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Abstract

Host and Parasite Requirements for CD8 T cell IFNy Responses
to Toxoplasma gondii Infections

by

Angel Krittinan Kongsomboonvech
Doctor of Philosophy in Quantitative and Systems Biology
University of California, Merced, 2020
Professor Kirk D.C. Jensen

Host resistance to Toxoplasma gondii infections relies on CD8 T cell IFNy
responses. Since the manipulation of CD8 T cells may influence T. gondii's ability
to achieve chronic infection, we investigated host and parasite requirements for
eliciting this response. Naive CD8 T cell IFNy responses to the endogenous T.
gondii vacuolar resident antigen, TGDO057 (T57), were analyzed. T57-specific CD8
T cells, isolated from naive transnuclear mice, responded to T. gondii-infected
bone marrow-derived macrophages in an antigen-dependent manner. T57 IFNy
responses to TGD057 were dependent on host immunity pathways downstream
of regulatory Immunity-Related GTPases (IRGs), including partial dependence on
Guanylate-Binding Proteins (GBPs), but not the parasite’s protein export
machinery ASP5 and MYR1. Multiple T. gondii ROP5 isoforms and allele types,
including ‘avirulent’ ROP5A from clade A and D T. gondii strains, were able to
suppress CD8 T cell IFNy responses. However, removal of ROPS was not enough
to elicit maximal CD8 T cell IFNy production to T. gondii. Instead macrophage
expression of the pathogen sensor NLRP3 was an absolute requirement while
other members of the inflammasome cascade, including ASC, Caspase 1/11 and
Gasdermin D, were only partially required. Hence, a novel NLRP3-dependent but
inflammasome-independent pathway controls IFNy differentiation of naive CD8 T
cells to T. gondii. Furthermore, a unique phenotypic pattern emerged where CD8
T cells responded vigorously to all T. gondii strains except those from clade A,
suggesting the presence of a Regulator Of CD8 T cell Response (ROCTR).
Genetic mapping implicates multiple ROCTR candidates may be at play, including
two encoded on chromosomes X and Xll and a weak association with GRA35 as
a potential ROCTR candidate. GRA35 has been shown to localize to the
parasitophorous vacuole membrane (PVM) with the aid of two dense granules,
GRA42 and GRA43. Our studies suggest that GRA35, GRA42, and GRA43 are
able to modulate the CD8 T cell response and postulate that ROCTRs may be
targeted to the PVM by ASP5 and GRA43. Altogether, our data suggest that T.
gondii utilize several strategies, perhaps multilayered, to regulate the CD8 T cell
response, which is highly sensitive to NLRP3 and PVM integrity.
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Chapter 1:

Introduction
1.1 Toxoplasma gondii

Toxoplasma gondii is a globally spread intracellular parasite that can infect nearly
all warm-blooded vertebrates, including humans. Toxoplasmosis is often
underdiagnosed as it can appear asymptomatic. T. gondii can hide from the
immune system within its parasitophorous vacuole (PV). The three infectious
stages of T. gondii include the tachyzoites, bradyzoites (cysts), and oocysts. In
addition to vertical transmission which lead to congenital toxoplasmosis, humans
acquire T. gondii through consumption of either food contaminated with T. gondii
oocysts shed by the feline definitive hosts, or uncooked meat encysted with T.
gondii tissue cysts. T. gondii can affect both immunocompromised and healthy
individuals. When infected, immunocompromised patients are more prone to
severe infection, while healthy individuals may exhibit flu-like or no symptoms. If
T. gondii escapes the immune system’s clearance, it can later form cysts in the
brain which last a lifetime. Once the cyst structure breaks down, T. gondii becomes
reactivated; they differentiate into tachyzoites and can further disseminate, leading
to more serious complications such as encephalitis (Dubey et al., 1998; Montoya
and Liesenfeld, 2004). The severity of toxoplasmosis differs geographically and is
hypothesized to be due to infections with different parasite strains endemic to
these regions (Boothroyd, 2009; Grigg et al., 2001; Khan et al., 2006; Sibley and
Boothroyd, 1992). More severe ocular toxoplasmosis had been observed in South
America compared to other locales (Gilbert et al., 2008; Grigg et al., 2001; Khan
et al., 2006; Sauer et al., 2011). Moreover, the genetically diverse “atypical” strains
endemic to South America are highly virulent in mice (Fux et al., 2007; Jensen et
al., 2015). Among the clonal lineages such as types I, Il, and Il commonly found
in North America and Europe, type | strains are highly virulent, with the lethal dose
(LD10o) of 1 parasite in laboratory mice (Sibley and Boothroyd, 1992), while types
Il and Ill are less virulent with LD100 > 102 and 105, respectively (Saeij et al., 2006;
Sibley and Boothroyd, 1992). Moreover, T. gondii vary in degree of virulence due
to their virulence factors that are polymorphic between the different strains. These
strains secrete ‘effector’ proteins that allow T. gondii to modulate and escape
immune detection in a wide range of infected hosts (Melo et al., 2011). Predation
of chronically infected animals leads to host transmission, hence immune evasion
is critical to T. gondiis life cycle. Exposure to T. gondii infections is primarily
detected by serological testing. Currently, there are more than 40 million people
infected with T. gondii in the United States (CDC, 2018). The high prevalence is



difficult to reduce due to the lack of effective vaccines and/or treatments for the
chronic form of infection.

1.2 Parasitophorous Vacuole (PV)

T. gondii forms a parasitophorous vacuole (PV) around itself following an active
invasion, invaginating the host cell plasma membrane to create the PV (Coppens
et al., 2006). The PV closely associates with the host ER and mitochondria
following invasion, though this association is not necessarily maintained once PV
formation is complete (Sinai et al., 1997). Upon the initial moments of cell invasion,
the parasite releases effectors from specialized secretory organelles directly into
the host cytosol, including micronemes (MIC) and rhoptry proteins (ROP), which
aid in the invasion process as well as the formation of a PV (Carruthers and Sibley,
1997). Once the PV is formed, T. gondii secretes another group of effector proteins
from its secretory dense granules, called ‘GRAs’. These GRAs help in the
structural modification of the PV by forming the intravacuolar network (IVN)
(Mercier and Cesbron-Delauw, 2015). Many of these GRAs also associate to the
PVM (Mercier and Cesbron-Delauw, 2015); some of this association is mediated
by T. gondii Golgi aspartyl protease ASP5 (Coffey et al., 2015; Wang et al., 2019).
ASP5 is also involved in export of some T. gondii proteins out of the PV (Coffey et
al., 2018, 2015; Curt-varesano et al., 2016; Hammoudi et al., 2015). Moreover, T.
gondii utilizes the translocon MYR1 (Myc regulation 1) to export its proteins out of
the PV into the host cytosol where they subsequently transit to various cell
compartments. For example, dense granule effectors, such as TgIST and GRA24,
that travel to host cell nucleus need MYR1 to successfully translocate across the
PVM (Franco et al., 2016; Hakimi et al., 2017). Additionally, the PVM contains
pores which allow bidirectional diffusion of nutrient exchange (Gold et al., 2015;
Schwab et al., 1994). The PV also supports T. gondii replication (Blader et al.,
2015). T. gondii will egress from its PV when there are changes in the
environmental cues, such as K* efflux within the host cell, usually a result of some
host cell damage, or increases in cytosolic Ca**, triggered by calcium ionophores
or host cell activation (Blader et al., 2015). Once T. gondii egresses from the PV,
they find a new cell to infect and this lytic cycle of invasion, replication, and egress
repeats. In addition to immune evasion, the PV is the site of many host-parasite
interactions, decorated with many host and T. gondii proteins. The parasite
prioritizes protecting its PV integrity whereas the host aims to destroy it as a means
of infection clearance.

1.3 Host controls T. gondii infection through IFNy and the IRG system at the PV

The host can combat parasitic infection with interferon-gamma (IFNy), a pro-
inflammatory cytokine (Gigley et al., 2009; Suzuki et al., 1988; Suzuki and



Remington, 1990, 1988). Since the PV is able to sequester T. gondii allowing it to
hide in the host cytosol, the main approach for the host to defend itself is to destroy
the PV. The host can effectively achieve this through IFNy signaling. IFNy activates
the Jak/STAT1 (Janus kinase / signal transducer and activator of transcription 1)
signaling pathway, allowing STAT1 dimers to move into the nucleus to induce the
transcription of Immunity-Related GTPases (IRGs) (Haldar et al., 2013; Hunn et
al., 2008; Kim et al., 2012; Ling et al., 2006). There are two classes of IRGs: 1)
regulatory IRGS (‘GMS class’ or IRGM’) and 2) effector IRGs (‘GKS’ class)
(Bekpen et al., 2005; Hunn et al., 2008; Maric-Biresev et al., 2016), defined by the
amino acid motif in their GTP binding P-loop (Bekpen et al., 2005). In the resting
state, regulatory IRGs bind to the effector IRGs and keep them in the inactive GDP-
bound state (Hunn et al., 2008). Upon IFNy signaling, these regulatory IRGs let go
of the effector IRGs and localize to the host organelles where they protect them
from effector IRG attack (Haldar et al., 2013; Maric-Biresev et al., 2016). The
effector IRGs, now in the active GTP-bound state, localize to the unprotected T.
gondii PV. These effectors IRGs oligomerize at the PV and permeabilize the PVM
via GTP hydrolysis (Martens et al., 2005; Pawlowski et al., 2011; Zhao et al., 2009).
Mice additionally rely on IFNy-inducible Guanylate-Binding Proteins (GBP) for T.
gondii clearance. GBPs also localize to the PV and directly destroy the PVM. Once
compromised, GBPs will then attack the parasite’s plasma membrane leading to
its death (Kravets et al., 2016; Saeij and Frickel, 2017). Other host factors that
localize to the PV following IFNy stimulation include selected members of the
autophagy-related proteins (ATG), which in mice prepares the vacuole for being
targeted by the IRG and GBP systems (Subauste, 2019). The ATG conjugation
system is required to lipidate the vacuole with the ATG8 homologs, the gamma-
aminobutyric acid-A-receptor-associated proteins (GABARAPs) and LC3 (Choi et
al., 2014; Park et al., 2016). The GABARAP member Gate16 alone is responsible
for GBP and IRG localization to the PV and parasite restriction (Sasai et al., 2017).
This single LC3 homolog recapitulates the susceptibility of /fngr-/- mice to T. gondii
infection (Sasai et al., 2017). IFNy, ATG proteins, and IRGMs are also required
for the ubiquitination and recruitment of the p62 sequestosome to the PV (Haldar
et al., 2015, 2013; Lee et al., 2015). While p62 is noted as a required substrate for
selective autophagy to remove ubiquitinated particulate matter inside the host cell,
it is dispensable for the elimination of T. gondii infection (Lee et al., 2015). Mice
express 23 IRGs while humans express one IRGM and another truncated IRG
pseudogene that cannot be induced by IFNy (Bekpen et al., 2005). Moreover,
although mice and humans express GBPs, humans do not rely on GBP pathway
for parasite clearance (Ohshima et al.,, 2014). Instead humans use an ATG-
dependent pathway that leads to ubiquitination of the PV, where it is either
enveloped by cellular membranes (Selleck et al., 2015), or acidified by fusion with
host lysosomes depending on the cell type (Clough et al., 2016). Other IFNy-
mediated activities include tryptophan degradation which limits T. gondii replication



(Pfefferkorn, 1984) and induction of reactive nitrogen intermediates though
inducible nitric oxide synthase (iNOS). Mice deficient in INOS are able to survive
acute but not chronic T. gondii infections (Scharton-Kersten et al., 1997). Overall,
the host has several machineries, downstream of IFNy, that target the PV in
attempt to eliminate T. gondii infections, with the IRG- and GBP-mediated parasite
clearance being the most effective in mice.
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Figure 1-1. CD8 T cell responses are mediated by IFNy-inducible IRGs and GBPs which localize
to the T. gondii PV. IFNy activates the Jak/STATI signaling pathway that induces IRG and GBP
expression. IRGs and GBPs accumulate at the PV, disrupting the PVM. This process is dependent on the
regulatory IRGs, IRGM. T. gondii antigens presumably escape into the host cell cytosol and undergo
MHC I antigen presentation. Naive CD8 T cells, upon recognition of the MHC-presented antigen, secrete
IFNy in response. ATG proteins, ubiquitin and p62 are also recruited to the PV, marking it for
degradation, through IRG- and GBP-mediated killing—the key mechanism for 7. gondii clearance. This
model is based on observations from parasites expressing the model antigen OVA and data presented in
this thesis analyzing the endogenous antigen TGDO057.

1.4 T. gondii combats host immune response through virulence factors

T. gondii has evolved to combat host immune responses through its various
virulence factors. However, immune suppression is not its only strategy. Several
identified virulence factors allow T. gondii to ‘turn on’ or regulate immune signaling
pathways, rather than simply suppressing it. In addition, T. gondii egress from its
PV triggers host cell death (Niedelman et al., 2012; Zhao et al., 2009), hence the
parasite must control its replication to not prematurely kill the cell. Therefore, in
order to establish infections across a broad host range, it is believed that T. gondii



uses its effector proteins to both induce and suppress host immunity to achieve
chronic infection and host-to-host transmission (Boothroyd, 2009).

T. gondii ensures its survival in the infected host by protecting its PV. One main
virulence factor that helps keep the PV intact is ROP5. ROPS is a family of
pseudokinases injected by T. gondii upon invasion. It later re-localizes to the newly
formed PV and associates to the PVM (EIl Hajj et al., 2007). ROP5 binds to host
effector IRGs and keeps them in their inactive state at the PV, mimicking the
function of host IRGM, thereby preventing the effector IRGs from damaging the
PV (Howard et al., 2011; Hunn et al., 2008; Reese et al., 2014). ROP5 becomes
more effective working in a complex with ROP18, ROP17, and GRA7, either in a
ROP5/ROP18/ROP17 complex (Etheridge et al., 2014) or ROP5/ROP18/GRA7
complex (Alaganan et al., 2014). ROP18 expressed in virulent strains (Etheridge
et al., 2014; Niedelman et al., 2012; Saeij et al., 2006; Taylor et al., 2006) as well
as ROP17 (Etheridge et al., 2014) are kinases that phosphorylate IRGs in their
switch | region (Fentress et al., 2010; Steinfeldt et al., 2010), preventing their
activation and GTP hydrolysis (Fleckenstein et al., 2012). GRA7 helps increase
the turnover rate of effector IRGs at the PV (Alaganan et al., 2014). In doing so,
these virulence factors work together to reduce the accumulation of effector IRGs
at the PVM (Alaganan et al., 2014; Hermanns et al., 2016; Reese et al., 2014),
thereby rescuing the PV from immune-mediated destruction.

T. gondii also modulates host signaling pathways such as the Jak/STAT and NF-
KB signaling cascades to regulate immune function. T. gondii uses its effector
protein TgIST to block STAT1 activation (Gay et al., 2016; Matta et al., 2019),
thereby inhibiting the induction of IFNy-stimulated genes such as IRGs required
for T. gondii elimination (Gay et al., 2016). Other STAT transcription factors that T.
gondii targets include STAT3 and STAT6. The ROP16 tyrosine kinase directly
phosphorylates and activates STAT3 and STAT6 (Jensen et al., 2013; Ong et al.,
2010; Saeij et al., 2007; Yamamoto et al., 2009), transcription factors that are
activated by the immunoregulatory cytokines IL-10 and IL-4, respectively. These
cytokines are known for their inhibitory role in Th1 immunity and IFNy responses.
Conversely, T. gondii can also induce the production of the Th1 differentiation
factor IL-12 with its effector proteins GRA15, which interacts with host TRAF2 and
TRAFG6 leading NF-kB p65 activation (Rosowski et al., 2011; Sangaré et al., 2019),
and GRA24 that shuttles to the host cell nucleus and activates the p38 MAPK
pathway (Braun et al., 2013). Polymorphisms in GRA15 and ROP16 determine
strain-differences in NF-kB and STAT3/6 activation and whether infected
macrophages are either inflammatory and classically activated (M1) or anti-
inflammatory and alternatively activated (M2) (Jensen et al., 2011). As such, these
effectors profoundly shape the small intestinal inflammation that can occur
following oral infection in susceptible mouse strains (Jensen et al., 2013).



To perform their functions, many dense granules must be exported into the host
cell and utilize the parasite’s export machinery, which includes the MYR1
translocon and Golgi aspartyl protease 5 (ASP5). ASPS cleaves effector proteins
such as GRA16 and TgIST, and this cleavage is required for successful MYR1-
dependent export (Gay et al., 2016; Hakimi et al., 2017). Interestingly, GRA24 is
not cleaved by ASP5 but GRA24 export is ASP5-dependent (Hammoudi et al.,
2015). MYR1 is cleaved by the ASP5 though this cleavage is not required for
MYR1 to perform its translocation function (Naor et al., 2018). Overall, these T.
gondii effectors work together to modulate host immune responses.
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Figure 1-2. T. gondii effector proteins. Upon invasion, 7. gondii secretes rthoptries many of which traffic
to the PV including ROP-5, -17 and -18. The parasite sequesters itself in a newly formed PV, in which
its structure is modified by GRAs. These GRAs can be found in the PV lumen, including GRA-42 and -
43, as well as localized to or integrated within the PVM, including GRA-6 and -35. Some GRAs are
exported outside the PV in an ASP5- and MYRI-dependent (i.e. TgIST) or an ASP5-indepentdent,
MYRI1-dependent manner (i.e. GRA24). ROP5 and ROP18 work in a complex with either ROP17 or
GRA7 to maintain PV integrity by blocking host IRGs. ROP16 and GRA15 induce the alternative vs
classical activation state of macrophages through the activation of the STAT6 and NF-kB signaling
pathways, respectively.



1.5 Polymorphic virulence factors revealed by genetic mapping

Many of the aforementioned T. gondii virulence factors were discovered by genetic
mapping experiments utilizing F1 progeny derived from four sexual crosses
between type | x type Il (F1 Ixll), type | x type Il (F1 IxIII), type Il x type 111 (F1 1Ix111),
and type Il x VAND (F1 1I1xX) strains. Using these panels, genetic linkage analysis
was performed for strain-specific differences in acute virulence. This led to the
discovery of ROP16 (from F1 lixIIl) (Saeij et al., 2006), ROP18 (from F1 lixlIl and
F1 IxIll) (Saeij et al., 2006; Taylor et al., 2006), and the family of ROP5
psuedokinases (from F1 Ixll and F1 [IxX) (Behnke et al., 2015, 2011; Reese et al.,
2011). For example, the extreme virulence of type | strains is accounted for by
expression of its polymorphic alleles of ROP5 and expression of the ROP18
kinase, where they inhibit the function of the IRGs at the surface of the PV (Reese
et al., 2014). In fact, deletion of the ROPS5 locus (Arop5) changes the virulence of
the type 1 strain from an LD10o of 1 to over 10° (Behnke et al., 2011; Reese et al.,
2011). Type |l strains are less virulent than type | or most atypical strains due to
polymorphisms in ROP5, which renders them unable to inhibit the IRGs system
(Murillo-Leon et al., 2019; Niedelman et al., 2012; Reese et al., 2014). Moreover,
whereas the type lll strain encodes the virulent alleles of ROPS, its relative
avirulence is explained by a 2 kb insertion in the promoter of ROP18 rendering it
unexpressed (Saeij et al., 2006; Taylor et al., 2006) and unable to phosphorylate
and inhibit the function of the IRGs (Lim et al., 2013; Niedelman et al., 2012).
Polymorphisms in ROP16 account for some of the virulence differences between
the type Il and Il strains (Saeij et al., 2006). ROP16, expressed in type | and type
[l (ROP161m) but not type Il (ROP161) strains, allow sustained phosphorylation of
STAT3 and STAT6 (Butcher et al., 2011; Jensen et al., 2011; Ong et al., 2010;
Yamamoto et al., 2009). ROP16u promotes virulence due to early M2 activation
and subsequent suppression of Th1 immunity and CD8 T cell responses (Chen et
al., 2020; Tuladhar et al., 2019), presumably due its ability to suppress IL-12
secretion from infected cells (Butcher et al., 2011; Jensen et al., 2011; Rosowski
et al., 2011). In contrast, when ROP16: or ROP161 are expressed as a transgene
in the type Il background, it promotes host resistance (Jensen et al., 2011; Saeij
et al., 2006), and parasite killing by a mechanism that is dependent on the genetic
background of the parasite (Jensen et al., 2013).

Another QTL analysis of the F1 IxIl sexual cross identified nucleoside triphosphate
hydrolases (NTPases) as key T. gondii polymorphic determinants that regulated
cellular levels of ATP during infection (Olias and Sibley, 2016) . The genetic linkage
analysis of this strain-specific phenotype identified an NTPase locus which
encodes two isoforms: NTPase | and NTPase Il (Asai et al., 1995; Olias and Sibley,
2016). Virulent type | T. gondii strains express both NTPase | and Il isoforms while
the NTPase Il isoform can be found in all strains (Asai et al., 1995; Olias and



Sibley, 2016). NTPases are secreted by the parasite and localize within the PV
lumen (Asai et al., 1995), representing up to 2% of the entire protein content within
T. gondii (Asai et al., 1983). NTPases hydrolyze ATP and are thought to initiate T.
gondii egress from its PV (Silverman et al., 1998; Stommel et al., 1997) and
promote parasite proliferation (Asai et al., 2002; Nakaar et al., 1999). Olias et al.
discovered that type | T. gondii strains can perform ATP hydrolysis at a higher rate
compared to other strains due to NTPase | leading to greater cellular depletion of
ATP (Olias and Sibley, 2016; Silverman et al., 1998). Regardless of the site of the
host-parasite interaction, T. gondii has a wide range of virulence factors, both
polymorphic and nonpolymorphic, that can thwart many of the host defense
machineries.

1.6 Host CD8 T cells and IFNy are required for T. gondii elimination

Various host immune cells work together to combat T. gondii infections with CD8
T cells being the critical mediators of host immunity to 7. gondii primary and
secondary infections (Gigley et al., 2009). Infected mice that lack CD8 T cells
succumb to primary and chronic T. gondii infections (Gigley et al., 2009; Hakim et
al., 1991; Parker et al., 1991; Splitt et al., 2018). Furthermore, vaccinated mice
and/or mice with chronic parasite infections are protected from lethal secondary
infections due to CD8 T cells (Gazzinelli et al., 1991; Gigley et al., 2009). CD4 T
cells aid in effector CD8 T cell (Casciotti et al., 2002; Khan et al., 2019) and B cell
responses (Johnson and Sayles, 2002) against T. gondii. However, when vaccine-
induced CD4, CD8, and B cells were adoptively transferred into naive mice, only
memory CD8 T cells were able to protect the recipients from a type | RH T. gondii
infection (Gazzinelli et al., 1991; Gigley et al., 2009). The effector mechanism
utilized by CD8 T cells to control T. gondii is primarily mediated through IFNy
(Gigley et al., 2011; Nishiyama et al., 2020; Suzuki et al., 1988; Suzuki and
Remington, 1990, 1988). This also prevents T. gondii dormant cysts form from
becoming reactivated (Gazzinelli et al., 1992; Suzuki et al., 1989). Cytolytic
functions of CD8 T cells mediated through perforin and FAS-FASL death receptors
seem only important for controlling chronic infection and not secondary infections
(Jordan et al., 2009; Suzuki et al., 2010; Wang et al., 2004).

Host cytotoxic CD8 T cells respond to intracellular pathogens such as T. gondii
through recognition of cytosolic-derived peptide antigens presented by MHC |
molecules on the surface of an infected cell (Dzierszinski et al., 2007). The CD8 T
cell response to T. gondii has been largely studied utilizing two antigen-specific
experimental models: 1) T. gondii strains engineered to express model antigen
OVA (Dzierszinski et al., 2007; Gubbels et al., 2005) and 2) T. gondii
immunodominant PVM-integrated dense granule GRAG6, encoded by type Il T.
gondii strains (Blanchard et al., 2008; Feliu et al., 2013), with a C-terminal epitope



being exposed to the host cytosol (Buaillon et al., 2017; Feliu et al., 2013). Studies
with these two antigens revealed that the antigen has to be in the parasite’s
secretory pathway (Dzierszinski et al., 2007; Grover et al., 2014) and that active
cell invasion—not the phagocytosis of invasion-blocked or heat-killed T. gondii—
is required for CD8 T cells activation (Dupont et al., 2014; Dzierszinski et al., 2007;
Goldszmid et al., 2009). The antigen is processed by host cytosolic proteasomes
(Bertholet et al., 2006; Blanchard et al., 2008) before being transported through
ER TAP1/2 translocon (Dzierszinski et al., 2007; Goldszmid et al., 2009; Gubbels
et al.,, 2005) and loaded onto the surface of MHC | molecules. For antigen
processing of the PVM integral GRAG, its C-terminal epitope (Feliu et al., 2013)
must be targeted to the PVM (Lopez et al., 2015) and exposed to the host cytosol
(Buaillon et al., 2017), where it is processed by unknown proteases. For the
recognition of transgenic OVA expressed in T. gondii PV lumen, two mechanisms
of MHC | antigen presentation have been reported. The first mechanism requires
fusion of T. gondii PVM and either the host ER (Goldszmid et al., 2009) or the ER-
derived Golgi Intermediate Compartments (ERGICs) (Cebrian et al., 2011). The
fusion of ERGICs and T. gondii PVM is dependent on Sec22b SNARE, allowing
the host to shuttle T. gondii antigens from the PV to host compartments containing
antigen processing machinery (Cebrian et al., 2011). The second mechanism for
MHC | antigen presentation involves the PVM becoming compromised by the
host’s effector IRGs and selective ATG systems, leading to OVA antigen escape
from the PV (Dzierszinski et al., 2007; Lee et al., 2015). Once the PV is
compromised and there is antigen acquisition from the PV, MHC | antigen
presentation and CD8 T cell activation can then occur. In this mechanism, IFNy
signaling is critical as it induces the IRG pathway as aforementioned (Haldar et al.,
2013; Hunn et al., 2008; Kim et al., 2012; Ling et al., 2006), required for further
destruction of PV, more MHC | antigen presentation and activation of CD8 T cells
(Lee et al., 2015; Rommereim et al., 2019). Since T. gondii evades host immune
response by hiding in its PV, the rupture of PVM or complete destruction of the PV
would allow T. gondii antigen to be exposed and recognized by naive CD8 T cells.
T. gondii utilize its effector proteins namely ROP5, ROP18, GRA7 and others to
block this IRG-dependent OVA-antigen presentation and CD8 T cell activation
(Rommereim et al., 2019).

Naive CD8 T cells must undergo differentiation steps to become IFNy producers if
they are to control T. gondii infection. Following the activation of CD8 T cells, these
activated CD8 T cells differentiate into IFNy through IL-12 signaling (Wilson et al.,
2008). Particularly, Wilson et al. has shown that there are less IFNy-producing CD8
T cells in 1112p35-/- mice compared to the WT mice in response to T. gondii
infection (Wilson et al., 2008). Overall, there are various requirements that the host
must undergo to successfully eliminate T. gondii infections and each of these steps
are subjected for manipulation by the parasite to achieve immune evasion.



1.7 Inflammasomes are important for T. gondii control

Another immune mechanism that the host uses to combat T. gondii is the
inflammasome. T. gondii infection leads to the activation of both NLRP3 and
NLRP1 inflammasomes (Cirelli et al., 2014; Ewald et al., 2014; Gorfu et al., 2014;
Witola et al., 2011). Inflammasome activation requires 1) ‘signal 1° (NF-kB-
dependent induction of pro-IL-18 and pro-IL-18, 2) priming of the NLR protein
(such as deubiquitination of NLRP3), and 3) ‘signal 2’ that induce oligomerization
of NLRP, resulting in the release of mature proinflammatory cytokines IL-13 and
IL-18. ‘Signal 1’ can be induced through various receptors such as the Toll-like
receptors (TLR) that trigger signaling cascades culminating inNF-kB activation
(Bauernfeind et al., 2009; Elliott and Sutterwala, 2015; He et al., 2016). NOD2
sensors which also activates NF-kB have been shown to be important for T. gondii
control. There is less IFNy production as well as increased parasite burden and
dissemination in T. gondii-infected Nod2-/- mice (Heimesaat et al., 2014; Shaw et
al., 2009). NOD2 oligomerizes with RIPK2, leading to the activation of NF-kB
pathway and production of pro-IL-13 (Keestra-Gounder et al., 2016). Various
stimuli can induce NLRP3 inflammasome activation, such as extracellular ATP
(eATP). Extracellular ATP acts as damage-associated molecular pattern (DAMP)
and interacts with the P2X7 receptor (P2X7R), leading to K* efflux. This change in
the cytosolic K* concentration leads to the assembly of both NLRP1 and NLRP3
inflammasome complexes. Other inflammasome-activating stimuli that drive
NLRP3 oligomerization include uric acid crystals and nigericin (Elliott and
Sutterwala, 2015). The parasite-derived PAMPs or DAMPs during T. gondii
infection that activates NLRP3 and NLRP1 are currently unknown.

Following activation, the NLRP3 inflammasome complex assemble with NLRP3
sensor protein, adaptor protein ASC (Apoptosis-associated speck like protein),
and a caspase. Canonical inflammasome activation involves caspase 1 while
noncanonical inflammasome pathway involves caspase 11 (Broz and Dixit, 2016;
Jo et al., 2016). NLRP1 inflammasome activation can occur independent of ASC
while other inflammasomes such as NLRP3, NLRP12, NLRC4, and AIM2
inflammasomes associate with ASC to perform their functions (Vanaja et al.,
2015). The assembled inflammasome complex cleaves pro-IL-13 and pro-IL-18
into mature IL-1B and IL-18 respectively. Gasdermin D (GSDMD) is also cleaved
at this stage; the active N-terminus GSDMD forms pores at the cell membrane,
leading to pyroptosis as a response to pathogen infection. Infected Asc-/- and
Casp11-/- exhibited severe symptoms of toxoplasmosis (Coutermarsh-Ott et al.,
2016). The production of IL-1p3 is also reduced if the inflammasome pathway is
impaired (Coutermarsh-Ott et al., 2016; Witola et al.,, 2011). Overall,
inflammasomes keep T. gondii infections under control in the infected host. T.
gondii utilizes several factors to modulate signal 1 of inflammasome activation.
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Known virulence factors such as GRA15 and GRA24 are able to induce the
production of pro-IL-18 and IL-18 (Mukhopadhyay et al., 2020a). Since T. gondii
aims to achieve chronic infection inside its host, cell death such as inflammasome-
induced pyroptosis is not ideal for the parasite.

1.8 Dissecting host-parasite interaction for host CD8 T cell IFNy response

The overall goal of this dissertation is to unravel the host-parasite interactions that
govern CD8 T cell IFNy responses. Because T. gondii is a ubiquitous parasite and
can infect nearly all warm-blooded vertebrates, we hypothesize that T. gondii has
adapted to manipulate this form of adaptive immunity which is central to host
protection. The well-studied mechanisms of T. gondii elimination associates with
disruption of the PVM while many of the parasite virulence effectors work to protect
the integrity of the PV. Thus, we ask whether there are novel parasite effectors
that protect the PV and prevent antigen escape and entry into the MHC | antigen
presentation pathway. As naive CD8 T cells undergo activation and differentiation
prior to IFNy secretion, we ask what host-parasite interactions determine the
outcome of this response. In summary, there are two overall questions that my
dissertation aims to investigate: 1) what are the host requirements for the naive
CD8 T cell IFNy response to T. gondii, and 2) how does T. gondii modulate the
CD8 T cell response to survive in different infected hosts?

To answer these overarching questions, we utilized transnuclear mice that
provides a source of naive CD8 T cells that are specific for a natural endogenous
antigen of T. gondii. In Chapter 2, through usage of mouse and T. gondii gene
knockouts, we discovered that naive CD8 T cell responses are regulated uniquely
by T. gondii ROP5 and host IRGs. In particular, we describe that even avirulent
ROPS5 isoforms are potent regulators of the CD8 T cell response. We also found a
novel pathway that regulates naive CD8 T cell differentiation to become IFNy-
producing cells; one that requires the NLRP3 sensor but independent of the
inflammasome. In Chapter 3, we performed genetic linkage analysis to identify
parasitic Regulators Of the CD8 T cell Response (‘ROCTR’) that are responsible
for strain-specific differences in their ability to induce host CD8 T cell IFNy
responses. Though the identities of these parasite effectors have not yet been
revealed, our data suggested that there are multiple ROCTRs. Altogether, our data
showed that the host-parasite battles which occur at the PVM dictate the regulation
of CD8 T cell responses to T. gondii infections.
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Chapter 2:

Naive CD8 T cell IFNy responses to a vacuolar antigen
are regulated by an inflammasome-independent
NLRP3 pathway and Toxoplasma gondii ROP5

Note: Most of the research presented in chapter 2 has been published in PLOS
Pathogens, Kongsomboonvech et al. 2020.

2.1 Introduction

Toxoplasma gondii is a globally spread intracellular parasite that can infect nearly
all warm-blooded vertebrates, including humans. Transmission between hosts
occurs following ingestion of oocysts shed from the definitive feline host or
predation of chronically infected animals harboring infectious ‘tissue cysts'.
Immune modulation by the parasite during the first weeks of infection is therefore
critical for T. gondii to establish latency and life cycle progression. The parasite
accomplishes this by hiding and manipulating the immune system from within a
specialized parasitophorous vacuole (PV) that is created during
invasion. T. gondii releases ‘effector’ proteins from secretory organelles, including
rhoptry proteins (ROP) that are injected into the host cytosol upon invasion, as well
as dense granules (GRA) that are secreted into the lumen of the PV and aid its
internal structure and formation. Many of these secreted ‘effectors’ manipulate host
cell signaling pathways and shield the PV from host immune attack (Melo et al.,
2011). In mice, T. gondii uses several ROP and GRA proteins to antagonize the
host’s Immunity-Related GTPases (IRGs) which target and compromise the PV
(Howard et al.,, 2011). ROPS is encoded by a multi-gene variable family of
pseudokinases and can directly bind to and induce allosteric changes in host IRGs
(Reese et al., 2014), presenting them for phosphorylation by the ROP18 (Behnke
et al., 2012; Fleckenstein et al., 2012) and ROP17 parasite kinases (Etheridge et
al., 2014). The process of phosphorylation inactivates host IRGs, preventing them
from assembling on the surface of the PV, which in turn allows the parasite to
replicate (Fentress et al., 2010; Steinfeldt et al., 2010). Genetic variations in ROP5
and ROP18 largely explain parasite strain differences in mouse virulence (Behnke
et al., 2015, 2011; Reese et al., 2011; Saeij et al., 2006; Taylor et al., 2006),
highlighting the importance of the IRG system in the control of T. gondii infection.
IRGs also regulate the recruitment of Guanylate-Binding Proteins (GBPs) and
autophagy machinery to the PV membrane (PVM), both of which contribute to cell
autonomous immunity to T. gondii (Kravets et al., 2016; Saeij and Frickel, 2017).
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Since IRGs and GBPs are induced transcriptionally following stimulation with IFNy
(Kim et al., 2012), immune cells that produce IFNy are critically important for
resistance to T. gondii (Yarovinsky, 2014). CD8 T cell IFNy responses are required
for host survival to T. gondii infections (Gigley et al., 2011; Suzuki et al., 1988;
Suzuki and Remington, 1990, 1988) and to prevent reactivation of the dormant
form (Gazzinelli et al., 1992; Suzuki et al., 1989). In vaccinated or chronically
infected mice, IFNy and CD8 T cells are primarily responsible for protection against
lethal secondary infections (Gazzinelli et al., 1991; Gigley et al., 2009). However,
most T. gondii strains that express virulent alleles of ROP5 and ROP18 evade the
host’s immunological memory response and superinfect the brains of challenged
survivors (Jensen et al., 2015), implicating that sterile immunity to T. gondii may
be difficult to achieve, as noted for other parasitic pathogens (Sacks, 2014).
Whether T. gondii manipulates induction of the host’s IFNy response to prolong its
survival is unknown, but could represent a general strategy to promote persistence
and latency, as noted for numerous viral pathogens in the presence of clonally
expanded antigen-specific CD8 T cells (Christiaansen et al., 2015).

In order for naive CD8 T cells to become IFNy producers, they must first be
activated by peptides derived from the host's MHC | antigen presentation pathway
and then receive cues from the environment or other immune cells to differentiate
into IFNy-producing cells. The question of MHC | antigen presentation
for T. gondii antigens has largely been addressed using two experimental
systems. One analyzes antigen-specific CD8 T cell responses to parasite strains
expressing the model antigen, chicken ovalbumin (OVA) (Dzierszinski et al., 2007;
Gubbels et al., 2005), and the other analyzes responses to T. gondii immune-
dominant antigen GRAG, encoded by type Il strains (Blanchard et al., 2008; Feliu
et al., 2013). From these studies, it is appreciated that active cell invasion
by T. gondii, rather than phagocytosis of invasion-blocked or heat-killed parasites,
is required to stimulate host CD8 T cells (Dupont et al., 2014; Dzierszinski et al.,
2007; Goldszmid et al., 2009). The antigen must be in the parasite’s secretory
pathway (Dzierszinski et al., 2007; Grover et al., 2014), degraded by host cytosolic
proteasomes (Bertholet et al., 2006; Blanchard et al., 2008), transported via the
endoplasmic reticulum (ER) TAP1/2 translocon (Blanchard et al., 2008;
Dzierszinski et al., 2007; Goldszmid et al., 2009; Gubbels et al., 2005), and
eventually loaded onto MHC | molecules. Although dense granules and rhoptry
proteins access the host cytosol where MHC | antigen processing readily occurs,
antigens targeted to the dense granule secretory pathway elicit a greater CD8 T
cell response (Grover et al., 2014). The PV is therefore a suitable platform for MHC
| antigen presentation, which is remarkable given the PV of T. gondii does not
initially fuse with host organelles (Coppens, 2017; Sinai et al., 1997), nor is
contained within the conventional endocytic compartments of the cell.
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The mechanism by which the immune system gains access to PV antigens
of T. gondii has remained an active area of research, notwithstanding for its
implication in vaccine development (Jensen, 2016) and the ability of T. gondii to
elicit anti-tumor responses (Fox et al., 2017). In the case of T. gondii GRAG, it must
be integrated in the PVM (Lopez et al., 2015), where its C-terminal epitope (Feliu
et al., 2013) is exposed to the host cytosol (Buaillon et al., 2017) and degraded by
unknown proteases. For the MHC | antigen presentation of transgenic OVA
expressed in the PV lumen of T. gondii, two general mechanisms have been
reported. Fusion between the PVM and the host ER (Goldszmid et al., 2009), or
ER-derived Golgi Intermediate Compartments (ERGICs) promotes OVA-specific
CD8 T cell activation (Cebrian et al., 2011). In this scenario, through a Sec22b
SNARE-dependent mechanism, the host's MHC | antigen-processing machinery
gains access to the PV whereby it shuttles parasite proteins into the cytosol for
antigen processing. In a second mechanism, though not mutually exclusive, the
PVM is compromised by the host’'s IRGs and selective autophagy systems
therefore allowing OVA antigen release (Dzierszinski et al., 2007; Lee et al., 2015).
Via ROPS and ROP18, T. gondii can bypass IRGs activity and presumably MHC |
antigen presentation by sequestering OVA inside an intact PV (Rommereim et al.,
2019). However, several dense granule proteins are also implicated, signifying
multiple non-redundant pathways may regulate MHC | antigen presentation of PV
antigens (Rommereim et al., 2019). Whether lessons learned from GRA6 and OVA
extend to other antigens or parasite genetic backgrounds is unknown.

In addition to activation by antigen, CD8 T cells need proper co-stimulation
(Villegas et al., 2002, 1999) and cytokines, in particular IL-12 signaling, to fully
commit to IFNy production during T. gondii infection (Gigley et al., 2011; Wilson et
al., 2010, 2008). In addition, IL-1 (Chang et al., 1990; Hunter et al., 1995) and IL-
18 can promote host survival during acute T. gondii infections (Gorfu et al., 2014),
and are released following parasite detection and inflammasome activation by the
pathogen sensors NLRP3 and NLRP1 (Ewald et al., 2014; Gorfu et al., 2014;
Pandori et al., 2019). Depending on the mode and time of infection, IL-1 and IL-18
can induce or repress inflammatory related pathologies in various tissues
(Vossenkamper et al., 2004). Inflammasome-matured IL-18 is important for I[FNy
production by CD4 T cells but is apparently dispensable for CD8 T cell IFNy-
production during acute T. gondii infection (Lépez-Yglesias et al., 2019). Whether
the inflammasome contributes to CD8 T cell activation or differentiation in different
contexts or stages of T. gondii infection is unclear.

Given the parasite’s need to establish latency and the host’s dependence on CD8
T cells for immunity, we asked whether T. gondii has evolved to manipulate CD8
T cell IFNy responses to an endogenous antigen, and whether
certain T. gondii genotypes are defined by their ability to induce or repress the
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production of this immune-protective cytokine. Through the use of T cell receptor
transnuclear and IFNy reporter mice, host and parasite requirements were defined
for the induction of IFNy-producing CD8 T cells to a conserved vacuolar antigen
of T. gondii, TGD057. Here we report that TGD057-specific CD8 T cell responses
are independent of the parasite’s PV-export machinery, and like previous findings
with OVA-engineered T. gondii strains, the IRG pathway is required. Multiple
ROP5 isoforms suppress this response, including ROP5A which lacks a defined
function or interaction with host IRGs. An analysis of parasite strains spanning
twelve haplogroups suggests IFNy production is manipulated by T. gondii
independent of any known IRG-ROPS5 interaction or parasite virulence factor.
Importantly, an NLRP3-dependent but inflammasome complex-independent
pathway is required for inducing maximal CD8 T cell IFNy responses
to T. gondii infected cells. Our findings point to novel host-parasite interactions by
which IRGs and NLRP3 shape CD8 T cell IFNy responses to an intracellular
pathogen.

2.2 Materials and Methods
2.2.1 Parasites

Tachyzoites of Toxoplasma gondii strains were passaged in “Toxo medium’ [4.5
g/liter D-glucose in DMEM with GlutaMAX (Gibco, cat# 10566024), 1% heat-
inactivated fetal bovine serum (FBS) (Omega Scientific, cat# FB-11, lot#441164),
1% penicillin-streptomycin (Gibco, cat# 15140122)], in confluent monolayers of
human foreskin fibroblasts (HFFs). HFFs were cultured in ‘HFF medium’ [4.5 g/liter
D-glucose in DMEM with GlutaMAX (Gibco), 20% heat-inactivated FBS (Omega
Scientific), 1% penicillin-streptomycin (Gibco), 0.2% Gentamicin (Gibco, cat#
15710072), 1X L-Glutamine (Gibco, cat# 21051024)]. Strains assayed include
GT1 (type |, clade A), BOF (Haplogroup “HG” VI, clade A), FOU (HG VI, clade A),
CAST (HG VI, clade A), MAS (HG 1V, clade B), TgCatBr5 (HG VIII, clade B),
CEP hxgprt- (type lll, clade C), P89 (HG IX, clade C), ME49 Ahxgprt.:Luc (Tobin
and Knoll, 2012) (type Il, clade D), Pru Ahxgprt (type Il, clade D), COUGAR (HG
Xl, clade D), B73 (HG XII, clade D), GUY-KOE (HG V, clade F), GUY-MAT (HG V,
clade F), RUB (HG V, clade F), GUY-DOS (HG X, clade F), and VAND (HG X,
clade F). Other strains used include BOF+LC37 (Niedelman et al., 2012),
RH Ahxgprt (Donald and Roos, 1998), RH Ahxgprt Aku80 (Huynh and Carruthers,
2009), RH Ahxgprt Aku80 Arop5::HXGPRT (RH Arop5) (Reese et al., 2011),
RH Ahxgprt Aku80 Atgd057::HXGPRT (RH Atgd057) (Jensen et al., 2015),
RH Ahxgprt Aku80 TGDO057-HA::HXGPRT (RHtdos7-HA) (generated here),
Pru Ahxgprt Aku80, Pru Ahxgprt Aku80 Atgd057::HXGPRT (Pru Atgd057)
(generated here), Pru A7 Ahxgprt.:.gra2-GFP::tub1-FLUC (Pru A7) (Kim et al.,
2007), Pru A7 Ahxgprt Agra15::HXGPRT (Pru Agra15) (Rosowski et al., 2011),
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Pru A7 Ahxgprt Agra24 (1E9) (Pru Agra24) (generated here), Pru Ahxgprt Agra15
Agra24 (1F8) (Pru Agra15 Agra24) (generated here), Pru A7 Ahxgprt
+ROP164::HXGPRT (Pru +ROP164) (Jensen et al., 2011), RH Ahxgprt
Amyr1::HXGPRT (RH Amyr1) (Wang et al.,, 2019), and RH Aku80 Aaspb5-
ty:DHFR (RH Aaspb5) (Curt-varesano et al., 2016). ME49 Aasp5::
DHFR (ME49 Aasp5) was a generous gift from Dominique Soldati-Favre
(University of Geneva) (Hammoudi et al., 2015). ME49 Ahxgprt.:Luc Amyr1::
HXGPRT (ME49 Amyr1), ME49 Ahxgprt::Luc Amyr1 +MYR1-HA::
HXGPRT (ME49 Amyr1::MYR1) (Franco et al., 2016), and RH Ahxgprt Arop17::
HXGPRT (PCRE) (RH Arop17) (Panas et al., 2019a) were generous gifts from
John Boothroyd (Stanford University). The ROP5 complementation strains used in
this study are as followed: RH Ahxgprt Aku80 Arop5 +ROP5A .me49HIS6-3x
Flag (C1A6) (RH Arop5 +ROP5Ap) (generated here), RH Ahxgprt Aku80
Aropb5 +ROPSB).cTe-His6-3xFlag (H2) (RH Arop5 +ROP5B) (generated here),
RH Ahxgprt  Aku80 Aropb +ROPSA.cTcHis6-3xFlag (C1B1) (RH Aropbd +
ROP5A), RH Ahxgprt Aku80 Arop5 Auprt::ROPS5A-HA +ROP5B.cTe-His6-3x
Flag (AC11) (RH Arop5 +ROP5A+ROP5B), RH Ahxgprt Aku80 Arop5 Auprt:
ROPS5A-HA +ROPSbA .cTe-His6-3xFlag (AA12) (RH Arop5 +ROP5A+ROP5A)
(Reese et al., 2011).

2.2.2 Generation of gene knock-in and knockout parasite strains

The Pru Ahxgprt Aku80 Atgd057::HXGPRT strain was generated using the same
primers and strategy as previously described (Jensen et al., 2015). The
RH Ahxgprt Aku80 TGD057-HA::HXGPRT endotagged strain was generated as
previously described (Camejo et al.,, 2014). In brief, for endogenous tagging
(Huynh and Carruthers, 2009) of TGDO057 with an HA tag, the gene
(TGGT1_215980) was amplified with a forward primer internal to the ATG start site
of TGD057 [“AC_tgd057endoF2” 5-CACCAACTACGTCGGAGCGCCTGTACG-
3’], containing a 5'-CACC-3' sequence required for directional TOPO cloning in
pENTR/D-TOPO (Invitrogen), and a reverse primer [“Tgd057 R HA stop” 5’-
TTACGCGTAGTCCGGGACGTCGTACGGGTACTCGACCTCAATGTTGTATTC-
3’], containing the hemagglutinin (HA) tag sequence (underlined) followed by a
stop codon. The resulting TGD057 HA-tagged DNA fragment was then cloned into
the pTKO-att parasite expression vector (Rosowski et al., 2011) by Gateway
Recombination Cloning Technology (Invitrogen). The resulting vector was
linearized and transfected into RH Ahxgprt Aku80 parasites by electroporation in
a 2 mm cuvette (Bio-Rad Laboratories) with 2 mM ATP (MP Biomedicals) and 5
mM glutathione (EMD) in a Gene Pulser Xcell (Bio-Rad Laboratories), with the
following settings: 25 yFD, 1.25 kV, « Q). Stable integrants were selected in media
with 50 pg/ml of mycophenolic acid (Axxora) and 50 pg/ml of xanthine (Alfa Aesar)
and cloned by limiting dilution. The correct tagging was confirmed by PCR, using
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a primer upstream of the plasmid integration site and a primer specific for the HA
tag (5-CGCGTAGTCCGGGACGTCGTACGGGTA-3’), and by an immune-
fluorescence assay (IFA) using an HA-specific antibody (Sigma, clone 3F10).

For the generation of RH Arop5 +ROP5Apand RH Arop5 +ROPS5B comple-
mentation strains, RH Ahxgprt Aku80 Arop5::HXGPRT tachyzoites were trans-
fected by electroporation with linearized pTKO-“ROP5KQO” -ROP5A -me49-His6-
3xFlag plasmid (Reese et al., 2011), or a similarly generated pTKO -ROP5Bi..cTc-
His6-3xFlag plasmid as described in (Reese et al., 2011). In brief, for both strains
the complementation allele, ROP5-His6-3xFlag, is flanked by homology arms to
the Arop5::HXGPRT locus, whereby the transfected population is selected for
removal of HXGPRT and replacement with the complementation allele in 6-
thioxanthine selection medium [177 pg/mL of 6-thioxanthine (TRC, cat# T385800)
in 4.5 gl/liter D-glucose in GlutaMAX DMEM (Gibco), with 1% dialyzed FBS
(Omega Scientific, cat# FB-03, lot#463304)]. Post-selection and limiting dilution
cloning, ROP5-His6-3xFlag complementation strains were assessed by IFA with a
mouse anti-Flag primary antibody (Sigma, clone M2) at 1:500 dilution and Alexa
Flour 594 goat anti-mouse IgG secondary antibody (Life Technologies) at 1:3000
dilution. Both clones expressed the ROP5-HF in the expected rhoptry organelles
by IFA.

For generating the Pru A7 Ahxgprt Agra24 strain, Pru A7 Ahxgprt parasites were
transfected with a Notl-linearized plasmid expressing a loxP-flanked pyri-
methamine selectable cassette (loxP-DHFR-mCherry-loxP) (Addgene plasmid
#70147, was a gift from David Sibley, Washington University in St. Louis) and a
CRISPR-CAS9 construct targeting GRA24 (TGME49_230180). Transfectants
were selected and cloned in medium containing pyrimethamine, and screened for
the disruption of GRA24. For generating the Pru A7 Ahxgprt Agra15 Agra24 strain,
firstthe Pru A7 Ahxgprt Agra15::HXGPRT strain (Rosowski et al., 2011) was gene-
edited with CRISPR-CAS9 targeting HXGPRT and selected against its expression
with 6-thioxanthine. Then, a Pru A7 Ahxgprt Agra15::hxgprt- clone was used to
make a Pru A7 Ahxgprt Agra15 Agra24 double knockout strain using the same
method as described above. Finally, the loxP-DHFR-mCherry-loxP cassette was
removed from both Agra24 and Agra15/Agra24 strains by transfection with a Cre
recombinase parasite-expression plasmid (Heaslip et al., 2011), and immediately
cloned by limiting dilution. The details of which can be found in the manuscript by
Mukhopadhyay et al. (Mukhopadhyay et al., 2020a).

2.2.3 Immunofluorescence assay
For TGDO057 visualization, HFFs were seeded on coverslips with HFF medium in

24-well tissue culture-treated plates. The confluent monolayer HFFs were infected
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with T. gondii and incubated at 37°C, 5% CO:2 overnight. For Irgb6- and p62-PV
localization, BMDMs were plated on coverslips with ‘BMDM medium’ [4.5 g/liter D-
glucose in DMEM with GlutaMAX (Gibco), 20% heat-inactivated FBS (Omega
Scientific), 1% penicillin-streptomycin (Gibco), 1X non-essential amino acids
(Gibco, cat# 11140076), 1mM sodium pyruvate (Gibco, cat# 11360070)]
supplemented with 20% L929 conditioned medium in 24-well tissue culture-treated
plates. The BMDMs were treated with 20 ng/ml of IFNy overnight. The cells were
then infected with T. gondii and incubated at 37°C, 5% CO:2 for 3—4 hours. The
samples were fixed with 3% formaldehyde in phosphate buffered saline (PBS) for
20 minutes and blocked with blocking buffer (3% BSA, 5% normal goat serum or
fetal bovine serum depending the species of antibody used, 0.2% Triton X-100,
0.1% sodium azide in PBS). To visualize TGD057-HA, RH or RHtgdos7-HA were
stained with rat anti-HA primary antibody (Sigma, clone 3F10) at 1:500 dilution,
followed by Alexa Fluor 594 goat anti-rat IgG (Life Technologies) secondary
antibody (1:3000 dilution). To visualize p62, infected cells were stained with mouse
anti-p62 (anti-SQSTM1) primary monoclonal antibody (Abnova, clone 2C11) at
1:50 or 1:100 dilutions, followed by Alexa Fluor 594 goat anti-mouse 1gG (Life
Technologies) secondary antibody at 1:3000 dilution. To visualize Irgb6, infected
BMDMs were stained with TGTP goat polyclonal primary antibody (Santa Cruz
Biotechnology, sc-11079) at 1:100 dilution, followed by Alexa Fluor 594 donkey
anti-goat IgG (Life Technologies) at 1:3000 dilution. T. gondii PVM was stained
with polyclonal rabbit anti-GRA7 primary antibody (gift from John Boothroyd,
Stanford University) and Alexa Fluor 488 anti-rabbit IgG (Life Technologies) at
1:3000 dilution. Host nuclei were visualized with DAPI (Thermo Fisher, cat# 62248)
at 1:10,000 dilution or Hoechst (Life Technologies, cat# H3075) at 1:3000 dilution.

2.2.4 Mice and generation of bone marrow-derived macrophages

All animal protocols were approved by UC Merced’s Committee on Institutional
Animal Care and Use Committee (IACUC) (AUP17-0013). All mouse work was
performed in accordance with the recommendations in the Guide to the Care and
Use of Laboratory Animals of the National Institutes of Health and the Animal
Welfare Act (assurance number A4561-1). Inhalation of CO2 to effect of 1.8 liters
per minute was used for euthanasia of mice.

Six-week-old female Stat1-/- (colony 012606), Ifngr-/- (colony 003288), Nirp1-
/- (colony 021301), Nirp3-/- (colony 021302), Casp1/11-/- (colony 016621), //18-
/- (colony 004130), /l112b-/- (colony 002693), P2x7r-/- (colony 005576), NOD2-/-
(colony 005763), Ripk2-/- (colony 007017), and wildtype C57BL/6J (B6) (colony
000664) mice were purchased from Jackson Laboratories, and all of the C57BL/6
background. C57BL/6 Asc-/- mice were generous gifts from Vishva Dixit
(Genentech). Hind bones from C57BL/6 Gsdmd-/- mice (Rauch et al., 2017) were
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generous gifts from Igor Brodsky (University of Pennsylvania). Irgm1-
/- and Irgm1/m3-/- hind bones were provided from Gregory Taylor (Duke
University). GBP¢"3-/- hind bone marrow cells were provided by Masahiro
Yamamoto (Osaka University). Bone marrow cells were obtained and cultured in
BMDM medium supplemented with 20% L929 conditioned medium. After 6—7 days
of differentiation, BMDMs were harvested and were 98% pure CD11b+ CD11c-
macrophages by FACS. Asc-/-, Gsdmd-/-, and Nirp3-/- BMDMs were stained with
anti-mouse MHC | KP-PE labeled antibodies (BioLegend, clone AF6-88.5) and they
were positive by FACS analysis.

Transnuclear T57 mice (Kirak et al., 2010) were bred in-house under specific
pathogen free (SPF) conditions. ‘T-GREAT’ mice were generated by back- and
inter-crossing between T57 and IFNy-stop-IRES:eYFP- endogenous poly-A tail
reporter mice (GREAT mice) (Cebrian et al., 1988), such that breeders obtained
from F3 intercrossed mice were homozygous at three alleles: T57 TCRa (TRAV6-
4 TRAJ12 rearrangement), T57 TCRB (TRBV13-1 TRBJ2-7 rearrangement), and
the GREAT reporter. T-GREAT mice were then maintained in our SPF facility with
no overt fitness defects observed. Genotyping primers were as followed: GREAT
allele (FW 5-CCATGGTGAGCAAGGGCGAGG-3’; RV 5-TTACTTGTACAGC
TCGTCCAT-3); wildtype Ifng allele (FW 5’-CAGGAAGCGGAAAAGGAGTCG-3’;
RV 5-GTCACTGCAGCTCTGAATGTT-3’); T57 TCRa (TRAV6-4 TRAJ12
rearrangement: “146-alpha” FW 5-GATAAGGGATGCTTCAATCTGATGG-3;
“108-alpha” RV 5-CTTCCTTAGCTCACTTACCAGGGCTTAC-3’); endogenous
non-rearranged TRAV6-4 and TRAJ12 loci (“191-alpha” FW 5-GAGGCTTTACG
TTAGTGATCTAAAC-3’; “108-alpha” RV); T57 TCRB (TRBV13-1 TRBJ2-7
rearrangement: “91-beta” FW 5- CTTGGTCGCGAGATGGGCTCCAG-3’; “103-
beta” RV 5- GTGGAAGCGAGAGATGTGAATCTTAC-3’); endogenous non-
rearranged TCRBV13-1 and TRBJ2-7 loci (“142-beta” FW 5’-GCACTCGGCTCCT
CGTGTTAGGTG-3’; “103-beta” RV).

2.2.5 T cell activation assay

2x10° BMDMs cells were plated per well in a 96-well tissue culture-treated plate,
in BMDM medium supplemented with 10% L929 conditioned medium. The
following day, these BMDMs were infected with T. gondii tachyzoites in ‘T cell
medium’ [(RPMI 1640 with GlutaMAX (Gibco, cat# 61870127), 20% heat-
inactivated FBS (Omega Scientific, cat# FB-11, lot#441164), 1% penicillin-
streptomycin (Gibco, cat# 15140122), 1 mM sodium pyruvate (Gibco, cat#
11360070), 10 mM HEPES (Gibco), 1.75 ul of B-mercaptoethanol (Gibco, cat#
21985023) per 500 mL RPMI 1640 with GlutaMAX]. The infections were performed
in triplicates, at MOI 0.6, 0.2, and 0.07. Then, lymph nodes and spleens were
obtained from either T57 or T-GREAT transnuclear mice. The lymph node cells
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and splenocytes were combined and red blood cells were lysed with ammonium
chloride-potassium (ACK) lysis buffer. 5x10° cells were added into each well of the
infected BMDMs (approximately 2 hours post-infection). For IL-1R neutralization,
50 pg/mL of anti-mouse IL-1R antibody (BioXCell, clone JAMA-147) or 50 pg/mL
of isotype control (BioXCell, cat# BE0O091) were added when BMDMs were
infected.

2.2.6 Correction for relative viability between parasites

Confluent monolayer HFFs, seeded in 24-well plates, were infected with 100 and
300 parasites. Plaques were counted 4—6 days after infection. Displayed results
are from MOIs with similar viability, the equivalent of ~MOI 0.2 was chosen for
most assays.

2.2.7 ELISA

The concentration of cytokines in the 24h and 48h supernatants from the T57 T
cell activation assay was measured by ELISA according to the manufacturer’s
instructions (IFNy: Invitrogen eBioscience, cat# 88731477, IL-2: Invitrogen
eBioscience, cat# 88702477, IL-17A: Invitrogen eBioscience, cat# 88737188, IL-
18: R&D Systems, cat# DY401-05, IL-18: Invitrogen, cat# BMS618-3). The
supernatants were analyzed at various dilutions (1:2, 1:20, and 1:200) to obtain
values within the linear range of the manufacture’s ELISA standards.

2.2.8 Flow cytometry

At 18h after T-GREAT T cell activation, samples were harvested for FACS
analysis. With preparations all done on ice, cells were washed with ‘FACS buffer’
[PBS pH 7.4 (Gibco, cat# 10010049), 2% heat-inactivated FBS (Omega Scientific)]
and blocked with ‘blocking buffer’ [FACS buffer with 5% normal Syrian hamster
serum (Jackson Immunoresearch, cat# 007-000-120), 5% normal mouse serum
(Jackson Immunoresearch, cat# 015-000-120), and anti-mouse CD16/CD32
FcBlock (BD Biosciences, clone 2.4G2) at 1:100 dilution)]. Then, the samples were
stained at 1:120 dilution with fluorophore-conjugated anti-mouse monoclonal
antibodies against CD8a PE (eBioscience, clone 53—-6.7), CD3¢ APC-eFlour780
(eBioscience, clone 17A2), CD62L eFlour450 (eBioscience, clone MEL-14), and
CD69 APC (BioLegend, clone H1.2F3). For analysis of GFP+ Pru A7-infected
BMDMs, cells were harvested at 18h, washed and blocked as previously
described, and stained at 1:100 dilution with PE-labeled anti-mouse antibodies
against CD40 (BioLegend, clone 3/23), CD70 (eBioscience, clone FR70), CD80
(eBioscience, clone 16-10A1), CD86 (eBioscience, clone GL1), CD252
(eBioscience, OX40L clone RM134L), CD274 (eBioscience, PD-L1 clone MIH5),
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CD275 (eBioscience, ICOSL clone HKS5.3), or rat IgG2a kappa isotype control
antibodies (eBioscience, clone eBR2a). Tissue culture plates containing the
infected BMDMs were placed on ice prior to harvesting and washing as described
above. All samples were then stained with propidium iodide (PI) at 1:1000 dilution
(Sigma, cat# P4170). Flow cytometry was performed on an LSRIl (Becton
Dickinson) and analyzed with FlowJo software; Pl+ cells were excluded from
analysis.

2.2.9 Western Blot

T. gondii lysates were prepared through syringe-lysis, resuspended in Laemmli
buffer (125 mM Tris HCI, 30% glycerol, 2% SDS, 0.2% bromophenol blue), and
denatured at 90-100°C for 5 minutes. The lysates were separated on 4-20% Mini-
PROTEAN TGX pre-cast 540 gels (cat# 4561096, Bio-Rad) or 5-15%
polyacrylamide gels and then transferred to nitrocellulose membranes. The
membranes were blocked with 10% fortified bovine milk in “TBS-T 0.1%’ [Tris-
Buffered Saline and 0.1% Tween] at room temperature for 1h, and then incubated
with a-TGDO057 antibody at 1:4000 dilution (gift from Nicolas Blanchard, INSERM)
in TBS-T 0.1% overnight at 4°C. Membranes were washed with TBS-T 0.1% three
times and later incubated with goat a-rabbit horseradish peroxidase (HRP)-
conjugated antibodies (cat# 4030-05, Southern Biotech) at 1:4000 dilution for 1h
at room temperature. Membranes were then washed again TBS-T 0.1% three
times and developed with Immobilon® Forte Western HRP Substrate
(WBLUFO0500). All blots were imaged via chemiluminescence on a ChemiDoc
Touch (cat# 12003153, Bio-Rad).

2.2.10 Statistical analysis and normalization between experiments

For all bar graphs, dots represent values obtained from an individual experiment.
Results between parasite strains were often expressed relative to the response
elicited by the type Il strain (equal 1), or the response to infected knockout
macrophages normalized to infected wildtype macrophages (equal 1). All
statistical analyses (one-way or two-way ANOVA with Bonferroni’'s correction,
Kruskal-Wallis test with Dunn’s correction for non-parametric data in Fig 2-9, and
unpaired two-tailed t-test) were performed with GraphPad Prism version 8.3.0.

2.3 Results

2.3.1 Naive CD8 T cells respond to the vacuolar antigen TGD057 with a robust
IFNy response
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To determine host and parasite requirements for eliciting antigen-specific CD8 T
cell responses to T. gondii, we took advantage of ‘T57’ transnuclear mice which
were cloned from the nucleus of a single tetramer-positive T. gondii-specific CD8
T cell. T57 T cells from these mice have a single T cell receptor (TCR) specificity
for the TGD05796-103 epitope presented by H-2K*> MHC | (Kirak et al., 2010; Wilson
et al., 2010), and when adoptively transferred, confer resistance to infection with a
type Il strain (Kirak et al., 2010). TGDO057 is a protein with unknown function but is
predicted to be in the parasite’s secretory pathway (Wan and Ajioka, 2004), and
when deleted does not negatively impact parasite fitness, as inferred from a
genome-wide CRISPR-CAS9 loss-of-function screen (phenotype score 2.1) (Sidik
et al., 2016), and from similar growth rates in tissue culture and plaque sizes
observed between Atgd057 and parental strains. Importantly, TGD057
(TG_215980) is highly expressed (ToxoDB.org) and the peptide epitope is
conserved between strains (Fig 2-1), facilitating comparative analyses of naive
CD8 T cell responses to parasite strains which may differ in immune modulation.
In our experimental setup (i.e. the T cell activation “T57 assay’) (Fig 2-2A), bone
marrow-derived macrophages (BMDMs) are infected with T. gondii, co-cultured
with splenocytes and lymph node cells from naive transnuclear T57 mice, and CD8
T cell activation markers or effector cytokines in the supernatant are measured.
Reflecting early T cell activation events culminating in calcium-dependent NFAT
activation of the IL-2 gene (Northrop et al., 1994), this cytokine is produced as early
as 24 hours post addition of T cells to parasite-infected BMDMs (Fig 2-2B). In
contrast and consistent with their naive state, the T57 IFNy response develops
with time, and is maximally detected at 48 hours (Fig 2-2C). Its magnitude is
influenced by the parasite genotype, as evidenced by consistently high cytokine
responses to the ME49 and MAS strains, and low responses to the RH strain (Fig
2-2B and 2-2C). T. gondii infection elicits strong CD8 T cell IFNy responses to
TGDO057 (Wilson et al., 2010) and other antigens (Tsitsiklis et al., 2019), as such
IL-17 is only marginally detected in this system (Fig 2-3A). The measured
phenotypes are antigen-specific, because the cytokine response is abolished in
response to Atgd057 strains which do not express the antigen (Fig 2-2D and 2-
2E). Additionally, we noted that T57 CD8 T cells fail to upregulate the early
activation marker CD69 in response to Atgd057 (not shown). Previous
observations from sub-cellular fractionation and immunofluorescence studies have
identified TGDO057 to be both within the PV of infected cells (Lopez et al., 2015)
and to the cytoskeleton region of the parasite (Wilson et al., 2008). Three-
dimensional mass spectrometry LOPIT analysis (Location of Organelle Proteins
by Isotype Tagging) posits TGD057 to dense granules but lacks a strict assignment
to any one organelle, the latter observation being consistent with most
cytoskeleton network associated proteins (Crook et al., 2018). An endotagged
RHigdos7-HA strain was generated and TGDO057 is always found within PVM defined
by GRA7 staining vacuoles (Fig 2-2F), demonstrating TGD057, in its natural state,
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stays inside the PV. In summary, the T57 system allows analysis of naive CD8 T
cell responses to an endogenous vacuolar antigen of T. gondii.
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Figure 2-1. Conservation of the TGD057 96—103 peptide epitope and high TGD057 gene expression
between 7. gondii strains. (A) Multiple protein alignment of TGDO057 (215980) encoded by

various 7. gondii strains; the 96-103 MHC 1 K’ T57 T cell epitope is highlighted in yellow. The putative
TEXEL sequence, RRL, is within this epitope. Dots represent amino acid conservation with TGDO057
from the CAST strain. The predicted signal peptide cleavage site and an alternative translational start site
(Wan et al., 2004) is indicated with an arrow and highlighted in green. Peptide fragments recognized by
a rabbit polyclonal antibody directed against TGDO057 (gift from Nicholas Blanchard, INSERM) are
indicated and highlighted in blue, and correspond to the peptide fragments of the clonal strains (i.e. GT1
and ME49). (B) TGD057 gene ex-pression (7G_215980) for 29 parasite strains following 20-22 hours
post-infection in BMDMs (C57BL/6) is plotted from data previously reported (Minot et al., 2012);
expression values are in fragments per kilobase of exon model, per million mapped reads (FPKM).
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Figure 2-2. A model to study naive CD8 T cell responses to a 7. gondii vacuolar antigen, TGD057.
(A) Schematic of the ‘T57 assay’. Bone marrow-derived macrophages (BMDMs) are infected
with 7. gondii and 2h later, naive T57 CD8 T cells obtained from transnuclear mice are added to the
infected macrophages. T57 T cells bear antigen receptor specificity for a natural 7. gondii antigen, the
processed TGDO05796.103 peptide in complex with MHC I K®. Supernatant from the co-culture is then
harvested and cytokine concentrations are analyzed by ELISA. (B-C) TGD057-specific CD8 T cell
responses to 7. gondii-infected macrophages were measured over time to the indicated parasite strains.
At 24h and 48h time points, IFNy and IL-2 was measured by ELISA. Average of 3—4 experiments + SD
(standard deviation) is plotted; each dot represents the result from an individual experiment. Statistical
analysis comparing parasite strain differences were performed by two-way ANOVA with Bonferroni’s
correction; * p < 0.05, *** p < 0.001, ns non-significant. (D-E) Parental and 4tgd057 T. gondii strains
were assayed for the CD8 T cell response as described in Fig 1A. T57 IFNy and IL-2 responses at 48h,
analyzed by ELISA, are normalized to that of the clade D wildtype strain (Pru). Average of 3-5
experiments + SD is shown, each dot represents the results from an individual experiment. Statistical
analysis between parental and knockout strains is performed by an unpaired t-test; **** p < 0.0001, ns
non-significant. Clade assignments (clades A-F) are indicated for each strain as previously determined
by population based genome-wide SNP comparisons and similar clustering of 7. gondii strains (Lorenzi
et al.,, 2016). (F) Human foreskin fibroblasts (HFFs) were infected with RH or an RHigos7-HA
endotagged strain. After 20 hours of infection, the samples were fixed, permeabilized and the tagged
TGDO057-HA was visualized in rat anti-HA antibodies, visualized in red. PVM is indicated by presence
of the PVM integral and PV luminal dense granule protein, GRA7, visualized in green. A representative
immunofluorescence image is shown.
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Figure 2-3. Negligible amounts of IL-17A, IL-1p and IL-18 are detected in co-cultures of 7. gondii-
infected BMDMs and T57 CD8 T cells. (A) BMDMs were infected with the indicated parasite strains
and IL-17A was measured in the supernatant at 48h post addition of naive T57 CD8 T cells. Average of
3 experiments + SD are plotted; each dot represents the result from an individual experiment. Statistical
analysis was performed with two-way ANOVA with Bonferroni’s correction, ns non-
significant. (B) BMDMs were infected with RH or Pru strains, and IL-1f or IL-18 was measured in the
supernatant at 24h or 48h post addition of naive T57 CD8 T cells. Plotted is the average + SD of 3
technical replicates. Results obtained at 48 h are representative of two experiments, and a single
experiment at 24h was performed.
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2.3.2 TGDO057 antigen acquisition is not dependent on the parasite’s protein
export pathway

To understand how T. gondii vacuolar antigens might escape from the vacuole
and enter the host's MHC | antigen presentation pathway, the parasite’s export
machinery was explored. One way for vacuolar proteins to enter the host cytosol
is through parasite-mediated export across the PV membrane (PVM). Dense
granule proteins that reside within the PV can leave the vacuole through T. gondii's
export machinery, which includes the Golgi-resident protein aspartyl protease,
ASP5 (Coffey et al., 2015; Hammoudi et al., 2015), and the PVM-integrated
translocon protein MYR1 (Franco et al., 2016). T. gondii ASP5 is an orthologue
of Plasmodium protease Plasmepsin V which recognizes a Plasmodium
export element (PEXEL) motif (RxLxE/Q/D) (Boddey and Cowman, 2013) and
cleaves after the leucine (RxL|xXE/Q/D) preparing PEXEL-bearing proteins for
export across the PVM into the host erythrocyte (Russo et al., 2010). Like
Plasmepsin V, T. gondii ASP5 recognizes and cleaves a PEXEL-like motif
(RRL|XX) (Toxoplasma export element or ‘TEXEL’ motif) (Coffey et al., 2015), and
its protease function is necessary for the export of all known exported PV proteins
(Rastogi et al., 2019). For example, GRA16 contains an RRL|XX sequence, is
cleaved by ASP5, and utilizes the MYR1 translocon complex for protein export
(Coffey et al., 2015; Curt-varesano et al., 2016). Other GRAs including GRA24
(Franco et al., 2016; Hammoudi et al., 2015) and TEEGR/HCE1 (Braun et al.,
2019; Panas et al., 2019b), while being fully dependent on ASP5 and MYR1 for
their export, lack a functional TEXEL sequence. As TGDO057 contains an RRL
sequence, we hypothesized ASP5 and/or MYR1 may be involved in the export of
TGDO057 from the PV, leading to MHC | antigen presentation and T57 antigen-
specific CD8 T cell responses. To test this, the TGD057-specific CD8 T cell
response to Aaspb and Amyr1 strains was measured as previously described
in Fig 2-2A. In contrast to the hypothesis, ME49 Aasp5 induced a higher CD8 T
cell response compared to that of wildtype (WT) ME49 (Fig 2-4). Moreover, T57
responses to ME49, ME49 Amyr1 and MYR1 complementation  strains
(ME49 Amyr1::MYR1) were comparable (Fig 2-4). Since the T57 cytokine
response to the type | RH strain was uniformly low (Fig 2-2B and 2-2C), inferring
requirements for export machinery using these parasite strains was uninformative.
Additionally, we looked for evidence of ASP5 cleavage of TGD057 by western blot
using a polyclonal a-TGD057 antibody (gift from Nicolas Blanchard, INSERM)
which recognizes two peptide sequences indicated in Fig 2-1A, flanking the
potential ASP5 cleavage site of TGD057 (Fig 2-1A). The western blot analysis
revealed one band around the size of 18 kDa representing the full length TGD057
protein present in parental and Aasp5 T.gondii strains. No peptide fragments of 5
and 13 kDa were observed, which would be generated if TGD057 were to be
cleaved at its putative TEXEL sequence (Fig 2-5). These observations suggest
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that TGDO57 is not cleaved by ASP5. Nonetheless, CD8 T cell responses to the
type Il strain do not require ASP5 and MYR1, suggesting protein export from the
PV is not necessary for MHC | antigen presentation of the vacuolar TGD057
antigen.
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ns Figure 2-4. TGD057-speicifc CD8 T cell IFNy
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TGDO057 at its putative TEXEL sequence.

2.3.3 CD8 T cell IFNy responses to TGD057 require host machinery downstream
of the regulatory IRGs

Instead, we hypothesized the T57 CD8 T cell response requires PV disruption and
is IRG-mediated, as implicated from studies of OT1 CD8 T cell responses, or
hybridoma derivatives, to parasite strains that express the model OVA antigen in
the PV lumen (Gregg et al.,, 2011; Rommereim et al., 2019; Yamamoto et al.,
2012). To this end, T57 assays were performed with various BMDMs that are
defective in IRG function. In the experimental setup, IFNy is derived from activated

29



T57 cells and is predicted to induce IRG expression in WT but not Stat1-/- or Ifngr
-/- macrophages. Consistent with this supposition, the TGD057-specific CD8 T cell
response to the ME49 strain was nearly abolished in the absence of IFNy-STAT1
signaling (Fig 2-6A). In mice, there are 23 IRGs that can be separated into two
subfamilies: 1) the effector IRGs (or ‘GKS class’ based on an amino acid motif in
their GTP binding P-loop) and 2) the regulatory IRGs (‘GMS class’) (Bekpen et al.,
2005). Whereas effector IRGs bind the vacuolar membrane of the PV (Martens et
al., 2005; Zhao et al.,, 2009) and mediate membrane destruction via GTP
hydrolysis (Pawlowski et al., 2011), regulatory IRGs (or IRGMSs’) localize to host
cellular organelles preventing effector IRGs from destroying host membranes
(Haldar et al., 2013; Maric-Biresev et al., 2016). Regulatory IRGMs bind to effector
IRGs keeping them in their GDP-bound inactive state (Hunn et al., 2008), in a
manner similar to T. gondii ROP5 (Fleckenstein et al., 2012; Niedelman et al.,
2012; Reese et al., 2014). In the absence of IRGMs, effector IRGs fail to localize
to pathogen PVs (Henry et al., 2009; Hunn et al., 2008) and pathogen restriction
is lost (Taylor et al., 2000). In mice there are three regulatory IRGs (IRGM-1, -2
and -3) and Irgm1-/- or Irgm1/3-/- double knockout macrophages were analyzed.
Similar to the OVA system, the TGDO057-specific CD8 T cell response to
stimulatory parasite strains, such as type |l ME49 and the atypical strain MAS,
require the activity of regulatory IRGMs (Fig 2-6A and 2-6B). In addition, IFNy-
inducible Guanylate-Binding Proteins (GBPs) localize to the PV in an IRGM-
dependent manner (Haldar et al., 2013) and mediate T. gondii resistance (Saeij
and Frickel, 2017). GBPs encoded on murine chromosome 3 (GBP¢"3) are
involved in PV disruption, promote effector IRG recruitment to the PV
of T. gondii (Selleck et al., 2013; Yamamoto et al., 2012), and once compromised
will attack the parasite’s plasma membrane, decreasing its fitness (Kravets et al.,
2016). To test whether GBPs are required for TGD057-specific CD8 T cell
responses, GBP°"S-deficent BMDMs lacking Gbp1, Gbp2, Gbp3, Gbp5,
and Gbp7 were screened (Yamamoto et al., 2012). GBP®"3 were not significantly
involved in promoting TGDO057-specific CD8 T cell IFNy responses to the ME49
strain (Fig 2-6C), but were partially required for the response to the atypical strain
MAS (Fig 2-6D). Altogether, these observations are consistent with a model in
which the PVM is compromised by host machinery downstream of regulatory IRGs,
including GBPs (Haldar et al., 2013) and likely other immunity genes, that mediate
vacuolar antigen escape from the PV and entry into the host's MHC | antigen-
presentation pathway.
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Figure 2-6. TGDO057-specific CD8 T cell IFNy responses are partially dependent on host GBPs but
entirely dependent on regulatory IRGs. (A,C) BMDMs with indicated gene deletion (-/-) were infected
with the clade D ME49, or (B,D) clade B MAS strain. T57 T cell IFNy responses were analyzed by
ELISA at 48h and normalized to the response elicited by infected wildtype (WT) BMDMs. Average of
2—4 experiments + SD is shown, each dot represents the result from an individual experiment. Statistical
analyses were performed by one-way ANOVA with Bonferroni’s correction (A) or unpaired two-tailed
t-tests (B-D); * p <0.05, ** p <0.01, **** p <(0.0001, ns non-significant.

2.3.4 Multiple ROPS5 isoforms of T. gondii suppress the CD8 T cell response to
TGDO057

Previous studies have shown that T. gondii virulence in mice is determined by
parasite effectors that protect the PV from host immune attack. Specific alleles and
isoforms of the rhoptry pseudokinase ROP5 (Behnke et al., 2015, 2012, 2011;
Reese et al., 2014, 2011; Reese and Boothroyd, 2011), ROP18 (Fentress et al.,
2010; Fleckenstein et al., 2012; Niedelman et al., 2012; Saeij et al., 2006; Taylor
et al., 2007) and ROP17 kinases (Fleckenstein et al., 2012; Niedelman et al., 2012)
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encoded by virulent parasite strains, are noted for their ability to inhibit the
destructive functions of IRGs at the PVM, including Irgb6 and Irga6 (Fleckenstein
et al., 2012; Howard et al., 2011; Hunn et al., 2008; Niedelman et al., 2012; Reese
et al., 2014). These rhoptry proteins also impact the association of GBPs with the
PV (Selleck et al., 2013; Virreira Winter et al., 2011). Thus, we reasoned the host
CD8 T cell response to TGD057 would be antagonized by some or all of these
secreted effectors. Indeed, when ROPS5 is not expressed in the type | RH strain
(clade A, RH Aropb), the CD8 T cell IFNy and IL-2 response is robust (Fig 2-7 and
Fig 2-8A), and on average, the IFNy response is half of that elicited by the
stimulatory type Il strains (Fig 2-7). The ROP5locus consists
of ROP5A, ROP5B and ROP5C genes, which differ in copy number between
strains, and is under diversifying selection (Behnke et al., 2015, 2011; Niedelman
et al., 2012; Reese et al., 2014, 2011; Reese and Boothroyd, 2011). ROP5B and
ROPSC isoforms of virulent strains bind to and prevent accumulation of effector
IRGs on the parasite’s PVM, including Irga6 and Irgb6 (Fleckenstein et al., 2012;
Niedelman et al., 2012; Reese et al., 2014), which are required for host resistance
to primary infection (Lee et al., 2020; Liesenfeld et al., 2011). In contrast, ROP5A
lacks a defined host binding partner and function, but does promote virulence by
an unknown mechanism that is sensitive to copy number. For example, increasing
copy number of ROP5A from one to two copies promotes virulence of
RH Arop5 complementation  strains, whereas RH Arop5+ROP5B+ROP5A
phenocopies the virulence of the parental RH strain (Reese et al., 2011).
Therefore, a series of RH Aropb strains complemented with one or two copies
of ROP5B or ROPSA isoforms from clade A, or a single ROP5A isoform from the
type Il genetic background (clade D) was analyzed. Importantly, all RH Arop5
+ROPS5 complementation strains phenocopied the T57 response to the parental
RH strain (Fig 2-7). Since ROPS5A inhibits the T57 IFNy response (Fig 2-7), we
infer Irgb6 and Irga6 are likely not responsible for this phenotype because the
ROP5A isoform does not inhibit Irgb6 or Irga6 coating of the PVM (Fleckenstein et
al., 2012), nor Irga6 oligomerization (Reese et al., 2014). Consistent with this
supposition, all ROP5A complementation strains failed to inhibit Irgb6-PV
association (Fig 2-7B and 2-7C). Of note, the sequestosome-1 (p62) associates
with the PV in an IFNy-induced IRGM-dependent manner to promote OT1 T cell
responses to OVA-expressing T. gondii strains (Rommereim et al., 2019).
However, p62-PV association was not inhibited by ROPS5A but instead
phenocopied the PV-association patterns of Irgb6 (Fig 2-7D and 2-7E). Irgb6 has
recently been shown to be required for p62-PV association in IFNy-stimulated
cells, which is consistent with these observations (Lee et al., 2020). The ROP18
(Fleckenstein et al., 2012) and ROP17 kinases (Etheridge et al., 2014)
phosphorylate and inactivate Irga6 and Irgb6. Although there were slight increases
in the T57 IFNy response to the RH Arop17 and RH Arop18 strains, these
responses were not significantly different compared to that of the parental RH
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strain (Fig 2-7). Altogether, the data show that multiple ROP5 alleles and isoforms
can suppress the T57 response to the TGDO057 antigen, and this most likely by a
mechanism independent of host Irgb6, Irga6 and p62 localization to the PV.
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Figure 2-7. Multiple ROPS isoforms inhibit TGDO057-specific CD8 T cell IFNy responses
to T. gondii. (A) T57 CD8 T cell IFNy responses to the RH and RH Arop5 strains, including various
ROPS5A and/or ROP5B complementation strains from clade A or from clade D (RH A4rop5 +ROP5Ap),
were analyzed as described in Fig 2-2A. Additionally, T57 IFNy responses to RH Aropl7 and
RH 4rop18 strains were determined. IFNy was detected by ELISA at 48h and normalized to the response
elicited by clade D strains, Pru (0) or ME49 (A). Average of 2—14 experiments + SD is shown, each dot
represents the result from an individual experiment. Statistical analysis was performed using one-way
ANOVA with Bonferroni’s correction comparing all strains to the RH strain, only type II and
RH 4rop$ strains proved significantly different from RH over multiple experiments; **** p <0.0001. (B-
E) Untreated or IFNy-stimulated BMDMs were infected with the indicated 7. gondii strains. After 3—4
hours of infection, the samples were fixed and analyzed by fluorescence microscopy. 7. gondii PVM was
visualized in green with anti-GRA7 polyclonal rabbit antibodies and 100 vacuoles were quantified for
each condition. (B) Representative images are shown of Irgb6-PV localization in parasite-infected IFNy-
stimulated BMDMs. Irgb6-PV localization was visualized in red with anti-Irgb6 polyclonal goat
antibodies, and (C) plotted as percent of total GRA7+ T. gondii vacuoles. Plotted is the average + SD of
3 experiments. Statistical analysis was performed using two-way ANOVA with Bonferroni’s correction;
% p <0.001, ¥*** p <0.0001, ns non-significant; shown are statistical comparisons to the RH parental
strain. (D) Representative images are shown of p62-PV localization in parasite-infected IFNy-stimulated
BMDMs. P62-PV localization was visualized in red with a mouse anti-p62 monoclonal antibody,
and (E) plotted as percent of total GRA7" T. gondii vacuoles. Plotted is the average + SD of 34
experiments. Statistical analysis was performed using two-way ANOVA with Bonferroni’s correction;
**% p <0.001, **** p <0.0001, ns non-significant; shown are statistical comparisons to the RH parental
strain.

34



(A) (B) *

ns

800 m 2400 1
*
__ 600 — 1800 1
E £
=) o
a =
o~ 400 o 1200 -
= =
2001 [ 600
0 0-
Haplogroup | | I Haplogroup | 1] Xt v X
Strain I r’d ® Strain = 2 L Lk @ & 2 x £
w <<
© g 3 c 2 28 2 6% F 5 8
< S (] -] N >'_
I T Q S 5
[i4 F © o o
Clade A Clade A A B C D F

Figure 2-8. TGDO057-specific CD8 T cell IL-2 responses to various strains of 7. gondii. (A) BMDMs
were infected with the indicated clade A RH, RH Arop5 and Arop 18 strains and IL-2 was measured in
the supernatant at 48h post addition of naive T57 CDS8 T cells. Plotted is the average + SD of 3
experiments. Statistical analysis was performed using one-way ANOVA with Bonferroni’s correction; *
p <0.05. (B) BMDMs were infected with 7. gondii strains—clonal (types I-111), atypical (HG IV-X), and
HG XI—representative of various clades and haplogroups. Infected BMDMs were incubated with naive
T57 CD8 T cells for 48 hours and IL-2 concentration in supernatant was measured by ELISA. Each dot
represents the result from an individual experiment and the averages + SD of 2—8 experiments per strain
are shown. Statistical analysis was performed using one-way ANOVA with Bonferroni’s correction; * p
<0.05.

35



2.3.5 ROP5-expressing clade A strains confer low TGD057-specific CD8 T cell
IFNy responses

Due to the conserved nature of the TGDO057 peptide epitope (Fig 2-1), a unique
opportunity arose to explore the development of CD8 T cell IFNy responses to
multiple parasite strains spanning the genetic diversity of T. gondii (Lorenzi et al.,
2016). Any observed trend between T. gondii virulence, genetic background, and
the T cell response may offer clues to possible parasite immune modulation and
adaptation to immune pressure incurred by CD8 T cells. Among the Eurasian
clonal strains (types |, Il, lll) and North American isolates from haplogroups (HG)
Xl and XIllI, the virulent type | strains (GT1, RH) induced the lowest CD8 T cell
response while intermediate virulent types Il (Pru, ME49), Xl (COUGAR) and XII
(B73) and low virulent type Ill (CEP) strains, induced relatively high CD8 T cell
IFNy (Fig 2-2C and Fig 2-9A) and IL-2 responses (Fig 2-2B and Fig 2-8B).
‘Atypical’ strains, many of which are endemic to South America and highly virulent
in laboratory mice (FOU, CAST, MAS, TgCatBr5, P89, GUY-MAT, GUY-DOS,
GUY-KOE, RUB, and VAND), differed dramatically in eliciting T57 cytokine
responses (Fig 2-9A and Fig 2-8B), signifying that parasite virulence is not a sole
predictor of CD8 T cell activation. Instead a unique phenotypic pattern emerged,
in which clade A strains (type |, HG VI and VII) (Lorenzi et al., 2016) conferred low
T57 cytokine responses while most other strains from clades B, C, D and F had
potential to induce high cytokine responses (Fig 2-9A and Fig 2-8B). Consistent
with previous results, T57 IFNy responses did not correlate with known Irgb6-
and/or Irga6-PV associations of these strains. For example, a low percentage
(~10%) of Irgb6 recruitment to the PV is observed for the MAS strain, yet a high
CD8 T cell IFNy response is induced (Fig 2-9A), similar in magnitude to that of
type Il clade D strains (Fig 2-2C and Fig 2-9A) whose PVs are highly decorated
with Irgb6 (~45%) (Niedelman et al., 2012). Even among highly virulent type | GT1
and Guyanan strains (i.e. GUY-KOE, GUY-MAT, GUY-DOS, VAND), where
approximately 25% or less Irgb6-PV coating is observed (Niedelman et al., 2012),
the CD8 T cell responses to these strains differ dramatically (Fig 2-9A and Fig 2-
8B). Furthermore, one notable outlier among clade A strains is the relatively high
T57 response to BOF (Fig 2-9B and Fig 2-8B). BOF encodes a single copy
of ROPSB that is marginally expressed (Niedelman et al., 2012). When BOF is
complemented with the LC37 cosmid, which encodes the entire ROP5 locus from
the clade A type | genetic background, the CD8 T cell IFNy response is largely
reduced (Fig 2-8B). We infer from these assays the clade A genetic background
inhibits T57 IFNy responses, but the identity of the ROP5-host interacting partner
and why this genetic background leads to repressed responses is currently
unknown.
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Figure 2-9. Low CD8 T cell IFNy responses to ROPS-expressing clade A strains of 7. gondii.
(A) The T57 CD8 T cell IFNy response to BMDMs infected with various 7. gondii strains from most
haplogroups (HG) were analyzed, including the clonal (types I-11I), atypical (HG IV-X), and HG XI and
XII strains. IFNy in the supernatant was measured by ELISA at 48h. Average of 2—12 experiments + SD
for each strain is shown, each dot represents a single experiment. (B) The clade A BOF strain, which
encodes a lowly expressed single ROP5B gene (‘low”) and BOF complemented with an LC37 cosmid
that expresses the entire clade A ROPS5 locus (‘A’) were assayed as described in Fig 2-2A. Average IFNy
detected in the supernatant at 48h of 3 experiments + SD is shown. Statistical analysis was performed by
an unpaired two-tailed t-test; ** p < 0.01. (C) Statistical analysis of the T57 CD8 T cell IFNy response
differences observed to parasite strains from clades A-F was performed using a Kruskal-Wallis non-
parametric test with Dunn’s correction. Calculated p-values are shown for each strain by strain
comparison; p-values < 0.05 are highlighted in red and considered significant. As low inducers of I[FNy,
all clade A strains, as well as TgCatBr5 from clade B, produced statistically significant differences with
at least two other parasite strains.
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2.3.6 Activation and IFNy differentiation of CD8 T cells are only partially inhibited
by T. gondii ROP5

Following antigen-driven TCR stimulation (or ‘signal 1°), early activated T cells
receive secondary cues from the environment including co-stimulation (‘signal 2)
and cytokines (‘signal 3’) to commit to the production of cytokines such as IFNy.
Whether clade A strains, through ROPS5 or other effectors, intersect one or several
of these activation steps to lower T57 IFNy responses is unclear. To explore this
issue further, we generated a ‘T-GREAT’ IFNy reporter mouse line by crossing T57
with GREAT mice (Reinhardt et al., 2015). GREAT mice report IFNy transcription
with an internal ribosomal entry site (IRES)-eYFP reporter cassette inserted
between the stop codon and endogenous 3'UTR with the poly-A tail of
the Ifng gene. Without abrogating translation of IFNy, GREAT mice allow faithful
detection of Ifng transcription via YFP fluorescence and flow cytometry (Reinhardt
et al., 2015). In addition, surface expression of the activation marker CD69 is a
proxy for early TCR signaling events, and is one of the first markers expressed by
naive T lymphocytes after activation (Cebrian et al., 1988). In this way, the relative
amount of TGDO057 that has escaped the PV and ultimately presented by MHC |
molecules can be inferred by T cell upregulation of CD69, and this can be
measured independently of IFNy transcription in T-GREAT cells. Naive T-GREAT
cells were co-cultured with BMDMs infected with RH (clade A), RH Arop5, and
ME49 (clade D) strains (Fig 2-10A), and the frequency of activated CD8 T cells
(CD62L-CD69+ CD8+ T cells) (Fig 2-10B) as well as YFP levels (Ifng:YFP+ of
CD62L-CD69+ CD8+ T cells) (Fig 2-10C) were measured by flow cytometry at 18
hours. Without parasite, few CD69+ or Ifng:YFP+ T-GREAT CD8 T cells were
detected in the co-culture, consistent with their naive beginnings (Fig 2-10B and
Fig 2-10C). In contrast and over a range of multiplicity of infections (MOIs), there
was approximately three-fold more CD69+ CD8 T cells elicited by the ME49
compared to the RH strains (Fig 2-10B and Fig 2-10D). Among T cells that have
been activated (CD69+), a comparison of the Ifng transcript level revealed a six-
fold increase in response to the ME49 compared to the RH strain (Fig 2-10 and
Fig 2-10E). Although removal of ROP5 enhances the activation and differentiation
of T-GREAT cells to the RH Arop5 strain, Ifng transcript levels never equaled that
elicited by ME49, especially at lower MOls (Fig 2-10E). Therefore, the data show
T57 cells do in-fact recognize the RH strain, but once activated this genetic
background fails to elicit other signals necessary for full induction of the T57 IFNy
response. Moreover, the data implicate T. gondii genetic determinants other than
ROPS intersect CD8 T cell IFNy responses at the activation and likely
differentiation steps.
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Figure 2-10. In the absence of ROPS, clade A strains still inhibit TGDO057-specific CD8 T cell
activation and IFNy production. (A) ‘T-GREAT’ reporter mice were generated by crossing T57 mice
with an IFNy (IRES)-eYFP reporter GREAT mouse line, which allows IFNy transcript levels to be
measured by flow cytometry as a function of YFP expression. T-GREAT cells were analyzed for
activation (CD69+) and IFNy-differentiation (Ifng:YFP+) in response to parasite-infected BMDMs at
18h. (B) The frequency of activated CD8 T cells (CD69+ CD62L- CD8+ T cells), as well as (C) the
frequency of YFP+ (Ifug:YFP+) cells among activated CD69+ CD62L- CD8 T cells were compared
between clade A RH, RH 4rop5, and clade D ME49 strains. Representative flow plots with indicated
gates and percentages are shown. (D) Percent CD69+ CD62L- of total CDS T cells, and (E) percent
Ifng:YFP+ of CD69+ CD62L- CD8 T cells are shown. Each dot represents the results of an individual
experiment and plotted is the average + SD of 4 experiments. Statistical analyses were performed using
two-way ANOVA with Bonferroni corrections; * p <0.05, ** p <0.01.

2.3.7 IFNy-production by TGDO057-specific CD8 T cells does not solely depend on
IL-12

IL-12 signaling is essential for IFNy-mediated control of T. gondii (Ely et al., 1999;
Scharton-Kersten et al., 1996; Shaw et al., 2003), and is required for full induction
of IFNy-producing KLRG1+ effector CD8 T cells following T. gondiitype I
infections in vivo (Wilson et al., 2010, 2008). Moreover, the RH strain fails to
induce robust IL-12 secretion in infected macrophages (Kim et al., 2006; Robben
et al., 2004), perhaps underpinning the low T57 IFNy responses to clade A strains
observed in this system. To understand what extent IL-12 influences IFNy-
production, the T57 assay was performed with IL-12p40 deficient //12b-/- BMDMs.
The T57 IFNy response to ME49- (Fig 2-11A), or MAS-infected //72b-/- BMDMs
(Fig 2-11B) was reduced but not entirely abrogated compared to that of infected
WT BMDMs. A partial reduction was also reported for adoptively transferred //-
12r32-/- CD8 T cells that specifically lack IL-12 signaling during primary infection
(Wilson et al., 2008). Next, the T57 assay was performed with parasite strains
known to regulate host IL-12 production. Three T. gondii effector proteins—
GRA15, GRA24 and ROP16—modulate IL-12 production in infected BMDMs
(Braun et al., 2013; Butcher et al., 2011; Jensen et al., 2011; Rosowski et al.,
2011). Polymorphisms in GRA15 and ROP16 largely account for parasite strain
differences in alternative (M2) and classical activation (M1) of macrophages
(Jensen et al., 2011). Specifically, polymorphisms in GRA15 render type Il strains
able to activate the NF-kB pathway through direct association with TRAF2 and
TRAFG6 (Sangaré et al., 2019), and its expression is an absolute requirement for
IL-12p70 (Jensen et al., 2011) and largely responsible for IL-12p40 production by
type ll-infected BMDMs (Rosowski et al., 2011). Through activation of host p38
MAPK, GRA24 promotes IL-12p40 and chemokine secretion by T. gondii-infected
BMDMs (Braun et al., 2013). Although no consistent difference between parental
type Il (Pru) and GRA15-deficient or GRA24-deficient strains was observed, T57
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IFNy production was decreased but not abolished in response to a double deletion
Pru Agra1b Agra24 strain (Fig 2-11C). With respect to ROP16, in
all T. gondii strains except those of clade D (Melo et al., 2013), the ROP16 kinase
activates host STAT3, STATS, STAT6 transcription factors (Jensen et al., 2013;
Ong et al., 2010; Saeij et al., 2007; Yamamoto et al., 2009), leading to the
suppression of NF-kB signaling by an unknown mechanism (Jensen et al., 2013;
Saeij et al., 2007). When activating alleles of ROP16 are expressed as a transgene
within the type Il strain (Pru +ROP16,), it reduces IL-12 production in T. gondii-
infected BMDMs and induces the expression of many M2 associated genes
(Jensen et al., 2011). The T57 IFNy response to the Pru +ROP164 was reduced
to half that of the parental strain (Fig 2-11D). Thus, although IL-12
and T. gondii GRA15, GRA24, and ROP16 have some impact in regulating
TGDO057-specific CD8 T cell IFNy-production, the IL-12 axis does not fully account
for IFNy commitment in this system.

41



(A) . (B) .

1.07 poss 1.07 pose
s 8 °
k3] T
=] =
n;_ 1l &_ I
£& 05 ¢ £ 05 .
2 ¢ g $
B 8
2 i
— " 0.0 — T
Wildtype 1112b-/- Wildtype 1/12b-/-
(WT) (WT)
ME49 (Clade D) MAS (Clade B)
(C) * (D) *
1.5; 1.0
c c -
2 2
© T
= =
o o
S~ S~
o o~
> [} > Il
s &g 05
o o
= =
T ko
[} @
14 d
0.0
Pru Agra15 Agra24 Agra15 Pru +ROP16,
Agra24
Pru (Clade D) Pru (Clade D)

Figure 2-11. IL-12 signaling is partially required for TGD057-specifc CD8 T cell IFNy responses.
(A) 1112b-/- (IL-12p40) BMDMs were infected with clade D ME49, or (B) clade B MAS and TGD057-
specific CD8 T cell IFNy responses were measured as described in Fig 2-2A. Each dot represents the
result of an individual experiment and the average of 4 experiments + SD is shown; statistical analysis
was performed with an unpaired two-tailed t-test; ** p < 0.01. (C) Various Pru (clade D) gene deletion
strains, Agral5, Agra24, and Agral5 Agra24, or (D) a Pru strain transgenically expressing clade A
ROP16 (Pru +ROP16,4) were assayed for TGDO057-specific CD8 T cell IFNy responses. The TFNy
response, as analyzed by ELISA, is normalized to that induced by the wildtype Pru strain. Each dot
represents the result of an individual experiment and the average of 3—6 experiments + SD is shown.
Statistical analysis was performed using one-way ANOVA with Bonferroni’s correction for (C), and an
unpaired two-tailed t-test for (D); * p < 0.05.
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2.3.8 An inflammasome-independent NLRP3 pathway is required for maximal CD8
T cell IFNy responses to T. gondii

Both NLRP3 and NLRP1 inflammasome activation occur following T. gondii
infection (Cirelli et al., 2014; Ewald et al., 2014; Gorfu et al., 2014), and IL-1 and
IL-18 are known regulators of IFNy production in a variety of cell types (Afonina et
al., 2015), including cells of the adaptive immune system (Evavold and Kagan,
2018). Therefore, BMDMs deficient at various steps in the inflammasome
activation cascade were analyzed. In brief, NLRP proteins undergo ASC-driven
oligomerization, causing auto-activation of caspase-1, that in turn lead to the
cleavage and maturation of IL-1 and IL-18 (Broz and Dixit, 2016). Inflammasome
activated caspase-1 and -11 also activate Gasdermin D, a key pore forming protein
responsible for pyroptosis and extracellular release of IL-1/18 in several biological
contexts (Ding et al., 2016; Evavold et al., 2018; He et al., 2015; Kayagaki et al.,
2015; Liu et al., 2016; Shi et al., 2015). Therefore, BMDMs deficient at various
steps in the inflammasome activation cascade were analyzed. The T57 IFNy
response was largely reduced to parasite-infected Nirp7-/- BMDMs, and
completely absent to infected Nirp3-/- BMDMs (Fig 2-12A and Fig 2-12B). In
contrast, the IFNy response was only partially decreased to Asc-/-, Casp1/11-/-,
and Gsdmd-/- BMDMs infected with ME49 (Fig 2-12A), and no consistent
difference was observed between knockout and WT BMDMs infected with MAS
(Fig 2-12B). These results indicate CD8 T cell IFNy differentiation, though entirely
dependent on NLRs, only partially involves inflammasome matured IL-1 and/or IL-
18. Consistent with this supposition, the CD8 T cell IFNy response to parasite-
infected macrophages is reduced but not abrogated in the absence of IL-18 and
IL-1R-signaling, as assessed with neutralizing antibodies that block IL-13 and IL-
1a engagement with its receptor, IL-1R, and //18-/- BMDMs (Fig 2-12C). Low
levels of IL-13 and IL-18 detected in the co-culture may underscore the limited role
these cytokines play in promoting IFNy responses in this system (Fig 2-3B).
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Figure 2-12. An inflammasome-independent NLR pathway promotes CD8 T cell IFNy responses
to T. gondii. (A) BMDMs with indicated gene deletion (-/-) were infected with the clade D ME49,
or (B) clade B MAS strain. The T57 CD8 T cell IFNy response to TGDO057 was analyzed by ELISA and
normalized to that of wildtype (WT) BMDMSs. Each dot represents the result of an individual experiment,
and the average of 2—4 experiments + SD is shown. Statistical analysis was performed using one-way
ANOVA with Bonferroni’s corrections compared to infected WT or Nirp3-/- BMDMs, the latter
comparisons are indicated with a line; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <0.0001, ns non-
significant. (C) WT and 7/18-/- BMDMs were infected with the clade D ME49 and assayed for CD8 T
cell T57 IFNy production. Additionally, co-cultures were treated with either anti-IL-1R neutralization or
isotype control antibodies. The IFNy level was measured by ELISA and normalized to that of untreated
WT BMDMs. Each dot represents the results from an individual experiment and the average of 3—6
experiments + SD is shown. Statistical analysis was performed with one-way ANOVA and Bonferroni’s
corrections compared to untreated WT BMDMSs; ** p < 0.01, ns non-significant.
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Since the inflammasome pathway regulates the T57 CD8 T cell IFNy response,
we explored additional host components that intersect the inflammasome including
the upstream activator of NLRP3, the P2X7 receptor (P2X7R), as well as the
cytosolic NOD1/2 sensors which triggers NF-kB activation and pro-IL-1 induction.
P2X7R induces potassium (K*) efflux from the cytosol when extracellular ATP
(eATP) is present (Amores-Iniesta et al., 2017; Eltzschig et al., 2012; Jo et al.,
2016). K* efflux is a requirement for NLRP3 oligomerization following stimuli with
several known NLRP3 agonists and is the main mechanism for P2X7R-dependent
NLRP3 inflammasome activation (Elliott and Sutterwala, 2015; He et al., 2016).
Signaling through P2X7R can also induce NLRP1 inflammasome activation
(Silverman et al., 2009; Yap et al., 2019). Our results show that the T57 IFNy
response to ME49-infected WT and P2x7r-/- BMDMs are similar (Fig 2-13),
suggesting that P2X7R signaling is not a requirement for the CD8 IFNy response.
Inflammasome activation also requires ‘signal 1’, or the NF-kB mediated priming
step. The priming step upregulates NLRP3 as well as pro-IL-1B expression
(Bauernfeind et al., 2009). NOD2 can oligomerize with RIPK2 and form the
NODosome (Keestra and Baumler, 2014; Tattoli et al., 2007), leading to the
activation of the NF-kB pathway and production of NF-kB-dependent factors such
as pro-IL-1B, pro-IL-18 and others. NOD2 had been shown to be important for T.
gondii control; there is less IFNy production as well as increased parasite burden
and dissemination in T.gondii-infected Nod2-/- mice (Heimesaat et al., 2014; Shaw
et al., 2009). To examine whether NOD-RIPK2 pathway plays a role in CD8 T cell-
mediated IFNy response, we assessed this response for ME49-infected Nod2-/-
and Ripk2-/- BMDMs. The T57 IFNy response to infected Nod2-/- BMDMs is
reduced compare to the infected WT BMDMs, while the response to infected
Ripk2-/- BMDMs is entirely abrogated (Fig 2-14). This suggests that there may be
a RIPK2-NF-kB axis required for the T57 CD8 IFNy response that is different from
the induction of pro-IL-1B8 and pro-IL-18, consistent with the low IL-13 and IL-18
detected in this system (Fig 2-3B).The identity of the RIPK2-dependent host factor
required for T57 CD8 IFNy responses is unknown.
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Finally, to test whether NLRP3 impacts T cell activation or differentiation, T-
GREAT CD8 T cell activation profiles to parasite-infected Nirp3-/- BMDMs were
explored. Whereas the percentage of early activated CD69+ T-GREAT cells in
response to ME49 and MAS infections was slightly decreased to Nirp3-
/- compared to WT BMDMs (Fig 2-15A), IFNy transcript levels in the activated
CD69+ population dropped by 50-70% (Fig 2-15B), suggesting NLPR3 induces a
macrophage-derived signal required for IFNy transcription in activated CD8 T cells.
Co-stimulation determines transcriptional regulation of IFNy in tumor-infiltrating T
cells (Salerno et al., 2019), and in its absence, enforces post-transcriptional
silencing of IFNy in anergic self-reactive T cells (Villarino et al., 2011), perhaps
underscoring the blunted transcriptional (Fig 2-15B) and translational CD8 T cell
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IFNy response to parasite-infected Nirp3-/- BMDMs (Fig 2-12). To determine
whether NLRP3 regulates co-stimulatory pathways, a variety of co-stimulatory
ligands and the PD-L1 inhibitory receptor were measured on infected BMDMs. As
previously demonstrated for B7 family members CD80, CD86 (Morgado et al.,
2014), PD-L1 (Jensen et al., 2011), and as demonstrated here, ICOSL, are readily
induced on the surface of infected BMDMs (Fig 2-15C). Receptors and ligands of
the TNF superfamily are also expressed transcriptionally following infection in
BMDMs including CD70, CD40, OX40L and 41BBL (Jensen et al., 2011), of which
surface expression of OX40L appears most sensitive to induction
by T. gondii infection (Fig 2-15C and Fig 2-16B). However, none of the measured
receptors or ligands bore evidence for NLRP3-dependent regulation (Fig 2-15D
and Fig 2-16C), nor does loss of NLRP3 influence MHC | KP expression (Fig 2-
16C), as has been described for NLRC5-dependent induction of MHC class 1
genes (Meissner et al., 2010). To summarize, although inflammasome matured
cytokines may play some role in promoting T57 IFNy production, there is no
substitute for NLRP3, and to a similar extent NLRP1 in this system. Importantly,
our data identify a novel NLR-dependent but NLR-ASC inflammasome complex-
independent pathway that regulates CD8 T cell IFNy responses to an intracellular
pathogen.
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Figure 2-15. Low IFNy transcriptional CD8 T cell responses to 7. gondii-infected Nlrp3-/- BMDMs
are not due to dysregulated co-stimulatory pathways. (A-B) Wildtype (WT) and Nirp3-/- BMDMs
were infected with clade D ME49 or clade B MAS strains. T-GREAT CDS8 T cell responses to parasite-
infected BMDMs were analyzed as described in Fig 2-10. (A) The frequency of activated CD8 T cells
(CD69+ CD62L- CD8+ T cells), and (B) the frequency of YFP+ (Ifng:YFP+) cells among activated
CD69+ CD62L- CDS8 T cells were determined. Representative flow plots with indicated gates and
frequencies are shown from 3—4 experiments. (C-D) WT and Nirp3-/- BMDMs were infected with a
GFP-expressing Pru strain (Pru A7) and stained for the indicated co -stimulatory and -inhibitory
molecules at 18h. (C) Surface marker expression of infected (GFP+) and uninfected (GFP-) WT BMDMs
from an infected well, and of BMDMs from uninfected control wells are all compared in a single
histogram plot; the isotype staining control is also indicated. A representative histogram plot from 2-3
independent experiments is shown for each marker. The gating strategy is depicted in Fig 2-16A. (D) As
in C, but infected WT and Nlrp3-/- BMDMs (GFP+) are compared; isotype staining control of infected
cells is also indicated. A representative histogram plot of 2-3 independent experiments is shown for each
marker.
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Figure 2-16. Surface expression of MHC I and several co-stimulatory molecules are not impaired
in 7. gondii-infected Nlrp3-/- BMDMs. (A) Gating strategy for flow cytometry analysis of co-
stimulatory molecules expressed by infected BMDMs. BMDMs were infected with a GFP-
expressing 7. gondii strain or left uninfected, and later stained with fluorescently labeled marker-specific
antibodies. The BMDMs were gated on forward and side scatter, and infected (GFP+) or uninfected
(GFP-) live (PI-) BMDMs, shown with indicated frequencies, were then analyzed for the expression of
co-stimulatory molecules. (B-C) The surface expression of co-stimulatory molecules and MHC I K® were
analyzed as described in Fig 2-15C and Fig 2-15D, and compared (B) between infected (GFP+) and
uninfected (GFP-) BMDMs, as well as (C) between infected Nlrp3-/~and WT BMDMs (GFP+).
Histogram plots are representative of 2—3 experiments.

2.4 Discussion

In this work, we set out to explore the role of parasite virulence factors, and host
pathways that regulate CD8 T cell IFNy responses to an endogenous antigen.
Given the close association between T cell activation and parasite-infected cells in
vivo (Dupont et al., 2014), and the immune pressure incurred by CD8 T cells, we
reasoned there may be unidentified mechanisms governing host-pathogen
interactions between T. gondii and this cell type. To this end, we used T57
transnuclear mice to develop a system to study this interaction, which has several
advantages including the conserved nature of the TGDO057 epitope and the ability
to analyze the first moments of cytokine induction by an antigen-specific clonal
CD8 T cell population with a normally expressed TCR. Without need for further
antigen cloning, certain matters surrounding CD8 T cell IFNy differentiation and
MHC | antigen presentation of TGD057 were revealed, including a fundamental
role for T. gondii ROP5 and host NLRP3 in regulating this response. Our
observations are both similar and divergent from results obtained in other systems,
pointing to the contextual nature of immune responses to live pathogens, but also
to new host mechanisms that possibly promote CD8 T cell immunity to T. gondii.

First, many similarities exist between the CD8 T cell response to TGD057 and
OVA. For example, CD8 T cell activation to both antigens utilize the host’s IRG
system for optimal responses (Dzierszinski et al., 2007; Lee et al., 2015;
Rommereim et al., 2019). Such results indicate a need for the host to actively
acquire antigens sequestered inside a PV (Jensen, 2016). We lend credence to
this hypothesis, in that the parasite’s export machinery appears dispensable for
inducing TGDO057-specific CD8 T cell responses (Fig 2-4). One curious
observation in this regard, is that the TGDO057 peptide epitope, SVLAFRRL,
encodes the lone putative ASPS recognition TEXEL motif in this protein
(underlined) (Fig 2-1). In fact, ASP5 cleavage would preferentially produce
parasite peptides with a terminal leucine, which is the preferred anchor residue of
the P8/9 peptide binding pocket of MHC | K° (Koch et al., 2013) and many other
murine MHC and human HLA alleles. We initially thought ASP5 might
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prepare T. gondii antigens for binding host MHC | molecules, such that in the
absence of ASP5, a blunted CD8 T cell response would ensue. Rather, the
opposite occurred (Fig 2-4), ruling against parasite-assisted antigen processing of
TGDO057. However, beyond containing an RRL sequence, there is no evidence that
TGDO057 is actually cleaved by ASP5. In the original characterization of TGD057,
using polyclonal rabbit serum generated against recombinant TGD057, only one
band of predicted size (21 kDa) was observed (Wan and Ajioka, 2004). For known
dense granules cleaved by ASP5, the protein migrates at a lower molecular weight
than predicted and often two or more species can be observed by western blot
analysis, including that of GRA7, GRA16, GRA19 (Hammoudi et al., 2015), IST
(Gay et al., 2016), MYR1 (Coffey et al., 2015), LCAT, GRA44, GRA45, GRA46,
and WNG2 (Coffey et al., 2018). Studies that utilized unbiased mass-spectrometry
approaches to discover the repertoire of T. gondii proteins cleaved by ASP5 have
failed to detect TGDO057 as a substrate (Coffey et al., 2018). Moreover, of the over
300 mass spectra counts assigned to TGD057 from several proteomics studies
(ToxoDB.org), not a single TGD057 peptide contains an intact RRL or TTSA
sequence (C-terminal to the RRL). Our own western blot analysis, using a
polyclonal a-TGDO057 antibody (gift from Nicolas Blanchard, INSERM) which
recognizes two peptide sequences of TGDO057 (Fig 2-1A) flanking the potential
ASPS5 cleavage site (Fig 2-1A), demonstrated a single 20 kDa species of TGD057
(Fig 2-5), a result consistent to that of the uncleaved TGDO057 previously shown
(Lopez et al., 2015; Wan and Ajioka, 2004). In addition to its role in protein export,
ASP5 is required for targeting dense granules to the PVM (Coffey et al., 2015;
Hammoudi et al.,, 2015; Wang et al.,, 2019). GRA6 association with the PVM
significantly enhances its entry into the host's MHC | antigen presentation pathway,
yet TGDO0S57 is detected only in the non-membranous and soluble fraction of the
PV (Lopez et al., 2015). Whether TGDO057 sub-localization inside the PV impacts
entry into the host's MHC | antigen presentation pathway is currently unknown.
The enhanced response to the type Il Aaspb strain (Fig 2-4) may also reflect
decreased parasite fitness observed for this strain (Hammoudi et al., 2015), or the
role of an unidentified ASP5-targeted and PVM-associated GRA that inhibits CD8
T cell activation. Such possibilities await experimental validation.

Second, since T. gondii defends itself from immune attack by its virulence factor
ROPS5, this strategy affords a second benefit, the hiding of its vacuolar antigens
from the host’'s MHC | antigen processing machinery. For TGDO057, this battle is
uniquely defined by ROP5A that has no known interacting partner, but suppresses
the CD8 T cell response to TGDO057. We predict this occurs by a mechanism
independent from any known ROP5-IRG interaction. For example, ROP5B and
ROPSC from clade A strains are able to prevent accumulation of effector IRGs on
the parasite’s PVM, including Irgb10, Irga6 and Irgb6, but this is not a function of
clade A ROPSA (Fleckenstein et al., 2012; Reese et al., 2014), nor is this a known
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function for any ROPS5 isoforms from clade D. Although ROP5C was not tested
here, recently an OVA-expressing RH Arop5 +ROPSC strain was generated and
CD8 T cell activation was partially inhibited by this strain (Rommereim et al., 2019).
Whatever mechanism underlies the ability of ROPS5 to inhibit CD8 T cell activation,
we hypothesize that it is controlled by ROP5A and ROP5B isoforms, and less so
by ROP5C. Amino-acids in the 346-370 region in the IRG binding interface of
ROP5 (Reese et al., 2014) can be found that distinguish clade A ROP5C from
ROPS5A and ROPS5B of clades A and D. Whether these amino acids define a novel
interaction with a less-studied effector IRG, of which there are 13 functional
effector IRGs encoded in the C57BL/6 genome (Lilue et al., 2013, p. 201), or
another host protein is currently unknown.

It is likely there is no single host-parasite interaction that determines antigen
presentation for all T. gondii vacuolar antigens. For example, one notable
difference between CD8 T cell responses to the vacuolar TGD057 and OVA
antigens, is the role of the T. gondii ROP18 kinase. The CD8 T cell response to
OVA appears largely inhibited by ROP18 (Rommereim et al., 2019), but at best,
ROP18 plays a marginal role in this system (Fig 2-7 and Fig 2-8A). These
observations imply effector IRG modulation or the ATF6B ER-stress response,
which is known to regulate CD8 T cell IFNy responses to T. gondii and is directly
antagonized by the kinase activity of ROP18 (Yamamoto et al., 2011), might be
more important for CD8 T cell detection of OVA than TGD057. Furthermore, p62
is required for OVA-specific OT1 CD8 T cell activation by a mechanism that
includes binding to ubiquitin-tagged PVs in IFNy-stimulated cells (Rommereim et
al., 2019). P62 recruits GBPs to the vacuole of T. gondii (Haldar et al., 2015),
suggesting GBPs may also assist in MHC | antigen presentation, for which we
found some evidence (Fig 2-6C and 2-6D). Although the role of p62 using mouse
knockout cells was not directly tested, a comparison of p62-PV localization
patterns between stimulatory and non-stimulatory parasites strains (Fig 2-7D and
2-TE) argues against a dominant role for this pathway in our system. Other
differences include lessons learned from the GRAG6 antigen. When the C-terminal
GRAG6 epitope is facing the host cytosol it is highly stimulatory to CD8 T cells
(Buaillon et al., 2017). The protruding nature of the GRAG6 epitope into the host
cytosol may bypass need for host recruitment of IFNy-induced IRG/GBP
machinery, thus facilitating its immuno-dominance. However, TGD057 is not an
integral membrane protein nor is it associated with the membranous fractions of
the PV (Lopez et al., 2015). It is therefore unclear how the initial antigen is first
detected to start T57 IFNy responses, which paradoxically require IFNy signaling
to begin with (Fig 2-6). A clue may come from the OVA system. Host derived
ERGICs fuse with the PVM in a Sec22b SNARE-dependent process to initiate
MHC | presentation of T. gondii expressed OVA (Cebrian et al., 2011). Whether
this pathway seeds the initial antigen-specific response to TGD057 is unknown.
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Yet even in response to clade A strains, which are poor inducers of TGD057-
specific CD8 T cell IFNy and IL-2 responses (Fig 2-9 and Fig 2-8B), the early
activation marker CD69 was readily detected on T57 CD8 T cells (Fig 2-10). The
immune system is therefore robust in its ability to perceive T. gondii antigens,
which employs multiple non-redundant pathways to acquire antigens from
vacuolated pathogens (Blanchard and Shastri, 2010).

Third, our studies demonstrate an absolute requirement for the pathogen sensor
NLRP3, and to a similar extent NLRP1, for promoting naive TGD057-specific CD8
T cell IFNy responses to parasite-infected cells. Moreover, it appears NLR-
mediated regulation can occur in the absence of other components of the
inflammasome cascade. This is inferred because T57 IFNy production was still
detected in response to parasite-infected P2X7R, ASC, caspase-1/11, and
gasdermin D deficient cells, or when IL-1/18 cytokine signaling was inhibited (Fig
2-13 and Fig 2-12). In contrast, when NLRP3 is removed, there was no IFNy
response (Fig 2-12), even though the CD8 T cells were activated (Fig 2-15). NLRs
have several inflammasome independent functions, including the ability to form a
bridge between ER and mitochondria to initiate inflammasome signaling (Liu et al.,
2018). NLRs also bind to and directly activate transcription factors, such as IRF4
(Bruchard et al., 2015) and the RFX complex (Meissner et al., 2010), the latter
induces MHC | expression (Zhao and Shao, 2012). Our results diverge from a
recent report exploring the role of inflammasome components in promoting CD8 T
cell IFNy responses during primary T. gondii infection. NLRP3, ASC and caspase
1/11 deficiency had no bearing on the frequency of peritoneal or splenic IFNy+
CD8 T cells during primary T. gondii infection (Lopez-Yglesias et al., 2019).
Certainly, CD8 T cells receive environmental cues in vivo that compensate for the
lack of the inflammasome pathway, but are missing in our system. Given the
diminished IFNy-transcriptional response to infected NLRP3-deficient cells (Fig 2-
15) and the role co-stimulation plays in regulating T cell IFNy responses, we
hypothesized co-stimulatory pathways were dysregulated in Nirp3-/- infected cells,
but this was not the case. Current studies are underway to understand the
mechanism by which NLRP3 deficiency impacts transcriptional and translation
regulation of IFNy in activated CD8 T cells.

ER stress has been shown to activate the NLRP3 inflammasome (Bronner et al.,
2015; Elliott and Sutterwala, 2015; Menu et al., 2012), resulting in IL-13 production
(Elliott and Sutterwala, 2015; Menu et al., 2012). The unfolded protein response
(UPR) of ER stress generally involves ATF6, PERK, and IRE1 signaling (Li et al.,
2020). When initially described, ER stress-induced NLRP3 inflammasome
activation did not seem to be the effect of any of these signaling pathways triggered
by UPR (Menu et al., 2012). Based on their observations, Menu et al. suggested
that there is a fourth pathway of the ER stress that modulates NLRP3
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inflammasome activation, and it is not dependent on UPR but dependent on
reactive oxygen species (ROS) production (Menu et al., 2012). In the work by
Bronner et al., IRE1 signaling mediated by ER stress following Brucella abortus
infection lead to mitochondrial ROS (mtROS) production and membrane damage
that is dependent on NLRP3 but not other components of the inflammasome
complex such as ASC and caspase 1 (Bronner et al., 2015). In this study, the
NLRP3 which initially associates on the ER (Zhou et al., 2011) re-localized to the
mitochondria following ER stress, and induced caspase 2-BID-dependent
destruction of the mitochondria, releasing mitochondrial DNA (Bronner et al.,
2015). In addition to NLRP3 activation, ER stress has been shown to also activate
NOD2/RIPK2 via IRE1 signaling (Keestra-Gounder et al., 2016), leading to NF-kB
activation (Keestra-Gounder et al., 2016). Though there is no known interaction
between NLRP3 and RIPK2 (Wagner et al., 2009), both NLRP3 and RIPK2 seem
to be crucial for the CD8 T cell IFNy response to T. gondii infections (Fig 2-14).
Whether NLRP3 and RIPK2 work together or in compensatory manner requires
further investigation. As alluded to above, one connection may be ER stress;
though it is not yet known whether ER stress or UPR signaling are required for the
CD8 IFNy response to T. gondii in our system. Host ATF63 ER stress response
has been shown to modulate the CD8 T cell IFNy response to T. gondii infection,
and that the parasite is able to combat this through the kinase activity of the
virulence factor ROP18 (Yamamoto et al., 2011). It should be noted that following
T. gondii PV formation, the host ER closely associates with the PV (Sinai et al.,
1997); this may lead to ER stress and the UPR response. Studies using BMDMs
deficient in IRE1, caspase 2, or defective in mtROS production would clarify
whether these or related ER stress pathways are required for T57 CD8 T cell IFNy
production.

Finally, we present evidence that T. gondii strains differ in their ability to modulate
CD8 T cell IFNy responses, which in theory might aid the parasite’s survival in a
broad host range. For example, T57 IFNy cell responses were low to ROP5-
expressing clade A strains, which we hypothesized might be due to polymorphisms
unique to clade A ROPS5 alleles. However, both clade D and A ROP5 alleles were
equally able to repress the CD8 T cell IFNy response (Fig 2-7), indicating another
polymorphic regulator is in effect. Our current work searching for this polymorphic
modulator of host CD8 T cell IFNy response has revealed no genotype-phenotype
correlation at the ROPS locus. Instead, the polymorphic regulator could intersect
CD8 T cell differentiation, for example through modulation of the host’s NLRs, or
antigen release, possibly by assisting the function of ROP5A. Given the enhanced
T cell response to the ME49 Aasp) strain, ASP5 may target a polymorphic dense
granule to the PVM that represses the response. Recently, Rommereim et al. has
shown that OVA-specific CD8 T cell activation is regulated by multiple GRA(s)
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(Rommereim et al., 2019). Whether any such GRA is responsible for the observed
strain differences in T57 activation require further investigation.

In summary, since any warm-blooded animal can serve as an intermediate host
for T. gondii, the parasite may have difficulty achieving stable chronic infections in
every animal to promote its transmission. This is evidenced by the observation
that T. gondii strains differ dramatically in virulence in laboratory mice (Howe and
Sibley, 1995) and correlate with the severity of human toxoplasmosis (Gilbert et
al., 2008; Grigg et al., 2001; Khan et al., 2006; McLeod et al., 2012). This led to
the hypothesis that parasite strains have adapted to certain intermediate host
niches (Boothroyd, 2009), defined by host genetics, including that of the murine
IRG locus (Lilue et al., 2013). This adaptation may also necessitate the
manipulation of host adaptive immune responses. Here, we present evidence
that T. gondii may direct CD8 T cell IFNy response for its advantage. Perhaps
NLRP3 and the MHC | antigen presentation pathway serve as two distinct sites for
immune pressure, leading to the evolution of novel parasite virulence factors.
Nevertheless, a closer and detailed understanding of the interactions
between T. gondii and host CD8 T cells will eventually help us find potential
therapeutic targets for toxoplasmosis, as well as to understand why T. gondii has
spread so extensively.

56



Chapter 3:

Variation in the CD8 T cell IFNy response to Toxoplasma
gondii is characterized by small effect QTLs

3.1 Introduction

Toxoplasma gondii is an intracellular pathogen responsible for toxoplasmosis, an
underdiagnosed and neglected parasitic disease. T. gondii is considered one of
the most successful parasites as it can accommodate a wide host range, infecting
nearly all warm-blooded vertebrates including an estimated one-third of the world’s
human population. Upon invasion, T. gondii forms and sequesters itself in a
parasitophorous vacuole (PV) that does not initially fuse with host organelles
(Coppens, 2017; Sinai et al., 1997), shielding itself from the cytosolic immune
sensing mechanisms and defense machinery aimed at its elimination. Host
cytotoxic CD8 T cells respond to intracellular pathogens such as T. gondii through
recognition of cytosolic-derived peptide antigens presented by MHC | molecules
on the surface of infected cells (Dzierszinski et al., 2007). If detected, CD8 T cells
will secrete the pro-inflammatory cytokine, interferon-gamma (IFNy) to combat
protozoan infections. This CD8 T cell-mediated IFNy response is required for the
elimination of T. gondii (Gazzinelli et al., 1992; Gigley et al., 2011; Nishiyama et
al., 2020; Suzuki et al., 1988; Suzuki and Remington, 1990, 1988). In turn, IFNy
activates the Janus kinase-signal transducer and activator of transcription 1
(Jak/STAT1) signaling pathway, inducing the Immunity-Related GTPases (IRGs)
(Haldar et al., 2013; Hunn et al., 2008; Kim et al., 2012; Ling et al., 2006). IRGs
then bind to the parasite’s PV membrane (PVM) and disrupt it through GTPase-
driven IRG oligomerization on the PVM (Hunn et al., 2008). The IRG pathway is
necessary for the CD8 T cell response to antigens that are sequestered inside the
PV of T. gondii (Jensen, 2016), which includes the model antigen OVA engineered
to be secreted into the lumen of the PV (Gregg et al., 2011; Gubbels et al., 2005;
Lee etal., 2015; Rommereim et al., 2019) and the PV-associated TGD057 antigen
(Kongsomboonvech et al., 2020). Inflammasomes, particularly NLRP3 and NLRP1
inflammasome complexes, have also been shown to recognize and control T.
gondii infections in a variety of species (Cirelli et al., 2014; Ewald et al., 2014; Gorfu
et al., 2014; Gov et al., 2017; Wang et al., 2019; Witola et al., 2011). We have
recently shown that NLRP sensors, but not the inflammasome complexes are
required for full induction of the naive CD8 T cell IFNy response to parasite-
infected cells (Kongsomboonvech et al., 2020).

T. gondii utilize various virulence factors to combat host immune responses. If the
host succumbs to an infection, the parasite will lose the resources required for its
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own survival and die. Thus, T. gondii must achieve a ‘balance’ where it can
establish a chronic infection and produce tissue cysts, an infectious form that
allows transmission between hosts following oral consumption. However, the
parasite cannot achieve this balance in every host. For example, T. gondii strains
differ dramatically in virulence within laboratory mice (Howe and Sibley, 1995) and
with the severity of human toxoplasmosis (Gilbert et al., 2008; Grigg et al., 2001;
Khan et al., 2006; McLeod et al., 2012). Of the clonal lineages endemic to North
America and Europe, type | strains are highly virulent. Its lethal dose (LD100) is 1
parasite for laboratory mouse infections (Sibley and Boothroyd, 1992), and kills the
mice prior to establishing chronic infection. Types Il and Il are less virulent than
type |, with a LD10o0 of approximately 10° and 105, respectively (Saeij et al., 2006;
Sibley and Boothroyd, 1992). The genetically diverse “atypical” strains commonly
found in South America are also extremely virulent in mice (Fux et al., 2007;
Jensen et al., 2015; Khan et al., 2011), and human ocular toxoplasmosis is more
severe in South America compared to other locales (Gilbert et al., 2008; Grigg et
al., 2001; Khan et al., 2006; Sauer et al., 2011). In contrast, type | strains fail to
cause disease in Lewis rats (Cavailles et al.,, 2006; Wang et al., 2019), other
subspecies of Mus musculus (Lilue et al., 2013) and certain farm animals, including
pigs and poultry which are relatively refractory to toxoplasmosis across the globe
(Stelzer et al., 2019). Whether T. gondii requires unique virulence strategies to
infect the various hosts they encounter in nature is unknown. Various species differ
with respect to the exact mechanism by which T. gondii is killed and immune
pathways available for parasitic resistance (Gazzinelli et al., 2014; Mukhopadhyay
et al., 2020b; Saeij and Frickel, 2017; Wang et al., 2020). Hence, manipulation of
CD8 T cell responses by T. gondii might represent one of a diverse set of strategies
needed to achieve balanced infections across a broad host range.

The use of genetic crosses has proven fruitful for discovery of polymorphic
virulence factors that intersect host-parasite interactions relevant to T. gondii and
its murine host. The F1 progeny of the clonal lineages (from type | x type Il, type |
x type lll, and type Il x type Il sexual crosses) differ greatly in virulence phenotypes
(Behnke et al., 2011; Saeij et al., 2006; Taylor et al., 2006). Through quantitative
trait loci (QTL) mapping, a number of T. gondii proteins contributing to virulence
has been identified, namely three polymorphic rhoptry proteins (ROPs): ROP16
(Saeij et al., 2006, 2007), ROP18 (Saeij et al., 2006; Taylor et al., 2006), and a
family of ROP5 pseudokinases (Behnke et al., 2011; Reese et al., 2011).
Polymorphisms in the tyrosine kinase ROP16, expressed in type | and type Il
(ROP161m) but not type Il (ROP16u) strains, allow sustained phosphorylation of
STAT3 and STAT6, inducing alternative activation (M2) of macrophages and
dampening of host IL-12 production (Butcher et al., 2011; Jensen et al., 2011; Ong
et al., 2010; Yamamoto et al., 2009). ROP16um promotes virulence due to early M2
activation and subsequent suppression of Th1 immunity and CD8 T cell responses
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(Chen et al., 2020; Tuladhar et al., 2019). In contrast, when ROP16; or ROP16u
are expressed as a transgene in the type Il background, it promotes host
resistance (Jensen et al., 2011; Saeij et al., 2006) and parasite killing by a
mechanism that is dependent on the genetic background of the parasite (Jensen
et al., 2013).The serine threonine kinase ROP18 phosphorylates and inactivates
IRGs, protecting the PV from destruction (Fentress et al., 2010; Fleckenstein et
al., 2012; Niedelman et al., 2012; Steinfeldt et al., 2010). However, ROP18 is not
expressed in type Il T. gondii strains (Saeij et al., 2006; Taylor et al., 2006),
explaining its lesser degree of virulence compared to types | and Il T. gondii strains.
The pseudokinase ROP5 binds to IRGs, preventing them from oligomerizing and
accumulating at the PV (Howard et al., 2011; Hunn et al., 2008; Reese et al., 2014).
In contrast, the ROP5 variants expressed by type Il T. gondii strains fail to perform
this function rendering type Il strains less virulent (Niedelman et al., 2012; Reese
et al., 2014). F1 progeny from a cross between the highly virulent atypical strain
VAND and a type Il strain further demonstrate the importance of ROP5
polymorphisms in regulating parasite virulence (Behnke et al., 2015). Altogether,
these polymorphic rhoptries are largely responsible for the strain-specific
differences in murine virulence of T. gondii. Recently, we observed strain
differences in host CD8 T cell responses to T. gondii infections
(Kongsomboonvech et al., 2020) and found that both ROP5 and ROP16 play a
role in modulating the CD8 T cell IFNy response to T. gondii. However, there may
still be other unidentified polymorphic regulators that modulate this CD8 T cell IFNy
response. For example, type | strains and other clade A isolates induced relatively
low amounts of IFNy secretion from naive CD8 T cells, but most other strains
induced relatively high CD8 T cell IFNy responses (Kongsomboonvech et al.,
2020), a phenotypic pattern that currently matches no known biology of parasite
virulence in laboratory mice.

Here, we aim to identify polymorphic T. gondii Regulator(s) Of CD8 T cell
Responses (‘ROCTR’) that are responsible for strain differences in eliciting CD8 T
cell IFNy responses. We utilized an experimental approach by which naive
antigen-specific CD8 T cells that bear specificity to a conserved T. gondii
endogenous antigen, TGD057, were analyzed for IFNy responses to parasite-
infected bone marrow-derived macrophages (BMDMs). This phenotype was
measured for F1 progeny of the types Ixll, Ixlll, and lIxlll sexual crosses and
analyzed by genome-wide QTL mapping. QTL analysis of the F1 IxIl cross
suggested that ROCTRs may be encoded on T. gondii chromosomes X and XII
with very weak effect, while no discernable QTLs were generated from the F1 lixlll
and F1 Ixlll crosses. Our attempts to identify ROCTRs on chromosomes X and XI|
through generation of gene deletion strains proved uninformative, as the knockout
(KO) strains were not different from their parental strain. The failure to detect QTLs
with large effect after analyzing each of the genetic crosses of the clonal lineage
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strains suggest that there may be multiple genetic loci controlling host CD8 T cell
responses to T. gondii with small effect. However, we do present further evidence
that T. gondii effectors known to regulate delivery of GRAs to the PVM appear to
regulate the response.

3.2 Materials and Methods
3.2.1 Parasites

Toxoplasma gondii strains were serially passaged in ‘Toxo medium’ [4.5 g/liter D-
glucose in DMEM with GlutaMAX (Gibco, cat# 10566024), 1% heat-inactivated
fetal bovine serum (FBS) (Omega Scientific, cat¥# FB-11, lot#441164), 1%
penicillin-streptomycin (Gibco, cat# 15140122)], in confluent flasks of monolayers
of human foreskin fibroblasts (HFFs) and cultured at 37°C, 5% CO2. HFFs were
cultured in ‘HFF medium’ [4.5 g/liter D-glucose in DMEM with GlutaMAX (Gibco),
20% heat-inactivated FBS (Omega Scientific), 1% penicillin-streptomycin (Gibco),
0.2% Gentamicin (Gibco, cat# 15710072), 1X L-Glutamine (Gibco, cat#
21051024)]. Strains assayed included RH Ahxgprt (Donald and Roos, 1998),
RH Ahxgprt Aku80 (Huynh and Carruthers, 2009), GT1, ME49 Ahxgprt::Luc (Tobin
and Knoll, 2012), Pru Ahxgprt, CEP hxgprt-, RH Aku80 Ahxgprt Aasp5-
ty::HXPRT::DHFR (RH Aaspb) (Curt-varesano et al., 20106),
ME49 Aaspb::DHFR (ME49 Aaspb) (generous gift from Dominique Soldati-Favre,
University of Geneva) (Hammoudi et al., 2015). RH Agra35::HXGPRT::GFP (RH
Agra35), RH Agra42::HXGPRT::GFP (RH Agra42), RH Agra43::HXGPRT::GFP
(RH Agra43), ME49-RFP Agra35::HXGPRT::GFP (ME49 Agra35), ME49-RFP
Agra42::HXGPRT::GFP (ME49 Agra42), and ME49-RFP Agra43::HXGPRT::GFP
(ME49 Agra43) are generous gift from Jeroen Saeij (University of California, Davis)
(Wang et al., 2019). F1 strains assayed are listed in the Table 3-1, some of which
are generous gifts form Jeroen Saeij (University of California, Davis) and David
Sibley (Washington University); others were obtained from BEI Resources.

3.2.2 Mice and generation of bone marrow-derived macrophages

Transnuclear T57 mice (Kirak et al., 2010) were bred in-house under specific
pathogen free (SPF) conditions. C57BL/6J (B6) (colony 000664) mice were
purchased from Jackson Laboratories or bred in-house under SPF conditions.
Bone marrow cells from 6-8 weeks old female wildtype B6 mice were obtained and
cultured in ‘BMDM medium’ [4.5 g/liter D-glucose in DMEM with GlutaMAX
(Gibco), 20% heat-inactivated FBS (Omega Scientific), 1% penicillin-streptomycin
(Gibco), 1X non-essential amino acids (Gibco, cat# 11140076), 1mM sodium
pyruvate (Gibco, cat# 11360070)] supplemented with 20% L929 conditioned
medium, and then harvested after 6-7 days of differentiation. All animal protocols
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were approved by UC Merced’s Committee on Institutional Animal Care and Use
Committee (AUP17-0013). All mouse work was performed in accordance to the
Guide to the Care and Use of Laboratory Animals of the National Institutes of
Health and the Animal Welfare Act (assurance number A4561-1). Euthanasia of
mice was performed by inhalation of COz2 to effect of 1.8 liters per minute.

3.2.3 T cell activation assay

B6 BMDMs were plated at 2x10° cells per well in a 96-well tissue culture-treated
plate, in BMDM medium supplemented with 10% L929 conditioned medium, and
incubated overnight. The next day, these BMDMs were infected with T. gondii
tachyzoites, in triplicates, in ‘T cell medium’ [RPMI 1640 with GlutaMAX (Gibco,
cat# 61870127), 20% heat-inactivated FBS (Omega Scientific, cat# FB-11, lot#
441164), 1% penicillin-streptomycin (Gibco, cat#15140122), 1 mM sodium
pyruvate (Gibco, cat# 11360070), 10 mM HEPES (Gibco), 1.75 pul of pB-
mercaptoethanol (Gibco, cat# 21985023) per 500 mL RPMI 1640 with GlutaMAX].
The infections were done at multiplicity of infection (MOI) of 0.6, 0.2, and 0.07.
Approximately 2 hours post-infection, 5x10° naive lymph node cells and
splenocytes obtained from a naive T57 transnuclear mouse were added into all
wells of infected BMDMs. The lymph nodes and spleens were processed and
combined, and red blood cells were lysed with ammonium chloride-potassium
(ACK) lysis buffer, prior to being added to the co-culture. The supernatants of the
co-cultures were harvested 48 hours later for further analysis by ELISA.

3.2.4 Correction for relative viability between parasites

HFFs were plated in 24-well tissue culture-treated plates in HFF medium.
Confluent monolayer HFFs were infected with 100 and 300 parasites. Plaques
were quantified 4-6 days after infection. Displayed results are from MOls with
similar viability, the equivalent of ~MOI 0.2 was chosen for most assays.

3.2.5 ELISA

The IFNy concentration in the 48h supernatants of the T57 T cell activation assays
were determined by ELISA according to the manufacturer’s instructions (Invitrogen
eBioscience, cat# 88731477). The supernatants were analyzed at 1:2, 1:20, and
1:200 dilutions to obtain values within the linear range of the manufacture’s ELISA
standards.
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3.2.6 Genetic linkage analysis and Quantitative Trait Loci (QTL) mapping

The QTL analysis for the CD8 T cell IFNy response phenotype, including both 1D
(scanone) and 2D scans (scantwo) as well as the effect plots, was performed using
‘R’ version 3.6.1 and ‘R/qtl’ package (Broman et al., 2003). The concentration of
CD8 T cell-secreted IFNy that was obtained for each F1 Ixll progeny was
normalized to that of type Il strain, and for the F1 Ixlll progeny, the values were
normalized to the type Il strain. The average of normalized values obtained over
multiple experiments was then Log10 transformed and used for the QTL analysis.
For the F1 lIxlll progeny, the Log10 of the CD8 T cell IFNy concentration from a
single experiment was used. A thousand permutations were calculated to obtain
significant threshold values (p < 0.05 and p < 0.1). Genetic markers and the allelic
assignments for each F1 progeny were obtained from previous studies (Behnke et
al., 2011; Su et al, 2002) and publicly available databases
(http:/toxomap.wustl.edu/Ixlll_Typing_Table.html). The genetic maps of
chromosomes VIIb and VIII were stitched into a single chromosome in which we
renamed as “VIIb-VIII". Recent evidence suggests these are a single chromosome
(Bunnik et al., 2019; Xia et al., 2020), and our revised genetic map reflects the
correct genetic marker orientation in the stitched VIIb-VIII T. gondii chromosome.

3.2.7 Generation of gene knockout parasite strains

For ROCTR candidate knockout strains, individual candidates were targeted. To
generate a knockout strain, Cas9-expressing pSS013 plasmid (generous gift from
Jeroen Saeij, University of California, Davis) containing single guide RNAs
(sgRNAs) targeting the candidate gene (Table 3-3) were co-transfected, via
electroporation, with selectable marker hypoxanthine-guanine phosphoribosyl
transferase (HXGPRT) or dihydrofolate reductase (DHFR) into RH Ahxgprt (RH
Ahpt) or ME49 Ahxgprt (ME49 Ahpt) at a 5:1 ratio of sgRNAs/plasmid to an PCR
amplicon of the selectable marker. The HXGPRT amplicon was generated using
the pTKO-att plasmid as the template DNA and the DHFR amplicon was generated
using the pLoxP-DHFR-mCherry plasmid as the template DNA, with primers
indicated in Table 3-3. The transfection bulk populations were then selected with
‘MPA xanthine’ medium [4.5 g/liter D-glucose in DMEM with GlutaMAX (Gibco,
cat# 10566024 ), 1% heat-inactivated fetal bovine serum (FBS) (Omega Scientific,
cat# FB-11, lot#441164), 1% penicillin-streptomycin (Gibco, cat# 15140122), 0.05
mg/ml mycophenolic acid (MPA) (Millipore Sigma, cat# 475913), 0.05 mg/ml
xanthine (Alfa Aesar; cat# AAA11077-22)] or in Toxo medium containing 3 yM
pyrimethamine (Millipore Sigma, cat# 46706) to select for the presence of
HXGPRT or DHFR insertion, respectively. The transfection bulk with successful
targeting as confirmed by PCR are then cloned through limiting dilution in a 96-
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well plate in MPA xanthine or pyrimethamine selection medium. Wells with only
one clone are isolated and candidate gene disruption is confirmed by PCR.

Further subcloning was performed for ME49 Ahpt A278882 A278878::DHFR 1D8
which represents two distinct A278878 population. This was done by limiting
dilution in a 96-well plate in Toxo medium. Wells that contain a single plaque of T.
gondii were isolated and then confirmed for candidate gene disruption by PCR.

3.2.8 Confirmation of gene disruption

T. gondii strains and ROCTR candidate KO clones were grown to confluency in
HFF flask with Toxo media. Parasite genomic DNA was isolated using DNAzol
(Invitrogen, cat# 10503027) and ethanol precipitation. Presence or absence of
selectable marker at the candidate gene of interest, as determined by PCR, is used
to indicate successful targeting. PCR was performed with MangoMix, which
contains MangoTaqg DNA polymerase (Bioline, cat# BIO-25-33), along with primers
that flank the entire locus of the targeted gene as well as primers specific to an
internal site of the selectable marker, as illustrated in Fig 3-4 and Fig 3-5. The
primers used are listed in Table 3-3. Sequencing of PCR products were performed
by UC Berkeley DNA Sequencing Facility and samples were prepared according
to their protocol. Sequencing results were analyzed using Sequencher 5.4.6 and
SnapGene Viewer 5.2.1.

3.2.9 Immunofluorescence assay

HFFs were plated on coverslips with HFF medium in 24-well tissue culture-treated
plates. Once confluent, the monolayer HFFs were infected with T. gondii and
incubated 37°C, 5% CO2for 16h. The samples were then fixed with 3%
formaldehyde in phosphate buffered saline (PBS) for 20 minutes. After the fixation,
these were blocked with blocking buffer (3% BSA, 5% normal goat serum, 0.2%
Triton X-100, 0.1% sodium azide in PBS). To visualize GRAS, the infected cells
were stained with mouse anti-GRA5 primary monoclonal antibody (BioVision,
clone TG 17.113) at 1:500 dilution, followed by Alexa Fluor 488 goat anti-mouse
IgG (Life Technologies) secondary antibody at 1:3000 dilution. To visualize
TGDO057, the infected samples were stained with rabbit anti-TGD057 polyclonal
antibody (gift from Nicolas Blanchard) at 1:2000 dilution, followed by Alexa Fluor
594 goat anti-rabbit IgG (Life Technologies) secondary antibody at 1:3000 dilution.

3.2.10 Statistical analysis and normalization between experiments
Bar graphs represent the average with standard deviations. For these, values from

individual experiments are also represented as dots. Results between parasites
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strains were at times represented as relative to the response elicited by type Il or
type lll strains (equal 1). All statistical analyses (unpaired t-test and one-way
ANOVA with Bonferroni’'s correction) were performed with GraphPad Prism
version 8.3.0.

3.3 Results

3.3.1 QTL analysis suggests ROCTRs are encoded on T. gondii chromosomes X
and XlI

Polymorphic T. gondii rhoptries (ROP) that are responsible for the strain
differences in virulence during acute infection have been identified through
genome-wide quantitative trait loci (QTL analysis). Similarly, strain differences
have also been observed in CD8 T cell-mediated IFNy responses to T. gondii
(Kongsomboonvech et al., 2020), suggesting the existence of a polymorphic T.
gondii virulence factors that modulates host CD8 T cell responses, termed
“‘ROCTR”.

To identify T. gondii genetic loci responsible for the strain differences in CD8 T cell
responses to infections, and ultimately ROCTR, we assessed 29 strains of F1
progeny from type | x type Il cross (F1 Ixll), 34 strains of F1 progeny from type Il x
type Ill cross (F1 lIxlll), and 32 strains of F1 progeny from type | x type Il cross
(F1 IxI) (Table 3-1) in an antigen-specific T cell activation assay, the “T57 assay’.
Wildtype (WT) C57BL/6 bone marrow-derived macrophages (BMDMs) were
infected with T. gondii and co-cultured with splenocytes and lymph node cells from
naive transnuclear “T57' mice. These mice were cloned from the nucleus of a
single tetramer-positive T. gondii-specific CD8 T cell which have a single T cell
receptor specific for the TGD05796-103 epitope (T57 epitope) presented by H-2KP
MHC I (Kirak et al., 2010; Wilson et al., 2010). The supernatant was harvested at
48 hours of the co-culture and analyzed for IFNy concentration by ELISA. As
previously demonstrated (Kongsomboonvech et al., 2020), type | T. gondii strains
(RH, GT1) induce low T57-specific CD8 T cell-mediated IFNy responses, while
type Il (ME49, Pru) and type lll strains (CEP) induce a much higher response (Fig
3-1A). The CD8 T cell response differs greatly amongst the infections of F1 IxIl T.
gondii strains. For example, the CD8 T cell IFNy response to SF46 is quite low,
unlike the high IFNy level elicited in response to SF20 infections. (Fig 3-1A). These
results suggest the potential to genetically map loci responsible for strain
differences in T57 IFNy responses (Fig 3-1B).

Strain From Reference
F1 IxIl
C7B1 BEI| Resources Behnke et al., 2011
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C7E4
C7K4
2C10A3
2C10B5
SF3
SF8
SF9
SF14
SF15
SF17
SF19
SF20
SF26
SF28
SF34
SF35
SF36
SF37
SF39
SF40
SF41
SF42
SF44
SF46
SF47
SF50
SF58
SF61

F1 IxIll
c96 A5
c96 B4
c96 C12
c96 E7
c96 H6
c96 STC7
c96 STC8
c96 STD3
c96 STE1
c96 STF3

c96 STG10

c96 STH1
c96 STH5

BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
Sibley Lab

BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
Sibley Lab

Sibley Lab

BEI Resources
Sibley Lab

BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources

Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
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Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011
Behnke et al., 2011

Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005
Khan et al., 2005



c96 STH10
c96 STH11
CL11
CL12
CL13
CL16
CL17
CL18
CL19
S1T
S2T
S21
S22
S23
S25
S26
S27
S28
S29
S30
STG5

F1 lixIll
c285-1
c285-11
c285-13
c285-31
c285-38
c285-4
c285-42
c285-50
c285-51
c285-62
c295-2
c295-27
c295-29
c295-31
c295-31
c295-5
c295-P1A5
c295-P1D7
AGAF
A9AF

Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab
Saeij Lab

BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
BEI Resources
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Khan et al., 2005

Khan et al., 2005

Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Sibley et al., 1992
Shastri et al., 2014

Su et al., 2002
Su et al., 2002
Su et al., 2002

Su et al., 2002

Su et al., 2002
Su et al., 2002
Su et al., 2002
Su et al., 2002
Su et al., 2002
Su et al., 2002

Su et al., 2002
Su et al., 2002



A9SF

BEI| Resources

Su et al., 2002

B10AF BEI Resources Su et al., 2002
B4SF BEI Resources Su et al., 2002
C11AF BEI Resources Su et al., 2002
C7SF BEI Resources Su et al., 2002
D9AF BEI Resources Su et al., 2002
EGAF BEI Resources Su et al., 2002
E7SF BEI Resources Su et al., 2002
E8SF BEI Resources Su et al., 2002
G2AF BEI Resources Su et al., 2002
H7AF BEI Resources Su et al., 2002
M12AF BEI Resources

Table 3-1. Parasite strains. The F1 7. gondii strains used in this study are listed in various categories:
F1 IxII (F1 progeny from the type I GT1 x type Il ME49 sexual cross), F1 IIxIII (F1 progeny from the
type I ME49 x type III CEP sexual cross), and F1 IXIII (F1 progeny from the type I GT1 x type III CEP
sexual cross). Sources of the strains used for the experiments and primary references, when known, are
indicated.
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Figure 3-1. Variation of CD8 T cell IFNy responses to 7. gondii strains. (A) T57 IFNy responses to
the indicated strains were obtained, average of 2-5 experiments +SD (standard deviation) is plotted; each
dot represents the result from an individual experiment. Statistical analysis was performed using one-way
ANOVA with Bonferroni’s correction comparing to Pru; * p < 0.05. (B) Schematic of the strategy to
identify ‘ROCTR’. TGDO057-specific CD8 T cell IFNy responses to 7. gondii-infected bone marrow-
derived macrophages (BMDMs) were measured. Two hours post-infection, naive antigen-specific
TGDO057 (‘T57’) CD8 T cells obtained from transnuclear mice were added to the infected BMDMs.
Supernatant from the co-culture was harvested 48h later and then analyzed for IFNy concentration by
ELISA. Genetic linkage analyses were performed with IFNy response values obtained from the F1
progeny to find the quantitative trait loci (QTL) responsible for the phenotype.

A genome-wide QTL scan was performed to detect genotype-phenotype
correlations using F1 progeny derived from all three sexual crosses previously
mentioned. QTL analysis of the F1 Ixll cross (Fig 3-2A) revealed three suggestive
peaks with an LOD value greater than 2 on T. gondii chromosomes X (chrX) and
XII (chrXll) (Fig 3-2B). The QTL on chromosome XlI (PEAK 1) with the logarithm
of odds (LOD) score of 4.4 reaches the threshold value of p = 0.10 (Fig 3-2B), but
none of the other QTLs surpass genome-wide permutation testing. Polymorphic
candidate genes within the 1.5 LOD interval of PEAK1, a 106 kb region spanning
13 genes (TGME49_chrX:5754579.5860469), include most notably two tandem
uncharacterized NTPases, TG_278878 and TG_278882 (ToxoDB.org). The
genetic marker corresponding to the maximal LOD score within this PEAK1
(65.m01195_at9) is a SNP within TG_278878. On chromosome X, there are two
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noticeable peaks. The major peak towards the right end of chromosome X
(PEAK2) is alarge 1.1 Mb locus (TGME49_chrX:3782766.4930776) encoding 147
genes and includes the genetic marker 46.m03675_at7, which produced the
highest LOD score of 3.6 within this chromosome (Fig 3-2B). The minor peak
towards the left end of chromosome X (PEAKS) corresponds to a ~419 kb region
of 48 genes (TGME49 chrX:1383691.1802907) and encompasses the genetic
marker 42.m03493 _at7 with a LOD score of 2.3 (Fig 3-2B); this marker defines a
SNP within the T. gondii dense granule GRA35. Notably, the ROPS5 locus, which
is a known virulence determinant encoded on chromosome Xll and identified using
this panel of F1 Ixll progeny (Behnke et al., 2011), did not produce an identifiable
QTL in our screen. Thus, while ROP5 can inhibit the T57 response
(Kongsomboonvech et al., 2020; Rommereim et al., 2019), polymorphisms in
ROPS5 do not account for strain-specific differences observed for this phenotype,
as previously suggested (Kongsomboonvech et al., 2020). The antigen encoded
by TGDO057 is similarly expressed and entirely conserved between clonal strains,
and no phenotype-genotype correlation was observed at this site. Based on the
effect plots, F1 Ixll progeny that express type Il alleles at the chromosome X
genetic markers 46.m03675_at7 and 42.m03493_at7 induce higher CD8 T cell-
mediated IFNy responses compared to those that express type | alleles at these
loci, respectively (Fig 3-2C). In contrast, F1 IxIl progeny that express a type | allele
at the chromosome XII genetic marker 65.m01195_at9 induce higher CD8 T cell
responses compared to those that express the type |l allele (Fig 3-2C), suggesting
the genetic background of type | strains may mask the effect of the putative chrXII
ROCTR. In search of loci that potentially modify the function of the chrXIl ROCTR,
we investigated epistatic interactions or ‘interactive’ QTLs, but this was not
detected between PEAKS 1, 2, and 3 or other loci within the F1 Ixll genetic cross
(Fig 3-3). Other sexual crosses examined included the F1 progeny derived from
the IxIll and lIxlll crosses, but QTL mapping revealed no statistically significant
peak for this phenotype (Fig 3-4 and Fig 3-5). It can be concluded that the
polymorphic rhoptries responsible for strain differences in virulence previously
identified through QTL analyses of these same panels of F1 progeny, such as
ROP16 (from F1 lIxlll cross) encoded on chromosome VlIb-VIII (Saeij et al., 2006)
and ROP18 (from both F1 lIxIll and F1 Ixlll crosses) encoded on chromosome Vlla
(Saeij et al., 2006; Taylor et al., 2006), do not seem to account for the strain
differences in host CD8 T cell responses to T. gondii infections (Fig 3-4 and Fig
3-5). Moreover, the small effect QTLs suggest that the T57 CD8 IFNy response
may be controlled by multiple gene loci of T. gondii and subject to environmental
input during the 48 hours co-culture of the CD8 T cells and infected macrophages.
Top polymorphic ROCTR candidates are included in Table 3-2.
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Figure 3-2. T. gondii genetic loci on chromosomes X and XII correlate with parasite strain
differences in inducing CD8 T cell IFNy responses. (A) TGD057-specific CD8 T cell responses to 7.
gondii-infected BMDMs were assayed, as previously described in Fig 3-1, with F1 progeny of the type I
x type II cross (F1 IxII). The IFNy concentration was measured by ELISA and normalized to that of the
type II strain. Average of 2-5 experiments +SD (standard deviation) is plotted and values are indicated
above the bar graphs; each dot represents the result from an individual experiment. (B) Genetic linkage
analysis of TGDO057-specific CD8 T cell-mediated IFNy responses to F1 IxII 7. gondii strains were
analyzed. The running LOD score for each genetic marker is plotted. The quantitative trait loci (QTL)
map reveals regions of interest on 7. gondii chromosomes X and XII. QTLs with LOD scores >2 are
labeled as PEAK1, PEAK2, and PEAK3. The LOD significant threshold values are calculated from 1,000
permutations, indicated with dashed lines and p-values (p = 0.05 in red, p = 0.10 in black). The genetic
locations of ROP5 and the TGD057 antigen are shown for reference. (C) Effect plots for the genetic
markers corresponding to PEAK3, PEAK2, and PEAK1 are shown. The IFNy responses are normalized
to that induced by the wildtype (WT) type II strain. Each dot represents the average value obtained for
each F1 IxII strain.
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Figure 3-3. The two-dimensional (2D) QTL genome-wide scan does not detect interactive effects
between ROCTR loci in modulating CD8 T cell IFNy responses to 7. gondii infections. A 2D QTL
analysis of CD8 T cell IFNy responses to 7. gondii F1 IXIl infections. The selected 7. gondii
chromosomes are labeled on both axes. The LOD scores in the 2D plot are represented on a color scale
indicated on the right. The LOD score scale from 0 to 4.2 corresponds to the upper left triangle which
compares the full two-locus or “interactive QTL” model, in which all possible combinations of two
markers are calculated for epistasis, to an additive-QTL model. The LOD score scale from 0 to 4.8
corresponds to the lower right triangle of the 2D plot, which compares the two-locus to a single-locus
QTL model. No two pairs of loci in the two-locus model surpass a p-value of p = 0.1, and no advantage
is gained over a single-QTL model (R/qtl).
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Figure 3-4. Genetic linkage analysis of TGD0S7-specific CD8 T cell IFNy responses to 7. gondii F1
progeny of the type I x type III cross reveals no significant QTLs. (A) The host CD8 T cell responses
to infections with F1 IXIII 7" gondii strains were measured as previously described and normalized to that
induced by the CEP strain (WT type III strain). The normalized values are indicated above the bar graphs.
Average of 2 experiments +SD are shown, each dot represents the results from one experiment. (B) A
genome-wide QTL scan of the CD8 T cell response to F1 IXIIl 7. gondii-infected BMDMs was
performed. The running LOD score for each genetic marker is shown; 7. gondii chromosomes are
indicated. Significant threshold LOD values of p = 0.05 and p = 0.10 following 1,000 permutations are

indicated in red and black, respectively.
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Figure 3-5. Genetic linkage analysis of TGD0S7-specific CD8 T cell IFNy responses to 7. gondii F1
progeny of the type II x type III cross reveals no significant QTLs. (A) F1 IIxIII 7. gondii strains
were assayed for host CD8 T cell IFNy responses as previously described. Plotted is the average IFNy
concentration in the supernatant at 48h post addition of T57 CD8 T cells +SD of 3 technical replicates
from a single experiment. (B) A genome-wide QTL scan of the CD8 T cell response to F1 IIXIII 7. gondii
infections was performed and the running LOD score for each T. gondii genetic marker is shown. The

significant threshold LOD values of p = 0.05 and p = 0.10 following 1,000 permutations are indicated in
red and black, respectively.
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Table 3-2. ROCTR candidates. Top ROCTR candidates within the boundaries of each QTL peak
(PEAK1, PEAK2, and PEAK3) are listed with genetic coordinates. The information regarding each gene
was obtained from the Toxoplasma informatics database (ToxoDB.org). The list includes ROCTR
candidates that exhibited a high degree of amino acid polymorphisms between all strains deposited in
ToxoDB, and/or number of amino acid substitutions or gene expression differences between type I and
II strains. Genes with single exons/and or predicted to have a signal peptide were favored for inclusion
as a ROCTR candidate. The average expression of RH and GT1 (type I strains) as well as the average
expression of Pru and ME49 (type II strains) were calculated from values provided by Minot et al., 2012.
The fitness score was obtained from Sidik ef al., 2016. Genes investigated by CRISPR inactivation in
this study are highlighted in red. Genes encoding the genetic marker that produced the highest LOD score
at each QTL peak are denoted with an asterisk.

3.3.2 Interrogation of ROCTR candidates on chromosomes X and XII

To confirm whether our candidates are the genetic loci responsible for the parasite
strain differences observed in eliciting host CD8 T cell responses to T. gondii
infections, candidate genes were inactivated with CRISPR-Cas9 and the gene
disruption was confirmed by PCR (Fig 3-6A and Fig 3-9A) and DNA sequencing.
During this process, a selectable marker was added as a DNA template for T.
gondii to potentially use for repair via the non-homologous end joining (NHEJ)
repair pathway. Thus, the presence of the selectable marker at the targeted gene
locus would be indicative of a successfully disrupted gene, or knockout (KO).

The candidate genes on T. gondii chromosome XII that correspond to PEAK1 are
TG_278878 and its adjacent gene TG_278882, which are nucleoside triphosphate
hydrolases (NTPases) of the GDA1/CD39 family of ecto-ATPases with apyrase
activity (ToxoDB.org). In general, NTPases are secreted following invasion and
localize to the PV lumen and PVM (Bermudes et al., 1994; Sibley et al., 1994). The
related NTPases, NTPase | and NTPase Il (Bermudes et al., 1994), do not
contribute to type | strain virulence in mice but deplete cellular ATP (Olias and
Sibley, 2016) and are thought to be important for tachyzoite replication (Asai et al.,
2002; Nakaar et al., 1999) and possibly egress (Stommel et al., 1997). Large
quantities of parasite-derived NTPase can be detected in the serums of infected
mice (Asai et al., 1987) and represents up to 2-3% of the entire protein in the
tachyzoite (Asai et al., 1983). NTPases may therefore impact the host response in
another way. It is possible that the ATP hydrolysis activity of NTPases may
dampen host inflammasome activation in response to T. gondii infections (Melo et
al., 2011). Inflammasome activation, for both NLRP1 and NLRP3, has been shown
to be important for T. gondii control (Cirelli et al., 2014; Ewald et al., 2014; Gorfu
et al., 2014) and can be triggered through the binding of exogenous ATP to the
purinergic receptor P2X7 (Amores-Iniesta et al., 2017; Jo et al., 2016). It is possible
that 7. gondii NTPases deplete the amount of cytosolic ATP, thus preventing
inflammasome activation either by lowering available exogenous ATP required for
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P2X7 receptor (P2X7R) activation following egress, or by thwarting NLR-
oligomerization which is an ATP-dependent process (Duncan et al., 2007). In our
recent studies, we discovered that there is an NLRP3-dependent pathway to
induce CD8 T cell responses to T. gondii infections (Kongsomboonvech et al.,
2020). For these reasons, the TG_278878 and TG_278882 NTPases were
pursued as candidates in our search of ROCTR.

We have attempted to generate double mutant A278878 A278882 T. gondii
parasites, in both type | and type Il WT parental strains but have come across a
few challenges. Our strategy is to allow T. gondii to repair CRISPR/Cas9-edited
site with a co-transfected selectable marker and confirm by diagnostic PCR and
growth in selection medium (Fig 3-6A). In the type | RH strain, TG_278878 was
successfully disrupted by insertion with the dihydrofolate reductase (DHFR)
selectable marker (A278878::DHFR) as confirmed by PCR (Fig 3-6B) and
sequencing of the edited locus (not shown). However, the type | RH TG_278882
gene locus seems to differ from those of type | GT1 and type Il ME49 strains. PCR
performed with several primer pairs flanking and within TG_278882 consistently
yield no PCR product for RH (Fig 3-6B and Fig 3-6C) though PCR products of
expected sizes were consistently observed with GT1 and ME49 strains (Fig 3-6C).
The primers have been designed based on the available annotated information in
the Toxoplasma database (ToxoDB.org), which includes the GT1 and ME49
genomes but not the RH genome. Although our PCR results suggest that the
TG_278882 gene locus of RH is unique, possibly lost or mutated, the 278882 locus
of the mutant RH strain bore evidence for integration of the selectable marker using
a reverse primer flanking the 278882 gene and a forward primer internal to the
DHFR repair cassette, albeit of an unexpected larger size (Fig 3-6B). Regardless,
the RH A278878 and possibly A278882 clone (2G9) was assayed and no
difference in the CD8 T cell IFNy response to the RH A278878 and its parental
strain was observed (Fig 3-8).

We faced another challenge in our attempt to generate a ME49 A278878 A278882
T. gondii strain. Here, PCR confirmations demonstrated that both genes of interest
were inactivated in the double mutant 1D8 line, as the presence of the inserted
selectable marker was observed at both gene loci (A278878::DHFR
A278882::DHRF) (Fig 3-7A). However, diagnostic PCR for the wildtype locus
TG _278878 was also observed for the 1D8 line (Fig 3-7A). Our hypothesis is that
there is more than one population of A278878 A278882 parasites in the 1D8 line.
Currently, as of this dissertation submission, we have confirmed that the 1D8 line
is indeed a mixed population and are in the process subcloning a ME49
A278878::DHFR A278882::DHRF clonal strain from the 1D8 line. Even though
1D8 is a mixed population, PCR and sequencing results confirmed both
populations contain disrupted TG_278878 gene, one through DHFR insertion and
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the other a single nucleotide deletion resulting in a frameshift mutation (Fig 3-7B).
The T57-specific CD8 T cell responses to the ME49 A278878 A278882 1D8 line
was assayed and the response was comparable to its ME49 parental line (Fig 3-
8). Thus far, our data suggest that these NTPases may not be ROCTR.
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Figure 3-6. Gene disruption of NTPase genes in the RH 7. gondii strain. (A) Schematic diagram of
the gene knockout strategy. The genes, TG 278887 and TG 278882, were CRISPR/Cas9-targeted. A
DHFR amplicon was used as a template for DNA repair and inserted at the disrupted gene site. Primers
flanking the CRISPR/Cas9 target site, Pr 1 and Pr 2, were used to indicate the wildtype locus. Pr 1 and
an internal primer targeting the selectable marker DHFR, Pr 3 or Pr 4, were used to confirm selectable
marker insertion at the disrupted gene site. (B) Left: PCR results confirming successful disruption of the
278878 gene (4278878::DHFR) in the RH T. gondii clone 2G9, with the indicated primer pairs and
expected PCR product sizes. Right: PCR results for diagnosing 278882 gene disruption in RH 7. gondii
clone 2G9. No PCR product could be obtained with the forward primer, Pr 1. Instead, PCR was performed
with Pr 4 and reverse primer Pr2 which yielded a PCR product of larger than expected size, suggesting
the presence of the DHFR selectable marker at or near the 278882 gene site. (C) The TG 278882 gene
locus in RH may differ from that of GT1 and ME49 strains. PCR was performed with various
combinations of primers flanking and within the 7G 278882 gene for RH, GT1, and ME49 WT strains.
Each primer pair is indicated along with the expected sizes for the PCR product. A PCR product was
never obtained for RH regardless of the primer pairs.
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Figure 3-7. Gene disruption of NTPase genes in the ME49 7. gondii. (A) The same approach as in Fig
3-6 was used to generate a ME49 4278878 4278882 strain. Left: PCR results confirming gene disruption
of TG 278878 (4278878::DHFR) for ME49 T. gondii line 1D8, with indicated primer pairs and expected
PCR product sizes. The 1DS line also showed an unexpected PCR product with the flanking primers,
similar to that of the WT parental ME49 strain. Right: PCR results confirming successful disruption of
TG 278882 (4278878::DHFR) for the ME49 T. gondii line 1D8, with indicated primer pairs and
expected PCR product sizes. (B) Sequencing results of ME49 1DS8 line from indicated PCR reactions.
For the PCR product from Pr 1 and Pr 2, there is a nucleotide insertion indicated in red, resulting in a
frameshift and missense mutation. For the PCR product from Pr 1 and Pr 3, there is a premature stop
codon. Both suggested the successful disruption of the 7G 278878, and that 1D8 represents a mixed
population as only one 7G 278878 gene is present in the ME49 genome.
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Figure 3-8. NTPases may not modulate the CD8 T cell IFNy response. TGD057-specific CDS T cell
IFNy secretion was analyzed at 48h in response to BMDMs infected with the RH 4278878 4278882
clone 2G9 and ME49 4278878 4278882 line 1D8. The average value normalized to the type II strain for
5 experiments +SD is shown; each dot represents the results from an individual experiment. Statistical
analysis was performed using one-way ANOVA with Bonferroni’s correction; ns non-significant.

We next turned to ROCTR candidates on chromosome X. Within PEAK 2, the gene
candidate TG_234590 was disrupted in both type | and type Il WT T. gondii strains
and assayed for their ability to induce antigen-specific CD8 T cell IFNy responses.
This gene was selected as it encodes the SNP responsible for the genetic marker
(46.m03675_at7) with the highest LOD score. Both RH and ME49 A234590 clones
bore evidence for integration of the selectable marker at the gene locus
(A234590::HXGPRT) (Fig 3-9). However, both RH A234590 and ME49 A234590
strains elicited comparable CD8 T cell IFNy responses compared to their WT
parental strains (Fig 3-9C), suggesting that TG_234590 is not ROCTR. Other
ROCTR candidates within PEAK 2 are indicated in Table 3-2 but were not pursued
further.
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Figure 3-9. Chromosome X 7G 234590 is not ROCTR. (A) Schematic diagram of the gene knockout
strategy. The gene of interest (GOI) was disrupted at the CRISPR/Cas9-targeted site. The selectable
marker HXGPRT amplicon was used as a template for DNA repair and insertion at the Cas9-cut site.
Primers flanking the targets gene locus, Pr 1 and Pr 2, were used to identify the wildtype locus. Pr 1 and
an internal primer targeting the selectable marker, Pr 3, were used to confirm selectable marker insertion
at the disrupted gene site. (B) PCR results confirming 234590 KO (4234590::HXGPRT) for the type 1
RH and type Il ME49 T. gondii strains, with indicated primer pairs and expected PCR product sizes are
shown. (C) The CDS8 T cell responses were analyzed to infection with 41234590 clones. Average of 4
experiments +SD is shown with each dot representing the results from an individual experiment, and the
responses were normalized to that obtained for the type II strain. Statistical analysis was performed using
one-way ANOVA with Bonferroni’s correction; ns non-significant.
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3.3.3 A minor QTL peak on T. gondii chromosome X identifies a group of dense
granules that regulate host CD8 T cell responses

The genetic marker 42.m03493_at7 that corresponds to PEAKS is within the gene
encoding the T. gondii dense granule GRA35. GRA35 was previously identified as
an NLRP1 inflammasome activator in T. gondii infections of Lewis rat
macrophages (Wang et al., 2019). GRA35 localizes at the PVM with the aid of
GRA42 and GRA43 and remains in PV lumen in absence of GRA42 or GRA43
(Wang et al., 2019). Therefore, we examined all three dense granules. To test
whether GRA35, GRA42, or GRA43 modulates the CD8 T cell response, we
assayed Agra35, Agra42, and Agra35 T. gondii strains and measured the T57-
specific CD8 T cell IFNy response as previously described. Compared to the
parental RH strain, CD8 T cell IFNy responses were slightly elevated to BMDMs
infected with RH Agra35 and RH Agra42 strains, but significant differences were
only observed in response to RH Agra43 infections (Fig 3-10). A similar trend was
observed with the type Il ME49 genetic background, but none of the differences
between deletion and wildtype strains were of statistical significance (Fig 3-10).
Whether GRA35 is responsible for some of the strain differences in T. gondii-
induced CD8 T cell responses is unknown. Given the relatively small effect that
GRA35 had on the phenotype, we did not pursue the generation of
complementation strains to address this question. Regardless, it appears that
upstream regulators of GRA35, in particular GRA43, seem quite important for
modulating the T57 IFNy response to T. gondii.

83



2.5 ®

2.0 o l
1.51

f
o
B
=3
Ee]
]
o —~
> ®
=z Y
ko L4 o °
P~ W J
54 1.0 wm |4
=~ ®
[0}]
>
o 0.5
[0}
: oy
®
0.0 S 0 B

ME49 Agra35 Agrad42 Agra43 RH Agra35 Agra42 Agra43
Type Il Type |

Figure 3-10. T. gondii GRAA43 regulates host CD8 T cell IFNy responses. BMDMs were infected with
WT, Adgra35, Agra42, or Agra43 T. gondii strains as indicated. TGDO057-specific CD8 T cell IFNy
responses were measured in the supernatant at 48h post addition of naive T57 CD8 T cells. Results were
normalized to the type II ME49 strain. Average +SD of 3-4 experiments is plotted; each dot represents
the result from an individual experiment. Statistical analysis was performed using one-way ANOVA with
Bonferroni’s correction comparing to the WT Type I RH; * p <0.05.

3.3.4 The localization of TGD057 is not affected by the PVM-targeting pathway
mediated by ASP5 and GRA43

Since members of the PVM-targeting pathway, including ASP5
(Kongsomboonvech et al., 2020) and GRA43, modulate the host CD8 T cell
response (Fig 3-10), we asked whether ASP5 or GRA43 affect where TGD057
localizes to within the PV. Thus far, the Blanchard and Yap groups and our studies
have shown through immunofluorescence assays (IFA) and/or differential
centrifugation techniques that TGD057 is a PV resident protein within the PV
lumen (Kongsomboonvech et al., 2020; Lopez et al., 2015) and within insoluble
structural elements of the tachyzoite (Wilson et al., 2010). Here, we investigated
the localization of TGDO057 in Aasp5 and Agra43 T. gondii strains. TGD057 was
detected with a rabbit polyclonal a-TGD057 (gift from Nicolas Blanchard, INSERM)
and the PVM and dense granules were marked by a-GRA5. RH Agra43 expresses
GFP hence GRAS was not assessed in this manner. Regardless, TGD057
appeared as puncta and was distributed throughout the PV and tachyzoite in all
strain types analyzed (Fig 3-11). These results imply GRA43 and ASP5 regulate
the T57 IFNy response independently of where TGDO057 localizes within the
vacuole.
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Figure 3-11. ASPS and GRA43 do not affect the localization pattern of TGD057 within the PV.
Human foreskin fibroblasts were infected with indicated 7. gondii strains. After 16 hours of infection,
the samples were fixed and visualized. TGDO057 was detected with a rabbit polyclonal anti-TGDO057
antibody, visualized in red. The PVM is indicated by the presence of the PVM integral and PV luminal
dense granule GRAS. This was detected with an anti-GRAS antibody, visualized in green, for WT RH
and RH Aasp5 strains. RH Agra43 is GFP+. A representative immunofluorescence image from 2
experiments is shown.

3.4 Discussion

Toxoplasma gondiiis considered a successful parasite because it can infect nearly
all warm-blooded vertebrates. To accommodate this broad host range, the parasite
co-evolves with its host to be able to modulate host immune responses. Among
various host immune cells, CD8 T cells are critical for the elimination of parasites.
Therefore, we hypothesized the existence of T. gondii virulence factors, or
ROCTRSs, responsible for strain-specific differences in inducing CD8 T cell
responses to infection. Broadly, the identity of ROCTR would help us better
understand how T. gondii can survive in a variety of hosts that it infects.
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In our genetic mapping experiments, we identified two loci with small effects on T.
gondii chromosomes X and Xll, which we will refer to as ROCTR-X and ROCTR-
XIl, respectively. A probable ROCTR-XII candidate is an NTPase. We speculated
that these NTPases could modulate T cell function through hydrolysis of ATP and
inhibition of the inflammasome activation process during parasitic infection.
Cytosolic or extracellular ATP (eATP) induces signaling through P2X7 receptors
(P2X7R), leading to potassium (K*) efflux and NLRP3 inflammasome activation
(Amores-Iniesta et al., 2017; Jo et al., 2016; Wang et al., 2019). Exogenous ADP
has also been shown to mediate NLRP3 inflammasome activation through P2Y?2
purinergic receptors (Baron et al., 2015). If the amount of eATP or eADP is
depleted by T. gondii, then there would be no formation of inflammasome complex
nor inflammasome activation via the extracellular purinergic receptor signaling
pathway. In addition, depletion of cytosolic ATP by T. gondii, as previously shown
for the related NTPase | (Olias and Sibley, 2016), could potentially thwart NLR-
oligomerization and inflammasome activation which is an ATP-dependent process
(Duncan et al., 2007). This possible modulation of NLRP3 activity by ROCTR-XII
would coincide with our previous finding that an NLRP-dependent pathway is
required for the commitment of activated CD8 T cells to differentiate into IFNy-
producing cells (Kongsomboonvech et al., 2020). However, no difference was
observed between CD8 T cell responses induced by the NTPase KO strains
compared to their parental counterparts. Interestingly, the effect plot for this
ROCTR-XII candidate (Fig 3-2C) revealed that strains which expressed the type |
allele of this gene induced high CD8 T cell responses while the opposite was
observed with strains that expressed the type Il allele. Given that the highly virulent
type | T. gondii strain, with its effective ROPS, consistently induce low CD8 T cell
IFNy responses, then it is possible that the effect of the ROCTR-XII NTPase may
not be observed when ROPS is present or by another locus, currently unidentified,
encoded in the type | genetic background.

Although the ROCTR-X candidate associated with the major QTL peak encoded
on T. gondii chromosome X (PEAK2, Fig 3-2B) is yet to be identified, in analyzing
the smaller peak on chromosome X (PEAKS, Fig 3-2B), we discovered that three
T. gondii dense granules—GRA35, GRA42, and GRA43—affect the CD8 T cell
IFNy response. The T. gondii chromosome X PEAK3 (Fig 3-2B) corresponds to
the dense granule GRA35 which localizes to the PVM with aid of ASP5, GRA42,
or GRA43 (Wang et al., 2019). ASPS is crucial to T. gondii PV integrity as it aids
delivery of various dense granules, such as GRA3 and GRA7 (Hammoudi et al.,
2015) and MAF1 (Coffey et al., 2015), to the PVM. Similarly, GRA42 and GRA43
are important for the targeting of other dense granules to the PVM including
GRA17 and GRA23 which promote a normal PV structure (Gold et al., 2015),
(Wang et al., 2019). We noted a general increase in the CD8 T cell response to T.
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gondii strains with defects in the PVM-targeting pathway, which included Aaspb
(Kongsomboonvech et al., 2020), Agra42, and Agra43 T. gondii strains (Fig 3-10).
Several possible mechanisms may explain these observations. First, the PVM-
targeting pathway, mediated by ASP5 and GRA43, maintain PV integrity and
prevent TGDO057 antigen escape; hence impairments in this process would induce
host CD8 T cell responses. Second, PVM-targeted proteins are themselves
ROCTRSs, thereby modulating host CD8 T cell responses. The PVM-associated
GRA35 was shown as an NLRP1 inflammasome activator in infected Lewis rat
BMDMs (Wang et al., 2019). Together with our previous findings that NLRP1
sensor proteins are required for CD8 T cell responses (Kongsomboonvech et al.,
2020), we hypothesized that GRA35 may interact with murine NLRP1 to regulate
the CD8 T response during T. gondii infection. However, GRA35 had only a minor
effect on CD8 T cell IFNy responses (Fig 3-10), and whether GRA35 interacts with
murine NLPR1 is unknown. Finally, we explored whether ASP5 and GRA43
deficiency would alter TGDO057 association to the PVM and potentially expose it to
host cytosolic defense machinery, as PVM association is required for optimal MHC
| antigen presentation of the GRAG antigen (Lopez et al., 2015). However, this
does not seem to be the case; TGD057 remains in the PV lumen regardless of
ASP5 or GRA43 (Fig 3-11).

ROPS5 is an important suppressor of the response to T. gondii and it is highly
polymorphic between strains. The ROPS locus consists of ROP5A, ROP5B, and
ROPS5C genes and the copy number of these genes vary among strains (Reese et
al., 2011). However, these polymorphisms are not responsible for the strain
differences in regulation of the CD8 T cell IFNy response (Kongsomboonvech et
al., 2020). Though ROPS5 was discovered though the usage of F1 progeny sexual
crosses as a polymorphic determinant responsible for strain-specific difference in
T. gondii virulence during mouse infections (Behnke et al., 2011), it was not
detected in our QTL mapping. ROP5 works independently or in complexes,
including the ROP5/ROP18/ROP17 complex (Etheridge et al., 2014) or
ROP5/ROP18/GRA7 complex (Alaganan et al., 2014; Hermanns et al., 2016), to
keep the PV free from attack by host IRGs. It is possible that the polymorphic
ROCTRs also assist ROP5 in an undisclosed pathway that regulate vacuolar
antigen escape. Whether there are other parasite effectors, including ROCTRs,
that associate with ROP5 remains to be determined, but this would be consistent
with a general role for pseudokinases as scaffolds that facilitate protein-protein
interactions (Boudeau et al., 2006; Langeberg and Scott, 2015). Previously, we
demonstrated that Arop$ strains complemented with avirulent type | and || ROP5A
alleles, which are unable to antagonize known effector IRGs (Hunter and Sibley,
2012; Reese et al., 2014), were able to equally inhibit the CD8 T cell response
compared to the wildtype type | strain (Kongsomboonvech et al., 2020). This
finding suggests that all ROPS5 alleles are functional, but likely requires assistance

87



from a genetic determinant within type | genetic background to perform its function,
presumably a ROCTR. Perhaps ROPS5A which has no known function or
interacting partner requires ROCTR to effectively inhibit MHC | antigen
presentation, thereby inhibiting CD8 T cell IFNy responses.

Overall, the CD8 T cell-mediated IFNy response from a naive state is an intricate
process which requires several steps: antigen presentation on the surface via
peptide-MHC (pMHC) | molecules to naive CD8 T cells, activation of CD8 T cells
which requires both detection of the pMHC and co-stimulation through co-receptor-
ligand interactions, and finally differentiation of activated CD8 T cells to become
IFNy producers. This complexity perhaps contributes to the challenge in identifying
a ROCTR, as there could be one ROCTR modulating each step or numerous
ROCTRs working collectively to modulate the CD8 T cell response. T. gondii must
protect its PV, not be caught in the host cytosol, avoid having its peptide antigen
presented on the cell surface by MHC | molecules, all this to ensure its own
survival. Hence, any T. gondii dense granules and rhoptries that mediate PV
integrity, and thus antigen release from the PV, or regulate cytokine secretion and
thus modulate differentiation, could generally contribute to the strain differences in
CD8 T cell IFNy responses. Further compounding our search for ROCTR is the
relative variability in the magnitude of the CD8 T cell response. For example, we
have observed a range of 4,000 pg/ml to 120,000 pg/ml of IFNy secreted by CD8
T cells in response to type Il ME49 T. gondii strain from our antigen-specific T cell
activation assay. Consequently, these experiment-to-experiment variations may
dampen a consistent signal that would assist genetic linkage analysis.

In summary, the CD8 T cell response to T. gondii infections is a complex
phenotype that can be altered by multiple processes including antigen
presentation, CD8 T cell activation, and the differentiation of activated CD8 T cells
into IFNy-producing cells. To avoid being eliminated by host cytotoxic CD8 T cells
and ensure its survival, it is possible T. gondii manipulates all or one of the steps
required for this response, likely through ROCTRs, as well as maintain its intact
PV. Recently, a novel requirement for the CD8 T cell response against T. gondii
infections has been identified; the cytosolic pathogen sensor NLRP3 protein, but
not its associated inflammasome complex, is crucial for the CD8 T cell response
for parasitic infections (Kongsomboonvech et al.,, 2020). Moreover, previous
studies from our lab and others have shown the importance of the IRG pathway in
initiating CD8 T cell response (Kongsomboonvech et al., 2020; Lee et al., 2015;
Rommereim et al., 2019). We hypothesize that ROCTR(s) may intersect these
pathways, providing insights to novel host-parasite interactions that control CD8 T
cell IFNy responses. Altogether, we propose a model in which T. gondii utilize more
than one ROCTR, including but not limited to ROCTR-X and ROCTR-XII, to
regulate the host CD8 T cell IFNy response in a multilayered manner.
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Chapter 4:
Conclusion

4.1 Contributions to the field

4.1.1 Experimental model for T. gondii endogenous antigen-specific CD8 T cell
IFNy responses

In the proposed studies of this dissertation, the CD8 T cell response for a specific
T. gondii vacuolar antigen TGD057 was analyzed. Following the invasion of a host
cell, T. gondii resides in its parasitophorous vacuole (PV) and hides from the host
immune response. Previous studies pertaining to CD8 T cell responses to T. gondii
utilize OVA-engineered expressing T. gondii, which express OVA antigen in the
PV lumen, and OT-l CD8 T cells or hybridomas (Gregg et al., 2011; Lee et al,,
2015; Rommereim et al., 2019). In addition to the model OVA antigen, CD8 T cell
responses to T. gondii had been studied in respect to the endogenous T. gondii
dense granule GRAG, only encoded by type Il T. gondii strains, which is integrated
into the PV membrane (PVM) and exposed to the host cytosol (Buaillon et al.,
2017; Lopez et al., 2015). Therefore, we were able to explore the CD8 T cell
response as well as the MHC | antigen presentation pathway to an endogenous T.
gondii antigen whose peptide epitope is conserved among all parasite strains. For
this reason our system is advantageous as it allowed the analyses of the CD8 T
cell response to a natural antigen of ~150 parasite strains; as we were not limited
by the genetic background of the parasite nor did we need to express a model
antigen as a transgene in multiple strain types. This allowed us to determine that
the CD8 T cell response is genetically controlled by multiple parasite effectors of
T. gondii. Since we obtained naive CD8 T cells from transnuclear mice (Kirak et
al., 2010), we were able to observe how functional responses develop overtime in
a co-culture system with parasite-infected macrophages. This afforded several
unique insights into the requirements for CD8 T cell differentiation and commitment
to IFNy production from a naive state.

4.1.2 All avirulent of T. gondii effector pseudokinase ROPS are able to inhibit
CD8 T cell response

Among parasite effectors analyzed, we found that the CD8 T cell response is
critically regulated by the family of parasite effector pseudokinases, ROPS, which
are known to antagonize host ‘effector IRG proteins, thereby preventing PV
disruption. There are three isoforms of T. gondii ROP5: ROP5A, ROP5B, and
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ROPS5C. It was previously demonstrated that only some isoforms of ROP5, ROP5B
and ROPS5C, expressed by virulent T. gondii strains are functional antagonists of
host IRGs (Fleckenstein et al., 2012; Liesenfeld et al., 2011; Niedelman et al.,
2012; Reese et al., 2014). Specifically, it was shown that the ROP5A isoform of
virulent T. gondii strains and all ROP5 isoforms of avirulent T. gondii strains fail to
antagonize the host IRGs (Hunter and Sibley, 2012; Reese et al., 2011). However,
our data illustrated that avirulent alleles of ROP5 (ROP5A isoform of avirulent and
virulent strains) can repress the CD8 T cell IFNy response, which is a novel finding
(Chapter 2, Fig 2-7). ROP5A has no known interacting partner in the host cell and
likely functions by a mechanism independent from any known IRG-ROP5
interaction. We favor the hypothesis that ROP5 prevents T. gondii antigen escape
from the PV by antagonizing an unknown host mechanism for vacuolar antigen
access. The identity of this pathway would have implications for vaccine
development for vacuolar pathogens.

4.1.3 NLRP sensor proteins and RIPK2 are absolutely required for the CD8 T
cell-mediated IFNy responses to T. gondii infections

Both NLRP3 and NLRP1 inflammasome activation occur following T. gondii
infection (Cirelli et al., 2014; Ewald et al., 2014; Gorfu et al., 2014). The NLRP3,
and to a similar extent the NLRP1 sensors are absolutely required for the antigen-
specific CD8 T cell IFNy response to TGD057 (Kongsomboonvech et al., 2020;
Chapter 2, Fig 2-12); which had not been described before. We further
investigated whether the loss of CD8 T cell IFNy responses was due to an
impairment of T cell activation or differentiation. To test this, we generated a ‘T-
GREAT IFNy reporter mouse line by crossing T57 with GREAT mice (Reinhardt
et al.,, 2015) as described in Chapter 2. We observed that the percentage of
activated CD69+ CD8 T cells in response to T. gondii-infected Nirp3-/- BMDMs
was slightly reduced in comparison to T. gondii-infected WT BMDMs
(Kongsomboonvech et al., 2020; Chapter 2, Fig 2-15) implicating the that MHC |
antigen presentation was intact in NIrp3-/- BMDMs. Interestingly, the IFNy
transcript levels of these activated CD69+ CD8 T cells dropped significantly in
response to parasite-infected NIrp3-/- BMDMs compared to WT BMDMs
(Kongsomboonvech et al., 2020; Chapter 2, Fig 2-15). Our results suggest that
NLRP3 is critically important for activated CD8 T cells to differentiate into IFNy-
producing cells when responding to T. gondii infections (Fig 4-1). In follow-up
experiments, we discovered unexpectedly that the NLR-mediated regulation of the
CD8 T cell responses occurred in the absence of other components of the
inflammasome cascade. This is inferred because the T57 CD8 T cell IFNy product
was still detected in response to T. gondii-infected Asc-/-, Casp1/11-/-, and
Gsdmd-/- BMDMs, or when IL-1 and IL-18 cytokine signaling was inhibited
(Kongsomboonvech et al., 2020; Chapter 2, Fig 2-12). Thus, IL-1 and IL-18 are
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not the primary cytokines responsible for the differentiation of activated CD8 T cell
to become IFNy producers. Altogether, this suggests a novel NLRP3 protein-
dependent but NLRP3 inflammasome complex-independent pathway for CD8 T
cell IFNy responses to T. gondii. It is currently unknown the nature of the NLRP3-
dependent signal that is required for CD8 T cell IFNy differentiation. There are very
few reports of NLRP3 protein-dependent but inflammasome complex-independent
phenotypes, hence a novel biology for NLRP3 is expected in our system. We have
also screened components that intersect the inflammasome pathway, particularly
those involved in the priming step such as NOD2 and RIPK2, which induces the
transcription of NLRP3 and IL1B via NF-kB activation, as previously described in
Chapter 2. Interestingly, the CD8 T cell IFNy response to infected Nod2-/- BMDMs
is reduced and completely diminished in response to infected Ripk2-/- BMDMs,
compared to parasite-infected WT BMDMs (Fig 2-14). The role of RIPK2 in the
CD8 T cell IFNy response has yet to be explored and the future directions will be
discussed in Section 4.2.

nucleus

macrophage

Figure 4-1. NLRP3 sensor protein promotes CD8 T cell-mediated IFNy response to 7. gondii
infections. NLRP3 likely intersects the CD8 T cell IFNy response at the differentiation step, including
both the IL-1/18 pathway through conventional inflammasome activation, and via an NLRP3-
inflammasome independent pathway through an unknown mechanism.

4.1.4 There are likely multiple genetic loci with small effect that determine strain-
specific differences in the host CD8 T cell response to T. gondii
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CD8 T cell IFNy production was analyzed in response to multiple atypical T. gondii
strains (haplogroups IV-X), which are not commonly studied, in additional to the
less virulent North American strains (types I, Il, lll, and haplogroups XI-XIlI) (Fig 2-
8 and Fig 2-9). The analysis of these atypical strains led to the observation of the
CD8 T cell response’s unique phenotypic pattern associated with only clade A
strains. Thus, we hypothesize that there is at least one T. gondii polymorphic factor
modulating the CD8 T cell response that accounts for the strain differences, which
we termed Regulator Of CD8 T cell Response (ROCTR). To identify ROCTR, we
performed quantitative trait loci (QTL) analysis of the CD8 T cell IFNy response
induced by 29 T. gondii F1 progeny strains derived from a cross between a type |
(GT1, low CD8 T cell IFNy response inducer) and type Il (ME49, high CD8 T cell
IFNy response inducer) T. gondii strains. The genetic analysis of this strain
differences phenotype reveals two QTLs of small effect on T. gondii chromosomes
X and XII (Fig 3-1). Our attempts to identity ROCTR(s) have not been successful,
nor was our search assisted by screening other F1 progeny from the IlIxIll and IxIII
genetic crosses. For these reasons, we argue there are multiple polymorphic
ROCTRs, each with small effect, that possibly account for the clade A-specific
strain differences in CD8 T cell activation. We also believe our search for ROCTR
was inhibited by the complexity of the phenotype measured—the CD8 T cell IFNy
response—which requires intricate host processes related to MHC | antigen
presentation, co-stimulation by co-receptors and ligands, and differentiation steps.
Because the CD8 T cell response to T. gondii infections requires host expression
of NLR sensor proteins as well as the IRG pathway, our observations offer clues
as to where ROCTRs may function. For example, we speculate that ROCTRs
could modulate PVM integrity, perhaps working in conjunction with ROPS.
Additionally, ROCTRs may intersect the NLRP3-dependent, inflammasome-
independent pathway described in Section 4.1.3. Identifying ROCTR and its
function may further elucidate how CD8 T cell commit to engaging with a parasite
and the rules governing anti-parasitic immunity.

4.1.5 T. gondii PVM-targeting effectors modulate host CD8 T cell IFNy responses

Clues as to where ROCTRs might function come from studies of parasites that are
defective in the PVM-targeting pathway. First, genetic mapping revealed a weak
association at the locus encoding the dense granule GRA35, an NLRP1
inflammasome activator in T. gondii-infected Lewis rat macrophages (Wang et al.,
2019), as a potential ROCTR candidate. The PV luminal GRA35 associates to the
PVM with the aid of GRA42 and GRA43 (Wang et al., 2019). We examined all
three dense granules and their impact on host CD8 T cell responses and observed
that all three dense granules GRA35, GRA42, and GRA43 were able to modulate
the CD8 T cell response. Overall, there were increased CD8 T cell responses to
Agra35, Agra42, and Agra43 infections compared to the parental strains (Fig 3-9).
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GRAA43 had the largest effect of the three GRAs. Similarly, ASP5 seemed to be
able to suppress CD8 T cell responses (Fig 2-4). ASP5, GRA42, and GRA43 aid
various dense granules in their PVM association, as described and discussed in
Chapter 2 and Chapter 3. Altogether, we hypothesize that PVM-targeting effectors
of T. gondii (ASP5, GRA42, GRA43) may regulate the CD8 T cell response by
either, 1) targeting ROCTRs to the PVM where they interact with the host cell
compartments, and/or, by 2) modulating the localization of PVM-targeted proteins
that maintain PVM integrity. For example, GRA17 and GRA23 that localize to the
PVM and form pores, thereby facilitating movement of molecules in and out of the
PV (Gold et al., 2015), cannot localize to the PVM in absence of GRA43 (Wang et
al., 2019).

4.2 Future directions

4.2.1 The role of RIPK2 and inflammasome-independent NLRP3 in CD8 T cell
responses to T. gondii infections

In our attempt to dissect the components of the inflammasome pathway required
for host CD8 T cell IFNy responses to T. gondii infections, we discovered that
RIPK2 is an absolute requirement for this response (Fig 2-14). ER stress has been
shown to induce inflammasome activation (Bronner et al., 2015; Elliott and
Sutterwala, 2015; Menu et al., 2012) as well as NOD2/RIPK2 through IRE1
signaling (Keestra-Gounder et al., 2016). ER stress-mediated IRE1 signaling leads
to NLRP3-dependent yet inflammasome-independent mitochondrial ROS
(mtROS) production and caspase2-mediated damage of the mitochondria
(Bronner et al., 2015). IRE1 signaling and mitochondrial damage via caspase 2
and inflammasome-independent NLRP3 may be at the core of the CD8 T cell IFNy
response to T. gondii infections and should be investigated. This can be addressed
by analyzing the CD8 IFNy response to T. gondii-infected caspase2-deficient
BMDMs or BMDMs treated with specific IRE-1 inhibitors such as 4u8C (Cross et
al., 2012) and KIRA6 (Ghosh et al., 2014), or the IRE1a RNase inhibitor STF-
083010 (Papandreou et al., 2011). Similarly, the mtROS generated by IRE1 was
mediated by the thioredoxin-interacting protein (TXNIP) and can be silenced in
BMDMs (Bronner et al., 2015). Another intriguing possibility is whether
NOD/RIPK2 is the missing link between IRE1 signaling and the NLRP3-dependent
mitochondrial damage pathway, which could be validated in our system. Since the
host ER is closely associated with the PV (Sinai et al., 1997), it would not be
unexpected if ER stress plays a major role in regulating CD8 T cell immunity to T.
gondii (Goldszmid et al., 2009; Yamamoto et al., 2011).
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4.2.2 The search for ROCTR responsible for strain differences

By definition, ROCTR is a polymorphic parasite effector that is responsible for the
observed strain-specific differences in eliciting a CD8 T cell IFNy response to T.
gondii. However, the search for ROCTR has been challenging. This is likely
because the CD8 T cell IFNy response is the product of several steps that CD8 T
cells must undergo to combat T. gondii infections. First, naive CD8 T cells will need
to find the T. gondii antigen presented on the surface of MHC | molecule by an
infected cell. Then, these naive CD8 T cells undergo activation. Only some of the
activated CD8 T cells will differentiate into IFNy-producing CD8 T cells. Perhaps
an investigation at each of these steps will provide more obvious clues to the
identity of ROCTR, for which there is likely many. Based on our data in which the
level of CD8 T cell activation is regulated by the IFNy-IRG pathway (Fig 2-10) and
that the differentiation of activated CD8 T cells is greatly impacted in absence of
host Nirp3 (Fig 2-15), perhaps these two steps should be individually investigated
when searching for ROCTR. For example, genome-wide mapping analysis could
first be performed by screening a simpler phenotype or readout for the
inflammasome or IRG pathways. Then, following the discovery of putative
ROCTRs, the T cell activation assay would be performed followed by flow
cytometry as described in Chapter 2 to confirm their identity as a bona fide
ROCTR.

4.3 Summary

T. gondii is capable of hiding from the immune system by forming a PV around
itself. If detected, host cytotoxic CD8 T cells will respond by secreting IFNy. This
CD8 T cell-mediated IFNy response is required for parasite elimination. Though
the role of CD8 T cells in parasitic infections have been well-studied, there are
remaining knowledge gaps in the field of host-parasite interactions including 1) the
host requirements for naive CD8 T cells to respond to parasitic infections, 2) the
requirements for CD8 T cell differentiation to become IFNy-producing CD8 T cells
in response to parasitic infections, and 3) parasite effectors that intersect CD8 T
cell activation and/or differentiation. The goal of this doctoral dissertation was to
unravel interactions between the host and T. gondii that influence the CD8 T cell
response in hope that we can provide insights for novel immunotherapeutic
strategies against T. gondii as well as other parasites in the Apicomplexa phylum,
including the related Plasmodium species which also utilize a PV to hide from the
immune system. Here, we present a novel NLRP3-dependent, inflammasome-
independent host requirement for IFNy differentiation of CD8 T cells. We have also
shown that RIPK2 is another absolute requirement for host CD8 T cell-mediated
IFNy response to T. gondii infections. We have demonstrated that even so-called
‘avirulent’ isoforms of ROPS5 work as inhibitors by an unknown mechanism, and
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have confirmed that the T. gondii PVM-targeting pathway mediated by ASP5, and
GRAA43 are able to modulate this phenotype. This further supports what is known
in the field that PV integrity is important for T. gondii to evade host CD8 T cell
immunity. Altogether, we hypothesize that there are multiple parasitic ROCTRs
that influence the variation of host CD8 T cell IFNy responses to T. gondii. We
propose a working model in which CD8 T cell IFNy responses to T. gondii are
determined by 1) the host-parasite battle that occurs at the PVM, and 2)
differentiation factors produced by a novel inflammasome pathway. ROCTRs,
though their identities remain unknown, may intersect the CD8 T cell response at
any of these steps to allow different T. gondii strains to “turn up” or “turn down” the
response to achieve a balanced and life-long chronic infection across a wide host
range.

I. gondii
Y% ROCTR

@ rROP
@ GRA
@ AsPs

Host
&] effector IRGs

@® cepP

M IFNy

— NLRP3
macrophage & inflammasome

Figure 4-2. The CD8 T cell responses to parasite infections may be regulated at multiple processes
by T. gondii. We propose a model in which 7. gondii modulates the host CD8 T cell response in a
multilayered manner, utilizing more than one effector to regulate CD8 T cell activation. We hypothesize
that ROCTRs could modulate the CDS8 T cell response in various ways including possibly 1) interacting
with ROPS, allowing all alleles of ROPS5 to properly function, or 2) interfering with inflammasome
activation, or with the NLRP3 sensor when it functions independently of the inflammasome complex.
We also speculate that ROCTR may be directly targeted to the PVM by ASP5 and GRA43 where it can
serve to help the function of other 7. gondii effector proteins at the PVM, either allowing or preventing
antigen escape from the PV.
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