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ABSTRACT

More Is Better:
Resistant and Susceptible Mouse Model Reveals Toxoplasma gondii
Glycophosphatidylinositol Anchor to be a Common Natural Antibody Epitope

By
Jessica N. Wilson
Master of Science in Quantitative and Systems Biology
University of California, Merced 2019

Professor Anna Beaudin, Chair

Parasitic disease is a global health burden. Current and historical efforts to eradicate
parasitic disease rely heavily on vector control and mass drug administration campaigns
rather than vaccine induced immunity due in large part to effective parasite immune
evasion. Toxoplasma gondii is an intracellular protozoal parasite estimated to infect up to
a third of the world’s population, is the second leading cause of food-borne disease in the
United States and demonstrates evasion of vaccine induced immunity (CDC, 2017).
Previous work done by our lab suggest a crucial role for B-1 cells for the control and
clearance of highly virulent T. gondii strains. A genetic link between Nfkbid and the
resistant murine phenotype prompted our endeavor to analyze antibody reactivity to T.
gondii. We used serum antibody to probe T. gondii protein via western blot and found 1)
A/Jand C57BL/6J serum IgM and total IgG antibody target the same proteins below 50kDa
which are likely known GPI anchored proteins, 2) B-1 cell deficient Nfkbid null C57BL/6J
mice lose 87% serum IgM reactivity and 91% total 1gG reactivity when compared to wild
type C57BL/6J mice, 3) A/J and C57BL/6J antibody reactivity to T. gondii protein relies
heavily on the presence of the lipid moiety of the GPI anchor and 4) A/J mice to produce
more antibody overall than C57BL/6J mice. These findings contribute to our growing body
of work which correlates resistance to T. gondii infection with enhanced antibody
production to antigens likely targeted by B-1 cells. Resolution of the contribution of this
protective antibody response may provide novel insight for the development of a
completely protective and long-lasting vaccine against parasite.
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CHAPTER 1

1. Introduction

1.1 Toxoplasmosis

Toxoplasma gondii is a ubiquitous intracellular parasite of warm blooded animals that is
estimated to infect up to one third of the global human population (CDC, 2017). As the
second leading cause of death by food borne illness in the United States (CDC, 2017),
toxoplasmosis and other parasitic disease on the whole is of medical importance
responsible for 96 million disease-adjusted life years (DALYs) and 1 million deaths
worldwide (Cundill et al., 2011; Hotez et al., 2014; Pullan et al., 2014; Torgerson et al.,
2014, 2015). Although toxoplasmosis in healthy individuals is generally asymptomatic,
chronic carriers who become immunocompromised can develop toxoplasmic encephalitis
as a result of tissue cyst rupture and reactivation of dormant parasites (Luft et al., 1993).
Acquisition of T. gondii during pregnancy is potentially dangerous for the unborn child
because T. gondii can cross the placenta (Kieffer and Wallon, 2013). As the causative agent
of congenital toxoplasmosis (CT), T. gondii infection in utero can manifest as
chorioretinitis, intracranial calcifications and hydrocephaly, if the child survives (Lindsay
and Dubey, 2011; McAuley, 1994; Swisher et al., 1994). Despite this global health burden,
the development of a protective vaccine for humans against T. gondii and other protozoal
pathogens has been elusive (Sacks, 2014). T. gondii is a member of the phylum
Apicomplexa and shares many of the characteristics of Plasmodium spp., the causative
agent of malaria, including replication within a parasitophorous vacuole and use of
secretory products from apical organelles to modulate host cells (Chakraborty et al., 2017).
Immune evasion mechanisms employed by these parasites make them difficult targets for
treatment and vaccine development. Even when hosts are chronic carriers, or at least have
had previous exposure, protection conferred by immunological memory can be incomplete
against other T. gondii strains (Jensen et al., 2015) and is not completely preventative of
congenital toxoplasmosis (Elbez-Rubinstein et al., 2009). Currently, there is only one
vaccine against a human parasitic disease, malaria, with an underwhelming efficacy of 27%
(RTS,S/AS01) (RTS Clincal Trials Partnership, 2015). Vaccine design in general often
fails to elicit long-lasting T cell effector responses required for the clearance of parasitic
pathogens (Sacks, 2014; Sher, 1992). The understanding of the requirements for long-
lasting immunity to parasite is crucial for continued aim of completely protective vaccine
development.

1.2 Requirements for immunity to Toxoplasma gondii

Toxoplasma immunologists have long made a case for the critical role of CD8 T cells and
IFNy for the control and clearance of parasitic infection (Shirahata et al., 1994; Y Suzuki,
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MA Orellana, RD Schreiber, 1988; Y Suzuki, 1989). Although a variety of immune cells
play a role in fighting an initial infection (i.e. ‘primary infection’) (Yarovinsky, 2014), in
cases where mice were either chronically infected or vaccinated with replication deficient
(avirulent) strains of T. gondii, CD8 T cells were found primarily responsible for protection
against lethal secondary infection (or ‘challenge’) with the highly passaged Type I RH
strain (lethal dose of one parasite in naive mice) (Gazzinelli et al., 1991; Gigley et al., 20009,
2011; Nagasawa et al., 2013; Suzuki and Remington, 1988). For example, adoptively
transferred memory CD8 T cells can confer immunity in naive mice to many strains of T.
gondii that would otherwise cause lethal infection (Buzoni-Gatel et al., 1997; Gigley et al.,
2009; Suzuki and Remington, 1990) and IFNy responses are necessary in this setting
(Gigley et al., 2009; Suzuki and Remington, 1990). In contrast, CD4 T cells which generate
copious amounts of IFNy during secondary infection (Splitt et al., 2018), when depleted or
adoptively transferred, do not reduce or confer protection to T. gondii challenge,
respectively (Gigley, Fox, and Bzik 2009; Gazzinelli et al. 1991; Jordan et al. 2009).
However, not all strains of T. gondii are controlled by immunological memory responses
conferred by vaccination or chronic infection (Jensen et al., 2015) and most virulent strains,
including the Type I RH strain, are refractory to IFNy-induced Killing mechanisms
(Niedelman et al., 2012) suggesting additional immune mechanisms must exist to control
virulent strains of T. gondii. Consistent with this supposition, virulent T. gondii strains,
including the Type | RH strain, encode an arsenal of virulence factors that resist IFNy-
elicited killing mechanisms including rhoptry proteins ROP5, ROP18, ROP17 and TgIST,
which act to block IFNy-induced immunity-related GTPases (IRGs) that destroy the
parasitophorous vacuole necessary of intracellular life (Howard et al., 2011) and IFNy-
induced STAT1 activation in the host cell (Gay et al., 2016; Olias et al., 2016), respectively.
Yet, immunological memory is possible against the Type | RH strain. What additional cell-
mediated mechanisms are required for immunity are currently unknown but cytotoxicity
conferred by perforin and NO production are dispensable (Khan et al., 1997). Discovery of
new modes of immunity to virulent strains of T. gondii is an overarching goal of this
dissertation.

1.3 Forward genetic screen links Nfkbid to resistance

In previous work, our lab has demonstrated a disparity in survival to secondary infection
with the highly virulent Type | GT1 T. gondii strain in A/J and C57BL/6J (‘B6’) mice
(Souza, S., Splitt, S., unpublished) (Figure 1). Since the genetic background of a host is
implicated in the outcome of infection with T. gondii (Sher, 1992), a forward genetic screen
of 26 recombinant inbred mice, derived from crossing A/J and C57BL/6 mice, was
performed and provided valuable clues to the specific genetic differences which afford
resistance or susceptibility to secondary infection. The 26 recombinant inbred mice
(AxB;BxA) have an assortment of homozygous A/J and B6 alleles and allow for genetic
mapping of loci that contribute to host variation in survival and transcriptional responses
to T. gondii infection (Hassan et al., 2014, 2015; McLeod et al., 1989). Genetic mapping
for host resistance to secondary infection revealed two distinct Quantitative Trait Loci
(QTL) peaks with logarithm of the odds (LOD) scores greater than three on chromosomes
7 (LOD = 3.57, imputed marker between rs8261820 and rs8261944) and 10 (LOD = 3.29,
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imputed marker bEtween A Survival of Virulent 2° Infection
rs13480776 and  rs13480777) * 100

. ; @ Typel (RH)
(Splitt, S. unpublished). Although 804 * A
neither of these peaks reached S ® B6 Joe
N - 'S 60+ ‘® Bumble
significance upon  permutation E oT1
testing (n = 100; p<0.05, LOD = = 19 AJ
5.5), previous endeavors by other 201 B6 }
labs have shown non-significance ot - . 1 Bumble
should not necessarily invalidate Days After Secondary Infection

further investigation; as occurred
for the successful identification of

B.
MHC 1 LY as the host resistance T'Sffa'?:“
factor to chronic T. gondii infection
via QTL analysis (Brown et al.,
1995; McLeod et al., 1989). RH 100 100

Primary Infection Challenge

Closer inspection of the QTL on
chromosome 7 revealed a highly Figure 1. Disparity in survival outcome to
polymorphic gene Nfkbid closest to virulent secondary infection. A. Survival of

the rs8261820 and rs8261944 | Virulent secondary infection is differential among
markers, also known as IkBNS | AM, B6and Bumble mice: A/Jis fully resistant to
(Splitt, S. unpublished). IkBNS is a the challenge where B6 survival is contingent on
member of the atypical NF-xB | the parasite strain. Bumble (Nfkbid null, C57BL/6
inhibitors, is restricted to the | Packground) succumb to secondary challenge with
nucleus and known to modulate | RH and 3-5 days sooner than B6 with GT1

NF-kB to induce or repress | challenge. Log Rank Mantel-Cox significance
transcription (Schuster et al., 2013). | *P<0.05; ***P<0.0001 (Souza, S. unpublished). B.
KBNS functionality has been found | Table of survival outcomes of A/J and B6 mice

to enhance T cell production of IL- primed or challenged with CEP, RH or GT1 T.

2 and IFNy (Clayton et al., 2007), T gondii strains (Ref. a Sibley 1992, 8 Souza, S.
and B cell expression of IL-10 unpublished, k Jensen, et al. 2015).

(Miura et al, 2016), support

development of T regulatory cells (Schuster et al., 2012) and suppresses Toll-like receptor
(TLR)-induced cytokine expression in macrophages (Hirotani et al., 2005, 2006).
Importantly, in the absence of IkBNS, the most extreme phenotype observed is mouse B-
1 cell development and functional absence (Arnold et al., 2012; Pedersen et al., 2016;
Touma et al., 2011). This results in the hosts’ inability to respond to T-independent type 11
antigens, like (4-hydroxy-3-nitrophenyl)-acetyl (NP)-Ficoll, and generate circulating IgM
and 1gG3 antibodies (Pedersen et al., 2016).

We therefore screened the role of Nfkbid null mice (bumble) in their ability to generate
immunity to virulent secondary T. gondii infections and determined these mice were highly
susceptible (Figure 1A) (Scott, S unpublished). Moreover, Nfkbid null mice were unable to
generate any parasite-specific IgM and had greatly diminished parasite-specific 1gG
responses of all isotypes (not shown) and had defects in generated neutralizing serum



antibodies following infection (Souza, S unpublished). We believe this is a critical clue in
deciphering the requirements for resistance to secondary T. gondii infection and that
IkBNS-dependent B cell responses to T-independent antigens may be a central feature of
immunity to this parasite.

1.4 B-1 cells

B cell response is a crucial component of humoral immunity that results in protective
antibody against future re-exposure to pathogen and is the foundation of vaccine design. B
cells are now known to exist as two distinct lineages, numerically labelled based on their
sequential appearance in ontogeny: the canonical B-2 and the primordial B-1 (Baumgarth,
2011; Berland and Wortis, 2002). In adults, B-2 cells differentiate from hematopoietic
precursors found in the bone marrow and are known to produce antibody against protein
antigen. In contrast, B-1 cells are a self-renewing population of B cells that are highly
enriched in the peritoneal and pleural cavities of mammals and generate non-redundant
antibody responses that focus against self- and/or non-protein antigens (Baumgarth, 2011,
2016; Baumgarth et al., 2000a; Berland and Wortis, 2002). B-1 cells secrete ‘natural
antibodies’ in the absence of infection and can bind oxidized lipids (Chou et al., 2009),
phosphatidyl choline and annexin V of apoptotic cells (Kulik et al., 2009), and the GPI-
anchored protein Thy-1 (Hayakawa et al., 1999). Moreover, B-1 cells have been found by
various researchers to be responsible for specific pathogen-induced immune responses in
studies of immunity involving the following pathogens: Francisella spp (Cole et al., 2009;
Yang et al.,, 2012), Borrelia hermsii (Alugupalli et al., 2003, 2004; Colombo and
Alugupalli, 2008), Salmonella typhi (Cunningham et al., 2014; Gil-Cruz et al., 2009),
Streptococcus pneumoniae (Briles et al., 1981; Cosenza and Kohler, 1972; Haas et al.,
2005), and influenza virus (Baumgarth et al., 1999, 2000b; Choi and Baumgarth, 2008)—
most of which are intracellular pathogens (Baumgarth, 2016). Two distinct B-1 cell subsets
have been defined as B-la and B-1b primarily by the presence of CD5, respectively
(Baumgarth, 2016). Although theories around the individual roles of B-1a and B-1b that
comprise B-1 cells remain to be fully resolved, both natural and pathogen-elicited IgM is
a clearly critical means of pathogen resistance (Smith and Baumgarth, 2019).

1.5 Glycophosphatidylinositol Anchors

The surface of T. gondii is known to be dominated by proteins linked by
glycophosphatidylinositol (GPI) anchors (Manger et al., 1998; Nagel and Boothroyd,
1989). GPI anchors are conserved across the animal kingdom and, although have
differences in side chain additions, are otherwise structurally conserved as well (Ferguson,
1999; Fontaine et al., 2003; Homans et al., 1988; Low, 1987; Naik et al., 2000; Nosjean,
0., Briolay, A., and Roux, 1997; Paulick and Bertozzi, 2008). In T. gondii and other
species, the core structure is defined by a-Man-(1-2>2)- a -Man-(1-2>6)- o -Man-(1-> 4)- a
-GlIcNAc-(1->6)-myo-Inositol-PO4-lipid (Ferguson, 1999)(Figure 1). T. gondii has been
found to express six GPI anchor isoforms each different combinations of the side chain or
ethanolamine attached to the core structure (Striepen et al., 1997) but there are only two
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glycoforms that differ in their sugar composition (Striepen et al., 1997; Zinecker et al.,
2001). These two GPI glycoforms are distinguished by a side chain addition of B-GalNAc
to the mannose with or without a terminal glucose, a -Glc-(1->4)-p-GalNAc (Striepen et
al. 1997) (Figure 2). Although much of the initial work done to characterize this assembly
was done in trypanosomes, T. gondii construction of the GPI occurs in multiple identical
stages in the ER where the synthesis of the precursor starts with the transfer of GICNAc to
phosohoinositol (PI) from UDP-GIcNAc, and following de-N-acetylation, resulting in
GIcN-PI (Bangs et al.,, 1988; Englund, 1993). Dol-P-Man is used as donor for the
subsequent mannosylation (Menon et al., 1990; Tomavo et al., 1992a) and synthesis is

@ Ethanolamine
Inositol

” Akyl-glycerol

‘ ’ @ Glucose
@® GalNAc
o (1 o o=beo Mannose
o o B GlucNAc
I Il
' ‘.
[¢] 0
‘ 0=P=0 . ‘ 0 =P =0
o] 0

Figure 2. Two GPI glycoforms exist on the surface of T. gondii. T. gondii has 6
isoforms but only two glycoforms. Both glycoforms share the same core structure: (top
down) if attached, the protein binds an ethanolamine group at its N-terminus. The
ethanolamine group is bound to a phosphate group which is bound to a three-mannose
core backbone structure. The mannose backbone is bound to a N-acetylglucosamine
(GlucNAC), inositol, phosphate group and finally the lipid anchor (alkyl-glycerol) imbedded
into the hydrophobic span of the outer membrane. Where the glycoforms differ is the side
chain off of the first mannose group: one glycoform has a terminal N-acetylgalactosamine
(GalNAc) while the other has a glucose added to the GalNAc (Striepen, et al. 1997). Both
glycoforms are expressed simultaneously and, between specific strains, are differentially
expressed (Niehus, S. et al. 2014). Both glyco-forms are expressed with and without
protein addition to the ethanolamine group. The other GPI isoforms differ in acyl tail
composition and some lack the ethanolamine group when not attached to a protein
(Striepen, et al. 1997).

completed by transfer of ethanolamine phosphate from phosphatidyl-ethanolamine (Menon
et al., 1993). Side chain additions occur on the cytoplasmic face of the ER (Smith et al.,
2006). The most immunogenic portions of the T. gondii anchor in humans are thought to
be the glucose addition to the B-GalNAc side chain (Ggtze et al., 2014; Seeberger et al.,
2011; Striepen et al., 1997). GPI anchors have been shown to play a role in the stimulation
of MMP-9 which functions to degrade cellular structures of macrophage in mice
(Guérardel et al., 2011) and activate NF-kB through TLR4 (Debierre-Grockiego et al.,
2007), contributing to immune response and invasion. Vaccination with synthesized GPI
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anchors conjugated to non-toxic diphtheria toxin mutant CRM197 have been shown to
elicit antibody responses to the anchor but fail to provide complete protection from live
parasite (Gotze et al., 2015). Additionally, vaccination with parasite proteins or DNA
constructs encoded with single T. gondii proteins alone also fails to provide complete
protection (Hoseinian Khosroshahi et al., 2011; Ismael et al., 2003; Pinzan et al., 2015).
Taken together, we find there is novel opportunity to pursue a long-lasting vaccine design
that incorporates protein antigen to generate T cell response as well as T-independent
antigens, such as the GPI anchor, to elicit a crucial B-1 cell response to provide
comprehensive protection against live T. gondii parasite.

1.6 Correlates of Immunity: Defining protective antibody
reactivity to the GPI anchor of T. gondii

A substantial amount of work has been done to resolve requirements for immunity to T.
gondii and identify antigenic targets applicable for vaccine design. Although classical
serum antibody analysis has been done using human and mouse serum to identify major
antigens on the surface of T. gondii, a genetically disparate host infection model has never
been used to decipher antibody targets and whether such targets differ between genetically
resistant and susceptible hosts. In chapter 3, sections 1 through 3, I utilize serum antibody
from resistant and susceptible murine hosts to estimate differential IgM and total 19G
antibody production against T. gondii whole parasite lysate antigen separated via SDS-
PAGE. | found that this not only recapitulated previous works of heavily targeted antigens
below 50kDa but found that genetically resistant mice produce more parasite-specific 1IgG
and IgM antibody (but only in the challenge condition) to T. gondii lysate antigen following
infection. In sections 4 and 5, | dismantle the GPI anchor by enzymatically removing key
immunogenic portions of the anchor and demonstrate that antibody reactivity to T. gondii
is highly dependent on an intact GPI anchor of the 50kDa-20kDa antigens, consistent with
previously described surface protein antigens of T. gondii (i.c. ‘SAG’ or ‘SRS’ proteins)
with corresponding molecular weight ranges. These observations suggest that targeting of
non-protein moieties of the SAGs GPlIs are likely instrumental for immunity to T. gondii,
particularly during secondary infection. In sections 6 and 7, | strategize to remove the
putative immunogenic component of the GPI anchor: the a-Glc-(1->4)-pB-GalNAc side
chain. Because the enzyme that is responsible for adding B-GalNAc to (the first) mannose
during T. gondii GPI assembly is currently unidentified, a list of gene candidates has been
compiled which offer a ranked list of targets for removal. Using CRISPR deletion
techniques, I disrupted one of the selected gene candidates and cloned edited parasites with
the intention of confirming the loss of B-GalNAc via flow cytometry and infecting primed
resistant mice. We hypothesize primed resistant mice would succumb to secondary
infection in the absence of the side chain epitope for protective antibody recognition. The
correct identification of this enzyme would afford conclusive evidence that the side chains
generated by T. gondii are required for protective antibody recognition of parasite.
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CHAPTER 2

Materials and Methods

2.1 Cells and Medium

Human foreskin fibroblasts (HFFs) monolayers were grown at 37°C, 5% CO2 in T-25
flasks for parasite passaging in ‘HFF medium’ (Dulbecco’s modified Eagle’s medium
[DMEM; Life Technologies] supplemented with 2mM L-glutamine, 20% fetal bovine
serum [FBS; Omega Scientific], 1% penicillin/streptomycin cocktail [Life Technologies],
and 0.2% gentamycin [Life Technologies]. T-25 flasks were made by splitting T-175 flasks
1:50. T-175 flasks were washed with 20mL sterile PBS and 3mL trypsin was added. Flasks
were incubated for 10 minutes at 37°C, 5% CO». Monolayers were agitated by tapping the
flask and 200 mL HFF medium was added; 4mL of cell suspension was placed in each T-
25 flask. T-25 flasks were ready for passaging after 1-2 weeks.

2.2 Parasite Strains

Toxoplasma gondii strains were serially cultured in HFF (human foreskin fibroblasts) at
37°C, 5% CO. in T-25 flasks with 1X Dulbecco’s Modified Eagle Medium
[(DMEM)+GlutaMAX™-1 with 4.5¢g/L D-Glucose, Life Technologies], supplemented
with 1% heat-inactivated FBS and 1% penicillin/streptomycin cocktail [Life
Technologies]. The following clonal strains were used (clonal types are indicated in
parentheses): RHAku80Ahxgprt (type 1), RHAku80A259530::HXGPRT (type 1), RH1-1
(type 1), GT1 (type I), and CEP (type III).

2.3 Gene Selection for Knock-out of GPI N-Acetylgalactosamine Transferase in T.
gondii

The enzyme which adds the terminal glucose and/or terminal N-acetylgalactosamine to the
T. gondii GPI isoform has not been identified. Recently, an enzyme that performs this
function was found in humans: PGAP4 (Gene symbol: TMEM246; Protein:
Q9BRR3|TM246 _HUMAN). Specific characteristics of this enzyme include three
transmembrane domains and a catalytic site with the amino acid sequence, EDD, where it
catalyzes the addition of N-acetylgalactosamine to the first mannose in the GPI backbone
(Hirata et al., 2018). We thought to utilize this discovery to narrow the list of possible
candidates in the T. gondii genome. To do so, we employed a strategy to find the putative
B1-4GalNAc GPI transferase, as the human gene of PGAP4 has no clear homolog in the
T. gondii genome (Hirata et al., 2018).

First in the T. gondii database, ToxoDB.org (Release 41, January 2019), a text search of

gene names, gene notes and/or description was performed using the comprehensively
annotated Me49 genome for the terms or words containing “GalnAc transferase®”,
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“glycosyltransferase*”, “nucleotide-diphospho-sugar transferases*”,
“galactosyltransferase*”, OR “n-acetylgalactos*” (*wildcard designates the text can be
embedded within a word); this generated a list of 225 genes. Because the GPI synthesis
pathway occurs mainly in the ER using enzymes with transmembrane domains (Eisenhaber
etal., 2018), including PGAP4 (Hirata et al., 2018), we reasoned the putative B1-4GalNAc
transferase must contain at least one predicted transmembrane domain; this portion of the
search was done looking for predicted transmembrane domains for a gene’s homolog in all
sarcocysts; this reduced the list to 54 genes. Furthermore, given PGAP4 uses an EDD in
its catalytic site (Hirata et al., 2018), and most gylcosyl-transferases use a DxD motif to
transfer dinucleotide-sugars (Albesa-Jove and Guerin, 2016; Wiggins and Munro, 1998),
the list was further refined to include only those with either EDD or DxD motifs producing
37 genes. The unidentified T. gondii B1-4GalNAc GPI transferase uses the nucleotide
sugar UDP-GalNAc to transfer this sugar to the first mannose of the GPI backbone (Smith
et al., 2007).

Finally, candidates performing irrelevant biologies (e.g. rTRNA synthases, zinc fingers,
etc.) or known members of the core GPI synthesis pathway (e.g. PIG-M, etc.), were
removed from this list producing a total of 11 candidates.

Scoring for Gene Target Selection: For remaining criteria, the candidates were given
binomial scores where the sum of those scores provided a rank order list of candidates: a)
Expression; >5SFPKM is indicative detectable expression in tachyzoites >5 score 1. b)
EDD; the characterized amino acid sequence of the catalytic domain of PGAP4, EDD score
1. c)Signal peptide; places the protein product in the secretory pathway and/or ER
integration Signal peptide score 1. d) “Biologically correct”; a gene possesses
characteristics predictive of a sugar transferase transferase is given a score of one. €)
rTRNA synthases; GPI synthesis enzymes and irrelevant products are given a score of 0.
The results of this strategy are displayed in Table 8.

The human PGAP4 amino acid sequence was blasted (BLASTP) against the Me49 protein
database and returned a single gene (255240) with a poor score and high E-value (E=1.5).
The gene has an EED sequence but lacks a transmembrane domain and signal peptide. Its
function is uncharacterized but has a non-SMC mitotic condensation complex subunit 1
domain, giving a 0 for the “Biologically correct” category. This gene is added to Table 8
for comparison.

2.4 Generation of RHAku80A259530::HXGPRT

CRISPR/Cas9 technique was used to manipulate the homology directed repair restricted
RHAku80 strain. CHOPCHOP (Labun et al., 2016; Montague et al., 2014) designed
CRISPR guides (5’-GCTGAGTCCTAGTGCAC, GTGCACTAGGACTCAGC) were
chosen to target the first exon locus (259530) on chromosome VI11b of T. gondii. RHAku80
parasite strains were transfected with a plasmid encoding designed CRISPR guides and
CAS9 and co-transfected with a drug resistance cassette HXGPRT containing homology
arms. Homology directed repair of the CAS9 cut site with the drug selectable marker allows
drug selection and gene editing at the locus. Transfectants were grown in MPA+xanthine
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supplemented selection media. DNA isolation of bulk transfected population was done
using DNAzol and probed for desired insertion by PCR with Mango Mix and diagnostic
locus specific primers (5°- TTTCTGCATTTCCCTGTCGCTACC,
TTGACCCCCCTCGTATCCGAG). Primer designs were synthesized by and purchased
from Integrative DNA Technologies (IDT). Alternative gene targets and their respective
designed guide RNAs, primers and homology arms are listed in reagents list. Once target
editing was confirmed, the transfected bulk population was serially diluted to isolate on-
target clones from off-target or unedited parasites. Clonal populations were assessed via
PCR using Mango Mix with the aforementioned designed primers as well as primers
specific for the selectable marker (listed in Table 4) to determine positive single insertion
and orientation.

2.5 Mice

A/J (Stock# 000646) and C57BL/6J (B6) (Stock#000664) inbred mice were purchased
from Jackson Laboratories. For all experiments, age matched females were used at 6-8
weeks, 3-5 mice per infection condition.

Bumble mice (C57BL/6 background), which are Nfkbid null due to mutation by ENU
mutagenesis (Arnold et al., 2012), were generously gifted by Dr. Nicole Baumgarth in
collaboration with the University of California, Davis. For all experiments, age matched
bumble and C57BL/6 females were used at 6-8 weeks, 3-5 mice per infection condition.

All mice were maintained in the pathogen-free animal facility at the University of
California, Merced. All animal experimentation in this study was performed in
accordance with the National Institutes of Health Guide to the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use Committee (IACUC)
(AUP17-0013), Animal Welfare Assurance filed with OLAW (#A4561-01), USDA (93-
R-0518), and the University of California, Merced accredited Animal Care Program is
AAALAC (001318).

2.6 Primary infection and serotyping

Parasite injections were prepared by scraping T-25 flasks containing vacuolated HFFs and
sequential syringe lysis first through a 25G needed followed by a 27G needle. The parasites
were spun at 400 rpm for 5 minutes and the supernatant was transferred to a new tube,
followed by a spin at 1700 rpm for 7 minutes. The parasites were washed with 10mL
phosphate-buffered saline (PBS), spun at 1700 rpm for 7 minutes, and resuspended in PBS
and counted with a hemocytometer. For chronic infections with CEP, mice were infected
intraperitoneally (IP) with 10* tachyzoites in 200uL sterile 1X PBS. Parasite viability of
the inoculum was determined by plaque assay following IP infections. Briefly, 100 and
300 tachyzoites were plated in HFF monolayers grown in a 24-well plate and 4-7 days later
parasite plagues were counted by microscopy (4x objective).

Between 30-35 days following chronic infection, 50 uL of blood was harvested from mice
from the tail vein or humanely euthanized via CO> inhalation and terminally exsanguinated
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from the retro-orbital vein following enucleation. Whole blood was collected in tubes
containing 5pL or 10pL 0.5M EDTA and placed on ice. The blood was pelleted at 10,000
rpm for five minutes; serum was collected from the supernatant and stored at -80°C until
use. To evaluate seropositivity of the mice, HFFs were grown in 24 well plates and infected
with RH1-1 overnight, washed with PBS, fixed with 3% formaldehyde in PBS, washed
with PBS, permeabilized with 3% goat serum, 0.2M Triton X-100-0.01% sodium azide,
incubated with a 1:100 dilution of collected serum for 2 hours at room temperature or
overnight at 4°C, washed with PBS, and detected with Alexa Fluor 594-labeled secondary
antibodies (1:1,000) specific for mouse 1gG [Life Technologies]. Seropositive parasites
were observed by immunofluorescence microscopy.

2.7 Secondary infections and assessment of parasite viability

Seropositive mice were challenged with 5x10* syringe-lysed GT1 parasites injected IP.
After five days of challenge, mice were humanely euthanized and terminally exsanguinated
for experiments. Collected whole blood samples were centrifuged to separate serum from
whole blood as previously articulated and stored at -80°C until use. Parasite viability for
each strain was determined by plaque assay following completion of injections.

2.8 Serum Antibody Detection of Parasite Proteins by Western Blotting

To generate parasite lysate antigens for SDS-PAGE separation and analysis, various
Toxoplasma gondii strains were cultured in HFF (human foreskin fibroblasts) and
expanded to approximately 2x108 parasites. Parasites were syringe-lysed, washed with
sterile 1X PBS and parasite pellet was solubilized with (1mL) 0.1% TritonX-100 detergent
in 1X PBS (Mayor et al., 1990a). Solubilized parasites were centrifuged at 2,000 rcf for 20
minutes at 4°C to remove large debris and supernatant was collected and aliquoted (50ul)
for storage at -80°C until use. Enrichment for glycosylated proteins was not done. Protein
concentration was measured by Pierce BCA Protein Assay Kit (Thermo Fisher Scientific)
according to the manufacturer’s protocol.

Lysate was removed from cold storage and thawed on ice. 50ul of thawed lysate was
reduced with 12uL B-mercaptoethanol (BME) and (1.04 mg of lysate protein per lane)
separated via SDS-PAGE before transfer to PVDF membrane via Transblot Turbo
[Biorad]. Membranes were blocked with 10% fortified bovine milk dissolved in 1X Tris-
Buffered Saline with 0.1% Tween (TBS-T 0.1%) (block) for 1-2 hours at room temperature
or overnight at 4°C. Blots were then probed with heat inactivated serum (30 minutes at 56
°C) in block at either 1:1,000 dilution for serum IgM analysis or 1:5,000 dilution for serum
IgG analysis overnight at 4°C. Membranes were washed with approximately 20mL (each)
TBS-T 0.1% three times at 10-20 minutes per wash. Blots were then secondarily probed
for one hour at room temperature with goat a-mouse horseradish peroxidase (HRP)-
conjugated antibodies: anti-lgM secondary 1:1,000 and total anti-IgG secondary 1:5,000
(specific antibodies listed in Table 2). Membranes were then washed approximately 20mL
(each) TBS-T 0.1% three times at 10-20 minutes per wash and developed with
Immoblion® Forte Western HRP Substrate. All blots were imaged via chemiluminescence
on a ChemiDoc Touch [Biorad].
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2.9 Image Processing and Statistical Analysis of Western Blot Data

Image Lab software [Biorad] was used for analysis of bands and total lane signal. Image
Lab Files from ChemiDoc were imported to Image Lab for analysis and values were
exported to Excel for compilation. Specifically, molecular weights of individual bands
were calculated by Image Lab and inferred from the molecular marker [BioRad Precision
Plus Standard Protein Ladder]. Assigned molecular weights were used as a means for band
comparison and consensus across blots from different experiments. The consistency of the
serum antibody banding pattern from this model afforded consensus between blots
performed at different times by averaging the calculated molecular weight of each band.
These averages informed the manual labelling of each band of P22, P30, and so on, as a
means of direct comparison of antibody recognized proteins of interest. The borders of
each band were defined by hand in Image Lab and subsequent volume intensity values
were adjusted for the background signal specific to each blot; these values were exported
to excel for organization. To further control for variability between blots, we normalized
treatment conditions to control (mock) conditions to assess loss of signal due to treatment
within each blot. Similarly, lane and/or band signal obtained from different mouse genetic
backgrounds were normalized against each other, as blots using serum from resistant and
susceptible mice were always imaged side by side. These values were exported to
GraphPad Prism 7 for statistical analysis and graphical representation.

2.10 Determination of Antibody Dependence and Reactivity to the GPI Moiety in T.
gondii Lysate Antigen

Parasite lysate (see 2.8 for preparation) was thawed on ice prior to enzymatic treatment.
Once thawed, 50uL lysate was incubated at 37°C for 1 hour with 0.5 units of
Phosphatidylinositol-specific phospholipase C (PI-PLC), isolated from B. cereus [Life
Technologies], at a V:V ratio of 10:1 (lysate:PI1-PLC), respectively, in the presence of a
protease inhibitor cocktail [Fisher] used at 1X of reaction volume. Samples were then
reduced with 12uL. BME in sample loading dye (approximately 0.8mg parasite protein per
well) and loaded into Pre-Casted Mini-PROTEAN TGX Gels [Biorad] at a 4-20% SDS
gradient.

Again, parasite lysate (see 2.8 for preparation) was thawed on ice prior to enzymatic
treatment. Lysate was incubated at 37°C for 1 hour with 0.5-75 units per 1 mg of T. gondii
lysate of recombinant B-N-acetylhexosaminidases [New England Biotechnologies] at a
variable V:V ratio, in the presence of a glycobuffer [New England Biotechnologies] used
at 1X of reaction volume. Samples were then reduced with BME and loaded into Pre-
Casted Mini-PROTEAN TGX Gels [Biorad] at a 4-20% SDS gradient.

Lysate was thawed on ice prior to incubation at room temperature (approximately 21°C)
for 12, 24 and 48 hours with 3.6 units of Jack Bean oa-Mannosidase, isolated from
Canavalia ensiformis [Sigma] at a V:V ratio of 10:1 (lysate:enzyme), respectively, in the
presence of a protease inhibitor cocktail [Fisher] used at 1X of reaction volume. Samples
were then reduced with BME (approximately 0.7mg parasite protein per well) and loaded
into Pre-Casted Mini-PROTEAN TGX Gels [Biorad] at a 4-20% SDS gradient.
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PVDF membranes with separated lysate was placed in an acidic bath of 48% hydrofluoric
acid for 6, 12, 24, 48 and 60 hours at 4°C. Membranes were then removed from HF, bathed
in filtered and distilled water, then 1XPBS before subsequent block and probe (as
previously described).

2.11 Analysis of T. gondii GPI isoform Usage via Flow Cytometry

RHAKu80 (parental) and RHAku80A259530::HXGPRT (knock out) parasite strains were
passaged in HFF with ‘Toxo media,” as previously articulated. On the day of analysis,
parasites were syringe lysed, pelleted, washed with 1X PBS and counted with a
hemocytometer. Parasite were fixed with 3% formaldehyde, washed with FACS buffer (1X
PBS with 1% FBS) before 4 x 10° fixed parasites were stained with the following primary
antibodies (diluted in FACS buffer) on ice: a-TOXO terminal GaINAc T3 3F12 1gG3 (NR-
50253, BEI) at 1:400; a-TOXO terminal glucose T5 4E10 IgM ascites (were generously
gifted by Jean-Francois Dubremetz from the Université de Montpellier, France) at 1:100;
a-P35 (SRS29C) T4 3F12 1gG2a (NR-50259, BEI) at 1:400. The parasites were washed
with FACS buffer and then stained with the following detection antibodies at 1:100 in
FACS buffer: a-lgM PECy7 RMM-1 (406514) [Biolegend], a-1gG3 BV421 R40-82
(565808) [B.D. Biosciences], a-1gG2a PerCPCy5.5 RMG2a-62 (407112) [Biolegend].
Parasite were washed and analyzed with a BD LSRII flow cytometer at the University of
California, Merced Stem Cell Instrument Foundry. P35, a highly expressed surface SAG
protein, expressing parasites (P35+>96%) were analyzed for T3 3F12 and T5 4E10 staining
to infer specific isoforms of the T. gondii GPI side chain.

Table 1. Models and Cell Lines

Cell Lines and Parasites Type Strain Type Species Supplier

Human Foreskin Host N/A Homo sapien Jeroen Saeij,

Fibroblasts (HFF) UC Davis

GT1 Parasite I Toxoplasma gondii

RHAku80 Parasite I Toxoplasma gondii

CEP Parasite Il Toxoplasma gondii

RHAku80AompdcAup::HXGPRT Parasite I Toxoplasma gondii  N/A

RH1-1 Parasite I Toxoplasma gondii

RHAku804259530::HXGPRT Parasite I Toxoplasma gondii  N/A

A/J (000646) Host N/A Mus Musculus Jackson
Laboratories

C57BL/6J (000664) Host N/A Mus Musculus Jackson
Laboratories

Bumble (Nfkbid Null) Host N/A Mus Musculus Dr. Nicole
Baumgarth;
UC Davis
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Table 2. Reagents

Reagent Name Supplier Catalogue
Number
Pierce BCA Protein Assay Kit ThermoFisher P123225
Pre-Cast SDS gradient gel (4-20%) Biorad 4561096
PVDF Membrane Transfer Pack Biorad 1704156
Precision Plus Dual Color Protein Biorad 161-0374
Standard
Goat a-mouse IgM- HRP ThermoFisher 62-6820
Goat a-mouse Total IgG-HRP Southern Biotech 1030-05
T5 4E10 a-Glucose Terminal IgM Dubremetz Gifted
Ascite
T3 3F12 a-GalNAc Terminal 1gG3 B.E.l. NR-50253
mADb
T4 3F12 0-P35 IgG2a mAb B.E.l. NR-50259
a-IgM PECy7 (Clone: RMM-1) Biolegend 406514
a-1gG3 BV421 (Clone: R40-82) B.D. Biosciences 565808
a-1gG2a PerCPCy5.5 (Clone: Biolegend 407112
RMG2a-62)
Phosphatidylinositol-specific ThermoFisher P6466
phospholipase C (PI1-PLC)
recombinant from B. cereus
B-N-Acetylhexosaminidase f N.E.B. P0721S
Jack-Bean a-Mannosidase isolated Sigma 9025-42-7
from Canavalia ensiformis
Illuminata Forte Western HRP Millipore WBLUF0500
Substrate
One Shot TOP10 E.coli Life Technologies C4040-03
PSS013 Plasmid Saeij Lab UC Davis N/A
DNA Ladder 1Kb -Plus ThermoFisher 10-787-018
TrizmaBase HCI Sigma T5941-500G
99% Glycerol Alfa Aesar AAAA16205-AP
Tween 20 Amresco 97062-332
Glycine HCI Sigma G2879-500G
Hydrochloric Acid ACS BDH3026-
500MLP
Hydrofluoric Acid 48-51% BDH BDH3040-
500MLP
DMEM+GlutaMAX Supplement Gibco 10566024
FBS (Lot 463304) Omega Scientific FB-03
PBS (Sterile) pH 7.4 Gibco 10010049
Gentamycin Millipore Sigma G1397-100ML
Uracil Sigma U1128-100G
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ATP

L-Glutamine

Ampicillin
Penicillin/Strep Cocktail
TE Buffer

BME

Ethidium Bromide

Mycophenolic Acid (MPA)

Xanthine

Plasmid Maxiprep Kit
RNeasy Plus Mini Kit
Mango Mix

Ethanol (100%, 70%)
DNAZzoI® Reagent
Bromophenol Blue
1X PBS (Sterile)
Agarose

Sodium Chloride
Trypan Blue 0.4%
Methanol

Trypsin (2.5%)
Triton X100
Formaldehyde 16%
DMSO

EDTA

Fortified Dry Milk
Bleach

pH Test Strips BDH 6-10
LB Agar

LB Broth

Bsal-HF

Quick Ligation Kit

BSA

Calcium Chloride
Glutathion (GSH)
Sodium Hydroxide

ThermoFisher
Life Technologies
ThermoFisher
ThermoFisher
Invitrogen
Gibco

Biorad
ThermoFisher
ThermoFisher
Zymo Research
QIlAgen
Bioline

Koptec
Invitrogen
Amresco
Gibco

Biorad
Amresco
Corning

BDH
LifeTechnologies
Fisher

Fisher

BDH

BDH

Raley’s
NP&PC/ESSENDANT
CO.

BDH

BD Difco

BD Difco
N.E.B.

N.E.B.

N.E.B.
Amresco
ThermoFisher
BDH
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97061-226
21051024
BP176025
15140122
12090-015
21985-023
1610433
50-953-724
AAA11077-22
D4203

74134
B10-25034
490000-610
10503-027
97061-690
10010049
1613102
0241-2.5KG
45000-717
BDH1135-4LP
15090-046
EM-TX1568-1
NC9864402
BDH1115-1LP
BDH9232-500G
N/A

170094

BDH83931.601
DF0445-17-4
DF0446-17-3
R3535L
M2200L
EM-2930
97062-590
AAA18014-06
BDH7247-1



Table 3. Equipment

Equipment Name Supplier Catalogue Number
Chemidoc Touch Biorad 12003153
Transblot Turbo Transfer Biorad 1704150
Thermocycler C1000 Biorad 1851148DEMO
Thermocycler T100 Biorad 1861096DEMO
Epoch Plate Reader Biotek/Fisher BTEPOCH
Electrophoresis Western Blot Cell Biorad 1704402
Horizontal Electrophoresis System Biorad 1704467
PowerPac Basic Power Supply Biorad 1645050
Orbital Shaker VWR 89032-088
Electroporator Gene Pulser Xcell CE Biorad 1652667
Electroporator Cuvettes Biorad 1652086
Chemidoc XRS+ Biorad 1708265

LSRII Flow Cytometer BD N/A
Hemacytometer Fisher 02-671-55A
Heating Blocks VWR 13259-286
Excella E24 Incubator Shaker Eppendorf R1352-0000
Isotemp Incubator Fisher 1325525
Biosafety Cabinet Fisher 302481100
Rocking Platform VWR 40000-304
T25 Falcon Tissue Culture Treated Flasks Fisher 10-126-9

T75 Falcon Tissue Culture Treated Flasks Fisher 07-202-000
T175 Falcon Tissue Culture Treated Flasks Fisher 10-126-13
Tissue Culture Plates 96 well Fisher 087722C
Tissue Culture Plates 24 well Fisher 087721

Petri Dishes Fisher 08757100D
Disposable Syringes (5mL) Fisher 1482945
Disposable Syringes (10mL) BD Syringes 302995

Pipet Tips (all volumes) USA Scientific 1121-3810, etc.
Serological Pipettes (all volumes) VWR 490000-608, etc.
Needles (27G, 25G, 18G) BD Precision Glide Fisher 1482648, etc.
Insulin Syringe U-100 Fisher 14-826-79
PCR Tubes (0.2mL) USA Scientific 1402-4700
Conical Centrifuge Tubes 0.6mL Fisher 14222143
Conical Centrifuge Tubes 1.5mL Fisher 14222155
Conical Centrifuge Tubes 5mL Fisher 14-568-100
Conical Centrifuge Tubes 15mL Fisher 14-959-49B
Conical Centrifuge Tubes 50mL Fisher 1495949A
Culture Tubes (14mL) VWR 60818-725
Cryogenic Vials Fisher 03-374-20
Glass Pasteur Pipets Fisher 1367820D
Transfer Pipettes Fisher 1371121
Rubber Policeman Fisher 22261768
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Table 4. Oligos for CRISPR and PCR Designs

Primers, Guides, Homology Sequence (5°-3°) Supplier
C7b_259530 gRNA Fw aagitGCTGAGTCCTAGTGCACY IDT
C7b_259530_gRNA Rv 2aaacGTGCACTAGGACTCAGCa IDT
C7b_259530_Fw Primer TTTCTGCATTTCCCTGTCGCTACC IDT
C7b_259530_Rv Primer TTGACCCCCCTCGTATCCGAG IDT
HPT_H-Arm259530_Fw ATCGCGGAGACGCGTGTGGGceagceacgaaacc IDT
HPT_H-Arm259530_Rv GAGACAGGTCGTTAACAAAGgtgtcactgtagectgecagaac IDT
Clb_207750_gRNA Fw aagitGGAGGAGTCACATTCGGCGGY IDT
Clb_ 207750 _gRNA Rv 22aacCCGCCGAATGTGACTCCTCCa IDT
C1B207750_Fw Primer CGGTGACTGTCGTGAGAGCG IDT
C1B207750_Rv Primer AAAACGGCACAACACCTGCG IDT
HPT_H-Arm207750_Fw TGAGCACCTGGAAATGGTGGcagcacgaaacc IDT
HPT_H-Arm207750_Rv CGAACTCCCCTGCACATTCGgtgtcactgtagectgecagaac IDT
CIX_266320_gRNA_Fw aagitCGCATGCTCAGGCTTGAGCGY IDT
CIX_266320_gRNA Rv 22aacCGCTCAAGCCTGAGCATGCGa IDT
CIX266320_Fw Primer CTTCTTCGGTTGGCTCTCAGAATCG IDT
CIX266320_Rv Primer GTCTTCTTCCTCCTCTTCCTCACTG IDT
HPT_H-Arm266320_Fw GACGACGGAGAAGACGGAGCcagcacgaaacc IDT
HPT_H-Arm266320_Rv GACGAGGGAGAAGAAGGAAGgtgtcactgtagectgecagaac IDT
5370 HXGPRT Internal Primer GCCGTAGTCTTCAATGGGTTTGG IDT
5369(2018) HXGPRT Internal GTCTGGATCGTTGGTTGCTGC IDT
Primer

PSS013 Primer Fw 5'- CAAATGGCGACCTGCAGAGG -3' IDT

Table 5. Software and Algorithms

Software Source Identifier
FlowJo V10.1 FlowJo N/A
Prism7 Graphpad N/A
ImageLab BioRad N/A
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Chapter 3
3. Results

3.1 Serum antibody reactivity to T. gondii lysate antigen
Is enhanced in resistant compared to susceptible mice

We first sought to determine whether genetically resistant A/J and susceptible B6 mice
differ in their ability to produce parasite-specific antibodies to T. gondii lysate antigen, and

whether such differences correlate with disease
outcome (Figure 1). To do so, the model we
use is to prime A/J and B6 mice with the Type
1l avirulent T. gondii strain CEP
interperitoneally (IP) and allow them to
progress to chronic infection. These mice were
serotyped 30-35 days later for confirmation of
seroconversion indicative of chronic infection
(details in materials and methods; Figure 3
schematic). From here, half of the cohort (n=6-
10 for each mouse strain) was challenged (n=3-
5) with the virulent Type | GT1 strain, which
generates a lethal infection in B6 but is
controlled in A/J mice (Figure 1A and B), and
the other half was not challenged. Serum
harvested from chronically infected mice or
mice on day 5 of challenge (Figure 3
schematic) and used to probe antibody
reactivity to Type | GT1 T. gondii lysate
antigen separated on SDS-page and analyzed
by western blot. We found A/J and B6 serum
antibody had similar antigen reactivities with
heavy preference for antigens less than 50kDa
in both chronic and day 5 challenge conditions
(Figure 4A and D). From visual assessment of
the banding patterns between mouse strains, it
appeared that A/J produced more specific
serum IgM and total 1gG antibody against T.
gondii proteins. To quantify this observation,
the total signal intensity generated in a single

31

Serum Collection

(Chronic) \

2° Infection 7~ X Day30-35
Serum Collection -
(Challenge/Day 5) / \

T

22
Possible <

QOutcomes: Survival Death

1° Infection Day 0

Figure 3. Infection model. Primary
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administered IP and allowed to
progress to chronic infection
condition (30 days). A secondary
challenge with virulent Type | GT1
was administered IP and allowed to
progress for five days before mice
were euthanized. Serum collections
performed as either tail bleed or
terminal collection (see materials and
methods).




lane was measured across all blots and experiments (as described in materials and
methods). While there was not a significant difference between mouse strains (unpaired
student’s t-test P>0.05), on average, serum-derived antibodies from A/J generated greater
total lane signal compared to B6 (Figure 4B and E). Since A/J and B6 serums are developed
simultaneously within respective detection antibody classes we normalized the total lane
signal of B6 to that of A/J (A/J = 1) (see material and methods), to allow comparison across
multiple experiments and to minimize variance introduced by imaging at different
timepoints, . Using normalized values, the total lane signal was significantly less for B6
compared A/J serum from day 5 challenged mice for both IgM (Figure 4G) and total IgG
reactivity (Figure 4H) (paired student’s t-test IgM P=0.03, IgG P=0.002). Serum from
chronically infected mice generated non-significant differences (Figure 4G, 4H). These
results suggest host resistance correlates with enhanced production of parasite-specific
antibodies during a secondary infection.
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Figure 4. Serum antibody reactivity to T. gondii lysate antigen is enhanced in
A/J compared to C57BL/6J mice. A. Western blot: serum harvested from chronically
infected or from day 5 Type 1 GT1 challenged A/J and B6 mice was used as a primary
detection probe of reduced GT1 lysate separated by 4-20% gradient SDS-PAGE.
Goat a-mouse IgM horseradish peroxidase (HRP)-conjugated secondary antibody
probed for serum IgM. Blots using A/J and B6 serums, were treated, developed and
imaged simultaneously to reduce exposure variability; a representative image is
shown. B. Total lane signal (‘adjusted volume’) probed with serum from chronically
infected mice. C. Total lane signal probed with serum from mice on day 5 of
challenge. D. Western blot as described in A, but goat a-mouse total IgG HRP-
conjugated secondary antibody probed for total serum IgG. E-F. As stated in B-C. G-
H. Total lane signal of B6 normalized to A/J (A/J = 1) within serum conditions is
plotted. For all graphs, each dot represents the results obtained from one mouse
(n=6-7) taken from three individual experiments. Unpaired student’s t-test between
non-normalized A/J and B6 within serum conditions and between chronic and day 5
serum within mouse strains were non-significant P>0.05. Paired student’s t-test
between normalized A/J and B6 Day 5 and chronic serums produced significant
values, P<0.05.

33




3.2 B-1 cells may be responsible for a large portion of T.
gondii-specific antibody: Bumble (Nfkbid null) mice
generate significantly less antibody to T. gondii lysate
antigen.

Previous work done by our lab suggests that Nfkbid plays an important role in survival of
secondary infection with T. gondii (Souza, S., unpublished; Figure 1A) and is required for
the generation of the majority of IgM and IgG parasite-specific antibodies (Souza, S
unpublished, not shown). To extend these findings to T. gondii lysate antigen, we utilized
serum from chronically infected Nfkbid null bumble mice (C576BL/6 background), which
are deficient in B-1 cells but not B-2 cells (Arnold et al., 2012; Pedersen et al., 2016; Touma
et al., 2011). In keeping with our infection model, bumble and control C57BL/6 mice were
primed IP with a Type Il avirulent T. gondii strain CEP and serum from chronically
infected mice serum was used to probe T. gondii lysate antigens via western blot (Figure 5
A and D). In this configuration, lysates were generated from the three different strains of
T. gondii used in our system, (left to right) GT1, RH Ahxgprt4ku80 and CEP, and loaded
at the same protein concentrations (measured as mentioned in material and methods) to
minimize variability between lysates. In all, bumble mice were highly defective in
generating antibodies to parasite lysate antigen and, compared to wild type B6 serum
(*P<0.05), produced an average of 91% for IgG and 87% for IgM less reactivity to lysate
antigen (Figure 5 C and E). One-way ANOVA comparing antibody reactivity to the
different parasite strains was not significant (P>0.05) indicating antibody recognition of
the strain types is generally conserved. In summary, these results are consistent with our
previous unpublished observations that bumble (Nfkbid null) susceptibility to secondary
infection correlates with a general defect in generating parasite-specific antibodies (Figure
1).
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Figure 5. Nfkbid is required for generating T. gondii-specific antibody to lysate
antigen. A. Western blot: serum harvested from chronically infected B6 and Bumble
(Nfkbid null) mice was used as a primary detection probe of reduced GT1, RHAku8 and
CEP lysate separated by 4-20% gradient SDS-PAGE. Goat a-mouse IgM HRP-
conjugated secondary antibody probed for serum IgM; a representative image is shown.
B. Total signal intensity (‘adjusted volume’) for each condition is plotted. C. Total lane
signal of Bumble was normalized to that of B6 (B6 = 1) and plotted. D. Western blot as
described in A but using goat a-mouse total IgG HRP-conjugated secondary antibody. E-
F. As described in B-C. Each dot represents the result from an individual mouse from 2 to
3 separate experiments. Unpaired student’s t-tests were non-significant for non-
normalized values (B and E). Paired student’s t-test comparing bumble normalized to B6
was significant for each parasite lysate P<0.05 (C and F). One-way ANOVA comparing
signal intensity differences generated against the different parasite strains was non-
significant (B,C,E,F).
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3.3 Hypothesis: A/J and B6 serum antibodies heavily
target the GPI anchor of surface antigens.

Assessment of the heavy targeting by both A/J and B6 serum antibodies indicated antigens
below 50kDa were of importance (Figure 3 A and D). Additionally, bumble mice are
largely incapable of detecting these same antigens (Figure 4). The B-1 cell population
absent in Bumble mice produce antibody against ubiquitous pathogen- and self-antigens
(Baumgarth, 2011) which suggest the moiety responsible for antibody recognition may be
conserved and non-protein in nature. Based on the molecular weight of the targeted bands
in Figure 4, we suspected the identity of many of these antigens to be GPI anchored surface
proteins (Table 6) (Manger et al., 1998; Tomavo et al., 1989). Due to the sugar composition
and kingdom-conserved core structure of the GPI anchor (Figure 2)(Ferguson, M. A., Low,
M. G., and Cross, 1985; Ferguson, 1999; Homans et al., 1988; Low, M., Hoessli, D. C.,
and Ilangumaran, S., 1999; Nosjean, O., Briolay, A., and Roux, 1997), we hypothesize the
GPI anchor is a likely candidate for B-1 cell antibody targeting.

Protein  Alternative  Gene I.D. Molecular Known Functions Reference
Label Identifiers (ToxoDB.org) Weight
P46 SRS29A TGGT1 233450 46kDa Polymorphic between Yang et al. 2013
RH and GT14
P43 SAG3, TGGT1_308020 43kDa Host cell adhesion; Cesbron-Delauw et al
SRS57 virulence® 1994
P35 SRS3, TGGT1 233480 35kDa Attenuates virulence, Manger et al 1998;
SRS29C Polymorphic between Wasmuth, et al. 2012;
RH and GT14 Yang et al. 2013
P30 SAGL, TGGT1_233460 30kDa Host cell invasion; Burg et al. 1988; Cong, et
SRS29B IFNy modulator® al. 2005
p22 SAG2A, TGGT1_271050 22kDa Modulates IL-1B in Prince et al 1990
SRS34A macrophage®

Table 6. Several immunogenic T. gondii proteins below 50kDa are known to be
GPl anchored to the outermost parasite membrane. This table was adapted from
Lekutis, Ferguson, Grigg, Camp and Boothroyd (2001) and shows a truncated list of
SAGS or SAG1-Related Sequence (SRS) proteins of interest (Ref. a Leal-Sena, et
al. 2018; B Dzierszinski, et al. 2003; k Lekutis, et al. 2001; A Yang, et al. 2013; 1
Wasmuth, et al. 2012). Gene 1.D.’s listed are for GT1 strain and are current as of
March 2019.
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3.4 Both A/J and B6 serum antibodies require the lipid
portion of the GPI anchor for maximal reactivity to T.
gondii lysate antigen

To determine whether serum antibodies predominantly target the GPI anchor, we first
began by dismantling a piece of the GPI anchor: the lipid alkyl-glycerol tail (Figure 8A).
Phosphatidylinositol specific phospholipase C (P1-PLC) is known to cleave the phosphate
bond linking the inositol group to the alkyl-glycerol group imbedded in the membrane.
Original work done by others with the parasite Trypanosoma s.p.p., revealed these
components of the GPI anchor via the exposure of a common reactive determinant (CRD)
region which exposes the inositol group of the GPI anchor (Ferguson et al., 1988). This
method had been replicated by several groups in the confirmation of protein linkage to the
surface of T. gondii (Manger et al., 1998; Nagel and Boothroyd, 1989) but use of PI-PLC
has not been attempted to asses serum antibody recognition of parasite lysate antigen.
Importantly, when we treated parasite lysate with PI-PLC and probed with serum (as
previously described) approximately 70% of the total lane signal previously seen in Figure
4 was lost for both IgM (Figure 6) and IgG (Figure 7). This was true for serum derived
antibodies from chronically infected and day 5 challenged mice. Therefore, antibody
recognition of T. gondii lysate antigen is highly dependent on an intact GPI anchor.

3.4.1 IgM serum antibody reactivity to antigens below
50kDa requires the GPI lipid moiety

We further evaluated the dependence of serum IgM antibody on the lipid moiety of the GPI
anchor in greater detail (Figure 6). In the chronic condition as mentioned above, the total
lane signal was significantly reduced for both A/J and B6 in response to PI-PLC treatment
of lysate (paired student’s t-test P<0.05) indicative of high dependence on the lipid moiety
for serum IgM reactivity to lysate antigen (Figure 6E). However, a comparison between
A/J versus B6 antibody-probed treated lysate demonstrated no significant difference in the
abrogation of the total western blot signal between the two mouse strains (unpaired
student’s t-test P<0.05) (Figure 6E). Narrowing our focus to individual antigens marked
by arrows (Figure 6A), we found the majority of signal below 50kDa to be significantly
sensitive to PI-PLC treatment for both mouse strains, particularly P43, P34, P33-32, P30
and P22 (paired student’s t-test of normalized treated v. untreated; P<<0.0001) with less of
an effect for P46 and P35 molecular weight antigens (paired student’s t-test: A/J P<0.05,
B6 non-significant) (Figure 6B). It’s important to note bands 50kDa and higher are not
impacted by PI-PLC treatment in the same way, which suggests these antigens are either
not GPI-anchored proteins or lipid removal does not impact antibody recognition. For
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chronically infected A/J and B6 mice, serum IgM does not differentially target the GPI
anchor of any single antigen between mouse strains (unpaired student’s t-test P>0.05).

Similar results were obtained with serum from day 5 challenged mice with a few subtle
differences (Figure 6C). Total lane signal assessment of each mouse strain revealed a
significant quantitative difference in treated versus untreated probed lysate (paired
student’s t-test P<<0.0001) (Figure 6F). In contrast to analysis of chronic serum, A/J
produces slightly more serum IgM on day 5 of challenge that is refractory to PI-PLC
treatment compared to B6 (unpaired student’s t-test P=0.002). Moreover, analysis of
individual antigens reveals day 5 serum IgM from A/J is slightly less dependent on the
lipid moiety for the P34 and P30 antigens than B6 (unpaired student’s t-test P=0.003 and
P=0.00004, respectively). Whether reduced targeting of the GPI anchor of P30 (likely
SAG1, Table 6 above) underscores A/J immunity to T. gondii is unknown but may imply
a balanced repertoire of antibodies that recognize both protein and GPI epitopes of T.
gondii SAGs is necessary to survive virulent challenge.
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Figure 6. A/J and B6 serum IgM relies heavily on the lipid tail of the GPl anchor
for detection of T. gondii lysate antigen. A. Representative western blot of T. gondii
lysate antigen probed with serum from chronically infected A/J and B6 mice and detected
with anti-IgM; (as previously described); detection of PI-PLC- treated and mock-treated GT1
lysate is analyzed. Arrows indicate prominent individual bands of interest with
corresponding molecular weights. B. Quantification of individual bands of interest (A)
following PI-PLC treatment and normalized to mock treated band intensities (mock=1). C.
As in A, but serum from challenged (Day 5) A/J and B6 mice was used. D. Quantification of
bands (C) as previously described. E. Total lane signal of chronic serum-probed PI-PLC
normalized to mock treated T. gondii lysate (mock = 1). F. Total lane signal of challenge
(Day 5) serum-probed PI-PLC normalized to mock treated parasite lysate (as described in
E). For all graphs, each dot represents the results from one mouse (n=6-7) obtained from
three separate experiments (n=3). w paired student’s t-test normalized A/J treated v. non-
treated (most P<0.0001). t paired student’s t-test B6 normalized treated v. non-treated
(most P<0.0001). * unpaired student’s t-test normalized PIPLC treated A/J v. treated B6
(P<0.05). Detailed statistical sianificance can be found in Table 7.
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3.4.2 Total 1gG serum antibody reactivity to antigens
below 50kDa requires the GPI lipid moiety

We further analyzed total 1gG reactivity to lysate antigen (as previously stated) and found
a near identical trend to that of IgM (Figure 7A, B, E). Serum IgG antibody reactivity to
lysate antigen from chronically infected A/J and B6 mice was significantly reduced for
both A/J and B6 in response to PI-PLC treatment of lysate (paired student’s t-test P<0.05)
(Figure 7E). A/J versus B6 antibody-probed treated lysate total lane signal demonstrated
no significant difference in the abrogation of total lane signal between the two mouse
strains (unpaired student’s t-test P<0.05) (Figure 7E). Individual antigens, marked by
arrows (Figure 7A), when quantified and normalized demonstrated the majority of signal
below 50kDa to be significantly lost following PI-PLC for both mouse strains. Again,
antibody reactivity to P43, P34, P33-32, P30 and P22 were particularly sensitive to PI-PLC
treatment (paired student’s t-test P<<0.0001) (Figure 7B). One subtle difference noted
between isotype classes is that PI-PLC impacts IgG antibody detection of the P46 and P35
antigens more consistently than for IgM. As with 1gM, bands 50kDa and higher detected
by IgG are not impacted by PI-PLC treatment in the same way as bands below. For
chronically infected AJ and B6 mice, serum 1gG differentially targets only one antigen
between mouse strains: P30 (putatively SAG1) (unaired student’s t-test P<0.05).

Following challenge (Day 5), total IgG produced similar results to that of IgM (Figure 7C,
D, F). PI-PLC treatment abrogates the majority of 1gG antibody detection of lysate antigen
for both B6 and A/J (paired student’s t-test P<0.0001), with A/J being less sensitive to
treatment compared to B6 (unpaired student’s t-test P=0.002) (Figure 7F). Loss of the lipid
moiety epitope significantly impacts recognition of all antigens of interest below 50kDa in
both mouse strains in the chronic as well as the challenge condition. Just as analysis of IgM
following challenge revealed only two antigens which are differentially targeted between
A/J and B6, analysis of total 1gG in the challenge condition found the same two antigens,
(i.e. P34 and P30) to elicit statistically different antibody reactivity following PI1-PLC
treatment (unpaired student’s t-test P<0.05) (Figure 7D). Thus, as with IgM, IgG produced
against T. gondii heavily relies on the lipid moiety for recognition. In summary, we
hypothesize that A/J produces more parasite-specific IgM and IgG antibody compared to
B6, as implicated in section 3.1, but these antibodies display broader coverage against
epitopes found within the 7. gondii’s SAGs, thus affording more protective antibody
response upon re-exposure.
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Figure 7. A/J and B6 serum IgG relies heavily on the lipid tail of the GPl anchor for
detection of T. gondii lysate antigen. A. Western blot of chronic serum IgG from A/J and
B6 mice (as previously described); detection of PI-PLC treated GT1 lysate. Arrows indicate
prominent individual bands of interest with corresponding molecular weights. B.
Quantification (as previously described) of individual bands of interest (A) normalized to
mock treated bands. C. Western blot using serum from challenged (Day 5) A/J and B6 mice;
developed as previously stated in A. D. Quantification of bands (C) as previously described
in B. E. Total lane signal of chronic serum-probed PI-PLC normalized to mock treated T.
gondii lysate (mock = 1). F. As in E, but challenge (Day 5) serum is used. For all graphs,
each dot represents one mouse from three individual experiments (n=3). w paired student’s
t-test normalized A/J treated v. non-treated (most P<0.0001). { paired student’s t-test B6
normalized treated v. non-treated (most P<0.0001). * unpaired student’s t-test normalized
PI-PLC treated A/J v. B6 (P<0.05). Detailed statistical significance can be found in Table 7.
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*AEE 5.005E-20 **xx 3 026E-25 0.643736

0.109304 **** 00019756 0.0717409
kAEE 1314E-13  FE** 2070E-22 WA 0.003456
REEX 1 S49E-11 FF¥F 4 421E-11 0.443115
KEXE 1196E-09  FFEX 2 277E-13  FFEX 4 843E-05
*EEX  2ATIE-14  rexx 3.337E-26 0.234263

Day 5 Serum IgG
(Treat?de. — (Treat:?fv. Non- (Treai:'(]l : 'l]?r'Geated)
Treated) Treated)

Significant?  Pvalue  Significant?  Pvalue  Significant? P value

0.564601 0.52399 0.666307

0.10961 A 0.005915 0.464538

0.443362 0.515916 0.762462

. 0.002521  *** 0.000420 0.324622
kA 2237E-31  FF** 2 182E-34 0.240571
*AEE 4891E-08 FE** [ 384E-07 0.0364124
*kEEE 1.498E-14 FEF* g ROTE-28 W 0.003836
*EEE O D079E-11  *¥*** 3 099F-2] 0.0874861
*EEX 3360E-09 FE¥E 6 ROSE-18 i 0.0005867
*AEE 5085E-20 A 1221E-33 0.131688

Table 7. Student’s t-tests of individual western blot bands. A. Individual bands detected by
chronic or challenge serum IgM from A/J and B6 mice displayed in Figure 5B and D. B. Individual
bands detected by chronic or challenge serum total IgG from A/J and B6 mice displayed in Figure
6B and D. For all serum antibody class conditions, A/J and B6 columns represent P values
calculated in Prism using paired student’s t-test as previously described. Similarly, A/J v. B6
columns represent P values calculated by unpaired student’s t-test in Prism. Significant =

P<0.05.
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3.5 Alternative attempts at GPI anchor disruption
provide inconclusive results.

In an effort to dismantle the GPI anchor in different ways, we attempted three additional
enzymatic or chemical methods to do so—each disruption aimed at a different portion of
the anchor. In Figure 8, we illustrate for each strategy which chemical bond is supposed to

4 Ethanolamine

A. B.
Inositol
” Akyl-glycerol
4 t @ Glucose

3 s, @ GalNAc
5 “ B-N-acetyl- Al | Mannose
hexosaminidase I
| f
. ~S m : B GlucNAc
o ... v ..
PIPLCy w3 3
C.
? a-Mannosidase ?

Figure 8. GPI disruption strategy to assess differential binding targets of
antibodies from resistant and susceptible mice. A. Phosphatidylinositol-specific
phospholipase C cleaves at inositol-bound phosphate from lipid anchor. B. 3-N-
acetylhexosaminidase cleaves a terminal GalNAc when $1-6 or 81-4 linked to
another sugar group. C. Jack Bean a-Mannosidase cleaves terminal mannose
groups. D. 48% Hydrofluoric Acid breaks ethanolamine-bound phosphate from the
mannose backbone. For all illustrations, a red bar indicates the targeted single
covalent bond.
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break. However, the results of the following GPI disruption strategies were largely found
to be inconclusive due to technical limitations.

As previously mentioned, GPI anchored proteins of T. gondii have two GPI glycoforms
which differ by the presence or absence of a single glucose addition to the B-GalNAc side
chain off the first mannose of the carbohydrate backbone. In isolated deproteinated GPI’s,
the isoform with a terminal glucose has been shown to be more immunogenic than a
terminal B-GalNAc (Ggtze et al., 2014; Striepen et al., 1997). In an effort to ascertain the
dependence of serum antibody in our model on this side chain, we used [B-N-
acetylhexosaminidase to cleave terminal 3-GalNAc from the GPI anchor (Striepen et al.,
1992). Because we used GT1 lysate, derived from parasites grown in HFFs which generates
a higher proportion parasite protein bearing the terminal B-GalNAc side chain GPI
glycoforms (Azzouz et al., 2006), we anticipated a loss of serum recognition of lysate
antigen following B-N-acetylhexosaminidase treatment if the antibody repertoire focused
on this side-chain modification. However, use of this enzyme in our hands showed no
measurable loss of signal was observed (data not shown). These results may support our
model displays a lack of recognition of the terminal B-GalNAc glycoform. Alternatively,
the B-N-acetylhexosaminidase has not been shown to cleave a proteinated GPI anchor
which may ultimately inhibit enzymatic digestion. In these conditions, we would need
further biochemical analysis to confirm enzymatic digestion of the side chain in the
presence of an attached protein. Whether the side chain is preferentially targeted remains
to be conclusively determined.
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Another technique we utilized to disrupt the GPI moiety was treatment of our separated
and PDVF transferred lysate with 48% hydrofluoric acid (HF). In other labs, 48-51% HF
has been used to deproteinate purified GPI anchors by severing the ethanolamine-bound
phosphate from the mannose backbone (Menon et al., 1990). Though others have reported
HF treatment fails to hydrolyze peptide bonds, adjust molecular weight and/or alter
immunochemical properties (Greenberg et al., 1992), we were still concerned this
treatment would still destroy lysate antigens, change migration patterns in the SDS gel

A.
IgM
60H
48% HF _ + _ -
M L
(kDa)
75- ": — ™
50- -
37| ™=
25- [
20-| -
10- =
L (Lysate) M (Precision Plus Standard Protein Ladder)
B. Signal Decay of Standard
Proteins
8.0x10°-
o [ 50kDa
£ — Bl 37kDa
S 6.0%10°1
> 127%
3 ; 138%
L Axansl
B £0%0 120%
2
2.0%106- L53%
0 T T .
24 48 60

HF Bath Duration (Hours)

Figure 9. Hydrofluoric acid treatment of
lysate on PVDF proves inconclusive due to
compromise of internal standard. A.
Representative western blot of T. gondii lysate
probed with immune serum and detected with
anti-mouse IgM. Before serum probe, each blot
was bathed in 48% HF for 24, 48 or 60 hours
and neutralized in diH-O and then PBS. B.
Quantification of adjusted volume signal of
50kDa and 37kDa standard protein bands at
24, 48 and 60 hours. n=1.

45

and/or at the very least, dilute lysate
diminishing signal. Thus, after
protein  transfer, the PDVF
membrane was bathed in HF for
various periods of time to hydrolyze
the ethanolamine bond prior to
probing with immune serum and
detection antibodies. With this
method, we expected HF to separate
the mannose backbone and to be
subsequently washed away with the
remainder of the GPI structure while
the proteins would stay attached to
the PVDF. Membranes bathed in
PBS served as a control. Given our
previous results that an intact GPI
anchor was required for antibody
recognition of the majority antigens
below 50kDa (Figure 6-7), we
anticipated a similar result following
HF treatment. However, our results
were uninterpretable, as the signal of
the dual-purpose molecular weight
marker standard (M) decayed in
response to the HF treatment (Figure
9B). Quantification of two of the
visible marker proteins (at 50kDa
and 37kDa) demonstrated a
decreasing signal (with respect to
PBS treatment) with the increase of
time spent in the HF bath. Because
of this, we determined that this



approach does not have the control needed to appropriately analyze these data. For that
reason, we chose not to move forward with this approach.

We also attempted to disrupt the integral mannose backbone via Jack Bean a-mannosidase
which was used in early works to extrapolate the structure of the GPI anchor in
trypanosomes (Ferguson et al., 1988; Homans et al., 1988; Mayor et al., 1990b, 1990b,
1990a; Menon et al., 1990) and has been used exhaustively in previous study of T. gondii
GPI glycoforms (Striepen et al., 1992; Tomavo et al., 1992c, 1992b, 1992a, 1992d). Jack

B. Total Lane Signal: Chronic B6 Serum
1.54
A _o [ Mock Treated
’ IgG S El Enzyme Treated
fR=
48H 24H 12H @ 2 1.07
T =
O ©
Jack Bean + - + - + - No
© 0.5
(kDa) § £
(s}
=
75. %2 12H 24H 48H
C. Treatment Duration (Hours)
50- Mock-Treated Lysate Total Lane Signal Loss
= 1.5-
37- 5
SR EE -
5. - g 19% Loss
20- - e 3F 41% Loss
£ < 051
(o]
z
0.0

12H 24H 48H

Treatment Duration (Hours)

Figure 10. Jack Bean a-Mannosidase treatment of lysate was inconclusive due
to overall degradation of sample. A. Western blot of T. gondii lysate antigen probed
with immune serum and detected with anti-mouse IgG. Lysate was treated with jack
bean a-mannosidase: comparison at 12, 24 and 48 hours. B. For each time point,
total lane signal of lysate treated with a-mannosidase was normalized to mock treated
total lane signal. C. Mock treated total lane signal normalized to 12-hour mock treated
total lane signal. n=1.

Bean a-mannosidase cleaves terminal mannose so, our expectations were not high for this
treatment simply because the various molecular weight antigens less then 50kDa were
likely SAG antigens attached with the GPI anchor, thus leaving no terminal mannose
sugars for enzymatic digestion. However, we found a decrease in signal from treated lysate
at all time points chosen (Figure 10A and B). That said, the a-mannosidase treatment
appeared to decrease the signal of the entire lane rather than individual bands as was
observed with PI-PLC treatment. We noted the total lane signal of the mock treated lysate
decayed nearly proportionate to the duration of time spent in buffer under mock conditions
(Figure 10C). The result of this single experiment suggests our condition renders o-
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mannosidase an inappropriate treatment for the analysis of antibody epitope in our mode—
though future troubleshooting may resolve these concerns.

3.6 Deleting putative genes encoding the enzyme
responsible for generating the side chain of both T.
gondii glycoforms.

In an effort to remove the side chain of the T. gondii GPI isoforms, we began the search
for the parasite enzyme responsible for adding the side chain. Although previous works
by others suggested the existence of such an enzyme (Ferguson, 1999), the identity of this
gene has yet to be made. Recently in humans, such an enzyme has been identified as
PGAP4 which adds a B-GalNac to the first mannose of the carbohydrate backbone,
however no clear homolog exists in the T. gondii genome (Hirata et al., 2018).
Regardless, characteristics of PGAP4 provided clues to inform a search for an equivalent
enzyme in T. gondii (described in materials and methods). Briefly, we looked for
glycosyl transferases with a transmembrane that had a DXD or EDD motif, and ranked
them based on their gene expression, presence of the EDD motif (part of the catalytic
triad of PGAP4), and whether they were not associated with other irrelevant biological
functions (i.e. tRNA synthetase); GPI synthetic pathway of the conserved core received a
low rank. Gene text searches were performed on the ME49 strain background because it
is the most fully annotated T. gondii genome. The results of this search can be seen in
Table 8. Our initial attempts at gene selection were less refined than the approach
previously mentioned which is why in the subsequent section, gene candidate

TgME49 259530 ranked tenth in the table, was chosen for CRISPR editing. CRISPR
editing of TGME49_266320, the number one rank, is currently underway.
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(Continued from p. 48) Sum category is the summation of all binomial scores; the resultant
total was used to rank the most likely candidates for our target enzyme.

3.7 GalNAc Transferase KO: Gene candidate 259530 on
Chromosome VIIb

In our search for the gene responsible for B-GalNAc transferase, our first selected gene was
located on chromosome VIIb at position 259530 with the ToxoDB.org product
information: GalNAc, UDP-N-acetyl-d-galactosamine : polypeptide N-acetylgalactos-
aminyl-transferase (Wojczyk et al., 2003). This promising first target is nestled in
chromosome VI1Ib, in the midst of several SAG-encoding genes, and thus we reasoned this
candidate could be the gene by simple ‘guilt by association’. Using CRISPR-CAS9, we
successfully deleted 259530, creating a RHAku80A259530 strain, as determined by
diagnostic PCR (Figure 11). We expected, if the gene candidate 259530 did encode for
the GalNAc transferase enzyme, then staining with two antibodies which detect the two
glycoforms of T. gondii would be lost, T5-4E10 stains the Gluc-B-GalNAc glycoform,
while T3-F12 stains the B-GalNAc glycoform. However, both glycoforms were present in
the RHAku80A259530 with comparable T5-4E10 and T3-F12 staining to the parental RH
Aku80Ahxgprt control (Figure 11C and D).
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A. CRISPR/Cas9 and PCR Schematic
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Figure 11. T. gondii GalNAc transferase gene candidate (259530) KO is not the ‘droid’
we are looking for. A. CRISPR editing schematic for deleting gene candidate 259530 using
Cas9 coded pss013 plasmid, whose guide-RNA targets exon 1 and co-transfected with a
drug selectable marker designed to integrate into the Cas9 cut site using the homology
directed repair-restricted T. gondii strain RHAku80. Expected resultant PCR product
outcomes are shown. B. PCR confirmation of 259530 KO in all clones. C. Representative
flow plots depicting parasite stained for detection of the terminal glucose GPI isoform (Glu+)
and terminal GalNAc GPI isoform (GalNAc+). ‘Control’ flow plot depicts parasite stained with
secondary detection antibody only. Frequencies of populations that fall within the gates are
indicated. FACS plots generated but not annotated by S. Souza. D. Average frequencies
from C of terminal glucose (Glu+) GPI isoform (Q1+Q2) and terminal GaINAc (GalNAc+) GPI
isoform (Q2+Q3) expressed by parental or CRISPR edited parasite in one experiment.
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Chapter 4
Discussion

4.1 Protective antibody production against the T. gondii
GPI1 anchor: More is better.

From previous unpublished work with a forward genetic screen, Nfkbid was implicated as
a critical polymorphic genetic determinant responsible for the survival disparity to
secondary infection between A/J and B6 mice. Moreover, bumble mice, which lack Nfkbid
and B-1 cells, were highly susceptible to challenge (unpublished). These observations
prompted us to investigate whether there exists a difference in antibody binding of T.
gondii, generated by resistant and susceptible mice, to the GPI anchor. We show here that
following infection in Nfkbid null bumble mice, serum IgM and total IgG antibody
recognition of parasite antigen is extremely reduced: 87% and 91% total signal loss,
respectively, when compared to that of wildtype B6 (Figure 4). Importantly, we saw that
A/J and B6 antibody binding profiles to T. gondii lysate antigens lower than 50kDa were
extremely sensitive to GPI anchor lipid moiety removal. Together, these phenotypes are
consistent with the supposition that B-1 antibody responses against the GPI anchor of the
SRS surface antigens are important for immunity to T. gondii. Mouse antibody clones to
the T. gondii GPI anchor have been generated (Tomavo et al., 1994) and serum antibody
responses to the GPI anchor in humans and rabbits have been observed following infection
(Gotze et al., 2015; Striepen et al., 1997). Infection with T. gondii is known to elicit a robust
antibody response to the GPI-attached SRS surface antigens of T. gondii. However, our
results implicate a large fraction of the antibody repertoire is possibly focused on the GPI
anchor, which has not been fully appreciated prior to this dissertation. The exact role of
antibody against parasite infection has yet to be pinpointed by our laboratory but, IgM-
mediated neutralization (Couper et al., 2005) and 1gG-driven opsonization (Joiner et al.,
1990) are likely at play.

We further demonstrated that antigen targets of resistant A/J mice are not very (if at all)
different from antigen targets of susceptible B6 mice. Subtle differences include inherent
propensities of each mouse strain to recognize different epitopes of the P30 antigen (Figure
4,6, 7), which is likely SAG1. SAGL1 is a heavily targeted antigen by antibodies following
infection (Tomavo, 1996) and a multi-epitoped antibody response to this antigen may
promote better immunity in A/J mice. However, the most notable difference between
mouse strains is that A/J mice generate more parasite-specific antibodies on day 5 of
challenge compared to B6 (Figure 4, 6, 7). Therefore, our data more strongly supports a
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model in which enhanced production parasite-specific antibody during a secondary
infection correlates with better protection to virulent T. gondii infection.

Interestingly, in all blots we saw no banding pattern below 15kDa which otherwise would
have suggested antibody recognition of the GPI anchor independent of protein (Striepen et
al., 1997). This lack of signal may simply be due to technical limitations of the SDS-PAGE
gel gradient and centrifugation steps of the lysate chosen, which was not designed to enrich
for membrane glycolipids. Deletion of the enzyme responsible for the side chain addition
to core GPI is an important endeavor as we attempt to demonstrate whether the side chain
of T. gondii GPI anchors is preferentially targeted by mouse antibodies, which has been
shown in humans (Ggtze et al., 2014; Striepen et al., 1997). If side chain recognition is
required in mice, then by removing this GPI modification we predict T. gondii would evade
antibody detection and cause lethal infection in our model. Furthermore, while T. gondii
does not share the same antigenic variation capabilities as its parasitic brethren, the unique
side chain expression may offer a similar result. For example, by upregulating one
glycoform over another in response to immune pressures by the host, T. gondii may be able
to manipulate the host immune response in favor of facilitated immune detection or even
alternative immune evasion. This hypothesis is underpinned by the finding that serum IgG
antibodies from chronically infected humans and rabbits only recognize the Gluc-B-GalNac
but not the B-GalNac GPI glycoform (Ggtze et al., 2014; Striepen et al., 1997). In either
case, the identification of the specific antibody binding epitope is critical in the
development of completely protective and long-lasting vaccine.

Although it is clear from this study that GPI anchor is a necessary moiety for antigen
recognition by protective antibody against T. gondii, previous efforts by other labs to
generate vaccine using GPI conjugated to a non-toxic diphtheria toxin mutant CRM197
has failed to provide complete protection (Goétze et al., 2015). In the Plasmodium s.p.p.
field, antibody reactivity to purified GPI anchor from Plasmodium s.p.p. has been shown
to correlate with reduced parasitemia in humans (Naik et al., 2000) and synthetic GPI has
been shown to reduce inflammation-associated pathogenesis of cerebral malaria in mice
(Schofield et al., 2002). The resolution of the specific side chain contribution to
Plasmodium immunity is not clear but the contribution of the GPI anchor toward antibody-
mediated protection has been underscored. Each of these attempts, however, failed to
confer complete protection (survival of virulent live parasite) likely because of their
insufficient stimulation of T cell effector responses (Sacks, 2014; Sher, 1992) as a result
of parasite protein antigen absence in their vaccine formulations. These crucial findings
highlight the need for incorporation of the GPI anchor into vaccine design and novel
opportunity to build a better vaccine for the purpose of generating long-lasting immunity
against parasite.
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Conclusion

The innate and adaptive immune responses are crucial to the control and clearance of
parasitic pathogens. As a model organism, T. gondii offers a wealth of information to be
gleaned in the manipulation of both immune responses. This study offers a small step
toward the elucidation of immune detection of T. gondii. In the quest for an effective
vaccine against parasites, the identification of specific antigen(s) which not only elicits B
and T cell response but equally important B-1 cell response as well. We have seen the
antibody targets of resistant and susceptible mice are similar, but A/J mice are able to clear
secondary infection with the most virulent of T. gondii strains. Though this study does not
completely resolve the specific epitopes of A/J and B6 antibody, it does offer that A/J
antibodies are more highly produced upon secondary infection and this may be key to
enhanced immunity to virulent strains. This is suggestively the contribution of the B-1 cell
compartment, which may prove the most important cell population to pander to for vaccine
development.
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