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T. gondii parasitizes mammalian hosts indiscriminately and is adapted to survive in rodents
which are critical for transmission of Toxoplasma gondii to the definitive feline host via predation.
As described in Chapter 1, this relationship has been extensively studied as a model for immune
responses to parasites, yet the molecular basis of this unique lack of host specificity is unknown.
Neospora caninum provides a natural contrast to T. gondii, in that it is a closely related coccidian
parasite of ruminants and canines, but is not naturally transmitted by rodents. In Chapter 2, we
compared mouse innate immune responses to N. caninum or T. gondii and found marked difference
in cytokine levels and parasite growth kinetics during the first 24 hours post-infection. N. caninum-
infected mice produced significantly higher levels of IFNy as early as 4hpi, but IFNy was
significantly lower in 7. gondii-infected mice during the first 24hpi. “Immediate” IFNy production
was not detected in MyD88”" mice. However, unlike IFNy” mice, MyD88" mice survived N.
caninum infections. Measures of parasite burden showed MyD88”" mice were more susceptible to
N. caninum infections than WT mice, and control of parasite burden correlated with serum IFNy
production 3-4 days after infection. Immediate IFNy was partially dependent on the 7. gondii
mouse profilin receptor TLR11 but ectopic expression of N. caninum profilin in 7. gondii had no
impact on early IFNy production or parasite proliferation. Our data indicate that 7. gondii is

capable of evading host detection during the first hours after infection while N. caninum is not,
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and this is likely due to early MyD88-dependent recognition of ligands other than profilin. In
Chapter 3, we compared innate immune cell populations and determined that the frequency of
IFNy" peritoneal natural killer T (NKT) cells 4hpi was significantly higher in N. caninum
infections compared with 7. gondii and uninfected mice. We identified two main populations of
NKT cells producing IFNy: CD3+ NKT and CD4+ NKT cells. In Chapter 4 we describe future
work that will determine if T cells are required for immediate [FNy production, and identify a role

for CD1d-restricted NKT cells in this process.
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1.0 Introduction

1.1 Toxoplasma gondii and Neospora caninum

Toxoplasma gondii is an apicomplexan parasite that can infect and cause disease in all
warm-blooded animals including birds and marine species (Boothroyd, 2009). T. gondii causes
toxoplasmosis and can spread to any mammal via ingestion of oocysts from the definitive host
(felids) or tissue cysts from chronically infected intermediate hosts (Stelzer et al., 2019). T. gondii
can cause severe disease in immune-compromised humans and is an important biotic constraint on
agriculturally important animals (Burnett ez al., 1998; Luft et al., 1983; A. Wolf, Cowen, & Paige,
1939). Due to oral infectivity and ability to contaminate food and water supplies, 7. gondii is also
a biodefense concern (Aramini et al., 1999; Morris ef al., 2012; Northrop-Clewes & Shaw, 2000).
T. gondii is the only known apicomplexan parasite that is capable of pan-mammalian infection and
transmission, although N. caninum (a closely related parasite) is known to infect and cause
pathology in multiple ruminant and canine species. Neosporosis is the major cause of bovine
abortion, resulting in losses of over a billion dollars worldwide in cattle industries (Dubey, Schares,
& Ortega-Mora, 2007; Goodswen, Kennedy, & Ellis, 2013). N. caninum is thought to be the most
efficient vertically transmitting bovine parasite known, and some herds experience up 95%
transmission (Buxton, McAllister, & Dubey, 2002; Dubey, Buxton, & Wouda, 2006; Gonzalez-
Warleta et al., 2018; Williams & Trees, 2006). Although 7. gondii is also capable of vertical
transmission, the dominant mode of transmission for 7. gondii is through oral consumption of

parasites either in the form of tissue cysts or environmentally stable oocysts.



During an oral infection in their mammalian host, 7. gondii and N. caninum quickly invade
host cells in the gut and cross the epithelium to access the lamina propria where they encounter
tissue-dwelling innate immune cells (I. R. Dunay & Sibley, 2010). Immune cell activation and
cytokine production is critical for host survival during both 7. gondii and N. caninum infections.
As a local immune response is initiated (Fig 1), cytokines produced locally impact cells of the
innate immune cell compartment both at the site of infection and in the bone marrow (M. H.
Askenase et al., 2015). Over the course of the acute infection, the parasites will spread throughout
the body of the host, including crossing the blood brain barrier to infect brain tissue (Collantes-
Fernandez et al., 2012; Feustel, Meissner, & Liesenfeld, 2012). Of note, both N. caninum and T.
gondii are capable of crossing the placental barrier to infect the fetus (Maley et al., 2006; Robbins,
Zeldovich, Poukchanski, Boothroyd, & Bakardjiev, 2012). The mechanisms driving efficient
transmission, persistence, and recrudescence of N. caninum in asymptomatic cows is a
fundamental unsolved problem in bovine neosporosis and currently there is no treatment (Dubey
et al., 2007; Guido, Katzer, Nanjiani, Milne, & Innes, 2016; Horcajo, Regidor-Cerrillo, Aguado-
Martinez, Hemphill, & Ortega-Mora, 2016; Nishikawa, 2017).

Despite the difference in host range and dominant transmission routes, at the genomic level
T. gondii is quite similar to N. caninum. Genomic comparisons revealed significant genetic
conservation, including 85% synteny and over 90% protein coding gene conservation between
species (Adam James Reid et al., 2012). Morphologically, N. caninum and T. gondii tachyzoites
are nearly indistinguishable, necessitating the development of species-specific primers to identify
the infecting species or to detect cross-species contaminations in the lab. N. caninum and T. gondii

share the ability to infect a diverse range of cells in vitro, and the mechanism for host cell invasion



is conserved (Besteiro, Dubremetz, & Lebrun, 2011; Kemp, Yamamoto, & Soldati-Favre, 2013).
Both parasite species secrete a large number of host-interacting proteins into the extracellular or
intracellular milieu before and after infection to aid in parasite invasion and survival (Besteiro et
al., 2011; Black & Boothroyd, 2000; English, Adomako-Ankomah, & Boyle, 2015). N. caninum
and 7. gondii do not require phagocytosis to enter the host cell and instead infect by forming a
moving junction and actively invade cells (Morisaki, Heuser, & Sibley, 1995). Following host cell
penetration, both N. caninum and T. gondii reside and replicate inside a parasitophorous vacuole
(PV) within the host cell that provides protection from intracellular host defenses and allows
parasites to evade recognition (Besteiro et al., 2011; Frenkel & Dubey, 1975; Pittman & Knoll,
2015). Differences in their transmission, host range, and ability to cause disease combined with
their similarity in morphology, molecular infection mechanisms, and genetic conservation provide
a unique comparative system to uncover parasite-specific mechanisms modulating early host
responses.

N. caninum infections are reported frequently in domesticated and wild animals, yet few
instances of clinical neosporosis have been identified in the wild. Detection methods usually
involve PCR or serology to identify N. caninum infections. While these methods identify parasite
DNA in the host, or antibodies specific to the pathogen, they are not necessarily indicative of a
viable or successful infection. In fact, N. caninum isolates obtained from natural infections were
derived from a small number of ruminant and canine species, the secondary and primary hosts
respectively. Viable tachyzoites have only been isolated from a small number of species including:
dogs, sheep, cattle, and water buffalo (Al-Qassab, Reichel, & Ellis, 2010). Although there are no
reports of naturally occurring neosporosis in rodents, N. caninum DNA has been reported in

rodents as well as a variety of other species (M. C. Jenkins et al., 2007). These disparities in clinical



disease, isolation of viable parasites, and prevalence of N. caninum DNA 1is not fully understood.
However, information derived from experimental mouse models, combined with information from
experimental and natural infections in bovine hosts, has shed some light into how innate immune
responses mediate control of V. caninum (Teixeira et al., 2005).

Twenty years ago, Khan ef al., evaluated the host cytokine response to N. caninum in
mouse splenocytes harvested from infected mice (I. A. Khan, Schwartzman Jd Fau - Fonseka,
Fonseka S Fau - Kasper, & Kasper, 1997). They found that IL-12 and IFNy transcripts increased
dramatically by 6 hours after infection, and then rapidly declined by 24 hours, yet the mechanism
underlying this immediate host response and how it impacts parasite proliferation in vivo remains
poorly understood. While many of the parasite effector genes (Adam James Reid et al., 2012) and
host immune responses are conserved (Buchmann, 2014) between 7. gondii and N. caninum, the
unique properties that result in 7. gondii evading host protective responses while N. caninum is
unsuccessful (in all but a few host species) and controlled by host protective immunity remains
ambiguous. As a model for proinflammatory immune response (THI1-type) with IL-12 and IFNy
as key cytokines mediating host protective immunity emerges for N. caninum infections (Baszler,
Long Mt Fau - McElwain, McElwain Tf Fau - Mathison, & Mathison, 1999; I. A. Khan et al.,
1997; Long, Baszler Tv Fau - Mathison, & Mathison, 1998), a better understanding of the
underlying mechanism, how it impacts parasite virulence, and how it differs from 7. gondii

infections will inform future work in controlling toxoplasmosis and neosporosis.



1.2 Host response

Multicellular organisms exhibit innate defense mechanisms paramount to their survival
during invasive microbial insult, and thus, many components of pathogen recognition and host
responses are deeply conserved (Hoffmann, Kafatos, Janeway, & Ezekowitz, 1999). Innate
signaling mechanisms discern “self” from “non-self” molecules and the evolution of innate
pathogen recognition predates the divergence of vertebrate and invertebrate species, over 0.5
billion years ago (Kimbrell & Beutler, 2001). Innate immunity is comprised of physical barriers,
humoral components, and cell-mediated immune responses. Conserved components in mammals
and birds include physical barriers like skin and specialized mucosa to prevent infection. Shared
humoral components include antimicrobial peptides, and complement to combat extracellular
invasive microbes. There is also substantial conservation of cytokines and chemokines to
communicate with, attract, or activate innate immune cells. Phagocytic myeloid cells, non-specific
cytotoxic cells, and innate lymphoid cells are conserved in birds and mammals and are important
for host responses during intracellular infections (Riera Romo, Pérez-Martinez, & Castillo Ferrer,
2016).

The evolution of the adaptive immune system is a more recent development in animal
evolution and is a powerful tool employed by higher vertebrates to protect from invading microbes,
yet adaptive immunity depends on the innate immune system to both recognize and activate
responses to successfully challenge infection (Mogensen, 2009). Despite the critical role of innate
recognition for host survival, our knowledge of innate responses to eukaryotic parasites
immediately after infection has lagged behind that of adaptive responses. How the innate immune
cell compartment changes in response immediately after infection and how these changes

contribute to pathology and parasite survival remains largely unknown. The tight regulation of the
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innate response is vital for pathogen clearance and changes in this regulation can alter the outcome
of infection making a non-permissive host susceptible (Maizels & McSorley, 2016).

The capability of a new virus to sweep across the globe with deadly acute pathology caused
by immune cells and the cytokines they produce (Cao, 2020; Merad & Martin, 2020) inspired
people world-wide to search for information about immune responses and inflammatory
cytokines (Fig 2) and research efforts to understand the mechanisms of the cytokine-induced
pathology are well underway (Merad & Martin, 2020; Soy et al., 2020; Zhou et al., 2020).

The emerging culprit, as with other coronaviruses, appears to be excessive
inflammatory responses and the dysregulation of interferon pathways (Frieman, Heise, & Baric,
2008; Merad & Martin, 2020; Zhou et al., 2020) The pandemic of 2020 brought the gaps in our
understanding of innate immunity sharply into focus (McKechnie & Blish, 2020), and (in
addition to vaccine development) there is an increasing sense of urgency to harness innate
cell-mediated immune mechanisms to combat the devastating acute immunopathology
(Angka, Market, Ardolino, & Auer, 2020). Our bodies are able to detect and respond to
pathogens immediately, yet we often don’t know we are sick for days after pathogen
encounters. A better understanding of cellular mechanisms immediately after pathogen
encounter will enable us to develop earlier detection and control methods for a broad range of
pathogens, as well as honing our vaccine strategies by creating better adjuvants and innate
immune-activating components. Decades of discoveries have characterized host responses to
the eukaryotic parasite, 7. gondii, yet early innate recognition mechanisms have only recently
become a focused interest. Much of the research concentrates on acute infections beginning 3-5
days after infection (Hunter, Candolfi, Subauste, Van Cleave, & Remington, 1995; Nakano et
al., 2001), however we have shown the murine host has already mounted a robust immune

response by this time, as evidenced by large amounts of inflammatory
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cytokines detected at the site of infection and systemically within hours of infection (Coombs et

al., 2020).

1.3 Toll-like receptors

Toll-like receptors were first identified in Drosophila melanogaster with early work
showing the Toll gene played a key role in establishing dorsal-ventral polarity in the developing
D. melanogaster embryo (Anderson, Jiirgens, & Niisslein-Volhard, 1985). In the subsequent
years, TLR signaling has been rigorously investigated in numerous vertebrate and invertebrate
systems, determining that TLRs are a multi-gene family of receptor molecules conserved through
metazoans from invertebrate to vertebrate animals (Roach et al., 2005). Although initially
identified for their role in developmental processes, TLRs are notable for their role in pathogen
recognition and initiation of immune signaling pathways.

Many pathogen recognition pathways rely on germline encoded receptors that are able to
recognize invading microbes and initiate inflammatory responses within minutes of infection
(Janeway & Medzhitov, 2002). Innate pattern recognition receptors (PRRs) that recognize
infectious agents include this well-described family of toll-like receptors (TLRs). The
evolutionarily-conserved TLRs interact with a broad range of equally conserved pathogen
molecules called pathogen-associated molecular patterns (PAMPS), highlighting the co-
evolutionary relationship between the host immune response and invasive microbes. PAMPs are
molecules that are shared among numerous microorganisms and are often required for survival.
Well known PAMPS include bacterial endotoxin lipopolysaccharides (LPS), flagellin, and nucleic

acids.



By recognizing a myriad of immunostimulatory pathogen molecules, mammalian TLRs
initiate signal cascades resulting in the production of antimicrobial molecules or immune signaling
proteins like chemokines and cytokines (Fischer, Nitzgen, Reichmann, & Hadding, 1997; Gaddi
& Yap, 2007; Gazzinelli et al., 1994). Additionally, TLR expression can be upregulated by
cytokine exposure allowing for increased recognition of microbial invaders. TLRs consist of an
extracellular ligand binding domain, a transmembrane domain, and an intracellular domain that
binds downstream signaling molecules to initiate cell-mediated immune (CMI) responses.
Comparisons of mammalian TLRs identified significant conservation between species. Humans
and cattle (Menzies & Ingham, 2006) have 10 functional TLRs but lack TLR11 and TLR12. Mice
have 12 TLRs, lacking TLR10 but express both TLR11 and TLR12 (Kawasaki & Kawai, 2014).
The significant conservation and deep evolutionary roots of vertebrate TLRs indicates mammalian
hosts share pathogen recognition mechanisms and therefore recognize and respond to the same
pathogen molecules. One well-characterized example of this is TLR4-mediated recognition of
bacterial lipopolysaccharide (LPS) in numerous animal and cell models, including mice and
humans (Cronin, Turner, Goetze, Bryant, & Sheldon, 2012; Miiller et al., 2017; Roach et al.,
2005). The differences in TLR repertoire between host species, i.e. mice express TLR11 but in
humans the gene harbors several premature stop codons, highlights the evolutionary pressure
imposed on the immune system by pathogens common to the host species (Bryant & Monie, 2012).

TLR signal transduction requires conserved downstream adapter proteins, MyD88 or TRIF
and invading microbes can be recognized by cell-surface TLRs or endosomal TLRs (Hernandez
et al., 2016; Kawasaki & Kawai, 2014). Thus far, TLR4 is thought to be uniquely capable of
signaling through either MyD88 or TRIF. However, PAMP recognition via TLR4/MyD88 is a cell

surface recognition event and TLR4/TRIF appears to be an endosomal PAMP-derived recognition



event and thus are thought to be spatially separated signaling mechanisms (Deguine & Barton,
2014). TLR signaling is important for determining the type of immune response initiated and the
outcome can differ depending on the PAMP, even when signaling through the same TLR. For
example, TLR2 activation with S. mansoni results in dendritic cell (DC) induction of a TH2
response, (van der Kleij et al., 2002) yet T. cruzi stimulation of TLR2 results in a DC induction of
a Th1 immune response (Ouaissi ef al., 2002). The heterodimerization of TLR2 with either TLR1
or TLR6 is thought to impact the type of immune response elicited by TLR2 activation. 7. gondii
and N. caninum stimulate TLR-specific immune responses, yet the parasite PAMPs remain largely
uncharacterized. 7. gondii is known to interact with TLR2, TLR4, and TLR11/12 (Debierre-
Grockiego et al., 2007; Hou, Benson, Kuzmich, DeFranco, & Yarovinsky, 2011; Salazar Gonzalez
et al., 2014), although only one 7. gondii PAMP has been identified and characterized, actin-
binding protein profilin (A. Alicia Koblansky et al., 2013; F. Yarovinsky et al., 2005). T. gondii
profilin interacts with TLR11/12 and is necessary for parasite recognition in murine macrophages
and DCs (Raetz et al., 2013) N. caninum interactions with TLR2 have been described (Mineo,
Oliveira, Gutierrez, & Silva, 2010), but N. caninum PAMPs have yet to be identified and
characterized. Thus, TLRs activate robust antimicrobial immune responses through complex
signaling pathways dependent on TLRs interacting with other TLRs, adaptor proteins, and

pathogen molecules.

1.3.1 Functional changes in TLRs and host specificity

Pathogens exert high levels of selection on their hosts, and in turn the adapting host exerts
Pathogens exert high levels of selection on their hosts, and in turn the adapting host exerts selective
pressure on the pathogen. This reciprocal adaption (or coevolution) underlies host specificity and
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is defined by ever-evolving host-pathogen interactions (Papkou et al., 2019). TLRs are thought to
have evolved from a gene duplication event prior to the divergence of deuterostomes and
protostomes creating two ancient TLR families. Subsequent neofunctionalization and further gene
duplication resulted in the highly conserved TLR repertoire for pathogen recognition currently
observed throughout vertebrate species (Hughes & Piontkivska, 2008; Ishengoma & Agaba, 2017;
Liu, Zhang, Zhao, & Zhang, 2020). Although TLRs are conserved, the ligand binding domain
varies between species and may contribute to innate mechanisms underlying host specificity.

Several comparisons across species suggest TLR intracellular domains are largely
conserved and under purifying selection, while the extracellular leucine-rich motifs are under
positive selection and harbor important differences between mammalian species (Forniiskova et
al., 2013; Hughes & Piontkivska, 2008; Jungi, Farhat, Burgener, & Werling, 2011). Recent
comparisons between cattle and related ungulate species identified high levels of conservation in
the overall domain architecture, but also identified species-specific differences in TLR ligand-
binding domains (Ishengoma & Agaba, 2017). They identified recurring positive selection in all
TLR genes, with TLR4 exhibiting the highest numbers of codons under significant levels positive
selection (Ishengoma & Agaba, 2017). In agreement with other reports, they determined cell
surface TLRs have more positive selecting sites than endosomal TLRs (Forniiskova et al., 2013;
Ishengoma & Agaba, 2017; Liu et al., 2020).

The concentration of positively-selected codons in the PAMP-interacting region of
vertebrate TLRs highlights the coevolutionary relationship between pathogen molecules and host
innate recognition motifs (Liu et al., 2020; Roach et al., 2005). Functional changes in TLR ligand
binding between species may alter the host ability to recognize and respond to microbial insult.

Comparisons of the molecular evolution of mammalian TLR2 suggested that ruminant TLR2 is
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under less selective pressure than other mammalian TLR2 genes. Bovine TLR2 harbors important
nonsynonymous polymorphic sites unique to cattle that localize to the ligand binding domain.
Predictions at one polymorphic site of interest in bovine TLR2 identify differences in charge in
amino acid residues known to be important for ligand binding in human TLR2, but further
investigations are needed to determine if this has any functional impact (Jann, Werling, Chang,
Haig, & Glass, 2008). However, functional differences between recognition responses of murine
and human TLR2s have been described, supporting the possibility of host specific TLR function
due to variation in extracellular domains (Grabiec et al., 2004).

Recent advances characterizing bovine TLRs identified bovine TLR2 expression in
multiple dendritic cell populations, even at steady state (non-activated). Dendritic cells are
important for host recognition and response to pathogens and are key antigen presenting cells
(APCs). DCs exist in various states of maturity, and expression of TLRs can vary based on DC
subset. DCs act as sentinels and identify invading pathogens and migrate to lymph nodes via
afferent lymph vessels enabling interactions with T and B cells to initiate the adaptive immune
response. Recent work characterized bovine TLR expression at steady-state in 4 subsets of afferent
lymph dendritic cells, finding that TLR2 was expressed at higher levels compared to all other TLRs
in each subset (Werling et al., 2017). Others have shown that murine TLR2 recognizes N. caninum
and activates APCs in vitro and mice lacking TLR2 have higher parasite burden during acute and
chronic infections, however TLR2 is not required for survival of N. caninum infections in mice
(Mineo et al., 2010). Future work is necessary to identify the N. caninum effector molecule
interacting with TLR2 and it would be interesting to determine if there are differences in M.
caninum PAMP/Host-TLR interactions comparing natural bovine hosts with other animals that M.

caninum does not naturally infect, like mice.
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1.4 Interferon gamma and interleukin 12

Interferon gamma (IFNy) has been identified as an important immune-modulating cytokine
in many mammals including mice and cattle (Innes et al., 1995; Tau & Rothman, 1999). It is
considered to be the master regulator of inflammation and impacts numerous cells and pathways.
During parasitic infections, IFNy is produced by lymphocytes like yo T cells, natural killer (NK)
cells, NKT cells, and af T cells. IFNy is a potent inducer of MHC II expression. IFN-y is required
for mice to survive both N. caninum and T. gondii infections and is considered a key mediator of
both innate and adaptive immune responses to both parasites (Baszler ef al., 1999; Coombs et al.,
2020; Correia et al., 2015; Suzuki, Orellana, Schreiber, & Remington, 1988). During acute
intraperitoneal (IP) 7. gondii infections, Y0 T cells, NK cells and NKT cells accumulate in the
peritoneal cavity within 7 dpi (Nakano et al., 2001). yd T cells are an important source of acute
IFNy production contributing to host resistance in mice whereas NKT cells may function to
negatively regulate cell mediated immunity (CMI) during acute 7. gondii infection (Nakano et al.,
2001). Adaptive compartment CD4+ T helper cells and CD8+ killer T cells produce IFNy in the
mid-to late acute phase of infection, beginning 4-5 days after infection. IFNy is also produced by
natural killer (NK) cells throughout the acute infection. CD4+ and CD8+ T cell and NK cell IFNy
production is substantially upregulated by the production of interleukin 18 (IL-18) or interleukin
12 (IL-12) by antigen presenting cells who act as early responders to parasitic infections (I. A.
Khan, Matsuura, & Kasper, 1994; I. A. Khan et al., 1997).

IL-12p70 is considered biologically active due to its ability to polarize a proinflammatory
(Th-1) immune response. IL-12p70 is a heterodimer composed of the IL-12p35 and IL-12p40

subunits which, as monomers, are considered inactive. IL-12p40 is also a subunit of IL-23, which
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is an important cytokine produced during inflammatory disease (Duvallet, Semerano, Assier,
Falgarone, & Boissier, 2011). Both human and mouse macrophages and DCs contain biologically
active membrane-bound IL-12p70 that can be immediately released upon exposure to Leishmania
donovani (Quinones et al., 2000). During a 7. gondii infection neutrophils are a significant source
of pre-formed IL-12p70, allowing for the rapid release of biologically active IL-12p70 while
bypassing the immediate requirement of de novo synthesis via transcription (Bliss, Butcher, &
Denkers, 2000). Interestingly, a recent screen testing the response of murine BMDM to numerous
potent TLR agonists (TLRs 1/2, 3, 4, 2/6, 7 and 9) found that nearly all TLR agonists were capable
of inducing IL-12p40 production in the absence of IFNy, but only LPS induced proinflammatory-
polarizing IL-12p70 in the absence of IFNy (Miiller ef al., 2017).

IL-12 is an important cytokine for controlling 7. gondii and N. caninum in mouse infections
although there is growing evidence that the mouse immune system can mount an IFNy-driven
immune response in the absence of IL-12, and this may be protective against N. caninum and not
T. gondii (Coombs et al., 2020; Ferreirinha et al., 2018; Hou et al., 2011; 1. A. Khan et al., 1994;
Scanga et al., 2002; Carolyn R. Sturge et al., 2013). Mice lacking IL-12p40 are still able to produce
IFNy within hours of LPS stimulation, although much less than WT mice indicating that TLR-
driven IFNy is still produced in the absence of IL-12p40 (Magram et al., 1996). Likewise,
infections of IL-12p40-/- mice with either 7. gondii or N. caninum results in the production of
IFNy (Ferreirinha et al., 2018; Jankovic et al., 2002). Although very high levels of IL-12 and IFNy
mRNA in spleen cells (I. A. Khan et al., 1997) and protein in peripheral serum (Coombs et al.,
2020) are detected within hours of N. caninum infections in mice, 7. gondii infections result in
minimally to non-detectable levels of serum IFNy until 2-3 dpi despite the production of IL-12.

Recent work has demonstrated that acute N. caninum parasite burden at 3- and 7-days post
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infection is lower in IL-12p40-/- mice that have been immunized with N. caninum tachyzoite lysate
preparations compared to WT mice, and the control of parasite burden is dependent on IFNy
production (Ferreirinha ef al., 2018). One mechanism of IFNy-mediated protection to N. caninum
infections in mice involves CD8+ T cell immunity. CD8+ T cells are activated and expanded in V.
caninum-infected mice as early as 4dpi (Correia et al., 2015). Although transferring CD8+ T cells
from infected mice prolonged survival of IL-12 unresponsive mice (C57BL/10 ScCr), CD8+ T
cells from uninfected mice also exhibited limited protection mediated by IFNy (Correia et al.,
2015). This implies that innate CD8+ T cells may contribute to N. caninum incompatibility in a
murine host but CD8+ T cell-dependent immunity cannot protect mice that lack IL-12 signaling.
Thus, while there is evidence for both IL-12/IFNy inter-dependence in response to both species,
there is also evidence that IFNy, in the absence of IL-12, responds to acute infections of both

parasites, and controls N. caninum infections.

1.5 MyD88 and IFNy

MyD88 is a highly conserved downstream signaling protein that is important for
mammalian TLR signal transduction for most TLRs and plays a central role in innate immune
responses (Deguine & Barton, 2014). Mice lacking the TLR downstream signaling protein,
MyD88 (MyD88-/-), fail to produce either IL-12p40 or IL-12p70 in response to N. caninum or T.
gondii. In chapter 2 we detail our findings that only 7. gondii-infected MyD88-/- mice uniformly
succumb to infection while N. caninum infected MyD88-/-mice have increased parasite burden but
are able to survive high doses of parasite. Our results support previous findings that mice lacking

MyD88 have an increased susceptibility to N. caninum (Mineo, Benevides, Silva, & Silva, 2009)
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but differ in our finding that MyD88-/- mice indeed can survive N. caninum infections. Although
TLR-driven mechanisms of host response to N. caninum are less known, some work suggests
TLR2 activation contributes to proinflammatory immune response in mice but further
investigation is necessary to determine if TLR2 recognition contributes to immediate IFNy
production and early control of parasite burden in mice (Mineo et al., 2010). In contrast, a large
body of work has demonstrated that MyD88-dependent TLR signaling is critical for an effective
host response to 7. gondii in a mouse model (Hou ef al., 2011; Scanga et al., 2002; Sukhumavasi
et al., 2008). Infections with either parasite in MyD88-/- mice results in IL-12p40 and IL-12p70
independent production of IFNy 3-6 dpi, suggesting but this IFNy production is not sufficient to
rescue host survival during 7. gondii infections. These findings support the hypothesis that MyD88
specific production of IL-12 and the subsequent IFNy/IL-12 axis is critical for survival of 7. gondii
in mice and not N. caninum, addressed in chapter 2.

MyD88-independent host response mechanisms have also been explored during parasite
infections in mice. TLR3 signals through downstream adaptor protein TRIF and plays a role, albeit
differential, in host recognition for both N. caninum and T. gondii (Beiting et al., 2014; Miranda
et al., 2019). Our recent work addressed in Chapter 2 demonstrated that TLR3 is not required for
immediate IFNy production or control of parasite burden during N. caninum infections in mice
(Coombs et al., 2020). Additionally, we found that TRIF-deficient mice mount a robust IFNy-
driven response within hours of infection and control parasite burden within the same timeframe
as WT mice (Fig 3). Taken together, these findings suggest that important differences in innate
immune responses underlie host specificity and that MyD88-independent IFNy production is
insufficient to confer protection to murine hosts infected with 7. gondii. Additionally, IFNy

produced in a Myd88-inependent mechanisms is able to control parasite burden and increase
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survival during N. caninum infections. The seemingly disparate host responses to these two similar
parasites poses an interesting area of future study to elucidate the intricate innate immune response

mechanisms and differences in TLR recognition and parasite antigens.

1.6 Innate cell mediated immunity

Ongoing discoveries and active research in the field result in a continuously shifting
paradigm of innate immunity. Innate and adaptive immune responses are no longer viewed as
separate, and instead are acknowledged to have overlapping cells and mechanisms (Gasteiger et
al.,2017). A number of innate lymphoid cells (ILCs) and innate-like cells including natural killer-
like T cells (NKTs) share characteristics of both innate and adaptive compartment cells (Bennett,
Round, & Leung, 2015; Vivier et al., 2018). Myeloid cells and natural killer cells (NKs) can exhibit
innate memory termed “trained immunity” via epigenetic and transcriptional changes or can
exhibit lasting function changes after pathogen encounters (Dominguez-Andrés & Netea, 2020).
Additionally, both mouse and human “natural antibodies” have been well described that recognize
antigens prior to host exposure (Holodick, Rodriguez-Zhurbenko, & Hernandez, 2017). Although
there is some overlap in cellular function, innate cell-mediated immune (CMI) responses are
critical for adequate adaptive responses to pathogens, including 7. gondii (Ivanova et al., 2019;
Janeway & Medzhitov, 2002).

Several innate immune cells are known to respond to parasitic infections including
inflammatory monocytes, dendritic cells (DC), macrophages, natural killer cells (NK), neutrophils,

innate lymphoid cells (ILC’s) and innate-like T cells (Gazzinelli ef al., 1994). Innate immune cells
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can act as antigen presenting cells (APCs), have direct killing mechanisms, or produce key
inflammatory cytokines. IFNy is the main mediator of N. caninum infections but little is known
about the cellular mechanism of IFNy-mediated protection. Several innate cells have been
identified that seem to contribute to host protection during N. caninum infections, but the
mechanisms of [FNy-driven control remain unknown. The differences in how 7. gondii and N.
caninum interact with host innate immune cells to elicit cell-mediated immunity provides a unique

comparative system to investigate host-parasite interactions within the innate cell compartment.

1.6.1 Monocytes, macrophages and dendritic cells (DCs)

Monocytes are hematopoietic cells and are a substantial component of the innate
phagocytic immune response to many pathogens including 7. gondii (1. R. Dunay & Sibley, 2010).
Circulating monocytes are highly responsive and quickly mobilize to the site of infection where
they exert effector functions (Detavernier et al., 2019). During 7. gondii infections, inflammatory
monocytes migrate to the site of infection and differentiate into macrophages and DCs that then
rapidly respond to infection by producing cytokines like IL-12 (Goldszmid ef al., 2012). In chapter
2 we discuss differences in IL-12 levels during N. caninum and T. gondii infection, and in chapter
3 we compare populations of macrophages and dendritic cells which are the major sources of IL-
12 during acute 7. gondii infection (Hunter, Candolfi, et al., 1995; Scanga et al., 2002). Immature
monocytes egress from the bone marrow and are recruited to the site of infection, a process that is
dependent on the chemokine MCP-1 (CCL2). While monocytes and dendritic cells appear to
enhance the innate immune response to N. caninum (Abe, Tanaka, Ihara, & Nishikawa, 2014), it
is unknown if early recruitment of monocytes and macrophages to the site of infection is required
for control of N. caninum burden.

17



1.6.2 Innate lymphoid cells

Innate lymphoid cells (ILC’s) are a recent classification of a group of innate cells that are
functionally comparable to T cells but do not undergo clonal selection and expansion (Eberl,
Colonna, Di Santo, & McKenzie, 2015). ILC’s are classified into three subgroups (Type I, II, and
IIT) based on their cytokine expression profiles. ILC’s are activated by signals in the local
extracellular milieu including cytokines and microbial products. Group I ILC’s constitutively
express the T-bet transcription factor, a key factor driving Th-1 differentiation (Robinette &
Colonna, 2016), and produce IFNy in response to stimulation from myeloid-derived cytokines like
IL-12 or IL-18 (Vivier et al., 2018). The most well-described ILCs are natural killer cells which
are classified into the type-I ILC subgroup (Vivier ef al., 2018). In mice, group I ILC’s are NK
cells and ILCI cells, and while both produce IFNy ILCl1s lack cytotoxicity. NK cells have long
been recognized for their role in early immune responses to apicomplexan parasites including 7.
gondii (Hauser, Sharma, & Remington, 1983; Ivanova ef al., 2019). Conventional NK cells are
thought to be the only ILC with cytotoxic (“killer”’) mechanisms and are often described as the
innate counterpart of CD8+ cytotoxic cells (Vivier et al., 2018). ILC1 cells produce IFNy and
TNFa in response to 7. gondii infections (I. R. Dunay & Diefenbach, 2018). Recent work
demonstrated that 7. gondii infections induce NK cells to permanently convert into ILC1-like cells
that gain circulatory abilities and persist after resolution of infections (Park ez al., 2019). The ILC1-
like cells exhibited expansion during repeated 7. gondii infections. This fact, combined with the
observations that NK cell populations decrease over time during 7. gondii infections while ILC1-
like cells increase, suggests that 7. gondii infections are capable of altering the functional

programming of important proinflammatory innate immune cells.
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1.6.3 Natural killer (NK) cells

Natural killer cells are important early responders to parasitic infections based on potent
cytotoxic responses and also produce key inflammatory cytokines like IFNy. NK cell responses
are not antigen-specific and are guided by complex inhibitory and activating receptors and
interactions. Classical NK cell mechanisms require activation after microbial insult reliant on by
cytokines like IL-12, IL-15 and IL-18 that are produced by macrophages or DCs (Newman &
Riley, 2007). NK-derived IFNy is critical for IL-12 production by monocyte-derived DCs during
T. gondii infections (Goldszmid ef al., 2012; Ma et al., 1996). It is now appreciated that NK cells
can also be activated by directly sensing PAMPS via TLRs and other pattern recognition receptors
(Becker et al., 2003; Boysen, Klevar, Olsen, & Storset, 2006; Sivori et al., 2004).

NK cells are important sources of IFNy during acute 7. gondii infections and numerous
groups have reported that NK-derived IFNy is produced via an IL-12-dependent mechanism during
acute 7. gondii infections (Gazzinelli et al., 1994; Hunter, Bermudez, Beernink, Waegell, &
Remington, 1995; Hunter, Candolfi, et al., 1995; Hunter, Chizzonite, & Remington, 1995; Sher,
Oswald, Hieny, & Gazzinelli, 1993). Recent work determined that NK cells from 7. gondii-
infected mice produced significantly less IFNy than NK cells in uninfected mice (Sultana et al.,
2017), suggesting T. gondii effectors might impact NK function to increase parasite survival.
While 7. gondii infections result in IFNy production in response to IL-12 production, recent work
demonstrated that N. caninum can directly stimulate NK cells to produce IFNy and also exert
cytotoxicity against N. caninum-infected fibroblasts (Boysen et al., 2006; Nishikawa et al., 2010).
Further investigation is necessary to determine if N. caninum can stimulate NK cells in vivo. The

ability of NK cells to act as effector cells in addition to direct killing ability make them a potentially
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valuable tool in disease treatment. Thus, understanding how parasites manipulate effector function

and avoid cellular killing mechanisms is an important avenue for further exploration.

1.7 Unconventional T cells

Innate-like T cells, or unconventional T cells, develop both intra- and extrathymically.
These T-cell lineage cells include the heterogenous family of natural killer T cells (NKTs) and 3
T cells (Pellicci, Koay, & Berzins, 2020). Unconventional T cells expand the repertoire of antigen
classes that are recognized and are often described as cells that connect innate and adaptive
compartments (Hedges, Lubick, & Jutila, 2005; Holderness, Hedges, Ramstead, & Jutila, 2013).
Unconventional T cells combined with ILCs like ILC1 and NK cells constitute significant portions
of IFNy producing cells early during infection to numerous pathogens (Fig 3). They express TLRs

and are responsive to effector signals via cytokine and NK activating receptors.

1.7.1y3 T cells

10 T cells are important epithelial-resident cells that are active in pathogen response and
control and can function as an early innate responder to parasite infections (Inoue, Niikura, Mineo,
& Kobayashi, 2013). y3 T cells have been described in multiple species, including mice, humans,
and cattle although there are important differences in populations and function (Holderness et al.,
2013). In humans and mice, Y5 T cells account for 5% of circulating lymphocytes but are 60-70%
of circulating lymphocytes in cattle (Guzman et al., 2014; Hedges et al., 2005; B. L. Plattner &
Hostetter, 2011). Human and bovine yd T cells produce cytokines including IFNy in response to
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experimental antigen stimulation and respond to unconventional antigens including protein and
non-protein antigens, and soluble antigen fractions (B. L. Plattner & Hostetter, 2011). Neither
bovine or human yd T cells are MHC I or II restricted and in addition to yYOTCR expression, they
also express a variety of TLRs in humans, mice and ruminants (Pietschmann et al., 2009). Both
human and bovine Yo T cells respond directly to PAMP stimulation in the absence of APCs, but
the PAMP-induced upregulation of chemokines is substantially more robust in bovine Y5 T cells
compared to human yo T cells (Hedges ef al., 2005). Bovine immune systems do not appear to
have functioning Foxp3 regulatory T cells, and instead there is growing evidence that yd T cells

function as a major subset of regulatory T cells in the peripheral blood in cattle.

1.7.2 Natural killer T cells

Natural killer T cells (NKTs) are a subset of unconventional T cells with diverse functional
capability. As the name suggests, NKTs exhibit both NK and T cell characteristics. NKT cells can
activate both innate and adaptive immune responses and uniquely identify unconventional lipid-
based antigens through CD1d antigen presentation. NKTs are activated to produce significant
amounts of immunomodulating cytokines, as well as exerting cytotoxicity to numerous microbes
(Wu & Van Kaer, 2011). NKTs can be subdivided broadly into two subgroups based on their TCR
repertoire. While T cells exhibit significant TCR diversity, NKTs are more restricted in TCR
expression. NKTs Type 1 NKTs are called invariant NKTs (iNKTs) based on limited diversity in
TCRaf receptor expression while type II NKTs exhibit a more diversity (Pellicci ef al., 2020;

Shissler, Singh, & Webb, 2020). Both type I and Il are CD1d-restricted and are considered classical
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and non-classical NKTs, respectively (Fig 4). Invariant NKTs can exert regulatory functions
during immune responses stimulating either TH1 or TH2 immune functions

by producing either IFNy, or IL-4 (Liao, Zimmer, & Wang, 2013) and can be activated by CD1d-
antigen presentation or by cytokines like IL-12 and IL-18 (B. J. Wolf, Choi, & Exley, 2018).
Additionally, iNKTs induce APCs to produce IL-12 in an IFNy-dependent manor (Y. F. Yang,
Tomura, Ono, Hamaoka, & Fujiwara, 2000). Invariant NKTs (iNKTs) upregulate expression of
multiple TLRs after TCR activation, and these TCR-activated iNKTs can be directly stimulated
with TLR ligands to produce cytokines (Kulkarni et al., 2012). For example, iNKTs can be directly
activated via TLR4 engagement to increase IFNy production (Kim, Kim, Kim, Oh, & Chung,
2012) Thus, iNKTs can be stimulated directly by TLR, indirectly by antigen presentation, or co-
stimulated to produce IFNy in response to TLR activation and or/TCR engagement. NKT cells are
also thought to express CD44, CD122, CD25 and CD69 similarly to T cells with memory function
(Wu & Van Kaer, 2011) and may also have memory-like function in addition to also exerting
innate-like function.

In mice, type I NKTs (iNKTs) are usually CD4+ while type Il NKTs can be CD4+, CD8+,
or neither (Liao ef al., 2013). This differs from humans where Type I NKTs that are CD8+ have
been identified (Liao ef al., 2013). There is a third subtype of NKTs although less characterized
than type I and II NKTs (Kronenberg & Gapin, 2002) now referred to as NKT-like cells (Godfrey,
MacDonald, Kronenberg, Smyth, & Van Kaer, 2004). Unlike NKTs, NKT-like cells are CD1d-
independent and although similarly produce IFNy, NKT-like cells do not do not produce IL-4
(Godfrey et al., 2004; Wang et al., 2015). This suggests NKT-like cells do not polarize TH2

responses and instead promote a TH1 (proinflammatory) program. Recent work identified a subset
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of NKT-like cells that are CD8+ and exert cytotoxic killing activity against antigen presenting

DCs (Wang et al., 2015).

1.8 CD1d antigen presentation

CD1 family proteins are structurally similar to MHC class I proteins and also function as
antigen presenting molecules that are important during innate immunity. Although similar to MHC
class I antigen presentation, the antigen-binding pockets of CD1 molecules are deep and
hydrophobic, allowing CD1 family proteins to bind to lipid and non-lipid antigens. CD1 family
proteins are known to present lipid, lipopeptide, glycolipid and aromatic compound antigens to T
cells and NKT cells, including yd T cells (Skold & Behar, 2003). Notably, iNKTs (type I NKTs)
require CD1d for development, and mice lacking CD1d (CD1d-/-) lack iNKTs (Kumar et al., 2017,
Skold & Behar, 2003). CD1 genes are present in most mammalian species and based on homology
to 4 distinct human genes are grouped into group 1 (CD1a, CD1b, and CD1c) and group 2 (CD1d).
Interestingly, group 1 CDI1 proteins are present in humans and cattle but not mice or rats.
Conversely, group 2 CD1d is functional in humans and mice, and not in bovine species. CD1d-
restircted NKT cells have a well-established role in host defenses to invasive microbes and activate
innate and adaptive immune responses (Skold & Behar, 2003). Yet it appears that bovine immune
response lacks this mechanism (Nguyen et al., 2013; Van Rhijn et al., 2006). In mice and humans
but not cattle, CD1 proteins present ligands to y0TCR (Holderness et al., 2013). CD1d deficient
mice (CD1d-/-) are acutely susceptible to sublethal 7. gondii infections characterized by significant
increases in serum IFNy and not IL-12p40 during acute infections, measured 8dpi. CD1d-/- mice
present with modest increases in parasite burden compared to WT and increased numbers of
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activated CD4+ cells. Depletion of CD4+ cells increases survival of CD1d-/- T. gondii infected
mice (Smiley ef al., 2005). Thus, it appears that in the absence of CD1d-restricted mechanisms, 7.
gondii infections result in significantly higher production of IFNy, and lethal susceptibility. This
combined with the increase in parasite burden in CD1d-/- infections supports the existence of an
unknown parasiticidal Cd1d-restricted mechanism. Early work identifying a MHCII-independent
role for CD4+ NKTs in generating CD8+T cell effector cells during 7. gondii infections also
supports this hypothesis (E. Y. Denkers, Scharton-Kersten, Barbieri, Caspar, & Sher, 1996). NK
and NKT cells have been identified as primary effector cells in bovine infections. Although NK
and NKT cells are important effector cells during N. caninum infections, deletion of NK and NKT
cells (not NK cells alone) resulted in increased parasite burden and depletes activation of CD4+T

cells.

1.9 A comparative roadmap

Thanks to decades of substantive 7. gondii research, we understand a great deal about 7.
gondii infections in the mouse model. By combining mechanistic information from 7. gondii
infections with what is known (or unknown, as is often the case) in corresponding N. caninum
infections, we have identified key cell-mediated immune mechanisms to test for potential
differences that alter host susceptibility to N. caninum. We know that early production of the
chemokine monocyte chemoattractant protein-1 (MCP-1; also known as CCL2), is required for
monocytes to be recruited from the bone marrow to the site of infection, and that this is important
for host survival during a 7. gondii infection. We also know that dendritic cells and macrophages

produce IL-12 in response to Toxoplasma infections through TLR activation. 7. gondii-induced
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IL-12 drives production of Interferon gamma from cells like ILCs and NK cells. Although
neutrophils produce IFNy in response to 7. gondii infections, the mechanisms are independent of
IL-12 production. IFNy is usually detectable usually 2-3 days after 7. gondii infection. Interferon
gamma is considered the master regulator of inflammation, and its production is tightly regulated.
It is important for upregulation of MHC II molecules and activating and upregulating cytotoxicity
in macrophages. Both IL-12 and IFNy are required for survival of Toxoplasma and N. caninum
infections. This work examines these known 7. gondii mechanisms (Fig 5) by comparing

infections of 7. gondii and N. caninum to identify host responses unique to N. caninum.

1.10 Figures

Figure 1 Early infection and innate immune response
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T. gondii tachyzoites actively invade host cells where they form a protective vacuole called a parasitophorous

vacuole (PV) within the host cell. They replicate inside of the PV protected from intracellular killing

mechanisms. Ultimately, they egress and migrate to invade neighboring cells. B) Local cells respond to 7.

gondii infections by producing chemokines that activate and attract tissue resident innate cells. C) Tissue

dwelling innate cells like dendritic cells and macrophages respond to local infection via phagocytic and/or

TLR mechanisms. D) DCs and macrophages produce cytokines in response to 7. gondii infections including

IL-12. E) Hematopoietic cells infiltrate the site of infection in response to chemokine and cytokine signals.
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Figure 2 Global search interest of immune-related terms

Global interest in search terms Interferon (blue) Immune system (gray) and Immunity (black) from

01/01/2020 to 07/17/ 2020. Data is from google trends and is indexed from 0-100 based on the popularity of

search term compared with all other search terms in a given timeframe. A value of 100 indicates peak

popularity compared with other search trends within the that timeframe. Source: Google Trends
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Figure 3 N. caninum infection in TRIF knockout mice
Bioluminescent imaging and IFNy concentration in N. caninum infections in or TRIF knockout mice and
IFNy concentration. 6-8 week old TRIF knockout (TRIF, blue) or C57BL/6 (black) mice were injected IP
with 10° Ncl:Luc tachyzoites. A) Serum IFNy (pg/mL) during the first 2 days of infection, analyzed by
ELISA. A two-way RM ANOVA alpha=0.05 with Dunnett multiple comparisons test determined no
significance. B) Quantification of bioluminescent imaging through 7 days of infection (photons/s). Data was
log transformed and two-way RM ANOVA matching: stacked and alpha=0.05 with Dunnett multiple
comparisons test. P value adjusted for multiple comparisons. Statistical significance between C57BL/6 and

TRIF”- infections at 8 h.p.i. p=0.0067.
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28



CD1d-Restricted

. y e @ L

. O O

o
4

Type | Natural Type Il Natural Natural Killer-
Killer T Cells Killer T Cells Like T Cells

Figure 5 Natural Kkiller T and natural Killer-like T cells
Adapted from (Fan & Rudensky, 2016; Kumar et al., 2017). NKT cells express diverse TCRs, and can be

CD1d-restricted. NKT-like cells are CD1d-independent and the antigen restriction mechanisms are unknown.
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Figure 6 Early immune response to 7. gondii in mice
MCP-1 production recruits monocytes to the site of infections. Monocyte-derived macrophages and dendritic
cells produce IL-12 in response to 7. gondii infections. IL-12 induces IFNy production within 2-4 days after
infection. Neutrophils produce IL-12 independent IFNy. IFNy production upregulates numerous anti-

parasitic immune responses to control 7. gondii proliferation.
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2.0 Differences in murine host compatibility between 7. gondii and N. caninum is

determined by immediate induction of IFNy

The content of this chapter was published March 23, 2020 in the journal Infection and
Immunity (Coombs et al., 2020)
Rachel S. Coombs, Matthew L. Blank, Elizabeth D. English, Yaw Adomako-Ankomah,

Ifeanyi-Chukwu Samuel Urama, Andrew T. Martin, Felix Yarovinsky, Jon P. Boyle**

2.1 Preface

Rodents are critical for transmission of Toxoplasma gondii to the definitive feline host via
predation and this relationship has been extensively studied as a model for immune responses to
parasites. Neospora caninum is a closely related coccidian parasite of ruminants and canines, but
is not naturally transmitted by rodents. We compared mouse innate immune responses to .
caninum or T. gondii and found marked difference in cytokine levels and parasite growth kinetics
during the first 24 hours post-infection (hpi). N. caninum-infected mice produced significantly
higher levels of [L-12 and IFNy as early as 4hpi, but IFNy was significantly lower or undetectable
in T. gondii-infected mice during the first 24hpi. “Immediate” IFNy and IL-12p40 production was
not detected in MyD88”~ mice. However, unlike IL12p40”- and IFNy”", MyD88”" mice survived
N. caninum infections at the dose used in this study. Serial measures of parasite burden showed
MyD88”- were more susceptible to N. caninum infections than WT mice, and control of parasite

burden correlated with a pulse of serum IFNy 3-4 days post-infection in the absence of detectable
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IL-12. Immediate [FNy was partially dependent on the 7. gondii mouse profilin receptor TLR11
but ectopic expression of N. caninum profilin in 7. gondii had no impact on early IFNy production
or parasite proliferation. Our data indicate that 7. gondii is capable of evading host detection during
the first hours after infection while N. caninum is not, and this is likely due to early MyD88-

dependent recognition of ligands other than profilin.

2.2 Author summary

Most parasite species exhibit selective host ranges and infect only one or a small number
of intermediate hosts. There are few examples of molecular host range determinants in eukaryotic
pathogens, but they are critical for our understanding of the barriers that prevent host jumping or
host range expansion. Toxoplasma gondii and Neospora caninum are parasites with extensive
similarity at the genetic level, but with a markedly distinct ability to infect rodents in the wild and
in the laboratory (Collantes-Fernandez et al., 2012; English et al., 2015). The mechanisms that
determine this difference in host range are unknown. Here we show that N. caninum infection is
rapidly controlled in mice while 7. gondii is not due to a robust and rapid induction of protective
host cytokines. These data suggest that the host range differences between 7. gondii and M.
caninum are due to previously unrecognized mechanisms of immediate recognition of N. caninum

and avoidance or suppression of that response by 7. gondii.
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2.3 Introduction

In contrast to many viruses and a handful of bacterial pathogens, very little is known about
the molecular biology of host-pathogen compatibility in eukaryotic parasites, including
Toxoplasma gondii. Apicomplexan parasites are formidable eukaryotic pathogens responsible for
diseases including malaria, cryptosporidiosis, neosporosis, and toxoplasmosis, which kill millions
of people and animals worldwide each year (S. Berger, 2010; S. A. Berger, 2011; Carme, Demar,
Ajzenberg, & Dardé, 2009; Kemp et al., 2013). Among these important intracellular pathogens,
Toxoplasma gondii is the only species capable of infecting, causing disease in, and being
transmitted by every warm-blooded animal tested to date (Boothroyd, 2009; Carlson-Bremer et
al., 2015; Innes, 2010). N. caninum is the causative agent of neosporosis, a disease that causes
fetal death and neonatal mortality (Silva & Machado, 2016) in bovine (Dubey et al., 2006), ovine
(Gonzalez-Warleta et al., 2018), and canine hosts (Dubey, Carpenter, Speer, Topper, & Uggla,
1988). N. caninum is remarkably similar in morphology and genomic synteny (85%) to 7. gondii,
(Besteiro et al., 2011; Kemp et al., 2013; A. J. Reid et al., 2012) but there are important differences
in their disease pathology. Virulent strains of 7. gondii are known to cause disease worldwide in
all animals (Boothroyd, 2009; Innes, 2010), but N. caninum is restricted by a comparatively
smaller host range. N. caninum causes disease in a limited number of closely related ruminant or
canine hosts (Dubey et al., 2006; Williams & Trees, 2006), although N. caninum is far more
successful in cattle which are considered poor hosts for 7. gondii.(Dubey et al., 2005; Esteban-
Redondo & Innes, 1997; Nunes ef al., 2015) Mice are an important natural host for 7. gondii and
infections have been well documented in the laboratory and in nature (Dubey et al., 2014;
Gazzinelli et al., 1994; Suzuki et al., 1988; Suzuki et al., 2000; Felix Yarovinsky, 2014), and mice

infected with even 1 tachyzoite of virulent 7. gondii strains will become morbid (A. Khan, Taylor,
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Ajioka, Rosenthal, & Sibley, 2009; Reese, Zeiner, Saeij, Boothroyd, & Boyle, 2011; Saeij, Boyle,
Grigg, Arrizabalaga, & Boothroyd, 2005). Alternatively, mice infected with up to 1 million
tachyzoites of N. caninum strains do not exhibit any observable morbidity (Dubey et al., 2007,
English et al., 2015; Mols-Vorstermans, Hemphill, Monney, Schaap, & Boerhout, 2013). A large
body of work has shown that, in mice, proinflammatory responses are the only effective immune
response to N. caninum, and control is dependent on cytokine production (Aguado-Martinez,
Basto, Leitdo, & Hemphill, 2017; Baszler et al., 1999; 1. A. Khan et al., 1997). Interferon gamma
(IFNy) has been identified as an important immune-modulating cytokine in mice and cattle during
N. caninum infections (Baszler ef al., 1999; Innes et al., 1995) and investigations in both mice and
cattle show that production of IFNy is an important protective mechanism during neosporosis
(Correia et al., 2015; 1. A. Khan et al., 1997). While IFNy can protect against abortion in cattle,
high levels of IFNy at the materno-fetal interface increase fetal death (Lopez-Gatius et al., 2007,
Maley et al., 2006). IFNy is required for acute control of 7. gondii and is dependent on an IFN-y-
driven, cell-mediated immune (CMI) responses where production of IFNy is primarily derived
from interleukin-12 (IL-12) stimulated Natural Killer cells (NK) and T lymphocytes (Gazzinelli,
Mendonca-Neto, Lilue, Howard, & Sher, 2014). IFNy is also required for resistance to N. caninum
in mice (Schroder, Hertzog, Ravasi, & Hume, 2004), but the precise mechanisms of resistance and
when this cytokine is most critical for resistance is not known. Our previous work identified a
dramatic difference in infection outcome in Balb/c mice between an avirulent 7. gondii strain
Tg:S1T:Luc:DsRed (TgS1T:Luc; generated from a cross between a Type Il and Type III T. gondii
strain; (J. P. Saeij et al., 2006)) and N. caninum Ncl:Luc (English et al., 2015). After infection
with 10° tachyzoites, parasite-derived luciferase signal increased similarly between strains during

the first 24 hpi, followed by a rapid decrease of N. caninum bioluminescent signal while 7. gondii
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signal continued to increase (English et al., 2015). The immediate control of N. caninum parasite
proliferation in vivo was previously unappreciated, despite previous work demonstrating M.
caninum-derived bioluminescent signal decreased between 1 and 2 days post infection (Collantes-
Fernandez ef al., 2012) and the extensive use of a mouse model to develop vaccines and treatment
for bovine neosporosis (Hemphill, Aguado-Martinez, & Muller, 2016; Horcajo et al., 2016). The
mechanism(s) underlying the dramatic difference between 7. gondii and N. caninum growth during
the acute infection are unknown. Here, we compare host innate immune responses and parasite
proliferation kinetics in vivo to identify differences in the host response to N. caninum and T.

gondii during the first 24 hpi that determine this dramatic difference in infection outcome.

2.4 Results

2.4.1 The mouse host response controls V. caninum proliferation within 24 h post-infection

In vivo bioluminescent imaging (BLI) is a powerful tool to detect differences in pathogen
burden during live infections in mice (Dellacasa-Lindberg, Hitziger, & Barragan, 2007; Miller et
al., 2013; Saeij et al., 2005). Parasite burden corelates directly with photon flux, and is calculated
by quantifying photonic emission after luciferase substrate injection in live animals (Subauste,
2012). By employing this non-invasive technique, we were able to compare the kinetics of 7.
gondii and N. caninum proliferation within a single mouse throughout infection. First, we selected
T. gondii strains with well characterized differences in virulence, selecting high (TgS23:Luc) and
low (TgS1T:Luc) virulence 7. gondii strains to compare with the N. caninum strain Nc1:Luc (Saeij

et al., 2005). We selected these F1 progeny for our comparisons because S23 has the “virulent
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allele” for 5 genes known to impact disease outcome and mortality in mice, while SIT has the
“avirulent allele” at these same 5 loci (Grigg, Bonnefoy, Hehl, Suzuki, & Boothroyd, 2001; J. P.
Saeij et al., 2006). To compare these strains directly we infected mice intraperitoneally (IP) with
10° luciferase-expressing tachyzoites and performed in vivo BLI (Fig 7A). Quantification of
bioluminescent images (Fig 7B) showed that both 7. gondii strains and N. caninum grew at similar
rates during the first 20 hpi, after which both 7. gondii strains continued to proliferate and M.
caninum was controlled. We observed no statistically significant differences in parasite burden in
the first 20 hour comparing all 3 infections (Fig 7B). We observed statistically significant
differences in parasite burden between TgS1T:Luc and TgS23:Luc, with the latter more virulent
T. gondii strain having higher parasite burden compared to TgS1T:Luc strain by 72 hpi (Fig 7B).
Our results were replicated in a second experiment again using 3 mice per group (data not shown)
and are consistent with known virulence differences between the 7. gondii strains (J. P. Saeij et
al.,2006) as well as N. caninum (Goodswen et al., 2013). This suggested that N. caninum is limited
in its capacity to establish infections in mice after the first 20 h, even compared to the less virulent
T. gondii strain (TgSIT) (Saeij et al., 2005; Sibley & Boothroyd, 1992; Sibley, LeBlanc,
Pfefferkorn, & Boothroyd, 1992). To confirm that N. caninum parasite growth is controlled within
the first 24 hours of infection, we performed 3 additional experiments comparing TgS1T:luc and
Ncl:Luc BLI during the acute infection (Fig 8A TgS1T:Luc n=2, Nc1:Luc n=3; Fig 14 n=3 per
parasite species; data not shown n=3 per parasite species). N. caninum parasite burden was
significantly lower compared to 7. gondii (P<0.001) during days 3-6 pi (Fig 8A) demonstrating
the reproducibility of this observation. Together, these results demonstrate that N. caninum-
derived luciferase signal peaks at 24 hpi and therefore appears to be rapidly controlled, while T.

gondii continues to proliferate for up to 6-8 dpi. Importantly, when we compared in vitro growth
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rates of avirulent TgS1T:Luc and Nc1:Luc strains in Human Foreskin Fibroblasts (HFF) we found

no significant differences in parasite derived fluorescence at 24 or 48 hpi (Fig 7C).

2.4.2 N. caninum infections in mice induce significantly higher levels of pro-inflammatory

cytokines within the first 24 hours of infection compared to 7. gondii

Given the clear differences in proliferation in vivo between N. caninum and T. gondii (Fig
7A,B), we hypothesized that the host innate response might be responsible for the observed in vivo
proliferation differences. To test this hypothesis, we performed an initial screen using a Luminex
multiplex assay to compare levels of 32 mouse chemokines and cytokines by comparing analyte
fluorescence in 7. gondii to N. caninum infections. Mice (n=3 per species) were infected IP with
10° tachyzoites of either TgS1T:Luc or Ncl:Luc and serum or peritoneal lavage samples were
collected at 14 hpi and screened for analyte differences between parasite species (Fig 15A,B).
These comparisons revealed that N. caninum infection induced a distinct cytokine/chemokine
profile very early after infection compared to 7. gondii, including several critical inflammatory
cytokines known to be important for controlling intracellular parasite infections. Of note, we
observed large (>10-fold) differences in serum IFN-y, IL-12p70, IL-12p40, and CCL2 (MCP)
compared to 7. gondii-infected mice, while other queried cytokines like IP-10 and MIG were either
poorly induced or induced similarly by both species (Fig 15A,B). Next, we wanted to screen
additional time points to see how early these changes were detectable in our cytokine panel and so
we tested 2 mice per parasite species and timepoint at 4 or 8 hpi and analyzed serum with the same
Luminex panel. We observed similar differential production of cytokines at both 4 and 8 hpi

comparing 7. gondii and N. caninum (Fig 15C,D). This screen suggested that IL.-12 and IFNy
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production occurred in response to N. caninum infection as early as 4 hpi, while these cytokines
were lower or undetectable at these time points in 7. gondii-infected mice (Fig 15).

To confirm these results, we infected 3 BALB/C mice per group with 1x10° Ncl:luc or
TgS1T:Luc tachyzoites, collected serum and measured IL-12p40 and IFNy at multiple timepoints
in the first 24 hours of infection by ELISA. In N. caninum-infected mice we detected serum IL-
12p40 (Fig 8B) and IFNy (Fig 8C) as early as 4 hpi, while we detected significantly less serum
IL-12p40 (P<0.001; Fig 8B) and detected no IFNy (Fig 8C) in 7. gondii-infected mice during the
first 24 hpi. To confirm that TgS1T:Luc infected mice did not induce early IFNy, the experiment
was repeated twice with similar results (Fig 15B n=3 per parasite species; and n=3 per parasite
species data not shown).

To ensure that this growth and cytokine response phenotype was not specific to BALB/C
mice, we also compared 7. gondii and N. caninum infections in C57BL/6 mice (Fig 8D, n=3 per
parasite species). We observed that similar to BALB/C infections, C57BL/6 mice controlled N.
caninum infections within 24 hpi, and N. caninum burden was significantly lower at 5 dpi in
C57BL/6 mice. This confirms the findings of others that BALB/C and C57BL/6 mice have similar
susceptibility to N. caninum infection (Baszler et al., 1999; Ellis et al., 2010; Mols-Vorstermans
et al., 2013). We also observed cytokine profiles in C57BL/6 mice that were similar to those
observed in BALB/C mice. Specifically, we detected significantly higher levels of I1-12p40 (Fig
8E) and IFNy (Fig 8F) during the first 24 hpi of N. caninum infections compared to 7. gondii
(P=<0.01, P=<0.001) and, as for BALB/C, IFNy was not detectable in 7. gondii-infected mouse
serum in the first 24 hours of infection (Fig 8F). Thus, using two different detection methods
(ELISA and Luminex) we observed consistent differences in cytokine production in N. caninum

infections in either mouse strain tested.
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2.4.3 IFNy is required for control of N. caninum proliferation

IFNy is a critical cytokine for both innate and adaptive immunity and is required for acute
control of 7. gondii infections in mice (Schroder et al., 2004). Previous work has shown that mice
deficient in IFNy (both IFNy depleted and /FNy™) are also susceptible to N. caninum parasites (1.
A. Khan et al., 1997; Nishikawa ef al., 2001), but the impact of /FNy deletion on parasite kinetics
during N. caninum infection is unknown. To quantify this, we injected 10° tachyzoites of either
TgS1T:Luc or Ncl:Luc intraperitoneally into either IFNy” or WT mice (n=3 per mouse strain and
parasite species), calculated parasite burden using BLI (Fig 9A,C), and monitored mouse survival
(Fig 9B). As expected, mice lacking IFNy succumbed to N. caninum infection in a similar
timeframe as 7. gondii (Fig 9B). Surprisingly, we found that N. caninum parasite burden
significantly exceeded that of T. gondii at days 4 and 5 post infection in IFNy”" mice (Fig 9C)
despite exhibiting similar levels of burden and proliferation in the first 24 hours (Fig 9C, inset).
These results were confirmed by an additional experiment (n=3 per mouse strain and parasite
species, Fig 9B, 16A), showing that [FNy knockout mice are more susceptible to N. caninum than
they are to 7. gondii.

One reason for the dramatic differences in parasite control during the first 24 hpi could be
due to differences in susceptibility to [FNy-induced parasitocidal mediators between 7. gondii and
N. caninum. To compare IFNy susceptibility we performed in vitro growth assays in mouse
embryonic fibroblast cells (MEFs) in the presence or absence of [IFNy. MEF monolayers in 96 well
plates were infected with 10* tachyzoites of either TgS1T:Luc or Nc1:Luc for 24 h and then treated
with either 100 U/mL or 0 U/mL of recombinant mouse IFNy (Fig 9D). We quantified parasite
numbers by measuring total DsRed-derived fluorescence (as both Ncl:Luc and S1T:Luc also

expressed DsRed off of the same promoter; see Materials and Methods). We did not find any
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evidence for higher IFNy susceptibly in N. caninum compared to 7. gondii (Fig 9D), in that both
parasite species had similar growth profiles in the presence of mouse IFNy. These results were
confirmed in one additional experiment (data not shown). These data suggest that differences in
in vivo proliferation between T. gondii and N. caninum in WT and IFNy”" mice are unlikely to be

due to differences in IFNy susceptibly.

2.4.4 TL-12p40 is less critical for host resistance to V. caninum than IFNy

Previous work has shown IL-12p40”" mice are susceptible to N. caninum infection (Mineo
etal., 2009) but the impact of IL12p40 deletion on infection kinetics was not known. To investigate
the role of IL-12p40 in N. caninum proliferation kinetics we first performed an exploratory
experiment to test the susceptibility of IL-12p40 knockout (IL-12p407) mice to Ncl:Luc and
monitored bioluminescence and survival (n=2). We infected WT or IL-12p40”" mice with 10° N.
caninum tachyzoites and measured parasite burden (Fig 10A) and quantified serum IFNy. As
expected, based on prior work, IL-12p40” mice were more susceptible to N. caninum infection
compared to WT mice, as illustrated by increased mortality (Fig 10B). Increased mortality
correlated with significantly higher N. caninum parasite burden in IL-12p40” mice compared to
WT mice as early as 1-2 dpi (Fig 10C,D) and remained significantly higher over the course of the
infection (Fig 10C,D). In contrast to our experiments in IFNy”" mice (Fig 9), parasite burden
declined between days 4 and 7 pi in IL12p40™". An additional experiment (Fig 10B, n=3 per mouse
strain) confirmed our results and the previously reported susceptibility of IL-12p40”" mice to N.
caninum (Mineo et al., 2009). In both our experiments, IL-12p40”" mice infected with N. caninum

produced no detectable serum IFNy (Fig 10E).
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2.4.5 CCL2/MCP gene deletion does not alter the outcome of V. caninum infections

In our Luminex-based cytokine screen, we observed that the chemokine CCL2/MCP had
an induction profile similar to both IFNy and IL-12, in that it was immediately induced (within 24
hpi) during N. caninum infections and not until later (e.g., 48 hpi) in infections with 7. gondii. We
reasoned that CCL2/MCP might be important for host control of N. caninum proliferation, as it
has been previously shown that loss of CCL2/MCP enhanced susceptibility to 7. gondii due to its
role in recruiting GR1" inflammatory monocytes to the site of infection (Paul M. Robben, Marie
LaRegina, William A. Kuziel, & L. David Sibley, 2005). To test how genetic ablation of this
chemokine would impact proliferation of either parasite, we compared TgS1T:Luc and Ncl:Luc
infections in MCP knockout (MCP”") mice and measured bioluminescent signal throughout the
infection (n=3 per mouse strain and parasite species). We found no difference in survival (Fig
11A) or parasite burden (Fig 11B) for N. caninum infections between WT C57BL/6 and MCP”
mice. Similarly, MCP”" mice infected with 7. gondii did not exhibit significant differences in
mortality compared to WT mice (Fig 11A) and also had similar parasite burden over the course of
the experiment (Fig 11C). These data show that MCP plays a minor, if any, role in mouse
resistance to N. caninum (Ncl) or T. gondii (S1T) during the acute phase of infection at the doses

used in these assays.

2.4.6 MyD8S8 is required for immediate induction of IL12 and IFNy in response to /V.

caninum infection and control of N. caninum during the first 24 hpi

It is well-established that MyDS&$ is required for resistance to 7. gondii infections in mice

(Scanga et al., 2002). T. gondii infection in MyD88”~ mice is characterized by uncontrolled parasite
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proliferation and defective IL-12 production (Eric Y. Denkers, 2010). Since N. caninum induces a
potent pro-inflammatory immune response within hours of infection when compared to 7. gondii
infections in mice (Fig 8), we sought to determine if host TLR signaling was required for early
IL12 and IFNy induction (Fig 8C,F and 14B) and control of N. caninum proliferation (Fig 8A,D
and 14A), in vivo. We first performed an exploratory experiment and infected 2 mice lacking
MyD88 or WT (C57BL/6) mice with 10° Nc1:Luc:DsRed (Ncl:Luc) tachyzoites. Both MyD88™-
mice survived the Ncl:Luc infection. We then performed 3 additional experiments to confirm the
accuracy of our results. We observed that 100% of N. caninum-infected MyD88"~ mice survived
in all four experiments (Fig 12C n=2 per mouse strain; Fig 16B n=3 per mouse strain; n=3 per
mouse strain, data not shown and Fig 12F n=3 per mouse strain). We performed three of the
experiments in our facility (Fig 12A) and our collaborator performed the last experiment in another
lab at a different institution (Fig 12F). Our results demonstrate that MyD88 is not required for
survival of sublethal (10°) IP infections of N. caninum (Ncl:Luc) in mice (Fig 12A,F), a result
that is in conflict with at least one previous report (Mineo et al., 2009). However, when we
quantified parasite burden using in vivo BLI we found that parasite burden was mostly similar
between WT and MyD88”" mice during the first 24hpi (Fig 12B,C 16B), with the only significant
difference being higher in WT compared to MyD88” at 12 hpi (Fig 12C). At later stages of
infection parasite burden was significantly higher in MyD88”" mice compared to WT (Fig 12C
16B), suggesting that MyD88"" mice have deficiencies in controlling N. caninum proliferation
during the acute infection (consistent with prior reports of MyD88-/- mice having increased
susceptibility to N. caninum; (Mineo ef al., 2009)). When we examined serum cytokine levels we
found that in MyD88”- mice infected with N. caninum did not produce detectable serum IL-12p40

or IL-12p70 throughout the infection (Fig 12E, S3C,D). We also did not detect IFNy during the
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first 24 hours in N. caninum-infected MyD88”" mice (in contrast wo WT mice; Fig 12D,G, S3E)
indicating a dependence of immediate serum IL-12 and IFNy on MyD88. Surprisingly, however,
we observed significantly increased IFNy at D3-5 pi in MyD88”* mice but not in control mice (Fig
12D,G, S3E). This increased IFNy preceded a reduction of N. caninum-derived bioluminescent
signal between days 4-6 pi in MyD88” mice (Fig 12C,D S3B,E). Thus, while MyD88”" mice did
not produce IFNy during the first 3 days of N. caninum infection, and this coincided with
significantly higher parasite burden compared to WT mice, MyD88./--mice did produce IFNy later
during the acute infection (4-5 dpi) and this correlated with what appeared to be a resolution of the
infection. Importantly, we did not detect serum IL-12 (p40 or p70) at any timepoint during N.
caninum infection in MyD88 knockout mice, suggesting that this “pulse” of [FNy was IL12-
independent.

Previous work in vitro has shown that N. caninum infection induced Type I interferon
responses that are dependent on TLR3 signaling (Beiting et al., 2014) in human cells. Additionally,
TLR3 has been shown to be important for mouse resistance to N. caninum (although with a
different N. caninum strain and at a 10-fold higher dose than those used here; (Miranda et al.,
2019)). To investigate the possibility that type 1 interferons might also be produced during the
immediate host response to N. caninum we tested serum samples from our in vivo experiments for
detectable IFNa and IFNP during the first 48 hpi after both 7. gondii and N. caninum infections in
BALB/c mice. We also tested serum and peritoneal lavage samples from MyD88-/- and WT
C57BL/6 mice infected with N. caninum. We observed no significant induction of either cytokine
at 4 or 8 hpi, and only slight (~100 pg/mL) induction of IFNa in one N. caninum-infected BALB/c
mouse at 24 hpi (Fig 17A,B). These data suggest that type I interferons are unlikely to play a major

role in driving immediate innate responses to N. caninum. Next, we investigated the possibility
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that TLR3 signaling played a role in driving early IFNy induction during N. caninum infection.
We performed 2 experiments infecting TLR3 knockout (TLR3”") and WT (C57BL/6) mice with
10% N. caninum tachyzoites and monitored parasite burden (Fig 17C, TLR3” n=2 and WT n=3;
Fig 17E, TLR3” n=3 and WT n=2). Overall, we found that TLR3"* mice were not more susceptible
to N. caninum compared to WT mice. In fact, we found that N. caninum parasite burden was
significantly Jower in TLR3”" mice compared to control mice at either 8 hpi (P=<0.0001, Fig
17C), or 4 hpi (P<0.05, Figl 7E). We also found that, unlike MyD88”" mice, TLR3”" mice were
capable of producing immediate (4 hpi) IFNy in response to N. caninum infection (Fig 17D,F).
TLR3”- did produce significantly (P=<0.05) less IFNy at 4 hpi compared to control mice in one
(Fig 17D) out of two (Fig 17F) experiments. Overall, we found that TLR3-signaling is not required
for most, if not all, immediate induction of IFNy in response to N. caninum. These results indicate
that while previous reports suggest TLR3 and IFNo/IFN may have a role in response of human
cells to N. caninum, we did not find any evidence that these pathways are required for immediate

IFNy induction nor in host resistance to N. caninum in the mouse model of infection.

2.4.7 Mice deficient in TLR11 do not produce immediate IFNy during N. caninum

infections

T. gondii profilin, an essential actin-binding protein required for parasite invasion, is
recognized by TLR11 (F. Yarovinsky et al.) in mice, generating a potent TLR11-dependent IL-12
response (F. Plattner et al., 2008). N. caninum has a gene that is a clear ortholog of 7. gondii
profilin, and N. caninum profilin (NCLIV_000610) shares over 95% amino acid identity with T.
gondii profilin (Fig 13A) and both also have tachyzoite transcript abundance levels in to top 5%
of all genes queried by RNAseq ((A. J. Reid et al., 2012) and ToxoDB.org). However, to date it is
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not known if TLR11 is important for innate immune recognition during N. caninum infection. To
address the possibility that N. caninum profilin is responsible for immediate host recognition
resulting in the robust production of IFNy and IL-12 within hours of infection, we infected 4
TLR117, 3 MyD88™, or 3 WT mice with 10° Nc1:Luc and tested serum samples for cytokine
induction throughout the infection. As with 7. gondii infection (F. Yarovinsky et al.), all TLR11"
" mice survived N. caninum infection (Fig 12F) and we found that by 4 hpi, both TLR11”- and
MyD88”" mice had significantly lower serum IFNy compared to WT mice (Fig 12G). However,
by 24 hpi serum IFNy levels in TLR117" mice rose to levels that were similar to that observed in
WT mice (Fig 12G). This suggested that unlike TLR3, TLR11 may play at least a partial role in
immediate induction of IFNy during N. caninum infection, but there may be additional MyD88-

dependent host factors required (such as TLR12).

2.4.8 Expression of N. caninum profilin in 7. gondii Me49 does not result in early induction

of IFNy

Serum IFNy was not detected in mice lacking TLR11 or MyD88 during the first few hours
of infection, consistent with deficiencies in innate TLR sensor recognition mechanisms. 7. gondii
profilin is known to interact with mouse TLR11 resulting in an IL-12-driven immune response (F.
Plattner et al., 2008). Alignments indicate profilin is highly conserved between 7. gondii and its
close relatives (Kaury Kucera et al., 2010), although it does have 4 amino acid polymorphisms in
a region of the protein previously shown (Kaury Kucera ef al., 2010) to be required for TLR11
activation (green box, Fig 13A). We hypothesized that the immediate induction of IFNy in M.
caninum infected mice was due to the observed differences in the profilin sequences. To test this
hypothesis, we expressed C-terminally HA tagged versions of either N. caninum or T. gondii
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profilin in 7. gondii (ME49 strain) off of a highly active GRA1 promoter (Y. Adomako-Ankomabh,
Wier, Borges, Wand, & Boyle, 2014) and quantified its impact on the host innate response and
parasite proliferation during acute infections in mice. Using immunofluorescence microscopy, we
showed that both 7. gondii and N. caninum HA-tagged profilin were expressed at similar levels in
T. gondii and localized to the parasite cytoplasm (Fig 13B). We also found that both proteins were
detectable at an expected apparent molecular weight (20-30 KDa) by Western blot (Fig 13C).
Normalization to 7. gondii SAGI indicated that the 7. gondii profilin gene was expressed at ~2-
fold higher levels compared to the N. caninum gene (Fig 13C). When we infected 3 mice per
parasite strain with 10° T. gondii tachyzoites expressing either T. gondii TgME49:TgProHA
(Tg:TgProHA) or N. caninum TgME49:NcProHA (Tg:NcProHA) profilin, we observed no
significant differences in parasite burden during the first 48 hpi, but we did observe a slight but
significant reduction in Tg:NcProHA burden compared to Tg:TgProHA burden (Fig 13D).
Regarding IFNy production, we observed no significant differences in serum IFNy levels at most
queried timepoints (Fig 13E). The only exception was a significantly higher abundance of IFNy
in Tg:TgProHA-infected mice compared to Tg:NcProHA-infected mice at 48hpi (Fig 13E).
Consistent with the cytokine data, we also found no differences in host survival (all infected mice
succumbed to the infection by day 8 pi as expected for this dose and strain), but our observation
of significantly reduced parasite burden for Tg:NcProHA compared to Tg:TgProHA at both and 3
and 5 dpi (Fig 13D), suggests that there may be moderate differences in N. caninum and T. gondii
profilin that might impact infection outcome. However these differences do not correlate with any
differences in the production of IFNy and are therefore unlikely to be the main driver of dramatic
phenotypic differences in host response and resistance to these two parasite species. Since we saw

no difference in IFNy production during the first 24 hours of infection we sought to confirm this
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negative result and eliminate the possibility that profilin release was somehow altered in our
transgenic parasites. Since profilin activity can be assayed directly by injection of soluble
tachyzoite antigen (STAg) (A. A. Koblansky et al., 2013; Tosh et al., 2016), we injected 3 mice
per parasite strain with STAg equivalent to 107 parasites of either Tg:TgProHA or Tg:NcProHA
and quantified IFNy production. We observed no statistically significant differences in serum IFNy
concentration between mice injected with parasites expressing HA-tagged 7. gondii or N. caninum
profilin (Fig 13F), suggesting that differences in the profilin coding sequence between these
species are not sufficient to account for their dramatic differences in IFNy induction and host

control during the first 24 hpi in mice.

2.5 Discussion

The T. gondii/N. caninum comparative system provides a unique opportunity to address
the question of host compatibility at the molecular level using the genetically tractable mouse
model to compare two parasites with a close phylogenetic relationship, conserved gene content,
and yet dramatic differences in disease outcome. Our results add to a growing body of work
indicating that both 7. gondii and N. caninum rely on IFNy for resistance to infection and is
consistent with the key role that this cytokine plays in immunity to intracellular pathogens
(McCabe, Luft, & Remington, 1984; Olle, Bessieres, Malecaze, & Seguela, 1996). What we found
to be surprising was the fact that N. caninum induced a potent IFNy response in the hours
immediately following infection while 7. gondii did not, a fact that has not been appreciated prior
to our comparative analyses. This is somewhat paradoxical since 7. gondii infection is

characterized by remarkably high IFNy levels in the later stages of infection which exceed those
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observed in N. caninum infections by ~10 fold. At this stage of infection 7. gondii growth is
protected to varying degrees by an extensive array of 7. gondii-secreted effectors that disrupt IFNy-
mediate parasite killing such as the rhoptry kinases 5, 18 and 17 (Behnke et al., 2015; J. P. Saeij
et al., 2006; Taylor et al., 2006) and dense granule proteins like IST (Gay et al., 2016; Olias,
Etheridge, Zhang, Holtzman, & Sibley, 2016). The lack of IFNy induction during the first 48 h
after T. gondii infection has not previously been examined in a comparative context as we have
done here, and leading to an important question as to how 7. gondii, but not N. caninum, avoids
and/or suppresses this robust and rapid I[FNy response.

In IFNy” mice, N. caninum-derived luciferase activity rose to levels that were 10-fold
higher than those observed for 7. gondii infected IFNy”~ mice (Fig 9C). It is unlikely that this
difference in luciferase signal was due to differences in luciferase production by N. caninum
compared to 7. gondii, rather than a difference in actual parasite burden, since we observed similar
baseline luciferase levels between these parasite species during the first 24 hpi in WT mice and as
late as 2 dpi in IFNy”" mice (Fig 9C). The difference in burden observed in IFNy”~ mice might
seem surprising given the lack of host-pathogen compatibility between N. caninum and the mouse,
but it makes sense in the context of 1) a reliance on IFNy for protection and 2) there having been
little, if any, opportunity for host-pathogen co-evolution between N. caninum and the murine host.
Compared to its extensive interactions with 7. gondii, the mouse has not developed
countermeasures against N. caninum outside of IFNy production since, as we clearly show, this is
a highly effective mechanism of N. caninum control and overall fails to control 7. gondii. Once
this immunological barrier is removed, the markedly enhanced replication of N. caninum may be
due to the absence of any additional parasite-specific defenses. From our comparative studies, an

important question emerges as to what additional countermeasures are restricting 7. gondii growth
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in the absence of [FNy. The mouse may recognize other 7. gondii-derived antigens via innate
immune receptors, leading to the recruitment of other parasiticidal host cells and/or production of
other proinflammatory cytokines with effector function. One such effector could be nitric oxide
which is important for resistance against chronic 7. gondii infection in mice (Tanaka, Nagasawa
H Fau - Fujisaki, Fujisaki K Fau - Suzuki, Suzuki N Fau - Mikami, & Mikami, 2000), but can be
actively suppressed by 7. gondii in a variety of contexts, suggesting the existence of an ongoing
molecular arms race (Scharton-Kersten et al., 1997; Tobin & Knoll, 2012). The N. caninum/T.
gondii comparative model may be an effective system to identify what these differences may be,
and allow the discovery of unique, IFNy-independent mechanisms of intracellular eukaryotic
pathogen elimination.

Prior work showed that MyD88 was required for mouse survival to infection with 10°
“viable” tachyzoites of N. caninum (NC-1 strain; (Mineo et al., 2009)) where the number of
“viable” tachyzoites was determined using trypan blue exclusion. In the current study we found
that all MyD88” mice survived infection with 10® N. caninum tachyzoites (Fig 12). This
discrepancy is most likely due to differences between the studies in how the dose was determined.
For our studies we did not normalize input parasites by dye exclusion, but based on plaque assays
for these studies we typically observe ~10-20% viability of input parasites. Therefore it is likely
that our “effective” dose is significantly lower than 10° and this is why we did not observe any
mortality while others did (including a more recent study showing 100% mortality in MyD88™"
mice infected with 107 total N. caninum tachyzoites (Miranda et al., 2019)).

Despite this discrepancy other aspects of these studies (Mineo ef al., 2009; Miranda et al.,
2019) are consistent with our results. For one, our data clearly show increased susceptibility to M.

caninum in MyD88 knockout mice based on higher parasite burden at the later stages of acute
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infection (Fig 12C, 16B). N. caninum infection led to increased IL-12p40 and IFNy in peritoneal
exudates by day 3 pi, and this induction was dependent on MyD88 (Mineo et al., 2009). IL-12p40
was also higher in serum taken from N. caninum-infected WT mice by day 3 pi compared to day
0, and this increase persisted over the course of the experiment and was also dependent on MyDS8.
In contrast to our work, serum IFNy was not detected in this study until D7 pi and was only
moderately dependent on MyD88 (Mineo ef al., 2009). Our study supplements this prior work by
showing that immediate 1L-12 (both p40 and p70) and IFNy are highly dependent on MyD88, and
that late IFNy is observed in response to N. caninum ONLY in MyD88” mice and therefore not
dependent on MyD88. Although IL-12p40 is also a subunit for IL-23 (Oppmann et al., 2000), our
results demonstrate that the biologically active form, IL-12p70, is absent during the immediate
infection in the absence of MyD88. Our work establishes two phases of the IFNy response to NV.
caninum. 1) An immediate response that can be sufficient to effectively control the parasite under
the dosing regimen used (10° total tachyzoites). 2) If the infection is not effectively controlled by
this immediate response (as in MyD88"~ mice), a later wave of IFNy can promote parasite control
and mouse survival (Fig 12D). In the current study, the comparatively higher lethality in MyD88§"
" mice observed in (Mineo et al., 2009) suggests that lack of immediate control in MyD88”* mice
led to increased proliferation of the parasite at levels that overwhelmed the mouse by day 12-15 pi
due to the higher effective inoculum (10° trypan blue-negative parasites versus 10° total
tachyzoites in the present study). Differences in inoculum and parasite strain also may contribute
to differences between the present study and another showing that TLR3 knockout mice were more
susceptible to N. caninum compared to WT (in this case after infection with 107 tachyzoites;
(Miranda et al., 2019)). In our study, we observed small differences in parasite burden and IFNy

4hpi, and no impact on parasite control in TLR3”" mice, as N. caninum infections were controlled
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within the same timeframe as WT mice. We also failed to detect any evidence that type I
interferons were being significantly induced by N. caninum in mice (in contrast to human cells;
(Beiting et al., 2014)).

It is interesting that in our study the same pattern did not occur in IL-12p40”" mice. While
these mice failed to mount an immediate response to N. caninum, we never observed detectable
levels of serum IFNy. Overall if the differences in parasite preparation are taken into account, our
study and the previous report (Mineo ef al., 2009) are complementary, in that ours focuses on
differences in the immediate (i.e., within 24 h) responses to infection while the prior study focuses
more on later responses (i.e., day 3 pi onward).

Since the immediate IFNy response elicited by N. caninum was dependent upon MyD88
and IL-12, we reasoned that TLR11 recognition of N. caninum may be an important sensor
required for IFNy production in the first 24 hours, thus contributing to N. caninum incompatibility
in mice. Although early (4 hpi) IFNy production was not detected in TLR11”" mice, TLR11”" mice
did produce serum IFNy beginning at 24 hpi , suggesting that TLR11 is not the only MyD88-
dependent recognition mechanism capable of contributing to the production of critical IFNy
required to control N. caninum. The most likely candidate for mediating this immediate response
to N. caninum is TLR12, another MyD88-dependent TLR known to be capable of recognizing T.
gondii-derived PAMPs, including the TLR ligand profilin (A. A. Koblansky et al., 2013; K. Kucera
et al., 2010; Raetz et al., 2013).

Given the dependence of immediate IFNy during N. caninum infection on MyD88 and
TLR11, profilin was a likely candidate gene to mediate the observed differences in host response
and resistance to N. caninum infection. We were encouraged to test this hypothesis based on the

existence of multiple amino acid differences between the predicted 7. gondii and N. caninum
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profilin gene products in a B-hairpin region of the protein shown previously to be required for
interactions with TLR11 (Kaury Kucera et al., 2010). Since our aim was to identify any differences
in the biology of N. caninum profilin compared with 7. gondii in the immediate production of
IFNy, we reasoned that transgenic expression of N. caninum profilin would reveal dominant
antigenic properties associated with innate IFNy production. By using a parasite expression
system, we remove issues that arise from bacterial expression constructs including bacterial
activation of host immune responses and post-translational modification differences. Using both
live parasites as well as STAg preparations, we did not observe differences in cytokine production
or parasite burden consistent with the immediate induction of IFNy by N. caninum (and not T.
gondii) being driven solely (or even in part) by differences in the profilin gene. This observation
is consistent with prior work testing various apicomplexan profilins as antigen or adjuvant
components for bovine vaccines (Mansilla & Capozzo, 2017). In these studies, recombinant N.
caninum profilin (rNCPro) was unable to induce sufficient cell-mediated responses to provide
protection in mice (Mansilla ef al., 2016), and although it has been shown that rNcPro produced
in E.coli results in IFNy production, non-recombinant protein controls (6, 24hpi) also induced
IFNy production in these experiments (Mark C. Jenkins et al., 2010). Therefore, it seems likely
that there are other ligands in N. caninum that contribute to immediate cytokine induction and
control of N. caninum and their identification may require further characterization through
biochemical purification and mass spectrometry. These may be additional TLR ligands or other
microbe-associated molecular pattern-bearing molecules that require, at a minimum, the adaptor
protein MyDS88.

We do not yet know what cell type in the mouse is producing the immediate (4hpi) IFNy

in response to N. caninum. Recent work investigated IFNy-producing cells in adipose tissue at
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later timepoints (24 hpi, 7dpi, 21dpi and 12 months) after infection, but have not identified sources
if IFNy immediately after infection responsible for controlling N. caninum parasite
burden(Teixeira et al., 2016). During the acute phase of 7. gondii infection, much of the IFNy is
produced by natural killer cells (Gazzinelli et al., 2014; Felix Yarovinsky, 2014), although
neutrophils have recently been implicated in providing TLR11-independent IFNy during 7. gondii
infection (C. R. Sturge et al., 2013). Regardless of the nature of the N. caninum-derived signal, it
is a critical determinant of the incompatibility between N. caninum and the mouse. While it could
be recognized via similar mechanisms used for 7. gondii recognition, our results suggest that the
mechanisms may be distinct or at least not fully overlapping. This idea finds support given the
extensive co-evolution that has occurred between 7. gondii and the murine host and the dramatic
and highly protective response to N. caninum that T. gondii manages to circumvent. Once
molecules required for parasite recognition and immunity are identified and compared between T.
gondii and N. caninum, it will be possible to dissect the molecular evolutionary events that led to

the divergent host ranges of these two important animal parasites.

2.6 Materials and methods

2.6.1 Parasite maintenance and preparation

Parasite strains (7oxoplasma gondii: TgS1T:Luc:DsRed, TgS23:Luc:DsRed, TgMe49;
Neospora caninum: Ncl:Luc:DsRed) were maintained by serial passage in human foreskin
fibroblasts (HFFs) isolated from pooled donated foreskins from newborns in ~2003 at Stanford

Hospital. These tissues are 100% de-identified and do not entail any human subject research.
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HFF’s were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum, penicillin (100 U/mL), streptomycin (100 pg/mL), and L-glutamine (2 mM)
(cDMEM). Cells were grown in humidified, 5% CO: incubators at 37 degrees. Monolayers were
washed with PBS (for in vivo infections) or cDMEM (for cell culture infections), lysed by serial
passage through 25- and 27-gauge needles, pelleted by centrifugation at 800 x g for 10 minutes,
resuspended in 3 mL PBS or cDMEM, and then quantified by counting on a hemocytometer.
Parasites were then either concentrated by centrifugation or serially diluted in PBS or cDMEM.
Parasites were used at various concentrations for in vivo or in vitro assays as described below.

Plaque assays were routinely used to verify similarity of the inocula.

2.6.2 Soluble tachyzoite Antigen (STAg) preparation

Soluble tachyzoite preparations of 1x107 parasites/mL were prepared based on published
protocols and specifically as follows: Monolayers of well infected confluent HFF cells were
washed, scraped, and lysed using a 25g and 27g needle and then filtered through a 5 um filter.
Parasites were counted, resuspended in PBS at the desired concentration, and then frozen at -80°C.
After thawing on ice, preparations were sonicated using a Sonic Dismembrator Model FB10
(Fisher Scientific) for 20 second bursts on ice (4 times) with 1-minute rests (amplitude=20). After
sonication, the samples were centrifuged for 5 minutes at 10,000 x g. The supernatant was removed

and 200 pL was injected intraperitoneally into each mouse.
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2.6.3 Transgenic 7. gondii and N. caninum strains

T. gondii strains and TgS23:GFP:Luc were described previously (Saeij ef al., 2005). For
T. gondii strain TgS1T, we identified it as a potentially avirulent strain based on its genotype at
key virulence loci. Specifically, based on existing F1 progeny genotype and virulence phenotype
data from two distinct II x III crosses (J. P. Saeij et al., 2006; Sibley et al., 1992). We identified
TgSIT as one of the strains lacking “virulent alleles” for 5 previously characterized virulence
quantitative trait loci (J. P. Saeij et al., 2006). T. gondii S1T and N. caninum NC1 were generated
by transfection with a plasmid encoding dsRED, clickbeetle luciferase and a bleomycin resistance
gene, selected using 2-3 rounds of bleomycin exposure (previously described in (English et al.,
2015; Kamau et al., 2012)), and cloned by limiting dilution. All luciferase-positive clones were
screened for similar levels of luciferase activity prior to use in in vivo bioluminescence
experiments.

To generate exogenous profilin expression constructs and transgenic parasites, N. caninum
(Liverpool strain) or 7. gondii (MEA49) profilin genes were PCR amplified from genomic DNA
using primers gaaatcaagcaagatgcaATGTCCGACTGGGACCCTG and
acgtcgtacgggtacCCAGACTGGTGAAGATACTCGG  for T.  gondii  profilin  and
gaaatcaagcaagatgcaATGTCGGACTGGGATCCC and
acgtcgtacgggtacCCAGACTGGTGAAGGTAC for N. caninum profilin. DNA fragments were
cloned downstream of the GRA1 promoter and in frame with a C-terminal HA tag into pGRA-
HA-HPT using Gibson assembly after plasmid digestion with Nsil and Ncol (J. P. Saeij et al.,
2006) To generate transgenic parasites, 2x10’” ME49:AHPT:Luc parasites were passed through 25
and 27 gauge needles and pelleted at 800xg for 10 minutes. Parasites were resuspended in GSH,

ATP and Cytomix (0.15mM CaClz; 120mM KCI; 25mM HEPES; 2mM EDTA; 5mM MgCl;
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10mM KPOs4; pH to 7.6) and electroporated with 30-50 pg of the relevant plasmid at 25puF and
1.6Kv. Transfected parasites were selected using cDMEM supplemented with MPA/Xan. Clones
were obtained by limiting dilution and confirmed by immunofluorescence (IFA) and western blot,

using SAG1 as a loading control.

2.6.4 Animal experiments

Experiments were performed with 4-8wk old female mice of the following strains:
C57BL/6], BALB/cJ, C.129S7(B6)-Ifng™ /] and B6.129S7-Ifng™! /], B6.129S1-
I1112b™¥m/], B6.129S4-Ccl2tm1Rol/J, and B6.129P2(SJL)-Myd88™!-1P</] obtained from
Jackson Laboratories with the exception of the TLR117" mice which have been described

previously (F. Yarovinsky ef al.) and maintained by the Yarovinsky lab.

2.6.5 In vivo bioluminescence assays

We infected 4-8 week old female mice (Balb/c, C67BL/6 and various knockout lines as
indicated; Jackson Laboratories) via intraperitoneal (IP) injection of 10° luciferase-expressing
(Luc) parasites in 200 pL sterile PBS. Acute infections were monitored using bioluminescent
imaging by injecting mice with 3 mg D-Luciferin in 200 uL sterile PBS. Images were taken using
the IVIS Lumina II imaging system (Xenogen Corporation) for 4 minutes using maximum binning.
Images were analyzed using Living Image software to calculate total flux (photons/s) across the

entire body of the mouse.
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2.6.6 In vitro bioluminescence assays

For in vitro growth assays, confluent HFFs or MEFs in 96-well plates were infected with
10* T. gondii or N. caninum parasites per well and quantified using a fluorescent imaging reader
(BioTek Cytation5). For HFF growth comparison, cells were infected and fluorescence was
measured after infection, and 24-48hpi. For fluorescent assays, murine embryonic fibroblasts were
treated with 100 units/ml of recombinant mouse IFNy (R&D) 24 hours after inoculation with 10*
parasites. Cells were inoculated with 10* TgS1T:Luc:DsRed or Nc1:Luc:DsRed parasites per well

and fluorescence was read at specified timepoints throughout the experiment (3, 24, 48 hpi).

2.6.7 Cytokine and chemokine detection and analysis

Mouse chemokine and cytokine levels were measured using Enzyme-Linked
Immunosorbent Assays (ELISA) or by Luminex processed at the University of Pittsburgh Medical
Center CFP Luminex Core Laboratory. Cytokine response profile is a commercially available
panel that measures 32 mouse chemokines and cytokines. Commercially available ELISA Kkits
were obtained from BD Biosciences (IL-12p40 and IFNy) and used according to manufacturer

instructions.

2.6.8 Immunofluorescence

Coverslips (12mm) were seeded with HFFs in 24 well plated and grown in CDMEM as
described above. Coverslips were infected with Me49 T. gondii parasites exogenously expressing

T. gondii or N. caninum profilin (Tg:TgProHA, Tg:NcProHA). Infected HFF coverslips were
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incubated overnight, washed with PBS and fixed with 4% paraformaldehyde in PBS for 20
minutes. Following fixation, cells were blocked and permeabilized in PBS containing 5% BSA
0.1% triton for 1 hour. Fixed cells were then stained with commercially obtained antibodies for

HA.

2.6.9 Western blot

Parasites were grown in HFF culture as described above. Cultures were lysed using a 5 pm
syringe to release parasites, filtered to remove host cell debris, washed in PBS and then suspended
in lysis buffer. Proteins were resolved by SDS-PAGE, transferred onto nitrocellulose membrane
and blocked for 1 hour in 5%BSA in PBS-Tween20 (PBS-T). Primary antibody incubation was
performed in blocking buffer for 60 min followed by three washes in PBS-T. Anti-HA antibody
(Anti-HA High Affinity rat monoclonal clone 3F10 Sigma-Aldrich #11867431001) and 7. gondii
SAGI1 antibody (monoclonal mouse D61S, ThermoFisher #MA5-18268) were used at 1:1000.
Secondary antibody incubation was performed with horseradish peroxidase-conjugated secondary
antibodies to the respective primary antibodies in blocking buffer for 45 min. Bands were

visualized with West Pico chemiluminescent substrate (ThermoFisher).

2.6.10 Statistical analysis

All statistical analysis was performed using Prism 7 (GraphPad Software, Inc). Statistical
tests were chosen based on experimental design. Analyses included: two-way repeated measure
ANOVA (alpha=0.05) with Sidak’s multiple comparisons test, two-way repeated measure

ANOVA (alpha=0.05) with uncorrected Fisher’s LSD test, or two-way repeated measure ANOVA
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(alpha=0.05) with Dunnett multiple comparisons test. Statistical methods are described in the

figure legends where appropriate. All bioluminescent data were log-transformed prior to analysis.

2.6.11 Ethics statement

All animal procedures in this study met the standards of the American Veterinary Medical
Association and were approved locally under the University of Pittsburgh Institutional Animal
Care and Use Committee protocol number #12010130. Animal protocol meets National Institutes
of Health (NIH) Public Health Policy (PSH) on Humane Care and Use of Laboratory Animals and

United States Department of Agriculture (USDA) Animal Welfare Regulation (AWR) guidelines.
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Figure 7 T. gondii and N. caninum growth rates in vitro and in vivo
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A) In vivo bioluminescence imaging of mice infected with 10° parasites of luciferase expressing 7. gondii
strains Tg:S1T:Luc, TgS23:Luc, or N. caninum strain Nc1:Luc. Images were taken every 8 hours, starting 4
hours post infection (hpi) B) Quantification of images where each data point represents the total flux
(photons/s) of an infected mouse (Red TgS1T:Luc, n=2; Black TgS23:Luc, n=3; Blue Nc1:Luc, n=3). C) In
vitro growth assay of TgS1T:Luc:DsRed (Tg:S1Tluc), and Ncl:Luc:DsRed (Ne¢l:Luc). Human foreskin
fibroblasts (HFFs) were inoculated with 10* parasites/well in 96 well plates and fluorescence was measured at
indicated timepoints. Imaging data were log transformed and both in vifro and in vivo assays were analyzed
using a two-way repeated measures ANOVA (alpha=0.05) with Sidak’s multiple comparisons test was

performed. *p=<0.05, **p=<0.01, ***p=<0.001
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Figure 8 Parasite burden and day 0-1 cytokine levels in mice infected with V. caninum (Nc-1) or 7. gondii
(S1T)
Six week old BALB/c (A-C) or C57BL/6 (D-F) mice were IP injected with either 10° TgS1T:Luc (red) or
Necl:Luc (Blue) tachyzoites. Bioluminescent imaging was used to monitor parasite burden throughout the
infection. Serum was collected and analyzed for IL-12p40 or IFNy by ELISA. A) Quantification of

bioluminescence during in vivo infections in BALB/c mice (Red TgS1T:Luc n=2, Blue Ncl:Luc n=3;
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experiment repeated in Fig 14). B,C) Cytokine quantification using ELISA for mouse IL-12p40 (B) or IFNy
(C) n=3 per parasite species. D-F) Same as A-C but in C57BL/6 mice (n=3 per species; this experiment was
performed only once). For all experiments, imaging data were log transformed and then a two-way repeated
measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test was performed. Cytokines were
analyzed by a two-way repeated measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test.

#p=<0.05, **p=<0.01, ***p=<0.001.
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Figure 9 IFNy is required for control of N. caninum proliferation during acute infections in BALB/c IFNy-/-

mice
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Six week old female interferon gamma knockout mice (IFNy”) and BALB/c control mice were infected with
10° TgS1T:Luc or 10° Ncl:Luc tachyzoites IP. A) bioluminescent images showing parasite-derived luciferase
signal at selected time points. B) Combined survival of IFNy” or BALB/c mice infected with 7. gondii or N.
caninum (Data shown is from two experimental replicates each with n=3 per parasite/mouse strain). C)
BALB/c background IFNy” (n=3 per parasite species) or WT BALB/c mice (n=3 per parasite species) were
infected as described, Experiment repeated fig 16A. D) Mouse embryonic fibroblast cells were treated with
100 units of recombinant IFNy (R&D) 24 hours after being inoculated with 10* tachyzoites of either
TgS1T:Luc or Ncl:Luc. Parasite-derived DsRED fluorescence (both strains also express DsSRED; see
Methods) was quantified at 3 and 24 hpi, then IFNy was added and fluorescence was quantified 24 hours
after addition of IFNy (48 hours after inoculation). The first data point was normalized to 100% for display
purposes. Statistical analysis was performed using a two-way repeated measure ANOVA (alpha=0.05) with

Sidak’s multiple comparisons test on the raw (non-normalized) data. *p=<0.05, **p=<0.01, ***p=<0.001
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Figure 10 IL12p40 knockout mice fail to control N. caninum infection, although with different infection
dynamics
Six week old C57BL/6 (black) or IL12p40 knockout (IL12p407) (blue) mice were injected IP with 10°
Ncl:Luc tachyzoites. A) Bioluminescence imaging data during days 0-7 post-infection. Hours post infection
(hpi) and days post infection (dpi) are indicated (n=2 per mouse strain). B) Combined survival of IL12p40~"-
mice compared to control mice infected with V. caninum. Data shown is from two experiments (Blue IL12p40-

’~n=5, Black WT n=7) C) Quantification of bioluminescence data measuring parasite burden (total flux p/s)

over time (n=2 per mouse strain. D) Quantification of bioluminescent data from experimental repeat (Blue
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1L-12p407- n=3, Black WT n=3). E) Serum samples were collected at 0, 8, 12, 24, 48, 72, and 96 h.p.i. and
analyzed with a mouse IFNy ELISA. No IFNy was detected in IL12p40”- mice. Graph combines two
experiments (Blue, IL-12p40”- mice n=5 and Black, WT n=4). Control mice (n=4) for the experiment in Fig
10D were infected at the same time as multiple knockouts and data from serum taken from these same mice is
also shown in Fig 12D. Cytokines were analyzed by a two-way repeated measures ANOVA (alpha=0.05) with
Sidak’s multiple comparisons test. Imaging data were log transformed and then a two-way repeated measure
ANOVA (alpha=0.05) and Sidak’s multiple comparisons test was performed. *p=<0.05, **p=<0.01,

***p=<0.001.
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Figure 11 In vivo bioluminescence imaging comparing N. caninum and T. gondii acute infection in MCP
(CCL2) knockout or WT C57BL/6 mice
MCP knockout mice (MCP-- n=3 per parasite species) and C57BL/6 (control) mice (n=3 per parasite species)
were infected with 10° tachyzoites of either N. caninum or T. gondii. A) Survival of mice throughout the acute
infection. B) Parasite burden of Ncl:Luc infection in either C57BL/6 (blue) or MCP” (gray). Data were log
transformed and a two-way repeated measure ANOVA (alpha=0.05) with Dunnett multiple comparisons test

was performed. No statistically significant differences were found in the MCP”" comparison for Ncl infection.
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C) TgS1T:Luc infections in C57BL/6 (red) or MCP~ (black). Data were log transformed and a two-way
repeated measures ANOVA with Dunnett multiple comparisons test was performed. No statistically

significant differences were found in the MCP”- comparison for TgS1T infection
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Figure 12 In vivo bioluminescence imaging and cytokine production in MyD88 or TLR11 knockout mice
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A) Combined survival of MyD88” (blue) or C57BL/6 (black) mice infected with 10° Nc1:Luc tachyzoites from
3 experiments (n=8 per mouse strain). B) Bioluminescence imaging of Nc1:Luc infections. The control mice
shown are also shown in Fig 10A, as multiple knockout mice were tested at the same time. C) Quantification
of bioluminescence imaging (n=2 per mouse strain, repeated experiment shown in Fig 16B). Bioluminescence

data were log transformed and two-way repeated measure ANOVA (alpha=0.05) with Dunnett multiple
comparisons test was performed. D,E) Serum samples were collected at 0, 8, 12, 24, 48, 72, and 96 h.p.i. and
analyzed for IFNy (D) or IL-12p40 (E) by ELISA (n=2 per mouse strain and time point; repeated experiment
shown in Fig 16). F) Survival data for MyD88"- (n=3), TLR11"- (n=4) and WT (C57BL/6) mice (n=3) infected
with Ncl:Luc. G) IFNy concentration in serum samples from Ncl:Luc infections in TLR117 (grey), MyD88"
(blue) or WT (C57BL/6; black) mice. Cytokine data were analyzed using a two-way repeated measures

ANOVA (alpha=0.05) with Sidak’s multiple comparisons test. *p=<0.05, **p=<0.01, ***p=<0.001.

71



A.

HHA_293690-t26_1/1-163
TGME49_292690-t26_1/1-165
NCLIV_000610-t26_1/1-163

HHA_293690-t26_1/1-163
TGME49_292690-t26_1/1-165
NCLIV_000610-t26_1/1-163

HHA_293690-t26_1/1-163
TGME49_292690-t26_1/1-165
NCLIV_000610-t26_1/1-163

HHA_293690-t26_1/1-163
TGME49_292690-t26_1/1-165
NCLIV_000610-t26_1/1-163

<
b =
2
%n 75kD»-
= ¥
ﬁn .
oHA (profilin
(p ) aHA
<
X
2 25kD>
o
[*]
4
aHA (profilin) '8 “ aSAG1
25kD~
D. E. F.
Parasite Burden IFNy IFNy
2.0x10% 16000+ 16000
e~ TgTgProHA g £k waoe] + TOTEPOHA o] © TETOPOHASTR
= TgNcProHA = TgNeProHA s 5 ® TgNcProHASTAg
7 1510 120004 * 12000
% -E‘ 100004 "'E'- 10000+
2 100 2 so0o _I_ 1 £ sono
et P Pt
[} z 6000+ =z 6000+
B & k
F 5.0x107 4000 4000
2000 2000 =3
o - T T T T T l." S r T T T %
24 48 % 120 s © o> ® v ° ® o
Hours Post Infection Hours Post Infection Hours Post Infection

Figure 13 IFNy production and ir vive bioluminescent imaging of transgenic 7. gondii ME49 expressing
either 7. gondii or N. caninum profilin
A) Alignment of 7. gondii profilin predicted amino acid sequence with those from near-relatives N. caninum
and H. hammondi. Putative substrate-binding motifs identified by Kucera and colleagues 2010 (Kaury
Kucera et al., 2010) are outlined as follows: Red box indicates acidic loop (AL) and green box indicates -
hairpin. Sequences obtained from ToxoDB.org: H. hammondi HHA_293690, 7. gondii TGME49 293690 and
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N. caninum NCLIV_000610. B) Anti-HA immunofluorescence assay (IFA) of Me49:TgProfilinHA
(Tg:TgProHA; top row) or Me49:NcProfilinHA (Tg:NcProHA; bottom row) showing expected cytoplasmic
localization . C) Western blot using anti-HA (top blot) or anti-SAG1 (bottom blot) as a loading control.
Arrows indicate size in kD. (D-F) Six to eight-week-old BALB/c mice were infected with 10 tachyzoites (n=3
per parasite strain) or injected with equivalent 10° soluble tachyzoite antigen preparations (STAg) from
indicated parasite strains (n=3 per parasite strain). D) Quantification of bioluminescent imaging (total flux;
photons/s) throughout infection of mice with Tg:TgProHA (red) or Tg:NcProHA (black). Data were log
transformed and a two-way repeated measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test
(analyses performed on days 0-5). E) IFNy ELISA of samples collected throughout the infection of
Tg:TgProHA (red) or Tg:NcProHA (black). A two-way repeated measure ANOVA (alpha=0.05) and Sidak’s
multiple comparisons test was performed. F) IFNy ELISA of samples collected after injection of Tg:TgProHA
STAg (red) or Tg:NcProHA STAg (black). A two-way repeated measure ANOVA (alpha=0.05) with Sidak’s
multiple comparisons test was performed (analysis for 0-48 hours). No statistically significant differences
were identified between mice injected with Tg:TgProHA STAg and Tg:NcProHA STAg (F). *p=<0.05,

#%p=<0.01, ***p=<0.001.
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Figure 14 Parasite burden and early cytokine levels in mice infected with V. caninum (Nc-1) or T. gondii
(S1T)

Six week old BALB/c mice were IP injected with either 10° TgS1T:Luc (red) or Nc1:Luc (Blue) tachyzoites.
Bioluminescence imaging was used to monitor parasite burden throughout the infection. Serum was collected
and analyzed for IFNy by ELISA. A) Quantification of bioluminescence during in vivo infections in BALB/c
mice (n=3 per parasite species) B) Cytokine quantification using ELISA for mouse serum IFNy (n=3 per
parasite species). All imaging data were log transformed and then a two-way repeated measure ANOVA
(alpha=0.05) with Sidak’s multiple comparisons test was performed. Cytokines were analyzed by a two-way
repeated measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test. *p=<0.05, **p=<0.01,

***p=<0.001.
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Figure 15 Early cytokine levels in mice infected with N. caninum or T. gondii
Six-week old BALB/C mice injected IP with either 10° TgS1T:Luc (red) or Nc1:Luc (Blue) tachyzoites. A)
Peritoneal lavage samples were collected at 14 hours after injection and supernatant was analyzed for
multiple cytokines; n=3 per parasite species. B-D) Blood samples were collected at 14 (B, n=3 per parasite
species), 4 (C, n=2 per parasite species), or 8 (D, n=2 per parasite species) hours post-infection. Blood samples
and lavage supernatant were analyzed using a mouse cytokine/chemokine multiplex assay (Luminex) and 32

mouse analytes were tested.
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Figure 16 Parasite burden and early cytokine levels in IFNy or MyD88 knockout mice infected with /V.
caninum (Nc-1) or T. gondii (S1T)

Six week old BALB/c or IFNy knockout (IFNy™) mice or six week old C57BL/6 or MyD88 knockout (MyD88"
") mice were injected IP with 10° Nc1:Luc or TgS1T:Luc tachyzoites. A) BALB/c or IFNy”- mice:
quantification of bioluminescence imaging days 0-7 post-infection (n=3 per mouse strain per parasite). B)
C57BL/6 or MyD88~- mice: quantification of bioluminescence imaging of MyD88"* (n=3) or C57BL/6 (n=3)
mice infected with 10° Nc1:Luc tachyzoites. All BLI data were log transformed and two-way repeated
measure ANOVA (alpha=0.05) with Dunnett multiple comparisons test was performed. (C-E) Serum samples
were collected at 4, 8, 48, and 96 hpi (0.16, 0.33. 2, and 4 dpi) and analyzed using a 32 plex Luminex cytokine
response panel. Data shown is for C) IL-12p40, D) IL-12p70 and E) IFNy (n=3 per mouse strain). Cytokines
were analyzed by a two-way repeated measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test.

#p=<0.05, **p=<0.01, ***p=<0.001.
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Figure 17 Bioluminescent imaging and IFNy concentration in N. caninum infections in TLR3 knockout mice
and interferon gamma concentration in multiple infections
A) Interferon alpha (IFNa) or B) Interferon beta (IFNB) concentration in serum or peritoneal lavage
supernatant (PECs) from multiple mouse strains infected with with either Nc1:Luc (NC) or TgS1T:Luc (Tg).
Sample size was either 3 for each mouse strain/parasite species combination except for MyD88-/- and
C57BL/6, where the sample size was n=2. Samples were analyzed with a multiplex assay (Luminex) and
concentration was calculated using a standard curve. C) Six to eight week old TLR3 knockout mice (TLR3,

gray n=2) or WT C57BL/6 (black n=3) mice were infected IP with 10° Nc1:Luc tachyzoites. Quantification of
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bioluminescence imaging was conducted for 7 days of infection (photons/s). Data were log transformed and
two-way repeated measure ANOVA (alpha=0.05) with Dunnett multiple comparisons test was performed.
TLR3" infections had significantly less parasite burden compared to control infections at 8 hpi (p=<0.01). D)
Serum IFNy (pg/mL) during the first 48 hours of infection, analyzed by ELISA. Data were analyzed by a two-
way repeated measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test. TLR3"- mice had
significantly less (p=<0.05) than control mice at 4 hpi. E) As in C, 6-8 week old TLR3 knockout mice (TLR37,
gray n=3) or WT C57BL/6 (black n=2) mice were injected IP with 10° Nc1:Luc tachyzoites. Quantification of
bioluminescence imaging was performed through 96 hours of infection (photons/s). Data were log
transformed and two-way repeated measure ANOVA (alpha=0.05) with Dunnett multiple comparisons test
was performed. TLR3™ infections had significantly less parasite burden when compared to control infections
at 4 hpi (P=<0.01). F) Serum IFNy (pg/mL) during the first 48 hours of infection, analyzed by ELISA. Data
were analyzed by a two-way repeated measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test.

No statistically significant differences in IFNy levels were observed. *p=<0.05, **p=<0.01, ***p=<0.001
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3.0 Neospora caninum infections in mice induce immediate production of IFNy by NK,

NKT and NKT-like cells

3.1 Introduction

N. caninum and T. gondii are closely related apicomplexan parasites with substantial
genetic similarity but distinct host compatibilities. 7. gondii is capable of infecting all warm-
blooded animals and causes disease in numerous species including humans. N. caninum infects
and causes disease in ruminant and canine species and is specifically problematic to cattle and
dairy industries worldwide. A large body of work has identified natural killer (NK) cells as IFNy
producers during acute 7. gondii infections and describe an IL-12-dependent mechanism for NK
IFNy production (Gazzinelli et al., 1994; Hunter, Bermudez, et al., 1995; Hunter, Candolfi, et al.,
1995; Hunter, Chizzonite, et al., 1995; Sher et al., 1993). More recent work demonstrated that NK
cells from 7. gondii-infected mice produced significantly less IFNy than NK cells in uninfected
mice (Sultana et al., 2017), suggesting that 7. gondii can downregulate effector function in NK
cells. Although fewer studies have addressed NK cell activity during N. caninum mouse infections,
NK cells were identified as important early responders during bovine neosporosis and are detected
within days of infection in circulation (Klevar et al., 2007). Importantly, bovine NK cells can be
directly stimulated by N. caninum to produce IFNy and exert cytotoxicity against N. caninum-
infected cells (Boysen et al., 2006).

Dendritic cells (DCs) and macrophages also play a crucial role in controlling 7. gondii
infections, both as antigen presenting cells (APCs) and as major sources of IL-12 (Gazzinelli et

al., 1994; Hou et al., 2011). Additionally, monocytes are required for host survival to 7. gondii and
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are key to expanding macrophages and DC populations during infection (Ildiko R. Dunay, Fuchs,
& Sibley, 2010). Inflammatory monocytes migrate to the site of infection and differentiate into
macrophages and DCs that then rapidly respond to infection through phagocytosis, antigen
presentation, and cytokine production. Although there are tissue-resident populations of both cell
types, it is primarily inflammatory (infiltrating) monocyte-derived cells that produce IL-12 at the
site of infection (Goldszmid et al., 2012). NK-derived IFNY is critical for monocyte differentiation
at the site of infection and is also required for local production of IL-12 by monocyte-derived DCs
(Goldszmid et al., 2012; Ma et al., 1996). Recent work identified bone marrow NK cells producing
IFNy prior to the onset of systemic inflammation during acute 7. gondii infections. Importantly,
they showed that NK-derived-IFNy in the bone marrow phenotypically alters monocytes before
they egress, ultimately changing their function in target tissues (M. H. Askenase et al., 2015).
These examples highlight how local infections alter monocyte cell fate during hematopoiesis, and
how IFNy and IL-12 production can impact innate cell populations prior to systemic inflammatory
responses.

The difference between 7. gondii and N. caninum host compatibility in a mouse model is
determined by early production of the inflammatory cytokine IFNy (Coombs et al., 2020).
Comparisons between 7. gondii and N. caninum revealed a robust proinflammatory cytokine
profile is produced as early as early as 4 hours after infection during a N. caninum infection,
including significant levels of IFNy. Although 7. gondii infections induce IFNy, it is usually not
detected until 2-5 days after infection, long after N. caninum infections have been controlled.
Several immune cells produce IFNy in response to 7. gondii infections and innate immune
mechanisms have recently been reviewed (Sasai & Yamamoto, 2019). ILC1, NK cells, iNKT cells,

and both CD8 and CD4 T cells produce IFNy during 7. gondii infections (I. R. Dunay &
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Diefenbach, 2018). Other groups have also identified yd T cells as IFNy producers during 7. gondii
infections (Kasper et al., 1996). As we previously reported in Chapter 2, IFNy is detectable in the
serum 2-3 days after infection, and thus changes in the frequencies of cells capable of producing
IFNY during the first few hours of infections are largely unknown. Although the immediate control
of N. caninum proliferation and production of IFNy is well-established (Coombs et al., 2020;
English et al., 2015; Innes et al., 1995), the changes in innate cell populations, which cells are
responsible for driving robust cytokine production, and how that differs from 7. gondii infections
remains unknown. Here, we identify the cellular sources of immediate IFNy during an N. caninum
infection and characterize key differences in the immediate, cell-mediated immune response that
results in host compatibility differences between 7. gondii and N. caninum in mice. Since early
production of IFNy and IL-12 differ between 7. gondii and N. caninum infections, we reasoned
that immediate production of these cytokines may be due to a difference in the frequencies of
IFNy+ of cells present at the site of infection. To address this hypothesis, we compared innate cell
populations at the site of infection and in the spleen within hours of infection with 7. gondii or N.

caninum.

3.2 Results

3.2.1 Macrophage and dendritic cell populations are not increased at the site of infection or

in the spleen 4 hours after infection

Our previous work demonstrated that N. caninum induces substantially more IL-12 as early

as 4 hpi compared to 7. gondii infections (Coombs et al., 2020). Since macrophages and dendritic
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cells are an important source of IL-12 during acute 7. gondii infections, we hypothesized that
increased IL-12 could be indicative of a differential increase in DCs or macrophages at the site of
infection. To determine if N. caninum infections resulted in significantly more macrophages or
DCs at the site of infection when compared to 7. gondii we selected the N. caninum strain Nc-1
and two strains of 7. gondii with known virulence differences in mice. Tg:S1T is a low virulence
F1 progeny clone from a type II x III cross that carries “avirulent alleles” for 5 key virulence loci
that impacts survival in mice (J. P. J. Saeij et al., 2006). Additionally, we chose the type II Tg:Me49
strain since type-II parasites exhibit higher virulence in mice and frequently cause disease in
humans (Howe & Sibley, 1995). Importantly, type II tachyzoites exhibit stronger associations with
CD11c" DC cells than type I, and both type IT and III 7. gondii tachyzoites induce higher migratory
frequencies in dendritic cells than type I parasites (Lambert, Vutova, Adams, Loré, & Barragan,
2009). Since numerous studies have identified CD11c¢" DCs as a crucial source of IL-12 during
acute 7. gondii infections (Hou et al., 2011; Scanga et al., 2002; F. Yarovinsky et al., 2005), we
first sought to compare populations of CD11¢” DCs (CD45+, CD11b-, MHC II+) between T.
gondii and N. caninum-infected mice using flow cytometry. Although previous work suggests that
DCs are important for IL-12 production during acute 7. gondii infections, macrophages are also a
source of IL-12 (Morgado et al., 2014) and depletion of macrophages leads to neosporosis in mice
(Abe et al., 2014). To identify macrophages we employed a similar staining and gating strategy
previously described (Rose, Misharin, & Perlman, 2012) including Ly6G/Ly6C markers (Fig 24).

We infected Balb/c] mice via intraperitoneal (IP) injection with 10° N. caninum (Nc:Nc1)
or T. gondii (Tg:S1T or Tg:Me49) tachyzoites and peritoneal cells and spleens were collected for
flow cytometry 4 h post-infection (p.i.). We observed no statistically significant differences in the

numbers of DCs (Fig 18A) or macrophages (Fig 18B) present at the site of infection or in the
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spleen between infected and uninfected mice or between parasite infections. These results were
confirmed with additional experiments comparing 7. gondii (Tg:S1T and Nc:Ncl) and also
Tg:Me49 and Nc:Ncl, (data not shown). This indicates that the differences in IL-12 during T.
gondii and N. caninum infection we previously reported (Coombs et al., 2020) are not likely due
to an increase in macrophages (CD45+, CD11b+, Ly6G-, CD19-, Ly6¢c-, MHCII+) or DCs

(CD45+, CD11b-, MHC II+) at the site of infection early after infection.

3.2.2 T. gondii and N. caninum induce similar frequencies of peritoneal monocytes within 4

hours after infection

Inflammatory monocytes are recruited to the site of infection and are crucial for early
control of 7. gondii infections. MCP-1 is produced early during infection and is required for
monocytes to egress from the bone marrow (I. R. Dunay et al., 2008; 1. R. Dunay & Sibley, 2010).
Due to a lack of monocyte egress, mice lacking MCP-1 are acutely susceptible to 7. gondii
infections (P. M. Robben, M. LaRegina, W. A. Kuziel, & L. D. Sibley, 2005), including low-
virulence strains (Coombs et al., 2020). We previously demonstrated differences in susceptibility
of MCP-1 knockout mice to 7. gondii and N. caninum infections. Despite robust production of
MCP-1 during N. caninum infections, mice lacking MCP-1 are still resistant to N. caninum
infections and control parasite proliferation within 24 hours of infection (Coombs et al., 2020).
Since we observed differences in MCP-1 production and susceptibility in MCP-1 knockout mice,
we hypothesized there would be differences in early monocyte populations comparing 7. gondii
and N. caninum. In addition to identifying macrophages, the staining and gating strategy described
above (Fig 24) also identifies monocytes (CD45+, CD11b+, Ly6G°¥, CD19-, Ly6CHigh). Unlike
DC and macrophage populations, we observed a significant (p<0.05) increase in the number of
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peritoneal monocytes comparing infected and uninfected mice, however there was no significant
difference between 7. gondii and N. caninum infections (Fig 18C). As with macrophages and DCs,
there were no significant differences across all spleen samples (Fig 18F). These data suggest that
monocyte populations are not significantly increased in N. caninum infections compared with T.
gondii despite substantially more proinflammatory cytokines and chemokines being produced

early after IP infection with N. caninum.

3.2.3 N. caninum infections exhibit significantly more DXS5+ IFNy+ peritoneal cells 4 hours

after infection compared to 7. gondii-infected and naive mice

Our previous work in Chapter 2 described MyD88-dependent production of IFNy during
N. caninum infections that was detected both at the site of infection and in the serum during the
first few hours of infection, but the nature and quantity of IFNy-producing cells immediately after
infection remained unknown (Coombs et al., 2020). Therefore, we sought to compare the
frequency of IFNy-producing cells with the expectation that the number of peritoneal cells
producing IFNy would be significantly elevated in N. caninum infections compared to 7. gondii
and naive mice. To quantify the number of IFNy-producing cells we performed intracellular
cytokine staining and flow cytometric analysis on 7. gondii and N. caninum-infected or naive
mouse samples. We gated cells to remove debris and clumps as described and identified CD45+
IFNy+ cells (Fig 25). As expected, we observed significantly (p<0.01) elevated frequencies of
IFNy-producing peritoneal cells (CD45+, IFNy+) in N. caninum-infected mice compared to naive
and 7. gondii-infected mice (Fig 19AB, Fig 26 B,C), while no significant differences were
observed in spleen samples (Fig 19A,C). T. gondii infections did not exhibit statistically significant
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differences when compared to naive mice, indicating that N. caninum infections uniquely increase
the percent of [IFNy-producing cells as early as 4 hours after IP infection.

Since NK and NKT cells produce IFNy during microbial infections (Ishikawa et al., 2000),
and DX5/Cd49b is considered a pan NK marker and is especially useful in identifying NKT and
NK cells in NK1.1-negative Balb/cJ mice (Ivanova et al., 2019; Werner et al., 2011), we sought
to compare expression of CD49b using the DX5 antibody in the CD45+ IFNy+ cell population.
We found N. caninum infections resulted in significantly (p<0.01) more IFNy-producing CD45+
IFNy+ DX5+ peritoneal immune cells than 7. gondii and naive mice (Fig 20A,B), and no
significant differences in CD45+ IFNy+ DX5+ spleen cells (Fig 20A,C). Moreover, our analysis
of two separate experiments (n=8 Tg:S1T infected mice, n=7 Nc:Ncl infected mice) revealed that
nearly all (~94-99% Fig 23A) peritoneal CD45+ IFNy+ cells were DX5+, suggesting that most, if
not all, IFNy-producing cells are likely NK or NKT cells early after infection (Male & Brady,
2017; Werner et al., 2011). Based on reproducibility of these results demonstrated in two
independent experiments, we conclude that IFNy+ cells are largely DX5+ in both N. caninum and
T. gondii infections at the 4 h timepoint, and N. caninum infections have significantly more DX5+

IFNy+ cells than naive and 7. gondii infected mice.

3.2.4 T. gondii infections exhibit fewer peritoneal IFNy+ NK cells compared to uninfected

and N. caninum-infected

NK cells were originally identified based on their ability to lyse virus-infected cells and
tumor cells (Vivier et al., 2018) and their activity is governed by a multiple activating and
inhibitory signaling pathways orchestrated by surface molecules that differ in expression based on
species, function, development, and target tissue (Abel, Yang, Thakar, & Malarkannan, 2018). The
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heterogeneity of NK marker expression has made NK cells more elusive to characterize than other
innate cells (Lankry, Gazit, & Mandelboim, 2010) and flow cytometry panels utilize a number of
NK lineage-exclusionary markers like CD3 and TCR[3 combined with species/strain appropriate
NK markers to evaluate NK cell populations (Veluchamy et al., 2017). To identify NK cells in the
present study, we identified IFNy-producing NK cells as CD45+, IFNy+, DX5+, TCRj-, CD90-,
CD3- (Gazzinelli et al., 1994; Lin, Nieda, Rozenkov, & Nicol, 2006; Werner et al., 2011). As
described above, we compared peritoneal and spleen cells from Balb/cJ mice infected IP with 10°
N. caninum (Nc:Ncl) T. gondii (Tg:S1T or Tg:Me49) with naive mice. Our analysis revealed that
NK cells (CD45+, IFNy+, DX5+, TCRB-/CD90-, CD3-) in N. caninum infections were not
significantly elevated above uninfected samples. Surprisingly, 7. gondii-infected mice had
significantly fewer peritoneal IFNy+ NK cells than uninfected mice (Fig 21A,B). As with other
cell populations, we saw no significant difference in the frequency of spleen NK cells (Fig 21A,D).
This suggests that 7. gondii infections lower the number of peritoneal [FNy+ NK cells, rather than

N. caninum significantly increasing them.

3.2.5 N. caninum infections induce significantly more IFNy+ peritoneal natural killer T

cells (NKTs) cells than T. gondii within hours of infection

Natural killer T cells (NKTs) are a heterogenous populations of innate-like T cells that can
be categorized based on cytokine production, antigen recognition, MHC/CD1d restriction, and
TCR expression (Godfrey et al., 2004). Although NK cells are early responders during parasitic
infection, numerous studies have also highlighted important roles for NKT and during 7. gondii
(Nakano et al., 2001; Smiley et al., 2005) and N. caninum infections (Nishikawa et al., 2010).

Based on the diverse TCR repertoire expressed on NKT cells, we included multiple markers to
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identify NKT cells. We identified CD3+ NKT-like peritoneal cells that were TCRB-/CD90- (Fig
21A,C), and CD4+ TCRB+/CD90+ NKT cells (Fig 22A,B) as the two largest subpopulations of
NKT cells producing IFNy within hours of N. caninum infection. Additionally, there was a smaller
number of CD8+ TCRB+/CD90+ NKT cells that were also IFNy+ (Fig 5A,C). In the first two
subgroups (Cd4+ NKT and CD3+ NKT), N. caninum infections exhibited significantly higher
frequencies of peritoneal IFNy+ NKTs than 7. gondii and uninfected mice (Fig 21 and 22, CD4+
NKTs p<0.01, CD3+NKTs p<0.001). As with our other comparisons we found no significant
differences in spleen samples (Fig 21D,E, Fig 22D,E). To validate these results, we also analyzed
data from two independent experiments to determine the frequencies of NK and NKT cells in the
IFNy+ cell compartment (Fig 23). We determined that NK cells were on average 64% of all
peritoneal IFNy+ cells in 7. gondii infections. In contrast, NK cells were a significantly lower
percentage of all peritoneal IFNy+ cells in N. caninum infection (p<0.01), with NK cells
accounting for only 47% of IFNy+ cells (Fig 23B,C). When all NKT cells were grouped together
(CD3+NKTs, CD4+NKTs, CD8+NKTs), they accounted for only 28% of 7. gondii peritoneal
IFNy+ cells, while they accounted for 44% of the peritoneal [IFNy+ compartment in response to .
caninum (p<0.05). Taken together, we can conclude that IFNy host responses to N. caninum are
exhibit more IFNy-producing NKTs compared to 7. gondii, and of the NKTs we identified, CD3+
NKTs are the largest population. The early activation of NKT cells to produce IFNy within hours
of N. caninum infections and not 7. gondii may play a critical role in determining the dramatic

differences in host compatibility between these species in mice.
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3.3 Discussion

This study compared innate immune cell populations in Balb/cJ mice hours after infection
and our findings are in agreement with previous reports identifying a crucial role for NKT cells
during N. caninum infections in Balb/c] mice (Nishikawa et al., 2010). Differences in
susceptibility of BALB/c and C57BL/6 to T. gondii have been well-characterized (Araujo,
Williams, Grumet, & Remington, 1976; Brandao ef al., 2011). Other work identified an important
role for CD4+ NKTs during early L. major infections in Balb/c] mice while C57BL/6 mice are
generally resistant (Ishikawa et al., 2000). Therefore it is possible that comparisons in between
C57BL/6 and Balb/cJ might reveal differences in NK and NKTs during N. caninum infections, but
these strains are not differently susceptible to N. caninum infections (Long et al., 1998). Although
our previous work verified similar cytokine profiles and infection kinetics in Balb/cJ and C57BL/6
mice during N. caninum infections (Coombs et al., 2020), further experiments would be needed to
verify results of the current study in additional mouse strains.

ILCs are a recently described group of innate cells that modulate immune responses by
producing cytokines like IFNy and TNFa. Group 1 Innate lymphoid cells include NK cells and
ILCls, and both have been identified as important innate sources of IFNy during 7. gondii
infections (I. R. Dunay & Diefenbach, 2018). Yet the mechanisms that activate ILC and ILC-like
cells during T. gondii are completely unknown (Sasai & Yamamoto, 2019). Recent advances in
NK cell biology have revealed significant diversity in NK cell phenotype and function using
transcription factors, NK marker expression, tissue specificity, and effector function. Here, we
identify NK cells as CD45+, IFNy+, DX5+, TCRB-, CD90-, CD3- that might be similar to

conventional NK or cNK cells. Functional assays would be necessary to determine NK subtypes
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because NK cell designations are often based on functionality (Erick & Brossay, 2016). Substantial
efforts have been made to determine NK subtypes in numerous tissues including the liver, skin,
the uterus, submandibular glands, the spleen, kidneys as well as in circulation, yet few have
examined peritoneal cells at steady state or early after infection (Abel et al., 2018; I. R. Dunay &
Diefenbach, 2018; Erick & Brossay, 2016; Male & Brady, 2017). A more detailed characterization
of these cells and comparisons of NK responses to both N. caninum and T. gondii will be necessary
to fully understand the impact changes in NK cells have on infection. Future direction of this work
will be to determine if 7. gondii is subverting NK function within hours of infection, and how that
impacts 7. gondii infection. Our work shows that 7. gondii infections exhibit fewer IFNy+ cells
compared to uninfected mice, complementing previous reports showing NK cells from 7. gondii-
infected mice produce less IFNy than uninfected mice (Sultana et al., 2017). We further
demonstrate that N. caninum infections have the opposite effect, exhibiting elevated numbers of
IFNy+ NK cells compared to 7. gondii infections. Although we observed a slight increase in NK
cells compared to uninfected mice, this difference was not statistically significant. Further
experiments are necessary to determine if IFNy+ NK cells continue to increase in N. caninum
infections by repeating this experiment at multiple timepoints.

Recent findings revealed 7. gondii infections drive conversion of NK cells into ILC-like
cells and the ILC-like phenotype is maintained after control of the acute infection (Park et al.,
2019). One explanation for the lower abundance we observed of NKs (IFNy+, TCR/CD90-, CD3-
, DX5+) during 7. gondii infections is that 7. gondii begins driving conversion of NK cells within
hours of infection resulting in fewer IFNy+ DX5+ cells. Complementary to this idea, we did not
observe significant differences in total DX5+ cell populations (combined IFNy+ and IFNy-, data

not shown), and instead only observed a difference in the number of DX5+ IFNy+ cells. Our work
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suggests N. caninum infections differentially activates DX5+ cells to produce IFNy, but further
characterization of effector function and phenotype of these cells is necessary to address this
hypothesis.

NKT cells are also important sources of IFNy during apicomplexan infections, and
previous work investigate NKT cell cytokine production beginning at 7 days after 7. gondii
infections (Nakano ef al., 2001; Smiley et al., 2005). However, to our knowledge, this is the first
report of 7. gondii and N. caninum altering NK and NKT cell populations immediately after
infection. NKT subpopulations exhibit differences in their ability to activate cells as well as
differences in their cytokine production profiles (Lin et al., 2006). Previous work demonstrated
that iNKTs can be activated by direct TLR stimulation, and indeed express numerous TLRs (P. W.
Askenase et al., 2005; Grela et al., 2011; Kim et al., 2012; Slauenwhite & Johnston, 2015) Our
work outlined in Chapter 2 determined that immediate production of IFNy is MyD88-dependent
and it will be an important future direction of this work is to identify the TLR mechanism that
results in NKT cell IFNy production. This may be via direct stimulation, or dependent on an
accessory cell that is required for NKT activation.

In cattle, CD4+ T cells and ydT cells have been identified as important sources of IFNy
during bovine infections (Marks, Lundén, Harkins, & Innes, 1998) and subsequent efforts have
focused on identifying antigens recognized by CD4+T cell antigens (Tuo, Fetterer, Davis, Jenkins,
& Dubey, 2005) Importantly, recent work suggests that NKTs (and not NKs) are important for
CD4+T cell activation during N. caninum infections in mice (Nishikawa et al., 2010). Cellular
Infiltration during ruminant pregnancy is thought to be a significant cause of abortive pathology
during N. caninum infection in numerous species (Buxton et al., 2002). One group identified ydT

cells, CD3+ lymphocytes, CD4+T cells as infiltrating cells in the buffalo placentome early during
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N. caninum infections (Canton et al., 2014). In cattle, the cellular infiltrates have been identified
as CD3+ Lymphocytes, CD4+ T cells, yoT cells, and to a much lesser extent CD8+ T cells (Maley
et al., 2006). Identification of NK cells in cattle has been delayed due to a lack of known bovine
NK cell markers, and only recently was one described and incorporated into immune cell studies
(Boysen & Storset, 2009; Maley et al., 2006). NK biology in bovine and other ruminant species is
uncharacterized compared with humans and mice, and far fewer markers and phenotypic
knowledge exists. It is entirely possible that the CD3+ Lymphocytes often described as separate
populations from yoT cells, CD4 T cells, and CD8 T cells may include a subset unidentified of
NKTs. Further characterization of N. caninum and T. gondii interactions with NK and NKT cells
immediately after infection may enable future identification of similar bovine cells based on

cellular interactions with parasite infections.

3.4 Materials and methods

3.4.1 Parasite strains, maintenance and infection

Parasite strains Neospora caninum Ncl:LucDsRed (Nc:Ncl), Toxoplasma gondii
TgS1T:Luc:DsRed (Tg:SIT) and TgMe49 were maintained in human foreskin fibroblasts as
previously described (Coombs et al., 2020). Cells and parasites were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, penicillin (100
U/mL), streptomycin (100 ug/mL), and L-glutamine (2 mM) (cDMEM) and grown in humidified,
5% COz2 incubators at 37 degrees. To obtain parasites for infections, cells were passed through 25-

and 27-gauge needles, pelleted by centrifugation and resuspended in 3 mL PBS. Parasites were
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quantified using a hemocytometer and concentrations were adjusted by dilution or concentrated

with centrifugation.

3.4.2 Animals

Experiments were performed with 6-8-week-old female mice obtained from Jackson
Laboratories. The following strains were used: BALB/cJ. All animal procedures in this study met
the standards of the American Veterinary Medical Association and were approved locally under
the University of Pittsburgh Institutional Animal Care and Use Committee protocol number
#12010130. Animal protocol meets National Institutes of Health (NIH) Public Health Policy (PSH)
on Humane Care and Use of Laboratory Animals and United States Department of Agriculture

(USDA) Animal Welfare Regulation (AWR) guidelines

3.4.3 Sample preparation for flow cytometry

6-8-week-old Balb/C mice were purchased form Jackson laboratories and were infected
with 10° tachyzoites of N. caninum Ncl strain or 7. gondii Me49 or SIT strain. Mice were
sacrificed 4 hours after infection and peritoneal and spleen samples were collected from infected
mice and additionally collected from uninfected (naive) mice for comparisons. Peritoneal cells
were collected by peritoneal lavage with 5-10mLs of Ice cold RPMI media containing 3%FBS,
1:1000 50mM BME, 1:100 penicillin (100 U/mL), streptomycin (100 ug/mL), and 1:50 HEPES.
PEC cells were then washed and incubated with the selected antibody cocktails. For spleen
samples, the spleens were harvested from the infected and naive mice described above. Spleens

were suspended in the media described above and kept on ice. Spleen cells were suspended using
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a 70uM filter and washed using centrifugation and media. Red blood cells were lysed using 1 ml
ACK lysis buffer and washed again. Step was repeated once if necessary and then incubated with

the appropriate antibody cocktail.

3.4.4 Flow cytometry

Splenocytes and PECs were stained using the pertinent cocktail of following antibodies:
Cd45.2, CDI11b, CD11c, MHC 1I, Ly6G, Ly6C, CD19, DXS5, CD3, TCRp, CD90, CD4, CD8b,

CD8a, IL-12, IFNy, CD44, CD64, CD103, TNFa, GMCSF, NK1.1, y0TCR. Dead cells were
excluded using LIVE/DEAD fixable dead stain (ThermoFisher). All stains were performed in

media containing anti-CD16/32 blocking antibody (clone 93, ThermoFisher). For intracellular
staining for cytokines, cells were incubated with S5ug/mL Brefeldin-A for 3.5 hours at 37°C,
following which they were fixed and permeabilized using the FoxP3/Transcription factor

staining buffer set according to the manufacturer’s directions.

3.4.5 Statistical analysis

All statistical analysis was performed using Prism 7 (GraphPad Software, Inc). Statistical
tests were chosen based on experimental design. Results from flow cytometry experiments were
transformed and analyzed using one-way ANOVA with Tukey’s multiple comparison test.
Bioluminescent and cytokine concentration was analyzed using a two-way repeated measure
ANOVA (alpha=0.05) with Sidak’s multiple comparisons test, Statistical methods are described

in the figure legends where appropriate. *p=<0.05, **p=<0.01, ***p=<0.001.

93



A.
Peritoneal Dendritic Cells
40
.
o
g 30
9 n.s
S 20 =
z
310
8
w MR aha §iyT .,
] A N
o Ca 2" o
& <% 4 ®
D.

Spleen Dendritic Cells

Frequency of CD45.2 +
-

A Yy
2 $eee ATA witew Ses
0 T T
S A
A .
& <% W«

Frequency of CD45.2 +

Frequency of CD45.2 +

3.5 Figures

Peritoneal Macrophages

40

30
n.s.

20

Frequency of CD45.2 +

Frequency of CD45.2 +

C.
Peritoneal Monocytes
40 ek
I dkk 1
30 **% 1
I I n.s.
20
i, o o
10 A‘ ; [ ]
o >
A N
o 2 & o
& «Qs'a K =&
F.
Spleen Monocytes
8
6
4 n.s.
2
0 Y »,
S S S
& /\f" & ¢

Figure 18 Comparison of peritoneal DC, macrophage, and monocyte populations

6-8 week old BALB/c mice were infected with 7. gondii (Tg:Me49 black, Tg:S1T,red) or N. caninum (Nc:Nel,

blue) and compared with uninfected (naive, purple) samples. Peritoneal and spleen cells were collected and

stained with relevant antibody cocktails. Flow cytometric analysis was used to compare cell populations. A-F)

n=3 naive, n=3 Tg:Me49, n=4 Tg:S1T, n=3 Nc:Ncl. G-I) n=5 naive, n=5 Tg:S1T, n=5 Nc:Ncl. Cell

populations are frequencies of live leukocytes (frequency of CD45.2+) A) peritoneal DCs, D) Spleen DCs.

DC’s were identified using the gating strategy outlined in Fig 24 and are defined as CD45+, CD11c+, CD11b-,

MHCIIish, B) Peritoneal macrophages, E) Spleen Macrophages. Macrophages were identified using the

gating strategy described in Fig 24 and are defined as CD45+, CD11b+, Ly6G*", CD19-, Ly6Ct*" MHCII!ish,

C) Peritoneal monocytes and F) Spleen monocytes. Monocytes were defined by CD45+, CD11b+, Ly6G-*¥,

CD19-, Ly6CHist MHC IIN##%ve, Data were transformed and then a one-way ANOVA with Tukey’s multiple

comparison test was performed to identify significance. Data shown is one experiment and results were

confirmed with an additional experiment (data not shown) *p=<0.05, **p=<0.01, ***p=<0.001
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Figure 19 Comparison of IFNy+ cells
6 week old BALB/c mice were infected with 7. gondii (Tg:Me49 black, Tg:S1T,red) or N. caninum (Nc:Ncl,
blue) and compared with uninfected (naive, purple) samples. Peritoneal and spleen cells were collected and

stained with relevant antibody cocktails and intracellular cytokine staining was performed. Flow cytometric
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analysis was used to compare cell populations. A-C) n=3 naive, n=3 Tg:Me49, n=4 Tg:S1T, n=3 Nc:Ncl. A)
Representative flow plots of IFNy+ cells identified using the gating strategy outlined in Fig 25A. B) Frequency
of peritoneal CD45+ live cells that are IFNy+ showing Nc:Ncl significantly elevated above other samples. C)
Frequency of spleen CD45+ live cells that are IFNy+. Data were transformed and a one-way ANOVA with
Tukey’s multiple comparison test was performed to identify significance. Data shown is one experiment and

results were confirmed with an additional experiment (data not shown). *p=<0.05, **p=<0.01, ***p=<0.001
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Figure 20 Comparison of IFNy+ DX5+ cells
6 week old BALB/c mice were infected with 7. gondii (Tg:Me49 black n=3, Tg:S1T,red n=4) or N. caninum
(Nc:Ncl, blue n=3) and compared with uninfected (naive, purple n=3) samples. Peritoneal and spleen cells
were collected and stained and intracellular cytokine staining was performed. Flow cytometric analysis was
used to compare cell populations. A) Representative flow plots of CD45+ live cells gated by IFNy and DXS

cells using the gating strategy outlined in Fig 25B. B) Frequency of CD45+ IFNy+ DX5+ peritoneal cells. Data
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were transformed and a one-way ANOVA with Tukey’s multiple comparison test was performed to identify
significance. Data shown is one experiment and results were confirmed with an additional experiment (data

not shown). *p=<0.05, **p=<0.01, ***p=<0.001
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Figure 21 Identification of NK cells and CD3+ NKT cells
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6 week old BALB/c mice were infected with 7. gondii (Tg:Me49 black, Tg:S1T,red) or N. caninum (Nc:Ncl,
blue) and compared with uninfected (naive, purple) samples. Peritoneal and spleen cells were collected and
stained with relevant antibody cocktails and intracellular cytokine staining was performed, followed by
analysis using flow cytometry. A-E) n=3 naive, n=3 Tg:Me49, n=4 Tg:S1T, n=3 Nc:Ncl. A) Representative
flow plots of IFNy+, DX5+, TCRB-/CD90-, CD3- NK cells (bottom box) and IFNy+, DX5+, TCRB-/CD90-,
CD3+ NKT cells (top box) identified using the gating strategy outlined in Fig 26A. B) Frequency of peritoneal
CD45+ IFNy+, DX5+, TCRB-/CD90-, CD3- NK cells. C) Frequency of peritoneal CD45+, IFNy+, DX5+,
TCRB-/CD90-, CD3+ NKT cells D) Frequency of spleen CD45+ IFNy+, DX5+, TCRB-/CD90-, CD3- NK cells.
E) ) Frequency of spleen CD45+, IFNy+, DX5+, TCRB-/CD90-, CD3+ NKT. Data were transformed and a
one-way ANOVA with Tukey’s multiple comparison test was performed to identify significance. *p=<0.05,

#kp=<0,01, ***p=<0.001
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Figure 22 Identification of TCRb+/CD90+ NKT cells
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6 week old BALB/c mice were infected with 7. gondii (Tg:Me49 black, Tg:S1T,red) or N. caninum (Nc:Ncl,
blue) and compared with uninfected (naive, purple) samples. Peritoneal and spleen cells were collected and
stained with relevant antibody cocktails and intracellular cytokine staining was performed. Flow cytometric
analysis was used to compare cell populations. A-E) n=3 naive, n=3 Tg:Me49, n=4 Tg:S1T, n=3 Nc:Ncl. A)
Representative flow plots of IFNy+, DX5+, TCRB+/CD90+ CD4+ or CD8+ NKT cells using the gating
strategy outlined in Fig 26A. B) Frequency of peritoneal CD45+ IFNy+, DX5+, TCRB+/CD90+, CD4+ NKTs.
C) Frequency of peritoneal CD45+, IFNy+, DX5+, TCRB+/CD90+, CD8+ NKT cells D) Frequency of spleen
CD45+ IFNy+, DX5+, TCRB+/CD90+, CD4+ NKT cells. E) Frequency of spleen CD45+, IFNy+, DX5+,
TCRB+/CD90+, CD8+ NKT cells. Data were transformed and a one-way ANOVA with Tukey’s multiple

comparison test was performed to identify significance. *p=<0.05, **p=<0.01, ***p=<0.001
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Figure 23 Differences in NK and NKT cell frequencies of total IFNy+ cells
6-8 week old BALB/c mice were infected with 7. gondii (Tg:S1T, red) or N. caninum (Nc:Ncl, blue).
Peritoneal cells were collected and stained with relevant antibody cocktails and intracellular cytokine staining
was performed. A) Data is combined from 2 experiments (Total n=7 Nc:Ncl, total n=8 Tg:S1T). A)
Frequency of peritoneal IFNy+ cells that are DX5+ B-C) Frequency of peritoneal IFNy+ cells that are NK

cells (DX5+, TCRB-/CDY0-, CD3-) or NKT cells (TCRB+/CD90+, CD8+, TCRB+/CD90+, CD4+, and TCRp-
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/CDY0-, CD3+). B) Ne:Nel n=4, Tg:S1T n=4. C) Ne:Nel n=3, Tg:S1T n=4. One-way ANOVA with Tukey’s

multiple comparison test was performed to identify significance. *p=<0.05, **p=<0.01, ***p=<0.001.
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Figure 24 Gating strategy for monocytes, dendritic cells and macrophages
Gating strategy to identify monocyte, dendritic cell and macrophage populations. Clumps and small debris
were removed by gating SSC-A x FSC-A. Doublet were removed by gating FSC-H x FSC-W. Live cells were
identified using a viability stain (LD) and gated L/D x FSC-A. Leukocytes were then identified based on
CD45.2 expression and CD90+ cells were excluded by gating Cd45.2 x CD90. Live CD45+, CD90- cells were
gated by CD11b x CD11c to identify CD11b-, CD11c+ cells and CD11b+ cells. CD11b-, CD11c+ cells were
then gated with MHC II to identify CD11b-, CD11c+, MHC II+ dendritic cells. CD11b+ cells were further
analyzed by excluding Ly6G+ (neutrophils) and excluding CD19+ (B cells). CD11b+, Ly6G-, CD19- cells were
gated by Ly6C"ig" (monocytes) and Ly6C“*" MHCII"ig" (Macrophages).
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A: Gating strategy to identify IFNy+ cells. Clumps and small debris were removed first by gating SSC-A x
FSC-A. Doublet were removed by gating FSC-H x FSC-W. Live cells were identified using a viability stain
(LD) and gated L/D x FSC-A. Leukocytes were then identified based on CD45.2 expression and gated Cd45.2
x FSC-A. To reduce spillover and non-specific staining from tandem dye degradation we excluded cells
staining high in our “dump” channel. Cells were then gated for IFNy+ staining. B: To identify total DX5+

cells, cells were gated as described in A, except cells were gated by IFNy x DXS.
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Figure 26 Gating strategy for characterization of IFNy+ cells)
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A) Gating strategy to identify NK and NKT cells. Cells were gated as described in Fig 25 to obtain IFNy+ cell
population. Next, IFNy+ cells were gated to identify DX5+ cells. IFNy+, DX5+ cells were then gated into
TCRB+/CD90+ or TCRB-/CD90- populations. TCRB-/CD90- were then gated by CD3 to identify NK cells:
IFNy+, DX5+, TCRB-/CDY0-, CD3- or NKT cells: IFNy+, DX5+, TCRB-/CD90-, CD3+. TCRB-+/CD90+ were
gated by CD4 and CD3 to identify two additional subsets of NKTs: IFNy+, DX5+, TCRB+/CD90+, CD4+ and
IFNy+, DX5+, TCRB+/CD90+, CD8+. B: Absolute cell counts obtained using the cells using the gating
strategy outlined in A. C: Analysis of cell counts obtained in B by taking the cell count of the population / cell

count of Cd45+ to obtain the frequency of live leukocytes for each population.
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4.0 Conclusions and future directions

4.1 T. gondii and N. caninum: a powerful comparative system in mice

T. gondii is considered to be one of the most successful eukaryotic parasites on earth with
a global distribution and a capacity to infect nearly all warm-blooded animals. 7. gondii must gain
entry into the host cell to survive and replicate, but can infect any nucleated cell once inside the
host. The work presented in this dissertation interrogates host-parasite interactions by comparing
host responses to 7. gondii with its close relative N. caninum in a murine model. N. caninum and
T. gondii are morphologically and genetically quite similar and share invasion machinery and
secretory organelles that are important for host cell manipulation and ultimately for pathogenesis.
Despite these substantial similarities, there is a marked difference in their host range and
transmission dynamics. While 7. gondii infects all animals, N. caninum has a much narrower host
range and is primarily known as a cattle pathogen and infects other ruminant species. While both
parasites transmit asexually in secondary hosts or sexually in the definitive host, 7. gondii is
uniquely efficient at direct transmission between intermediate hosts. N. caninum is highly efficient
at vertical transmission during a primary infection or recrudescence, where latent infections
reactivate and the parasite is efficiently transmitted to the fetus.

To compare parasite infections, we used bioluminescent imaging, measures of
pathogenesis like weight loss and behavior changes, and cytokine analysis. We engineered
transgenic parasites that express the luciferase enzyme and at the time points of interest we inject
the mouse with the substrate for luciferase. This allowed us to measure infection dynamics

contiguously in the same host and identify changes in real time. With this system, we tested
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numerous strains of 7. gondii with varying virulence, and as expected there are differences in
parasite burden between high and low virulence strains of 7. gondii 3 days after infection (Chapter
2). We found that 7. gondii and N. caninum both proliferate similarly during the first 24 hours of
infection, but N. caninum parasites do not proliferate beyond 24 hours. We concluded that the
mouse rapidly controls N. caninum infection within the first 24 hours, and well within the
timeframe of the innate immune response. In contrast 7. gondii successfully proliferates well

beyond this 24 h period, ultimately establishing a long-term chronic infection.

4.1.1 Parasite proliferation in the absence of IFNy is greater in V. caninum infections

compared to T. gondii infections

By comparing cytokine screens, we identified substantial differences in cytokine and
chemokine induction as early as 4 hours after infection. We found very minimal induction of these
early cytokines during early Toxoplasma infections and by comparison, N. caninum infections
exhibited elevated levels of an array of cytokines including MCP-1, IFNy, IL-12p40 and IL-12p70.
MCP-1 is required for mice to survive Toxoplasma infections (P. M. Robben et al., 2005) but the
role of MCP-1 in controlling early N. caninum parasite burden was unknown. MCP-1 was detected
at high levels both in the serum and at the site of infection at early time points during an N. caninum
infections compared to 7. gondii. Using bioluminescence imaging to investigate parasite burden
in mice that lacked MCP-1 (MCP-1-/-), we compared 7. gondii and N. caninum acute infections.
MCP-1-/- mice were uniformly susceptible to 7. gondii, as previous reports suggested. However,
when we infected MCP-1-/- mice with N. caninum, we did not observe any differences in parasite
burden or survival compared to WT infections, indicating that MCP-1 is not necessary for
controlling parasite burden. Since MCP-1 is required for recruiting monocytes from the bone
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marrow to the site of infection, these knockout mice would be expected to have reduced monocyte
infiltration into the peritoneal cavity. These data suggest that infiltrating monocytes do not play a
critical role in controlling Neospora caninum burden. To compare the populations of monocytes,
dendritic cells and macrophages between 7. gondii-infected, N. caninum-infected, and uninfected
mice we performed flow cytometric analysis at the same 4-hour timepoint at which we observed
elevated cytokines during N. caninum infections. We compared two strains of 7. gondii with
distinct virulence phenotypes to N. caninum-infected mice or to naive (uninfected) mice and
quantified dendritic cells, macrophages, and monocytes. We observed no differences in the number
of dendritic cells or macrophages between infected and uninfected mice. The number of monocytes
were elevated in all infected treatment groups compared to uninfected mice, but there were no
significant differences between parasite species or strains. Thus, at this early point of infection
where we see robust cytokine production, monocyte populations are not different between T.
gondii and N. caninum. This data combined with our findings that MCP-1 is not required for
controlling N. caninum growth suggests that the early infiltration of monocytes is not important
for controlling N. caninum infections. This represents an important, and previously unknown,
distinction between 7. gondii and N. caninum infections in mice.

Since N. caninum infections induce proinflammatory cytokine responses as early as 4 hours
after infection while 7. gondii does not, and MCP-1 was not important for controlling N. caninum
burden as described in chapter 2, we focused on the IL-12/IFNy axis to look for differences using
our bioluminescent system and cytokine analysis. It is well-established that mice lacking IL-12 or
IFNy are highly susceptible to microbial pathogens and both 7. gondii and N. caninum are lethal
to mice lacking IFNy or IL-12p40. Our infections in IL-12p40-/- mice with 10° tachyzoites resulted

in lethality by 7-9 days after infection. Similarly, in IFNy-/- mice we observed acute lethality by
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5-6 days-post-infection. Since previous reports suggested similar morbidity in these mouse
models, we hypothesized that we would see equivalent parasite burden comparing 7. gondii and
N. caninum infections. To determine if N. caninum proliferation is similar to 7. gondii infections
in the absence of IL-12 or IFNy we quantified parasite burden using bioluminescence and
monitored mouse health and morbidity. Both parasite species establish similar infections and are
similar in number at 24 hours post-infection. After 24 hours in a wild-type mouse, N. caninum
burden has declined substantially, while in the absence of IFNy, N. caninum continues to
proliferate. Surprisingly, in IFNy-KO mice, N. caninum expands to significantly higher levels
than 7. gondii based on raw luminescence signal (Chapter 2). This demonstrates that IFNy is
critical for control of N. caninum in mice and the removal of IFNy from the system impacts N.
caninum growth substantially more than Toxoplasma. We found the same was true in both BALB/
cj and C57BL/6 strains. Moreover, we recently found that parasite burden is also substantially
higher in N. caninum infection than 7. gondii infection in IFNy-receptor deficient mice (IFNyR-/-;
Fig 27), further confirming that IFNy and the downstream signaling it induces is paramount to
control of N. caninum in mice, while for 7. gondii there appears to be another layer of control
even in the absence of this critical cytokine and it’s effectors.

We compared infections in mice lacking IL-12p40 (IL-12p40-/-) which were available in a
C57BL/6 background. Consistent with what we expected based previous work and the prevailing
dogma, we saw similar effects of IFNy and IL-12p40 deletion in T. gondii. In contrast, N. caninum
infections in IL-12p40-/- mice peaked with significantly higher parasite burden compared to 7.
gondii. However, we did observe lower N. caninum parasite burden in the IL-12p40-/- mice when

compared to the IFNy-/- mice suggesting that IL-12p40-/- mice are less susceptible to N. caninum
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infections than IFNy-/- mice. Across multiple experiments, we consistently observed uniform
lethality to N. caninum infections in IL-12p40-/- mice but that the parasite burden would start to
decline indicating the host began to control the infection. These results suggest IL-12p40-/- mice
are more resistant to N. caninum than IFNy-/-, based on our observations of lower parasite burden,
longer survival and what appeared to be some control of parasite expansion, although not enough
to rescue survival. This suggests that IFNy has a unique relationship with N. caninum infections
when compared to the extensive literature on this cytokine in 7. gondii. Additionally, our finding
that other key inflammatory cytokines like interleukin-1 alpha and beta (IL-1a/B) production was
not significantly increased (Fig 15A) in the first 14 hours by either 7. gondii or N. caninum further
supports our finding that IFNy production is uniquely produced to control N. caninum and not T.
gondii infections in the first 24 hours if infection. By comparing the effects of IFNy treatment in
vitro (Chapter 2) we determined that N. caninum and T. gondii are equally susceptible to the effects
of IFNy indicated by a similar reduction in proliferation after treatment. Therefore, intracellular
IFNy-driven mechanisms are equally successful against 7. gondii and N. caninum infections. This
combined with our findings that [FNy-/- mice are more susceptible to N. caninum proliferation
suggests that N. caninum infections induce specific, cell-mediate immune responses driven by
IFNy, and in the absence of IFNy-driven cell mediate mechanisms, N. caninum proliferation is

unmitigated.

4.2 MyD88 is not required for survival of N. caninum infections in mice

During a T. gondii infection, IL-12 drives IFNy production in a TLR-dependent manner

and therefore we sought to investigate Toll-Like Receptor signaling during N. caninum infections.
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Toll-like receptors are highly conserved proteins that are expressed on the cell surface and inside
endosomal compartments of almost all cells. TLRs initiate immune responses by recognizing
molecules that are specific to pathogens that are called PAMPS (pathogen associated molecular
patterns). TLRs interact with their PAMP ligand and then either heterodimerize or homodimerize
to initiate signaling cascades. TLRs signal through downstream adaptor proteins, and all of the
known mouse TLRs except TLR3 can signal through MyD88. In fact, MyD88 is required for all
mouse TLRs with the exception of TLR3 which is TRIF-dependent, and TLR4 which can use
either TRIF or MyD88. Numerous groups have shown that MyD88 is required for the mouse to
survive a T. gondii infections and TLR activation leads to IL-12 production. Not surprisingly, even
the low virulent 7. gondii strain SIT was uniformly lethal to MyD88-/- mice, however in our
infection model using the same doses we found MyD88-/- mice to be resistant to N. caninum
infections. Numerous experimental replicates confirmed our findings that MyD88-/- mice survive
N. caninum infections with 10® Nc:Ncl tachyzoites. Additionally, our bioluminescent system
enabled us to show that N. caninum established a successful infection in MyD88-/- mice and M.
caninum continues to proliferate several days longer than in wild-type comparisons. Our results
demonstrate that MyD88 is not required for survival after infection with 10° N. caninum, but that
MyD88-/- mice are more susceptible based on prolonged parasite proliferation in this background
compared to WT. Our cytokine analysis on the serum from our experiments revealed that WT mice
infected with N. caninum exhibited an early spike of [FNy, as expected. In mice lacking MyDS88,
we observed a loss of the initial production of IFNy, and instead observed a later spike at 3-5 days
after infection. Similar to the immediate IFNy production in WT mice, this later spike in IFNy
correlated very well with the timing of parasite burden control (Chapter 2). Thus, in the absence

of early IFNy, we see a second wave of IFNy that is MyD88 independent and controls N. caninum
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infections. It will be interesting to identify IFNy producing cells at this later timepoint and

determine if NKT cells contribute to the late wave of I[FNy.

4.3 N. caninum profilin is not immunodominant in a 7. gondii infection but TLR11 is

required for immediate IFNy production

Since MyD88 is clearly required for early production of IFNy during Neospora infections,
we next wanted to investigate TLR11 signaling, since it has a very well-defined role in driving
cytokine production during 7. gondii infections. TLR11-/- mice are not commercially available,
therefore we established a collaboration with Dr. Yarovinsky at the University of Rochester. He
infected TLR11-/- mice as well as MyD88-/- to verify our previous findings. Cytokine analysis
revealed that TLR11-/- mice did not make [FNy at that early 4-hour time point, but did make it at
24 hours. Therefore, IFNy induction is delayed in TLR11-/- mice until 24 hours after infection.

Profilin is the only known 7. gondii PAMP and is known to interacts with TLR11. Since
we identified a potential role for TLR11 in immediate IFNy production, we compared 7. gondii
and N. caninum profilin sequences. Previous work from the Kucera group identified a surface
exposed motifin 7. gondii profilin that is recognized by TLR11 (Kaury Kucera et al., 2010). They
identified an acidic loop that combined with the B-hairpin motif to interact with TLR11. The only
differences we observed in the amino acid sequence between 7. gondii and N. caninum was in the
B-hairpin motif. To determine if expression of N. caninum profilin was sufficient to induce early
IFNy during 7. gondii infection we expressed an HA-tagged versions of N. caninum profilin in
Toxoplasma parasites. We hypothesized that if N. caninum profilin was immunodominant and

induced immediate IFNy production, 7. gondii parasites expressing N. caninum profilin would
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result in immediate [FNy production. However, in vivo we did not find a difference in early IFNy
production when N. caninum profilin was expressed in 7. gondii parasites. To account for the
possibility that 7. gondii might alter the host cell after infection in a way that would subvert the
immunodominant effect of N. caninum profilin we also tested parasite lysate. Injection of mice
with soluble tachyzoite lysate preparations (STAg) did not yield any difference in IFNy levels
between N. caninum-profilin and 7. gondii-profilin expressing 7. gondii parasites. From this, we
concluded that N. caninum profilin is not sufficient to induce IFNy when expressed in 7. gondii.
This suggests that there might be a different N. caninum PAMP that induces this robust immediate
immune response in a TLR-dependent mechanism. An important future direction of this work will
be to identify N. caninum PAMP responsible for the immediate IFNy production in N. caninum
and to then determine how this PAMP is either uniquely produced and/or bears unique features in

N. caninum compared to 7. gondii.

4.4 NK and NKT cells produce IFNy in response to N. caninum infections 4 hours after

infections

To identify the cells making IFNy, we performed flow cytometry and intracellular
cytokine staining on peritoneal and spleen cells 4 hours after infection. We compared populations
of cells known to produce IFNy during acute 7. gondii infections, including NK, NKT, and T cells.
We compared two strains of 7. gondii with different virulence to N. caninum and naive mice. We
determined N. caninum infections have significantly more IFNy+ peritoneal cells 4 hours after
infection than uninfected mice or 7. gondii infected mice. When we compared that to spleen

samples, we do not see differences between infected and uninfected mice, or between parasite
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strains or species. We found that more NK and NKT cells were induced to make IFNy during N.
caninum infections and importantly that 7. gondii infection leads to lower numbers of IFNy-
producing NK cells, in support of recent findings that 7. gondii infections convert NK cells into
ILC-like cells. NK cells are poorly characterized in bovine systems because few NK markers have
been identified. NKT cells are even more enigmatic and have yet to be fully characterized, leading
some to hypothesize the bovine immune response lacks similar NKT mechanism compared with
mice (Boysen & Storset, 2009). If N. caninum evolved in a host without NKT mechanisms that
exist in mice, it could be hypothesized that NKT mechanism may be an important determinant of
host susceptibility to N. caninum. In that line of reasoning, differences in how 7. gondii and N.
caninum activate NKT cells and the molecular basis of these interactions will provide important
insight into the co-evolutionary relationship of host-pathogen interactions that contributes to the

broad host range of 7. gondii.

4.5 Future directions

4.5.1 Investigate NK and NKT cells contribute to control of N. caninum infections in vivo

Based on our finding that N. caninum infections significantly increase the number of IFNy-
producing NKT cells (Chapter 3), we are currently working to define the role of NKT cells in
immediate IFNy production and early control of N. caninum parasite burden. To this end, an
important future direction of this work will be comparing IFNy production and parasite burden
during acute 7. gondii or N. caninum infection in mice lacking functional T and B cells (Ragl-/-)

and mice lacking functional NKT cells (CD1d-/-). Our work presented in this chapter identifies
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multiple IFNy-producing cell types that expressed T cell markers. Future work will test the
requirement of functional T cells for immediate IFNy production and controlling early parasite
proliferation. We will infect Rag1-/- mice in a BALB/cJ background to compare infections because
these mice lack functional T and B cells, but still exhibit a robust NK cell response. We will also
infect CD1d-/- mice to quantify differences between 7. gondii and N. caninum infection kinetics
and IFNy production. By comparing infections in CD1d-/- mice, we will determine if functional
NKT cells are required for immediate IFNy production, and if CD1d-restricted NKT cells are
necessary for immediate control of N. caninum proliferation. By comparing infections of 7. gondii
and N. caninum in these knockout mice we will identify differences in susceptibility and infection
outcome. To confirm the importance of NK cells in the early control of N. caninum infections, we
will also compare infections of N. caninum in Ragl-/- mice to infections in Rag2-/- yC -/- mice.
Rag2-/- yC -/- mice lack functional T and B cells like Ragl-/- mice, and additionally also lack
functional NK cells. This comparison will allow us to identify changes in the infection outcomes
during N. caninum infections resulting from the loss of T and B cells, and additionally the loss of

NK cells.

4.5.2 Identify NKT activation mechanisms during N. caninum infections and determine NK

cell dynamics in the first 24 hours of 7. gondii infection

Recent advances identified a unique subset of ILC1-like cells that are expanded and during
acute 7. gondii infections in mice and persist after acute infection resolution (Park et al., 2019).
They determined 7. gondii infections drive conversion of NK cells into ILCl1-like cells and
investigated timepoints beginning 7 days after infection. This work adds to a growing body of
evidence suggesting NK cells exhibit plasticity (Silver & Humbles, 2017) and memory
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(O'Sullivan, Sun, & Lanier, 2015) functions. However, they did not address the possibility that 7.
gondii may exert effector function on NK cells rapidly after infection. Our work in Chapter 3
determined that 7. gondii infections exhibited fewer IFNy+ NK cells than naive mice. One
important future direction of this work will be to determine how 7. gondii infections alter NK cell
populations immediately after infection. To accomplish this, further characterization of NK cells
and ILCI cell populations will be necessary. Our work in Chapter 3 identified differences in NK
and NKT cells comparing 7. gondii and N. caninum infections within hours of infection, and
identified subpopulations similar to iNKT and NKT-like cells that produced IFNy in response to
N. caninum infections. An important future direction of this work will be to determine the
activation mechanisms responsible for NKT cell IFNy production. Our work in chapter 2
determined that MyD88 is required for immediate IFNy production, however it remains unknown
if NK and NKT cells are directly stimulated to produce IFNy in a TLR-dependent mechanism or

if TLR-driven cytokine production from an accessory cell is required NKT activation.

4.5.3 Identify N. caninum protein(s) activating NKT and NK cell IFNy production

Proinflammatory responses are the only effective immune response to N. caninum and
control of infection is dependent on cytokine production (Almeria, Serrano-Perez, & Lopez-
Gatius, 2017; Correia et al., 2015; Tuo et al., 2005). Investigations in both mice and cattle
identified IFNy as an important immune-modulating cytokine required protective mechanism
during neosporosis (Almeria et al., 2017; Baszler et al., 1999; Correia et al., 2015; I. A. Khan et
al., 1997). Our previous work identified two temporally distinct waves of IFNy production during
a N. caninum infection. Our data suggests that an innate (TLR-driven) mechanism recognizes M.
caninum and results in IFNy production, and in the absence of MyD88-dependent IFNy a later (3-
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5 dpi) production of IFNy that is MyD88-independent is produced and the infection is successfully
controlled (Coombs et al., 2020). Despite the crucial role this cytokine plays during N. caninum
infections, the parasite effector molecules eliciting cytokine production are unknown. Only a
handful of Neospora caninum-specific antigens are known, and even fewer N. caninum proteins
have been characterized within the context of the specific immune responses they elicit.
Identification of N. caninum-specific antigens driving IFNy production will contribute to better
prevention strategies by expanding our current repertoire of immune-modulating proteins, and
contribute new molecular tools for further investigation of IFNy-driven immunity. There is
consensus in the field that expanding our current repertoire of immune-modulating proteins
combined with research on the host immune responses they elicit will be a powerful advancement
in the treatment and prevention of neosporosis (Al-Qassab et al., 2010; Guido et al., 2016; Horcajo
et al., 2016; Nishikawa, 2017; Rea & Rae, 2015). An important future direction of this work will

be to identify N. caninum molecules that stimulate immediate [FNy production in vivo.
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4.6 Figures
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Figure 27 N. caninum and T. gondii infections in IFNYR knockout mice
Mice were provided by Dr. Melissa Kane (Department of Pediatrics, University of Pittsburgh School of
Medicine) and infected as described in the Chapter 2 methods sections 2.6.4 and 2.6.5 and described in
chapter 2. Mice lacking the IFNy receptor (IFNyR-/- 129 strain) were infected with 10° N. caninum (NC1
strain, blue line and top row of mouse images) or 7. gondii (S1T strain, red line and bottom row of mouse
images). 2 male (shown in bioluminescent images) and 2 female (images not shown, but data included in
quantification graph) mice were used per parasite treatment group. Statistical analysis was performed using
a two-way repeated measure ANOVA (alpha=0.05) with Sidak’s multiple comparisons test on the raw (non-

normalized) data. *p=<0.05, **p=<0.01, ***p=<0.001
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Appendix A Determine the effects of Toxoplasma-Specific-Expanded-locus 8 (TSELS) on

parasite growth and virulence

Appendix A.1 Introduction

Advances in sequencing technology enabled investigations into large-scale structural
mutations that result in copy number variation (CNV) where locus expansion or contraction
changes the number of genes within a locus (Alkan et al., 2009; Medvedev, Stanciu, & Brudno,
2009; Mills et al., 2011). CNV results from duplications and deletions in the genome and the
importance of gene duplication and diversification in pathogen virulence and host responses have
been characterized in many plants, animals and microbes (Y. Adomako-Ankomah et al., 2014;
Denise et al., 2003; Qiu et al., 2012; Reese et al., 2011; Schwartze et al., 2014; Walzer et al., 2013).
Large-scale locus expansion in immune and host defense genes are seen from pacific oysters, to
yaks and even humans.(Almal & Padh, 2012; Qiu et al., 2012; Sudmant et al., 2010; Zhang et al.,
2015) Diversification in the polygenic immunoglobulin receptor gene families increases the ability
of the mammalian immune system to recognize new pathogens (Jiang et al., 2012; Parham,
Norman, Abi-Rached, & Guethlein, 2011). CNV in immune related genes is an important host tool
in the battle with pathogens that cause diseases (Linzmeier & Ganz, 2005; Y. Yang et al., 2007).

Expansions are not exclusive to host genes and are prevalent in pathogen virulence-related
genes. High levels of gene expansion in virulence genes have been identified for many pathogens.

For example, the CPB gene in the parasite Leishmania mexicana is a multi-copy, tandem repeat
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gene found to be a potent virulence effector in mouse infections.(Denise ef al., 2003) The multi-
copy var family genes of Plasmodium spp. are responsible for the antigenic diversity and immune
evasion seen in the pathology of malaria.(Claessens ef al., 2014; Hernandez-Rivas ef al., 1997)
Other examples of pathogen virulence resulting from gene family expansions include the fungal
genus Candida spp.(Moran, Coleman, & Sullivan, 2011), and the bacteria Rickettsia spp.(Ogata
et al., 2005), the causative agent of typhus and Rocky Mountain spotted fever. The most potent
virulence factor identified for 7. gondii in a mouse infection also exhibits CNV between
strains.(Reese et al., 2011).

Despite a high degree of morphologic and genetic similarity, genomic comparisons within
T. gondii strains and extant sister species H. hammondi and N. caninum have revealed differences
in multi-copy locus expansion. Characterization of differences in locus expansion found 30% of
T. gondii Expanded Loci (ELs) overlap with N. caninum ELs, much lower than expected by overall
genomic synteny.(Y. Adomako-Ankomah et al., 2014) Toxoplasma-Expanded Loci (TSELs) are
tandem arrays of duplicated genes that are specific to 7. gondii when compared to close
relatives.(Y. Adomako-Ankomah et al., 2014) Some TSELs encode putative secretory proteins
that share properties with known virulence effectors.(Yaw Adomako-Ankomah et al., 2016)
Although duplicated genes often correspond to pathogen virulence, most TSEL gene remain
uncharacterized (Claessens ef al., 2014; Denise ef al., 2003; Hernandez-Rivas et al., 1997; Moran
et al., 2011; Ogata et al., 2005; Reese et al., 2011; Schwartze et al., 2014). By assessing TSEL
gene impact on parasite success in acute and chronic infections we can identify non-conserved
genes conferring virulence to 7. gondii and identify underlying genetic differences contributing to
the evolution of 7. gondii pathogenesis. Identifying new virulence factors and phenotypes

conferring parasite success will lay the groundwork for further exploration of host range variation
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and pathogenesis of 7. gondii when compared to other apicomplexan parasites. In previous work
we identified multiple expanded loci via an in silico screen that are unique to 7. gondii when
compared to H. hammondi and N. caninum.(Y. Adomako-Ankomabh et al., 2014) We hypothesized
that TSEL8 encoding putative proteins would impact 7. gondii virulence. We selected TSEL8 with
unknown function that exhibits high CNV when compared to extant relatives, and has high levels

of transcription in one or both phases of parasite lifecycle.

Appendix A.2 Generation of TSELS8 knockout and wild-type strains

To study the effect of TSELS8 on parasite virulence both in vitro and in vivo we needed an
avirulent strain of 7. gondii that is amenable to genetic manipulation, contains a selectable marker,
and expresses luciferase for in vivo bioluminescence imaging. We chose Prudku80Ahxgprt, a T.
gondii strain with attenuated virulence in mouse infections that lack the Ku80 protein required for
non-homologous end joining (NHEJ) to take place (Fox et al., 2011; Knoll & Boothroyd, 1998).
This provides a genetic background ideal for double homologous recombination, making genetic
manipulations more successful and efficient (Huynh & Carruthers, 2009; Rommereim et al.,
2013).  Additionally, this  strain lacks the HXGPRT (Hypoxanthine-guanine
phosphorribosyltransferase) gene providing a mechanism for selection (Donald, Carter, Ullman,
& Roos, 1996). This transferase is specific to apicomplexans, thus selective media does not affect
the host cell (Huynh & Carruthers, 2009). We generated a construct with the HXGPRT gene
flanked by large homology arms specific to the TSEL8 5’ and 3° UTRs (Figure 28A). After
transfection parasites expressing the HXGPRT gene were selected using mycophenolic acid (MPA)

and Xanthine (Xan) media and the cloned by limiting dilution. The TSEL8 knockout construct
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utilizes double homologous recombination to replace TSEL8 with a HXGPRT gene. However,
some parasites incorporate the HXGPRT gene outside of the targeted locus. Therefore, we designed
query primers to amplify the insertion site and homology arms to verify that the repair template
inserted in the right location and orientation (Figure 28B, C). We also verified that the entire locus
was knocked out using multiple primer sets specific to TLSES8 (Figure 28B,D,E). We identified
clones lacking TSLES (TSEL8KO, 28 1E) as well as clones that did not lack TSELS8 (TSEL8WT,
Figure 28D) that were used as wild-type controls. Since these parasites were not capable of
bioluminescence, we then transfected TSEL8KO and TSEL8S8WT parasites with the luciferase
reporter gene and identified clones with similar luciferase signal for in vivo comparisons (Figure

28 F.H).
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Figure 28 TSELS8 knockout construct and clone verification
(A) Schematic of TSELS knockout construct with homology flanks (purple, blue), representative TSEL locus
with 3 copies (black) and HXPRT selectable gene (gray). (B) Schematic of the TSELS locus knockout
construct with primers to amplify the insertion site and homology arms. Directional arrows indicating
primers to confirm correct insertion of the HXPRT selection gene and locus knockout, product size is
indicated below chromosome schematic. a,b, and ¢ represent TSELS8 primers used to query the internal locus.
d and e are query primer to verify the insertion of the repair template in the correct orientation. (C) Agarose

gel with PCR products of the wild-type (WT) or knockout (TSEL8KO) clones. No PCR product for HXPRT
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insertion in WT (e,d) and PCR product is present for TSEL8KO HXPRT insertion for both sets of query
primers (e,d). Control (f) is PCR product for 7. gondii-specific to verify parasite DNA is present. (D) Agarose

gel of PCR product for WT clone demonstrating the presence of internal genes (a,b) and not the HXPRT
insertion (d,e). (E) Agarose gel of PCR product of TSEL8KO demonstrating PCR product for both HXPRT

query primer sets (d,e) and no internal genes (a,b)

Appendix A.3 In vivo and in vitro effects of TSELS deletion

To identify changes in parasite fitness due to TSELS deletion we perform growth assays in
vitro in Human Foreskin Fibroblast cells (HFFs). Confluent cells in T25 flasks were infected with
either 100 TSEL8SWT or TSELSKO parasites and plaques size was measured 7 days after infection.
We found no significant differences in plaque size comparing TSEL8KO and TSELSWT (Figure
29G) in addition to no differences in the number of plaques formed (data not shown). These data
demonstrate that both TSEL8KO and TSEL8WT are have similar viability and proliferation
capability in vitro.

Parasites with similar growth in vitro can vary when challenged with a fully competent
immune system. Therefore, we compared TSELS8KO and TSEL8WT parasite growth in vivo using
bioluminescent live imaging. BALB/C mice were infected with either 10° TSEL8KO or
TSEL8WT parasites and imaged daily during the acute infection (n=5 mice per parasite strain,
Figure 29) Parasite burden was quantified and survival was monitored (Figure 29B-E).
Quantification of bioluminescent imaging revealed statistically significant parasite burden
(p=<0.05) 3-7dpi in one replicate (Figure 29B) and 5-6dpi in a second replicate (Figure 29D). Two
additional experiments demonstrated the reproducibility of this phenotype with TSEL8KO-
infected mice exhibiting significantly higher parasite burden at 4-5dpi (n=5 mice per parasite
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strain, figure 30C) and 5dpi (n=5 mice per parasite strain, figure 30E). We found no statistically
significant differences in mouse survival (Figure 29C,E) or weight loss (Fig 30B,D) comparing
TSEL8KO and TSEL8WT infections. In one experiment (Figure 29E) out of four, TSEL8KO-
infected mice had a reduced survival, albeit non-significant. Although we observed a small
difference in IFNy production5dpi (Figure 29F) the difference was not statistically significant.
These results indicate that deletion of TSELS increases acute proliferation of 7. gondii in vivo and
not in vitro suggesting that the gene product(s) of TSELS interact with the host during acute
infections impacting parasite growth. Further work to identify and characterize the gene product
and host response is needed to understand how TSELS8 impacts parasite growth in vivo and not in

vitro.

127



>

TSEL8 KO

TSELSWT

&

o

Total Flux (p/s)

v (pgimL)

IFN

= [t

Total Flux (p/s)

[l

30

wo?
20

plsec/em”2fsr

Color Scale
Min = 4.6423
Max = 4.7285
: Survival
BALBlc
0x107 ]
—-—WT % .
5x10% = TSELBKO % 0
3 s0]
0x107- &
R -
0x10 .
“p<0.05 o <} TSELSKO
01 2 3 4 5 6 7 8 9 10 1 12 13 H 4 6 8 10 12
Days Post Infection Days Post Infection
Parasite Burden BALBIC Survival
5x107- * e 100
* - WT = I
0x107 -+ TSELBKO E 801
. 5 60
5x10 3
0107 E a0
e - WT
0x10 T 20
*p<0.05 o ¥ TSEL8 KO
0. T T T T T T —— T T T T T 1
01 2 3 4 5 6 7 8 9 1011 1213 2 4 6 8 10 12
Days Post Infection Days Post Infection
Serum IFNy BALBlc Plaque Size
30000 I o BaLBic
- T E_ « WT
- TSEL8KO e u TSELBKO
20000 g
3
N
7]
10000. ®
=]
=4
]
T " T T T T 1 n-
0 1 2 3 4 5 6

Days Post Infection in vitro plaque formation

Figure 29 in vivo and in vitro comparisons of WT and TSELSKO infections
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(A) Representative images 6-week-old Balb/C mice infected IP with 10° TSELS8 knockout (TSELS8KO) or
wild-type (TSEL8WT) parasite tachyzoites per mouse and were imaged daily. S mice per paraite strain (n=5)
were infected. Bioluminescent images show parasite-derived luciferase signal at select timepoints. (B and D)
Quantification of bioluminescent imaging where total flux is the measurement for parasite burden in the
mouse body of TSEL8KO-infection (red line) or TSELSWT (black line). (C and E) Mouse survival during
acute infection TSL8KO (red line) or TSELSWT (black line). (F) Serum IFNy was analyzed using ELISA.
Samples were collected throughout the acute infection of TSL8KO (red line) or TSELS8WT (black line). (G)
Quantification of plaque assay measuring area of plaques comparing TSL8KO (red line) or TSELSWT (black
line). Cytokines and parasite burden were analyzed by a two-way repeated measure ANOVA (alpha=0.05)

with Sidak’s multiple comparisons test. *p=<0.05, **p=<0.01, ***p=<0.001.
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Figure 30 TSELS8KO and WT in vivo infections
A) Representative images 6-week-old Balb/C mice infected IP withTSELS8 knockout (TSEL8KO) or wild-type
(TSEL8WT) parasite tachyzoites per mouse and were imaged daily. S mice per parasite strain (n=5) were
infected. Bioluminescent images show parasite-derived luciferase signal at select timepoints. (B and D)

compare mouse weight throughout the acute infection with TSELS8T infections shown in black and TSELSKO
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infections shown in red. (E and C) Shows quantification of bioluminescent imaging where total flux is the
measurement for parasite burden in the mouse body of TSEL8KO-infection (red line) or TSELSWT (black
line). Parasite burden was analyzed by a two-way repeated measure ANOVA (alpha=0.05) with Sidak’s
multiple comparisons test. *p=<0.05, **p=<0.01, ***p=<0.001N. caninum soluble tachyzoite antigen

characterization

131



Bibliography

Abe, C., Tanaka, S., Thara, F., & Nishikawa, Y. (2014). Macrophage depletion prior to Neospora
caninum infection results in severe neosporosis in mice. Clin Vaccine Immunol, 21(8),
1185-1188. doi:10.1128/cvi.00082-14

Abel, A. M., Yang, C., Thakar, M. S., & Malarkannan, S. (2018). Natural Killer Cells:
Development, Maturation, and Clinical Utilization. Front Immunol, 9, 1869.
doi:10.3389/fimmu.2018.01869

Adomako-Ankomabh, Y., English, E. D., Danielson, J. J., Pernas, L. F., Parker, M. L., Boulanger,
M. J., .Boyle, J. P. (2016). Host Mitochondrial Association Evolved in the Human Parasite
Toxoplasma gondii via Neofunctionalization of a Gene Duplicate. Genetics.

Adomako-Ankomah, Y., Wier, G. M., Borges, A. L., Wand, H. E., & Boyle, J. P. (2014).
Differential locus expansion distinguishes Toxoplasmatinae species and closely related
strains of Toxoplasma gondii. MBio, 5(1), €01003-01013. doi:10.1128/mB10.01003-13

Aguado-Martinez, A., Basto, A. P., Leitao, A., & Hemphill, A. (2017). Neospora caninum in non-
pregnant and pregnant mouse models: cross-talk between infection and immunity.
International Journal for Parasitology, 47(12), 723-735.

Al-Qassab, S. E., Reichel, M. P., & Ellis, J. T. (2010). On the Biological and Genetic Diversity in
Neospora caninum. Diversity, 2(3). doi:10.3390/d2030411

Alkan, C., Kidd, J. M., Marques-Bonet, T., Aksay, G., Antonacci, F., Hormozdiari, F., . . . Eichler,
E. E. (2009). Personalized copy number and segmental duplication maps using next-
generation sequencing. Nat Genet, 41(10), 1061-1067.

Almal, S. H., & Padh, H. (2012). Implications of gene copy-number variation in health and
diseases. J Hum Genet, 57(1), 6-13.

Almeria, S., Serrano-Perez, B., & Lopez-Gatius, F. (2017). Immune response in bovine
neosporosis: Protection or contribution to the pathogenesis of abortion. Microb Pathog,
109, 177-182. doi:10.1016/j.micpath.2017.05.042

Anderson, K. V., Jirgens, G., & Niisslein-Volhard, C. (1985). Establishment of dorsal-ventral

polarity in the Drosophila embryo: genetic studies on the role of the Toll gene product.
Cell, 42(3), 779-789. doi:10.1016/0092-8674(85)90274-0

132



Angka, L., Market, M., Ardolino, M., & Auer, R. C. (2020). Is innate immunity our best weapon
for flattening the curve? J Clin Invest. doi:10.1172/jci140530

Aramini, J. J., Stephen, C., Dubey, J. P., Engelstoft, C., Schwantje, H., & Ribble, C. S. (1999).
Potential contamination of drinking water with Toxoplasma gondii oocysts. Epidemiology
& Infection, 122(02), 305-315.

Araujo, F. G., Williams, D. M., Grumet, F. C., & Remington, J. S. (1976). Strain-dependent
differences in murine susceptibility to toxoplasma. Infect Immun, 13(5), 1528-1530.

Askenase, M. H., Han, S. J., Byrd, A. L., Morais da Fonseca, D., Bouladoux, N., Wilhelm, C.,
Belkaid, Y. (2015). Bone-Marrow-Resident NK Cells Prime Monocytes for Regulatory
Function during Infection. Immunity, 42(06), 1130-1142.
doi:10.1016/j.immuni.2015.05.011

Askenase, P. W, Itakura, A., Leite-de-Moraes, M. C., Lisbonne, M., Roongapinun, S., Goldstein,
D. R., & Szczepanik, M. (2005). TLR-dependent IL-4 production by invariant
Valphal4+Jalphal 8+ NKT cells to initiate contact sensitivity in vivo. J Immunol, 175(10),
6390-6401. doi:10.4049/jimmunol.175.10.6390

Baszler, T. V., Long Mt Fau - McElwain, T. F., McElwain Tf Fau - Mathison, B. A., & Mathison,
B. A. (1999). Interferon-gamma and interleukin-12 mediate protection to acute Neospora
caninum infection in BALB/c mice. (0020-7519 (Print)).

Becker, 1., Salaiza, N., Aguirre, M., Delgado, J., Carrillo-Carrasco, N., Kobeh, L. G., Isibasi, A.
(2003). Leishmania lipophosphoglycan (LPG) activates NK cells through toll-like
receptor-2. Mol Biochem Parasitol, 130(2), 65-74. d0i:10.1016/s0166-6851(03)00160-9

Behnke, M. S., Khan, A., Lauron, E. J., Jimah, J. R., Wang, Q., Tolia, N. H., & Sibley, L. D.
(2015). Rhoptry Proteins ROP5 and ROP18 Are Major Murine Virulence Factors in
Genetically Divergent South American Strains of Toxoplasma gondii. PLoS Genet, 11(8),
€1005434. doi:10.1371/journal.pgen.1005434

Beiting, D. P., Peixoto, L., Akopyants, N. S., Beverley, S. M., Wherry, E. J., Christian, D. A, . ..
Roos, D. S. (2014). Differential Induction of TLR3-Dependent Innate Immune Signaling
by Closely Related Parasite  Species. @ PLOS ONE, 9(2), e88398.
doi:10.1371/journal.pone.0088398

Bennett, M. S., Round, J. L., & Leung, D. T. (2015). Innate-like lymphocytes in intestinal
infections. Curr Opin Infect Dis, 28(5), 457-463. doi:10.1097/qco0.0000000000000189

Berger, S. (2010). Malaria: Global Status 2010 edition: Global Status 2010 edition: " O'Reilly
Media, Inc."

133



Besteiro, S., Dubremetz, J. F., & Lebrun, M. (2011). The moving junction of apicomplexan
parasites: a key structure for invasion. Cell Microbiol, 13(6), 797-805. doi:10.1111/j.1462-
5822.2011.01597.

Black, M. W., & Boothroyd, J. C. (2000). Lytic Cycle of Toxoplasma gondii. Microbiology and
Molecular Biology Reviews, 64(3), 607-623.

Bliss, S. K., Butcher, B. A., & Denkers, E. Y. (2000). Rapid recruitment of neutrophils containing
prestored IL-12 during microbial infection. J Immunol, 165(8), 4515-4521.
doi:10.4049/jimmunol.165.8.4515

Boothroyd, J. C. (2009). Expansion of host range as a driving force in the evolution of Toxoplasma.
Mem Inst Oswaldo Cruz, 104(2), 179-184.

Boysen, P., Klevar, S., Olsen, 1., & Storset, A. K. (2006). The protozoan Neospora caninum
directly triggers bovine NK cells to produce gamma interferon and to kill infected
fibroblasts. Infect Immun, 74(2), 953-960. doi:10.1128/iai.74.2.953-960.2006

Boysen, P., & Storset, A. K. (2009). Bovine natural killer cells. Vet Immunol Immunopathol,
130(3-4), 163-177. doi:10.1016/j.vetimm.2009.02.017

Brandao, G. P., Melo, M. N., Caetano, B. C., Carneiro, C. M., Silva, L. A., & Vitor, R. W. (2011).
Susceptibility to re-infection in C57BL/6 mice with recombinant strains of Toxoplasma
gondii. Exp Parasitol, 128(4), 433-437. doi:10.1016/j.exppara.2011.05.015

Bryant, C. E., & Monie, T. P. (2012). Mice, men and the relatives: cross-species studies underpin
innate immunity. Open Biol, 2(4), 120015. doi:10.1098/rsob.120015

Buchmann, K. (2014). Evolution of Innate Immunity: Clues from Invertebrates via Fish to
Mammals. Frontiers in Immunology, 5, 459. doi:10.3389/fimmu.2014.00459

Burnett, A. J., Shortt, S. G., Isaac-Renton, J., King, A., Werker, D., & Bowie, W. R. (1998).
Multiple cases of acquired toxoplasmosis retinitis presenting in an outbreak.
Ophthalmology, 105(6), 1032-1037. doi:10.1016/s0161-6420(98)96004-3

Buxton, D., McAllister, M. M., & Dubey, J. P. (2002). The comparative pathogenesis of
neosporosis. Trends Parasitol, 18(12), 546-552.

Canton, G. J., Konrad, J. L., Moore, D. P., Caspe, S. G., Palarea-Albaladejo, J., Campero, C. M.,
& Chianini, F. (2014). Characterization of immune cell infiltration in the placentome of

water buffaloes (Bubalus bubalis) infected with neospora caninum during pregnancy. J
Comp Pathol, 150(4), 463-468. doi:10.1016/j.jcpa.2013.12.003

Cao, X. (2020). COVID-19: immunopathology and its implications for therapy. Nat Rev Immunol,
20(5), 269-270. doi:10.1038/s41577-020-0308-3

134



Carlson-Bremer, D., Colegrove, K. M., Gulland, F. M., Conrad, P. A., Mazet, J. A., & Johnson,
C. K. (2015). Epidemiology and pathology of Toxoplasma gondii in free-ranging
California sea lions (Zalophus californianus). J Wildl Dis, 51(2), 362-373.
doi:10.7589/2014-08-205

Carme, B., Demar, M., Ajzenberg, D., & Dardé, M. L. (2009). Severe Acquired Toxoplasmosis
Caused by Wild Cycle of Toxoplasma gondii, French Guiana. Emerging Infectious
Diseases, 15(4), 656-658. doi:10.3201/eid1504.081306

Claessens, A., Hamilton, W. L., Kekre, M., Otto, T. D., Faizullabhoy, A., Rayner, J. C., &
Kwiatkowski, D. (2014). Generation of Antigenic Diversity in Plasmodium falciparum by
Structured Rearrangement of Genes During Mitosis. PLoS Genet, 10(12), ¢1004812.
doi:10.1371/journal.pgen.1004812

Collantes-Fernandez, E., Arrighi, R. B. G, Alvarez-Garcia, G., Weidner, J. M., Regidor-Cerrillo,
J., Boothroyd, J. C., Barragan, A. (2012). Infected Dendritic Cells Facilitate Systemic

Dissemination and Transplacental Passage of the Obligate Intracellular Parasite Neospora
caninum in Mice. PLOS ONE, 7(3), €32123. doi:10.1371/journal.pone.0032123

Coombs, R. S., Blank, M. L., English, E. D., Adomako-Ankomah, Y., Urama, I. S., Martin, A. T.,
... Boyle, J. P. (2020). Immediate interferon gamma induction determines murine host
compatibility differences between Toxoplasma gondii and Neospora caninum. [Infect
Immun. doi:10.1128/1ai.00027-20

Correia, A., Ferreirinha, P., Botelho, S., Belinha, A., Leitdo, C., Caramalho, I., . . . Vilanova, M.
(2015). Predominant role of interferon-y in the host protective effect of CD8+ T cells
against Neospora caninum infection. Scientific Reports, 5, 14913. doi:10.1038/srep14913

Cronin, J. G., Turner, M. L., Goetze, L., Bryant, C. E., & Sheldon, I. M. (2012). Toll-like receptor
4 and MYD88-dependent signaling mechanisms of the innate immune system are essential

for the response to lipopolysaccharide by epithelial and stromal cells of the bovine
endometrium. Biol Reprod, 86(2), 51. doi:10.1095/biolreprod.111.092718

Debierre-Grockiego, F., Campos, M. A., Azzouz, N., Schmidt, J., Bieker, U., Resende, M. G, . ..
Schwarz, R. T. (2007). Activation of TLR2 and TLR4 by glycosylphosphatidylinositols
derived  from  Toxoplasma  gondii. J  Immunol,  179(2), 1129-1137.
doi:10.4049/jimmunol.179.2.1129

Deguine, J., & Barton, G. M. (2014). MyD88: a central player in innate immune signaling.
F1000prime reports, 6,97-97. doi:10.12703/P6-97

Dellacasa-Lindberg, 1., Hitziger, N., & Barragan, A. (2007). Localized recrudescence of
Toxoplasma infections in the central nervous system of immunocompromised mice
assessed by in vivo bioluminescence imaging. Microbes Infect, 9(11), 1291-1298.
doi:10.1016/j.micinf.2007.06.003

135



Denise, H., McNeil, K., Brooks, D. R., Alexander, J., Coombs, G. H., & Mottram, J. C. (2003).
Expression of multiple CPB genes encoding cysteine proteases is required for Leishmania
mexicana virulence in vivo. Infect Immun, 71(6), 3190-3195.

Denkers, E. Y. (2010). Toll-Like Receptor Initiated Host Defense against Toxoplasma gondii %J
Journal of Biomedicine and Biotechnology (Vol. 2010).

Denkers, E. Y., Scharton-Kersten, T., Barbieri, S., Caspar, P., & Sher, A. (1996). A role for CD4+
NK1.1+ T lymphocytes as major histocompatibility complex class II independent helper
cells in the generation of CD8+ effector function against intracellular infection. J Exp Med,
184(1), 131-139. doi:10.1084/jem.184.1.131

Detavernier, A., Azouz, A., Shehade, H., Splittgerber, M., Van Maele, L., Nguyen, M., . . . Goriely,
S. (2019). Monocytes undergo multi-step differentiation in mice during oral infection by
Toxoplasma gondii. Commun Biol, 2, 472. doi:10.1038/s42003-019-0718-6

Dominguez-Andrés, J., & Netea, M. G. (2020). The specifics of innate immune memory. Science,
368(6495), 1052-1053. doi:10.1126/science.abc2660

Donald, R. G. K., Carter, D., Ullman, B., & Roos, D. S. (1996). Insertional Tagging, Cloning, and
Expression  of the  Toxoplasma  gondii  Hypoxanthine-Xanthine-Guanine
Phosphoribosyltransferase Gene: USE AS A SELECTABLE MARKER FOR STABLE
TRANSFORMATION. Journal of Biological Chemistry, 271(24), 14010-14019.
doi:10.1074/jbc.271.24.14010

Dubey, J. P., Buxton, D., & Wouda, W. (2006). Pathogenesis of bovine neosporosis. J Comp
Pathol, 134(4), 267-289. doi:10.1016/j.jcpa.2005.11.004

Dubey, J. P., Carpenter, J. L., Speer, C. A., Topper, M. J., & Uggla, A. (1988). Newly recognized
fatal protozoan disease of dogs. J Am Vet Med Assoc, 192(9), 1269-1285.

Dubey, J. P., Hill, D. E., Jones, J. L., Hightower, A. W, Kirkland, E., Roberts, J. M., . . . Roaberts,
J. M. (2005). Prevalence of Viable Toxoplasma gondii in Beef, Chicken, and Pork from
Retail Meat Stores in the United States: Risk Assessment to Consumers. The Journal of
Parasitology, 91(5), 1082-1093.

Dubey, J. P., Schares, G., & Ortega-Mora, L. M. (2007). Epidemiology and Control of Neosporosis
and Neospora caninum. Clinical Microbiology  Reviews, 20(2), 323-367.
doi:10.1128/CMR.00031-06

Dubey, J. P., Van Why, K., Verma, S. K., Choudhary, S., Kwok, O. C., Khan, A., Su, C. (2014).
Genotyping Toxoplasma gondii from wildlife in Pennsylvania and identification of natural
recombinants virulent to mice. Vet  Parasitol, 200(1-2), 74-84.
doi:10.1016/j.vetpar.2013.11.001

136



Dunay, I. R., Damatta, R. A., Fux, B., Presti, R., Greco, S., Colonna, M., & Sibley, L. D. (2008).
Grl(+) inflammatory monocytes are required for mucosal resistance to the pathogen
Toxoplasma gondii. Immunity, 29(2), 306-317. doi:10.1016/j.immuni.2008.05.019

Dunay, I. R., & Diefenbach, A. (2018). Group 1 innate lymphoid cells in Toxoplasma gondii
infection. Parasite Immunol, 40(2). doi:10.1111/pim.12516

Dunay, I. R., Fuchs, A., & Sibley, L. D. (2010). Inflammatory Monocytes but Not Neutrophils Are
Necessary To Control Infection with Toxoplasma gondii in Mice. Infection and Immunity,
78(4), 1564-1570. doi:10.1128/1A1.00472-09

Dunay, I. R., & Sibley, L. D. (2010). Monocytes mediate mucosal immunity to Toxoplasma gondii.
Curr Opin Immunol, 22(4), 461-466. doi:10.1016/j.c01.2010.04.008

Duvallet, E., Semerano, L., Assier, E., Falgarone, G., & Boissier, M. C. (2011). Interleukin-23: a
key cytokine in inflammatory diseases. Ann  Med, 43(7), 503-511.
doi:10.3109/07853890.2011.577093

Eberl, G., Colonna, M., Di Santo, J. P., & McKenzie, A. N. (2015). Innate lymphoid cells. Innate
lymphoid cells: a new paradigm in immunology. Science, 348(6237), aaa6566.
doi:10.1126/science.aaab6566

Ellis, J., Sinclair, D., Morrison, D., Al-Qassab, S., Springett, K., & Ivens, A. (2010). Microarray
analyses of mouse responses to infection by Neospora caninum identifies disease
associated cellular pathways in the host response. Molecular and Biochemical
Parasitology, 174(2), 117-127

English, E. D., Adomako-Ankomah, Y., & Boyle, J. P. (2015). Secreted effectors in Toxoplasma
gondii and related species: determinants of host range and pathogenesis? Parasite
Immunology, 37(3), 127-140. doi:10.1111/pim.12166

Erick, T. K., & Brossay, L. (2016). Phenotype and functions of conventional and non-conventional
NK cells. Curr Opin Immunol, 38, 67-74. doi:10.1016/j.c01.2015.11.007

Esteban-Redondo, 1., & Innes, E. A. (1997). Toxoplasma gondii infection in sheep and cattle.
Comp Immunol Microbiol Infect Dis, 20(2), 191-196.

Fan, X., & Rudensky, A. Y. (2016). Hallmarks of Tissue-Resident Lymphocytes. Cell, 164(6),
1198-1211. doi:10.1016/j.cell.2016.02.048

Ferreirinha, P., Frois-Martins, R., Teixeira, L., Rocha, A., Vilanova, M., & Correia, A. (2018).
Interferon-gamma-dependent protection against Neospora caninum infection conferred by
mucosal immunization in IL-12/IL-23 p40-deficient mice. Vaccine, 36(32 Pt B), 4890-
4896. doi:10.1016/j.vaccine.2018.06.060

137



Feustel, S. M., Meissner, M., & Liesenfeld, O. (2012). Toxoplasma gondii and the blood-brain
barrier. Virulence, 3(2), 182-192. doi:10.4161/viru.19004

Fischer, H. G., Nitzgen, B., Reichmann, G., & Hadding, U. (1997). Cytokine responses induced
by Toxoplasma gondii in astrocytes and microglial cells. Eur J Immunol, 27.
doi:10.1002/eji.1830270633

Forntiskova, A., Vinkler, M., Pages, M., Galan, M., Jousselin, E., Cerqueira, F., . . . Cosson, J. F.
(2013). Contrasted evolutionary histories of two Toll-like receptors (TIr4 and Tlr7) in wild
rodents (MURINAE). BMC Evol Biol, 13,194. doi:10.1186/1471-2148-13-194

Fox, B. A., Falla, A., Rommereim, L. M., Tomita, T., Gigley, J. P., Mercier, C., . . . Bzik, D. J.
(2011). Type II Toxoplasma gondii KU80 Knockout Strains Enable Functional Analysis

of Genes Required for Cyst Development and Latent Infection. Eukaryotic Cell, 10(9),
1193-1206. doi:10.1128/ec.00297-10

Frenkel, J. K., & Dubey, J. P. (1975). Hammondia hammondi gen. nov., sp.nov., from domestic
cats, a new coccidian related to Toxoplasma and Sarcocystis. Zeitschrift fiir
Parasitenkunde, 46(1), 3-12. doi:10.1007/bf00383662

Frieman, M., Heise, M., & Baric, R. (2008). SARS coronavirus and innate immunity. Virus Res,
133(1), 101-112. doi:10.1016/j.virusres.2007.03.015

Gaddi, P. J., & Yap, G. S. (2007). Cytokine regulation of immunopathology in toxoplasmosis.
Immunol Cell Biol, 85(2), 155-159. Retrieved from

Gasteiger, G., D'Osualdo, A., Schubert, D. A., Weber, A., Bruscia, E. M., & Hartl, D. (2017).
Cellular Innate Immunity: An Old Game with New Players. J Innate Immun, 9(2), 111-
125. doi:10.1159/000453397

Gay, G., Braun, L., Brenier-Pinchart, M. P., Vollaire, J., Josserand, V., Bertini, R. L., . . . Hakimi,
M. A. (2016). Toxoplasma gondii TgIST co-opts host chromatin repressors dampening
STATI1-dependent gene regulation and IFN-gamma-mediated host defenses. The Journal
of experimental medicine., 213(9), 1779-1798. doi:10.1084/jem.20160340

Gazzinelli, R. T., Mendonca-Neto, R., Lilue, J., Howard, J., & Sher, A. (2014). Innate resistance
against Toxoplasma gondii: an evolutionary tale of mice, cats, and men. Cell Host Microbe,
15(2), 132-138. doi:10.1016/j.chom.2014.01.004

Gazzinelli, R. T., Wysocka, M., Hayashi, S., Denkers, E. Y., Hieny, S., Caspar, P., ... Sher, A.
(1994). Parasite-induced IL-12 stimulates early IFN-gamma synthesis and resistance

during acute infection with Toxoplasma gondii. J Immunol, 153(6), 2533-2543.

Godfrey, D. 1., MacDonald, H. R., Kronenberg, M., Smyth, M. J., & Van Kaer, L. (2004). NKT
cells: what's in a name? Nat Rev Immunol, 4(3), 231-237. doi:10.1038/nri1309

138



Goldszmid, R. S., Caspar, P., Rivollier, A., White, S., Dzutsev, A., Hieny, S., . .. Sher, A. (2012).
NK cell-derived interferon-y orchestrates the cellular dynamics and differentiation of

monocytes into inflammatory dendritic cells at the site of infection. Immunity, 36(6), 1047-
1059. do0i:10.1016/j.immuni.2012.03.026

Gonzéalez-Warleta, M., Castro-Hermida, J. A., Calvo, C., Pérez, V., Gutiérrez-Exposito, D.,
Regidor-Cerrillo, J., . . . Mezo, M. (2018). Endogenous transplacental transmission of
Neospora caninum during successive pregnancies across three generations of naturally
infected sheep. Veterinary Research, 49(1), 106. doi:10.1186/s13567-018-0601-3

Goodswen, S. J., Kennedy, P. J., & Ellis, J. T. (2013). A review of the infection, genetics, and
evolution of Neospora caninum: From the past to the present. Infection, Genetics and
Evolution, 13, 133-150.

Grabiec, A., Meng, G., Fichte, S., Bessler, W., Wagner, H., & Kirschning, C. J. (2004). Human
but not murine toll-like receptor 2 discriminates between tri-palmitoylated and tri-
lauroylated peptides. J Biol Chem, 279(46), 48004-48012. doi:10.1074/jbc.M405311200

Grela, F., Aumeunier, A., Bardel, E., Van, L. P., Bourgeois, E., Vanoirbeek, J., . . . Thieblemont,
N. (2011). The TLR7 agonist R848 alleviates allergic inflammation by targeting invariant
NKT cells to produce IFN-gamma. J Immunol, 186(1), 284-290.
doi:10.4049/jimmunol.1001348

Grigg, M. E., Bonnefoy, S., Hehl, A. B., Suzuki, Y., & Boothroyd, J. C. (2001). Success and
Virulence in Toxoplasma as the Result of Sexual Recombination Between Two Distinct
Ancestries. Science, 294(5540), 161. doi:10.1126/science.1061888

Guido, S., Katzer, F., Nanjiani, I., Milne, E., & Innes, E. A. (2016). Serology-Based Diagnostics
for the Control of Bovine Neosporosis. Trends Parasitol, 32(2), 131-143.
doi:10.1016/5.pt.2015.11.014

Guzman, E., Hope, J., Taylor, G., Smith, A. L., Cubillos-Zapata, C., & Charleston, B. (2014).
Bovine gammadelta T cells are a major regulatory T cell subset. J Immunol, 193(1), 208-
222. doi:10.4049/jimmunol.1303398

Hauser, W. E., Jr., Sharma, S. D., & Remington, J. S. (1983). Augmentation of NK cell activity
by soluble and particulate fractions of Toxoplasma gondii. J Immunol, 131(1), 458-463.

Hedges, J. F., Lubick, K. J., & Jutila, M. A. (2005). Gamma delta T cells respond directly to
pathogen-associated  molecular  patterns. J  Immunol, 174(10), 6045-6053.
doi:10.4049/jimmunol.174.10.6045

Hemphill, A., Aguado-Martinez, A., & Muller, J. (2016). Approaches for the vaccination and

treatment of Neospora caninum infections in mice and ruminant models. Parasitology,
143(3), 245-259. doi:10.1017/s0031182015001596

139



Hernandez, A., Bohannon, J. K., Luan, L., Fensterheim, B. A., Guo, Y., Patil, N. K., . . . Sherwood,
E. R. (2016). The role of MyD88- and TRIF-dependent signaling in monophosphoryl lipid
A-induced expansion and recruitment of innate immunocytes. Journal of Leukocyte
Biology, 100(6), 1311-1322.

Hernandez-Rivas, R., Mattei, D., Sterkers, Y., Peterson, D. S., Wellems, T. E., & Scherf, A.
(1997). Expressed var genes are found in Plasmodium falciparum subtelomeric regions.
Mol Cell Biol, 17(2), 604-611.

Hoffmann, J. A., Kafatos, F. C., Janeway, C. A., & Ezekowitz, R. A. (1999). Phylogenetic
perspectives in innate immunity. Science, 284(5418), 1313-1318.
doi:10.1126/science.284.5418.1313

Holderness, J., Hedges, J. F., Ramstead, A., & Jutila, M. A. (2013). Comparative biology of
gammadelta T cell function in humans, mice, and domestic animals. Annu Rev Anim Biosci,
1,99-124. doi:10.1146/annurev-animal-031412-103639

Holodick, N. E., Rodriguez-Zhurbenko, N., & Hernandez, A. M. (2017). Defining Natural
Antibodies. Front Immunol, 8, 872. doi:10.3389/fimmu.2017.00872

Horcajo, P., Regidor-Cerrillo, J., Aguado-Martinez, A., Hemphill, A., & Ortega-Mora, L. M.
(2016). Vaccines for bovine neosporosis: current status and key aspects for development.
Parasite Immunol, 38(12), 709-723. doi:10.1111/pim.12342

Hou, B., Benson, A., Kuzmich, L., DeFranco, A. L., & Yarovinsky, F. (2011). Critical
coordination of innate immune defense against Toxoplasma gondii by dendritic cells
responding via their Toll-like receptors. Proc Natl Acad Sci U S A, 108(1), 278-283.
doi:10.1073/pnas.1011549108

Howe, D. K., & Sibley, L. D. (1995). Toxoplasma gondii comprises three clonal lineages:
correlation of parasite genotype with human disease. J Infect Dis, 172(6), 1561-1566.
doi:10.1093/infdis/172.6.1561

Hughes, A. L., & Piontkivska, H. (2008). Functional diversification of the toll-like receptor gene
family. Immunogenetics, 60(5), 249-256. doi:10.1007/s00251-008-0283-5

Hunter, C. A., Bermudez, L., Beernink, H., Waegell, W., & Remington, J. S. (1995). Transforming
growth factor-beta inhibits interleukin-12-induced production of interferon-gamma by
natural killer cells: a role for transforming growth factor-beta in the regulation of T cell-
independent resistance to Toxoplasma gondii. Eur J Immunol, 25(4), 994-1000.
doi:10.1002/eji.1830250420

Hunter, C. A., Candolfi, E., Subauste, C., Van Cleave, V., & Remington, J. S. (1995). Studies on
the role of interleukin-12 in acute murine toxoplasmosis. Immunology, 84(1), 16-20.

140



Hunter, C. A., Chizzonite, R., & Remington, J. S. (1995). IL-1 beta is required for IL-12 to induce
production of IFN-gamma by NK cells. A role for IL-1 beta in the T cell-independent
mechanism of resistance against intracellular pathogens. J Immunol, 155(9), 4347-4354.

Huynh, M.-H., & Carruthers, V. B. (2009). Tagging of Endogenous Genes in a Toxoplasma gondii
Strain Lacking Ku80. Eukaryotic Cell, 8(4), 530-539. doi:10.1128/ec.00358-08

Innes, E. A. (2010). A Brief History and Overview of Toxoplasma gondii. Zoonoses and Public
Health, 57(1), 1-7. doi:10.1111/j.1863-2378.2009.01276.x

Innes, E. A., Panton, W. R. M., Marks, J., Trees, A. J., Holmdahl, J., & Buxton, D. (1995).
Interferon gamma inhibits the intracellular multiplication of Neospora caninum, as shown
by incorporation of 3H uracil. Journal of Comparative Pathology, 113(1), 95-100.

Inoue, S., Niikura, M., Mineo, S., & Kobayashi, F. (2013). Roles of IFN-gamma and gammadelta
T Cells in Protective Immunity Against Blood-Stage Malaria. Front Immunol, 4, 258.
doi:10.3389/fimmu.2013.00258

Ishengoma, E., & Agaba, M. (2017). Evolution of toll-like receptors in the context of terrestrial
ungulates and cetaceans diversification. BMC Evol Biol, 17(1), 54. doi:10.1186/s12862-
017-0901-7

Ishikawa, H., Hisaeda, H., Taniguchi, M., Nakayama, T., Sakai, T., Maekawa, Y., Himeno, K.
(2000). CD4(+) v(alpha)14 NKT cells play a crucial role in an early stage of protective

immunity against infection with Leishmania major. Int Immunol, 12(9), 1267-1274.
do0i:10.1093/intimm/12.9.1267

Ivanova, D. L., Denton, S. L., Fettel, K. D., Sondgeroth, K. S., Munoz Gutierrez, J., Bangoura, B.,
... Gigley, J. P. (2019). Innate Lymphoid Cells in Protection, Pathology, and Adaptive
Immunity During  Apicomplexan Infection.  Front  Immunol, 10, 196.
doi:10.3389/fimmu.2019.00196

Janeway, C. A., Jr., & Medzhitov, R. (2002). Innate immune recognition. Annu Rev Immunol, 20,
197-216. doi:10.1146/annurev.immunol.20.083001.084359

Jankovic, D., Kullberg, M. C., Hieny, S., Caspar, P., Collazo, C. M., & Sher, A. (2002). In the
absence of IL-12, CD4(+) T cell responses to intracellular pathogens fail to default to a
Th2 pattern and are host protective in an IL-10(-/-) setting. Immunity, 16(3), 429-439.
doi:10.1016/s1074-7613(02)00278-9

Jann, O. C., Werling, D., Chang, J. S., Haig, D., & Glass, E. J. (2008). Molecular evolution of

bovine Toll-like receptor 2 suggests substitutions of functional relevance. BMC Evol Biol,
8, 288. doi:10.1186/1471-2148-8-288

141



Jenkins, M. C., Parker C Fau - Hill, D., Hill D Fau - Pinckney, R. D., Pinckney Rd Fau - Dyer, R.,
Dyer R Fau - Dubey, J. P., & Dubey, J. P. (2007). Neospora caninum detected in feral
rodents. (0304-4017 (Print)).

Jenkins, M. C., Tuo, W., Feng, X., Cao, L., Murphy, C., & Fetterer, R. (2010). Neospora caninum:
Cloning and expression of a gene coding for cytokine-inducing profilin. Experimental
Parasitology, 125(4), 357-362.

Jiang, W., Johnson, C., Jayaraman, J., Simecek, N., Noble, J., Moffatt, M. F., . . . Traherne, J. A.
(2012). Copy number variation leads to considerable diversity for B but not A haplotypes

of the human KIR genes encoding NK cell receptors. Genome Research, 22(10), 1845-
1854. doi:10.1101/gr.137976.112

Jungi, T. W., Farhat, K., Burgener, 1. A., & Werling, D. (2011). Toll-like receptors in domestic
animals. Cell Tissue Res, 343(1), 107-120. doi:10.1007/s00441-010-1047-8

Kamau, E. T., Srinivasan, A. R., Brown, M. J., Fair, M. G., Caraher, E. J., & Boyle, J. P. (2012).
A focused small-molecule screen identifies 14 compounds with distinct effects on
Toxoplasma  gondii.  Antimicrob ~ Agents  Chemother,  56(11),  5581-5590.
doi:10.1128/AAC.00868-12

Kasper, L. H., Matsuura, T., Fonseka, S., Arruda, J., Channon, J. Y., & Khan, 1. A. (1996).
Induction of gammadelta T cells during acute murine infection with Toxoplasma gondii. J
Immunol, 157(12), 5521-5527.

Kawasaki, T., & Kawai, T. (2014). Toll-like receptor signaling pathways. Front Immunol, 5, 461.
doi:10.3389/fimmu.2014.00461

Kemp, L. E., Yamamoto, M., & Soldati-Favre, D. (2013). Subversion of host cellular functions by
the apicomplexan parasites. FEMS Microbiol Rev, 37(4), 607-631. doi:10.1111/1574-
6976.12013

Khan, A., Taylor, S., Ajioka, J. W., Rosenthal, B. M., & Sibley, L. D. (2009). Selection at a Single
Locus Leads to Widespread Expansion of Toxoplasma gondii Lineages That Are Virulent
in Mice. PLoS Genet, 5(3), €1000404. doi:10.1371/journal.pgen.1000404

Khan, I. A., Matsuura, T., & Kasper, L. H. (1994). Interleukin-12 enhances murine survival against
acute toxoplasmosis. Infection and Immunity, 62(5), 1639-1642.

Khan, I. A., Schwartzman Jd Fau - Fonseka, S., Fonseka S Fau - Kasper, L. H., & Kasper, L. H.
(1997). Neospora caninum: role for immune cytokines in host immunity. (0014-4894
(Print)).

Kim, J. H., Kim, H. S., Kim, H. Y., Oh, S. J., & Chung, D. H. (2012). Direct engagement of TLR4

in invariant NKT cells regulates immune diseases by differential 1L-4 and IFN-y
production in mice. PLoS One, 7(9), €45348. doi:10.1371/journal.pone.0045348

142



Kimbrell, D. A., & Beutler, B. (2001). The evolution and genetics of innate immunity. Nat Rev
Genet, 2(4), 256-267. doi:10.1038/35066006

Klevar, S., Kulberg, S., Boysen, P., Storset, A. K., Moldal, T., Bjorkman, C., & Olsen, I. (2007).
Natural killer cells act as early responders in an experimental infection with Neospora
caninum in calves. Int J Parasitol, 37(3-4), 329-339. doi:10.1016/j.ijpara.2006.11.002

Knoll, L. J., & Boothroyd, J. C. (1998). Isolation of Developmentally Regulated Genes from
Toxoplasma gondii by a Gene Trap with the Positive and Negative Selectable Marker

Hypoxanthine-Xanthine-Guanine Phosphoribosyltransferase. Molecular and Cellular
Biology, 18(2), 807-814.

Koblansky, A. A., Jankovic, D., Oh, H., Hieny, S., Sungnak, W., Mathur, R., Ghosh, S. (2013).
Recognition of Profilin by Toll-like Receptor 12 Is Critical for Host Resistance to
Toxoplasma gondii. Immunity, 38(1), 119-130.

Kronenberg, M., & Gapin, L. (2002). The unconventional lifestyle of NKT cells. Nat Rev Immunol,
2(8), 557-568. doi:10.1038/nri854

Kucera, K., Koblansky, A. A., Saunders, L. P., Frederick, K. B., De La Cruz, E. M., Ghosh, S., &
Modis, Y. (2010). Structure-based analysis of Toxoplasma gondii profilin: a parasite-

specific motif is required for recognition by Toll-like receptor 11. J Mol Biol, 403(4), 616-
629. doi:10.1016/j.jmb.2010.09.022

Kucera, K., Koblansky, A. A., Saunders, L. P., Frederick, K. B., De La Cruz, E. M., Ghosh, S., &
Modis, Y. (2010). Structure-based analysis of Toxoplasma gondii profilin: a parasite-

specific motif is required for recognition by Toll-like receptor 11. Journal of molecular
biology, 403(4), 616-629. doi:10.1016/j.jmb.2010.09.022

Kulkarni, R. R., Villanueva, A. 1., Elawadli, I., Jayanth, P., Read, L. R., Haeryfar, S. M., & Sharif,
S. (2012). Costimulatory activation of murine invariant natural killer T cells by toll-like
receptor agonists. Cell Immunol, 277(1-2), 33-43. doi:10.1016/j.cellimm.2012.06.002

Kumar, A., Suryadevara, N., Hill, T. M., Bezbradica, J. S., Van Kaer, L., & Joyce, S. (2017).
Natural Killer T Cells: An Ecological Evolutionary Developmental Biology Perspective.
Front Immunol, 8, 1858. doi1:10.3389/fimmu.2017.01858

Lambert, H., Vutova, P. P., Adams, W. C., Lor¢, K., & Barragan, A. (2009). The Toxoplasma
gondii-shuttling function of dendritic cells is linked to the parasite genotype. Infect Immun,
77(4), 1679-1688. doi:10.1128/iai.01289-08

Lankry, D., Gazit, R., & Mandelboim, O. (2010). Methods to identify and characterize different

NK cell receptors and their ligands. Methods Mol Biol, 612, 249-273. d0i:10.1007/978-1-
60761-362-6 17

143



Liao, C. M., Zimmer, M. 1., & Wang, C. R. (2013). The functions of type I and type II natural
killer T cells in inflammatory bowel diseases. Inflamm Bowel Dis, 19(6), 1330-1338.
doi:10.1097/MIB.0b013e318280ble3

Lin, H., Nieda, M., Rozenkov, V., & Nicol, A. J. (2006). Analysis of the effect of different NKT
cell subpopulations on the activation of CD4 and CDS8 T cells, NK cells, and B cells. Exp
Hematol, 34(3), 289-295. doi:10.1016/j.exphem.2005.12.008

Linzmeier, R. M., & Ganz, T. (2005). Human defensin gene copy number polymorphisms:
Comprehensive analysis of independent variation in a- and B-defensin regions at 8p22—
p23. Genomics, 86(4), 423-430.

Liu, G., Zhang, H., Zhao, C., & Zhang, H. (2020). Evolutionary History of the Toll-Like Receptor
Gene Family across Vertebrates. Genome Biol Evol, 12(1), 3615-3634.
doi:10.1093/gbe/evz266

Long, M. T., Baszler Tv Fau - Mathison, B. A., & Mathison, B. A. (1998). Comparison of
intracerebral parasite load, lesion development, and systemic cytokines in mouse strains
infected with Neospora caninum. (0022-3395 (Print)).

Lopez-Gatius, F., Almeria, S., Donoftrio, G., Nogareda, C., Garcia-Ispierto, 1., Bech-Sabat, G., . .
. Beckers, J. F. (2007). Protection against abortion linked to gamma interferon production

in pregnant dairy cows naturally infected with Neospora caninum. Theriogenology, 68(7),
1067-1073.

Luft, B. J., Conley, F., Remington, J. S., Laverdiere, M., Wagner, K. F., Levine, J. F., . . . Meunier-
Carpentier, F. (1983). Outbreak of central-nervous-system toxoplasmosis in western
Europe and North America. Lancet, 1(8328), 781-784.

Ma, X., Chow, J. M., Gri, G., Carra, G., Gerosa, F., Wolf, S. F., . . . Trinchieri, G. (1996). The
interleukin 12 p40 gene promoter is primed by interferon gamma in monocytic cells. J Exp
Med, 183(1), 147-157. doi:10.1084/jem.183.1.147

Magram, J., Connaughton, S. E., Warrier, R. R., Carvajal, D. M., Wu, C. Y., Ferrante, J., . . .
Gately, M. K. (1996). IL-12-deficient mice are defective in IFN gamma production and
type 1 cytokine responses. Immunity, 4(5), 471-481. doi:10.1016/s1074-7613(00)80413-6

Maizels, R. M., & McSorley, H. J. (2016). Regulation of the host immune system by helminth
parasites. J Allergy Clin Immunol, 138(3), 666-675. doi:10.1016/j.jaci.2016.07.007

Male, V., & Brady, H. J. M. (2017). Murine thymic NK cells: A case of identity. Eur J Immunol,
47(5), 797-799. doi:10.1002/¢ji.201747038

Maley, S. W., Buxton, D., Macaldowie, C. N., Anderson, I. E., Wright, S. E., Bartley, P. M., . ..
Innes, E. A. (2006). Characterization of the immune response in the placenta of cattle

experimentally infected with Neospora caninum in early gestation. J Comp Pathol, 135(2-
3), 130-141. doi:10.1016/j.jcpa.2006.07.001

144



Mansilla, F. C., & Capozzo, A. V. (2017). Apicomplexan profilins in vaccine development applied
to bovine neosporosis. Exp Parasitol, 183, 64-68. doi:10.1016/j.exppara.2017.10.009

Mansilla, F. C., Quintana, M. E., Langellotti, C., Wilda, M., Martinez, A., Fonzo, A., . .. Capozzo,
A. V. (2016). Immunization with Neospora caninum profilin induces limited protection

and a regulatory T-cell response in mice. Exp Parasitol, 160, 1-10.
doi:10.1016/j.exppara.2015.10.008

Marks, J., Lundén, A., Harkins, D., & Innes, E. (1998). Identification of Neospora antigens
recognized by CD4+ T cells and immune sera from experimentally infected cattle. Parasite
Immunol, 20(7), 303-309. doi:10.1046/j.1365-3024.1998.00145.x

McCabe, R. E., Luft, B. J., & Remington, J. S. (1984). Effect of murine interferon gamma on
murine toxoplasmosis. J Infect Dis, 150(6), 961-962.

McKechnie, J. L., & Blish, C. A. (2020). The Innate Immune System: Fighting on the Front Lines
or Fanning the Flames of COVID-19? Cell Host Microbe, 27(6), 863-869.
do0i:10.1016/j.chom.2020.05.009

Medvedev, P., Stanciu, M., & Brudno, M. (2009). Computational methods for discovering
structural variation with next-generation sequencing. Nat Meth, 6(11s), S13-S20.

Menzies, M., & Ingham, A. (2006). Identification and expression of Toll-like receptors 1-10 in
selected bovine and ovine tissues. Vet Immunol Immunopathol, 109(1-2), 23-30.
doi:10.1016/j.vetimm.2005.06.014

Merad, M., & Martin, J. C. (2020). Pathological inflammation in patients with COVID-19: a key
role for monocytes and macrophages. Nat Rev Immunol, 20(6), 355-362.
doi:10.1038/s41577-020-0331-4

Miller, J. L., Murray, S., Vaughan, A. M., Harupa, A., Sack, B., Baldwin, M., . . . Kappe, S. H. L.
(2013). Quantitative Bioluminescent Imaging of Pre-Erythrocytic Malaria Parasite
Infection Using Luciferase-Expressing Plasmodium yoelii. PLOS ONE, 8(4), ¢60820.
doi:10.1371/journal.pone.0060820

Mills, R. E., Walter, K., Stewart, C., Handsaker, R. E., Chen, K., Alkan, C., . . . Korbel, J. O.
(2011). Mapping copy number variation by population-scale genome sequencing. Nature,
470(7332), 59-65.

Mineo, T. W., Benevides, L., Silva, N. M., & Silva, J. S. (2009). Myeloid differentiation factor 88
is required for resistance to Neospora caninum infection. Vet Res, 40(4), 32.

doi:10.1051/vetres/2009015

Mineo, T. W., Oliveira, C. J., Gutierrez, F. R., & Silva, J. S. (2010). Recognition by Toll-like
receptor 2 induces antigen-presenting cell activation and Thl programming during

145



infection by Neospora caninum. Immunol Cell Biol, §88(8), 825-833.
doi:10.1038/icb.2010.52

Miranda, V. D. S., Franca, F. B. F., da Costa, M. S., Silva, V. R. S., Mota, C. M., Barros, P., . . .
Mineo, T. W. P. (2019). Toll-Like Receptor 3-TRIF Pathway Activation by Neospora

caninum RNA Enhances Infection Control in Mice. Infect Immun, 87(4).
d0i:10.1128/iai.00739-18

Mogensen, T. H. (2009). Pathogen Recognition and Inflammatory Signaling in Innate Immune
Defenses. Clinical Microbiology Reviews, 22(2), 240-273. doi:10.1128/CMR.00046-08

Mols-Vorstermans, T., Hemphill, A., Monney, T., Schaap, D., & Boerhout, E. (2013). Differential
effects on survival, humoral immune responses and brain lesions in inbred BALB/C,
CBA/CA, and C57BL/6 mice experimentally infected with Neospora caninum tachyzoites.
ISRN parasitology, 2013.

Moran, G. P., Coleman, D. C., & Sullivan, D. J. (2011). Comparative genomics and the evolution
of pathogenicity in human pathogenic fungi. Eukaryot Cell, 10(1), 34-42.
doi:10.1128/ec.00242-10

Morgado, P., Sudarshana, D. M., Gov, L., Harker, K. S., Lam, T., Casali, P., . . . Lodoen, M. B.
(2014). Type II Toxoplasma gondii induction of CD40 on infected macrophages enhances
interleukin-12 responses. Infect Immun, §2(10), 4047-4055. doi:10.1128/iai.01615-14

Morisaki, J. H., Heuser, J. E., & Sibley, L. D. (1995). Invasion of Toxoplasma gondii occurs by
active penetration of the host cell. J Cell Sci, 108.

Morris, J. G., Greenspan, A., Howell, K., Gargano, L. M., Mitchell, J., Jones, J. L., . . . Hughes, J.
M. (2012). Southeastern Center for Emerging Biologic Threats Tabletop Exercise:

Foodborne Toxoplasmosis Outbreak on College Campuses. Biosecurity and Bioterrorism
. Biodefense Strategy, Practice, and Science, 10(1), 89-97. doi:10.1089/bsp.2011.0040

Miiller, E., Christopoulos, P. F., Halder, S., Lunde, A., Beraki, K., Speth, M., . . . Corthay, A.
(2017). Toll-Like Receptor Ligands and Interferon-y Synergize for Induction of Antitumor
M1 Macrophages. Frontiers in immunology, 8, 1383-1383.
doi:10.3389/fimmu.2017.01383

Nakano, Y., Hisaeda, H., Sakai, T., Zhang, M., Maekawa, Y., Zhang, T., & Himeno, K. (2001).
Role of innate immune cells in protection against Toxoplasma gondii at inflamed site. J

Med Invest, 48(1-2), 73-80.

Newman, K. C., & Riley, E. M. (2007). Whatever turns you on: accessory-cell-dependent
activation of NK cells by pathogens. Nat Rev Immunol, 7(4),279-291. doi1:10.1038/nri2057

Nguyen, T. K., Koets, A. P., Vordermeier, M., Jervis, P. J., Cox, L. R., Graham, S. P., . . . Van
Rhijn, I. (2013). The bovine CD1D gene has an unusual gene structure and is expressed

146



but cannot present alpha-galactosylceramide with a C26 fatty acid. Int Immunol, 25(2), 91-
98. doi:10.1093/intimm/dxs092

Nishikawa, Y. (2017). Towards a preventive strategy for neosporosis: challenges and future
perspectives for vaccine development against infection with Neospora caninum. J Vet Med

Sci, 79(8), 1374-1380. doi:10.1292/jvms.17-0285

Nishikawa, Y., Tragoolpua, K., Inoue, N., Makala, L., Nagasawa, H., Otsuka, H., & Mikami, T.
(2001). In the absence of endogenous gamma interferon, mice acutely infected with
Neospora caninum succumb to a lethal immune response characterized by inactivation of
peritoneal macrophages. Clin Diagn Lab Immunol, 8(4), 811-816.

Nishikawa, Y., Zhang, H., Ibrahim, H. M., Yamada, K., Nagasawa, H., & Xuan, X. (2010). Roles
of CD122+ cells in resistance against Neospora caninum infection in a murine model. J
Vet Med Sci, 72(10), 1275-1282. doi:10.1292/jvms.10-0068

Northrop-Clewes, C. A., & Shaw, C. (2000). Parasites. Br Med Bull, 56(1), 193-208.

Nunes, A. C., Silva, E. M., Oliveira, J. A., Yamasaki, E. M., Kim, P. C., Almeida, J. C., Mota, R.
A. (2015). Application of different techniques to detect Toxoplasma gondii in slaughtered
sheep for human consumption. Rev Bras Parasitol Vet. doi:10.1590/s1984-29612015076

O'Sullivan, T. E., Sun, J. C., & Lanier, L. L. (2015). Natural Killer Cell Memory. Immunity, 43(4),
634-645. do0i:10.1016/j.immuni.2015.09.013

Ogata, H., Renesto, P., Audic, S., Robert, C., Blanc, G., Fournier, P.-E., Raoult, D. (2005). The
Genome Sequence of <italic>Rickettsia felis</italic> Identifies the First Putative
Conjugative Plasmid in an Obligate Intracellular Parasite. PLoS Biol, 3(8), e248.
doi:10.1371/journal.pbio.0030248

Olias, P., Etheridge, R. D., Zhang, Y., Holtzman, M. J., & Sibley, L. D. (2016). Toxoplasma
Effector Recruits the Mi-2/NuRD Complex to Repress STAT1 Transcription and Block
IFN-gamma-Dependent Gene Expression. Cell Host Microbe, 20(1), 72-82.
doi:10.1016/j.chom.2016.06.006

Olle, P., Bessieres, M. H., Malecaze, F., & Seguela, J. P. (1996). The evolution of ocular
toxoplasmosis in anti-interferon gamma treated mice. Curr Eye Res, 15(7), 701-707.

Oppmann, B., Lesley, R., Blom, B., Timans, J. C., Xu, Y., Hunte, B., Kastelein, R. A. (2000).
Novel p19 protein engages IL-12p40 to form a cytokine, IL-23, with biological activities
similar as well as distinct from IL-12. Immunity, 13(5), 715-725.

Ouaissi, A., Guilvard, E., Delneste, Y., Caron, G., Magistrelli, G., Herbault, N., Jeannin, P. (2002).
The Trypanosoma cruzi Tc52-released protein induces human dendritic cell maturation,

signals via Toll-like receptor 2, and confers protection against lethal infection. J Immunol,
168(12), 6366-6374. doi:10.4049/jimmunol.168.12.6366

147



Papkou, A., Guzella, T., Yang, W., Koepper, S., Pees, B., Schalkowski, R.,Schulenburg, H. (2019).
The genomic basis of Red Queen dynamics during rapid reciprocal host-pathogen
coevolution. Proc Natl Acad Sci U S A, 116(3), 923-928. doi:10.1073/pnas.1810402116

Parham, P., Norman, P. J., Abi-Rached, L., & Guethlein, L. A. (2011). Variable NK cell receptors
exemplified by human KIR3DL1/S1. J Immunol, 187(1), 11-19.

Park, E., Patel, S., Wang, Q., Andhey, P., Zaitsev, K., Porter, S., Yokoyama, W. M. (2019).
Toxoplasma gondii infection drives conversion of NK cells into ILC1-like cells. Elife, §.
doi:10.7554/eLife.47605

Pellicci, D. G., Koay, H. F., & Berzins, S. P. (2020). Thymic development of unconventional T
cells: how NKT cells, MAIT cells and y6 T cells emerge. Nat Rev Immunol.
doi:10.1038/s41577-020-0345-y

Pietschmann, K., Beetz, S., Welte, S., Martens, 1., Gruen, J., Oberg, H. H., . . . Kabelitz, D. (2009).
Toll-like receptor expression and function in subsets of human gammadelta T lymphocytes.
Scand J Immunol, 70(3), 245-255. doi:10.1111/1.1365-3083.2009.02290.x

Pittman, K. J., & Knoll, L. J. (2015). Long-Term Relationships: the Complicated Interplay between
the Host and the Developmental Stages of Toxoplasma gondii during Acute and Chronic
Infections. Microbiol Mol Biol Rev, 79(4), 387-401. doi:10.1128/mmbr.00027-15

Plattner, B. L., & Hostetter, J. M. (2011). Comparative gamma delta T cell immunology: a focus
on mycobacterial disease in cattle. Vet Med Int, 2011, 214384. doi:10.4061/2011/214384

Plattner, F., Yarovinsky, F., Romero, S., Didry, D., Carlier, M.-F., Sher, A., & Soldati-Favre, D.
(2008). Toxoplasma Profilin Is Essential for Host Cell Invasion and TLR11-Dependent
Induction of an Interleukin-12 Response. Cell Host & Microbe, 3(2), 77-87.

Qiu, Q., Zhang, G., Ma, T., Qian, W., Wang, J., Ye, Z., . . . Liu, J. (2012). The yak genome and
adaptation to life at high altitude. Nat Genet, 44(8), 946-949.

Quinones, M., Ahuja, S. K., Melby, P. C., Pate, L., Reddick, R. L., & Ahuja, S. S. (2000).
Preformed membrane-associated stores of interleukin (IL)-12 are a previously

unrecognized source of bioactive IL-12 that is mobilized within minutes of contact with an
intracellular parasite. J Exp Med, 192(4), 507-516. doi:10.1084/jem.192.4.507

Raetz, M., Kibardin, A., Sturge, C. R., Pifer, R., Li, H., Burstein, E., Yarovinsky, F. (2013).
Cooperation of TLR12 and TLRI11 in the IRF8-dependent IL-12 response to Toxoplasma
gondii profilin. J Immunol, 191(9), 4818-4827. doi:10.4049/jimmunol.1301301

Rea, P., & Rae, S. (2015). The Potential of Neospora caninum Immunogens against Neosporosis
(Vol. 06).

148



Reese, M. L., Zeiner, G. M., Saeij, J. P. J., Boothroyd, J. C., & Boyle, J. P. (2011). Polymorphic
family of injected pseudokinases is paramount in Toxoplasma virulence. Proceedings of
the National Academy of Sciences, 108(23), 9625-9630.

Reid, A. J., Vermont, S. J., Cotton, J. A., Harris, D., Hill-Cawthorne, G. A., K'nen-Waisman, S.,
Wastling, J. M. (2012). Comparative Genomics of the Apicomplexan Parasites

Toxoplasma gondii and Neospora caninum: Coccidia Differing in Host Range and
Transmission Strategy. PLoS Pathog, 8(3), €1002567. doi:10.1371/journal.ppat.1002567

Riera Romo, M., Pérez-Martinez, D., & Castillo Ferrer, C. (2016). Innate immunity in vertebrates:
an overview. Immunology, 148(2), 125-139. doi:10.1111/imm.12597

Roach, J. C., Glusman, G., Rowen, L., Kaur, A., Purcell, M. K., Smith, K. D.,Aderem, A. (2005).
The evolution of vertebrate Toll-like receptors. Proc Natl Acad Sci U S A, 102(27), 9577-
9582. doi:10.1073/pnas.0502272102

Robben, P. M., LaRegina, M., Kuziel, W. A., & Sibley, L. D. (2005). Recruitment of Gr-1+
monocytes is essential for control of acute toxoplasmosis. J Exp Med, 201(11), 1761-1769.
doi:10.1084/jem.20050054

Robben, P. M., LaRegina, M., Kuziel, W. A., & Sibley, L. D. (2005). Recruitment of Gr-
I+monocytes is essential for control of acute toxoplasmosis. The Journal of Experimental
Medicine, 201(11), 1761-1769. doi:10.1084/jem.20050054

Robbins, J. R., Zeldovich, V. B., Poukchanski, A., Boothroyd, J. C., & Bakardjiev, A. 1. (2012).
Tissue barriers of the human placenta to infection with Toxoplasma gondii. Infect Immun,
80(1), 418-428. doi:10.1128/iai.05899-11

Robinette, M. L., & Colonna, M. (2016). Immune modules shared by innate lymphoid cells and
T cells. J Allergy Clin Immunol, 138(5), 1243-1251. doi:10.1016/j.jac1.2016.09.006

Rommereim, L. M., Hortua Triana, M. A., Falla, A., Sanders, K. L., Guevara, R. B., Bzik, D. J.,
& Fox, B. A. (2013). Genetic Manipulation in Aku80 Strains for Functional Genomic

Analysis of Toxoplasma gondii. Journal of Visualized Experiments : JoVE(77), 50598.
d0i:10.3791/50598

Rose, S., Misharin, A., & Perlman, H. (2012). A novel Ly6C/Ly6G-based strategy to analyze the
mouse splenic myeloid compartment. Cytometry Part A, 81A4(4), 343-350.
doi:10.1002/cyto.a.22012

Saeij, J. P., Boyle, J. P., Coller, S., Taylor, S., Sibley, L. D., Brooke-Powell, E. T., Boothroyd, J.
C. (2006). Polymorphic secreted kinases are key virulence factors in toxoplasmosis.

Science, 314(5806), 1780-1783. doi:10.1126/science.1133690

Saeij, J. P., Boyle, J. P., Grigg, M. E., Arrizabalaga, G., & Boothroyd, J. C. (2005).
Bioluminescence imaging of Toxoplasma gondii infection in living mice reveals dramatic

149



differences between strains. Infect Immun, 73(2), 695-702. doi:10.1128/iai.73.2.695-
702.2005

Saeij, J. P. J., Boyle, J. P., Coller, S., Taylor, S., Sibley, L. D., Brooke-Powell, E. T., . . . Boothroyd,
J. C. (2006). Polymorphic Secreted Kinases Are Key Virulence Factors in Toxoplasmosis.
Science (New York, N.Y.), 314(5806), 1780-1783. doi:10.1126/science.1133690

Salazar Gonzalez, R. M., Shehata, H., O'Connell, M. J., Yang, Y., Moreno-Fernandez, M. E.,
Chougnet, C. A., & Aliberti, J. (2014). Toxoplasma gondii- derived profilin triggers human
toll-like receptor 5-dependent cytokine production. Journal of innate immunity, 6(5), 685-
694. doi:10.1159/000362367

Sasai, M., & Yamamoto, M. (2019). Innate, adaptive, and cell-autonomous immunity against
Toxoplasma gondii infection. Exp Mol Med, 51(12), 1-10. doi:10.1038/s12276-019-0353-
9

Scanga, C. A., Aliberti, J., Jankovic, D., Tilloy, F., Bennouna, S., Denkers, E. Y., Sher, A. (2002).
Cutting edge: MyD88 is required for resistance to Toxoplasma gondii infection and

regulates parasite-induced IL-12 production by dendritic cells. J Immunol, 168(12), 5997-
6001. doi:10.4049/jimmunol.168.12.5997

Scharton-Kersten, T. M., Yap, G., Magram, J., Sher, A., Laboratory of Parasitic Diseases, N. L. o.
A., & Infectious Diseases, N. I. 0. H. B. M. U. S. A. (1997). Inducible nitric oxide is
essential for host control of persistent but not acute infection with the intracellular pathogen
Toxoplasma gondii. The Journal of experimental medicine., 185(7), 1261-1273.

Schroder, K., Hertzog, P. J., Ravasi, T., & Hume, D. A. (2004). Interferon-gamma: an overview
of signals, mechanisms and functions. J Leukoc Biol, 75(2), 163-189.
doi:10.1189/j1b.0603252

Schwartze, V. U., Winter, S., Shelest, E., Marcet-Houben, M., Horn, F., Wehner, S.,Voigt, K.
(2014). Gene Expansion Shapes Genome Architecture in the Human Pathogen Lichtheimia

corymbifera: An Evolutionary Genomics Analysis in the Ancient Terrestrial Mucorales
(Mucoromycotina). PLoS Genet, 10(8), €1004496. doi:10.1371/journal.pgen.1004496

Sher, A., Oswald, I. P., Hieny, S., & Gazzinelli, R. T. (1993). Toxoplasma gondii induces a T-
independent IFN-gamma response in natural killer cells that requires both adherent
accessory cells and tumor necrosis factor-alpha. J Immunol, 150(9), 3982-3989.

Shissler, S. C., Singh, N. J., & Webb, T. J. (2020). Thymic resident NKT cell subsets show
differential requirements for CD28 co-stimulation during antigenic activation. Sci Rep,
10(1), 8218. doi:10.1038/s41598-020-65129-3

Sibley, L. D., & Boothroyd, J. C. (1992). Construction of a molecular karyotype for Toxoplasma
gondii. Mol Biochem Parasitol, 51(2), 291-300.

150



Sibley, L. D., LeBlanc, A. J., Pfefferkorn, E. R., & Boothroyd, J. C. (1992). Generation of a
restriction fragment length polymorphism linkage map for Toxoplasma gondii. Genetics,
132(4), 1003-1015.

Silva, R. C., & Machado, G. P. (2016). Canine neosporosis: perspectives on pathogenesis and
management. Veterinary medicine (Auckland, N.Z.), 7,59-70. doi:10.2147/VMRR.S76969

Silver, J. S., & Humbles, A. A. (2017). NK cells join the plasticity party. Nat Immunol, 18(9), 959-
960. doi:10.1038/ni.3817

Sivori, S., Falco, M., Della Chiesa, M., Carlomagno, S., Vitale, M., Moretta, L., & Moretta, A.
(2004). CpG and double-stranded RNA trigger human NK cells by Toll-like receptors:
induction of cytokine release and cytotoxicity against tumors and dendritic cells. Proc Nat!
Acad Sci U S A, 101(27), 10116-10121. doi:10.1073/pnas.0403744101

Skold, M., & Behar, S. M. (2003). Role of CD1d-restricted NKT cells in microbial immunity.
Infect Immun, 71(10), 5447-5455. doi:10.1128/iai.71.10.5447-5455.2003

Slauenwhite, D., & Johnston, B. (2015). Regulation of NKT Cell Localization in Homeostasis and
Infection. Front Immunol, 6, 255. doi:10.3389/fimmu.2015.00255

Smiley, S. T., Lanthier, P. A., Couper, K. N., Szaba, F. M., Boyson, J. E., Chen, W., & Johnson,
L. L. (2005). Exacerbated susceptibility to infection-stimulated immunopathology in
CD1d-deficient mice. Journal of immunology (Baltimore, Md. : 1950), 174(12), 7904-
7911. doi:10.4049/jimmunol.174.12.7904

Soy, M., Keser, G., Atagiindiiz, P., Tabak, F., Atagiindiiz, I., & Kayhan, S. (2020). Cytokine storm
in COVID-19: pathogenesis and overview of anti-inflammatory agents used in treatment.
Clin Rheumatol, 39(7), 2085-2094. doi:10.1007/s10067-020-05190-5

Stelzer, S., Basso, W., Benavides Silvan, J., Ortega-Mora, L. M., Maksimov, P., Gethmann, J.,.
Schares, G. (2019). Toxoplasma gondii infection and toxoplasmosis in farm animals: Risk
factors and economic impact. Food and Waterborne Parasitology, 15, €00037.

Sturge, C. R., Benson, A., Raetz, M., Wilhelm, C. L., Mirpuri, J., Vitetta, E. S., & Yarovinsky, F.
(2013). TLR-independent neutrophil-derived IFN-gamma is important for host resistance

to intracellular pathogens. Proceedings of the National Academy of Sciences of the United
States of America, 110(26), 10711-10716. doi:10.1073/pnas.1307868110

Subauste, C. (2012). Animal models for Toxoplasma gondii infection. Curr Protoc Immunol,
Chapter 19, Unit 19.13.11-23. doi:10.1002/0471142735.im1903s96

Sudmant, P. H., Kitzman, J. O., Antonacci, F., Alkan, C., Malig, M., Tsalenko, A., Eichler, E. E.

(2010). Diversity of Human Copy Number Variation and Multicopy Genes. Science,
330(6004), 641-646. Retrieved from

151



Sukhumavasi, W., Egan, C. E., Warren, A. L., Taylor, G. A., Fox, B. A., Bzik, D. J., & Denkers,
E. Y. (2008). TLR adaptor MyD88 is essential for pathogen control during oral toxoplasma
gondii infection but not adaptive immunity induced by a vaccine strain of the parasite. J
Immunol, 181(5), 3464-3473. doi:10.4049/jimmunol.181.5.3464

Sultana, M. A., Du, A., Carow, B., Angbjir, C. M., Weidner, J. M., Kanatani, S., . . . Chambers,
B. J. (2017). Downmodulation of Effector Functions in NK Cells upon Toxoplasma gondii
Infection. Infect Immun, 85(10). doi:10.1128/iai.00069-17

Suzuki, Y., Orellana, M. A., Schreiber, R. D., & Remington, J. S. (1988). Interferon-gamma: the
major mediator of resistance against Toxoplasma gondii. Science, 240, 516+.

Suzuki, Y., Sher, A., Yap, G., Park, D., Neyer, L. E., Liesenfeld, O., . . . Gufwoli, E. (2000). IL-
10 Is Required for Prevention of Necrosis in the Small Intestine and Mortality in Both
Genetically Resistant BALB/c and Susceptible C57BL/6 Mice Following Peroral Infection
with Toxoplasma gondii. The Journal of Immunology, 164(10), 5375-5382.

Tanaka, T., Nagasawa H Fau - Fujisaki, K., Fujisaki K Fau - Suzuki, N., Suzuki N Fau - Mikami,
T., & Mikami, T. (2000). Growth-inhibitory effects of interferon-gamma on Neospora
caninum in murine macrophages by a nitric oxide mechanism. (0932-0113 (Print)).

Tau, G., & Rothman, P. (1999). Biologic functions of the [IFN-gamma receptors. Allergy, 54(12),
1233-1251.

Taylor, S., Barragan, A., Su, C., Fux, B., Fentress, S. J., Tang, K., . . . Sibley, L. D. (2006). A
secreted serine-threonine kinase determines virulence in the eukaryotic pathogen
Toxoplasma gondii. Science, 314(5806), 1776-1780.

Teixeira, L., Marques, A., Meireles, C. S., Seabra, A. R., Rodrigues, D., Madureira, P., . . .
Vilanova, M. (2005). Characterization of the B-cell immune response elicited in BALB/c

mice challenged with Neospora caninum tachyzoites. Immunology, 116(1), 38-52.
doi:10.1111/5.1365-2567.2005.02195.x

Teixeira, L., Marques, R. M., Ferreirinha, P., Bezerra, F., Melo, J., Moreira, J., . . . Vilanova, M.
(2016). Enrichment of IFN-y producing cells in different murine adipose tissue depots upon
infection with an apicomplexan parasite. Scientific Reports, 6(1), 23475.
doi:10.1038/srep23475

Tobin, C. M., & Knoll, L. J. (2012). A patatin-like protein protects Toxoplasma gondii from
degradation in a nitric oxide-dependent manner. Infection & Immunity, 80(1), 55-61.
doi:10.1128/1A1.05543-11

Tosh, K. W., Mittereder, L., Bonne-Annee, S., Hieny, S., Nutman, T. B., Singer, S. M., Jankovic,
D. (2016). The IL-12 Response of Primary Human Dendritic Cells and Monocytes to
Toxoplasma gondii Is Stimulated by Phagocytosis of Live Parasites Rather Than Host Cell
Invasion. J Immunol, 196(1), 345-356. doi:10.4049/jimmunol. 1501558

152



Tuo, W., Fetterer, R. H., Davis, W. C., Jenkins, M. C., & Dubey, J. P. (2005). Neospora caninum
antigens defined by antigen-dependent bovine CD4+ T cells. J Parasitol, 91(3), 564-568.
doi:10.1645/ge-386r

van der Kleij, D., Latz, E., Brouwers, J. F., Kruize, Y. C., Schmitz, M., Kurt-Jones, E. A.,
Yazdanbakhsh, M. (2002). A novel host-parasite lipid cross-talk. Schistosomal lyso-

phosphatidylserine activates toll-like receptor 2 and affects immune polarization. J Biol
Chem, 277(50), 48122-48129. doi:10.1074/jbc.M206941200

Van Rhijn, [., Koets, A. P., Im, J. S, Piebes, D., Reddington, F., Besra, G. S., Rutten, V. P. (2006).
The bovine CDI1 family contains group 1 CDI proteins, but no functional CD1d. J
Immunol, 176(8), 4888-4893. doi:10.4049/jimmunol.176.8.4888

Veluchamy, J. P., Delso-Vallejo, M., Kok, N., Bohme, F., Seggewiss-Bernhardt, R., van der Vliet,
H.J.,...Spanholtz, J. (2017). Standardized and flexible eight colour flow cytometry panels
harmonized between different laboratories to study human NK cell phenotype and
function. Sci Rep, 7, 43873. doi:10.1038/srep43873

Vivier, E., Artis, D., Colonna, M., Diefenbach, A., Di Santo, J. P., Eberl, G., Spits, H. (2018).
Innate  Lymphoid  Cells: 10  Years On. Cell, 174(5), 1054-1066.
doi:10.1016/j.cell.2018.07.017

Walzer, K. A., Adomako-Ankomah, Y., Dam, R. A., Herrmann, D. C., Schares, G., Dubey, J. P.,
& Boyle, J. P. (2013). Hammondia hammondi, an avirulent relative of Toxoplasma gondii,

has functional orthologs of known T. gondii virulence genes. Proceedings of the National
Academy of Sciences, 110(18), 7446-7451. doi:10.1073/pnas.1304322110

Wang, C., Liu, X., Li, Z., Chai, Y., Jiang, Y., Wang, Q., Zhang, M. (2015). CD8(+)NKT-like cells
regulate the immune response by Kkilling antigen-bearing DCs. Sci Rep, 5, 14124.
doi:10.1038/srep14124

Werling, D., Hope, J. C., Siddiqui, N., Widdison, S., Russell, C., Sopp, P., & Coffey, T.J. (2017).
Subset-Specific Expression of Toll-Like Receptors by Bovine Afferent Lymph Dendritic
Cells. Frontiers in Veterinary Science, 4, 44.

Werner, J. M., Busl, E., Farkas, S. A., Schlitt, H. J., Geissler, E. K., & Hornung, M. (2011).
DX5+NKT cells display phenotypical and functional differences between spleen and liver
as well as NKl1.1-Balb/c and NKI1.1+ C57Bl/6 mice. BMC Immunol, 12, 26.
doi:10.1186/1471-2172-12-26

Williams, D. J., & Trees, A. J. (2006). Protecting babies: vaccine strategies to prevent foetopathy

in Neospora caninum-infected cattle. Parasite Immunol, 28(3), 61-67. doi:10.1111/;.1365-
3024.2005.00809.x

153



Wolf, A., Cowen, D., & Paige, B. (1939).Human Toxoplasmosis: Occurrence in infants as an
encephalomyelitis verification by transmission to animals. Science, 89(2306), 226-227.
doi:10.1126/science.89.2306.226

Wolf, B. J., Choi, J. E., & Exley, M. A. (2018). Novel Approaches to Exploiting Invariant NKT
Cells in Cancer Immunotherapy. Front Immunol, 9, 384. doi:10.3389/fimmu.2018.00384

Wu, L., & Van Kaer, L. (2011). Natural killer T cells in health and disease. Front Biosci (Schol
Ed), 3,236-251. doi:10.2741/s148

Yang, Y., Chung, E. K., Wu, Y. L., Savelli, S. L., Nagaraja, H. N., Zhou, B.,Yung Yu, C. (2007).
Gene Copy-Number Variation and Associated Polymorphisms of Complement Component
C4 in Human Systemic Lupus Erythematosus (SLE): Low Copy Number Is a Risk Factor
for and High Copy Number Is a Protective Factor against SLE Susceptibility in European
Americans. The American Journal of Human Genetics, 80(6), 1037-1054.

Yang, Y. F., Tomura, M., Ono, S., Hamaoka, T., & Fujiwara, H. (2000). Requirement for IFN-
gamma in [L-12 production induced by collaboration between v(alpha)14(+) NKT cells
and antigen-presenting cells. Int Immunol, 12(12), 1669-1675.
do0i:10.1093/intimm/12.12.1669

Yarovinsky, F. (2014). Innate immunity to Toxoplasma gondii infection. Nat Rev Immunol, 14(2),
109-121. doi:10.1038/nri3598

Yarovinsky, F., Zhang, D., Andersen, J. F., Bannenberg, G. L., Serhan, C. N., Hayden, M. S., Sher,
A.(2005). TLR11 activation of dendritic cells by a protozoan profilin-like protein. Science,
308(5728), 1626-1629. doi:10.1126/science.1109893

Yarovinsky, F., Zhang D Fau - Andersen, J. F., Andersen Jf Fau - Bannenberg, G. L., Bannenberg
Gl Fau - Serhan, C. N., Serhan Cn Fau - Hayden, M. S., Hayden Ms Fau - Hieny, S., . ..
Sher, A. TLR11 activation of dendritic cells by a protozoan profilin-like protein. (1095-
9203 (Electronic)).

Zhang, L., Li, L., Guo, X., Litman, G. W., Dishaw, L. J., & Zhang, G. (2015). Massive expansion
and functional divergence of innate immune genes in a protostome. Scientific Reports, 3,
8693. doi:10.1038/srep08693

Zhou, Z., Ren, L., Zhang, L., Zhong, J., Xiao, Y., Jia, Z., . . . Wang, J. (2020). Heightened Innate

Immune Responses in the Respiratory Tract of COVID-19 Patients. Cell Host Microbe,
27(6), 883-890.e882. doi:10.1016/j.chom.2020.04.017

154



	Title Page
	Committee Page
	Abstract
	Table of contents
	List of figures
	1.0 Introduction
	1.1 Toxoplasma gondii and Neospora caninum
	1.2 Host response
	1.3 Toll-like receptors
	1.3.1 Functional changes in TLRs and host specificity

	1.4 Interferon gamma and interleukin 12
	1.5 MyD88 and IFNγ
	1.6 Innate cell mediated immunity
	1.6.1 Monocytes, macrophages and dendritic cells (DCs)
	1.6.2  Innate lymphoid cells
	1.6.3 Natural killer (NK) cells

	1.7 Unconventional T cells
	1.7.1 (( T cells
	1.7.2 Natural killer T cells

	1.8 CD1d antigen presentation
	1.9 A comparative roadmap
	1.10 Figures
	Figure 1 Early infection and innate immune response
	Figure 2 Global search interest of immune-related terms
	Figure 3 N. caninum infection in TRIF knockout mice
	Figure 4 Interferon gamma producing cells
	Figure 5 Natural killer T and natural killer-like T cells
	Figure 6 Early immune response to T. gondii in mice


	2.0 Differences in murine host compatibility between T. gondii and N. caninum is determined by immediate induction of IFNγ
	2.1 Preface
	2.2 Author summary
	2.3 Introduction
	2.4 Results
	2.4.1 The mouse host response controls N. caninum proliferation within 24 h post-infection
	2.4.2 N. caninum infections in mice induce significantly higher levels of pro-inflammatory cytokines within the first 24 hours of infection compared to T. gondii
	2.4.3 IFNγ is required for control of N. caninum proliferation
	2.4.4 IL-12p40 is less critical for host resistance to N. caninum than IFNγ
	2.4.5 CCL2/MCP gene deletion does not alter the outcome of N. caninum infections
	2.4.6 MyD88 is required for immediate induction of IL12 and IFNγ in response to N. caninum infection and control of N. caninum during the first 24 hpi
	2.4.7 Mice deficient in TLR11 do not produce immediate IFNγ during N. caninum infections
	2.4.8 Expression of N. caninum profilin in T. gondii Me49 does not result in early induction of IFNγ

	2.5 Discussion
	2.6 Materials and methods
	2.6.1 Parasite maintenance and preparation
	2.6.2 Soluble tachyzoite Antigen (STAg) preparation
	2.6.3 Transgenic T. gondii and N. caninum strains
	2.6.4 Animal experiments
	2.6.5 In vivo bioluminescence assays
	2.6.6 In vitro bioluminescence assays
	2.6.7 Cytokine and chemokine detection and analysis
	2.6.8 Immunofluorescence
	2.6.9 Western blot
	2.6.10 Statistical analysis
	2.6.11 Ethics statement
	2.6.12 Acknowledgments

	2.7 Figures
	Figure 7 T. gondii and N. caninum growth rates in vitro and in vivo
	Figure 8  Parasite burden and day 0-1 cytokine levels in mice infected with N. caninum (Nc-1) or T. gondii (S1T)
	Figure 9 IFNγ is required for control of N. caninum proliferation during acute infections in BALB/c IFNγ-/- mice
	Figure 10 IL12p40 knockout mice fail to control N. caninum infection, although with different infection dynamics
	Figure 11 In vivo bioluminescence imaging comparing N. caninum and T. gondii acute infection in MCP (CCL2) knockout or WT C57BL/6 mice
	Figure 12 In vivo bioluminescence imaging and cytokine production in MyD88 or TLR11 knockout mice
	Figure 13 IFNγ production and in vivo bioluminescent imaging of transgenic T. gondii ME49 expressing either T. gondii or N. caninum profilin
	Figure 14 Parasite burden and early cytokine levels in mice infected with N. caninum (Nc-1) or T. gondii (S1T)
	Figure 15 Early cytokine levels in mice infected with N. caninum or T. gondii
	Figure 16 Parasite burden and early cytokine levels in IFNγ or MyD88 knockout mice infected with N. caninum (Nc-1) or T. gondii (S1T)
	Figure 17 Bioluminescent imaging and IFNγ concentration in N. caninum infections in TLR3 knockout mice and interferon gamma concentration in multiple infections


	3.0 Neospora caninum infections in mice induce immediate production of IFNγ by NK, NKT and NKT-like cells
	3.1 Introduction
	3.2 Results
	3.2.1 Macrophage and dendritic cell populations are not increased at the site of infection or in the spleen 4 hours after infection
	3.2.2 T. gondii and N. caninum induce similar frequencies of peritoneal monocytes within 4 hours after infection
	3.2.3 N. caninum infections exhibit significantly more DX5+ IFNγ+ peritoneal cells 4 hours after infection compared to T. gondii-infected and naïve mice
	3.2.4 T. gondii infections exhibit fewer peritoneal IFNγ+ NK cells compared to uninfected and N. caninum-infected
	3.2.5 N. caninum infections induce significantly more IFNγ+ peritoneal natural killer T cells (NKTs) cells than T. gondii within hours of infection

	3.3 Discussion
	3.4 Materials and methods
	3.4.1 Parasite strains, maintenance and infection
	3.4.2 Animals
	3.4.3 Sample preparation for flow cytometry
	3.4.4 Flow cytometry
	3.4.5 Statistical analysis

	3.5 Figures
	Figure 18 Comparison of peritoneal DC, macrophage, and monocyte populations
	Figure 19 Comparison of IFNγ+ cells
	Figure 20 Comparison of IFN(+ DX5+ cells
	Figure 21 Identification of NK cells and CD3+ NKT cells
	Figure 22 Identification of TCRb+/CD90+ NKT cells
	Figure 23 Differences in NK and NKT cell frequencies of total IFNγ+ cells
	Figure 24 Gating strategy for monocytes, dendritic cells and macrophages
	Figure 25 Gating strategy for IFNγ+ cells and total DX5+ (IFNγ+ and IFNγ- cells)
	Figure 26  Gating strategy for characterization of IFNγ+ cells)


	4.0 Conclusions and future directions
	4.1 T. gondii and N. caninum: a powerful comparative system in mice
	4.1.1 Parasite proliferation in the absence of IFNγ is greater in N. caninum infections compared to T. gondii infections

	4.2 MyD88 is not required for survival of N. caninum infections in mice
	4.3 N. caninum profilin is not immunodominant in a T. gondii infection but TLR11 is required for immediate IFNγ production
	4.4 NK and NKT cells produce IFNγ in response to N. caninum infections 4 hours after infections
	4.5 Future directions
	4.5.1 Investigate NK and NKT cells contribute to control of N. caninum infections in vivo
	4.5.2 Identify NKT activation mechanisms during N. caninum infections and determine NK cell dynamics in the first 24 hours of T. gondii infection
	4.5.3 Identify N. caninum protein(s) activating NKT and NK cell IFNγ production

	4.6 Figures
	Figure 27 N. caninum and T. gondii infections in IFNγR knockout mice


	Appendix A Determine the effects of Toxoplasma-Specific-Expanded-locus 8 (TSEL8) on parasite growth and virulence
	Appendix A.1 Introduction
	Appendix A.2 Generation of TSEL8 knockout and wild-type strains
	Figure 28 TSEL8 knockout construct and clone verification

	Appendix A.3 In vivo and in vitro effects of TSEL8 deletion
	Figure 29 in vivo and in vitro comparisons of WT and TSEL8KO infections
	Figure 30 TSEL8KO and WT in vivo infections


	Bibliography

