pacific Blue or -PE/Cy7 (HCD14), and α-CD16-PE or -APC (3G8). Mouse IgG1, κ antibodies 



85 
 

(MOPC-21) conjugated to the appropriate fluorophores were used as isotype controls. All 

antibodies were obtained from BioLegend (San Diego, CA). 

For intracellular cytokine staining, cells were stained for surface markers and then fixed as 

described above. Cells were then permeabilized with 0.1% Triton-X and stained with α-IL-1β-PE 

(CRM56; eBioscience, San Diego, CA). Data were acquired and analyzed using software 

described above. 

 

Sequential gating scheme 

Cells were first gated on their size and density profile (forward and side scatter, 

respectively) to exclude host cell debris and extracellular parasite from the analysis. Cells were 

then examined by their CD3 and CD56 expression profile. CD3+ CD56-, CD3- CD56+, and CD3+ 

CD56+ were identified as T cells, NK cells, and NK T cells, respectively. The CD3 and CD56 dual 

negative population was further examined for CD19 expression. CD3- CD56- CD19+ cells were 

identified as B cells while the CD3- CD56- CD19- population was subsequently analyzed for 

CD11b expression. CD3- CD56- CD19- CD11b+ cells were identified as monocytes, which were 

further characterized as classical (CD14+ CD16-), resident (CD14lo CD16+), or intermediate 

(CD14+ CD16+) monocyte subpopulations. Only positively stained cells were included in the 

analysis. 

 

Immunofluorescence microscopy 

Monocytes exposed to T. gondii were settled onto fibronectin-coated coverslips during the 

last 15 min of culture. At the harvest time point, cells were fixed with 4% PFA and incubated in 
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block buffer (5% normal goat serum in PBS) for 1 h at RT to prevent non-specific binding. Cells 

were first stained with a rabbit polyclonal antibody against T. gondii SAG-1 in the absence of 

permeabilization. Following extensive washing, cells were permeabilized with 0.01% saponin in 

block buffer and stained with mouse anti-GRA7 mAb (as previously described in [251]). The 

primary antibodies were followed by a goat anti-rabbit-Alexa Fluor 350 or a goat anti-mouse-

Alexa Fluor 594 secondary antibodies (Life Technologies, Carlsbad, CA). Coverslips were 

mounted onto glass slides using Vectashield mounting medium (Vector Labs, Burlingame, CA). 

Images were acquired using a Nikon Eclipse Ti inverted microscope with a 20X or 30X objective 

and NIS-Elements acquisition software (Nikon Instruments, Melville, NY). Anti-GRA7 antibody 

(12B6) was a generous gift from P. Bradley (University of California, Los Angeles). 
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Monocytes are a critical player in the battle against T. gondii. They are essential for control 

of the parasite and without their successful recruitment to sites of infection, the host succumbs 

to non-lethal infection [52,53]. However, monocytes themselves are infected and permissive to 

parasite replication [215] and may play a role in T. gondii dissemination throughout the host 

[208]. An understanding of the interactions between T. gondii and different monocyte subsets, 

the consequences thereof, and the mechanisms by which monocytes mediate host defense are 

critical for the development of targeted therapeutics.  

T. gondii infection leads to the induction of many inflammatory cytokines. Some, such as IL-

12 and IFN-γ, have been shown to be critical to host defense against the parasite [104,105]. 

However, given the potent activity of these cytokines, they must be tightly regulated. IL-10 KO 

mice succumb to non-lethal infection with T. gondii, and this is mediated by the inability of 

these mice to down-regulate the production of inflammatory cytokines, leading to the onset of 

host immunopathology [252]. Compared to wild-type mice, IL-10 KO mice had elevated levels of 

IFN-γ, IL-1β, TNF-α, and IL-12 transcript [252]. IL-12 functions upstream of IFN-γ [105] and is 

important for IFN-γ induction by CD4+ T cells and NK cells [105,106,109]. IFN-γ-mediated 

activation of various antimicrobial programs, including the generation of nitric oxide or reactive 

oxygen species or the induction of tryptophan starvation, has been shown to contribute to T. 

gondii control in mice [113]. In contrast, the function and regulation of IL-1β in response to T. 

gondii in human monocytes remained to be determined. 

IL-1β has been described as a gatekeeper of inflammation and has been shown to be 

involved in a broad array of cellular processes, ranging from immunologic to metabolic 

pathways [155]. IL-1β was first discovered as the endogenous pyrogen responsible for fever 
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[253] and has since been associated with acute and chronic inflammation (reviewed in [155]). 

Typically, inflammation is important for the control of many pathogens, but uncontrolled 

inflammation can be detrimental. It is now appreciated that unregulated IL-1β production can 

result in a variety of autoinflammatory diseases [254]. For example, cryopyrin-associated 

periodic syndrome (CAPS) is a collection of three autoinflammatory syndromes: familial cold 

autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS), and chronic infantile 

neurological, cutaneous and articular syndrome (CINCA) [254]. This collection of syndromes 

presents with mild (FCAS) to moderate (MWS) to severe (CINCA) disease symptoms 

characterized by recurrent fevers, leukocytosis, and elevated acute phase protein upon 

exposure to cold [254]. CAPS is due to gain-of-function mutations in the NLRP3 gene, an 

inflammasome sensor [134,255]. These gain-of-function mutations result in the spontaneous 

oligomerization of mutant NLRP3 protein and unregulated release of IL-1β [256]. Neutralization 

of IL-1β has been shown to alleviate disease symptoms, suggesting that unregulated IL-1β is 

responsible for pathology in these diseases [257]. IL-1β as the underlying basis for 

autoinflammatory diseases suggest that tight regulation of this cytokine is critical to prevent 

immune-mediated pathology. 

T. gondii infection is known to induce IL-1β in multiple human cell types, including 

monocytes [142,216-218], but the pathways by which it is regulated was not understood. We 

delineated both host and parasite components that regulate T. gondii-mediated IL-1β 

induction. We found that T. gondii-induced IL-1β protein was newly synthesized following up-

regulation of IL-1β transcript. We were the first to show that pro-IL-1β processing and release 

was dependent on host ASC and caspase-1, implicating a role for the inflammasome in the host 
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response and paving the way for subsequent T. gondii/inflammasome studies [144-146]. 

Furthermore, we found that IL-1β induction required parasite invasion and was mediated in a 

strain specific manner by the dense granule protein GRA15. The type II allele of GRA15, which 

mediates sustained NF-κB nuclear translocation, was both necessary and sufficient for IL-1β 

transcript and protein induction. This suggests that TLR sensing may not play a role in IL-1β 

transcript induction and that GRA15II alone provides “signal 1” in IL-1β induction. However, the 

source of “signal 2” remains elusive and is the focus of many research groups in the field. It is 

possible that the inflammasome is activated by NLR sensing of parasite epitopes, another 

parasite effector molecule, or parasite-induced host DAMPs. Alternatively, GRA15II may serve a 

dual function and simultaneously activate the inflammasome itself. The requirement for 

parasite invasion suggests that intracellular sensing of the parasite is critical for the IL-1β 

response. 

The importance of GRA15II as a virulence factor has been investigated using in vivo mouse 

models. Mice infected with type II GRA15 KO parasites survive just as well as mice infected with 

wild-type parasites. However, infection with type II GRA15 KO parasites leads to higher parasite 

burden, reduced IL-12, and significantly reduced IFN-γ [95]. The reduction in these cytokines 

may be due to the GRA15II-mediated nuclear translocation of NF-κB directly, or indirectly, 

through the induction of IL-1β, as IL-1β has been shown to play a role in IL-12 induction of IFN-γ 

[148]. Overall, this is reminiscent of infection with profilin KO and GRA25 KO parasites, which 

result in a defective IL-12 response [82,96]. These examples reinforce the evolutionary race 

between T. gondii and the host immune response and demonstrate how the host can take 

advantage of key virulence factors by mounting an effective immune response against them. 



92 
 

Our work illustrates the complex pathway by which IL-1β is regulated in response to T. 

gondii infection in humans. The production of mature, bioactive IL-1β requires two activation 

signals which includes the assembly of the inflammasome complex and maturation of the 

protease caspase-1.  The use of multiple regulation points reflect the importance of tightly 

regulating IL-1β in order to prevent overt inflammation. In addition to these activation signals, 

the inflammasome is also known to be regulated by PYD-only proteins (POP) and CARD-only 

proteins (COP) that serve as dominant negative regulators [258]. Activation of the 

inflammasome may require overcoming these negative regulators. Alternatively, these negative 

regulators may become active after inflammasome activation and play a role in dampening the 

response. Recently, Franklin et al. and Baroja-Mazo et al. demonstrated that upon 

inflammasome activation, oligomerized NLR-ASC specks are released into the extracellular 

space and remain active [256,259]. Extracellular NLR-ASC complexes are capable of recruiting 

extracellular caspase-1 and processing pro-IL-1β in the extracellular environment, resulting in 

amplification of the inflammatory response. It is likely that POPs and COPs play a role in 

regulating extracellular NLR-ASC complexes and halting the perpetuation of the inflammatory 

response. The role of extracellular ASC complexes, COPs, and POPs in T. gondii-regulated IL-1β 

remains to be investigated. The complexity of these interactions reinforce the idea that the 

host cell maintains tight control of IL-1β. 

IL-1β converting enzyme (ICE) KO mice, which are deficient in caspase-1 and caspase-11 

[229], do not succumb to non-lethal infection [8], suggesting that these caspases may not be 

necessary for host protection during T. gondii infection. However, IL-1β may also be processed 

by inflammasome-independent mechanisms. Cell death may release the IL-1β precursor, which 
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may be processed by infiltrating neutrophils at the site of infection. Neutrophils are known to 

release proteases such as elastase, chymase, granzyme A, cathepsin G, and proteinase-3 that 

are known to process extracellular IL-1β [254,260,261]. There is evidence that IL-1β, a “master 

regulator of inflammation,” may influence clinical outcomes during T. gondii infection. 

Exogenous IL-1β treatment has been shown to be protective against in vivo infection in mice 

[147] and endogenous IL-1β is important for IL-12-mediated immunity in a SCID mouse model 

[148]. Although the mechanism by which IL-1β mediates protection against T. gondii to the host 

is not yet understood, it is possible that it is through its induction of downstream pro-

inflammatory cytokines. In line with this, Witola et al. demonstrated that human monocytes in 

which the inflammasome sensor NALP1 was knocked down had lower levels of IL-1β as well as 

reduced levels of its downstream targets, including IL-12 and TNF-α, both of which are 

important for T. gondii control, and increased parasite burden [142]. However, the role of IL-1β 

in human toxoplasmosis has not been investigated. We show that in human monocytes, IL-1β 

was specifically induced by type II, but not type I or III, parasites, and it remains to be seen what 

implications this has for the association of type II parasites with human disease [19,25,36].  

The potential role of IL-1β in congenital toxoplasmosis is especially interesting. T. gondii can 

cross the physical barrier formed by the placenta and be transmitted vertically to the fetus, 

resulting in congenital toxoplasmosis [60]. The route of transplacental passage is not well 

understood. However, given that the placenta is bathed in maternal blood, and monocytes 

homeostatically circulate in the bloodstream and have been shown to serve as a “Trojan horse” 

for T. gondii dissemination [208], one possibility for how T. gondii gains access to the fetus is via 

monocytes from the bloodstream. We show that T. gondii-infected monocytes release IL-1β, an 
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inflammatory protein that is known to increase vascular permeability and up-regulate 

expression of adhesion molecules, which in turn facilitate leukocyte extravasation [262]. It is 

possible that T. gondii-induced IL-1β promotes infection of the placenta and vertical 

transmission of the parasite. Furthermore, IL-1β is a key mediator of many aspects of 

pregnancy, including embryo implantation, placenta formation, placental immunity, and labor, 

and must be tightly controlled [262,263]. Dysregulation of IL-1β at the maternal-fetal interface 

due to T. gondii infection may have dire consequences during pregnancy and may contribute to 

preterm labor, miscarriages, and stillbirths associated with congenital toxoplasmosis [60]. 

Furthermore, monocytes from pregnant women are able to produce more IL-1β than non-

pregnant women upon stimulation with PMA and ionomycin and the degree of IL-1β 

production was positively correlated with gestational age [264]. These data suggest that any 

detrimental outcomes of parasite-induced IL-1β will be exacerbated during T. gondii infection 

of pregnant women. Given that IL-1β increases vascular permeability, parasite induction of this 

cytokine may also contribute to the increased likelihood of vertical transmission if infection 

occurs later in gestation [60,63]. Collectively, these findings underscore the need to understand 

the pathways by which T. gondii-induced IL-1β is regulated so that we may be better equipped 

to therapeutically intervene. 

Our work delineating the pathways by which IL-1β is regulated has the potential to drive 

therapeutic interventions. For example, if it turns out that T. gondii-induced IL-1β is detrimental 

to the fetus, anti-IL-1β therapies may be used. Anakinra, which mimics the naturally occurring 

IL-1 receptor antagonist (IL-1RA), is currently approved for human use against rheumatoid 

arthritis [155]. The IL-1RA binds with high affinity to the IL-1 receptor, preventing IL-1α and IL-
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1β from binding and signaling [155]. Rilonacept, a soluble IL-1 receptor, and canakinumab and 

Xoma 052, antibody-based therapies to IL-1β, work to neutralize IL-1β [155]. Conversely, if IL-1β 

is protective to the host during infection, recombinant IL-1β or an inflammasome activator, 

such as potassium or extracellular adenosine triphosphate (ATP), may potentially be useful as a 

therapeutic [134], provided they can be directed appropriately and delivered in a controlled 

way. 

Strikingly, among both PBMC and an enriched population of monocytes, the classical and 

intermediate monocytes preferentially harbor T. gondii. This underscores the importance of 

monocytes in host-parasite interactions. We found that a majority of intracellular parasites 

actively invade monocytes, suggesting that there may be some advantage to residing in 

monocytes over other leukocytes and that T. gondii does not infect cells at random. Indeed, 

monocytes have been shown to be more permissive to T. gondii replication [215]. Specifically, 

we found that classical and intermediate monocytes harbor more parasites and sustain 

intracellular parasites better than resident monocytes do. Strikingly, even though all three 

monocyte subsets were able to produce IL-1β in response to T. gondii, we found that 

approximately twice as many infected resident monocytes produce IL-1β compared to infected 

classical or infected intermediate monocytes, at least at 10 hpi. Collectively, these data suggest 

that of the three subsets, the resident monocytes may be more inflammatory and may play a 

critical role in parasite control. A comprehensive understanding of the complex interactions 

between different monocyte subsets with T. gondii will facilitate the development of more 

directed therapies against T. gondii. 
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T. gondii is formidable adversary. It is a highly successful pathogen, as evidenced by its 

prevalence, wide geographic distribution, and ability to persist throughout the life of its host. It 

can breach biological barriers and enter immune privileged sites and has the potential to 

mediate much pathology. Much of the work on innate immunity to T. gondii has been done in 

mouse macrophages using type I parasites. While insightful, there are known differences 

between mouse and human immunity [224], macrophages and monocytes [225], as well as 

between different parasite strains [265]. Collectively, this work provides novel mechanistic 

insight into the regulation of a key mediator of inflammation to a clinically relevant strain of T. 

gondii in human cells. We were the first to demonstrate the role of specific inflammasome 

components in the response to T. gondii, to identify a T. gondii factor that drives innate 

immune responses in human cells, and to identify which monocyte subsets are critical during 

infection. T. gondii is also related to other highly important global pathogens, and our work has 

the potential to facilitate the design of targeted therapeutics against not only T. gondii, but 

against related Apicomplexans, including Plasmodium (causative agent of malaria), as well. 
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