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Fact 1: Rodent models do not mimic the entire life cycle of E.
histolytica

Entamoeba histolytica is an extracellular enteric eukaryotic parasite. Globally, an
average of 500 million cases and 55,000 to 100,000 deaths are due to E. histolytica
infection each year, primarily impacting the developing world (1, 2)). The world is widely
unprepared for an outbreak of E. histolytica due to the lack of a vaccine and the use of a
single drug type as treatment (reviewed in (3)). E. histolytica is the causative agent of
the diarrheal disease known as amebiasis, but it can sometimes penetrate the intestinal
wall, enter the circulation, and cause abscesses throughout the body, most commonly in
the liver. E. histolytica has two main stages during its life cycle: the trophozoite and the
cyst stage. The infectious agent is the cyst and is transmitted through the oral-fecal
route via contaminated food or water. Animal models are not available for this stage
interconversion, which is essential for disease propagation and pathogenesis.
Excystation is the transition from the cyst form to the rapidly dividing trophozoite stage.
Once a trophozoite, E. histolytica can either undergo invasive (5-10% of symptomatic
infections) or non-invasive disease progression. As the parasite replicates during a non-
invasive infection, it undergoes a second developmental change known as encystation,
which involves the synthesis of a cyst wall to endure the exterior environment until a

suitable host is encountered.

Because the cyst stage of E. histolytica cannot be induced in culture or rodents,

Entamoeba invadens has served as an excellent model for the study of excystation and



encystation in vitro. Some examples of insights from the study of E. invadens include
the identification of stage-specific promoters (4), cholesteryl sulfate impact on
encystation efficiency (5), the negative regulation of encystation by Hsp90 in vitro (6),
and the discovery of various transcription factor that regulate stage conversion (7, 8). A
rodent model that produces E. histolytica cysts could be used to generate new
treatments or vaccines for amebiasis by targeting parasite development. However,
tremendous advances have been accomplished using the current infection model
including vaccine development (reviewed in (9)), microbiota-parasite interactions
(reviewed in (10)), host innate and adaptive immunity response to infection (reviewed in

(11)), and molecular mechanisms responsible for tissue damage (reviewed in (12)).

Fact 2: Trophozoites can initiate infection in rodent models

A robust way to culture trophozoites has been developed in the laboratory setting (13)
and has been the primary resource to perform in vivo infection. Trophozoites are
surgically delivered into the target organ within the animal models. For intestinal studies,
the trophozoites are injected into a surgically exposed cecum or an artificial colonic
loop. While this procedure is invasive and bypasses the oral portion of the infection, the
murine model has provided insight into many parasite-host interactions. These
discoveries include, but are not limited to, alteration to Paneth cell function by E.
histolytica infection (14), the genetic predisposition to disease progression due to host
polymorphism in leptin receptors (15) or intergenic insertion previously linked to
Inflammatory Bowel Disease (16), the ability to nibble on alive host cells (known as

trogocytosis) (17), the discovery of pathogenicity of Entamoeba moshkovskii (18), and



microbiome mediated immune cell recruitment during E. histolytica infection (19, 20). To
model invasive disease such as amoebic liver abscesses, trophozoites are delivered via
intraportal inoculation to either hamsters or guinea pigs, (reviewed in (21)).
Physiochemical factors encountered throughout the gastrointestinal tract can influence
parasite development but are bypassed using these methodologies (22). To our
knowledge, there are three studies conducted in the 1980s in which oral inoculation was
performed with either cysts (23) or trophozoites (24, 25). E. histolytica strain SAW 408
trophozoites were orally inoculated into three types of rats, pre-treated with an
antihistamine called cimetidine that blocks the production of stomach acid (24). The rats
displayed the expected pathology in the intestinal tract 21 days post-infection. However,
mice that were previously described as SAW 760 (Entamoeba dispar) or SAW 408
sensitive (26) did not display pathology by histology or shedding by wet mounts. A
follow up study (27) tracked the health of rats 12 months after oral infection, concluding
that infections can persist long-term. These studies highlight that rodents can be useful

for studying the complex biology of E. histolytica but that more research is needed.

Fact 3: E. histolytica invasive disease can be modeled in
rodents

E. histolytica disease outcomes range widely in humans: death, sepsis, liver abscesses,
ulcers, dysentery, abdominal pain and mucoid diarrhea with occasional blood, and
asymptomatic shedding. The fields focus on invasive disease is due to the pathogenicity
of the trophozoite stage within the host, and the morbidity and mortality that invasive

disease causes. One of the most widely used strains, HM-1: IMSS, was isolated from a



male patient admitted into a public hospital in Mexico City in 1967. Although the
virulence of the initial isolate was high, this strain undergoes continuous culture
passaging, so virulence has changed over the years. Some laboratories passage
trophozoites through the cecum or liver of animal models to retain virulence (28, 29).
Maintaining virulence in this strain has allowed modeling of invasive disease. Frontline
researchers in the amebiasis community have contributed immeasurable knowledge
using intestinal pathology and development of liver abscess as a measure of disease
progression. Hamsters and guinea pigs are used for the study of invasive disease,
especially for the development of liver abscesses, and are the preferred model for
vaccine development (9). Various murine strains have been studied to determine what
dictates susceptibility to E. histolytica infection, including but not limited to MUC2
knockouts to determine the effect of an induced dysbiosis state and infection outcome
(30) and homozygous Lep®® to determine the molecular mechanism by which leptin
modulates mucosal protection (31). However, whether cysts are present in the feces is

an outstanding question that has not been addressed.

Fact 4: Disease modeling in rodents has shown microbiome—
host—parasite interactions

Recent literature suggests that the host microbiome is a modifier of disease outcome
and parasite development. The microbiota serves as an immune response trainer (32),
processor of carbon sources unavailable to the parasite (33), sustenance to the parasite
via phagocytosis (34) can produce metabolites that inhibit encystation (35) and

together with a healthy mucus barrier is the first line of defense against parasite



infection (reviewed in (36)). Moreover, the microbiota is required for E. histolytica
pathogenicity, as germ free mice have an attenuated response to parasite infection (30).
The importance of the microbiome is also observed in human cohorts and case studies,
demonstrating a correlation between dysbiotic state, a well-known niche for
opportunistic pathogens, and E. histolytica infection outcome (37, 38). Recently, the
microbiome has been shown to have an effect on disease severity via the recruitment of
neutrophils (19, 20). Additionally, halting of encystation has been observed in E.
invadens via microbiome metabolites (35). The oral infection route is a modulator of
disease progression and host immunological response, based on the impact pathogen
delivery has in other parasites. For Toxoplasma gondii, immune murine knockout strains
only displayed an increased susceptibility to infection when parasites were delivered
through the natural route of infection (39). For Trypanosoma cruzi, oral versus
gastrointestinal delivery of trypomastigotes display distinct patterns of disease
progression in BALB/c mice (40). Lastly, vaccine administration factors are evidence of
how the route of delivery of antigens can lead to distinct immune responses. For
example, mucosal inoculation leading to IgA production (41). While bacterial
microbiome changes have been correlated to various parasitic infections in numerous
cohort studies (reviewed in (42)), it is unclear if the parasitic infection causes a state of
dysbiosis or vice versa. Animals colonized with fixed microbial communities and orally
challenged with either parasite stage will provide insight regarding the effect of the

microbiome on parasite development.



Fact 5: Developing a rodent model that produced cysts
would be beneficial for the parasitology field

Trophozoites are the metabolically active form of E. histolytica but the transmissible
form is the cyst. These two forms of the parasites are quite different in terms of
morphology, protein content, and ploidy (43, 44). Some scholars argue the field has
moved beyond the lack of cyst stage as the current animal model induces disease and
has provided a significant understanding of parasite virulence, host susceptibility, and
disease progression (45). Currently, mechanisms for the induction of E. histolytica
developmental changes and cyst production are not available. Researchers can obtain
cysts from human patients in the clinical setting or non-human primates in captivity,
which limits their access to most laboratories (46). Targeting parasite’s developmental
changes is a strategy that can result in transmission halting, as only the parasites that
are equipped to surviving in the environment, protected by a cyst wall, are infectious to
a new host. Approaches focused on encystation are being considered as potential
avenues to decline transmission of enteric protozoa (reviewed in (47)). In the 1980s,
wet mounts of fecal samples were routinely conducted (24). Today, there are some
diagnostic methods for the identification of the cyst-like structures that are strain
specific. The 1A4 antibody targets the Jacob2 lectin, while avoiding crossreactivity with
xenic cultures of Entamoeba dispar isolates (48). Excystation attempts found histamine
and glucose availability affect these metabolic processes (49). The most recent attempt
to determine the presence of cysts used a colitis mouse model but found no cysts in
tissue histology, cecum, or stool (50). Having a mouse model that produces infectious

cysts that remain stable in storage would be beneficial for the parasitic community for



the following reasons: [1] reduces the number of animals used to maintain parasite
virulence, [2] alleviates the need for the continuous passage of parasites in culture, [3]
improves methods of detection for food safety, and patient diagnostics, [4] provides a
new platform for anti-parasitic drug screening, and [5] allows for the study of the host
response to developmental changes of the parasite. For drug screening and host
immune response studies, a rodent model that can be orally challenged with either
trophozoite or cyst stages of the parasite, while displaying invasive colitis would be the
most useful. Particular challenges that would need to addressed are [1] consistency in
the number or cysts used to initiate infection, [2] the extent of invasive disease, and [3]

the number of cysts recovered from the colon or fecal samples.

Figure 1: Ideal animal model that can support the full life cycle of Entamoeba histolytica. From top
left to bottom right: [1] fewer animals used to maintain virulence [2] less need for continuous passaging [3]
new detection methods for food safety and patient diagnostics [4] model for drug screening [5] focus on
host response to developmental changes of the parasite in vivo [6] and could serve as potential model to
pioneer in vivo studies of non-pathogenic protozoans. Figure created with BioRender.com



Why should we study diarrheal-causing microbial
eukaryotes?

The text in this section is unpublished commentary on murine-specific eukaryotes used

in the laboratory setting.
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As a racial minority, this question has always been hard to answer. 1) Simply because
microbial eukaryotes are interesting. 2) Morally, because few and "rare" does not mean
unimportant. A change of mindset is overdue for neglected diseases, and | invite the
reader to reflect on why this mindset has prevailed for so long. 3) Practically, because
we are neglecting the microbes' influence on the host, assuming there is no crosstalk

between host and microbe is a disservice to animal research.

Microbial eukaryotes have proven to influence their host

In the last decade, nonpathogenic eukaryotes have been further explored. Microbial
eukaryotes colonize the gut of healthy individuals (51, 52). However, modern medical
practices have focused on eradicating all types of microbial eukaryotes regardless of
the current health status of the host (53). These practices, combined with globalization,
have decreased the eukaryotic colonization of individuals (52). The mammal gut
environment is a habitat with very particular constants such as low oxygen, a constant

warm temperature, and the constant physical force of peristalsis (54).

Nonetheless, several lineages have adapted to survive under these conditions. Based
on the current approach, microbiome research is skewed towards bacterial communities
alone, not considering microbial eukaryotes' presence or role (55). There are many
reasons why microbial eukaryotic research is lagging compared to their prokaryotic
counterpart. Sequencing platforms have been optimized for 16S, which is specific for
bacterial genomes. Although 18S is a comparable target, all eukaryotes have such a

gene. Thus, amplification of the host DNA and the diet components during sequencing
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can mask the presence of microbial eukaryotes. Culturing methods are not optimal
since there are no all-in-one media that is supportive of all protozoans, especially since
they are not a monophyletic group. The field has heavily relied on population studies in
terms prevalence and morbidity of microbial eukaryotes. The lack of a mouse model is
another disadvantage that the field currently faces (56). Lastly, microbial eukaryotes
have reduced diversity at deep phylogenetic levels and relative abundances compared
to their bacterial counterpart. Nonetheless, the human gut is an ecosystem in which all
the community members interact with one another and with the host. The research goal
of various groups has focused on the advancement of the human microbiome field by
exploring the cross-kingdom interactions between microbial eukaryotes and prokaryotes

and their impact on health and disease (reviewed in (32, 42, 57, 58))

Microbial eukaryotes have been labeled as pathogenic or commensal in the past, which
would suggest only the microbe is impacted by the host. Symbiotic relationships are a
moving continuum that can ebb and flow throughout the length of the relationship.
Blastocystis is a common microbial eukaryote that colonized humans (reviewed in (59)),
which prevalence ranges widely among various regions of the world. Various cohort
studies report a commensal role (51, 60) by acting as predators of highly abundant
bacterial taxa and remodeling the bacterial richness and community evenness in a
given microbiome (61). However, Blastocystis subtypes (ST1, ST2, ST3, ST4) are
correlated with Inflammatory Bowel Disease (IBS) (62, 63). Most recently, Blastocystis
colonization protected against chemically induced intestinal inflammation (64). There is
an impact on the host by Blastocystis, whether beneficial or detrimental, remains to be

debated by the field.
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Murine models and their naturally occurring microbes

Murine models have been primordial for infectious disease research (65). The host
microbiome has a profound impact on overall host health and response to disease. For
example, murine models from different vendors can have drastically different microbiota
(66), susceptibility to cancer (67), and other infectious diseases (68). In fact, a murine
database catalogs the taxonomic profiling of a "healthy" gastrointestinal microbiome
(69). However, fungi (55) and other eukaryotic microbes are overlooked in these

studies.

Recently, the mycobiome's influence on host metabolism and fat deposition correlated
with fungal colonization of various mouse vendors (70). The authors proposed that
metabolites produced by naturally occurring fungi, like secondary bile acids, impact the
host/microbiota. Another example is a commensal microbial eukaryote, Tritrichomonas
musculis. T. musculis often colonizes the United States National Institute of Health (US-
NIH) facilities (71). T. musculis activated the inflammasome of the intestinal epithelium,
which triggers the host adaptive immune response (Th1l and Th17), resulting in anti-
bacterial defense but overall intestinal inflammation (71). This naturally occurring
colonization is especially interesting as routine checks for microbial eukaryotes are not
as regular as their bacterial counterparts when sending or receiving animals. Screening
is available by some commercial vendors upon request, with an added cost, and might

not be a general practice.
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The Entamoeba genus can infect an extensive host range

Below, | detail some reasons why | think studying the naturally occurring eukaryotic
microbe, Entamoeba, can benefit global health at large. Entamoeba can live as a single
cell in the aquatic sediments like E. moshkovskii, but in most cases is associated with a
host intestinal tract (except for E. gingivalis, which colonizes the mouth (reviewed in
(72)). Entamoeba can infect many vertebrates, such as non-human primates (73),
reptiles (74), pigs (75-77), cattle (78), camels and sheep (79), goats (80), horses (81),
deer (82, 83), elephants(84), and rodents(85) among many others. One of the possible
factors that have allowed Entamoeba to thrive in many hosts is the presence of an
extensive repertoire of bile acids in vertebrates (reviewed in (86)). Some of these
infections are by E. histolytica and are presumed to be only carriers (87), while others
are by the correspondent species and assumed to have evolved to be limited to their
host. For example, cockroaches have complex microbiomes, and they harbor distinct
Entamoeba ribosomal lineages (88). Nonetheless, the extensive host range indicates
conservation of the mechanisms for colonization. Studying a murine-specific
Entamoeba can aid the field advance research on the microbe's colonization and

propagation.
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Most of the Entamoeba incidence is not pathogenic

Various Entamoeba species colonize humans, but only E. histolytica is known for
causing severe invasive disease. Estimations vary widely due to underreporting and the
range of symptoms. According to the WHO, 500 million cases of Entamoeba disease
occur globally (89). A recent meta-analysis used data from 110 studies spanning 47
countries and found the global prevalence to be 3.55% (90). E. dispar was responsible
for 50% of the infections, followed by E. histolytica (32%) E. moshkovskii (10%), E.
gingivalis (5%), E. coli (2%), E. hartmanni (1%), E. polecki (0.05%), and E. nuttalli
(0.02%) (90). E. dispar has had some reports of pathogenicity (91), but for the most
part, it is considered significantly less pathogenic than E. histolytica. This statistic is
shocking; 250 million people would benefit from the study of less pathogenic species of

Entamoeba.

Why Entamoeba muris?

The development model of choice for the Entamoeba field is E. invadens, a reptilian-
specific pathogen. E. invadens helped determine in vitro cues that trigger
developmental changes such as encystation and excystation (92). However, this
model's biggest strength is its most significant drawback; this system lacks the host
immune response. We must evaluate infection within a host to assess toxicology, side
effects, and biological relevance., Thus, unless we are going to inject lizards, a murine

model seems adequate to develop antiparasitic drugs and vaccine targets further. We
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have genetic tools and have already developed knockout models to discern what

immune responses could impact parasite replication or its developmental changes.

When studying E. muris, we are delimiting endemic parasite-host relationship but could
be extrapolated to human health. We already have access to murine models, and there
is no added effort to maintain E. muris once it colonizes a vivarium as mice are

coprophagic animals (93).

Another advantage of a murine-specific microbe is that we can study the natural route of
infection. E. muris has evolved to colonize mice via the oral-fecal route; instead of
reinventing the proverbial wheel, we can harness what already works in nature. An
argument can be made about how a natural colonizer is not pathogenic or will rarely
cause invasive disease. My response to that argument is that the infection remains
within the gastrointestinal tract in 90% of E. histolytica cases. If we encounter a cue that
makes Entamoeba muris invasive in 10% of the cases, it would be the most

representative model yet.

Lastly, suppose E. muris colonization has any effect on the host. In that case, it's
essential to determine if such an effect is ubiquitous among an experimental population
or if certain murine strains are more impacted than others. The presence of E. muris in
one vivarium could be a confounding variable responsible for inconsistencies in
experiments performed in different facilities. We could screen animals upon arrival at a
vivarium facility. If desired, animals can be treated against E. muris using approved
medication such as paromomycin. Alternatively, we could co-house uncolonized
animals with colonized animals to ensure their microbiota, including E muris, is similar

between experimental groups.
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The situation is dire. There is no approved vaccine, no new drugs in the last 50 years,
and no model mimics the infection suffered by 90% of patients worldwide. Infection with
Entamoeba species decreases the quality of life even if death is not the outcome,
studying less pathogenic Entamoeba can improve quality of life for millions of people, it

is worth to explore.
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Figure 1: Types of disease pathology studied by Entamoeba researchers. Experimental infection has
focused on invasive disease (right path) while non-invasive disease (left path) has been studied mostly in
cohort population studies. In this review we propose to study noninvasive disease (left path) in animals

using Entamoeba muris.
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Chapter 2. Cryptosporidium parvum

Dual Transcriptomics to Determine Gamma Interferon-
Independent Host Response to Intestinal
Cryptosporidium parvum Infection
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Abstract

Animals with a chronic infection of the parasite Toxoplasma gondii are protected against
lethal secondary infection with other pathogens. Our group previously determined that
soluble T. gondii antigens (STAg) can mimic this protection and be used as a treatment
against several lethal pathogens. Because treatments are limited for the parasite
Cryptosporidium parvum, we tested STAg as a C. parvum therapeutic. We determined
that STAg treatment reduced C. parvum lowa Il oocyst shedding in IFNy-KO mice.
Murine intestinal sections were then sequenced to define the IFNy independent
transcriptomic response to C. parvum infection. Gene Ontology and transcript
abundance comparisons showed host immune response and metabolism changes.
Transcripts for type | interferon responsive genes were more abundant in C. parvum
infected mice treated with STAg. Comparisons between PBS or STAg treatments
showed no significant differences in C. parvum gene expression. C. parvum transcript
abundance was highest in the ileum and mucin-like glycoproteins and the GDP-fucose
transporter were among the most abundant. These results will assist the field in

determining both host- and parasite-directed future therapeutic targets.

Background

Cryptosporidium is an enteric, protozoan parasite of global distribution that causes the
diarrheal disease, cryptosporidiosis. C. parvum, the most studied species of the 31
species of Cryptosporidium reported until now, can cause severe diarrhea in many

species, including calves and humans (1). In human immunodeficiency virus (HIV)



21

infected patients and other immunocompromised individuals, Cryptosporidium causes a
chronic, debilitating, and sometimes lethal diarrheal disease (2). Additionally, there is an
association between Cryptosporidium and colorectal cancer (3—6) and recent studies
have reported induction of digestive carcinoma in Cryptosporidium infected mice (7-9).
Because there is neither a vaccine (10,11) nor effective therapeutics (12—-14) to prevent
and treat cryptosporidiosis in immunocompromised patients, characterization of
protective immune responses and identification of new therapeutics are medical and

veterinary imperatives.

C. parvum is transmitted via the oral-fecal route by consuming food or water
contaminated with oocysts, the environmentally resistant stage of the parasite (15,16).
Once inside the host, the oocyst releases sporozoites which invade epithelial cells of
the gastrointestinal tract. The parasite undergoes several rounds of asexual replication
before transitioning into sexual replication, all within gut enterocytes. Although the
parasite is intracellular it remains extra-cytoplasmic, forming a feeder organelle by
which it extracts nutrients from the host cell. Because of its very reduced metabolism,
Cryptosporidium relies on the host cell for nucleotides (17,18), fatty acids (8,9), and
glutaminolysis (21). The life cycle culminates in the production of oocysts that are

released into the environment in the feces (17,22).

During C. parvum infection the cytokine interferon-gamma (IFNy) plays a central role in
controlling infection in both innate and cell-mediated immune response (23,24) through

a variety of mechanisms. IFNy inhibits parasite invasion, changes the intracellular iron



22

(Fe?*) concentration in enterocytes that the parasite requires (25), and participates in
the clearance of the parasite (24). Patients with IFNy deficiency are more likely to
develop chronic C. parvum infection (26). While wild-type mice are resistant to C.
parvum infection, IFNy-deficient mice are highly susceptible (23,27,28). Treatment of
intact mice with IFNy neutralizing antibodies renders these mice susceptible to C.
parvum infection (29). IFNy also induces up-regulation of the host enzyme indoleamine
2,3-deoxygenase (IDO), inducing tryptophan starvation (30) and killing the parasite.
IFNy is produced by natural killer (NK) cells (31), macrophages (32), and dendritic cells
(33) in response to Cryptosporidium infection, and all these cell types have a protective
role in the IFNy-dependent innate immune response (34). Also, IFNy plays a role in
Cryptosporidium cell-mediated adaptive immune responses, inducing differentiation of
naive CD4 T cells to Th1 cells which secrete more IFNy, produce 1gG2 and promote

cytotoxic T cell differentiation (24,29,35-37).

To identify novel C. parvum immune responses, we tested a non-infectious extract of
soluble Toxoplasma gondii antigens (STAQ) for efficacy against C. parvum infection.
STAg was previously found to protect against viral, bacterial, and parasitic infections by
induction of various innate immune responses. In mice infected with the avian influenza
virus H5N1, STAg treatment reduced viral titers in the lungs, and induced a strong
gamma interferon (IFNy) response resulting in increased survival (38). STAg treatment
was also able to prevent experimental cerebral malaria in mice challenged with
Plasmodium berghei via induction of IL-12 and IFNy and subsequent reduction of

parasitemia (39). Additionally, STAg treatment provided resistance against Listeria
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monocytogenes bacterial infection by reducing the bacterial burden in the spleen and
liver by stimulation of TLR11 and promoting recruitment of Ly6C CCR2+ inflammatory

monocytes (40).

Because STAg exhibited immunomodulatory activity protective against a variety of
pathogens, for these studies, we tested STAg for anti-cryptosporidial activity. To mimic
immunocompromised patients, we used IFNy-knockout (IFNy-KO) mice to define the
IFNy independent host response to C. parvum. Even in the absence of IFNy, STAg
treatment reduced C. parvum oocyst shedding, indicating that IFNy independent
immune responses were effective against the parasite. We were surprised by this IFNy
independence of STAg because it has been accepted that STAg elicits host defense via
IL-12 mediated induction of IFNy, a model that was consistent with our previous
coinfection studies (38-40). To understand these novel IFNy independence effects of
STAg, we performed RNAseq on STAg-treated and C. parvum-infected intestinal tissue
to identify components of the immune response responsible for reducing C. parvum

oocyst shedding in an IFNy independent manner.
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Results

STAg treatment reduces the oocyst shedding in C. parvum infected
IFNYy-KO mice.

To evaluate if STAg treatment would affect C. parvum infection, IFNy-KO female mice
were infected with 1x107 C. parvum oocysts lowa Il strain by oral gavage then treated
intraperitoneally with 1 mg STAg or PBS control on 1, 3, and 5 days post-infection (dpi).
A seminal study previously showed that a lysate of uninfected host cells like human
foreskin fibroblasts (HFF) is indistinguishable from the PBS control when testing
induction of IFN-y by T. gondii tachyzoites (41). Our previous work also showed that an
HFF lysate treatment is analogous to the PBS control when testing the protective effect
of STAg treatment against influenzas viral infection. Mice that were HFF treated had
similar percent survival, viral titers, and tissue damage as those treated with PBS alone
(38). Because HFFs were not seen to have a protective effect, we used PBS as the
control for the RNA sequencing experiment. Fecal samples were collected every other
day from day O to 14. Oocysts shedding over time was quantified by gPCR (18). We
observed that STAg treatment significantly reduced oocyst shedding compared with the
PBS treated group, indicating that STAg has a therapeutic or immunomodulatory effect
against C. parvum infection (Experiment 1, Fig 1A, p = 0.020). The experiment was
repeated with IFNy-KO mice infected with 1x10° Nano luciferase (Nluc) C. parvum
oocysts lowa Il strain and oocyst shedding over time was quantified by NLuc expression
(43). STAg treatment again significantly reduced the oocyst shedding (Experiment 2,

Fig 1B; p = 0.034) confirming our first results (Fig 1A). There was a slight difference in
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the peak of oocyst shedding between the two experiments, with the peak of shedding at
day 7 for experiment 1 and day 9 for experiment 2. Perhaps the addition of the
luciferase gene results in a delay of oocyst shedding. Regardless, from these two
independent experiments, we concluded that STAg treatment reduces C. parvum

oocyst shedding in the absence of IFNy.

Murine intestinal sections were sequenced to determine the
interferon-gamma independent transcriptomic response to C. parvum

infection

To understand the IFNy-independent mechanism by which STAg reduces C. parvum
oocyst shedding, we wanted to perform transcriptomic analysis of the host. However,
we also wanted to simultaneously obtain C. parvum transcripts, so we visualized
infection in the entire intestinal tract before we selected a section to sequence. We
infected IFNy-KO female mice with NLuc C. parvum and visualized the parasites
throughout the mouse intestinal tract using an in vivo imaging system (IVIS). Using this
technique, Nluc C. parvum was localized mainly in the cecum and ileum at 9 dpi (Fig

1C), so these were the sections we chose to sequence.

To investigate the changes in the transcriptome attributable to STAg during C. parvum

infection, mice were infected, treated and samples collected as shown in Fig 2A.

Infected mice treated with PBS shed more oocysts than STAg treated infected mice
(Experiment 3, Fig 2B, p = 0.049), indicating that results in this experiment were
analogous to experiments shown in Fig 1. As C. parvum infects and replicates in

enterocytes (15,44,45), we collected the epithelial cell layer in the ileum and caecum for
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transcriptomic analysis. This methodology allowed us to remove the mucus layer and to
concentrate the parasite transcriptome relative to the host transcriptome. We evaluated
these samples by gPCR for C. parvum 18S rRNA to determine parasitemia levels. We
found that day 9 had significantly more C. parvum 18S rRNA than day 6 (Figs 2C and
S1), so we sequenced day 9 samples. Raw reads were processed and analyzed for

differential expression and gene ontology enrichment (Fig 2D and Table S1).
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Table 81: Percent of uniquely mapped reads per genome.

Sample Tesment  (\tiions)  musculis g
Mouse 1-ILEUM PBS 8492 8138 % N/A
Mouse 2-ILEUM PBS 7473 8362 % N/A
Mouse 3-ILEUM PBS 7519 80.65 % N/A
Mouse 4-ILEUM STAg 77.68 84.32 % N/A
Mouse 5-ILEUM STAg 7548 79.29 % N/A
Mouse 6-ILEUM STAg 74.67 79.55 % N/A
Mouse 7-ILEUM STAg 93.03 76.66 % 2.02 %
Mouse 8-ILEUM STAg 86.43 78.56 % 189 %
Mouse 9-ILEUM STAg 74.11 76.17 % 314 %
Mouse 10-ILEUM PBS 7384 78.60 % 121 %
Mouse 11-ILEUM PBS 88.92 7548 % 166 %
Mouse 12-ILEUM PBS 66.93 72.71% 5.56 %
Mouse 1-CECUM PBS 83.87 82.43 % N/A
Mouse 2-CECUM PBS 84.09 82.34 % N/A
Mouse 3-CECUM PBS 80.34 78.22 % N/A
Mouse 4-CECUM STAg 72.90 76.92 % N/A
Mouse 5-CECUM STAg 87.02 76.53 % N/A
Mouse 6-CECUM STAg 67.14 76.14 % N/A
Mouse 7-CECUM STAg 76.48 7412 % 0.86 %
Mouse 8-CECUM STAg 72.64 75.07 % 0.37 %
Mouse 9-CECUM STAg 73.65 76.08 % 0.18 %

Mouse 10-CECUM PBS 78.48 81.48 % 019 %
Mouse 11-CECUM PBS 86.73 79.28 % 0.27 %
Mouse 12-CECUM PBS 70.66 76.75 % 012 %

Intestinal transcriptomic response to C. parvum lowa Il oral challenge

is the most prominent in the host’s ileum.

A total of 12 differential gene expression comparisons between tissues, treatments, and

infection status were conducted for Mus musculus (Table S2) and C. parvum lowa Il
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(Table S3) transcripts. Principal Component Analysis (PCA) was used to visually
compare the ileal and cecal transcriptomes of mice treated with STAg or PBS with and
without C. parvum infection (Fig 3). Clustering of normalized values calculated by
DESeq?2 indicates a clear separation between ileal and cecal samples. lleal samples
from STAg treated animals (n=6, n=3 per infection group), clustered by infection status
(Fig 3, right side). One of the ileal samples from the PBS treated infected group does
not cluster with the other infected samples, likely due to the percent of reads mapped to
the C. parvum lowa Il genome (5.56% vs 1.21% and 1.66%). The cecal samples did not

cluster significantly based on infection or treatment.

In terms of the host transcriptomic response to infection and STAg treatment, we

observed a low number of differentially expressed genes (DEGs) when comparing the

Cecum Infection Treatment lleum
Infected e PBS X
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(O]
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Figure 3. Principal Component Analysis (PCA) of ileum and cecum samples. PCA plot from
normalized values calculated by DESeq2. Mapping of the cecum and ileum intestinal section to Mus
musculus genome. Symbol filling represents C. parvum lowa Il infection status: Uninfected (open);
Infected (filled). Symbol color represents treatment: control treatment PBS (blue); Soluble T. gondii
antigen, STAg (red). The text within each individual mice corresponds to the percent of reads uniquely
mapped to the C. parvum lowa Il genome up to one significant figure, for a more detailed mapped
percentage see Table S1.
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PBS and STAg treatment. In the ileum of infected animals, STAg treatment had 13
significant DEGs compared to PBS treatment. However, in the cecum of infected mice,
STAg treatment had only 2 DEGs compared to PBS treatment (Fig 4A, Table S2
comparisons 1-4). Only a single gene, Myosin Binding Protein C2 (Mybpc?2), is shared
between comparisons 1 and 2 (Fig 4A), highlighting that it is less abundant with STAg

treatment with or without infection.

Table $2: Host all possible comparisons between tissue, treatment, and infection status

Group 1 Group 2
Comparison Tissue Infection Treatment Tissue Infection Treatment File Name (.csv)
1 lleum Infected STAg lleum Infected PBS Supplemental file 1
2 lleum Uninfected STAg lleum Uninfected PBS Supplemental file 2
3 Cecum Infected STAg Cecum Infected PBS Supplemental file 3
4 Cecum Uninfected STAg Cecum Uninfected PBS Supplemental file 4
5 lleum Infected STAg lleum Uninfected STAg Supplemental file 5
6 lleum Infected PBS lleum Uninfected PBS Supplemental file 6
7 Cecum Infected STAg Cecum Uninfected STAg Supplemental file 7
8 Cecum Infected PBS Cecum Uninfected PBS Supplemental file §

Table $3: C. parvum all possible comparisons between tissue and treatment

Group 1 Group 2
Comparison Tissue Treatment Tissue Treatment File Name (.xIsx)
9 lleum STAg Cecum STAg Supplemental file 10, tab 1
10 lleum PBS Cecum PBS Supplemental file 10, tab 2
1M lleum STAg lleum PBS Supplemental file 10, tab 3
12 Cecum STAg Cecum PBS Supplemental file 10, tab 4

In contrast, when we compared the impact of infection, we found the highest number of
DEGS. (Fig 4B, Table S2 comparisons 5-8). As the host cell responds to infection it

was expected to have a transcriptomic effect. Whether STAg or PBS treated, more than
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100 genes were significantly differentially expressed within the ileum (Fig 4B) between
infected and uninfected animals. Within the STAg treated mice, a total of 129 genes for
ileum (Fig S2C) and 78 for the cecum (Fig S2D) were classified as differentially
expressed. Out of those 129 genes within the ileum of STAg treated mice, 100 were
exclusive to the ileum (Fig 4B). Out of 78 cecal DEGs between infected and uninfected
STAg treated mice (Fig 4B), 61 were exclusive to the cecum of STAg treated animals, 7
were shared with the ileum of STAg treated mice. The remaining 10 genes were not
exclusive to STAg treatment and shared with PBS treated groups: 5 ileum PBS and 5
cecum PBS treated groups (Fig 4B). Only 2 genes were shared between every single
comparison when treatment was maintained constant, and infection status was
compared: Keratin 13 (Krt13) and Cytosolic phospholipase A2 gamma (Pla2g4c). Krt13
and Pla2g4c are more abundant in infected mice regardless of treatment status. In the
rest of the comparisons, only a low number of transcripts were shared (Fig 4A). PBS
treatment allowed us to observe the natural IFNy independent host responses. Seven

genes are exclusive to these control infections (Fig S3A).

Overall, the number of DEGs was higher for the ileum (Fig 4B, S2A, and S2C) than for
the cecum (Fig 4B, S2B, and S2D). These results are not due to unmapped reads, as
we observed, on average, ~79% of the reads of both tissues to be uniquely mapped to
the host genome. Because the percentage of reads mapped to the C. parvum lowa Il

genome is considerably higher in the ileum than the cecum (Fig 3 and Table S1), it is
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not surprising that this tissue had the highest number of significant DEGs regardless of

treatment.
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Figure S3. Host Differential expressed genes by treatment (A and B), infectious status (C and
D), and tissue (lleum: A and C, Cecum: B and D). Only significant DEGs are shown. DEGS,
represented by a circle, had a < 0.05 padj value and a > 2 absolute log2fold change (dashed vertical
line). Not pictured in these volcano plots due to limited space are: 2310069B03Rik_1 (log 2-fold
change=19.54 (A) and -18.64 (C)) and Entpd4 (log 2-fold change=-19.40 (B) and -23.14 (D)).
Treatment is represented by color (PBS=blue, STAG=red). Open circles represent uninfected animals
while filled circles indicate infected animals. (A and B). Color scale represents the fold change (log 2),
the higher the absolute value of the fold change (log 2), the darker the color (A and B). DEGs that
were determined to be significant in more than one comparison are represented by overlapping
regions of circles in the Venn diagram (Figure 4 and Fig S2) but are not presented in these volcano
plots.
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Figure 4 Host differentially expressed genes when comparing treatment (A) and infection (B) Color

scale represents a higher number of DEGs as darker shades of grey.
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Gene Ontology analysis shows differentially expressed immune

response to C. parvum infection based on treatment

To further explore the transcriptomic response to C. parvum lowa Il infection and STAg
treatment, we used Gene Ontology (GO) enrichment analysis through the Database for
Annotation, Visualization, and Integrated Discovery (DAVID), v6.8 (46,47). Genes that
were differentially expressed between infected and uninfected mice while PBS or STAg
treated (comparisons 5-8 in Table S2) were analyzed for enrichment of three GO term
categories: cellular component (Fig S4), molecular function (Fig S5), and biological
process (Fig 5). In comparison to the cecum of uninfected STAg treated mice, the
cecum of infected STAg treated mice were enriched for cellular component GO terms
skewed towards the periphery of the host cells: host membrane (GO:0016020),
extracellular space (GO:0005615), and extracellular region (GO:0005576) when
comparing infection status (Fig S4). In the ileum of infected-STAg treated mice, as
compared to the uninfected-STAg treated mice, DEGs were associated with the
mitochondrion (GO: 0005739), the extracellular region (GO:0005576), and the
endoplasmic reticulum (GO:0005783) (Fig S4). Cellular component GO-terms had the
highest level of enrichment for the cecum samples from STAg treated animals, which
was not observed in the biological process or molecular function GO terms (Fig S5 and
Fig 5). Due to the localization of the parasite on the periphery of the host cell, it is
encouraging that we observe GO terms that are related to the extracellular space and
cellular trafficking when comparing infection. We observed major enrichment of

molecular function GO terms related to purine metabolism and RNA binding in the ileum
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of mice infected and STAg treated, which was not observed in the ileum of mice that

were PBS treated (Fig S5).

As expected, the biological process GO terms showed enrichment for host immunity in
the ileum of mice treated with STAg (Fig 5). As we tested our hypothesis in IFNy-KO
mice, we expected the signaling to be IFNy independent. The innate immune response
was significantly associated with type | interferon response, including IFN-alpha
signaling (G0O:0035457), response to IFN-beta signaling (GO:0035458), downstream
targets like defense response to virus (GO:0051607), and response to virus (GO:

0009615) (Fig 5).
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Figure 5. Host gene ontology (GO) of biological process (BP) in STAg and PBS treated mice.
Differentially expressed genes (DEGSs) in comparisons 5-8 were analyzed for gene ontology enrichment
of biological process (BP), using the Database for Annotation, Visualization, and Integrated Discovery
(DAVID, v6.8). Only GO terms populated by 3 or more DEGs were included in these visualizations (p <
0.05). Bar filling color represents treatment: control treatment PBS (blue); Soluble T. gondii antigen,
STAg (red). GO:0006919 stands for “activation of cysteine-type endopeptidase activity involved in

apoptotic process”.
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Transcript abundance comparisons show immune response and host

metabolism changes

As the DEGs in the cecum were highly variable among biological replicates, we focused
on ileal samples for further analysis. To compare the abundance of these significant
genes across the 6 biological replicates per treatment group, we generated heatmaps
charting the normalized reads per animal (Fig 6A and S6). We found 37 genes related
to IFN type I in mice infected and treated with STAg (Table 1 and Fig 6A) but not
present in mice infected and treated with PBS (Fig S6). Among them were eight
oligoadenylate synthetase (OAS) genes, the DDx60 (48), the

Dhx58 also known as Lpg2 (49), Mtx2, Tapl, Trim 30a-b-c, the ubiquitin-specific
peptidase 18, seven interferon-induced proteins, the Immunity-related GTPase, the

immunity-related

GTPase family M member 1 and 2; and the Ring finger proteins 213 and 225 (50,51).
Similarly, 6 members of the Schlafen gene family (SLFN) were present in higher
abundance in STAg treated infected mice versus STAg treated uninfected mice
(Comparison 5 and Table 1). To evaluate type | interferon responses earlier in infection,
we examined the abundance of interferon induced protein 44 (IF144) and OAS-3 at 6
and 9 dpi by gPCR. As expected, IFI44 and OAS-3 were significantly more abundant in
infected STAg treated mice vs uninfected at 9 dpi, but the expression differences were

not significant at 6 dpi (Fig S7).
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Figure 6: Heatmap of differentially expressed genes in the ileum of mice treated with STAg
(comparison 5). The top 25 more (A) and less (B) abundant transcripts (ranked by log2 fold change).
Each column represents a biological replicate.



40

A. lleum: PBS, top more abundant transcripts ) B. lleum: PBS, top less abundant transcripts

Ly6g ' 2310069B03Rik_1 I1.5
Teddm3 1 Naip5_2 1
Ppef1 Gnb1l_1 05
Plet1 0 ‘ Ugtia2 0
Sprri W Cyp2d40 -05
Lrg1 4 Nr0b2 =
GM52677 I . Bigfactn l -15
— a GmM35739
Lce3b Cypial
Tact Qpe

) Gm38679
M5C1000118Rik

Kikb1
Retnlb s
Ly Akp3
Rsi Gm30159
Pla2g2e Trpct
Krtg4 Cyp2c55
Cyp11bi Rdh7
19 BC040756
$100a8 Gm36482
Ak4 Glycam1
Lypd3 Gm21814
Clca4c—ps Pbld1
Fosl1 Aadac
2310069B03Rik Fat3
Gm32930 S
K Rivdds N & QQ \30 \)Q
\)Q\QQQ\(‘\)(\\(‘ O & O

Figure S6. Heatmap of host differentially expressed genes in the ileum of mice treated with PBS.
(A) The top 25 more and (B) less abundant transcripts in ileum treated with PBS; The color scale was
determined by log2 fold change in Infected and non-infected mice. Each column represents a biological
replicate.



Table 1. Transcripts associated with IFN type | present in the ileum of STAg-treated mice (infected vs

uninfected)

Gene ID Log2 Gene name
fold change
Ddx60 2.45 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60
Dhx58 2.82 DEXH (Asp-Glu-X-His) box polypeptide 58
Ifi204 3.09 Interferon-activated gene 204
Ifi44 4.95 Interferon-induced protein 44
Ifitl 2.55 Interferon-induced protein with tetratricopeptide repeats 1
Ifitlbll 2.53 Interferon-induced protein with tetratricopeptide repeats 1B like 1
Ifit2 4.68 Interferon-induced protein with tetratricopeptide repeats 2
Ifit3 3.76 Interferon-induced protein with tetratricopeptide repeats 3
Ifit3b 3.48 Interferon-induced protein with tetratricopeptide repeats 3B
Igtp 3.22 Interferon-g-induced GTPase
Irgm1l 2.13 Immunity-related GTPase family M member 1
Irgm2 2.18 Immunity-related GTPase family M member 2
Mx2 3.17 MX dynamin-like GTPase 2
Oasla 2.47 2'-5' oligoadenylate synthetase 12
Oaslb 2.88 2'-5' oligoadenylate synthetase 1B
Oaslg 2.54 2'-5' oligoadenylate synthetase 1G
Oaslh 2.74 2'-5' oligoadenylate synthetase 1H
Oas2 4.70 2'-5' oligoadenylate synthetase 2
Oas3 3.39 2'-5' oligoadenylate synthetase 3
Oasl1 2.06 2'-5' oligoadenylate synthetase-like 1
Oasl2 2.75 2'-5' oligoadenylate synthetase-like 2
Rnf213 211 Ring finger protein 213
Rnf225 2.33 Ring finger protein 225
Slfnl 3.16 Schlafen 1
SIfn10-ps_3 2.49 Schlafen 10, Pseudogene
Slfn2 2.52 Schlafen 2
Slfn4 4.11 Schlafen 4
SIfn5 3.72 Schlafen 5
Sifn5_1 3.74 Schlafen 5_1
Sifn5_2 3.53 Schlafen 5_2
SIfn5_3 4.82 Schlafen 5_3
Tapl 2.10 Transporter 1, ATP-binding cassette, subfamily B (MDR/TAP)
Trim30a 3.48 Tripartite motif-containing 30A
Trim30b 2.26 Tripartite motif-containing 30B
Trim 30c 3.80 Tripartite motif-containing 30B
Uspl8 441 Ubiquitin-specific peptidase 18

41
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Curiously, 2 transcripts related to gluconeogenesis were identified in lower abundance
in the ileum of infected and STAg treated mice when compared to their uninfected
counterparts (Fig 6B), Glucose-6-Phosphatase Catalytic Subunit (G6pc), and Fructose
1,6-bisphosphatase (Fbpl). There have been sporadic reports that juvenile animals (52)
or senior human hosts (53) with C. parvum infection seem to have a lower tolerance for
lactose, and we are the first to observe lactase (Lct) transcript to be in lower abundance
in infected mice (Fig 6B). In the PBS-treated mice, transcripts for G6pc, Fbpl, and Lct
were also less abundant, but they did not achieve the set threshold limits. For Fbp1l, the
log2 fold change was -1.8 and for Lct, the log2 fold change was -1.9. While G6pc did
make the -2 log change cutoff (-2.7), due to variability, G6pc did not meet the pad;j
threshold (p = 0.07). To evaluate these metabolic changes earlier during infection, we
examined the abundance of Fbpl and Lct at 6 and 9 dpi by gPCR. While Fbpl was
significantly lower in infected animals at 9 dpi, the differences were not significant at 6
dpi (Fig S7). Lct trended lower in infected animals at 9 dpi, but no differences were seen
at 6 dpi (Fig S7). These results suggest that infection with C. parvum may modulate
host carbohydrate metabolism away from gluconeogenesis and disaccharides like
lactose during the infection peak. It will be interesting to further investigate if C. parvum
infection reduces the expression of these enzymes in other hosts or in vitro models.
While comparing the PBS and STAg treatments within infected animals we observed 13
DEGs (Fig 4A). STAg treated mice have a lower abundance of Interleukin 10 (IL-10),
chemokine 4 (Ccl4), Prostaglandin E Receptor 3 (Ptger3), granzyme B(Gzmb),

granzyme K (Gzmk), keratine 14 (Krt14), and others when compared to PBS treatment
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(Fig 7). These results highlight that STAg treatment reduced the abundance of some

inflammatory responses elicited by C. parvum.
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Figure 7: Heatmap of differentially expressed genes in the ileum of infected mice treated with
STAg or PBS. 13 genes (ranked by log2 fold change) were found to be differentially expressed in the
ileum between infected mice treated with PBS or STAg. Each column represents a biological replicate.

C. parvum transcript analysis shows no significant differences in

gene expression between PBS or STAg treatments

An analysis was conducted to determine if STAg treatment had any effect on the
transcriptome of C. parvum (Table S3). When a PCA exploration for reads that were
aligned to the C. parvum lowa Il genome was conducted, we observed clustering of the
ileum, but not the cecum samples (Fig S8). The percentage of uniquely mapped reads

to the C. parvum lowa Il genome was significantly lower when compared to host
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mapping, a result that we were expecting according to other similar studies (54). On
average per sample, the ileum had more transcripts that mapped to the C. parvum lowa
Il genome than the cecum (Table S1). Differential expression analysis of the parasite
transcriptome was performed in the same manner as for the host transcriptome but
there were no significant differentially expressed genes between PBS and STAg treated
samples. These results indicate that the effect of STAQ to lower C. parvum oocyst
shedding was more likely due to changing the host immune response than a direct
effect on the parasite. The most abundant C. parvum lowa Il transcripts within the ileum,
are listed in Tables 2 and 3. The presence of transcripts encoding the Cryptosporidium
mucin-like glycoproteins (55) such as cpMuc5 (cgd2_430)(56), cpMuc? (cgd2_450), and
cpMuc3 (cgd2_410) were observed in STAg-treated animals (Table 2) and gp40 and
the mucin cgd7_4020 in PBS-treated animals (Table 3). For both treatments, the
parasite GDPfucose transporter (CGD3_500) was among the top 10 most abundant

transcripts,
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Figure S8: Principal Component Analysis (PCA) of mapping of ileum and cecum samples to the
Cryptosporidium parvum lowa Il genome. PCA plot from normalized values calculated by DESeq?2.
Symbol filling represents host tissue: ileum (open); cecum (filled). Symbol color represents treatment:
control treatment PBS (blue); Soluble T. gondii antigen, STAg (red).
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Table 1. Transcripts associated with IFN type | present in the ileum of STAg-treated mice (infected vs

uninfected)
Gene |D Logz Gene name
fold change
Ddx60 2.45 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60
Ohxb8 282 DEXH (Asp-Glu-X-His) box polypeptide 58
Ifi204 3.09 Interferon-activated gene 204
Ifidd 495 Interferon-induced protein 44
Ifit1 255 Interferon-induced protein with tetratricopeptide repeats 1
Ifit1611 253 Interferon-induced protein with tetratricopeptide repeats 1B like 1
Ifit2 4 63 Interferon-induced protein with tetratricopeptide repeats 2
Ifit3 3.76 Interferon-induced protein with tetratricopeptide repeats 3
Ifit3b 3.43 Interferon-induced protein with tetratricopeptide repeats 3B
Igtp 322 Interferon-g-induced GTPase
Irgm1 2.13 Immunity-related GTPase family M member 1
Irgm2 213 Immunity-related GTPase family M member 2
M2 317 MX dynamin-like GTPase 2
Oasla 2.47 2'-5" oligoadenylate synthetase 12
Oas1b 2.88 2'-5" pligoadenylate synthetase 1B
Oasig 254 2'-5" pligoadenylate synthetazse 1G
Oas1h 2.74 2'-5" oligoadenylate synthetase 1H
Oas? 4.70 2'-5" pligoadenylate synthetase 2
Oas3 3.39 2'-5" oligoadenylate synthetase 3
Oasl 2.06 2'-5" oligoadenylate synthetase-like 1
Oasl2 275 2'-5" pligoadenylate synthetase-like 2
Rnf213 2.1 Ring finger protein 213
Rnf225 2.33 Ring finger protein 225
Slfn1 3.16 Schlafen 1
Slin10-ps_3 2.49 Schlafen 10, Pseudogene
Slfin2 2.52 Schlafen 2
Slind 411 Schlafen 4
Slind 3.72 Schlafen 5
Slfn5_1 3.74 Schlafen 5_1
Slfns_2 3.53 Schlafen 5_2
Slfnb_3 4.582 Schlafen 5_3
Tap1 210 Transporter 1, ATP-binding cassette, subfamily B (MDRE/TAP)
Trim30a 3.45 Tripartite motif-containing 304
Trim30b 226 Tripartite motif-containing 308
Trim 30c  3.80 Tripartite motif-containing 30B
Usp1d 4.41 Ubiquitin-specific peptidase 18



Table 2 Top 10 more abundant C. parvum transcripts in STAg-treated ileum
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Counts for:
Average
CryptoDB ID  Transcript name counts Mouse 1 Mouse 2 Mouse 3
1 cgd6_10 Proteophosphoglycan 5938 4943 5784 7088
2 cgdd_3630 Cross-beta structure silk protein 1 3007 2621 3043 3357
3 cgd2_ 410 Signal peptide-containing protein-Mucin 3 2099 1659 1984 2654
4 cgd6_1070 Uncharacterized protein 1989 1747 1975 2246
5 cgdd_3410 RMNA recognition motif "W\ Domain-containing protein 1877 1515 1837 2281
B cgd3 550 Major Facilitator Superfamily 1875 1612 1687 2327
I cgd3 500 GDP-fucose transporter 1582 1306 1596 1844
8 cgd2_ 430 Signal peptide-containing Protein-cpMUC5 1567 1424 1591 1687
9 cgdd_550 Uncharacterized protein 1512 1239 1542 1755
10 cgd2 450 Signal peptide-containing protein-cPMUCT 1447 1286 1485 1569
CIPW_000002743
Table 3 Top 10 more abundant C. parvum transcripts in PBS-treated ileum
Counts for:
CryptoDB_ID Transcript name Average counts Mouse 1 Mouse 2 Mouse 3

1 cgd6_1080 Glycoprotein gp40 50,954 20891 34483 97488
2 cgd2_1373 Unspecified product 23,847 17477 15032 39033
3 cgd6_3990 Elongation factor 1-alpha 22218 9455 15754 41446
4 cgdd_3520 Uncharacterized secreted 21,677 9928 16857 36247

protein
5 cgd5_1470 MNucleoside diphosphate 17,366 7388 12296 32415

kinase
6 cgd7_4020 Cryptosporidial mucin 16,472 6621 12245 30549
7 cgd1_3810 Uncharacterized protein 16,058 7149 12082 28944
8 cgd3 510 GDP-fucose transporter 14,106 6146 10245 25928
9 cgd5_3160 Actin 13,058 5118 8647 25408
10 cgdb_5410 Uncharacterized secreted 11,013 5104 8578 19357

protein
Discussion

While nitazoxanide has some efficacy in immune-competent adults, it is not effective in

severely immunocompromised patients (57-59) highlighting the need to develop

interventions effective in the absence of normal immune responses. To mimic the

human immune-compromised state, we used IFNy-KO mice to define the IFNy

independent host response to C. parvum. We found that STAg treatment reduced C.

parvum infection in IFNy-KO mice (Fig 1) and performed transcriptomic analysis to

determine this novel IFNy-independent mechanism of STAg treatment. IFNy-KO mice

have a higher number of significant DEGs when comparing infection within a tissue
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whether treated with PBS or STAg (Fig 4B), suggesting that treatment alone is not
sufficient to elicit a host gene expression change. C. parvum infection likely acts
synergistically with STAg treatment to elicit the type | interferon immune response. It is
interesting that the intestinal parasitemia as measured by gPCR of C. parvum 18S
rRNA was not reduced by STAg treatment (Fig 2C), but the shedding was (Fig 2B).
Perhaps the host response elicited by STAg is preferentially targeting oocyst shedding
and not parasite replication. However, the difference could also be due to the nature of
the two assays. While the luciferase assay will detect only viable parasites that are
expressing the nanoluc reporter, the gPCR assay detects viable and dying/dead

parasites prior to the degradation of their genomic DNA.

Most of the DEGs in the ileum were classified as belonging to the type | interferon
response and its downstream effectors, typically known for their anti-viral activity (Table
1 and Fig 6A). IFNs are a multigenic family of cytokines that regulate different aspects
of the immune response. There are three classes of IFN: type I, Il, and Ill, which
recognize distinct receptors on cell membranes (60). IFN signaling induces transcription
of hundreds of IFN-stimulated genes that further the immune response against viral
infection. The IFN type | response is essential in the immune response against viruses
(61) but its role in Cryptosporidium infection has been poorly characterized. In 2009,
Barack et al. were the first to describe the IFN type | response to Cryptosporidium

infection in human and mice enterocytes in vitro (62). Upregulation of long-non coding
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RNAs influences the IFN type | response to C. parvum in an in vitro murine model (51).
IFN type | genes were upregulated in lung organoids microinjected with oocysts at 72
hours post-injection (63). Our study is the second in vivo transcriptome analysis to

report more abundant IFN type | transcripts during C. parvum infection.

Among the IFN-stimulated genes, we found in high abundance eight oligoadenylate
synthetase (OAS) and six Schlafen genes in infected and STAg treated mice (Table 1).
OASs synthesize short oligomers that activate RNAse L to cleave cellular and viral
RNAs (64,65), participate in apoptosis, and control cellular growth (66). There are at
least a dozen OAS proteins in mice and four in humans. OAS-like proteins consist of
one OAS domain and two ubiquitin-repeat domains (UBL). Humans have one OAS-like
protein, while mice have two OAS-like proteins OASL1 and OASL2. Murine OASL1 has
a context-dependent role in the anti-viral response; in the early stages of infection, it
forms stress granules trapping viral RNAs, but in later stages of infection, it
downregulates the IFN response (61,64,67). The murine Schlafen family has 9 proteins
with 5 human homologs. Schlafen proteins have been described to have many potential
roles in cell processes, including but not limited to cell differentiation, inhibition of
anchorage-independent growth, and regulation of the immune response (68,69). SLFN2
has been shown to regulate type | interferon response via the NF-kp pathway (70).
SLFN3 and its human analog SLFN12 are critical in regulating intestinal epithelial
differentiation (43,44). Of this family, the most abundant transcript in our transcriptomic
dataset was Schlafen 4 (Slfn4) (71). A previous study has shown in SLFN4

overexpressing mice a reduction in the recruitment of inflammatory macrophages,
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suggesting SLFN4 as a negative regulator of monocytopoiesis (72). It will be interesting

to further explore the relationship between SLFN4 and C. parvum infection.

Using GO enrichment analysis, we found an enrichment of immunological terms
downstream of IFNa/B signaling (Fig 6). Curiously, no change in IFNa/ transcript
abundance was observed. This change in the abundance of the effectors versus the
signaling molecules themselves is probably due to the late time point selected. We
chose the 9 dpi timepoint to coincide with the peak C. parvum lowa Il oocysts shedding

to maximize the number of C. parvum transcripts in the datasets (Fig 2C and Fig S1).

Future experiments will analyze the IFNa/B signaling pathways throughout the time
course of infection to determine the level of protection type | signaling confers against

C. parvum infection.

STAg treated mice had a lower abundance of IL-10 (Fig 7). IL-10 is an anti-inflammatory
cytokine, its role is to modulate a balance between pathology and protection against a
rampant immune response (73,74). IL-10 is elevated in the stool of Cryptosporidium
infected Haitian children (73) as well as in patients co-infected with C. parvum and HIV
(75). In animal models, IL-10 knockout mice are more resistant to C. parvum infection
(76), but anti-IL-10 antibody treatment in calves does not reduce C. parvum shedding
(77). We did not see significant differences in serum IL-10 levels between treatment

groups at either day (Fig S9). There are likely differences between localized/tissue
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responses and cytokines in serum. We have seen this phenomenon before with Eimeria

intestinal infection and the IL-10 response (78).
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Figure S9. Cytokine levels in mice sera (Experiment 3). Serum was collected from mice euthanized 6 and
9 dpi. Cytokine levels of IL-6, IL-10, IL-12, TNF, and MCP1 were determined using an inflammation
cytokine bead array kit (Biosciences). ANOVA testing was used to calculate significance between
treatment groups as well as within the same treatment group across dpi. No significant differences were
observed.

STAg treated mice also had a lower abundance of Ccl4, the prostaglandin receptor

Ptger3, and granzymes B and K (Fig 7), which have all previously been implicated in

Cryptosporidium infection. Ccl4 is a chemokine independent of IFNy, whose expression
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level increases during C. parvum infection when compared to control mice (33). While
the differences in prostaglandin receptors have not previously been seen, high levels of
prostaglandins have been observed in C. parvum infection, which leads to increased
mucosal activity and downregulation of inflammatory cytokine production (79,80).
Granzymes induced by NK cells or CD8+ cytotoxic T cells (81) have been found in high
abundance in mice and humans infected with Cryptosporidium, inducing cell death and
cytolysis of infected epithelial cells. They are also associated with apoptosis and colon

lesions in AIDS patients co-infected with Cryptosporidium (82—85).

Even though we could not assess C. parvum differential expression, we report the most
abundant C. parvum transcripts within the ileum. Among those transcripts, we found the
GDP-fucose transporter (CGD3_500) to be abundant in our infected animals, regardless
of treatment. In other apicomplexan parasites like Toxoplasma gondii, O-fucosylated
glycoproteins can form assemblies that are associated with nuclear pore complexes
(86). For both T. gondii and Plasmodium falciparum, O-fucosylation of
thrombospondinlike repeats is required for processing proteins relevant to host cell

invasion (87,88).

We also found transcripts for parasite mucins in high abundance. Mucins are
glycoproteins that have an amino acid composition consisting of 20 to 55% serine,
threonine, and proline residues, with extensive chains of O-linked carbohydrates (55)

forming homo-oligomers. Mucins have been reported both in the host and in some
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gastrointestinal parasites. Cryptosporidium's mucins are important for attachment and
invasion to the host cell (55) or evasion of the host immune system (89). Many essential
Cryptosporidium proteins are mucin-like proteins such as gp40/15 (90), cpClec, gp30,
and gp900 (91). There is a genetic locus of seven mucins denominated cpMucl-7,
which suggests that these seven mucins are regulated and expressed in a coordinated
fashion with a role in the same biological processes (55). Cryptosporidium mucins have
high polymorphism between species and genotypes, which suggests gene products
might be important virulence determinants subject to immune pressure (55). Recently, it
has been published that mucins play a role in tissue tropism between gastric and
intestinal Cryptosporidium species and also determine differences in host range among
Cryptosporidium species (92,93). Further investigation is required for the validation of

the differential expression of C. parvum transcriptomic response to STAg treatment.

We did not find significant differences in transcript abundances when comparing STAg
vs PBS treatment. It is possible that STAg treatment only affects the host transcriptome
while the parasite transcriptome remains unaffected. This lack of differential C. parvum
expression could also be due to the limitations of coverage and sequence depth of our
study. There was a significantly higher mapping of C. parvum reads to the ileum than
the cecum samples. Thus, we focused on the most abundant transcripts within the
ileum with both treatments in hopes that the C. parvum community can use this in vivo
data for comparisons with in vitro systems. By discovering C. parvum genes that are
more abundant during infection of animals that lack IFNy signaling, we are defining

possible alternatives to control infection
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Methods

Generation of RNA and RNA Sequencing

We used the University of Wisconsin — Madison Biotechnology Center's Gene
Expression Center Core Facility (Research Resource Identifier - RRID:SCR_017757)
for RNA isolation, RNA library preparation, and the DNA Sequencing Facility
(RRID:SCR_017759) for sequencing and demultiplexing of reads. Libraries were

prepared for polyA enrichment (lllumina TruSeq

Stranded mRNA). Samples were run in duplicate in two lanes of a 2x100bp S1 Flowcell
(Novase@6000). On average a total of 41.5 million reads (min: 36 million, max: 49.6
million) paired-end 150-bp reads per sample were generated. The quality of the reads
was determined (FastQC v0.11.9 (95), a threshold of 34 was selected, and only reads

that met the threshold were used for further analysis.

Transcriptome assembly and Differential expression Analysis

We trimmed the data to remove low-quality reads (Trimmomatic, v0.39) (6) Mapping
reads to two genomes: Mus musculus strain C57BL/6 (GRCm38.p6, release38; NCBI)
and C. parvum (lowa I, release 49; CryptoDB) was conducted (Spliced Transcripts
Alignment to a Reference program, v2.7.5¢) (97,98). Default parameters were selected
with the following exceptions: maximum mismatch (2-bps), minimum intro length (20-
bps), and maximum intron length (100000-bps). Quantification of mapped reads and the

generation of a counts table were conducted (RSEM v1.3.1(99). Counts were imported
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into R (tximport v1.16) (100), and differential expression analysis was conducted
(DESEQZ2 v1.28.1) (101). The log-transformed DESeq2 values were used for the
generation of PCA plots. For reads mapped to the host genome, we selected the
following thresholds: false discovery rate (10%), adjusted p-value (< 0.05), and an
absolute log2fold change (>2). If a differential expression gene met those parameters,
we called that gene significantly differentially expressed. (Supplemental CSV file 1-12).
Given that the average C. parvum lowa Il percentage mapping (ileum= 2.58% and
cecum= 0.33%) was significantly lower than the host mapping (ileum= 78.92% and
cecum= 77.95%), we selected only two thresholds for C. parvum lowa Il significance:
false discovery rate (10%), and adjusted p-value (< 0.05). Lists of significant genes
were used as input for gene ontology enrichment analysis using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID, v6.8 (46,47) for
visualization of this enrichment only terms were populated by 3 or more genes were

charted (p < 0.05).

D . tximport
UW-Madison (v1.16)
Biotechnology STAR DESEq2
Center (v2.7.5¢) (v1.28.1)

RNA Read Differential
Sequencing Mapping Expression

| | |
| | |

Data Counts ; °""
Cleaning Generation RER
FastQC RSEM DAVID

(v0.11.9) (v1.3.1) (v6.8)

Trimmomatic,
(v0.39)

Figure 2. Mice Experimental Design and analysis for RNA sequencing. D) RNA sequencing
analysis flowchart listing the programs and packages used for reading and analysis. Versions used
are indicated in parenthesis.



56

Cytokine Profile

The concentrations of cytokine IL-6, IL-10, IL-12, TNF, and MCP-1 were measured
using a mouse inflammation cytokine bead array kit (552364; BD Biosciences). Blood
serum was collected for cytokine analysis on 6 and 9 dpi, following the manufacturer’'s
instructions. Samples were analyzed by flow cytometry with a ThermoFischer Attune at
the UW-Madison Flow Cytometry Core (Grant P30 CA014520) and concentrations were

calculated using FlowJo.

List of abbreviations

IFNy = Interferon gamma; Nluc = Nano luciferase; STAg= soluble Toxoplasma gondii

Antigen; RNA= ribonucleic Acid; PolyA= poly adenylation; DEGs= differential expressed
genes; OAS= oligoadenylate synthetase; qPCR = quantitative Polymerase Chain
Reaction; IVIS = in vivo imaging system; AUC = are under the curve; DPI: Days
postinfection; GO: Gene ontology; PBS: Phosphate buffered saline; PCA: Principal

component analysis; RNAseq: High-throughput RNA sequencing; STAR: Spliced

Transcripts Alignment to a Reference program; Gapdh = Glyceraldehyde-3-Phosphate
Dehydrogenase; SLFN = Schlafen gene family ; ATP = adenosin Triphosphate; padj = P

value adjusted. DAVID = Database for Annotation, Visualization, and Integrated
Discovery. FDR = false discovery rate; CC = Go term integral component of membrane;

MF = Go Term Molecular Function; BP= Go Term Biological Process
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Availability of data and materials

All of the data is available. All raw RNA sequencing data have been deposited in the

NCBI Sequence Read Archive Link under the accession number PRINA726295

RNA sequencing data have been supplied for public availability to HostDB.org and
CryptoDB.org. Differential expression analysis output and counts of mapped reads per

individual biological replicate are available (Supplemental files 1-12).


https://www.ncbi.nlm.nih.gov/bioproject/726295
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Research (GMGL). Funding bodies had no role in the design of the study and collection,

analysis, and interpretation of data and in writing the manuscript.
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Figures legends not generated by CMC

Figure 1. Infection time course of C. parvum infected mice treated with STAg or
PBS. (A) Oocyst shedding per dpi in experiment #1 over 14 dpi; *p=0.020. Oocyst
shedding was calculated by gPCR, as described in the methods section. (B) Oocyst
shedding per dpi in experiment #2 over 14 dpi; **p=0.0058 and *p= 0.0457. Oocyst
shedding was calculated by expression of nanoLuciferase, as described in the methods
section. Each circle represents a mouse (Blue=PBS and Red=STAg). Open circles
represent uninfected animals while filled circles represent infected animals. Statistic
differences were determined using R using ANOVA testing. The mean of each group is
represented with a line. (C) Bioluminescent imaging of C. parvum in IFNy-KO mice
throughout the intestinal tract: the intestinal tract of mice infected for 9 days with Nluc C.
parvum lowa Il strain at 1x10° showed a higher signal in the ileum and cecum regions

compared to the duodenum, jejunum, and colon sections. Radiance scale bar
(p/sec/lcm2/s).

Figure 2. Mice Experimental Design and analysis for RNA sequencing. (A) For the
RNAseq analysis, 12 mice, 6 infected and 6 non-infected were treated with PBS or
STAg. The treatment was administered 4 hours before infection (2.5 x 10° Nluc C.
parvum lowa Il strain oocyst by oral gavage) and 1, 3, and 5 dpi. Fecal samples were
collected every other day and the infection was quantified by nanoLuciferase
expression. IFNy-KO mice were euthanized on 9 dpi and ileum and cecum samples
were collected. (B) Oocyst shedding per dpi in experiment 3 over 9 dpi. Oocyst

shedding was calculated by expression of nanoLuciferase, as described in the methods
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section. Significance was determined using R using ANOVA testing. The mean of each
group is represented with a line. Open circles represent uninfected animals while filled
circles represent infected animals (C) Relative quantification of C. parvum by qPCR
using 18S rRNA primers P4 normalized to mouse Gapdh in ileum samples. Mean of two
independent experiments. Fold change was calculated relative to the reference
PBSinfected group at day 6. Significance was determined using R using ANOVA testing
**p =0.0079 (Infected STAg D6 vs D9). Each circle represents a mouse (Blue=PBS and

Red=STAg).

Supplemental Figure S1. Quantification of C. parvum in the ileum at 6 and 9 dpi.
(A) Relative quantification of C. parvum in ileum samples by gPCR using 18S rRNA P4
primers. 1/CT ratio was calculated with Ct value for C. parvum 18S rRNA gene over Ct
of mouse housekeeping gene Gapdh for the same sample. Each graph represents the
mean of two independent experiments. Statistical analyses were performed by the
Anova Kruskal-Walls test and significant differences between multiple comparisons
were calculated by Dunn’s test. (B) Relative quantification of C. parvum in ileum
samples by gPCR using 18S rRNA P5 primers normalized to mouse housekeeping
gene Gapdh. Fold change was calculated relative to the reference PBS group of the
respective day. (C) Relative quantification of C. parvum in ileum samples by gPCR
using 18S rRNA P5 primers. 1/CT ratio was calculated with Ct value for C. parvum 18S

rRNA gene over Ct of mouse housekeeping gene for the same sample.

Supplemental Figure S7. gPCR analysis of host genes at 6 and 9 dpi. (A & C) Relative

gene expression of Ifi44 and Oas-3 in mice ileum samples by gPCR. Ct values were
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normalized to mouse housekeeping gene Gapdh. Fold change was calculated relative
to the reference PBS group of the respective day. (B & D) Relative gene expression of
Ifi44 and Oas-3 in mice ileum samples by gPCR. 1/CT ratio was calculated with Ct
value for each gene over Ct of mouse Gapdh housekeeping gene for each sample. (E &
G) Relative gene expression of Fbpl and Lct in mice ileum samples by qPCR. Ct values
were normalized to mouse housekeeping gene Gapdh. Fold change was calculated
relative to the reference PBS group of the respective day. (F & H) Relative gene
expression of Lct and Fbpl in mice ileum samples by gPCR. 1/CT ratio was calculated
with Ct value for each gene over Ct of mouse Gapdh housekeeping gene for each
sample. The graphs represent the mean of two independent experiments. Statistical
analyses were performed by the Anova Kruskal-Walls test and significant differences

between multiple comparisons were calculated by Dunn’s test.
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Chapter 3. Entamoeba muris

Recapitulating the life cycle of the global pathogen
Entamoeba in mice

The text in this chapter is a reformatted version of an article submitted to PLOS

Neglected Tropical Diseases on June 23, 2022.
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Abstract

There are several Entamoeba species that colonize humans, but only Entamoeba
histolytica causes severe disease. E. histolytica is transmitted through the fecal-oral
route to colonize the intestinal tract of 50 million people worldwide. The current mouse
model to study E. histolytica intestinal infection directly delivers the parasite into the
surgically exposed cecum, which circumvents the natural route of infection and
infectious fecal cysts are not produced. To develop a fecal-oral mouse model, we
screened our vivarium facility for a natural murine Entamoeba colonizer via a pan-
Entamoeba PCR targeting the 18S ribosomal gene. We determined that C57BL/6 mice
were chronically colonized with an Entamoeba muris. This amoeba is closely related to
E. histolytica, as determined by 18S sequencing and cross-reactivity with an E.
histolytica-specific antibody. In our screen, we discovered that our outbred Swiss
Webster (SW) mice were not chronically colonized with E. muris. We challenged SW
mice with 1x10° E. muris and discovered they were susceptible to infection, with a peak
of cyst shedding between 5-7 days postinfection. Most SW mice did not have significant
weight loss but there was a trend for less weight gain throughout the experiment as
compared to mock-infected controls. Within the intestinal tract, E. muris localizes to the
cecum and colon, but no E. muris is detectable within the small intestine. When purified
E. muris cysts were treated with bile acids, mobile pre-trophozoite stages could be seen
excysting from their chitin-rich shells. Overall, this work describes a novel fecal-oral

mouse model for the important global pathogen E. histolytica.



65

Author’s Summary

Infection with parasites from the Entamoeba genus are significantly underreported
causes of diarrheal disease that disproportionally impact tropical regions. There are
several species of Entamoeba that infect humans to cause a range of symptoms from
asymptomatic colonization of the intestinal tract to invasive disease with dissemination
to the soft tissue organs. All Entamoeba species are spread via the fecal-oral route in
contaminated food and water. Studying the life cycle of Entamoeba species, from
colonization of their host to infectious cyst production in the feces, can provide targets
for vaccine and drug development. Because there is not an oral challenge rodent
model, we screened for a mouse Entamoeba within our vivarium and

identified Entamoeba muris as a naturally occurring colonizer. We determine the peak
of infection after an oral challenge as well as the localization within the intestinal tract
and the cues that trigger excystation in vitro. This oral infection mouse model will be

valuable for the development of novel therapeutic options for Entamoeba infections.

Introduction

Parasitic diseases are underappreciated causes of morbidity and mortality because
disease outcomes are variable (1), cases are often underreported (2), and disease
disproportionately impacts geographical locations experiencing poverty (94-96).
Diarrheal diseases are a significant and underreported cause of child mortality in
tropical regions (97, 98). Such infections are exacerbated by factors such as resource

availability, lack of sanitation infrastructure, and malnutrition (99). For these reasons,



66

diarrheal diseases represent a long-standing and significant burden, particularly in Latin
America, Southeast Asia, and sub-Saharan Africa (99). Diarrheal diseases are caused
by a range of pathogens, such as bacteria, viruses, and parasites including the
Entamoeba genus. E. histolytica is an extracellular parasite that causes human infection
with variable outcomes ranging from asymptomatic colonization to diarrhea, invasive
colitis, liver abscess, and metastatic infection. Amebiasis from E. histolytica is the
second leading parasitic cause of death globally but remains classified as a neglected
disease (3). Globally 50 million cases are reported per year, resulting in 2.2 million

disability-adjusted life years and 55-100 thousand deaths annually (reviewed in (100)).

Entamoeba infection starts with the ingestion of the cyst stage from contaminated food
or water. Presumably in the small intestine, the Entamoeba cyst molts from its chitinous
shell and differentiates into the metabolically active trophozoite form through a process
known as excystation. Trophozoites then attach to the intestinal epithelium where they
undergo asexual reproduction and encystation. The infectious fecal cysts are shed and
contaminate the environment to complete the parasite life cycle. Trophozoites can either
stay contained within the intestinal tract or may disseminate to soft tissue organs like
the liver, the lungs, or the brain (101-104), although in ~90% of the cases, the infection
remains in the intestinal lumen (105, 106). The current murine intestinal infection model
surgically delivers trophozoites into the cecum of animals and has provided immense
insight into host-pathogen interactions but produces no cysts (107). Thus, modeling the
critical developmental stage interconversion that E. histolytica undergoes between

ingestion and colonization of the cecum is not yet possible (108). A model that includes
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the developmental changes of excystation and encystation would allow the field to
understand the transmission of the pathogen and find targets for intervention (reviewed
in (109)) as only viable parasites completely encysted and shed via the fecal-oral route

can contaminate food and water and infect a new host.

The parasitology field has used species that naturally colonize animals to expand the
knowledge of infectious diseases that are fastidious to culture or model in the
laboratory. Murine pathogens like Plasmodium chabaudi have been pivotal to studying
the in vivo pathology of malaria. For the Entamoeba field, Entamoeba invadens, a
reptile-specific pathogen, has provided critical insights related to developmental
changes like encystation. Here, we screened for a natural murine Entamoeba colonizer
and developed an oral infection model using Swiss Webster (SW) mice. We further
determine infection location within the intestinal tract and excystation cues for the

purified fecal cysts.

Results

C57BL/6 but not Swiss Webster mice are chronically colonized with a

naturally occurring Entamoeba organism

We screened transgenic and wild-type animals within our vivarium facility (Fig 1A) using
a Pan-Entamoeba PCR (Fig S1). We screened fecal material from males and females

with ages ranging from newly weaned to mice that spent up to a 1 year in our facility.
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Eighty percent of the mice from the C57BL/6 background were colonized with an
Entamoeba organism. To address if an Entamoeba is naturally occurring in other
vivariums, we requested fecal samples from C57BL/6 mice from five collaborators
around the country (n=18). We detected Entamoeba using a single-step PCR in
samples from one other institution while in another we only detected the parasite using
a 2-step, nested PCR. However, colonization was by no means ubiquitous as the
majority of these institutions were PCR negative even when using the nested approach
(Table S1). In contrast, all the SW mice from our vivarium tested were PCR negative,

regardless of age or sex (Fig 1A).
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Entamoeba equi (DQ286371)
Entamoeba suis (LC230019)
Entamoeba gingivalis (D28490)
Entamoeba marina (LC031816)
Entamoeba ranarum (MH890609)
Entamoeba invadens (AY769863)
Entamoeba polecki (FR686357)
Entamoeba chattoni (AF149912)
Entamoeba consensus sequence X
Entamoeba muris (AB445018)
Entamoeba RL7 (FR686360)
Entamoeba coli (AF149915)
Entamoeba RL10 (KR025408)
Entamoeba hartmanni (KX61819)
Entamoeba nuttalli (AB282657)
Entamoeba histolytica (AB282658)
Entamoeba dispar (AB282661)
Entamoeba bangladeshi (KR025411)
Entamoeba bovis (FN666248)
Entamoeba terrapinae (AF149910)
Entamoeba RL5 (FR686365)
Entamoeba insolita (AF148909)

Fig 1. Identification of Entamoeba species. (A) Representative Pan-Entamoeba PCR for C57BL/6 mice

(top) and Swiss Webster mice (bottom) within our vivarium. The loading control was murine GAPDH (data

not shown). Each lane number represents a mouse cage. Positive control (+) is isolated genomic DNA

from axenic Entamoeba histolytica culture. (B) Immunofluorescence assay staining for chitin (calcofluor-

white), Jacob2 (1A4 antibody), scale bar represents 20um. (C) 18S phylogeny is based on a 1,033 bp

alignment including 27 published Entamoeba sequences, labeled as species name (NCBI accession),

plus the Entamoeba found in our vivarium, indicated by a star. Numbers on branches are bootstrap

values (%) based on 1,000 replicates (values >50% are shown). The scale bar indicates nucleotide

substitutions per site.
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Fig S1. Pan-Entamoeba primer design. Full-length Entamoeba 18S rRNA sequences (n=63, 25

Entamoeba species) were downloaded from NCBI GenBank, aligned in CLC Genomics Workbench
v20.0.4 (Qiagen, Hilden, Germany), and conserved regions were the target for the placement of the
forward and reverse primers, which together amplify a 1 kb product.

Forward: 5-AGATACCGTCGTAGTCCT-3

Reverse: 5-ACGACTTCTCCTTCCTCTAA-3’
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Table S1. Colonization rates at vivarium facilities around the United States.

Institution B6 % Positive % Positive

Location Samples (40 cycle PCR)  (Nested PCR)

Arizona N=4 0% 25%

California N=2 100% 100%
Pennsylvania N=2 0% 0%
Texas N=1 0% 0%

Vermont N=10 0% 0%
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To confirm the PCR findings in our animals, we developed a sucrose density gradient
protocol based on fecal isolation methods from the Entamoeba literature (110) (Fig S2)
and conducted phenotypic characterization of the isolated cysts (Fig S3). We processed
feces of PCR-positive mice within a sucrose gradient of 1.33 specific gravity and
isolated structures of 15 - 20um in diameter. These structures were cyst-like and
stained with calcofluor white, indicating the presence of chitin (Fig 1B). We further
characterized these cysts by immunofluorescence detection of a previously published
Entamoeba-specific antibody targeting the lectin Jacob2 (48). The sucrose gradient
results for B6 and SW mice were 100% replicative of the Pan-Entamoeba PCR; SW
mice did not display cyst-like structures in their fecal samples, while the B6 fecal
samples contained 15 - 20pum-diameter cysts that stained positive for both chitin and

Jacob2 (Fig 1B).



Grind fecal
sample

Homogenize fecal sample in 10 mL

of Nanopure H:z0 for 10 minutes.

Filter fecal solution using gauze then a
cell strainer (100 nm)

Spin for 10 minutes at 2500 x g.
Transfer supernatant (~11ml x 2)
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while avoiding pellet 2 (P2)
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P1

Spin for 5 minutes Resuspend pellet (P1)
at2500x g in 2 ml of Nanopure
H=0. Layer P1 on top
of 20 mlof 1.5 M
D- Sucorse

Enﬂoeba

= cysts
Spin for 10 minutes Resuspend
at2500x g pellet (P3) in

Nanopure Hz20

Fig S2. Sucrose gradient isolation protocol. (A) Fecal samples (0.25 — 5g) that were collected
overnight were processed as indicated above. Briefly, fecal samples were ground to a fine powder using
a mortar and pestle then shortly homogenized with Nanopure water for 15 minutes using a Mini Rotator
(Glas-Col) at 60 rpm. The resulting solution was filtered through four-ply cotton gauze, and samples were
pelleted for 10 minutes at 2500 x g. The resulting pellet was layered on top of 1.5M sucrose solution. The
mid-layer was washed with Nanopure water and pelleted again at the same speed. Pellet 3 was
suspended in Nanopure water, and the isolated un-fixed cysts were used as the input for oral infection.
(B) While cysts can be found in the P2 pellet during the winter months, they have a dehydrated
appearance compared to the cysts in the P3 pellet, likely due to the low humidity of the vivarium.
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Fig S3. Representative phenotypic characterization of the number of nuclei of E. muris cysts (>4
nuclei). Scale bar represents 10um.

To determine the species of Entamoeba present in our mice, we gel-purified and
Sanger-sequenced the 1 kb pan-Entamoeba PCR product from cecum, colon, and fecal
samples from 8 mice (n=24 total). The resulting reads were 100% identical to each
other and most closely matched Entamoeba muris (GenBank accession number
AB445018) with 98% query coverage at 92% identity and an E value of 0.00. We then
performed phylogenetic analysis to further confirm this preliminary species identification.
Alignment of 21 published Entamoeba 18S sequences from NCBI GenBank along with
our consensus Sanger sequence yielded a final alignment length of 1,033 bp. A
maximume-likelihood phylogeny built from this alignment shows our organism to cluster
with E. muris, as expected from the BLASTn results, and form a clade with Entamoeba
RL7 and E. coli (Fig 1C). Pairwise comparison of the E. muris/coli clade based on the
18S phylogenetic tree across the entire length of the alignment shows our organism to
be 91.63% identical to Entamoeba muris with 9 total alignment gaps (0.87%) as
compared to 81.82% identity and 42 gaps (4.1%) with it's next-closest relative,

Entamoeba RL7 (Table S2). Thus, we will refer to this organism as E. muris hereafter.
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Table S2. Pairwise comparison of Entamoeba muris/coli clade. Comparison is based on 1,033 base
pair alignment. Percent nucleotide identity is shown above the diagonal and number of gaps are shown
below the diagonal.

Entamoeba Entamoeba Entamoeba Consensus
coli RL7 muris sequence

Entamoeba 77.9 77.6 76.1
coli

Entamoeba 51 82.6 81.7
RL7

Entamoeba 44 37 91.6
muris

Consensus 49 42 9

sequence

Swiss Webster mice are susceptible to Entamoeba muris oral

challenge

As SW mice were not currently colonized, we determined if these mice were suitable for
E. muris infection and characterization using an oral challenge model. When orally
challenged with a low cyst dosage (1x10° isolated from B6 mice), SW mice were able to
host a patent infection, as evidenced by fecal cyst shedding, but displayed
asymptomatic infections in all cases. We monitored changes in weight during the
infection but observed no significant differences between uninfected animals and
animals orally challenged with E. muris cysts, although there was a trend for infected
animals to have less weight gain when compared to uninfected controls (Fig 2A).
Weight loss was only observed for one of the biological replicates (Fig S4A) and was
not correlated to cysts shedding (Fig S4B). Fecal samples showed cysts as early as 3
days postinfection (dpi) via sucrose gradient. When using this method, we determined

the peak of infection to be 7 dpi based on average cysts counts across four independent
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infection replicates (n=27 mice, 17 infected and 10 uninfected controls). Shedding per
biological replicates does not show significant differences between biological replicates
(Fig S4B). We detected a significant decrease in cyst shedding by 11 dpi, and very few

E. muris cysts were detected using this method by 28 dpi.
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Fig 2. Swiss Webster are susceptible to Entamoeba muris oral challenge. (A) Host weight was
monitored through the course of infection. (B) Quantification of cysts isolated by sucrose gradient from
Swiss Webster’s fecal samples (normalized by fecal weight). Peak of infection was determined to be 7
dpi. (C) Quantification of cysts in fecal samples via qPCR isolated from Swiss Webster’s fecal samples
(normalized by gDNA per gPCR reaction). Each dot represents a single mouse (n=27 mice, 17 infected
and 10 uninfected controls). Open circles represent uninfected mice while grey circles represent infected
mice. Significance was determined using a two-tailed t-test between the uninfected vs. infected average
per DPI. Data combines four independent biological replicates (see supplement Fig S4 for individual
biological replicate (n=4) plotting).
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Fig S4. Swiss Webster mice are susceptible to Entamoeba muris oral challenge, per biological
replicate. (A) Host weight was monitored through the course of infection. (B) Quantification of cysts
isolated by sucrose gradient from Swiss Webster's fecal samples (normalized by fecal weight).
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Using a similar approach to the Pan-Entamoeba screen, we designed qPCR detection
primers that amplified a 200-bp amplicon, to quantify E. muris shedding. We generated
a standard curve using cyst samples of known concentrations based on counts, ranging
from 1,562 cysts to 100,000 cysts in a 2-fold scale (Fig S5). Our qPCR results
determined that E. muris was detectable as early as 3 dpi, in accordance with the
sucrose gradient isolation. However, the peak of infection was at 5 dpi and a significant
reduction was evident by 9 dpi. Taken together, these results suggest that g°PCR

detection occurs prior to peak viable cysts isolation.
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Fig S5. Standard curve for qPCR cyst quantification. Primers were designed as described above for
pan-Entamoeba PCR (Fig S1), except here they were chosen to amplify a 200 bp product (see primers
below). We generated a standard curve using cyst samples of known concentrations, ranging from 1,562
cysts to 100,000 cysts (2-fold scale). Concentrations for Fig 2 were calculated using the cycle threshold
(CT) values of the experimental samples and the linear trendline equation presented above.

Forward: 5-TCGAGATAAACGAGAGCGAAAG-3'
Reverse: 5-GTCAGGACTACGACGGTATCTA-3..
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Entamoeba muris resides in the large intestine at 5 days postinfection

E. histolytica is thought to replicate in the colon and has been found during diagnostic
colonoscopies (111). As our model uses the natural oral route of infection, we aimed to
determine where E. muris is located during primary infection. We infected SW mice with
10° cysts by oral gavage and collected the intestinal content and mucus layer of murine
gastrointestinal sections at 5 dpi, when the overwhelming majority of the animals were
shedding cysts by gPCR detection (Fig 2). The small intestine was sectioned into three
parts: duodenum (D), jejunum (J), and ileum (I). The cecum (Ce) and the colon (Co)
correspond to the large intestine (Fig 3A). As a positive control for the presence of
cysts, we included two fresh fecal pellets (F) and we used a standard loading control,
murine GAPDH (Fig 3B, lower panel). As expected from clinical data (reviewed in
(112)), Entamoeba localizes within the large intestine (Fig 3B, upper panel). While we
found mouse to mouse variability between levels of E. muris detection within the cecum,
colon, and fecal samples, no Entamoeba muris gDNA was isolated from the small

intestine (Fig 3B, upper panel).
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Fig 3. Entamoeba muris localizes to the large intestine of infected animals. (A) Schematics of the
murine intestine. (B) The Entamoeba 18S gene was amplified from gastrointestinal sections (gel top). The
positive control is genomic DNA extracted from an Entamoeba histolytica axenic culture. Loading control
for targeting murine GAPDH from gastrointestinal various sections, positive control is genomic gDNA
isolated mice tail snips (gel bottom). Gel image is a representative of two independent biological
replicates (n=6, 4 infected and 2 uninfected controls).

Bile extract triggers Entamoeba muris excystation in vitro

To determine if the previously published E. invadens cues could trigger consistent E.
muris excystation in vitro, we incubated the isolated cysts with Nanopure water, 80 mM
sodium bicarbonate, 1% bovine bile, or a combination of both treatments for 24 hours
(22). We scored excystation efficiency based on the percentage of the parasite that was
outside of the chitin shell. An intact cyst was given a score of 0 (Fig 1B). We scored an
open cyst with less than 50% of the trophozoite-mass excysted as a 1, cysts where 50%
or more of the parasite was outside of the chitin shell as a 2, and empty chitin shells

were given a score of 3 (Fig 4A). We observed excystation to be an asynchronous
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process, as scores ranged within each condition (Fig S6). Treatment of cysts with only
1% bovine bile resulted in greater than 70% excystation by 24 hours, which was
statistically higher than the excystation rate of the Nanopure water treatment (p =
0.0040). This excystation rate was not enhanced by the addition of the sodium
bicarbonate, and sodium bicarbonate alone did not significantly enhance excystation
compared to water only. These results strongly indicate that 1% bile is sufficient to
trigger excystation, which implies that excystation of E. muris is occurring in the small

intestinal tract as we would expect.
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Fig 4. Entamoeba muris shows reliable excystation in vitro when treated with upper
gastrointestinal tract components. Fecal cysts were purified by sucrose density gradient and then acid
washed (0.1 M HCI). Cysts were inoculated into excystation conditions (1 mg/ml bile, 80 mM sodium
bicarbonate, or a combination of both), then incubated for 24 hours at room temperature. (A) Cysts were
scored from 0 to 3, where 0 represented an intact cyst and 3 is an empty chitin shell. Chitin (calcofluor-
white), Jacob2 (1A4 antibody (17)), and nuclei (Styo11). Scale bar represents 10 um. (B) Excystation
rates (score >= 1) were quantified in these conditions. Significance was determined using a two-tailed t-
test. Only significant pairwise comparisons are shown; Bile (p=0.004) and, NaHCOs3 + Bile (p=0.0064).
Each dot represents a biological replicate (n=3 independent experiments), black horizontal line is the
average of the three biological replicates.
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Fig S6. Entamoeba muris excystation is an asynchronous process. Fecal cysts were purified by
sucrose density gradient and then acid washed (0.1 M HCI). Cysts were inoculated into excystation
conditions (1 mg/ml bile, 80 mM sodium bicarbonate, or a combination of both), then incubated for 24
hours at room temperature. Cysts were scored from 0 to 3, where O represented an intact cyst and 3 is an
empty chitin shell. Each panel (A-C) represents the individual biological replicates averaged in Fig 4.
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Discussion

To the best of our knowledge this work is the first to demonstrate that C57BL/6 mice
can be chronically colonized with E. muris. C57BL/6 mice have been previously
described as naturally resistant to E. histolytica when injecting trophozoites directly into
a surgically exposed cecum (113). However, other protozoans like Tritrichomonas
musculis have been reported to chronically colonize many colonies on the East Coast of
the United States (71). T. musculis was found to change the immune response to
protect against pathogens in mice with chronic colonization, and E. muris may also be
changing the immune responses. Understudied intestinal protozoans may account for
the variability of results between research institutions. Many of the fecal samples from
C57BL/6 mice across the US did not amplify Entamoeba, but this lack of amplification is
not due to low gDNA isolated from the feces, as we can still detect host gDNA in
Entamoeba negative samples when using a primer set for murine GAPDH. One of the
limitations of this study is that the Entamoeba identification is based on the 18S gene
(Fig 1C and Table S2) and phenotypic characterization of the number of nuclei (>4) via

microscopy (Fig S3), thus further characterization might be required.

One surprising result was the positive Jacob?2 staining for the E. muris cysts. The 1A4
antibody was previously described to distinguish E. histolytica cysts without cross-
reacting either to E. dispar or E. bangladeshi cysts. The 1A4 antibody was generated
against the flexible, serine-rich spacer of the Jacob2 lectin in E. histolytica (48), so

perhaps this region is similar in E. muris. It is also interesting that the E. Muris cyst
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Jacob?2 staining is associated with the pre-trophozoite during excystation and not the
chitin-rich wall (Fig 4), as previously shown in stool samples and xenic cultures with

another anti-Jacob2 antibody (114).

We demonstrated that previously uninfected SW mice can be infected with E. muris via
oral gavage. We were especially interested in the natural route of infection as it has
been established that the route of infection impacts disease progression for oral
parasites like Toxoplasma gondii (39, 115). Because SW are outbred mice, they have
been used for the evaluation of vaccines due to their unbiased immune response (116).
In contrast, inbred mice of various genetic backgrounds exhibit different immune
responses to an infectious challenge (117), specifically for parasitic infections that are
intracellular (118) or extracellular (119). Inbreeding within human populations has been
linked to protection against malaria (120) but inbreeding in wild European badgers
intensified sex- and age-dependent tuberculosis disease (121). Future studies will
examine E. muris oral infection in other inbred and outbred mice as well as immune
deletion strains to determine the inflammatory responses necessary for Entamoeba

control.

Contrary to our expectations, about 20% of cysts isolated from unfixed fecal material via
a sucrose gradient undergo asynchronous excystation when stored overnight at 4°C in
Nanopure water. These results are surprising because, for axenic Entamoeba invadens,

a combination of cues encountered in the upper gastrointestinal tract are required for
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comparable levels of excystation (22). Perhaps chemical signals present in the fecal
samples, not eliminated during the sucrose gradient purification and not present in E.
invadens literature, are triggering excystation in the isolated cysts. The experimental
induction of excystation with the bile treatment alone was also surprising because for E.
invadens, bile alone yields less than 40% excystation (22). We did not perform the
water pre-treatment as described in the E. invadens protocol. Perhaps our isolation
process (Fig S2) might act as a water pretreatment, given the excystation yield of the
bile alone treatment is comparable to the combination treatment previously reported

(22).

There was a significant difference in the number of parasites quantified when using
gPCR detection versus sucrose gradient isolation. This result is an important limitation
that might be explained by the nature of the two selected assays. The sucrose isolation
protocol selects for healthy cysts with a specific gravity of 1.33. A parasite that is in the
trophozoite state, currently excysting, or that has a suboptimal cyst wall would be lost
during the density gradient protocol. Meanwhile, the gPCR assay detects parasites in
any state regardless of viability. In addition, each cyst can contain more than 4 nuclei,

further increasing the amount of detectable E. muris gDNA in fecal samples.

During this project, we discovered the importance of humidity on cyst viability, which
has been characterized previously in other diarrhea causing parasites (122). Vivarium

records indicate that there are drastic differences in humidity between the winter (20%)
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and summer (50%). The number of cysts isolated that were “healthy” and presumably
viable at the specific gravity of 1.33 (Fig S2B, pellet 3) was dramatically reduced during
the winter months. When we examined the waste sections of the gradient, where the
material of different density would be expected, we found many cysts with a desiccated
appearance (Fig S2B, pellet 2). Thus, room humidity will be important for researchers to
monitor as they develop this model in their own facilities. Humidity may also play an
important role in the seasonality that is seen with increases in human E. histolytica

infections (123-125).

We foresee our model to be useful in Entamoeba stage interconversion research as
well as drug efficiency testing. We hope for improvement in the methodology of
detection by targeting moieties present specifically in the cyst stage. Lastly, we have
confidence that with further studies, by our and other groups, the establishment of a
robust culturing protocol is attainable to study parasite-microbiome interactions in vitro.
We are excited to present these results, which allow for a myriad of new research

avenues focusing on parasite physiology and transmission.

Materials and Methods

All mice were treated according to the guidelines established by the Institutional Animal
Care and Use Committee (IACUC) of the University of Wisconsin School of Medicine
and Public Health (protocol #M005217). The institution adheres to the regulations and

guidelines set by the National Research Council.
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Screen for colonized mice

Fecal samples were collected from various institutions within the continental United

States Table S2), as well as our own vivarium facility.

Genomic DNA (gDNA) was isolated following previously published protocols with the
following modifications (126, 127): briefly, whole feces (~0.10g) were placed on a
solvent-resistant screw-cap tubes containing 0.1mm zirconia/silica beads (BioSpec
Products 11079101z) and 1 large stainless steel bead (BioSpec Products 11079132ss)
suspended in 20% SDS buffer (200 mM Tris-HCI, pH 8.0/200 mM NaCl/20 mM EDTA),
and UltraPure Phenol/Chloroform/Isoamyl alcohol, pH 7.9, 25:24:1 (Invitrogen 15593-
049). Samples were bead beat on high for 3 minutes at room temperature, and gDNA
was precipitated with 3M sodium acetate and isopropanol overnight. gDNA was cleaned
using DNA Clean & Concentrator 5 (Zymo Research D4004). For identification of
Entamoeba muris a set of pan-Entamoeba primers were designed by downloading full-
length Entamoeba 18S rRNA sequences (n=63, 25 Entamoeba species) from NCBI
GenBank, aligning them in CLC Genomics Workbench v20.0.4 (Qiagen, Hilden,
Germany), and identifying conserved regions to target forward and reverse primers
(Forward: 5-AGATACCGTCGTAGTCCT-3’ and Reverse: 5'-
ACGACTTCTCCTTCCTCTAA-3’) which together amplify a 1 kb product (Fig S1,
reaction 1). A total of 500ng per PCR reaction were the genetic template for reaction 1,
while for some samples a 2-step, nested PCR, was performed using 5ul of reaction 1 as

genetic template, using the same primer set and thermocycler conditions
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Cysts Purification

Cysts counts: Fecal samples were processed used sucrose gradients as previously
described with some modifications (128). Briefly, fecal samples (0.25 — 5g) were ground
to a fine powder using a mortar and pestle then shortly homogenized with Nanopure
water for 15 minutes using a Mini Rotator (Glas-Col) at 60 rpm. The resulting solution
was filtered through four-ply cotton gauze, and samples were pelleted for 10 minutes at
2500 x g. The resulting pellet layered on top of 1.5M sucrose solution. The mid-layer
was washed with Nanopure H,O and pelleted again at same speed. Isolated un-fixed

cysts were used as the input for oral infection.

Immunofluorescence Assays

Fresh fecal sample was used to isolate cysts as described above then fixed in 10%
formalin washed twice and resuspended. Isolated cysts were blocked for 5 minutes in
3% normal goat serum at room temperature with rotation. After washing, primary
antibody 1A4 (48) was added at 1:1000 dilution (2.9ug/ml concentration) and incubated
for 2 hours with rotation. As the secondary antibody we utilized a goat anti-mouse IgG
conjugated to Alexa Fluor 594 (Thermo Fischer Scientific) and incubated in the same
conditions overnight. A set of washes in between antibodies was conducted. Lastly, the
samples were stained with 0.1% Calcofluor White Stain (Sigma-Aldrich) according to
manufacturer instructions. To target nucleic acids, 0.025% Sytol1 stain (Thermo Fisher
Scientific) was used. Equal parts of sample and VECTASHIELD Mounting Media

(Vector Laboratories) were utilized. Samples were visualized using an Axio Imager 2
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microscope (Zeiss). Images were captured at 40X and 100X magnification using the

DAPI, DIC, GFP and TexRed channels.

Sanger sequencing and phylogenetic analysis

~1 kb products from the Pan-Entamoeba PCR above were gel purified using a
Zymoclean Gel DNA Recovery Kit (Zymo Research) and submitted to the UW-Madison
Biotechnology Center for Sanger Sequencing using the amplification primers described
above. Sanger reads were manually inspected and edited using Sequencher v10.1
(Gene Codes Corporation) and queried against NCBI GenBank using Megablast (129)
and default parameters. Twenty-seven full-length 18S Entamoeba sequences were
downloaded from NCBI GenBank and aligned, along with our consensus Sanger
sequence, using CLC Genomics workbench v20.0.4 (final length 1033 positions). A
phylogenetic tree was inferred from the alignment with PhyML v.1.8.1 (130) using the
general time reversible (GTR) substitution model and 1000 bootstrapped data sets were
used to estimate statistical confidences of clades. To quantify nucleotide-level distances
within the clade containing our organism, a pairwise distance matrix was constructed

with the 4 clade members in CLC Genomics Workbench v20.0.4.

Mouse Infections

House-bred male and female JAX Swiss Webster Outbred mice were used to
characterize Entamoeba muris infection for biological replicate 1. Male and female JAX

Swiss Webster Outbred mice, purchased from Charles Rivers, were used to
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characterize Entamoeba muris infection for biological replicates 2-4 (Fig 2). Mice were
6-8 weeks of age at the time of oral challenge, individually caged, and provided
enrichment for the duration of the experiments. All animals were gavage-fed cysts

(1x10%) or 1X PBS as a control.

Localization: House-bred male and female JAX Swiss Webster Outbred mice were
infected and euthanized at 5 dpi. The entire murine intestine was isolated and placed in
1X PBS. The small intestine was divided into three sections. Starting from the stomach,
the first third was determined to be the duodenum, the following section was labeled as
the jejunum, and the most proximal to the cecum was labeled ileum. For the large
intestine, the entire cecum pouch and colon were used as independent sections.
Intestinal contents of each section and a generous scraping of the host epithelial layer
were pelleted at 2500 x g at room temperature for 5 minutes. The pellet was then

processed in the previously described gDNA extraction protocol.

Cyst Quantification

Sucrose Gradient: Cysts were purified as described above. For sucrose gradients
~0.25g of fecal sample were used to isolate cysts. The cysts were then counted using a

hemocytometer and fecal weight was used to normalize counts.

gPCR: For quantification of Entamoeba muris a standard curve was generated with
known concentrations of cysts (1,562 cysts — 100,000 cysts) and intercalated dye (Bio-

Rad iTag Universal SYBR Green Supermix) using a QuantStudio™ 7 Flex Real-Time



92

PCR System. Primers were designed as described above for pan-Entamoeba PCR (Fig
S1), except here they were chosen to amplify a 200 bp product The following primers
were used: Forward: 5-TCGAGATAAACGAGAGCGAAAG-3’ and Reverse: 5'-
GTCAGGACTACGACGGTATCTA-3'. Fecal samples were collected and ~0.10g of
whole feces were used as the starting material for gDNA isolation as described above.
Per gPCR well, 100ng of gDNA per sample were analyzed. Concentrations where then
calculated using the CT values of the experimental samples and the linear trendline
equation of the standard curve to calculate the total number of cysts present by

nanogram of gDNA (100ng per reaction).

Excystation assay

Assays were conducted as previously described for Entamoeba invadens (22). Briefly,
isolated cysts were acid washed with 0.1 M HCI for 10 minutes, followed by a second
wash with Nanopure water. Cysts were then inoculated into each excystation treatment
condition at a final amount of 10,000 cysts per condition: Nanopure water, 1% bovine
bile, 80 mM sodium bicarbonate, or a combination of both bovine bile and sodium
bicarbonate. Samples were incubated for 24 hours at room temperature, washed with
Nanopure water, and fixed in 10% formalin. Fixed cysts were stained with 0.1%
Calcofluor White. Cysts were mounted and visualized as described for
immunofluorescence assays. A total of 50 cysts per biological replicate were scored per

tested condition.
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Chapter 4. Future Directions

Entamoeba muris

In Chapter 3 | presented a new model for the study of non-invasive Entamoeba oral
infection. We identified Entamoeba muris in our vivarium naturally colonizing the
majority of our B6 mice. We isolated cysts from B6 mice and used them as inoculum to
characterize the infection of SW mice, a strain that was uncolonized at the time of
infection. The SW mice infection display a non-invasive infection, which at 5 days post
infection resides in the large intestine. Our model works as expected when treated with
paromomycin, as we observe 100% efficacy in treating Entamoeba muris. Lastly, cysts
can be triggered to undergo excystation when treated with bovine bile. Much of my work
has focused on tool development, and the murine model for oral infection presented in
Chapter 3 opens a myriad of research questions. This chapter will discuss some of the
approaches | wish future students can continue during their Ph.D. work while using my

model.

Host Approaches

According to the literature, E. histolytica infections using trophozoites directly delivered
to the surgically exposed cecum range from 1x108to 1x108. A colonization curve might
be required to assess if a higher dosage (>1x10°) of E. muris results in symptomatic

infection or even invasive pathology.
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Modeling Invasive Disease

Dextran sulfate sodium (DSS) can induce colitis in mice (131). A possible immediate
future direction could be inducing an inflammatory environment to assess if this
commensal Entamoeba muris can undergo invasiveness. Other commensal organisms,
like Clostridium difficile, require environmental changes to make the transition to their
pathogenic state (reviewed in (132)). Assuming the induced colitis is similar to E.
histolytica driven inflammation, there are various assays to determine if invasiveness
can occur. The experimental design consists of animals pre-treated with DSS (2-4%). A
subset of animals can be infected with a high dose of Entamoeba muris (>1x10°), while

a subgroup remains as uninfected controls.

Immunocompromised individuals, especially those diagnosed with HIV, are known to
have severe infections and are at higher risk of invasive disease (133-135). Thus, a
valuable future direction is to determine if immunocompromised mice are susceptible to
invasive disease following an E. muris oral challenge (136). A similar experimental
design to the DSS treatment can be followed. Animals can be immunocompromised
through various methods, including radiation (at WMIR's Cancer Center) or drug
treatment (such as dexamethazone). Both avenues can be performed under the current
Knoll lab protocol. Another possible approach, not currently under the Knoll lab animal
protocol, is the Severe Combined Immuno-Deficiency (SCID) mouse model. A subset of
animals can be infected with a high dose of E. muris (>1x10°), while a subgroup

remains uninfected as controls with or without immunocompromised treatment.
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E. muris shedding and weight loss should be monitored throughout infection. Whole
blood serum samples through a time course, possibly a longer one than two weeks
based on the clinical manifestation in patients(137). The whole blood can be used for
PCR detection of parasite gDNA, while cytokine levels in the serum can be used to
qguantify proinflammatory cytokines(138). If there is any indication that the parasite is
located within blood samples, the liver of these animals shall be immediately examined
as the trophozoites first travel through the hepatic portal vein. Morphological signs of an
infection such as enlargement of the organ (hepatomegaly), visible abscesses (most
likely the right lobe), or liver discoloration are some examples of invasive disease
pathology. A molecular approach would determine if parasite gDNA is present within the

liver.

Murine Immune Response to E. muris oral challenge

Future studies can focus on characterizing the host immune response E. muris induces
in the SW host. Animals can be infected with a higher dose of Entamoeba muris than
those presented in Chapter 3 (>1x10°). Two infection outputs are to be characterized at
the peak of infection or throughout infection: histological inflammation scores and

cytokine profile.

The histological evaluation focuses on inflammation and immune cell recruitment and
has been published elsewhere (50, 107). Briefly, numbers of Entamoeba can be scored
from 0-5 (where 0 means no ameba to 5, virtually complete occupation of the lumen by
ameba). The extent of tissue ulceration can be scored on a scale from 0-100%. The

degree of inflammation can also be scored using a 0-5 scale (where 0 means normal
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tissue to 5 where there is the complete destruction of tissue architecture by
inflammation). On the day of tissue collection, sera can also be collected and processed
with a commercially available cytokine bead array. A combination of the two kits
currently used by the lab can aid in determining whether the immune response is
skewed towards Thl, Th2, or Th17 response (IL-2, IL-4, IL-6, IL-10, IL-12p70, IL-17A,
IFN-y, TNF, and MCP-1). Patients experiencing an asymptomatic infection have lower
levels of IL-10 when compared to patients undergoing invasive disease or amebic liver

abscesses (138).

Another observation noted but not included in the published article was the detection of
Jacob? staining in cysts isolated from B6 mice versus SW mice. Freshly isolated cysts
from chronically infected B6 mice were always clearly positive for Jacob2 staining while
using the 1A4 antibody (48). However, cysts isolated from SW mice at the shedding
peak had an array of staining. Most of those cysts were weakly stained; some cysts
were positive, while others had no staining at all. These results suggest that the
expression of the Jacob2 protein might be different between cysts from B6 and SW

mice.

A possible explanation for changes in Jacob2 expression is the immune pressure the
two murine backgrounds are exerting during an acute versus chronic infection (117). A
possible way to evaluate if prolonged host stress is what is driving Jacob2 expression is
to perform IFAs late in the course of SW infection (>28 dpi). Alternatively, if there is

enough gene homology, relative quantification of Jacob2 expression can be pursued in
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cysts isolated from both murine strains via gPCR while using the 18S gene as a

housekeeping gene control.

Colonization/Reinfection based on adaptive immune response

B6 were chronically colonized with E. muris while SW mice remained PCR negative
before experimental colonization. A hypothesis to explain this phenomenon is that
colonization is mouse strain-specific, based on the strain innate and adaptive immune
response. To test this hypothesis, future experiments can focus on infecting and co-
housing young animals from various genetic backgrounds associated with different
adaptive immune responses. Based on the B6 and SW mice colonization rates, |
suspect that tamed Th2 response is responsible for long-term colonization/reinfection
(117). If this hypothesis is correct, Balb-c mice would also be able to clear E. muris oral
challenge, similarly to SW mice. An alternative hypothesis concerns the basal
availability of iron in blood and tissues. E. histolytica has a high need for iron. E.
histolytica has various hemoglobin-degrading proteases used upon phagocytosed
erythrocytes to acquire the iron necessary for its survival when invasive (139). In fact,
axenic culture media needs to be supplemented with Ferric Ammonium Citrate. It has
been reported that B6 and Balb/c mice significantly differ in blood iron levels during
normal physiological and inflammatory conditions (140). If colonization is dependent on
physiological iron levels, Balb/c mice are expected to have higher levels of E. muris
upon oral challenge. If the iron hypothesis happens to be correct, there is an argument

to try the DSS experiment mentioned above with Balb/c mice, instead of SW mice.
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Arginine Surplus Paradox

Arginases catabolize arginine hydrolysis and the consequent production of urea and
ornithine; expression of the isoforms is tissue-dependent in mammals. Notably, arginine
is the sole substrate used for nitric oxide (NO) synthesis (141) which is a host resource
to kill pathogens. Animals lacking arginases should have a large among of arginine to
use for NO synthesis and therefore clear the parasite by macrophage cytotoxicity (142).
However, the murine genotype that most reliably provided large quantities of E. muris

cyst were mice lacking arginases genes (Argl and Arg2 KO).

A possible explanation can be that E. muris. possesses and arginase like Entamoeba
histolytica’s essential metalloenzyme arginase (EhArg). This enzyme catalyzes the
breakdown of L-arginine to L-ornithine and urea. Consumption of L-arginine mediated
by EhArg inhibits amoebicidal activity and nitric oxide production by activated host
macrophages (143). In fact, there are been efforts to target this enzyme as a potential
anti-amoebic (144). An alternative hypothesis is that large arginine availability is
allowing for higher levels of Entamoeba replication. E. histolytica energy generation
depends on glycolysis and fermentation (145). Asparagine and arginine
supplementation of axenic E. histolytica enhance growth in simple and complex media
and this effect is greater when glucose concentration is low (146). These results have
been observed in vitro only. In vivo studies have elucidated that dietary arginine
supplementation of mice changes the intestinal microbiota, which results in the

activation of intestinal innate immunity through various signaling pathways (147).
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Arg 2 is highly expressed in the human small intestine (148) and nitric oxide in the
gastrointestinal tract has various roles (149). High NO synthesis during intestinal
inflammatory conditions can result in aggravated ulcer colitis and mucosal destruction
(150) or it can have a protective effect against drug-induced lesions (151). The lack of
the host Arg2 enzyme results in the higher levels of arginine for competing pathways:

host NO production or parasite breakdown of arginine.

Mammalian Argl is highly expressed in the bone marrow as well as in the liver (148).
However, as the liver is highly skewed arginine catabolism towards the urea cycle, thus
little to no net arginine is available for NO’s production, making the liver a suitable
environment for E. histolytica abscesses. In fact, NO is required for the control of
amebic liver abscess in immunocompetent mice (152). To test if the lack of Arg2
enhances E. muris replication, we first have to determine if the cysts phenotype is
genetically linked or microbiome dependent as we started this colony of mice recently,
they might not have the same microbiome as the rest of our B6 animals. We could test
the genetic hypothesis by breading littermates that yield every possible genotype.
Homozygote WT B6, heterozygous Arg2 (one allele is a WT and one allele is a KO),
and homozygous Arg2 KO mice. Fecal cysts can be quantified and determine if there

are significant differences between the three genotypes.

Another experimental approach would be to use the three genotypes’ littermates listed

above, to determine if dietary arginine supplementation has an impact on E. muris
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replication. We could quantify the cysts shedding and analyze if there are significant
differences between supplemented and non-supplemented animals. We would assume
that all mice share the same microbiome at the beginning of the experiment as they are
littermates. If the arginine supplementation is the reason why E. muris has high
replication, we would expect the cysts shedding of Arg2 KO mice to resemble the WT
supplemented mice. We could also determine if the microbiota of these two animals is

more similar after the supplementation treatment.

E. muris co-infection

A big question | did not get to answer but | think it would be very valuable, is to
determine if individual parasitic phenotypes are exacerbated by co-infection.
Toxoplasma gondii is an obligated intracellular parasite while Entamoeba muris is an
extracellular parasite. Both parasites naturally colonize via the oral route while in the
gastrointestinal tract they might compete or cooperate to scavenger limited resources

within the same niche.

We observed that the majority of B6 mice are colonized by Entamoeba muris, thus
when experimental Toxoplasma infection are conducted Entamoeba muris is already
colonizing the gut. We also know that animals chronically infected with Toxoplasma
might be protected against secondary infections via IFN-g signaling (NK, T cells, etc) or

IFN-g independent pathways (as seen in Chapter 2).
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Chronically Toxoplasma infected mice display cachexia, an altered metabolism state
that results in lean weight loss characterized by acute anorexia, systemic inflammation,
and loss of 20% body mass. Mice fail to regain muscle mass or visceral adipose depots
(153). However, there has been reports of positive association between chronic
Toxoplasma gondii and obesity (154). Unpublished data from our lab shows that
chronically infect mice excrete high levels of fat within their feces. The parasitology field
has reported that changes in lipid profile occur in patients having active infections with

most of the parasites (155).

Entamoeba histolytica is an auxotroph for cholesterol, while the pathogenicity of
invasive disease is exacerbated by malnutrition (156). Based the Arg2 KO mice
phenotype, | would expect that the high levels of fat within the feces will result in a
higher colonization rate of E. muris. Thus, animals chronically colonized with T. gondii
would have higher levels of E. muris when compared to age match controls. The gut
microbiome has been proposed to be a modulator of parasitic pathology (157). Changes
to the microbiome towards a “harmful-state” occur when mice are orally infected with
Toxoplasma gondii at 13 dpi in Balb/C mice but their microbiome at 21 dpi is similar to

healthy mice (158).

Inflammatory microbiomes are known as dysbiosis environment and Entamoeba
histolytica might flourish there. This even has been observed before with other

opportunistic pathogens like Clostridium difficile. Co-incidence between E. histolytica
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and C. difficile has been previously reported (159). Thus, using our model we could
explore co-infection studies to determine if C. difficile exacerbates or protects against E.
muris infection. One hypothesis is that Entamoeba muris could exacerbate C. difficile
infection by predation of "healthy" microbiome residents (34). On the other hand,
Entamoeba muris could act similar to other eukaryotic microbes like Blastocyst spp,
which has been associated with a healthy microbiota and thus prevent C. difficile

infection (61).

E. muris colonization and quantitative trait loci (QTL) analysis

Susceptibility to E. histolytica and infection progression has been linked to some host
genetic factors like host polymorphism in leptin receptors (15), intergenic insertion in the
cAMP Responsive Element Modulator (16) gene, and microbiome-mediated immune
cell recruitment (19). For a more global approach to determine other genetic factors, we
could utilize the diversity outbred (DO) mouse population and QTL analysis (160). This
endeavor is quite ambitious and should be a team effort due to the large amount of work
it entails. The major challenges are listed below: (1) Entamoeba infection still needs
optimization (2) The recommended sample size is between 200-800 mice. (3) Founder
strains must display heterogeneity in colonization and/or pathology with a naturally
occurring organism. Having said that, if a student up to the task and funding comes
along, performing QTL analysis could yield a high scale global characterization of
mammalian genetic factors that are linked to E. histolytica infection susceptibility. DO

mice are the genetically diverse mouse resource available and thus allows researchers
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to model the human population more accurately. The founders are 8 inbreed mouse
strains (A/J, C57BL/6J, 129S1/SvimJ, NOD/ShiLtJ, NZO/HILtJ, CAST/EiJ, PWK/PhJ,
and WSB/EIJ) that are subsequentially inbreed to develop unique recombination

yielding 36 possible haplotypes.

First the susceptibility of the founder strains must be determined. | am assuming that
there will be a range of colonization between the 8 founder strains. Then, the selected
sample size must be challenged with an appropriate dosage. Another potential
challenge is to determine what biological markers should be is collected throughout the
infection. Metabolites have recently emerged as important controllers of infection

pathophysiology (145).

The Rey laboratory has already collected samples from about 500 DO mice expanding
6 timepoints. The mice were housed in the Biochemistry vivarium for the duration of the
experiment. The Rey group collected biological markers data and fecal samples. The
experiment was performed a while ago and limited amount of fecal sample is available,
so Entamoeba muris quantification must be done via gPCR. This DO approach is a can
serve to test if there are genetic factors that are highly correlated to Entamoeba muris

colonization with already collected data.

Microbiome-Host-Parasite Interactions
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Now that we have a murine model, we could start exploring the tangled relationship
between microbe-host-parasite interactions. One most interesting topics regarding this
three way relationship involves short chain fatty acids (SCFA) produced by the bacterial
microbiome, which can inhibit encystation of E. invadens in vitro (35) presumably by
restriction of ploidy (161). It would be of great interest to test if SFCA production have
the same effect on E. muris within our SW model. An important note is that not all SFCA
might have the same impact on Entamoeba encystation, but rather a signal of where
within the intestine the microbe is located. For example, E. histolytica survives on
glycolysis and the two major products are ethanol and acetate. Acetate concentration
peaks in the cecum while reduces along the colon (162). A simple way to regulate
SFCA production is by the modulation of the members of the mouse microbiome. This
modulation can occur via introduction of microbial communities that vary on the number
of SFCA producers and further enhanced by dietary changes. A subset of animals can
be infected with a high dose of Entamoeba muris (>1x10%), while a subgroup remains as
uninfected controls. Animals would be fed chow diets that vary in the level of fiber and
the colonization (and hopefully invasiveness) can be monitored in these animals to
determine if there is an impact on E. muris by SFCA concentration. If high production of
SFCA is inhibitory of encystation we could aim to lower Entamoeba transmission by

only changing diet behaviors and without medication.

Parasite Approaches

A previous publication reported that di-xenic culture is possible(163). Viability of these

new trophozoites to establish a culture remains to be observed in our laboratory. We
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discovered certain cues can induce excystation in vitro (Chapter 3), and a avenue to

persue is to combine these two approaches.

The first future direction for Entamoeba muris would be to develop culturing techniques
from fresh fecal samples, to have as close to an axenic culture as possible. There is
plenty of literature documenting the isolation of Entamoeba histolytica and other
Entamoeba species directly from fecal samples. Initial piloting for these endeavors was
conducted by undergraduate summer projects that had some success in terms of
growing Escherichia coli, one of two of the bacteria needed for the intermediate dixenic
culture, in R medium. The next step from this piloting would be to grow the dixenic
bacterial culture by introducing Bacillus fragilis (provided by the The Hryckowian Lab) to
the E. coli culture in R medium. Having a trophozoite culture would allow for the study of

encystation cues.

Whether from a pure culture or a highly concentrated fecal sample, a future direction for
the parasite itself, would be to obtain sequencing at the genome level. The genome size
of the currently sequenced Entamoeba species ranges between 12 to 41 Mb belonging
to E. histolytica to E. invadens, respectively (Table 1). The most resent whole genome
sequencing was in 2019 for Entamoeba nuttalli, a species that colonizes wild macaques
and its genetically closest species to E. histolytica in current phylogenetic analyses.
(164). Sequencing the genome of the E. muris will most likely be a de novo assembly
that might require a combination of long (PacBio) and short (llumina) reads. In campus
we have access to the Biotechology Center and both of these platforms are offered. The

E. nuttalli genome publication can serve as a framework for this work. Of note is to
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determine a suitable substitute for the primary assembly (Celera 7.0) The genome size
of E. nutalli is more similar to E. histolytica. Perhaps instead a newer approach such as
Fast Hybrid Assembly of Long Reads (HASLR) might be more appropriate for a

potentially larger genome (165).

Table 1. Entamoeba genomes available at Amoeba DB sorted by genome size.

Organism Strain Size (Mb)
E. histolytica HM1: IMSS-A 12
E. histolytica HM1 IMSS-B 13
E. histolytica HM-3: IMSS 14

E. nuttalli P19 14
E. histolytica KU27 15
E. histolytica KU48 17
E. histolytica DS4-868 20
E. histolytica HM-1: IMSS 21

E. dispar SAW760 23

E. moshkovskii Laredo 25
E. invadens IP1 42
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Dual Transcriptomic Approaches

If a more global characterization of the host immune response is desired, | recommend
a murine transcriptomic approach. The pipeline that | coded for the transcriptomics
presented in Chapter 2, can immediately be used to analyze the SW host immune
response to an Entamoeba muris challenge. A challenge of note is the heavy bacteria
load associated with the isolated parasite and how to discern the host immune response
to bacteria within the inoculum and the parasite, thus the additional cleaning step seen
on Appendix B will be a most. A possible control for bacteria load can be to mock infect
control mice with their own feces. These samples would not contain Entamoeba muris

but would need to be processed in a similar sucrose gradient and sarkosyl washed.

SW mice that have been colonized with Entamoeba muris and control animals can be
infected for a given time post infection. A subset of infected and control mice can be
euthanized to isolate RNA from the gastrointestinal tract from the intestinal content and
a light scrapping of the intestine. Prior to this work, there was no animal model for oral
infection thus the current hypothesis that excystation occurs in the small intestine can
be directly tested. The cecum and the colon sections are the regions of the intestine that
seem to have the higher likelihood of colonization (Chapter 3), thus sending these
sections for sequencing might be the best approach to track developmental changes

such as encystation and excystation.
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To determine what makes B6 susceptible to chronic infection, but not SW mice, a
genetic approach could also be taken. Uncolonized WT B6 mice and SW mice can be
house bred (parental) and generate a heterozygous generation (F1). The parental and
F1 mice can then be challenge with Entamoeba muris and. | would expect the F1
generation to have an intermediate phenotype of susceptibility to the parasite.
Differential expression analysis can be used to propose host genes responsible of

parasite clearance.

What are the responsible pathways for infection clearance? Using publicly available
data, could we determine if the immune factors responsible for clearing surgically
delivered E. histolytica are similar to those activated via E. muris oral challenge? A
transcriptomics approach that has a time component would provide data to answer
these questions. A dual approach is completely dependent on the availability of a
parasite genome. However, host questions can still be pursued in either scenario. This
type of experiment could support the mechanism that the host immune response utilizes
during oral infection. If the parasite genome is available by this time or is similar enough
to currently available data for the 11 Entamoeba genomes deposited into Amoeba DB,
future project can characterize the developmental changes that the parasite undergoes
throughout the gastrointestinal tract. In other words, a combination of the projects

presented in this dissertation.


https://amoebadb.org/amoeba/app/

110

Cryptosporidium parvum

My intellectual contributions to this project were on the bioinformatics portion. | have
taken the liberty to also write, my own ideas, that resulted from the literature searches

required to make interpretations for the RNA-seq data presented in Chapter 2.

Improving Murine and Parasite Transcriptomic

After discovering that our B6 mice were naturally colonized with E. muris, | checked if
the animals that we used for the Chapter 2 study were also colonized with E. muris
using the Pan-Entamoeba PCR screen. | was able to detect E. muris gDNA in 83% of
the infected samples (See Appendix E). Although I did not perform a quantification for
E. muris the size of the bands in the Pan-Entamoeba PCR might suggest different
colonization levels. Thus, the presence of E. muris might have impacted the mouse
transcriptomics we presented in the published article. In the future, | suggest screening
all animals that are going to be used for transcriptomics. The screening might suggest

that animals should be treated to eliminate E. muris prior to sequencing.

One of the main limitations of this project was the coverage for the parasite’s
transcriptome. The day of parasite isolation was selected based on the highest level of
parasite shedding and might not need optimization. However, the isolation of the
parasite and coverage can both be improved. For the data presented on Chapter 2, we
did not concentrated parasites from each sectional sample, we also used only one

murine intestinal sample. If our goal switches to determine the transcriptome of the
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parasite, we might opt for the combination of murine samples and do a cyst isolation
prior to the RNA isolation and library preparation. From the data we observed a
maximum of 6% mapped reads, meaning we only obtained 3.7 million reads. Thus, the
amount of coverage was also an area of opportunity. The genome size of C. parvum is
10Mb according to Crypto DB. Thus, the goal would be to obtain the appropriate
amount of reads for a given research question. If we would like to perform comparison
of medium to highly expressed genes, 10-20M would be sufficient. While if we want to
find rare transcripts, SNPs, or novel splice junctions, around 50-100M would be

necessary.

Host Approaches (Immune Response)

An immediate future direction is the study of Type I interferon pathway using mice IFN-y
KO mice that also lack the Type I interferon receptor (IFNAR) or the individual ligands
IFN-a and IFN-B. The Sauer Lab currently has IFNAR KO mice within our vivarium. Of
note, we would need to generate a IFN-g/IFNAR KO animal. Alternatively,
pharmacological inhibition of the type | interferon pathway can be achieved using
commercially available polyclonal anti IFN a/f3 neutralizing antibodies. Thus, this
approach can be implemented right now with our current mice to validate that Type |
interferon pathway is conferring protection against C. parvum infection. According to the
results presented in Chapter 2, | would hypothesize mice lacking Type | interferon
response to be more susceptible to C. parvum infection. Weight loss and parasite
guantification can be used as readout of infection. If type | interferon response is indeed

conferring protection and then it is blocked (genetically or pharmacologically), | would
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expect no significant differences in infection between PBS and STAg treated animals. In
other intracellular parasites like Plasmodium berghei and Toxoplasma gondii infection,
infection of IFNAR KO mice results in higher parasite load and lower survival (166).
However, this response is not ubiquitous as human macrophages lacking IFNR infected

with Leishmania major have higher survival with lower lesions.

One of the downstream targets of the Type | interferon pathways that was significantly
upregulated was the Schlafen family, which are induced in an inflammation setting.
Three Schlafen proteins (Schlafen-2, Schlafen-4, and Schlafen-5) were the highest
expressed transcripts in infected mice that were treated with STAg. Previously, Slin4
was reported to promote leukocyte recruitment to the spleen (167) while macrophage
response is crucial for C. parvum infection clearance (168). To evaluate the role of Slfn4
in C. parvum clearance, SIfn4 KO mice can be infected. | expect Slfn4 KO mice to be
more susceptible to C. parvum oral challenge, higher parasite counts due to lower
macrophage and granulocyte recruitment, leading to higher parasitemia and lower host
survival. Of those immune cells recruited, it would be interesting to determine
differentiation status by quantifying the following myeloid markers: Bst2 (Mature B cells),
Ifi204 (Macrophage differentiation), CD274 (Activated T and B cells), CCRL2 (Activated

Neutrophil).

If a culture approach is preferred, overexpression or knock down approaches have been
used before to determine the role of SIfn13 (169) and Slfn14 (170). Commercially
available siRNA targeting mouse Slfn4 are available (Thermo-Fischer). | am hesitant of

this approach as the role of Slfn4 has been reported in immune recruitment. Thus,
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instead of single tissue culture, organoid derived monolayers from IFN-y KO mice

intestines should be used.

Parasite Approaches (Metabolomics)

The long-term goals would be to develop a drug capable of preventing cysts shedding.

Our data suggest that C. parvum is inhibiting gluconeogenesis to push glucose towards
glycolysis, the pentose phosphate pathway (PPP), or the TCA cycle. To pursue this
endeavor two types of cell lines have been used in C. parvum in vitro assays: HCT8
(Adenocarcinoma on lleocecal Colorectal) and COLO 680N (Squamous cell carcinoma
of the esophagus). Metabolites derived from the PPP can be distinguished from
metabolites derived directly from glycolysis using 13C Glucose labeling (171). An
alternative approach is to measure the transcription levels of the enzymes responsible
for glycolysis, gluconeogenesis, pentose phosphate pathway, or the TCA cycle (172).
Interestingly, purine nucleotide biosynthetic processes are upregulated when infected
and STAg treated. Why would the host upregulate a pathway involved in purine
synthesis during an infection? Could it be that C. parvum is manipulating the host? We
expect that the rates of glycolysis in infected sample will be higher than uninfected
controls and that gluconeogenesis is lower in infected than uninfected controls. C.
parvum scavenges their purines from the host, as genetic ablation of purine salvage

in C. parvum does not impair infection (173), thus | would expect purine synthesis to
also be upregulated. These results can further be corroborated by using Liquid
chromatography—mass spectrometry (LC-MS) to determine the concentrations of

intermediate metabolites for all these pathways.
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Appendix A
Humidity has an impact on Entamoeba muris viability

Entamoeba histolytica is considered endemic in tropical regions and much of the
literature focuses on the inadequate hygiene and access to sanitation (135). Access to
sanitation is a factor, but one characteristic the tropics have is constant high humidity
levels due to temperature, vegetation, and average rainfall. The highest number of
diarrhea cases are correlated with higher temperature, humidity, and rainfall in
Bangladesh (125). The physiology of the Entamoeba spp cysts was affected by
environmental humidity. Significant differences in the animal’s cages were due to two
reasons: 1) supply chain issues resulted in compressed paper (CP) bedding instead of
the usual corncob (CC) and 2) seasonal humidity changes. CP bedding has been
shown to be advantageous due to the reduced need to conduct early cage changes in a
individually ventilated caging system due to its absorption capacity (174). We were
unaware of the differences between CC and CP bedding when the supply chain issues
led to this forced change in bedding. The striking reduction of humidity between summer

and winter was around 20-30% according to our daily mouse room records.

The phenotype was seasonally observed but was really apparent during the winter
(2021 to 2022) when we introduced CP bedding. There was a drastic reduction on the
number of cysts isolated that were “healthy” and presumably viable at the specific
gravity of 1.33 (Figure A, left). | examine the waste sections of the gradient, where
material of different density would be expected, and | found cysts that looked desiccated

(Figure A, right). When the animals’ cages were strategically placed next to a store-
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bought humidifier and with very reduced bedding, we observed a 3-fold increase in cyst
yield (data not shown). The cyst total was not ever as high as the summer yields, but
enough to continue some in vivo pilot experiments. My advice for the next graduate
student is to focus on pilots and in vitro work during winters (Dec-March) and on

experiments involving cysts viability for the rest of the year.
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Fig A. Sucrose gradient isolation protocol. (A) Entamoeba isolation protocol. (B) While cysts can be
found in the P2 pellet during the winter months, they have a dehydrated appearance compared to the
cysts in the P3 pellet, likely due to the low humidity of the vivarium.
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Appendix B

A 0.1 % Sarkosyl solution significantly reduced bacterial
contamination without compromising cysts viability

Sodium lauroyl sarcosinate, herin after called sarkosyl, is an amphiphilic compound as it
is formed by a hydrophobic 12-carbon chain and a hydrophilic carboxylate. It is
commonly used as a foaming agent in personal hygiene products and the Entamoeba
field has use this compound to determine cysts viability. The assumption is that cysts
that have an intact cyst wall would be sarkosyl resistant, while cysts with compromised
cyst wall would completely lyse in the presence of this mild detergent. We tested a 0.1%
sarkosyl solution wash on ice for 30 minutes after the cysts isolation protocol (Appendix
A) to determine if bacterial load was reduced. We observed significantly cleaner

samples via immunofluorescence assays (IFA).

Fig B. Efficiency of a 30 minute 0.1 % Sarkosyl wash on ice. (A) Entamoeba muris cysts using the
isolation protocol shown in Fig A. (B) Entamoeba muris cysts using the isolation protocol shown in Fig A
in addition to a 30 minute 0.1% sarkosyl wash on ice.
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Appendix C

Entamoeba muris shedding seems to be cyclical

Rodents and rabbits, among other animals, are coprophagic (93). B6 animals most
likely encounter the primary infection of Entamoeba muris when they start being
coprophagic. Male mice display high levels of coprophagy early in their lives peaking
around t 5 to 6 weeks of age, then feces ingestion decreases with age (175). For female
mice, higher levels of coprophagy are observed during pregnancy and lactation than
when the animals are not pregnant or nursing (176). However, to our surprise we
observed shedding to have a cyclical pattern (Figure C). Animals first shedding peak
was weaning, then around 13 weeks of age (3 months), and a third peak was observed
at 25 weeks (6 months), suggesting animals can still shed a decent number of cysts
throughout their lifetime. Future characterization of this periodicity can be address as a
lab undergraduate project. The student would monitor the shedding of various age-
matched litters or various strains since weaning to 6 months of age. A possible

hypothesis for this cyclical behavior is antigenic variation as seen in Plasmodium (177).
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Fig C. Characterization of cysts shedding over time by naturally colonized Arg2 KO mice.
Entamoeba muris cysts were isolated from 0.5 g of fecal sample from (n=4 cages) at various time points
to determine periodicity of shedding.
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Appendix D

E. histolytica oral challenge does not exacerbate Entamoeba
muris shedding in WT mice nor ZBP1 KO mice

Prior to discovering that our facility had a resident Entamoeba, my main thesis objective
was to determine the importance of the Z-DNA Binding Protein 1 gene was conferring
against E. histolytica infection. E. histolytica induces cell death upon contact with host
cells based on various in vitro and in vivo experiments (reviewed in (178)). Trophozoites
have been demonstrated to attach to host cells and within minutes induce program cell
death (PCD) via apoptosis (179) or necroptosis (180). Work on delimiting what type of
PCD was occurring in amoebic liver abscess (ALA) concluded that it was in a non-FAS
and non-TNF-alpha pathways (181). Later, it was determined this Killing in a caspase-
dependent manner and PCD results in a more invasive-like phenotype (182, 183). More
recently, it was discovered that E. histolytica consumes living cells via trogocytosis, in
order to avoid host detection, and results in PCD of the host cells in vitro (17, 184).
Based on the importance of cell death in E. histolytica invasive disease, we
hypothesized that the lack of a crucial protein upstream of various types of PCD, such
as Z-DNA binding protein 1 (ZBP1), would result in a switch from tissue invasion
towards a non-invasive replication pattern. PCD in the form of apoptosis has been
shown to during invasive disease in the gut (182) and the liver (181) of current animal
models. ZBP1 and its role in programmed cell death has been heavily studied during
viral infections like influenza A virus (185), murine cytomegalovirus (186), and West Nile
Virus (187) in part due to its capacity to bind to nucleic acids. Research to determine

nucleic acid independent functions, in the absence of ZBP1 regulators, describes
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rampant activation of ZBP1 which leads to high levels of necroptosis during early stages
of embryonic development (188, 189). Lastly, PCD regulators such as RIPK1, maintain
epithelial homeostasis by inhibiting apoptosis and necroptosis (190), but the
involvement of ZBP1 in intestinal homeostasis, remains to be elucidated. Transcriptional
regulation of the ZBP1 has been linked to chronic intracellular parasites infections like
Toxoplasma gondii (191) and Neospora caninum (192). Our laboratory developed a
ZBP1 KO mice strain in which the entire coding region of the ZBP1 gene was removed
utilizing CRISPR targeting as recent reports state that the previous ZBP1 KO model to
have a mix of genetic background (193). Additionally, ZBP1 KO mice have been
reported to support the sexual stages of Toxoplasma gondii when the enzyme delta-6-
desaturase is inhibited, phenotype not reproducible with C57BL/6 mice (194). As ZBP1
KO mice had been reported to be susceptible to parasitic oral infection and can support
developmental changes that WT mice have previously been resistant, this study was
aim to test the susceptibility of the ZBP1 KO mice when orally challenged with E.
histolytica trophozoites (strain HM-1: IMSS). Having a natural occurring Entamoeba,
provided a confounding variable to this project and efforts for the Entamoeba model
focused then on E. muris. We decided to test if E. histolytica impacted E. muris
shedding in two murine strains WTs or ZBP1 KOs. We co-housed animals for two
weeks to ensure that all mice were colonized with similar levels of E. muris. We infected
animals with E. histolytica trophozoites (red), TYl media supplemented with antibiotics
(green), or mock infected (blue) and measured cysts shedding via gPCR. There were
no differences in the shedding, regardless of the treatment they received (Figure D1)

and this remain true in both murine strains. To determine if there was genetic protection
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conferred by the ZBP1 gene, we compared E. muris shedding between the WT and the
ZBP1 KO strains (Figure D2). However, no significant differences between the WT and
ZBP1 KO mice were observed suggesting that the ZBP1 gene is not essential for E.

muris colonization.
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Fig D1. Entamoeba muris cyst shedding upon trophozoite E. histolytica oral challenge (Treatment
Comparison). Mice were challenged via oral gavage with E. histolytica (red bar), TYI media (green bar),
or PBS (blue). E. muris cysts shedding was quantified via qPCR for 12 days post infection. Significance
was determined by an ANOVA test.
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Fig D2. Entamoeba muris cyst shedding upon E. histolytica trophozoite oral challenge in various
murine strains. Mice were challenged via oral gavage with E. histolytica, TYl media, or PBS. E. muris
cysts shedding was quantified via gPCR for 12 days post infection. Significance was determined by a
two-tail t-test between the murine strains per day among the three tree treatments.
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The ZBP1 KO project had various flaws that we became aware once we realized we
had E. muris within our vivarium. If the ZBP1 KO project wants to be explored mice
must be cleared from E. muris first via drug treatment, then challenged with the same
number of cysts (without microbiota differences). Our newest Entamoeba graduate
student is currently evaluating the efficacy of paromomycin, a drug use to treat the

luminal stage of E. histolytica infection.

To test if E. muris colonization has an impact on the natural resistance against E.
histolytica, Swiss Webster (SW) mice can be colonized with E. muris then infected with
E. histolytica. | am assuming there is a redout of pathology from E. histolytica
trophozoite oral challenge, perhaps weight loss or decline in health scores. Thus, the
first pilot experiments must focus on the characterization of E. histolytica challenge in

outbred mice.
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Appendix E

Cryptosporidium parvum infected mice were colonized with
Entamoeba muris

To determine if there was Entamoeba colonization in the IFN-g KO mice used in
Chapter 2, | performed the Pan-Entamoeba PCR on fecal samples collected for the
Cryptosporidium publication. A total of 6 fecal samples from day 9 post infection were
processed using the same gDNA isolation protocol attached in Appendix G. | performed
two reactions (RXN 1= 300ng and RXN 2 =5 pl of RXN 1 as genetic template) and
Entamoeba gDNA was detected in (5/6) 83% of the tested samples. Next, | purified
each band (Qiagen Gel Extraction Kit) and sent for sequencing at the UW-Madison
Biotechnology Center using same primers as the amplification step (Forward: 5'-
AGATACCGTCGTAGTCCT-3 and Reverse: 5-ACGACTTCTCCTTCCTCTAA-3’) which
together amplify a 1 kb product. The resulting reads were 100% identical to each other
and most closely matched Entamoeba muris (GenBank accession number AB445018)

with 98% query coverage at 92% identity and an E value of 0.00.
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Figure E. Fecal samples from Cryptosporidium infected mice display Entamoeba colonization 9
dpi. Samples 1-3 were treated with PBS and Samples 4-6 received the STAg treatment. All animals were
infected with C. parvum (1 x 107).
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Appendix F
Analysis scripts for CBA

The following script is for the analysis for the commercially available BD kit “Mouse
Inflammation Panel (552364)”

For the Knoll lab members, a copy of this script and the template excel file to include
your data are located in the shared P:/ drive using the following path

P:Carolina>Cytokine_Anlaysis_Script.R
P:Carolina> Cytokine_Analysis_Template.xIsx

#Needed packages
library(tidyr)
library(dplyr)
library(ggplot2)
library(scales)
library(ggpubr)
library(ggbeeswarm)
library(readxl)

#Other useful but not necessary here
#library(ggpmisc),

#library(forcats)

#library(stringr)

#library(patchwork)

#set working directory to where your raw data is located, currently set for the Knoll Lab Shared Drive (P)
setwd("P:/Carolina")

#load the control data to generate the standard curves
#in the template they are located in the metadata_controls
cytokines_curve<- read_excel("Cytokine_Analysis_Template.xIsx", sheet="metadata_controls")
cytokines_curve<- cytokines_curve %>%
gather(cytokine_type, PE_signal, IFNg:TNFa)

#graph standard curves per cytokine, check the trendlines make sense here
ggplot(cytokines_curve, aes(x=Concentration, y=PE_signal)) + geom_point() +
facet_wrap(~cytokine_type) + theme_pubr() +
geom_smooth(method="Im’, se=FALSE)
#If you can to show the equation and R squared values load #library(ggpmisc)
#stat_poly eq(aes(label = after_stat(eq.label))) +
#stat_poly eq(label.y = 0.9)

#subdivide the data per cytokine, so the program can create a table of the each cytokine's trendlines
#You can also use the function lapply if desired
(https://www.rdocumentation.org/packages/base/versions/3.6.2/topics/lapply)
IFNg<- cytokines_curve %>%

filter(cytokine_type=="IFNg")
IL10<- cytokines_curve %>%

filter(cytokine_type=="IL10")
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IL12<- cytokines_curve %>%
filter(cytokine_type=="IL12")
IL6<- cytokines_curve %>%
filter(cytokine_type=="IL6")
MCP1<- cytokines_curve %>%
filter(cytokine_type=="MCP1")
TNFa<- cytokines_curve %>%
filter(cytokine_type=="TNFa")

#Generates linear model (Im) of each cytokine based on the formula PE_signal ~ Concentration
IFNg_curve<-Im(IFNg$PE_signal~IFNg$Concentration)
IL6_curve<-Im(IL6SPE_signal~IL6$Concentration)
IL10_curve<-Im(IL10$PE_signal~IL10$Concentration)
IL12_curve<-Im(IL12$PE_signal~IL12$Concentration)
MCP1_curve<-In(MCP1$PE_signal~-MCP1$Concentration)
TNFa_curve<-Im(TNFa$PE_signal~TNFa$Concentration)

#Makes a table for each cytokine's slope and intercept value
curves<- list(IFNg_curve, IL6_curve, IL10_curve,

IL12_curve, MCP1_curve, TNFa_curve)
slopes<- c(IFNg_curve$coefficients['IFNg$Concentration’], IL6_curve$coefficients['IL6$SConcentration'],
IL10_curveS$coefficients['IL10$Concentration’],

IL12_curveS$coefficients['IL12$Concentration’], MCP1_curve$coefficients MCP1$Concentration’],
TNFa_curve$coefficients| TNFa$Concentration'])
intercepts <- c(IFNg_curve$coefficients['(Intercept)], IL6_curve$coefficients['(Intercept)],
IL10_curveS$coefficients['(Intercept)1,
IL12_curveS$coefficients['(Intercept)], MCP1_curve$coefficients['(Intercept),
TNFa_curve$coefficients['(Intercept)])

cytokines_curve_equations<- data.frame(Cytokine= c("IFNg", "IL6", "IL10",
"IL12", "MCP1", "TNFa"), M= slopes, B=intercepts)

#load the experimental data to calculate cytokine concentrations using the standard curves we just
generated

#in the template they are located in the metadata_experimental

cytokines_experimental_info<- read_excel("Cytokine_Analysis_Template.xIsx",
sheet="metadata_experimental")

cytokines_experimental_values<- read_excel("Cytokine_Analysis_Template.xIsx", sheet="rawdata")

cytokines_experimental<- left_join(cytokines_experimental_info,
cytokines_experimental_values,
by = c("Sample" = "Sample"))
cytokines_experimental<- cytokines_experimental %>%
gather(cytokine_type, PE_signal, IFNg:TNFa)
cytokines_experimental$PE_signal<- as.numeric(cytokines_experimental$PE_signal)

#Creates a table with the experimental values and the calcualted standard curves, will allow us to
calcuate concentration of experimental samples
cytokines_experimental<- left_join(cytokines_experimental,

cytokines_curve_equations,

by = c("cytokine_type" = "Cytokine"))

###HERE YOU CAN MAKE ANY DATA A FACTOR AND USE THEM AS VARIABLES TO GRAPH
YOUR DATA

#Below | change the parasite strain to be a leveled factor so the graphs alwyas show Patental first then
the KO parasite, then the complement
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### RELEVEL BASED ON YOUR OWN DATA

cytokines_experimental$Strain<- factor(cytokines_experimental$Strain,
levels=c("WT", "IFN"))

cytokines_experimental$Parasite<- factor(cytokines_experimental$Parasite,
levels=c("Parental", "LOX_KOQO", "Complement"))

cytokines_experimental$DPI<- factor(cytokines_experimental$DPI)

#Calculates concentration you need to solve for x in the following equation
#Y = MX + B, using the data frame "cytokines_curve_equations"
cytokines_experimental$Replicate<- factor(cytokines_experimental$Replicate)

cytokines_experimental<- cytokines_experimental %>%

group_by(cytokine_type, Replicate) %>%

summarise(Strain, DPI, Sex, Parasite, PE_signal, M, B, Replicate_Average_PE=(mean(PE_signal)))
%>%

mutate(Replicate_Average_Concentration= ((Replicate_Average PE-B)/M))

#Keeps only the average value of the cytokine's concentration
cytokines_experimental<- distinct(cytokines_experimental,
Replicate_Average_Concentration, .keep_all = TRUE)

#GRAPHS
### CHANGE THE DIRECTORY TO SAVE YOUR GRAPHS
setwd("P:/Carolina")

### FILTER YOUR DATA IN A WAY IT MAKES SENSE FOR YOUR DESIRED GRAPH
### GO BONKERS WITH GGPLOT HERE
### BELOW IS ONE EXAMPLE

#PER cytokine, day 7, sex difference???
IL6_only_dp7<- cytokines_experimental%>%
filter(cytokine_type =="IL6") %>%
filter(DPIl == "7")
ggplot(IL6_only dp7, aes(x=Strain, y=Replicate_Average_Concentration,color=Sex)) +
geom_beeswarm(size=3, alpha=0.5) + facet_wrap(~Parasite) +#, scales = "free") +
labs(title= "IL-6", x= "Mouse Strain", y= "Concentration") +
stat_summary(fun=mean, geom="crossbar’, width=0.6, alpha=0.5, position =
position_dodge(width=0.25)) +
#facet_wrap(Parasite)+
#here you are comparing M vs F cytokine level, per parasite strain
stat_compare_means(method = "t.test", label = "p.signif", size=5, hide.ns = TRUE) + theme_pubr()
#ggsave("change_this_name.jpg", width = 5, height =4, scale= 2, dpi=300)
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Appendix G
Protocols

gDNA Isolation (Rey Lab)

Protocol based but not the same as previous microbiome publications (126, 127)

A) Prepare 2 ml solvent-resistant screw-cap tubes + 500 ul (~1.2 g) 0.1mm
zirconia/silica beads (BioSpec Products 11079101z) + 1 large ss bead (BioSpec
Products 11079132ss); autoclave (caps loose, cover with foil + autoclave tape) 20
min (dry cycle preferable).

B) 20% SDS in Nanopure water: Will go into solution O/N at ~32°C; DO NOT
autoclave.

C) Sterile Buffer A (aka “2x Buffer A”): 200 mM Tris-HCI, pH 8.0 / 200 mM NaCl / 20

mM EDTA. For 150 mL: 30 mL of Tris-HCI, pH 8.0, 30 mL of NaCl [1M], 30 mL of EDTA

[100mM], and 60 mL of Nanopure water.

>> Check SDS in solution, check microfuge at 4°C <<

Add frozen samples [~20-50 mg (< 200 mg) keep on wet ice] to sterile 2 ml tubes (see
“‘A”, above);

if this if for gPCR, don't forget to weigh the sample and record.

NOTE: Preload Buffer A + 20% SDS mixture into beads prior to loading fecal sample

1. Add 500 pl Buffer A with 210 pl 20% SDS (may premix 1 + 2 as needed for

multiple samples; add 710 ul)
a. If using concentrated pellet resuspend in 420ul of Buffer A + 20% SDS
mixture

2. Add 500 ul Phenol / Chloroform / Isoamyl alcohol, pH 7.9, 25:24:1 (Invitrogen
15593-049)

3. Bead beat on high for 3 min at room temperature (be sure the block is firmly
secured)

4. Spin, 8,000 RPM (~7200 x g), 4°C, 3 min (note speed; higher risks tube
breakage; 3 min is usually plenty, but may extend)

5. Transfer aqueous layer (<600 pl) to a sterile, new 1.7ml tube (do the optional
steps for gPCR)

6. Add 500 pl Phenol/Chloroform, mix by inversion

Spin, 13,000 RPM (~18,000 % g), 4°C, 3 min

8. Transfer aqueous layer to new tube

~
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9. Add 60 pl 3M NaAcetate, mix (assumes 500 — 600 ul aqueous recovery)

10.Add 600 pl isopropanol, mix by inversion

11.Place onice for 1 h to O/N [OR at —-80°C for 12 min (max!), OR store at —20°C
indefinitely]

12.Spin, 13,000 RPM (~18,000 % g), 4°C, 20 min

13.Decant or remove the supernatant as thoroughly as possible

14.Rinse pellet with >500 pl 100% EtOH, remove traces of liquid, (air dry or Speed
Vac 1 min)

15. Dissolve pellet in 200 pl sterile To)E) buffer on ice (for DNA samples only, may
temporarily warm to ~30 - 37°C to aid rapid dissolution

Proceed to clean DNA (all 200 ul) using DNA Clean & Concentrator 5 (Zymo Research
D4004). Following instructions for plasmid, genomic DNA (>2 kb)
e Be sure to spin dry membrane prior to the start of this protocol
e Elute using 50-100 ul of kit’s elution buffer (sterile T@0)E(q) buffer as an
alternative), depending on the downstream application. NEVER ELUTE IN
WATER - DNA WILL DEGRADE 10-FOLD IN FREEZER.
¢ Quantify using nanodrop (Use 100-500ng per reaction for screen, use 100ng per
reaction for qPCR)
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Immunofluorescence Assay for Jacob2 staining

This protocol was based on the publication associated with the a-Jacob-2 antibody (48).

All samples were processes in 1.75 mini-centrifuge tubes. Incubations were at room
temperature for 5 minutes and with 1 ml volumes each unless otherwise stated.

Sample Prep

e Fresh poop or isolated cysts via sucrose gradient treated with 0.1% sarkosyl
wash (skip to fixation)
o USE FRESH POOP, poop that has been stored in the -20 will not have
strong Jacob?2 in staining
e About ~0.10 to 5 g of frozen fecal samples were ground to a fine powder using a
mortar and pestle then homogenized with 5 to 15 mls of nanopure water for 5
minutes using the poop rotator at 60 rpm
e Sample was filtered through two two-ply cotton gazes. Optional nylon mesh
plastic filters (100, 70, and 40 um)
e Sample was incubated on ice on 0.1% sarkosyl solution for 30 minutes
e Sample was pelleted for 5 min at 250g (note the slower speed)

Fixation Step

e Pellet was fixed by adding 1mL of 10% formalin
o Incubate for 5-10 minutes at room temperature while rotating
e Wash with nanopure water

Blocking Step

e Sample was blocked using 3% goat serum (diluted in nanopure water)
o NOTE use serum of the same species as the secondary antibody
o For cleaner results might need to use serum plus BSA
o Per1ml, add 10 ul of serum
o Incubate for 5 min

e Wash with nanopure water

Primary Antibody Incubation

e Primary antibody (1A4) was added (2.9 ug/ml, 1:1000 dilution from stock)
o Use Nanopure water, not the goat-blocking buffer
o Incubated 2 hours with rotation

e Wash with Nanopure water
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Secondary Antibody and Nucleic Acid Stain Incubation (KEEP COVERED FROM
LIGHT USING FOIL)

e Secondary antibody (Alexa Fluor 594, goat anti-mouse IgG) was added (20
pug/mL, 1:1000 goat anti-mouse
o Use 0.1% triton in nanopure water, not the goat-blocking buffer
o Incubate for 2 hours (overnight is really not encouraged for whole
feces, if sucrose gradient is fixed you may extend overnight. Again, it
doesn’t look great)
e Wash 0.1 % (calcofluor-white and 10% KOH) in nanopure water,
e Wash with nanpure water
o ONLY IF ISOLATED CYSTS TREATED WITH 0.1% SARKOSYL ARE
BEING USED, Add Syto 11 stain (# S7573) AT 1:5000 dilution. DO NOT
USE FOR WHOLE FECES
= No need for incubation
e Resuspend in 50 ul of nanopure H20

Mounting

e Add 2 ul Vectashield and 8 ul of sample

e Place a circular coverslip on top of mix

e Seal with nail polish

e Store at 4° C for short term, -20° C for long term

Fluorescence Detection

e Take images using DIC, DAPI (calc), GFP (Sytol1), and Texas-Red (1A4).
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