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Abstract

Cryptosporidium spp. are the causative agents of diarrheal disease worldwide,
with the greatest burden on the immune-compromised and malnourished young
children in resource poor countries. In vitro culture models to study this parasite
with physiological relevance to in vivo infection remain sub-optimal. Thus, the
pathogenesis of cryptosporidiosis remains poorly characterized, and
interventions for the disease are limited. The lack of effective treatments makes
the study of this organism and the development of new interventions of the
utmost importance. Cryptosporidium employs mucin-like glycoproteins to attach
to and infect host intestinal epithelial cells. O-glycans, specifically the Tn antigen
(GalNAc al-Ser/Thr) on these glycoproteins, have been shown to be essential
for these processes as a Tn-specific antibody and Tn-specific lectins block
attachment and irreversibly inhibit infection. However, the enzymes catalyzing
their synthesis have not been studied. Previously, we identified four genes
encoding putative polypeptide N-acetylgalactosaminyl transferases (ppGalNAc-
Ts) in the genomes of three Cryptosporidium spp. My project focused on the in
silico analysis, cloning, expression, purification and characterization of one of the
four ppGalNAc-Ts within C. parvum, Cp-ppGalNAc-T4. This enzyme contains the
characteristic domains and motifs conserved in ppGalNAc-Ts family enzymes
and is expressed at multiple time points during in vitro infection. Soluble,
recombinant Cp-ppGalNAc-T4 f unctions primarily as an
exhibiting a strong preference for UDP-GalNAc over other nucleotide sugar

donors.
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Given the importance of mucin type-O-glycosylation within Cryptosporidium spp.,
the enzymes that catalyze their synthesis may serve as potential therapeutic

targets.

While characterizing mucin-like glycoproteins and enzymes that glycosylate them
is important, the lack of robust in vitro culture systems remains a serious
impediment to fully understanding their function, and hinders screening of
potential interventions which target them. We evaluated the potential of a novel
bioengineered three-dimensional (3D) human intestinal tissue model to support
long-term infection by C. parvum. We found that C. parvum infected and
developed in this model for at least 17 days. Contents from infected 3D tissue
models could be transferred to fresh 3D tissue models to establish new infections
for at least three rounds. Asexual and sexual stages, and the formation of new
oocysts were observed during the course of infection. We further improved the
model by using human intestinalstem-c el | deri ved fAenteroi dso
transformed cell lines. Ultimately, a 3D model system capable of supporting
continuous Cryptosporidium infection will be a useful tool for further advancing
the study of host-parasite interactions, identification of putative drug targets,
screening of potential interventions, and propagation of wild type and genetically

modified Cryptosporidium strains.
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Chapter 1: Introduction



1.1 Cryptosporidium

1.1.1 Historical Perspective

The apicomplexan protozoan parasite Cryptosporidium was first identified in
1907 by Dr. Ernest Tyzzer in the peptic glands of mice [1]. Three years later, he
published a more thorough work, painstakingly characterizing and illustrating the
developmental stages and life cycle of the parasite [2]. This parasite was named
Cryptosporidium due to the lack of sporocysts observed within the oocysts,
something characteristic of other coccidian parasites. In the 50 years following
this discovery, Cryptosporidium spp. were often mistaken for other
apicomplexans, most commonly with Sarcocystis due to the commonality of

oocysts containing four sporozoites [3].

Following the initial work by Tyzzer, several studies highlighted the veterinary
importance of the parasite describing it as a causative agent of diarrhea and
death in turkeys in 1955 (C. meleagridis) [4], and as a cause of bovine diarrhea
in 1971 [5]. Another species, C. baileyi was found to cause respiratory disease in
domestic poultry and game birds [6-8]. Prior to the discovery of the ability of
Cryptosporidium spp. to infect multiple species of animals, new isolates were
often named for the host they were found to infect. Later cross-transmission
studies demonstrated the ability of parasite strains to successfully infect multiple
hosts, still, some of the nomenclature remains today, as strains exhibit non-
exclusive preferences for certain hosts while conforming to other taxonomic

parameters.



The first reported cases of human cryptosporidiosis occurred in 1976, in an
immunocompetent three-year-old girl [9] and a 39-year-old immunosuppressed
man [10]. In the years following, its true epidemiological significance was realized
as Cryptosporidium became an AIDS-defining illness during the 1980s [11-14].
Around this same time, it was also discovered to be a cause of diarrhea in the

immune competent [15, 16].

Cryptosporidium garnered national attention in 1993, when Milwaukee,
Wisconsin suffered what remains to this day, the largest waterborne outbreak of
disease in US history [17, 18]. This outbreak had lasting effects, prompting
widespread reform in the water industry [19]. It is estimated that 403,000 people
suffered watery diarrhea with over 100 fatalities mostly in the elderly and immune

compromised [17].

Cryptosporidium oocysts were found contaminating the water supply at the
southern Milwaukee water treatment facility. Prior to the outbreak, heavy spring
rains swelled the rivers, presumably allowing for runoff from cattle and
slaughterhouses to enter Lake Michigan (an intake of the southern water-
treatment plant) [17, 18, 20]. The total cost of this outbreak was estimated to be
$96.2 million, with $31.7 million attributable to healthcare costs, and $64.6 million
estimated in productivity losses [21]. Though significant improvements in water

purification methods have been implemented since this outbreak [22],



industrialized countries are seeing increased numbers of outbreaks, largely due

to contamination of recreational water [23].

Amid concerns of its potential for use as a bioterrorism agent, Cryptosporidium
was classified as a category B pathogen for biodefense in 1999 [24]. In 2004,
Cryptosporidumwas added to the World Health
Diseases Initiative along with Giardia [25], as part of a call for a more unified and
comprehensive approach to expanding understanding of host-parasite

interactions to develop desperately needed interventions.

1.1.2 Life Cycle and Developmental Stages

Apicomplexan parasites are so named for their apically located secretory
organelles including polar rings, micronemes, rhoptries, and dense granules [26]
that in some apicomplexans have been shown to be involved in mediating
attachment and invasion [27, 28]. Unlike many other apicomplexan parasites
which often require more than one host to complete their life cycles [29],
Cryptosporidium is monoxenous completing its entire life cycle in a single host.
Infection begins with the ingestion of oocysts in contaminated food or water or by
direct person-to-person or animal-to-person contact [30]. Once oocysts reach the
upper small intestine, excystation occurs releasing four infectious sporozoites
from a suture-like opening formed at one pole of the oocyst [31, 32]. These

sporozoites glide along the surface of host cells using actin-dependent motility
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[33] while depositing proteins from the apical complex, which aid in attachment
and invasion [33]. Following attachment to and invasion of intestinal epithelial
cells, two rounds of merogony (asexual reproduction) occur. During the first
round, six to eight merozoites [34-36] are released into the gut and propagate
infection by re-invading adjacent cells. The second round of merogony gives rise
to four merozoites that progress to gametogony (sexual replication) [37]. As part
of the sexual cycle, microgametes are formed which fuse with macrogamonts
during fertilization to form zygotes, which then mature into thick or thin-walled
oocysts. The thin-walled oocysts can excyst in the intestinal lumen and re-infect
cells [35, 36, 38] while the thick-walled oocysts are excreted and released into

the environment. The life cycle of Cryptosporidium is depicted in Figure 1.1.
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Figure 1.1: Schematic Representation of the Cryptosporidium parvum Life Cycle.
After excysting from oocysts in the lumen of the intestine (a), sporozoites (b) penetrate
host cells and develop into trophozoites (c) within parasitophorous vacuoles confined to
the microvillous region of the mucosal epithelium. Trophozoites undergo asexual division
(merogony) (d and e) to form merozoites. After being released from type | meronts, the
invasive merozoites enter adjacent host cells to form additional type | meronts or to form
type Il meronts (f). Type Il meronts do not recycle but enter host cells to form the sexual
stages, microgamonts (g) and macrogamonts (h). Most of the zygotes (i) formed after
the fertilization of the microgamont by the microgametes (released from the
microgamont) develop into environmentally resistant, thick-walled oocysts (j) that
undergo sporogony to form sporulated oocysts (k) containing four sporozoites.
Sporulated oocysts released in feces are the environmentally resistant life cycle forms
that transmit the infection from one host to another. A smaller percentage of zygotes
(approximately 20%) do not form a thick, two-layered oocyst wall; they have only a unit
membrane surrounding the four sporozoites. These thin-walled oocysts (I) represent
auto-infective life cycle forms that can maintain the parasite in the host without repeated
oral exposure to the thick-walled oocysts present in the environment.

Macrogamont

Merozoites

*Reproduced with permission from [37]



1.1.3 Cryptosporidium Biology/Dynamics of Infection

Like other apicomplexans, Cryptosporidium is thought to secrete proteins from
the apical complex organelles-micronemes, dense granules, and rhoptries during
gliding motility [33]. In apicomplexan parasites such as Toxoplasma and
Plasmodium, rhoptries and micronemes secrete their proteins apically, whereas
the dense granules can release proteins in other locations along the surface of
the sporozoites [39]. However, it is not clear whether this occurs in
Cryptosporidium. As in other apicomplexans, the apical complex organelles are
thought to be involved in attachment, invasion, and parasitophorous vacuole
formation and are thought to be crucial for infection [37]. However, this has not
been shown directly. Tetley, et al [40] characterized the morphology and
localization of these organelles within C. parvum by performing transmission

electron microscopy (TEM) of sporozoites, shown in Figure 1.2.



Figure 1.2: Longitudinal Section Through a Sporozoite Showing the Distribution of
Internal Organelles.

The apical complex containing the micronemes (mn) and rhoptry (r) was at the tapering
anterior of the cell (labeled ac) with the nucleus (n) and adjacent crystalloid bodies (cb)
at the posterior, more rounded end. Dense granules (dg) occurred predominantly in the
centre portion of the cell. The putative plastid-like organelle (p) and extended nuclear
membrane region (nme) are also indicated. Bar, 0.5pm. *Reproduced with permission
from [40].

Rhoptries are the largest apical organelles, with a club-like morphology formed
by a bulbous end and duct-like protrusion. While other apicomplexans have
multiple rhoptries, C. parvum sporozoites were found to only have one [40].
Rhoptry proteins have not been extensively studied in Cryptosporidium, and as a

result, their functions remain largely unknown [41, 42].



The smaller micronemes are membrane bound, flask shaped organelles that are
localized apically, occurring in large quantities, commonly greater than 100 per
C. parvum sporozoite [40]. At least 3 microneme proteins have been identified in

Cryptosporidium including gp900 [43], TRAP-C1 [44], and CSL [45, 46].

The dense granules have a distinct localization from the other organelles and are
not necessarily apical. Interestingly, these dense granules have also been found
in merozoites and gamonts [47]. A novel C-type lectin (identified by Seema
Bhalchandra and Jacob Ludington in the Ward lab) in C. parvum, CpClec, was
recently shown to localize to dense granules and is the first dense granule

localizing protein to be characterized [48, 49].

Together, these organelles extrude their contents during gliding motility forming
trails along the epithelial surface [33, 43]. In C. parvum, this release is
temperature dependent and is mediated by cytoskeleton remodeling and
intracellular calcium (Ca?*) concentrations [50]. A blockade of actin and tubulin
polymerization was demonstrated to prevent discharge from these organelles

and inhibit invasion [50].

Intracellular development occurs in a parasitophorous vacuole within the brush
border membrane; in a unique intracellular but extra-cytoplasmic location [30,
51]. This vacuole may serve to protect the sporozoites from both the gut
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microenvironment and the immune system [52]. The intracellular stages contain
a feeder organelle at the host cell interface, resembling the epimerite of
gregarians [53-56], which is thought to enable the parasite to obtain nutrients
from the host cell. C. parvum has highly streamlined metabolic pathways [57, 58].
C. parvum contains a mitochondrial-like organelle enveloped by a ribosomal-
studded rough ER, lacks cristae, but has internal sub-compartments delineated
by membranes. [59, 60]. Though it lacks a mitochondrial genome, TCA cycle
enzymes, and cytochrome-based respiratory components, C. parvum was found
to have some mitochondrial proteins including heat shock proteins (Hsp),
alternative oxidase (AoX) and some electron transport proteins (mtFd and
mtFNR) [28, 57, 59-61]. The streamlined glycolytic metabolism suggests that C.
parvum is extremely reliant on the host for nutrients [62]. C. parvum lacks de
novo nucleic acid biosynthesis and is reliant on three nucleotide salvage
enzymes to acquire pyrimidines and purines from its host; two of which were

likely products of horizontal gene transfer from bacteria [63].

1.1.4 Phylogeney in Question: Coccidian or Gregarine?

Originally classified as a coccidian (a subclass of single-celled obligate
intracellular parasites that infect the intestinal tract [64, 65]) parasite, several
studies point to Cryptosporidium being an early branching apicomplexan, more
similar to gregarines (apicomplexan parasites of invertebrates) than other
apicomplexan parasites [66, 67]. Examination of the small subunit ribosomal

RNA gene revealed that Cryptosporidium had a closer phylogenetic relationship
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with the gregarines than with the coccidia [66, 67]. Interestingly, it is
hypothesized that the split between gastric and intestinal species occurred prior
to the emergence of fish and reptiles, as both gastric and intestinal
Cryptosporidium spp. occur in these animals [3]. Cryptosporidium spp. have
features that differ from other apicomplexans (reviewed in [3, 56, 68, 69]). They
lack apicoplasts and genomic material from both plastids and mitochondria [28,
61, 70]. Cryptosporidium also lacks traditional mitochondria, instead possessing
an ancestral mitochondrion-like organelle [59, 60]. Additionally, gamont-like
extracellular stages like those found in gregarines have been observed by many

groups [34, 71-76].

The phylogeny of Cryptosporidium spp. has long been questioned, dating back to
earlier studies [66]. The genus Cryptosporidium has recently been officially
reclassi fied i nCrptogréegariam wanf swlhbicd ha sist i s t he

[56, 67-69].

1.1.5 Epidemiology

There are currently 31 distinct Cryptosporidium species recognized, many with
multiple genotypes, subtype families, and subtypes (reviewed in [77, 78]).
Cryptosporidium infects many species including cattle, birds, dogs, cats, fish,
rodents, lizards and snakes, marsupials [79, 80], primates, and other mammals

[77].
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Cryptosporidium has a global distribution with occurrences reported in every
continent excepting Antarctica [81]. In earlier studies, it was estimated that
Cryptosporidium is present in 1% of stools in immunocompetent individuals in
high income areas, with 5-10% in the immune compromised and in resource
limited settings [30]. However, more recent data has shown that Cryptosporidium
is present in 15-25% of stools of children with diarrhea in developing countries
[82-86]. Seasonal weather patterns also correspond to an increased risk of

infection [87].

Cryptosporidium is a highly infectious pathogen that is present in untreated storm
water [88, 89] as well as swimming pools, and infects individuals in hospitals and
day-care centers [90]. Transmission occurs through both direct and indirect
routes. Transmission can be zoonotic (animal to human) or anthroponotic

(human to animal) [91-93].

Direct transmission is via the fecal-oral route and can occur from contact with
infected animals or people. Indirect infection often occurs by contact with
contaminated water, food, and even fomites such as clothing [37, 81]. In children
and the immunocompromised in resource-limited settings, respiratory
cryptosporidiosis may be transmitted by inhalation [94]; a phenomenon that has
been supported with data from gnotobiotic piglets [52]. Two major species, C.

parvum and C. hominis account for 90% of all reported cases of cryptosporidiosis
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in humans [95, 96]. Although C. hominis infects primarily humans, C. parvum
infects both young ruminant livestock and humans. C. hominis is more prevalent
in North and South America, Australia, and Africa, while C. parvum is more
prevalent in Europe [81]. Other species of Cryptosporidium have also been
reported to infect humans including C. meleagridis, C. cuniculus, C. felis, and C.
canis [37]. Several isolates of individual species have been identified from
infected humans or animals. Infectivity varies depending on the isolate, but in
some isolates, as few as 10 oocysts can cause productive infection in healthy

individuals [97-99].

Cryptosporidium is endemic to resource-limited areas where poor hygiene,
sanitation, and lack of clean drinking water contribute to the spread of disease

[81].

1.1.6 Clinical Manifestations

The hallmark of disease is diarrhea, often watery, which may be accompanied by
fever and vomiting with a rapid onset; often 3-7 days post exposure [52]. Other
symptoms include dehydration, vomiting, abdominal discomfort, general malaise,
and weight loss. In the immunocompetent host, infection is often asymptomatic

but may result in self-limiting diarrheal illness which resolves within 1-2 weeks.
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In immunocompromised individuals such as untreated, HIV-infected patients with
low CD4 T cell counts (<150/mL), the disease can be very severe, chronic and
manifest as life-threatening diarrhea and wasting [100-102]. The severity of
disease correlates with the overall parasite burden [103]. Though normally an
intestinal disease, AIDS patients are at a high risk for extraintestinal
cryptosporidiosis, most commonly in the biliary, pancreatic, and respiratory tracts
[104]. Although widespread use of anti-retroviral therapy in HIV/AIDS patients in
the developed world has greatly reduced the incidence of cryptosporidiosis in this
population [102, 105], Cryptosporidium remains a major diarrheal pathogen for

the immune compromised in resource-limited areas [106-108].

Another vulnerable group are malnourished children in resource poor countries
[82, 109]. In a recent case-control study, the Global Enteric Multicenter Study
(GEMS), Cryptosporidium was unexpectedly found to be one of four pathogens
responsible for moderate to severe diarrhea in children under the age of 5 years,
and was associated with an increased risk of death in children from 1 to 2 years
of age in seven countries in sub-Saharan Africa and South Asia [110]. Itis
thought that infection of intestinal epithelial cells with Cryptosporidium causes
villous blunting and ablation of microvilli, thus interfering with absorption of

nutrients, leading to weight loss and wasting [30, 111].
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Children can suffer long-term consequences of cryptosporidiosis [112], including
persistent diarrhea, physical and cognitive defects, and growth faltering [113,
114]. Cryptosporidium is thought to be one of the enteric pathogens that may
contribute to a condition known as environmental enteric dysfunction (EED),
which results in some of the same long-term consequences and additionally may
be associated with an altered gut microbiome, an impaired immune system, and

reduced oral vaccine efficacy [115].

1.1.7 Host Immune Response

Most of what is known about the host immune response to Cryptosporidium
comes from studies of mice infected with C. parvum, with a few studies in
neonatal calves and piglets [116, 117]. Both the innate and adaptive arms of the
immune system are involved, but the full contributions of each of these players

remains largely unknown.

1.1.7.1 Innate Immunity

Intestinal epithelial cells (IECs) serve an important role in host defense,
particularly in maintaining a barrier against invading pathogens. They also act as
sensors, releasing cytokines to recruit and activate immune cells [118, 119].
Though apoptosis can be a useful mechanism to kill invading pathogens, IECs in
the epithelium of C. parvum-infected neonatal piglets were shown to undergo

apoptosis selectively at the villus tips [120]; the primary location of normal
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epithelial cell shedding. In part, it is hypothesized that this selective induction of
apoptosis serves to maintain the integrity of mucosal barrier to prevent further

damage [120].

In C. parvum infections, IECs have been shown to be important in the
recruitment of dendritic cells [121] through the release of chemokines. Dendritic
cells are antigen presenting cells which activate naive lymphocytes [122] and are
a source of Th-1 cytokines including IL-12 and IL-2 [123]. As the immune
response to Cryptosporidium is predominantly Th-1-mediated, dendritic cells may
play a key role [116]. In an IFN-"Ydeficient mouse model, Cryptosporidium
antigens were found in DCs present in the draining lymph nodes [124, 125].
CD103+ DCs were found to help control infection by producing IFN- "Yand IL-12
in the lamina propria and draining lymph nodes [126]. Neonatal mice have low
numbers of this subset of DCs which may account in part for their increased
susceptibility to C. parvum. CCL20 was found to be upregulated in in vitro
infections of murine IECs; however, it was downregulated in vivo [121].
Interestingly, the anti-mi ¢ r o b i al -dgfeasm tL,iwkiah has fne ability to kill
sporozoites in vitro [127], was also found to be downregulated during murine
infection in vivo and in vitro [128]. The downregulation of these host immune
components in vivo suggests that C. parvum may have immunomodulatory

mechanisms.
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Toll like receptors (TLRs) protect mucosal surfaces, maintain homeostasis, and
promote inflammation following tissue injury [129]. TLRs 2,4,5, and 9 have been
implicated in the host response to C. parvum infection in the biliary tract as well
as the intestine [130-132]. The exact mechanisms are unclear, however there is
some evidence to suggest that the gut microbial flora act in coordination with the

host to mount this response [133].

Natural killer (NK) cells are cytotoxic against Cryptosporidium-infected cells, and

a source of IFN-"Y They are recruited by IL-12, IFN-U/ b-15ahdTNF-U, and | L
18 produced by DCs and macrophages [116]. Mice deficient in NK cells were

shown to be more susceptible to C. parvum infection [134]. Studies in neonatal

lambs suggest NK-mediated killing of C. parvum is cytolytic in nature [135].

Mast cells secrete inflammatory mediators including histamine, cytokines,
prostaglandins, and leukotrienes that illicit Th-2 immune responses [136, 137].
Mast cell-deficient adult mice have been shown to be more susceptible to C.
parvum infection [138]. Influxes of mast cells have been observed in both the
intestinal mucosa of mice [139] and calves [140], but it remains unclear as to

what role they may play given the typical Th-1 nature of the immune response.

The role of neutrophils in Cryptosporidium infection is also poorly understood. It

is hypothesized that they might require interactions with macrophages for

17



clearance of infection [141]; however, neutrophil depletion in neonatal piglets did

not have a large effect on the progression or resolution of infection [142].

1.1.7.2 Adaptive Immunity

CD4+ T cells are known to be important for host defense against
Cryptosporidium infection due to the increased susceptibility to infection and poor
outcomes in AIDS patients with low CD4 counts [101]. Adult mice deficient in
CDA4-T cells develop chronic infection which leads to death [143]. An increase in
CD8+ T cells was demonstrated in a challenge infection of recovered calves
[144]. However, the exact role of T cells in recovery and protection against

further infection, particularly in humans, is not clear.

The humoral immune response is also poorly understood [117]. Specific C.
parvum antigens induce an antibody response which correlates with infection
[106, 125, 145-149]. There does seem to be a correlation between higher IgG,
IgM, and IgA responses to Cryptosporidium antigens and duration of infection
[106, 147, 148]. Antibodies may limit both duration and/or severity of disease, but

the precise mechanisms remain unknown.

While many studies have attempted to elucidate the host immune response to C.
parvum infection, there is not a complete understanding of how the immune
system responds to and clears an initial infection versus a subsequent challenge.
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1.1.8 Diagnosis and Treatment

There are several diagnostic tools available for the detection of Cryptosporidium
infection. Identification of oocysts by microscopy of fecal smears by modified
acid-fast staining or immunofluorescence is the most commonly used technique
for diagnosis. However, stool microscopy can have low sensitivity with the limit of
detection at 50,000 to 500,000 oocysts per gram of stool [150]. Therefore, it is
recommended to examine multiple stool samples from each patient [151].
Additionally, acid-fast staining does not differentiate between various cyst-
forming pathogens [38, 152]. The use of immunofluorescence microscopy can
improve sensitivity, however, this technique is time-consuming and still requires a
skilled technician for proper identification [153]. Enzyme-linked immunosorbent
assays (ELISAS) against specific C. parvum antigens in stool samples can be
used for diagnosis, provide greater sensitivity than that of microscopy [154-156],
and are amenable to automation and large scale sample processing [77]. None
of these aforementioned techniques allow for identification of the species or
subtype [152]. PCR remains the only technique for such characterization,
targeting differences in both the 18S ribosomal rRNA and gp60 genes [78]. Real
time PCR provides a powerful tool for both clinical diagnosis and environmental
monitoring with high sensitivity, requiring only 200 oocysts per gram of stool

[157].
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The need for simple, rapid, point-of-care diagnostic tools for field use that do not
require specialized equipment is paramount to properly diagnose and treat those

that are most at risk in resource-poor areas.

Currently there is no vaccine available, and the only FDA-approved drug for the
treatment of cryptosporidiosis is the thiazolide nitazoxanide, a drug with broad
anti-parasitic properties [158]. First described in 1975 [159], it has been used as
a treatment for many parasites including Cryptosporidium parvum, Giardia
lamblia, Entamoeba histolytica, Cyclospora cayetanesis, and Tania saginata,
among others [160].1 t 6 s p r ccipanismeoflactioreis thought to be by
inhibiting pyruvate ferrodoxin oxidoreductase (PFOR), a key component of
anaerobic energy metabolism [160]. Unfortunately, this drug is not effective in
immunocompromised patients [100], and has not been widely evaluated in
malnourished children in resource-limited countries. In these most vulnerable
populations, the course of treatment is rehydration and adequate nutrition, as
well as treating any underlying conditions that may exacerbate the disease.
While antiretroviral therapy (ART) has been effective at reducing
cryptosporidiosis in HIV-infected patients in developed areas of the world, it is
still a problem in resource-poor areas where ART is not readily available or

affordable [102].
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Recently, a novel pyrazolopyridine, KDU731, was shown to effectively target C.
parvum and C. hominis phosphatidylinositol-4-OH (P1(4)K) kinase resulting in a
rapid reduction of intestinal infection in immunocompromised mice and calves
[161]. This compound was identified by screening novel pyrazolopyridines and
imidazopyrazines; compounds that have shown efficacy against Plasmodium
PI1(4)K [162]. The authors also demonstrated a rapid reduction of oocyst
shedding and resolution of diarrhea in neonatal calves, a pre-clinical model of
human infection. Future pre-clinical and clinical trials need to be completed to
demonstrate the safety and efficacy of such a treatment in humans, especially

those that are immunocompromised.

1.1.9 Limitations and Recent Advances in the Study of Cryptosporidium
Progress in understanding the pathogenesis of Cryptosporidium infection has
long been hampered due to the lack of tools for effective study. These include,
an inability to genetically manipulate the parasite, lack of physiologically relevant
model systems, and the inability to continuously propagate the parasite in vitro
[51]. The sequencing and annotation of the genomes of Cryptosporidium
hominis [61] and Cryptosporidium parvum [28] along with the creation of
CryptoDB as a repository database [163] were important advances and have
allowed for the examination of unique features and potential biochemical
requirements within this organism. While in silico analysis can provide some

insight, all hypotheses must be experimentally confirmed.
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1.1.9.1 Genetic Modification

Until very recently, genetic manipulation of Cryptosporidium had not been
possible. Cryptosporidium spp. lack the machinery required for non-homologous
end joining DNA repair, therefore transgene integration must be facilitated by
homologous repair recombination. Normally a rare event, homologous repair
recombination can be assisted by introducing site-directed double strand breaks

by endonuclease systems such as CRISPR-Cas9 [164].

Dr. Boris Striepen and colleagues at the University of Georgia, Athens developed

a method to insert epitope ta@gsparaumd creat e
strains using this CRISPR-Cas9 system [164, 165]. They electroporated

sporozoites with plasmids containing guide RNAs (QRNAS), repair cassettes

containing nanoluciferase, and neomycin resistance genes under the control of

the C. parvum enolase promotor. They then selected stable transfectants with
paromomycin following direct surgical implantation into interferon gamma

deficient (IFN"Y") mouse intestines. One shortfall of this system is that successful

infection and completion of the C. parvum life cycle is required for the selection

and propagation of the newly created transgenic strain. Therefore, any gene

Aknock outo strain that presents a | et hal
The development of an inducible knock-out is paramount to the study of these

fiessaelndt igenes.

22



1.1.9.2 Culture Model Systems

One of the greatest challenges in Cryptosporidium research is the lack of a
primary human intestinal model that allows for continuous propagation and
recapitulates human intestinal epithelial structure and function. This has inhibited
advances in understanding the mechanisms involved in host-parasite
interactions, identification of potential therapeutic targets, and screening of
putative interventions [166]. Existing in vitro infection models are sub-optimal and
do not recapitulate normal human intestinal epithelial environment or support all
stages of infection [166, 167]. One of the consequences is the need to propagate
Cryptosporidium using animal models. This includes genetically modified
parasites, which must be passed through IFN-g knockout mice for selection and
propagation [164]. Although infection is possible in these immunocompromised
small animal models, they do not recapitulate the hallmark of the disease;
diarrheal illness. Due to the lack of a suitable in vitro or ex vivo human model,
and small animal models which mimic human disease, the pathogenesis of

cryptosporidiosis remains poorly characterized.

Recent | vy, Dr . David Kaplands group at Tufts
developed a novel bioengineered 3D human intestinal tissue model using silk

protein as a scaffolding biomaterial [168]. This 3D porous protein scaffolding

system contains a geometrically-engineered hollow lumen seeded with human

intestinal epithelial cells (IEC) (Caco-2 and HT29-MTX), with human primary

intestinal myofibroblasts (H-InMyoFibs) within the porous bulk space of the
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scaffold to secrete cytokines and growth factors to aid in differentiation and
support growth of the epithelial cells, that has adaptability to both large and small
intestines (Figure 1.3). These intestinal tissues demonstrated representative
human responses by permitting continuous accumulation of mucous secretions
on the epithelial surface, establishing low oxygen tension in the lumen, and
interacting with gut-colonizing bacteria. The newly developed 3D intestinal tissue
model enabled months-long sustained access to these intestinal functions in
vitro, ability to be integrated with different cell types, and therefore ensures a

reliable tissue system for studies in a broad context of human intestinal diseases

and treatments.

? e e
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Figure 1.3: Human Intestines on 3D Porous Silk Scaffolds
(a, b) Schematics of the fabrication process for building silk-based porous scaffolds for
3D human intestine engineering. Silk scaffolds with hollow channels were prepared
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using a sequential six step process involving silk regeneration, cylindrical PDMS mold

casting, insertion of Teflon-coated wires or Nylon screw across the cylinder, application

of the silk sol ut i-sheetinddctioprm Ppon completion dfthim and b
process, the Teflon-coated wires or Nylon screw was removed, leaving a 3D, porous

scaffold with a 2mm diameter of non-patterned or screw-patterned (patterned, ridge like
features with a height of 400 c¢cthofrthesdaffoldl ow c¢ han
and a bulk space that contained interconnected pores surrounding the channel. The

scaffolds were then reproducibly trimmed along the axis of the hollow channels into 5

mm diameter x 8 mm long (mm) cylinders (b, Scale bars, 4 mm). (c) Schematics show

the 3D non-patterned and patterned intestine system layout. (d, e€) F-actin stain of 3D
scaffolds without patterns (upper panel) and with patterns (lower panel) demonstrates

how intestinal epithelial cells and myofiblasts localize in the 3D silk scaffolds. Scale bar,

1 mm. (fi k) 3D confocal images of ZO-1 immunostaining, SEM, and ALP staining on the
epithelial cells seeded in the scaffold lumens demonstrated fully polarized epithelial

cells. Scale ¢opysl i4d)0@m Zhan (eMm)BD corfocal view of
i mmunostaining of SM22U on cells seeded in

t h
Il nMyoFi bs keep their phenotype on the scaff ol

e
d
* Reproduced with permission from [168].

1.1.9.3 Silk as a Biomaterial

Enhanced culture model systems created using tissue engineering can be used

to model diseases, host-pathogen interactions, and for drug screening [169]. In

order to model chronic or long-term disease mechanisms, the culture system

needs to be sustainable. Collagen degrades rapidly [170], and hydrogels made

from various materials require cross-linking [171], which can be cytotoxic to cells,

thus reducing the utility of the model [172].

Silk fibroin from Bombyx mori cocoons, following a series of chemical processes,
can be made into various scaffolds including hydrogels, tubes, sponges,
composites, fibers, microspheres, and thin films allowing for use in a variety of
applications [173]. It is highly biocompatible, and remains stable in culture with

no proteolytic degradation for up to six months [174]. It can also be sterilized by
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autoclaving, gamma irradiation, or in 70% ethanol without altering the structural
integrity [175]. This stability is due in part to its amino acid and structural
composition. Silk fibroin contains largely hydrophobic regions made up of tightly
p a ¢ k eskeet$y hydrogen bonded in anti-parallel chains [176]. One limitation is
that silk fibroin exhibits strong autofluorescence due to many tryptophan and
tyrosine residues as well as cross-linking during the scaffold generation process
[177], interfering with microscopy; something that can be modulated through the

use of lysochrome dyes such as Sudan Black [178].

Scaffolds made from silk fibroin have been used to develop a number of tissue
culture models including white adipose tissue (endocrine) [174, 179], cortical
brain tissue [180, 181], intestines [168, 182], kidney [183], and bone regeneration

due to fracture [184, 185].

1.1.9.4 Enteroids

There are many limitations associated with using transformed intestinal epithelial
cell lines, including the diversity in gene and protein expression observed across
multiple passages or in different culture mediums [186], as well as differences in
transepithelial resistance (TER) [187]. Although co-cultures with Caco-2A and
HT29MTX to give rise to both enterocyte-like and goblet-like cells are possible,
they cannot differentiate into all five cell types normally present within the

intestinal epithelium.
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Current efforts are focused on incorporating primary, human stem cell-derived
organoids or enteroids, into culture models to better recapitulate the structure,
physiology and function of the human
isolated from mouse [188] and subsequently human [189, 190] Leucine-rich
repeat-containing positive (LGR5+) intestinal epithelial stem cells obtained from
crypts of intestinal biopsies. Enteroids develop into self-organizing 3D structures
that mimic the crypt and villus architecture [188]. They can be differentiated by
removing Wnt3a from the culture medium into the major epithelial cell types
including enteroendocrine, enterocyte, goblet, and Paneth cells. M cells can also
be derived from these cultures with supplementation of Receptor activator of
nuclear factor kappa-B ligand (RankL) [191]. Unlike primary intestinal epithelial
cells, they can be cultured for at least eight weeks. Enteroids can also be grown
in 2D culture as a monolayer on transwells. Previously, Jacob Ludington, in
collaboration with Dr. Mary Estes, Baylor College of Medicine, who has extensive
experience in the use of enteroids as 3D models of enteric viruses [192-194]
showed that enteroids supported the growth of C. parvum (Ludington et al,
unpublished). In collaboration with Dr. Estes and the Ward lab, Dr. Kaplan and
colleagues adapted these into the 3D silk scaffold system (Figure 1.4),
demonstrating a robust, functional epithelium with the four major cell types

present following differentiation.
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Figure 1.4: Characterization of Enteroid-Based 3D Human Intestinal Tissue Model
IFA and confocal microscopy of enteroid-derived cells in 3D scaffold model. Cells in the
model were fixed, permeablized, and stained with antibodies to markers of various cell
types. a, F-actin and Zona occludens 1 (ZO-1), marker of tight junctions, b. Sucrase
isomaltase, marker (Sl) of enterocytes, c. Chromogranin-A (CHGA), marker of
enteroendocrine cells. c. Lysozyme, marker of Paneth cells (D), and Muc-2, marker
goblet cells (E).

*Adapted from Ying Chen et al, unpublished, with permission.

In addition to providing physiologically relevant culture models, the use of these
enteroids brings promise to the field of drug development. It is estimated that
90% of pharmaceuticals screened in animal intestines and cell lines fail in human
trials [195]. The use of primary human cells resembling a functional intestine may
help to improve the success rate of new therapeutics. Additionally, because
enteroids can be derived from intestinal biopsies from any person, they may

serve as a platform for the evaluation of individualized treatments [192].
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1.2 Mucin-O-Glycosylation

Mucins are high molecular weight glycoproteins that are heavily O-glycosylated
and are present in both secretory and membrane bound forms [196]. One of the
characteristics of mucins is their fAvariab
regions that are rich in serine (Ser) and threonine (Thr) residues; acceptor sites
for O-glycosylation. The first step in mucin O-glycosylation is the addition of a-N-
acetyl-D-galactosamine (GalNAc) in an O-glycosidic linkage to the hydroxyl
group of a Ser or Thr; a structure known as the Tn antigen [197]. These glycan
modifications are found in repeating domains rich in Ser, Thr, and proline (Pro)
residues. While the addition of GalNAc is only onto Ser/Thr, it is thought that Pro
provides the structural change to make these residues accessible for

modification [198].

Mucin-O-glycosylation is widely conserved across mammals, worms, insects,
protozoa, and fungi [196]. O-glycosylation in mucins can serve to provide
structural support and protection from proteolytic degradation [199], is involved in

cell-cell signaling, leukocyte homing [200], and protein folding [201].

1.2.1 Role in C. parvum Infection
Over 30 genes within the C. parvum genome encode for mucin-like glycoproteins
[28]. The surface of C. parvum life cycle stages including oocysts, sporozoites,

and intracellular stages are covered with mucin-type O-glycans demonstrated by
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reactivity with GalNAc-binding lectins Helix pomatia agglutinin (HPA), Maclura
pomifera agglutinin (MPA), Artocarpus integrifolia agglutinin (AlA, also called
Jacalin), and Vicia villosa agglutinin (VVA). [202-207]. Some mucin-like O-
glycosylated proteins have been implicated in C. parvum attachment to and
invasion of host cells including gp40/15, gp900, CSL, and CpMuc4/5 [43, 45, 46,

149, 202, 203, 206, 208-214].

One of these O-glycoproteins, C. parvum gp40/15, was identified by Ana Maria
Cevallos in the Ward lab using the monoclonal antibody (mAb) 4E9, which was
raised in mice by immunization with sporozoites [202]. This mucin-like
glycoprotein, also known as GP60 or S60, which Cevallos et al [202, 215] and
others [206, 207] described, is found on invasive and intracellular stages of C.
parvum. It is proteolytically cleaved by a furin-like protease [210] to yield
glycopeptides gp40 and gpl5, which remain associated on the surface of
invasive stages [211]. While gp15 is the immunodominant antigen, glycopeptides
derived from both gp40 and 15 were recognized by C. parvum infected patient
sera [146]. The N-terminal glycopeptide gp40, which mediates attachment and
infection in vitro, contains a conserved N-terminal polyserine domain which is O-
glycosylated with terminal GalNAc a-linked to Ser/Thr residues (Tn antigen) [202,
207]. The C terminal gp15 glycopeptide, which is GPl-anchored to the membrane
and [202, 211], also displays mucin-type O-glycosylation on several Ser or Thr

residues.
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gp900 was identified by immunoprecipitation of Cryptosporidium lysate with
hyper immune bovine colostrum following immunization with oocysts [212]. It was
found to be a micronemal protein that is present on the surface of invasive
stages [43]. Native and recombinant domains of gp900 and antibodies to them

blocked invasion in vitro suggesting that this glycoprotein mediates infection.

Both gp40 and gp900 were experimentally demonstrated to be a mucin-O-
glycoproteins. [202]. Treatment of oocyst excystation shed protein extracts
(containing gp40 and gp900) wi t -N-acetyl-D-galactosaminidase, which
cleaves terminal O-linked U-1-3GalNAc or GalNAc-U-1 to Ser/Thr residues,
abolished binding of both the lectin HPA and the mAb 4E9. This treatment also
resulted in a size shift to 36 kDa for gp40 [202]. Treatment with peptide-N-
glycosidase F (which cleaves N-linked glycans) or endo-U-N-acetyl-D-
galactosaminidase (which cleaves Gal-U-1-3GalNAc disaccharide linkages) did
not affect 4E9 or HPA reactivity indicating the epitope was specific to terminal O-
linked glycans. Additionally, the lectin HPA competitively inhibited binding of mAb
4E9 to gp900 and gp40 demonstrating the epitope it recognizes is a glycan. HPA
lectin binding patterns to both gp60 and gp900 were identical to that of mAb 4E9

[202].

Recently, Seema Bhalchandra in the Ward lab, in collaboration with Drs. Richard

Cummings and Heimburg Molinaro (Harvard Medical School) showed that this

31



infection-neutralizing mAb, 4E9, which is specific for terminal O-linked GalNAc
residues on C. parvum gp40 and gp900, does not recognize gpl5 or
glycopeptides derived from it (Bhalchandra et al, in preparation). 4E9 was found
to recognize the motif S*/T*XS*/T* where a glycosylated Ser/Thr is either
adjacent to another glycosylated Ser/Thr residue or separated by an amino acid
AX except ilmpgortantly,HEQidoes not recognize singly glycosylated
residues (Bhalchandra et al, in preparation). While the glycosylated Ser/Thr
residues in gp40 and gp900 are clustered, those in gpl5 are spaced further apart

and thus do not conform to the motif 4E9 recognizes.

Circumsporozoite-like glycoprotein (CSL), an apically-associated soluble
glycoprotein present on the surface of sporozoites and merozoites, helps
facilitate binding to human and bovine intestinal epithelial cells [45]. CSL was
found to bind to an 85 kDa protein expressed on the surface of the epithelial cell
line Caco-2A; but showed no binding to cells of mesenchymal origin, suggesting
it is an important receptor for host cell interactions [46]. Sporozoite infectivity was

also shown to be greatly reduced when exposed to a CSL-specific mAb [213].

C. parvum (Cp) and C. hominis (Ch) Muc4 and 5 were identified following mining
of the Cryptosporidium genome databases for mucins [214]. CpMuc 4 and 5
were found to localize to the apical region of sporozoites but were not shed

during gliding motility. Antibodies specific to CpMuc 4 and 5 inhibited C. parvum
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infection in vitro [214]. Serum samples from children previously infected with C.
hominis demonstrated robust IgM responses to Cp and Ch Muc4 antigens [149].
Heterologous expression of recombinant CpMuc4 in T. gondii, where appropriate
post-translational modifications have been previously shown to occur [216],
produced a recombinant protein capable of binding to IECs unlike the
recombinant protein produced in E. coli. This suggested that post translational

modifications, most likely O-glycosylation, may be crucial for its function [217].

CpClec, a novel C-type lectin which contains a mucin-like domain predicted to be
O-glycosylated, was identified by Seema Bhalchandra and Jacob Ludington in
the Ward lab by mining the Cryptosporidium genome database for mucin-like
glycoproteins [48]. CpClec localized to the surface and dense granules of
invasive stages, and was observed beneath the parasitophorous vacuolar
membrane. It was found to bind selectively to glycosaminoglycans (GAGS) on
the surface of IECs in a calcium-dependent manner [49]. Pre-incubation of the
parasite with sulfated glycosaminoglycans including heparin and heparin sulfate
reduced its ability to bind to IECs. Jacob Ludington, in collaboration with the
Striepen lab, using CRISPR/Cas9 technology, created a CpClec deficient
transgenic C. parvum strain that exhibited impaired infection of HCT-8 cells and
reduced oocyst shedding in IFN-"Ydeficient mice, highlighting its potential role in

infection (Ludington, et al, in preparation).
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In addition to these characterized glycoproteins, there are several proteins which
are predicted to display mucin-type O-glycosylation that are hypothesized to be
putative virulence factors including Cpal35, Cp2, P23, and TRAPCL1 [37, 51]. Itis
clear from these studies that O-glycosylated glycoproteins play a significant role

in mediating C. parvum infection.

1.2.2 UDP N-acetyl-U-D-galactosamine:P o | y p e p-N-Aaktyl-DU
Galactosaminyl Transferases (ppGalNAc-Ts)

ppGalNAc-Ts are a family of enzymes that transfer GalNAc from a UDP-GalNAc
donor to the hydroxyl group of a Ser or Thr residue on a protein, completing the
first step of mucin-type O-glycosylation [201]. ppGalNAc-Ts are found in many
organisms from D. melanogaster (called pGANTSs [218]) and C. elegans, to mice
and humans, and have largely conserved domains and motifs [219]. To date, the
only ppGalNAc-Ts that have been identified in protozoa are in apicomplexans
including Toxoplasma, [220] Cryptosporidium, Eimeria, and Neospora [221]. All
ppGalNAc-Ts characterized thus far are type Il transmembrane proteins with a
short N-terminal cytoplasmic tail, one or more transmembrane domains, a stem
region, a conserved catalytic domain, and a Ricin-B lectin (R type) domain [222].
Both the catalytic and R type domains are required for enzymatic activity, as
each plays a role in the formation of the catalytic pocket and binding of the

required substrates [222].
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The catalytic domain contains glycosyl transferase A (GT-A) and Gal/GalNAc

motifs that are important for enzymatic activity. The GT-A mot i f dlbnt ai ns ¢
Rossman-like folds [223] that bind to the uracil of the UDP-GalNAc donor. The C-

terminal Rossman fold contains a DxH Mn?* ion-binding motif, which in turn

interacts with the UDP of the sugar donor, stabilizing the negative charge that

develops on the UDP leaving group during bond breakage [224, 225]. The

Gal/GalNAc maoitif interacts with the GalNAc of the donor substrate [226]. Donor

substrate binding residues lie in or near loops contained within the other regions

of the catalytic domain that upon substrate binding, undergo conformational

change. Acceptor peptides are bound by res

containing channel on the surface of the catalytic domain.

TheR-Type | ecti n do rfeefoihmotif contdineng three hamolbgous
U, b, o[227]eThiedmrhain is poorly conserved except for QxW and CLD
motifs as well as six invariant cysteine residues that form disulfide bridges within
the U, b ,[226]. Thre éulb fenatibnsof this domain is not completely
understood; however, it does contribute to high specificity for GalINAc and
GalNACc glycopeptides [228]. In addition, it is believed that this domain helps to

improve catalytic efficiency and may contribute to acceptor specificity.

Different isoforms of ppGalNAc-Ts have been shown to act as

enzymes whi ch -GakAc taan enmadifieel peptide acceptor chain,
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whil e ot herusp oareen ziiyf noel sl oamglgcosylateq peptides inp r e
ordertoadd GalNAc[219]. It has been difficult to
function as many isoforms have redundant substrate specificity. However,

although they may have similar substrate preferences, their spatial and temporal
localization and expression in tissues may be different between isoforms thus
suggesting unique functions [229-231]. Each isoform may be sensitive to both

peptide sequence and overall charge, which dictates the substrate sites [232].

Recent studies [233, 234] demonstrated the importance of catalytic and lectin
domain interactions with both neighboring and long-range residues for control of
O-glycosylation. They revealed that the catalytic domain of ppGalNAc-Ts

i nteracts wi tphevidusiyglycgdylated OiGallgAz-Ser/Thr, 1-5

residues from the new site of addi-ti on.

r a n g €salNAD-Ser/Thr, 6-17 residues from the new site of addition to bring
that site in coordination with the catalytic domain, enhancing activity. They also
found these interactions are often directionally regulated, in that the positioning of
these neighboring or long-range residues, either N or C terminal to the new

target site, determines whether they will modulate specific ppGalNAc-T activity.

Deficiencies in ppGalNAc-Ts or pGANTSs can cause disease. For example, the
absence of several pPGANTSs in D. melanogaster is embryonic lethal, while mice

deficient in ppGalNAc-T1 have been shown to have impaired lymphocyte homing
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and blood coagulation [235]. In humans, Tn-syndrome is a rare hematological
disorder that causes hemolytic anemia and reduced thrombocyte and leukocyte
counts [197]. In addition, tumor cells often express an abundance of Tn-antigen

on their surfaces [236].

1.2.2.1 ppGalNAc-Ts are Found in Cyst-Forming Apicomplexans

The first apicomplexan ppGalNAc-Ts were identified in Toxoplasma gondii [220,
237-239]. Subsequently, Najma Bhat in the Ward lab identified ppGalNAc-Ts in
Cryptosporidium, Eimeria tenella, and Neospora caninum [221]. Interestingly,
only the genomes of those apicomplexans that are cyst-forming and infect the
intestine contain genes encoding these enzymes. No hemoparasites
(Plasmodium, Babesia, nor Theileria) contain these genes. There are many
regions in in which the catalytic domains from these different species align
closely across all the ppGalNAc-Ts, however these similarities rapidly disappear
within the R-type lectin domain (Figure 1.5). This is not surprising given the
poorly conserved nature of these domains across multiple ppGalNAc-T isoforms

[226].
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NT3 MFRE - - -« on-- TKQCLSAFGRQLRMVDCDDTDAYQl - -« - - - - WSWKAYKPPDTFT -« ovvemee e eee e ee e FPPVNRS IRSV. ... ... 454
NcT5 WTGDDEWRDTCMQVVPASGNELPWYKWQP CDKANPNQK - - - - - - - WSWPPFPSSRYLP - - - oooooim oo AEEKRRRGLQDEPKTMDS 472
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Etfrag WTQEGEFKNHCLTIEQTQPDGKHELAWRPCAVGGPQQAQQQAQAQAQAWRWPPFPSSLYSP - -« o vvoii oo oo RQLKKGFKELRALEEARE 410
CcpTH 461
CpT2 535
CpT3 448
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TqTt 466
TaT2 538
T3 454
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N1 466
NcT2 540
NeT3 454
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217 GESDPMKFVPKWTWSPLSTRFGKRTLQEGLKITDEFAVNYMKARM- - - - - 550
1 T 485
Etfrag LATE | RNAKHNNFCLDALQNRQHNSPLGYFWCHGALGTQGFTYLP - - - - ooooooooo . 455

Figure 1.5: Multiple Sequence Alignments of Catalytic Domains of Apicomplexan
ppGalNAc-Ts.

Multiple sequence alignments of the catalytic domains of Cp-ppGalNAc-T4 compared to
Cryptosporidium parvum (Cp), Cryptosporidium hominis (Ch), Cryptosporidium muris
(Cm), Toxoplasma gondii (Tg), Neospora caninum (Nc), and Eimeria tenella (Et)
ppGalNAc-Ts were performed using the ClustalW method. Identical residues are
highlighted in black, and similar residues are highlighted in grey. The GT-1, DXH,
Gal/GalNAc, and DXXXXWGXENEXE motifs are indicated.
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The subfamilies of human ppGalNAc-Ts correspond to both their evolutionary

similarity and function. Bennet et al, first defined these subfamilies by

phylogenetic analysis of the catalytic domains and categorized them into Type |

and Il families [222]. Later studies further probed functional similarities and

differences to attempt to better understand the factors concerning the modulation

of O-glycosylation [233, 234]; specifically, which residues and interactions

between (glyco)peptides and ppGalNAc-Ts influence the addition of O-GalNAc.
Generally, enzymes within the Type | fami/
preferringo, while thoswepd norTyfpel ydodemtiilde
preferringo. The notable exceptiofon is subf
ppGalNAc-Ts whose function remains poorly characterized [222, 233]. These

transferases have a mutation in the YDXsWGGENXE motif to LDXsYGGENXE

altering the structure of the catalytic pocket. The defining ppGalNAc-T in the le

subfamily family, ppGalNAc-T18 was found to have minimal in vitro activity [240],

and interestingly was localized to the ER instead of the Golgi [241]. None of the
apicomplexan ppGalNAc-Ts we examined contained this mutation. The

apicomplexan ppGalNAc-Ts cluster in two distinct subfamilies, unique from the
Hs-ppGalNAc-Ts. The first family comprised of C. hominis (Ch) ppGalNAc-T2,

Ch ppGalNAc-T3, Cp-ppGalNAc-T2, C. muris (Cm) ppGalNAc-T2, Eimeria

tenella (Et) ppGalNAc-T2, Toxoplasma gondii (Tg) ppGalNAc-T2, Neospora

caninum (Nc) ppGalNAc-T2, Cm-ppGalNAc-T4, Ch -ppGalNAc-T4, and Cp-

ppGalNAc-T4 appears as a branch of the Hs Type If subfamily. The second

group comprised of Tg-ppGalNAc-T2, Nc-ppGalNAc-T5, Et-ppGalNAc-T5, Cm-
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ppGalNAc-T3, Cp-ppGalNAc-T3, Ch-ppGalNAc-T1, Cp-ppGalNAc-T1, Cm-
ppGalNAc-T2, Tg -ppGalNAc-T3, Nc- ppGalNAc-T3, Tg-ppGalNAc-T4, and Et-
ppGalNAc-T3 (Nc- ppGalNAc-T1 clustered separately) appears as a branch of

the Ic subfamily of Hs-ppGalNAc-Ts (Figure 1.6).

41



63

61

L HT18 le

HT19
HT9

Figure 1.6: Phylogenetic Analysis of Human and Apicomplexan ppGalNAc-Ts.
Phylogenetic analysis of the catalytic domains of Homo sapiens (H), Cryptosporidium
parvum (Cp), Cryptosporidium hominis (Ch), Cryptosporidium muris (Cm), Toxoplasma
gondii (Tg), Eimeria tenella (Et), and Neospora caninum (Nc) ppGalNAc-Ts were
constructed using the Maximum Likelihood method in MEGAS. The bootstrap consensus
tree was inferred from 1000 replicates. The percentage of replicate trees in which the
associated taxa clustered in the bootstrap test are shown next to the branches. Branch
lengths are indicated by the scale. Human transferase groups as defined by Bennet et al
are annotated. *Figure created by Najma Bhat.
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The first apicomplexan ppGalNAc-Ts to be characterized are those within
Toxoplasma gondii. Of the five ppGalNAc-Ts encoded for within T. gondii,
ppGalNAc-T1-3 are expressed in both tachyzoite and bradyzoite stages. Tg-
ppGalNAc-T4 and T5 are expressed in the cat enteroepithelial stage

(merozoites), and ppGalNAc-T5 is also expressed in the oocysts [239, 242-245].
Tg-ppGalNAc-T2 act s as an mé prefdrring nan-glycogylatede n z y
peptides, while Tg-ppGalNAc-T1 and T3 exutpidobiatctifvoklyowowar
glycosylated acceptor peptides [237-239]. A recent study demonstrated that Tg-
ppGalNAc-T2 and T3 act in a hierarchical manner to glycosylate a mucin-like
glycoprotein, CST1, that localizes to the cyst wall conferring structural rigidity to

the cysts that form in the central nervous system during latent infection [239].

When Tg-ppGalNAc-T2 or T3 were knocked out, the normally rigid cyst became
very fragile highlighting the importance of ppGalNAc-Ts in this apicomplexan

parasite.

Najma Bhat in the Ward lab, previously cloned and characterized Cp-ppGalNAc-
T1. She found that this enzyme localized to the Golgi apparatus in sporozoites
and merozoites by immunoelectron microscopy (IEM) using an anti-peptide
polyclonal antibody specific to Cp-ppGalNAc-T1. Additionally, she expressed and
purified recombinant, soluble (transmembrane-deleted) Cp-ppGalNAc-T1 in both
Toxoplasma gondii and Cos-7 cells. Recombinant enzyme from both
preparations exhibited enzymatic activity toward the un-modified EA2 acceptor

peptide demonstrating that it has initiating activity (Bhat, et al., in preparation).
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1.3 Significance
Several C. parvum proteins which mediate attachment to and invasion of host
cells are known or predicted to be O-glycosylated. Of these, several, including

gp40, which our lab has previously characterized, expressO-l i nked @&al NAc

l inked to Ser or Thr resi duGaldAcrekiduestom s al s o

these glycoproteins are essential for attachment and invasion invitoas UGal NAc
specific lectins and antibodies block attachment and irreversibly disrupt

sporozoite infectivity [202, 204]. Recent studies from our lab and others [146]
(Bhalchandra et al in preparation) have also shown that these glycans induce

antibody responses in infected humans. These findings indicate the importance

of these glycans in mediating infection and inducing immune responses. Despite

this, the ppGalNAc-Ts that catalyze the synthesis of these O-glycans have not

been studied. Previously our lab identified four ppGalNAc-T isoforms in

Cryptosporidium [221] and cloned, expressed and characterized Cp-ppGalNAc-

T1 (Bhat et. al in preparation). My work is focused on Cp-ppGalNAc-T4.

As O-glycans present on glycoproteins are integral to attachment and invasion, it
is our hypothesis that the ppGalNAc-Ts, which catalyze the addition of O-glycans
to mucin-like glycoproteins are essential for Cryptosporidium infection. Our
objective is to further characterize and understand the role that ppGalNAc-Ts
play in Cryptosporidium infection. The long-term goal is to determine if an

effective treatment can be developed, by targeting the enzymes that are
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responsible for O-glycosylating proteins that are crucial for attachment and

invasion.

While identifying and characterizing proteins that may play a role in
Cryptosporidium infection is important, the lack of robust, physiologically relevant
in vitro, ex vivo, or in vivo models which recapitulate human intestinal structure,
function and disease [166, 167] remains a serious impediment to fully
understanding their function, and hinders screening of potential interventions. As
such, the pathogenesis of cryptosporidiosis remains poorly characterized, and
the true importance of previously studied putative virulence factors remains
unknown. The need for such systems is paramount to advancing our
understanding of the dynamic interactions between Cryptosporidium and host
cells, which will aid in developing effective interventions. 2D culture model
systems remain sub-optimal, with infection peaking at three days, followed by
incomplete replication [167]. While there have been a few reports of life-cycle
completion in culture, including in a cell-free culture [71] and on Pseudomonas
aquatic biofilms [72, 73], these remain controversial as none of these have led to

subsequent, repeated studies by other groups.

We developed a novel bioengineered 3D human intestinal model for in vitro
Cryptosporidium studies. This model system could be utilized for the propagation

and study of wild type and transgenic C. parvum, as well as provide valuable
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insight into the role ppGalNAc-Ts play in Cryptosporidium infection. If Cp-
ppGalNAc-Ts are found to be crucial for infection, this model system could be

used to screen potential small molecule inhibitors for ppGalNAc-TSs.

1.4 Specific Aims
1.4.1 Aim 1: Characterize Cp-ppGalNAc-T4
The goal of aim 1 was to characterize Cp-ppGalNAc-T4 and determine whether it

may play a role in Cryptosporidium infection.

a. ldentify the complete sequence, clone, and analyze the structure
of Cp-ppGalNAc-T4 in silico.

b. Determine the expression profile of Cp-ppGalNAc-T4.

c. Clone, express, and purify rCp-ppGalNAc-T4.

d. Determine the enzymatic activity and substrate specificity of rCp-

ppGalNAc-T4.

1.4.2 Aim 2: Optimize a Bioengineered 3D Primary Human Intestinal Model
for Infection and Propagation of C. parvum
The goal of aim 2 was to evaluate the potential of a novel bioengineered 3D

human intestinal tissue model to support C. parvum culture.

a. Determine if C. parvum can infect intestinal epithelial cells within the

lumen of the 3D tissue model.
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. Examine which stages of C. parvum life cycle are present during
infection.

. Quantify parasite levels within the infected tissues.

. Determine whether this model system can be used for continuous

propagation of C. parvum in vitro.
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Chapter 2: Materials and Methods

48



2.1 Cryptosporidium parvum Oocysts

C. parvum (lowa isolate) oocysts were obtained from Bunch Grass Farm, Deary,
ID, stored in sterile phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KClI,
10 mM Naz2HPOs4, 1.8 mM KH2PO4, pH 7.4), supplemented with 1000 U/mL
penicillin and 1000 pg/mL streptomycin at 4°C, and used within 3 months of

isolation.

Prior to use, oocysts were surface sterilized with 10% (v/v) sodium hypochlorite
on ice for 10 min. For infection assays, following sodium hypochlorite treatment,
oocysts were washed once with sterile PBS by centrifugation at 10,000 RCF for 2
minutes at 4°C, then incubated in 0.75% (v/v) sodium taurocholate in PBS at

15°C for 15 min, and washed again in sterile PBS.

2.2 Cell Lines

Human Embryonic Kidney (HEK) 293T cells (ATCC, Rockville, MD) were

mai ntained in Dulbeccods Modified Eagl e Me
supplemented with 10% fetal bovine serum, 100U/ mL peni ci | I/mLkn, and
streptomycin. Human intestinal epithelial cell (IEC) ileocecal colorectal

adenocarcinoma HCT-8 cells (ATCC) were maintained in DMEM supplemented

with 10% fetal bovine serum, penicillin 100U/ mL, streptomycin 100

amphotericin B 0.25 e€g/mL (complete DMEM m
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Human colon cancer-derived IEC lines Caco-2 (CRL-2102) and HT29 MTX,

obtained from ATCC, and the Public Health England Culture Collections

(Salisbury, Great Britain) respectively, and primary human intestinal

myofibroblasts (H-InMyoFib) were cultured by Dr. Ying Chen in our collaborator
Dr.DavidKapl andéds | ab at the Department of Bioe
School of Engineering. Both Caco-2 and HT29-MTX cells were grown in DMEM
supplemented with 10% fetal bovine serum,
Waltham, MA), and penicillin 100 U/mL,st r ept omy ci,and1 00 € g/ mL
amphotericin B 0.25 eg/mL (Gibco). Primary
InMyoFib) were purchased from Lonza and cultured in Smooth Muscle Growth

Medi um ( SMGBIWEIl et KitE medium (Lonza, Walke

maintained at 37°C, 5% CO2 in a humidified atmosphere.

Deidentified human jejunal enteroids were obtained from our collaborator Dr.

Mary Estes (Baylor School of Medicine, Houston, Texas) under a Materials

Transfer Agreement (MTA) with Baylor College of Medicine. Jejunal enteroids

were maintained (initially by Jacob Ludington in the Ward lab and subsequently

for scaffold seeding by Dr. Yin cangplet€ hen i n D
medium with growth factors (CMGF+). This is comprised of CMGF- media

(Advanced DMEM-F-12 medium (Invitrogen) supplemented with 100 U/mL
penicillin-streptomycin (Invitrogen), 10mM HEPES (Invitrogen), and 1X Glutamax

(Invitrogen), 50 ng/mL epidermal growth factor (EGF) (Invitrogen), 10% Noggin-

conditioned medium (from Noggin-producing cells obtained from Dr. Muncan V.
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Van den Brink, Academisch Medisch Centrum, the Netherlands), 20% R-
spondin-conditioned medium (from R-spondin-producing cells, obtained under a
MTA with Dr. Calvin Kuo, Stanford University), 50% Wnt3a-conditioned medium
(produced from Wnt3a CRL-2647 cells (ATCC)), 10 mM nicotinamide (Sigma-
Aldrich), 10 nM [Leu-15]-gastrin | (Sigma-Aldrich), 500 nM A-83-01 (Tocris
Bioscience, Bristol, United Kingdom), 10 pM MSB202190 (Sigma-Aldrich) 1X
B27 supplement (Invitrogen), 1X N2 supplement (Invitrogen), and 1mM N-
acetylcysteine (Sigma-Aldrich). Enteroids were cultured in phenol red-free,
growth factor-reduced Matrigel (Corning, Corning, NY) surrounded by culture
medium in 24-well tissue culture-treated plates at 37°C, 5% CO2 in a humidified

atmosphere.

Differentiation medium was comprised of the same components as CMGF (+)
medium with the exception of Wnt3a, SB202190, and nicotinamide as well as
reductions to the concentrations of Noggin-conditioned medium to 5% and R-

spondin conditioned medium to 10%.

2.3 Peptides and Glycopeptides

LP9 (PPTTTTKKP), LP13 (PPT*T*T*T*KKP), gp15 #1
(TS*EAAAT*VDLFAFTLDGGK), gp15 #2(ETSEAAATVDLFAFTLDGGK), gp40
#1 (DVPVEGSS*(16)TSTVAPANK), and gp40 #2 (DVPVEGSS(16)TSTVAPANK)

were synthesized at the Center for Functional Glycomics directed by our
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collaborator Dr. Richard Cummings and provided by Dr. Jamie Heimburg
Molinaro at Harvard Medical School. All peptides were synthesized by standard
Fmoc-protected solid phase peptide synthesis as previously described [246]. For
glycopeptides, appropriate glycosylated Ser or Thr residues (Sussex Research
Laboratories, Ontario, Canada) were incorporated into the growing peptide chain
in the same manner as the non-glycosylated peptides, allowing for site-specific
addition. EA2 (PTTDSTTPAPTTK) was purchased from the Tufts University Core

Facility.

2.4 DNA Isolation, PCR Cloning, and Sequencing

DNA was isolated from C. parvum oocysts using a Bio 101 GNOME DNA Kit (MP
Bi omedical s, Santa Clara, CA) according to
625 base pair (bp) sequence starting upstream of and encodingt h e -t&rininaN
region of Cp-ppGalNAc-T4 was PCR amplified using a MJ Research Peltier
Gradient Thermal Cycler PTC-200 with the primers N-Term-
Forward:CAGCGCTGGACTTTGTGTAAATTAA and N-Term-

Reverse: TCCCAAAACTTGCAGAACATTCA (Table 2.1) with the following PCR
conditions: 95°C for 5 min, 40 cycles of 95°C for 1 min, 45-60°C for 45 sec, 72°C
for 45 sec, and 72°C for 10 min. The amplified product was purified using a
QiaQuick kit (Qiagen, Valencia, CA) and cloned into the Topo pCR2.1
(ThermoFisher, Waltham, MA) vector accordingtothemanuf act ur er 6 s

instructions. Plasmids were purified using a Qiagen Miniprep Kit (Qiagen) and

52



sent for sequencing to the Tufts University Core Facility using a ABI 3130XL

sequencer.

2.5 In Silico Analysis of Cp-ppGalNAc-T4

The tertiary structure of Cp-ppGalNAc-T4 was modeled on known crystal
structures of other ppGalNAc-Ts using the Protein Homology/AnalogY
Recognition Engine Phyre?[247]. Predicted coordination sites for divalent cations,
Mn?* and the sugar nucleotide, UDP-GalNAc were identified using the COACH
server [248, 249]. Additional analyses of the Cp-ppGalNAc-T4 sequence in

CryptoDB (www.cryptodb.org) were performed using programs in the ExXPASy

Proteomics Server (http://us.expasy.org) including Compute pl-Mw/ProtParam

[250], NetOGlyc 4.0 [251], NetNGlyc 1.0 [252], Golgi Predictor IMB UQ [253],

and PSORT II [254, 255].

2.6 Cp-ppGalNAc-T4 Expression Profile by gRT PCR

Confluent monolayers of HCT-8 cells grown in T-25 flasks were infected with
2x10° oocysts pretreated with sodium hypochlorite and taurocholate. After three
hours, medium containing unexcysted oocysts was removed and replaced with

fresh medium.

RNA was extracted from C. parvum infected HCT-8 cells using a RNEasy Mini
Plus Kit (Qiagen). Contaminating genomic DNA was removed by treatment with

Turbo DNA-free (Ambion, Waltham, MA). Two pug of RNA, quantified by
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Nanodrop (Thermo Fisher, Waltham, MA), were used to synthesize cDNA using
a High Capacity Reverse Transcription Kit, (Applied Biosystems, Foster City,
CA). Quantitative, reverse transcription PCR (qRT-PCR) was performed using
previously published C. parvum 18S rRNA [256] or C. parvum ppGalNAc-T4
gene primers (T4-RT-Forward: AGAGGTGGTTTGCTATTGGA and T4-RT-
Reverse: TTGGTCCCCTTGTGAGACAT) (Table 2.1) and Quantitect SYBR
Green Master Mix (Qiagen). gPCR reactions were performed in 96 well plates
using a Mx3000P QPCR System (Agilent Technologies, Santa Clara, CA).
Briefly, reaction mixtures were heated to 95°C for 15 minutes and then subjected
to 40 thermal cycles (95°C for 30 sec, 52°C for 30 sec, and 72°C for 30 sec) of
PCR amplification. After amplification, melting curve analysis was performed
between 55°C and 95°C to assess the specificity of the reactions. Three
reactions were performed for each sample, and the gPCR assay performed twice
for a total of 6 technical replicates. Assays with a coefficient of variation (CV)

greater than 15% between replicates were repeated.

4-point sigmoidal curve fitting modified from Rutledge [257] and Mauzy et al,
[258] was performed using SigmaPlot software (SYSTAT Software, Inc, San
Jose, California, v 13.0). Briefly, the raw fluorescence data for each sample was

fitted using Equation 1.

Equation 1: 'O "0d "Q¢

Where F(c); fluorescence as a function of the PCR cycle (c), Fmin; fluorescence
mi ni mum, Fmax,; fluorescence maxi mum,

slope. The initial fluorescence was calculated by solving for F(0). The relative
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expression was obtained by normalizing the F(0) of T4 to that of the 18S rRNA
gene. The average relative gene expression was calculated from two
independent infection time courses and standardization to the total transcript

detected throughout the entire time course as shown in equations 2 and 3.

Equation2: ¢ Ti'¥ ¢ p M YO 6 ¢ 11'@On

Equation3: ¢ TIRI Qda 0Q ) IQQIY Q¢ &

2.7 Cloning of Cp-ppGalNAc-sT4 in the pIMKF4 Vector and Transient
Expression in HEK293 Cells

The sequence encoding transmembrane-deleted (soluble) Cp-ppGalNAc-T4 was
cloned from genomic DNA extracted from oocysts using the GNOME Bio101
DNA Isolation kit (MP Biomedicals) using the following primers; T4-pIMKF4-
Forward:
GGGAGATCTAGAGCTCACCGGTAAGCGGAGATCAGAAATTAAAGGAATAGA
AG and T4-pIMKF4-Reverse:
GGGGCGGCCGCGTTACCGGTGAGCTCTAGATCATTACACATCTATTTGATG
GA (Table 2.1). As shown in Figures 2.1 and 2.2, the primers incorporated
restriction enzyme sites Bglll and Notl as well as extra residues complimentary to

the pIMKF4 [259] expression vector.
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T4-pIMKF4-Forward

5 @GG-REATGIAGAGCTCACCGGTAAGC-GG-AGATCAGAAATTAAAGGAATAGAAG 3 6

T4-pIMKF4-Reverse

5 BGGBEEBBEEBEGC TTACCGGTGAGCTCTAGATC-ATT-ACACATCTATTTGATGGA 3 6

- extra residues for restriction enzymes
- enzyme sites
- T4 sequence

- Extra residues complimentary to vector sequence

Figure 2.1: Primer Design Strategy for Cloning of Soluble (s) Cp-ppGalNAc-sT4

into the pIMKF4 Vector.
Longer primers were designed with an extended end complimentary to the vector after

the restriction sites to aid in ligation.

Tiil (4916)
PaeR7! (4916)
zral (2807)
Aatll (2809) Sacll (43)
EcoRl (2880) BamH (44)
att*3 (2945) Psil (159)
Ndel (2994) Scal (2367)
BsrGl (3153) SgrAl (320)
EcoRV (4180) Pyul (2257)
SexAl (3586) Pstl (2132)
Puull (3682) Fspl (2109)
Acc651 (3704) Sall (561)
PpuMI (3998) Acel (562)
Kpnl (3708) Apal (13) Nrul (884)

Afllin (2) Balll (15) Sacl (26)
Xbal (18) Agel (28) Notl (37)

CACGCGTAGGGCECAGATCTAGAGCTCAICCGGTAAGCGGCCG
GTGCGCATCICCGGGTCTAGATCTCEAGTGGCLATTCGCCGAlC
|

0

Miul (2)  PspOMI (9)

Figure 2.2: Annotated pIMKF4 Vector Map Showing Multiple Cloning Site Region.
The Cp-ppGalNAc-sT4 construct was excised from the TOPO PCR2.1 clone and ligated
into pIMKF4. The highlighted region shows the ligation site.
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The insert was cloned into the Topo pCR2.1 vector (Thermo Fisher) and
transformed into competent Top10 E. coli cells (Thermo Fisher). Individual
clones, grown on ampicillin plates, were selected and screened for the presence
of the plasmid by colony PCR. The insert was sequenced at the Tufts University
Core Facility using a ABI 3130XL sequencer. The insert was excised by
restriction digest with Bgl Il and Not I, treated with alkaline phosphatase, and
ligated into the pIMKF4 expression vector (obtained under a Materials Transfer
Agreement with Dr. Kelly Ten Hagen, National Institutes of Health, Bethesda,
MD). The Cp-ppGalNAc-sT4 containing pIMKF4 plasmid was transiently
transfected into HEK293 cells using polyethylenimine (PEI, Sigma Aldrich, St.
Louis, MO) [260]. Supernatant was collected 48 hours post-transfection and
subjected to affinity purification using M2 Anti-FLAG resin (Sigma Aldrich, St.
Louis, MO). Briefly, transfection supernatants, cleared of cells by centrifugation at
1500 RCF for 5 min followed by filtration through a 40 um cell strainer, were
combined with M2 Anti-FLAG resin overnight at 4°C and loaded onto a column.
After extensive washing with Tris Buffered Saline (TBS: 50 mM Tris-ClI, pH 7.5,
150 mM NacCl), protein was eluted with 500 pg/mL FLAG peptide (Tufts

University Core Facility, Boston, MA).

2.8 Cloning of Cp-ppGalNAc-sT4 into pLK4 Lentiviral Vector and Stable
Expression in HEK 293 Cells
All cloning, lentiviral transfection, transduction, and initial clone selection was

performed in collaboration with Dr. Stephen Bunnell, Tufts University School of
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Medicine. All procedures were carried out in his lab according to Institutional

Biosafety Committee-approved protocols.

2.8.1 Preparation of the Cp-ppGalNAc-sT4 Lentiviral Transfer Vector
Synthetic double-stranded DNA fragments were designed to encode a Kozak
sequence, an insulin secretion signal sequence, a streptavidin binding protein
(SBP) tag, a 8x Histidine tag, a 3x FLAG tag, and the red fluorescent protein
TagRFP-T [261], followed by a human codon-optimized and soluble
(transmembrane deleted) form of Cp-ppGalNAc-sT4. A schematic of the resulting
insert is shown in Figure 2.3. DNA fragments were assembled by overlap
extension PCR using Phusion High Fidelity Polymerase (New England Biolabs,
Ipswich, MA) with the primers Overlap-Forward: CCA TTT CAG GTG TCG TGA
GAA TTG G and Overlap-Reverse: AGA GGG GCC ACC GGA CTC TAG AG
(Table 2.1). The Gibson reaction [262] was used to install the full-length insert
between Nhel and Notl sites present in the lentiviral transfer vector pLK4-E F 1- U
MCS-IRES-ZeoR [36]. This transfer vector, derived from pLEX-MCS (Open
Biosystems), drives the expression of the insert from the human  E Fpiofoter,
and includes an IRES-dependent Zeocin resistance cassette. After
transformation into competentDH5-U E. col i cel |l s viable pl a:

identified by colony PCR. Plasmids were further screened by restriction digest,

and validated by sequencing (Tufts University School of Medicine Core Facility).
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Bmtl (3344)
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\ w
(8193) Pmel V\ \,‘% 27 §o“ <, (insulin Signal Peptide (homo sapiens))
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Agel (3619)
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(7073) Hpal

(6810) SgrAl
(6786) Smal
(6784) TspMI - Xmal
(6732) MauBIL
(6460) Aarl
(6238) Apal
(6234) PspOMI

(6106) Xbal
(6096) Notl

PshAI (4364)
BsrGI (4449)
BspEI (4457)

NGt PaeR7I - Xhol (5780)

pLK4 EFv6.Kozak.Insulin.TagTap.3xFlag.TRT.sT4_v5.IRES-ZeoR
11,539 bp

Figure 2.3: Annotated Lentiviral Vector pLK4 and Construct for Cp-ppGalNAc-sT4
Schematic of expression construct for Insert (A) and diagram of complete vector,
annotated (B). The expression construct containing the sequence for soluble Cp-
ppGalNAc-T4 was assembled from synthetic DNAs using overlap extension PCR and
cloned into the lentiviral transfer vector pLK4-E F 1-NICS-IRES-ZeoR. This construct
contains a Kozak sequence, an insulin secretion sequence (insulin SS), a streptavidin
binding protein tag (SBP), an 8x Histidine tag (8xHis), a 3x FLAG tag, and the red
fluorescent protein TagRFP-T.

2.8.2 Production of Lentiviruses Encoding the Cp-ppGalNAc-sT4 Chimera
and Generation of Stably Expressing Cp-ppGalNAc-sT4 HEK 293 Cell Line
Lentiviruses were prepared using the VSV-G pseudotyping vector pMD2.G and

the viral packaging vector psPAX2 (gifts from Didier Trono; Addgene plasmids
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#12259 and #12260). To prepare lentiviral particles, the transfer vector encoding
the Cp-ppGalNAc-sT4 chimera (2 pg) was pooled with pMD2.G (0.5 pg) and
psPAX2 (1.5 pg) and transfected into HEK 293T cells using XtremeGene 9
(Roche, Pleasanton, CA). The transfection medium was replaced with complete
DMEM 18-20 hours post transfection. Virus-containing supernatant was collected
after 24 hours. Fresh, mid-log phase HEK 293T cells were transduced by
combining equal volumes of cells, lentiviral supernatants, and complete DMEM.
Virus was washed off 48 hours post transduction and cells were selected using
with 400 pg/mL zeocin. Clones stably expressing high levels of the Cp-
ppGalNAc-sT4 chimera were isolated by limiting dilution and screened by
fluorescence microscopy. Cloned cells were adapted to ExCell Serum Free HEK
293 medium (Sigma Aldrich, St. Louis, MO) supplemented with 6 mM Glutamax,
15 mM HEPES, 100U/mL penicillin, and 100 U/mL streptomycin (complete

ExCell medium).

2.9 Purification of Recombinant Cp-ppGalNAc-sT4

6.5 x107 HEK 293T cells stably expressing Cp-ppGalNAc-sT4 were centrifuged
for five minutes at 200 RCF, washed twice with sterile PBS, and then lysed with
lysis buffer (50 mM NaH2PO4, 300 mM NacCl, 10 mM Imidazole, 1% NP-40) for
30 minutes on ice, followed by centrifugation for 30 minutes at 31,000 RCF. The
cleared lysate was applied to an equilibrated Ni-NTA Resin (Qiagen, Valencia,
CA) column. After extensive washing with 50 mM NaH2PO4, 500mM NacCl, 20

mM Imidazole, and 0.05% Tween 20, the recombinant protein was eluted with 50
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mM NaH2PO4, 500 mM NacCl 100 mM Imidazole, 0.05% Tween 20, and 10%
glycerol. Lysates from non-transfected HEK293 cells were subjected to the same

purification protocol to provide a control for enzyme assays.

Aliquots of starting lysate, washes and eluted fractions were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) and silver
staining, or transferred to a PVDF membrane (Immobilon PSR Transfer
Membrane, Millipore, Billerica, MA) and probed with M2 anti-FLAG monoclonal
antibody (Sigma, St. Louis, MO) followed by horseradish peroxidase (HRP)-

conjugated anti-mouse IgG (Invitrogen).

2.9.1 Protein Concentration
Protein concentrations were determined using the Coomassie (Bradford) Protein
Assay Kit (Thermo Scientific, Waltham, MA) according to the microplate protocol

with bovine serum albumin (BSA) as the standard.

2.10 Enzyme Kinetics (Km and Vmax)

The UDP-Glo Assay (Promega, Rockville, MD) was used for enzyme activity
assays. This assay measures free UDP released from UDP-GalNAc following
transfer of GalNAc to the substrate [263]. Briefly, the ppGalNAc-T is incubated
with the sugar nucleotide donor and an acceptor peptide for one hour. Following

addition of the proprietary nucleotide detection reagent, the substrate is allowed
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to incubate for an additional hour. Free UDP is converted into ATP, which is then
measured in a luciferase/luciferin reaction. A UDP standard curve is used as a
reference to quantify the amount of sugar nucleotide donor hydrolyzed by the

ppGalNAc-T.

Briefly, 500 ng of purified Cp-ppGalNAc-sT4, was incubated with increasing
concentrations of UDP-GalNAc from0-1 mM wi t h or wi2t hout 500
acceptor peptide [264] in assay buffer (25 mM Tris, pH 7.5, 5 mM MnClz, 2.5 mM
CacCl2) in a white 96-well micro titer plate for 1 hour at RT. UDP-Glo/Nucleotide
Detection Reagent was added, and the plate was incubated for an additional
hour at RT. Luminescence was measured using a Wallac Victor? 1420 Multilabel
Counter (Perkins Elmer, Waltham, MA) and expressed as counts per second
(cps). An elution fraction of non-transfected HEK 293 cells subjected to the same
purification scheme as above was used as a negative control. Reactions without
the acceptor peptide were used to subtract background due to spontaneous
hydrolysis of UDP-GalNAc. Enzyme activity was expressed as nmoles of UDP-

GalNAc hydrolyzed per minute per mg (nmol UDP-GalNAc/min/mg).

2.11 UDP-Sugar Nucleotide Preference
For examination of preference for UDP-sugar nucleotides, 100 ng Cp-ppGalNAc-
sT4 (or an elution fraction of non-transfected HEK 293 cells as a negative

control) was incubated with 100 M UDP-GalNAc, UDP-Gal, or UDP-GICNAc
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with or without 250 M EA: acceptor peptide in UDP-Glo Assay Buffer in a white
96-well microtiter plate for 1 hour at room temperature. The remainder of the

UDP-Glo Assay was conducted as described in section 2.10.

2.12 Examination of Acceptor Peptide Specificity

For examination of preference for various acceptor peptides, 100 ng Cp-

ppGalNAc-sT4 was incubated with 250 uM UDP-GalNAc, with or without 50 pM

acceptor peptide in UDP-Glo Assay buffer in a white 384-well microtiter plate for

1 hour at room temperature in a reaction volume of 5 pl according to the
manufacturerds instructi eGlosAssaymMase r emai nder

conducted as described above.

2.13 Generation of 3D Bioengineered Silk Scaffolds

3D silk scaffolds were prepared by Dr. Ying Chen in our collaborator Dr. David

Kapl ands | ab at the Department of Bioengin
Engineering as described previously [168]. Briefly, silk fibroin was extracted from

Bombyx mori silk worm cocoons. To prepare silk scaffolds with hollow channels,

special cylindrical molds were cast from polydimethylsiloxane (PDMS, Down

Corning, Midland, MI). PDMS was prepared by mixing the base reagent with the

curing reagent in a mass ratio of 10:1. The cylindrical PDMS molds consisted of

a Teflon-coated stainless-s t eel wi re (| =Card inseredthroighMa st er

the cross-section of the cylinder to develop a hollow channel in the silk scaffold.
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Finally, 47 5% (w/v) viscous silk solution was poured into the PDMS molds. The

mol ds wer e G°Cavaernght ana thenttransferred to a lyophilizer for

drying. The dried silk scaff odheeks wer e t hen
conformation (insolubility in water), soaked in distilled water overnight, and

trimmed along the axis of the hollow channelinoa 5 I 5 I 8 (mm) cub.
fabrication method resulted in a scaffold consisting of a hollow channel space

(2 mm in diameter) and a bul k space around

interconnected pores (Figure 3.12).

2.14 Generation of 3D Bioengineered Human Intestinal Tissue Model

2.14.1 Seeding with Transformed IEC Lines

This was also done by Dr. Ying Chen. Human IEC lines, Caco-2 and HT29 MTX

and primary human intestinal myofibroblasts (H-InMyoFib) described above in

section 2.2, were harvested with 0.25% Trypsin-Ethylenediaminetetraacetic acid

(EDTA, Gibco) prior to seeding. The hollow channel of the 3D scaffolds was used

to accommodate Caco-2 and HT29-MTX cells, while the porous bulk space was

used to house the H-InMyoFibs. Gels containing a 10% cell suspension of H-

InMyoFib (in 10% DMEM (Gibco), 10% 10 X DMEM (Sigma-Aldrich, St. Louis,

MO), and 80% type | rat tail collagen 2.01
were delivered into the spongy silk scaffolds with the Teflon-coated stainless-

steel wires in place to leave the hollow channel open for the seeding of Caco-2

and HT29-MTX cells (Fig. 1 D-E). After20i25 mi nut es of gel ati on

Teflon-coated stainless-steel wires were carefully removed from the scaffolds.
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After that, the hollow channels were seeded with the Caco-2/HT29-MTX cells

(3:1) at a dealistniLtSgedan Scaftbldsiwerd iBcubated at 37°C

for 1 hour, and then flipped down and incu
the incubation, a small amount of SMGM medium was dripped onto the scaffolds

to keep them moistened. Seeded scaffolds were incubated in 12-well plates with

3D tissue model culture medium (Complete DMEM and SMGM at a 1:1 ratio) and

incubated for two weeks (with changing the medium every other day) at 37 C,

5% CO:z2 prior to infection with C. parvum.

2.14.2 Seeding with Enteroids

This was performed by Dr. Ying Chen. Prior to seeding, enteroids were
dissociated from the Matrigel plug by trypsinization with 0.05% trypsin/0.5 mM
EDTA (Invitrogen) for 4 minutes at 37°C. Following trypsin inactivation with
CMGF- medium containing 10% FBS, enteroids were manually dissociated by
vigorous pipetting with a P1000 pipette and then passed through a 40 um cell
strainer. Cells were pelleted at 400 RCF in a swinging bucket rotor for 5 minutes.
The enteroid pellet was resuspended in CMGF+ medium containing 10puM Y-

27632 (Sigma-Aldrich), and cells were enumerated on a hemocytometer.

Gels comprised of 80% type | rat tail collagen 2.01mg/mL (First Link), 10% 10X
DMEM (Sigma-Aldrich), and 10% CMGF+, pH 7.0 were delivered into the spongy

silk scaffolds with the Teflon-coated-stainless steel wires in place to leave the
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hollow channel open for seeding of enteroids. After 15-30 minutes of gelation at
37 C, the Teflon-coated stainless-steel wires were carefully removed from the
scaffolds. The resultant hollow channels were seeded with 200 enteroids in a
single cell suspension (as prepared above) in CMGF+ medium. Seeded scaffolds
were incubated at 37 C for 1 hour, and then flipped down, seeded with an
additional 200 enteroids, and incubated for an additional 1 hour. During the
incubation, a small amount of CMGF+ medium was dripped onto the scaffolds to
keep them moistened. Seeded scaffolds were incubated in 12-well plates with
differentiation medium and incubated for five days (changing medium every other

day) at 37 C, 5% CO: prior to infection with C. parvum.

2.15 Transmission Electron Microscopy (TEM)

3D tissue models were removed from culture medium and washed with cold PBS
three times. Washed 3D tissue models were then incubated with cold
glutaraldehyde fixative solution (2.5% glutaraldehyde (Electron Microscopy
Sciences, Hatfield, PA) in 0.1M sodium cacodylate buffer, pH 7.4) for 3 hrs at RT.
After fixation, the 3D tissue model was washed three times with cold cacodylate
buffer to eliminate the glutaraldehyde. 3D tissue models were then stored in 0.1M
cacodylate buffer at 4°C prior to shipping them to our collaborator Dr. Isabelle
Coppens, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD for

TEM.
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2.16 Infection of 3D Bioengineered Human Intestinal Tissue Model with C.
parvum

2.16.1 Preparation of Oocysts for Infection

Prior to use, oocysts were surface sterilized with 10% (v/v) sodium hypochlorite

and treated with sodium taurocholate as described in Section 2.1.

2.16.1.1 C. parvum Infection of 3D Bioengineered Human Intestinal Tissue
Model with Oocysts

Caco-2 and HT29-MTX cells in the model were infected by inoculating 108
hypochlorite and taurocholate-treated oocysts into the lumen, and the model
incubated at 37 C, 5% CO: for two hours in 10 cm plates without 3D tissue
model culture medium to allow for excystation of oocysts and invasion by
sporozoites. The infected models were then placed in 12-well plates with culture
medium and incubated for 1 to 17 days at 37 C, 5% CO2. For passaging, at 3-
days post infection, luminal contents from infected 3D tissue models were
harvested by aspiration using a pipet, concentrated by centrifugation at 16,000
RCF for 2 min at 4°C, and used to infect new 3D tissue models. The medium was

changed every other day for continuous infection and for passaging.

2.16.2 Isolation of C. parvum Sporozoites
Purified sporozoites were obtained by excysting hypochlorite and taurocholate

treated oocysts in sterile PBS for 1 hr at 37 C, followed by filtration through a 3
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pm filter (EMD Millipore, Billerica, MA) to remove intact oocysts and oocyst
shells. Routinely, excystation rates of ~80% were observed. Purified sporozoites
were centrifuged at 16,000 RCF for 5 min at 4°C and resuspended in the 3D
tissue model culture medium. Aliquots were spotted on poly-L-lysine coated 8-
well slides (Sigma, Waltham, MA) and allowed to dry at 37 C. Dried spots were
fixed with ice cold methanol for 30 min at RT, washed with PBS, and then stained
with an oocyst-specific mAb, Crypt-a-glo (Waterborne, Inc. New Orleans, LA) for
30 minutes at RT or a mAb specific for sporozoites and intracellular stages
Sporo-glo (Waterborne Inc.) for 30 min at RT. A drop of No-fade mounting
medium (Waterborne, Inc.) was placed on each well prior to sealing with a
coverslip. Slides were imaged by differential interference contrast (DIC) or
fluorescence using a Zeiss Axioimager Z.1 fluorescence microscope (Carl Zeiss
Microscopy, Jena, Germany) at 100x magnification. Images were captured with
an IEEE1394 digital charge-coupled-device camera (Hamamatsu, Hamamatsu
City, Japan) and processed using Volocity software, version 6.3 (Perkins Elmer,

Waltham, MA).

2.16.2.1 C. parvum Infection of 3D Bioengineered Human Intestinal Tissue
Model with Purified Sporozoites

Purified sporozoites (4 x 10°) were inoculated into the lumen of the 3D tissue
models which were incubated at 37 C, 5% CO: for two hours in 10 cm plates

without culture medium to allow invasion. After incubation, 3D tissue models
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were placed in 12-well plates with culture medium and incubated for 1 to 15 days

at 37 C, 5% CO..

2.17 Analysis of C. parvum Infection in 3D Bioengineered Human Intestinal

Tissue Model

2.17.1 Immunofluorescence Assay (IFA) and Confocal Microscopy

At each time point, 3D tissue models were removed from the medium and fixed
in 4% paraformaldehyde at room temperature (RT) for 30 min. Scaffolds were cut
in half along the longitudinal axis to allow for better exposure of the luminal
surfaces. Fixed 3D tissue models were permeablized in 0.1% Triton X-100 in
PBS at RT for 15 min, and non-specific binding blocked with 5% normal goat
serum (NGS, Atlanta Biologicals, Flowery Branch, GA) in PBS or 1% bovine
serum albumin (BSA, Thermo Fisher Scientific) in PBS at 4°C overnight. Infected
3D tissue models were incubated with 4E9, a mAb to a glycopeptide epitope on
C. parvum invasive and intracellular stages [202](Bhalchandra, et al, in
preparation) at RT for 1.5 hrs, followed by Alexa Fluor 488 goat-anti-mouse IgM
(Molecular Probes/Thermo Fisher Scientific) at RT for 1.5 hrs or with Crypt-a-glo
at RT for 1.5 hrs. 3D tissue models were then counterstained with 4',6-diamidino-
2-phenylindole (DAPI; Invitrogen) at RT for 30 minutes. Just prior to imaging,
each half was cut in half again and placed luminal side down (facing objective)
on a glass coverslip. All 3D tissue models were imaged using a Nikon Eclipse Ti
Confocal microscope at 20X magnification at the Tufts Center for Neuroscience
Research (CNR) imaging core facility).
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2.17.2 Immunofluorescence Assay (IFA) of Luminal Contents and Culture
Medium

At each time point, luminal contents and culture medium from wells containing
3D tissue models were collected by aspiration, and concentrated by
centrifugation at 16,000 RCF for 3 min at 4°C. The resultant pellet was
resuspended in sterile PBS, and aliquots were spotted on poly-L-lysine coated 8-
well slides and allowed to dry at 37 C. Dried spots were fixed with ice cold
methanol for 30 min at RT, stained with DAPI for 5 minutes, washed with PBS,
and then stained with Crypt-a-glo for 30 minutes at RT. Slides were mounted as

for purified sporozoites and imaged as described in Section 2.16.2.

2.17.3 Scanning Electron Microscopy (SEM)

This was done by Drs. Yinan Linand YingCheni n Dr . Kaapthean o s
Harvard University Center for Nanoscale Systems, Cambridge, MA. Infected and
uninfected 3D tissue models were fixed in 0.5% glutaraldehyde (Sigma,
Waltham, MA), followed by progressive dehydration in a graded series of
ethanols (30%, 50%, 75%, 95% and twice in 100% for 30 minutes at each
concentration). The samples were subsequently dried by critical point drying with
a liquid CO2 dryer (AutoSamdri-815, Tousimis Research Corp.), coated with 5 nm
of Platinum/Palladium using a sputter coater (208HR, Cressington Scientific
Instruments Inc., Cranberry Township) and imaged using Zeiss UltraPlus or
Zeiss Ultra 55 scanning electron microscopes (Carl Zeiss SMT Inc.) at a voltage

of 2 to 3 kV. Previously published studies showing scanning electron
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micrographs of C. parvum were used as a reference [34, 265] to identify various
developmental stages. The identity of various intracellular stages was confirmed
by Dr. Andrew Thomson Professor Emeritus at the School of Veterinary and Life

Sciences, Murdoch University, Australia.

2.17.4 Quantification of C. parvum Infection in 3D Tissue Models by gRT
PCR

2.17.4.1 Extraction of RNA from 3D Tissue Models

At each time point, luminal contents were aspirated from each infected 3D tissue
model and reserved. A 0.25% Trypsin EDTA solution was added to the lumen
and the 3D tissue models incubated at 37°C for 10 min. Luminal contents were
collected, the 3D tissue model flipped 180°, and the trypsinization repeated. All
reserved contents were combined and centrifuged at 10,000 RCF for 2 min at
4°C. RNA was extracted from the pellet using an RNEasy Mini Plus Kit (Qiagen).
RNA was extracted (from three 3D tissue models for infection with oocysts and
two for infection with sporozoites) at each time point and pooled. Contaminating
genomic DNA was removed by treatment with Turbo DNA-free (Ambion,

Waltham, MA).

2.17.4.2 qRT PCR and Statistical Analysis
Five ng of RNA, quantified by Nanodrop (Thermo Fisher), was used to

synthesize cDNA using a High Capacity Reverse Transcription Kit, (Applied
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Biosystems, Foster City, CA). Quantitative, reverse transcription PCR (QRT-PCR)
was then performed using C. parvum 18S rRNA gene primers [256] and
Quantitect SYBR Green Master Mix (Qiagen). gPCR reactions were performed in
96 well plates using a Mx3000P QPCR System (Agilent Technologies). Briefly,
reaction mixtures were heated to 95°C for 15 minutes and then subjected to 40
thermal cycles (94°C for 30 sec, 52°C for 30 sec, and 72°C for 30 sec) of PCR
amplification. After amplification, melting curve analysis was performed between
55°C and 95°C to assess the specificity of the reactions. Three reactions were
performed for each sample, and the gPCR assay performed twice for a total of 6
technical replicates. Assays with a coefficient of variation (CV) greater than 15%
between replicates were repeated. 18S cDNA copy numbers were determined by
comparison with a standard curve obtained by gPCR on DNA extracted from 102-
107 oocysts using a QlIAamp DNA Mini Kit (Qiagen) as described [266, 267].
Since each C. parvum genome contains 5 copies of the 18S rRNA gene [28] and
each oocyst contains 4 sporozoites the oocyst number was multiplied by 20 to
obtain the approximate total number of 18S ribosomal cDNA copies. Statistical
analyses were performed in GraphPad Prism version 7 for Windows (GraphPad

Software, San Diego, CA) using the Kruskal-Wa | | ace test f ol l

owed

k

multiple comparisonstest P val ues O 0. 05 were consider e
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Table 2.1: PCR Primers for Cp-ppGalNAc-T4 Sequence Confirmation,
Cloning, and qRT PCR

Primer Identifier Sequence
T4-N-Term-Forward ~ CAG CGC TGG ACT TTG TGT AAA TTAA
T4-N-Term-Reverse ~ TCC CAA AAC TTG CAG AAC ATT CA

18S-RT Forward TAG AGATTG GAG GTT GTT CCT
18S-RT Reverse CTC CAC CAA CTA AGA ACG GCC
T4-RT-Forward AGA GGT GGT TTG CTATTG GA
T4-RT-Reverse TTG GTC CCC TTG TGA GAC AT

T4-pIMKF4-Forward GGG AGA TCT AGA GCT CAC CGG TAA GCG GAG
ATC AGA AAT TAA AGG AAT AGA AG

T4-pIMKF4-Reverse GGG GCG GCC GCG TTACCG GTG AGC TCT AGA
TCATTA CAC ATC TAT TTG ATG GA

Overlap Forward CCATTT CAG GTG TCG TGAGAATTG G

Overlap Reverse AGA GGG GCC ACC GGA CTC TAG AG
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3.1 Correct Annotation and In Silico Characterization of Cp-ppGalNAc-T4
Mucin-O-glycoproteins have been shown to be critical for mediating C. parvum
attachment and infection, and inducing immune responses. Despite this, the

enzymes that catalyze their synthesis have not been studied.

Previously Najma Bhat in the Ward lab identified four pp-GalNAc-Ts in the
genomes of three Cryptosporidium species which have been sequenced, as well
as in the cyst-forming apicomplexans Neospora caninum and Eimeria tenella
(five Toxoplasma gondii ppGalNAc-Ts had already been identified and described
by our collaborators [220]). Putative pp-GalNAc-Ts were identified first in C.
parvum by performing a BLAST analysis using T. gondii ppGalNAc-Ts
sequences [220] with the (then unpublished) C. parvum genome sequence in the
NCBI eukaryotic genome sequence database. The four sequences revealed by
this analysis were subsequently used as a template using the BLAST algorithm
to search and identify possible ppGalNAc-Ts within C. hominis, C. muris, and the
other apicomplexan genome sequences present in EuPathDB

(http://eupathdb.orq).

As all ppGalNAc-Ts are type Il transmembrane proteins, they must contain at
least one transmembrane domain and a cytoplasmic tail. However, the deduced
amino acid sequences for Cp and Ch ppGalNAc-T4 in CryptoDB were lacking

these elements. In this chapter, | will discuss the strategy | employed to identify
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and confirm the full sequence of Cp-ppGalNAc-T4. | will also describe in silico

characterization of Cp-ppGalNAc-T4 in detail.

3.1.1 C. muris, C. hominis, and C. parvum-ppGalNAc-T4 are the Only
Cryptosporidium ppGalNAc-Ts that Contain an Intron

The C. parvum (cgd7_1310) and C. hominis (Chro.70157) (Since updated to:
ChTU502y2012_40790645) ppGalNAc-T4 sequences in CryptoDB

(www. cryptodb. org) were incomplete at the
annotated at an internal tyrosine and methionine respectively. When a search

upstream of cgd7_1310 in CryptoDB was performed, several methionine

residues were identified; however, the resulting sequences were out of frame

resulting in internal stop codons. Out of all the Cryptosporidium ppGalNAc-Ts

identified and annotated in CryptoDB, only one, C muris ppGalNAc-T4

(CMU_033300), contained anintronini t s 5 Qprior & gur studies). Mining

of the sequences on the respective contigs upstream of the ppGalNAc-T4

sequence (using the chromosome sequence search feature on CryptoDB)

reveal ed several 0AQCppPpGaINAcT sdqeence weverthen of t he
compared against the Cm-ppGalNAc-T sequence until appropriate matches were

found. The process was then repeated with the Ch-ppGalNAc-T4 sequence. All

three sequences were aligned with ClustalW2 [268] and subsequently Boxshade

(http://www.ch.embnet.org/software/BOX _form.html) to identify similarities. The
previously annotated intron in Cm-ppGalNAc-T aligned with corresponding 71

base pair introns in Cp-ppGalNAc-T4 and Ch-ppGalNAc-T4 allowing for the
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complete genomic sequence to be identified for ppGalNAc-Ts from both species.

(Figure 3.1).
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The third box highlights the start sites of the sequences from CryptoDB. Asterisks
indicate identical residues while periods indicate similarity.

Having identified an intron within the sequence of Cp-ppGalNAc-T4 and Ch-
ppGalNAc-T4, | wanted to confirm the sequence of Cp-ppGalNAc-T4 from

genomic DNA. To this end, | designed primers N-Term-Forward and N-Term-

Reverse (Table 2.1) to amplify and clone 625 bp of the C. parvum-ppGalNAc-T4
sequence including the newly identified
highlighting the region amplified is shown in Figure 3.2). The amplified product

was purified and cloned into the Topo pCR2.1 vector and plasmids were sent to

the Tufts University Core Facility for sequencing. The sequence of this cloned

fragment was identical to that identified in silico.

PRODUCT SIZE: 625,

1 CAGCGCTGGACTTTGTGTAAATTAAAGTGAGTTTTGCACTTTTAAAAGAAAAGAAAATTC
61 ACAATTATAAAGAATTGTATTAAAAGTGAATAAGTACAGTGATAATATATAAAGAGTGTG
121 AAAGAAATTTGTATATATTTTTGTATATAATAGAAAGAATGATTGGGTCAAGAAAATCTA
181 AGGAAGAGTTATACTATAAGATTTCTTTAGTAACAACAATACTTATATTCTGGATTTGTT
241 CAAGATCTGTAGGTAAGTTGAAATAAAAATAGAAATAAAATAAAACAAAACAAAACAATT
301 CAAATCCCAAATCAACTCTTTAATTTATATATTTGTAGTTTTATCTATATCTCTCACAAC
361 AATATTCTTAGTTTTGTCTTATATTGGAAATAAGTTTGTTTTTGGAACAAAATCTAAATA
421 TGAAGAAGATTTACCAAGATTGATTTCAGATAATGTAATTTTGAAAAAAATCTATGAATT
481 TATTACAAATGGAATTCTTGTTAATTTTGTTTTATCTATTATATATATTACATTATATTT
541 CACATTAAGATCAGAAATTAAAGGAATAGAAGTTATTCACAGAGGCATTTTTGATCATTT

601 AGCTCCAAAACTTGCAGAACATTCA

Figure 3.2: Primer Design for the Identification of Complete Cp-ppGalNAc-T4.
N-Term-Forward and N-Term-Reverse primers are underlined in red. The bold blue

residuesc orrespond to t he Cgpgp@aNAc-TalfThetbbldegreBnd end of
residues correspond to the first residue (Tyr) of the sequence in CryptoDB.
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Having identified and confirmed the full sequence of Cp-ppGalNAc-T4, we
proceeded to evaluate and characterize this enzyme in silico using various online

prediction tools.

3.1.2 Cp- ppGalNAc-T4 Contains Conserved Domains

ppGalNAc-Ts contain several domains and motifs that are widely conserved and
characteristic of the enzyme family [269]. We (Najma Bhat and |) evaluated Cp-
ppGalNAc-Ts for these features [221]. We found that all the conserved domains
were present within the four Cp-ppGalNAc-Ts. These included a short
cytoplasmic tail, one or more transmembrane domains, a variable length stem
region, a catalytic domain with glycosyl transferase A (GT-A) and Gal/GalNAc
motifs,andaR-t ype | ect i n d o matrefoil notf (Figwre 33). n g
Notably, Cp-ppGalNAc-T2 and T4 are predicted to have multiple transmembrane
domains. Across the four isoforms, we noted variability in the length of the stem

region, and in some-trefalsetE t he si ze of
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Cp-ppGalNAc-T1

CT (1-30) Stem Region Catalytic Domain RTLD
(43-172) (173-481) (489-610)
MO GT-A Gal/ .
-Trefgil
refgi
1 (20-42) (185-285) (360-420) (493-529) 637
Cp-ppGalNACc-T2
CT(1-38) Stem Region Catalytic Domain RTLD
(142-184) (273-573) (581-691)
L Gal/
Mg M M - L
GT-A GalNAc Trefn]l
1 (13-33/39-57/123-141) (285-385) 460-520) (631-5/0) 809
Cp-ppGalNAc-T3
CT(1-44) Stem Region Catalytic Domain RTLD
(46-272) (273-580) (588-718)
Gal
™ GT-A GalT\Iilc B-Trefoil
"128-46) (285-385) 460-520] (590-714)
1 732
Cp-ppGalNAc-T4
Stem
CT(1-38) Region Catalytic Domain RTLD
(107-153 (154-449) (456-559)
Fad 0 GT-A Gal/ Trefbi
- CalNAc B-Trefgil
(13-33/39-57/88-106) (177-267) (342-402) (456-501)
647

1

Figure 3.3: Domain Diagram of Cp-ppGalNAc-T1-4.
Domains of the four Cp-ppGalNAc-Ts were identified using InterproScan [270] and
TMHMM [271]. Abbreviations used: CT: Cytoplasmic Tail, TMD: Transmembrane

Domain, RTLD: R-Type Lectin Domain. *Modified with permission from [221]. Changes

include relabeling of RBLD to RTLD.

We found that the genes encoding Cp-ppGalNAc-T1 and 4 are located on

chromosome 7, while Cp-ppGalNAc-T2 and T3 are on chromosomes 6 and 5

respectively. Cp-ppGalNAc-T1, T2, and T3 are encoded by a single exon. The

first exon of Cp-ppGalNAc-T4 encodes the cytoplasmic tail and the first

transmembrane domain while the second encodes the second and third

80




transmembrane domains, stem region, glycosyl transferase family 2 domain, and
R-type lectin domain (Table 3.1). All four Cp-ppGalNAc-Ts are predicted to have
both N and O-linked glycosylation sites. With the exception of Cp-ppGalNAc-T4
which is predicted to be localized to the endoplasmic reticulum, the other three

ppGalNAc-Ts are predicted to have Golgi localization.
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Cp- Cp- Cp- Cp- Program Ref.
ppGalNAc- ppGalNAc- ppGalNAc- ppGalNAc- Used
T1 T2 T3 T4
Gene ID in Cgd7_416  cgd6_1960 Cgd5_690 Cdg7_1310 CryptoDB [28]
CryptoDB 0
Accession AY242893 AY466374 AY424894 AAQ95176 NCBI [221]
Number in GenBank
Genbank
Chromosom 7 6 5 7 CryptoDB [163]
al location
Number of 1914 2430 2199 1944 CryptoDB [163]
base pairs
(exons only)
Number of 637 809 732 647 CryptoDB [163]
amino acids
Predicted 72.5 94.5 83.3 75 Compute [250]
MW (kDa) PI/IMW
Isoelectric 7.12 8.85 8.79 8.36 Compute [250]
Point PI/MW
Predicted O- 4 1 4 2 Net-O-Glyc  [251]
glycosylatio 4.0
n sites
Predicted N- 4 3 7 2 Net-N-Glyc  [252]
glycosylatio 1.0
n sites
Golgi Yes Yes Yes No Golgi [253]
Localization Predictor
ER No No No Yes PSORT [254]
Localization
% Primary 21-26 12-16 19-23 15-19 MacVector
Sequence ID
with Hs-
ppGalNAc-
Ts

Table 3.1: In silico Analysis of Cp-ppGalNAcT1-T4

The sequences of Cp-ppGalNAc-T1-4 were analyzed using CryptoDB; MacVector v.12
and other programs listed in the EXPASy Proteomics Server (https://www.expasy.org/).
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https://www.expasy.org/)

Cp-ppGalNAc-T4 shares structural features of other members of the ppGalNAc-T
family (Figure 3.4). This includes transmembrane domains, stem region, catalytic
domain containing both the GT-1 and Gal/GalNAc motifs, and a R-Type lectin

domain with ACLDO and AQxWO0 moti f s.

MIGSRKSKEELYYKISLVTTILIFWICSRSVVYIFVVLSISLTTIFLVLSYIGNKFVFGTKSKYEEDLPR 70

} co-ppGaiNAc-sT4 °
LISDNVILKKIYEFITNGILVNFVLSIIYITLYFTLRSEIKGIEVIHRGIFDHLAPKLAEHSRNLIESGE 140

GKFEVISSNRNFDGISLIIPIRDEDEFISKTISFTLGLNNKNLLKEIIVVDDCSKREVSDLLNKELPSSY 210

GT-1 motif

LKYIKVIRLDKCEGLIRSRILGADASKSSVIVFMDGHCRPKENWIEPLINRLKEKPKATVCPMIEDIDRY 280

TWKDLGTFGLKMMFDWNF EFNWYEDFTDVIPIASGGLYAITREWWEESGKYDPGMLEWGGENIEQSIRIW 350

RCGGEIVAEKKSRVGHIFKRDPKPNPENKLVLQVQRNQKRAAMVWLDKKRYKYFETIHDVVKSLNETQSG 420

T T T T T T TTTTTTT GalGalNAc motit . ; """
VDLEQRHSIKERLKCKPFSWYVDKFRASFDRGGLLLDNFRHFKHRKSGLCLTASLNEVVTGTEDKAVVFK 490
______________________ a-repeat of ricin motif

* * *
ECNERDDTQKWNVILGRRLILNRRVGLGCLTRGPSNVVENSILRVVPCEFKKALEGYNDSQYWNIDANDD 566

Qxw B-repeat Qxw
O *
LLFDHGYEDLSPMESSKLRNSLRLFNRINSIPFSNDGNDRISVNGEYAFNPSNRCVTNLNDKAVMKSCPH 630
y-repeat
EENEDYIFDPIKMGKFM 647

Figure 3.4: Annotation of Cp-ppGalNAc-T4 Deduced Amino Acid Sequence.

The deduced amino acid sequence was determined using the ExPASy Translate tool
[250]. The solid arrow underlining indicates predicted transmembrane domains
(identified using InterProScan5 [270] and TMHMM Server v. 2.0 [271]). The vertical
arrow indicates the residue at which the soluble construct (Cp-ppGalNAc-sT4) begins.
The dashed line spans the largely conserved catalytic domain. Boxed areas show GT-1
and Gal/GalNAc motifs. Potential O-glycosylation sites are shown with closed circles.
Potential N-glycosylation sites are shown with open circles. Asterisks denote invariant
cysteines in the R-type lectin domain.
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| utilized the Protein Homology/AnalogY Recognition Engine (Phyre?) server
[247, 272] to predict the tertiary structure of Cp-ppGalNAc-T4. This tool evaluates
homology between the input sequence and experimentally solved three-
dimensional crystal structures from the Structural Classification of Proteins
(SCOP) database [273] and the Protein Data Bank [274] using alignment of
hidden Markov models via HHsearch [275] coupled with Poing [276] to model
regions with no detectable homology to known structures. The structure of Cp-
ppGalNAc-T4 modeled with 100% confidence, was most similar to that of Hs-
ppGalNAc-T10, 2 and 1 (26%, 27%, and 33% identity respectively). In order to
function as a ppGalNAc-T, these enzymes must coordinate not only the sugar-
nucleotide donor and acceptor peptide, but also Manganese [277]. | used the
COACH meta-server [248] to evaluate potential ligand coordination sites.
COACH utilizes TM-SITE and S-SITE which recognize ligand-binding templates
from the BioLiP protein function database [249]. It also combines this search with
COFACTOR [278, 279], FINDSITE [280, 281], and ConCavity [282]. All
predictions are assigned a C-score (measure of confidence) with a range of 0-1,
with higher scores indicating more likely predictions. This analysis revealed
predicted coordination sites for Manganese (Mn?*) with a Confidence (C) score of
0.23, Calcium (Ca?*) (not modeled, C score of 0.1), as well as those for UDP and
GalNAc (C scores of 0.58 and 0.17 respectively) in the catalytic domain of Cp-
ppGalNAc-T4. The predicted three-dimensional structure with ligand coordination

sites is shown in Figure 3.5.
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N terminus

GLU 164
GLY 246

ILE 161 HIS 247

FRO 160 ASR2

\
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GLY 337" FRP 338
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UDP-GalNAc

CD (154-449aa) RTLD (456-559aa)

Figure 3.5: Modeling of Tertiary Structure of Cp-ppGalNAc-T4.

(A) The 3-dimensional structure of Cp-ppGalNAc-T4 was modeled using the Protein
Homology/AnalogY Recognition Engine (Phyre?) [247]. Predicted Transmembrane
Domains (TMD), Catalytic Domain (CD), R-Type Lectin Domain (RTLD) are indicated.
(B) Predicted coordination sites for divalent cations, Mn?*, and nucleotide sugar, UDP-
GalNAc were predicted using the COACH server [248]. Predicted interacting residues
within the catalytic pocket are indicated.

3.1.3 Cp-ppGalNAc-T4 is Expressed During in vitro Infection

Previously, Najma Bhat confirmed expression of all four Cp-ppGalNAc-Ts during
in vitro infection of HCT-8 cells [221]. However, this experiment only included
three time points; 24, 48, and 72 hours post infection, excluding the initial stages
of infection, and did not quantify expression levels. To better examine the
potential role of Cp-ppGalNAc-T4 during infection, | expanded the analysis of Cp-
ppGalNAc-T4 expression during in vitro infection. | performed reverse
transcription quantitative PCR (gRT-PCR) on RNA extracted from C. parvum
infected HCT-8 cells at 2, 6, 12, 24, 36, 48, and 72 hours post infection with

primers specific for Cp-ppGalNAc-T4 (T4-RT-Forward and T4-RT-Reverse) as
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well as C. parvum 18S rRNA (18S-RT-Forward and 18S-RT-Reverse) [256]
(Table 2.1). Using a modification of the four-point sigmoidal curve fitting method
described by Rutledge et al [257], and adapted by Mauzy et al [258], | calculated
relative Cp-ppGalNAc T4 expression during this time course. (See Chapter 2.6

for equations).

| observed maximal expression at 6 and 24 hours post infection with varying
levels present to 36 hours (Figure 3.6) suggesting that it is developmentally

regulated. There was no expression detected at 48 or 72 hours post-infection.
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Figure 3.6: Cp-ppGalNAc-T4 Expression During Infection Time Course in C.
parvum-Infected HCT-8 Cells.

Quantitative, reverse-transcription PCR (qRT PCR) was performed on RNA extracted
from C. parvum-infected HCT-8 cells at various time points post infection. Following
sigmoidal curve fitting analysis, expression of Cp-ppGalNAc-T4 was normalized to that
of C. parvum 18S rRNA. Two independent time courses were performed. gRT PCR
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assays for each time course were performed in triplicate with each set of primers, and
the assays repeated for a total of 6 technical replicates. Error bars represent standard
error of the mean.

These experiments confirmed that Cp-ppGalNAc-T4 is expressed during in vitro

infection, with elevated levels observed at earlier time points.

3.2 Cloning, Expression, Purification, and Enzymatic Characterization of
Recombinant Cp-ppGalNAc-T4

| then cloned, expressed and purified recombinant, soluble, Cp-ppGalNAc-sT4
and characterized its enzymatic activity. In this chapter, | will describe the
strategies utilized to create transiently and stably expressed recombinant Cp-

ppGalNAc-sT4, and the efforts to characterize its enzymatic activity.

3.2.1 Transient Expression of Recombinant Cp-ppGalNAc-sT4

To create a soluble form of the recombinant protein that included the stem region
as well as both the catalytic and R-type lectin domains but excluded the intron, |
designed primers to amplify the genomic DNA sequence encoding the region
after the third transmembrane domain. This expression construct was transiently
transfected into HEK 293 cells using polyethyleneimine (PEI), however low
expression levels and protein recovery led us to seek alternative means of

recombinant protein production.
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3.2.2 Generation and Stable Expression of Soluble Recombinant Cp-
ppGalNAc-sT4

In an effort to stably express and increase recombinant protein production, in
collaboration with Dr. Stephen Bunnell, Tufts University School of Medicine, we
performed codon optimization of Cp-ppGalNAc-T4 for expression in a
mammalian system. The C. parvum genome has a G+C content of only about
30% [28, 283] and unexpectedly, A and U-ending codons are preferred [284,
285]. The GC composition of Cp-ppGalNAc-sT4 prior to codon optimization was

29.4%.

Due to size limitations for DNA synthesis, the construct was designed in two
fragments with 30bp overlaps for Gibson assembly. Thes e sy nhlhedk 0 i G
contained the synthetic nucleic acids for recombinant ppGalNAc-sT4 as well a
Kozak sequence, an insulin secretion sequence, streptavidin binding protein and
8x His tags for affinity purification, and FLAG and TagRFP-T fluorescence tags
for identification. The construct was flanked by Nhel and Notl restriction sites in
the event assembly of this product was not amenable to Gibson assembly. The
alternative would be to use traditional PCR amplification and restriction cloning
into the target lentiviral vector pLK4-E F 1-MICS-IRES-ZeoR (pLK4). All affinity
tags were placed N-terminally upstream of the stem region to avoid potential
interference with the catalytic domain which is more C-terminally located. A
schematic of Cp-ppGalNAc-sT4 and fusion tags in the pLK4 vector is shown in

Figure 2.3 A and B. We performed lentiviral transfection and transduction to
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create a stable HEK293 cell line referred to as sT4-HEK293. Following
subcloning, clones with a high percentage (~90%) of cells expressing RFP were

identified by fluorescence microscopy (Figure 3.7).

DAPI
Cp-ppGalNAc-T4

Figure 3.7: Fluorescence Microscopy Analysis of Stable Cp-ppGalNAc-sT4-HEK-
293 Cell Line.

Cp-ppGalNAc-sT4 expressing-HEK 293 cells were analyzed by fluorescence
microscopy. Red (from the TagRFP-T epitope tag) indicates recombinant protein
production showing that 93% of the cells in the field are expressing recombinant protein.

One such clone was adapted to serum free medium to minimize contaminating
cellular proteins during purification. However, although some protein was
secreted into the supernatant, the majority remained within the cells (not shown),

possibly due to size interference from the tags during trafficking. SDS PAGE and
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immunoblotting with anti-FLAG revealed that Cp-ppGalNAc-sT4 migrated as a
single band slightly higher than its predicted size of ~103 kDa (Figure 3.8 A).
This protein is predicted to be N and O-glycosylated, which could account for the
difference between predicted and observed molecular weight. Some lower
molecular weight bands were observed by SDS-PAGE, but not by
immunoblotting. Some of these bands were also present in eluates from non-
transfected cell lysates subjected to mock purification, (Figure 3.8 B) suggesting

that they are non-specific.

A B

1 234 1 234 1234 1 234
250 250 m—— 250 mm
130w 130 == 130 ==
100 == 100m=— 100 =
7 O 7 Qe 7 O
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SDS PAGE Immunoblot SDS PAGE Immunoblot

Figure 3.8: SDS PAGE and Immunoblot Analysis of Purified Recombinant Cp-
ppGalNAc-sT4.

A. Fractions from Cp-ppGalNAc-sT4-expressing or B. non-transfected HEK293 cells
purified by nickel affinity chromatography were analyzed by SDS PAGE and
immunoblotting, and probed with M2 anti-FLAG antibody. Lane 1: Cleared lysate, 2:
Flow through, 3: Wash, 4: Eluate.
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3.2.3 Recombinant Cp-ppGalNAc-sT4 is Enzymatically Active and Behaves
as a ppGalNAc-T

Najma Bhat had previously reported that C. parvum lysates demonstrated
ppGalNAc-T activity toward peptides and glycopeptides derived from known
mucins that have been used in other studies of ppGalNAc-Ts [221]. To determine
whether recombinant Cp-ppGalNAc-T4 was enzymatically active, | utilized the
Promega UDP-Glo Assay which measures free UDP released from UDP-GalNAc

following transfer of GalNAc to the substrate [263].

While optimizing conditions for this assay, | examined activity over a pH range of
6-9 and found maximal activity at pH around 7-7.5 (which is the pH
recommended by the manufacturer (Figure 3.9 A). No differences in activity
levels were observed when the initial reaction was incubated at 25°C or 37°C

(Figure 3.9 B).
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Figure 3.9: Optimization of Activity Assay (pH and Temperature)

(A) The pH of the reaction buffer ranged from pH 6 to 9. (B) The first step of the UDP-
Glo Assay (the glycosyltransferase reaction) was carried out at either 25°C or 37°C. The
detection step, was carried out at 25°C per assay requirements. Reactions without EA2
for each condition were used for background subtraction. Reactions were performed in
duplicate with error bars representing standard error of the mean. Data from a single
experiment are shown.

To ensure that the activity observed was from rCp-ppGalNAc-sT4 and not

endogenous HEK 293 ppGalNAc-Ts, | examined enzymatic activity in elution

fractions from mock purification of non-transfected HEK293 cells. No activity was

observed in these elution fractions, confirming that activity observed in elution

fractions from Cp-ppGalNAc-sT4 expressing HEK293 cells was from the

recombinant protein (Figure 3.10)

| also examined the ability of rCp-ppGalNAc-sT4 to utilize various nucleotide-

sugar donors. rCp-ppGalNAc-sT4 exhibited the highest activity for UDP-GalNAc

with no activity against UDP-Gal, and only moderate activity (40% of that seen
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toward UDP-GalNAc) toward UDP-GIcNAc (Figure 3.10). This demonstrates that
rCp-ppGalNAc-sT4 behaves primarily as a ppGalNAc-T with the potential for

cross-reactivity against UDP-GIcNAc.

500+

Bl UDP-GalNAc
400- UDP-Gal
B UDP-GIcNAc

300-

200+

100+

nmol UDP hydrolyzed/min/mg

0' T T
sT4Con sT4Con sT4Con

Figure 3.10: Preference for UDP-GalNAc vs. UDP-Gal and UDP-GIcNAc.

Purified Cp-ppGalNAc-sT4 (sT4) or mock-purified non-transfected HEK 293 cells as
control (Con) were incubated with 100 uM UDP-GalNAc, UDP-Gal or UDP-GIcNAc in the
presence or absence of 250 uM EA2 acceptor peptide. Reactions without EA2 were
used for background subtraction, and a UDP-standard curve was used to quantify
enzymatic activity. Two independent assays were performed with three replicates per
condition per assay for a total of six technical replicates. Error bars represent standard
error of the mean of six replicates.

3.2.4 Enzymatic Characterization of Cp-ppGalNAc-sT4
Kinetic constants for rCp-ppGalNAc-sT4 were experimentally determined for the

UDP-GalNAc nucleotide-sugar donor. The calculated values are shown in Figure

93



3.11. rCp-ppGalNAc-sT4 exhibited an apparent Km of 51.88 uM and Vmax of

718.3 nmol/min/mg for UDP-GalNAc, using the EA2 acceptor peptide at 500 M.

Km 51.9 +/-10.6

2 800

;
3 600

k5 ~ sT4

N -= Control
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5 400-

i Vmax 718.3 +/- 30.6
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£
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0 200 400 600 800 1000
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Figure 3.11: Km/Vmax with UDP-GalNAc.

Enzymatic activity was measured with increasing concentrations of UDP-GalNAc and
constant concentrations (500 uM) of the EA2 acceptor peptide using the UDP-GLO
assay. Three independent assays were performed with three replicates per condition per
assay for a total of nine technical replicates. Error bars represent standard error of the
mean of nine replicates. Vmax and Km were determined using the Michaelis-Menten
curve fitting equation in GraphPad Prism.

As shown in Figure 3.11, rCp-ppGalNAc-sT4 exhibited activity against the non-
glycosyl ated EA2 peptide, suggesttheng t he
ability to glycosylate non-glycosylated peptides. There are several

Cryptosporidium proteins that share significant homology with the peptide
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sequence of EA2 including gp40 (cgd6_1080), a nucleoporin (cgd2_3550), and

heat shock protein 90 (cgd7_3670) among others (Table 3.2).

Name/Possible

Expression (Peak

Sequence Crypto DB ID Function indicated by *) Reference
Ser/Thr rich adhesin Abrahamsen,
TTDGTITPVPSS | Cgd3_1980 (unknown) 61 72 hrs (48%) 2004
Ubiquitin ligase Abrahamsen,
SINNTNPTPRIT | cgd7_4990 (unknown) 12- 72* hrs 2004
Cevallos et al
2000b
O6Conn
PTTPAQSEGATT| cgd6_1080 Gp40/15 (adhesin) 12*- 72 hrs al, 2002
Abrahamsen,
TTPSTTPATTT | cgd2_3550 Nucleoporin 2-72 hrs (6*) 2004
DSITPAP cgd7_3670 [ Heat shock protein 90 6*- 48 hrs Woods, 1999
RNA processing, peter Abrahamsen,
PSNDSTNPIP | cgd8_ 3990 pan-like (unknown) 12*-72 hrs 2004

Table 3.2: Potential Protein Targets of Cp-ppGalNAc-T4 Based on Homology to

EAZ2.

Non-exhaustive list of possible targets for O-glycosylation by Cp-ppGalNAc-T4 were

identified by BLAST analysis of the C. parvum genome sequence using the EA2

acceptor peptide as template. Bold font, underlined residues indicate exact matches, red
bold residues indicate similarity. Results are restricted to predicted O-glycosylated
proteins using the Net-O-Glyc 4.0 server.

As these proteins are predicted to have one or more sites of O-glycosylation

(using the Net-O-Glyc 4.0 server [251]), it is possible that Cp-ppGalNAc-T4 or

other Cp-ppGalNAC-Ts may glycosylate these proteins.
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| examined rCp-ppGalNAc-sT4 activity against one of these peptides, gp40,
derived from the N-terminal region of the C. parvum glycoprotein gp40/15 [211,
215] as well as the C-terminal fragment of this glycoprotein, gp15. rCp-
ppGalNAc-sT4 exhibited activity against both the non-glycosylated, and to a
lesser extent, the glycosylated form of the gp40-derived peptide (Table 3.3).
However, it did not exhibit any activity against the glycosylated or non-

glycosylated gp15-derived peptides.

Peptide Number Activity | nmol UDP-Ga]NAc
D Sequence <_)f Glycosylated aboye hydrolyzed/min/mg
Residues baseline +/- SE
EA2 PTTDSTTPAPTTK 13 No Yes 301.80 +/- 10.00
LP9 PPTTTTKKP 9 No No 0
LP13 PPT*T*T*T*KKP 9 Yes No 0
gpl5#5 | TS*EAAAT*VDLFAFTLDGGK 19 Yes No 0
gpl5 #8 | ETSEAAATVDLFAFTLDGGK 20 No No 0
gp40 #3 | DVPVEGSS*(16)TSTVAPANK 33 Yes Yes 33.07 +/- 2.71
gp40 #4 | DVPVEGSS(16)TSTVAPANK 33 No Yes 110.83 +/- 26.02

Table 3.3: Examination of C. parvum Acceptor Peptide Specificity of Cp-
ppGalNAc-sT4

rCp-ppGalNAc-sT4 activity was measured using various acceptor peptides or
glycopeptides (50uM) with 250uM UDP-GalNAc. *O-glycosylated residues. Number in
parenthesis indicates number of tandem Ser residues. Two independent experiments
with each assay in triplicate for a total of six technical replicates were performed. Data
represent mean and standard error of the mean of six replicates. No peptide reactions
were used for baseline subtraction of reactions in the absence of acceptor peptide. A
UDP standard curve was used to calculate nmol UDP-GalNAc hydrolyzed/min/mg
enzyme.

Taken together, these results demonstrate that Cp-ppGalNAc-Ts including Cp-
ppGalNAc-T4 contain conserved domains and motifs. Cp-ppGalNAc-T4 is
expressed during the early stages of in vitro infection, prefers UDP-GalNAc over

ot her nucleotide sugar donors, and behaves
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preferring non-glycosylated peptides over glycopeptides, including one derived

from the C. parvum glycoprotein gp40.

3.3 Novel Bioengineered 3D Human Intestinal Model to Support Long-Term
Infection of Cryptosporidium

While identifying and characterizing proteins that may play a role in
Cryptosporidium infection is important, significant progress in understanding
parasite-host cell interactions, including the dynamic functions these proteins
may have, has long been constrained due to the lack of long-term culture
systems that recapitulate in vivo infection. In this chapter, | will describe efforts to
develop and evaluate novel bioengineered 3D intestinal tissue models to study

Cryptosporidium-host cell interactions.

3.3.1 Robust Bioengineered 3D, Silk Scaffold-Based, Human Intestinal
Tissue Model for C. parvum Infection

Recentl vy, Dr . David Kaplands | ab in
University School of Engineering developed a bioengineered 3D human intestinal
tissue model using silk scaffolds [168]. Human intestinal epithelial cell (IEC) lines
(Caco-2 and HT29-MTX) are seeded in the lumen, with human intestinal
myofibroblasts (H-InMyoFibs), which secrete cytokines and growth factors, in the
porous bulk space. In order to determine if this model would support C. parvum

infection, we initiated a collaboration with Dr. David Kaplan and colleagues. A
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schematic of the scaffold generation, seeding, and infection is shown in Figure

3.12.
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Figure 3.12: Schematic of the Fabrication Process, Cell Seeding Strategy, and C.
parvum Infection Process for the 3D Human Intestinal Tissue Model Using
Transformed Cell Lines.

(A) Silk cocoons were regenerated into (B) a 4i 5% (w/v) viscous silk solution. (C). The
silk solution was poured into PDMS molds and a Teflon-coated stainless steel wire
inserted through the cross-section of the cylinder to develop a hollow channel. (D) Caco-
2 and HT29-MTX cells were seeded into the hollow channel (E) while the porous bulk
space was used to house H-InMyoFibs. (F) Caco-2 and HT29-MTX cells in the scaffolds
were infected with C. parvum oocysts or purified sporozoites and intracellular
development allowed to proceed through asexual and sexual cycles to complete the life
cycle with formation of oocysts. *Reproduced with permission from [182].

Transmission electron microscopy (TEM) of cross sections of uninfected silk
scaffold 3D tissue models done by our collaborator Dr. Isabelle Coppens at the
Department of Microbiology and Immunology at Johns Hopkins Bloomberg

School of Public Health, Baltimore, MD revealed both enterocyte-like cells and
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goblet cells full of mucus (Figure 3.13). Tight junctions were well-maintained and

microvilli were also observed.

Figure 3.13: Transmission Electron Microscopy (TEM) of Intestinal Epithelial Cell

Lines within the Bioengineered 3D Human Intestinal Tissue Model.

Goblet cells full of mucus (M) and enterocytes can be seen. Cell nuclei are denoted with

ANO. Arrows indicate microvilli. A and B show

3.3.2 The 3D Human Intestinal Tissue Model Supports C. parvum Infection

Longer than Traditional 2D Culture Models

To determine whether this model can support C. parvum infection, we infected
Caco-2 and HT29-MTX cells in the scaffolds with oocysts, and evaluated the

presence of intracellular stages by IFA and confocal microscopy using the 4E9
monoclonal antibody (mAb) at various time points. This antibody recognizes a

glycopeptide epitope present on the surface of C. parvum intracellular stages
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[202] (Bhalchandra et. al in preparation). No staining was observed in uninfected
Caco-2 and HT29-MTX cells in the scaffolds (Figure 3.14 A), confirming the
specificity of the mAb. We detected staining (indicating intracellular C. parvum
infection) for the entire duration of the time course of the experiments (Figure
3.14 B-G). We observed distinct areas of infection within the 3D tissue models,
rather than uniform infection throughout the entire tissue, characteristic of

infection of the intestine in vivo [52].

Uninfected

Day 8 Day 11 Day 17

Figure 3.14: The Bioengineered 3D Human Intestinal Tissue Model Supports C.
parvum Infection with Oocysts for up to at Least 17 Days.

IFA and confocal microscopy of Caco-2 and HT29-MTX cells in the model at various
time points during infection with C. parvum oocysts. Following infection, 3D tissue
models were fixed, permeablized, and stained with mAb 4E9. A) Uninfected B) 1 day C)
2 days D) 3 days E) 8 days F) 11 days and g) 17 days post infection. *Reproduced with
permission from [182].
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When we examined Caco-2 and HT29-MTX cells in the model infected with
purified sporozoites by IFA with mAb 4E9 and confocal microscopy, we detected
staining for the duration of the 15-day time course (Figure 3.15 A-E). Although
infection patterns were similar to that of Caco-2 and HT29-MTX cells in the

model infected with oocysts, the overall levels of infection appeared to be less.

Day 5 Day 10 Day 15 Uninfected

Figure 3.15: Immunofluorescence Confocal Microscopy of C. parvum Infection
with Sporozoites up to 15 Days.

Following infection, 3D tissue models were fixed, permeablized, and stained with 4E9. A)
5 days, B) 10 days, C) 15 days post infection, D) uninfected control.3.3.3. *Reproduced
with permission from [182].

3.3.3 C. parvum Completes its Life Cycle During Infection in the
Bioengineered 3D Human Intestinal Tissue Model

The magnification power for immunofluorescence confocal microscopy was
restricted due to technical limitations concerning the auto-fluorescent properties
of silk fibroin [169, 177, 178]. To examine which intracellular stages were present
during infection, we analyzed infected Caco-2 and HT29-MTX cells in the model

by scanning electron microscopy (SEM). We observed densely packed microvilli
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with continuous brush borders in the uninfected Caco-2 and HT29-MTX cells
(Figure 3.16 A). In contrast, we observed blunting, distortion, or ablation of the
microvilli in densely infected areas (Figure 3.16 B-E), characteristic of infection
in vivo [98]. In the 3D tissue model infected with oocysts, intracellular stages,
including those involved in asexual replication, were observed throughout
infection. We were able to identify type 1 meronts (Figure 3.16 B-E) and empty

parasitophorous vacuoles (Figure 3.16).
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Figure 3.16: Scanning Electron Microscopy (SEM) Showing Intracellular Stages
within Oocyst-Infected 3D Bioengineered Human Intestinal Tissue Model.

A) Uninfected B) Day 3, Type | meronts (arrow) and empty parasitophorus vacuoles
(arrowhead). C-D) Day 3, Type | meronts containing eight merozoites; enlargements of
B. E) Day 2, Type | meront excysting. *Modified with permission from [182]. Changes
include resizing and layout reorganization.

In sporozoite-infected 3D tissue models, intracellular stages, including those
involved in asexual and sexual replication, were observed throughout infection by
SEM. We were able to identify trophozoites (Figure 3.17 A), early type |
merozoites invading host cells (Figure 3.17 B) Type 1 meronts excysting (Figure

3.17 C-F), merozoites (Figure 3.17 F-G), and macrogamonts, (Figure 3.17 H-I).
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Figure 3.17: SEM Showing Intracellular Stages within Sporozoite-Infected 3D
Model.

A) Day 5, trophozoite. B) Day 1, early penetration of type | merozoites. C-E) Days 5 (C,
D) and 2 (E), Type | meronts excysting. F, G) Day 5, free merozoites. h, i) Day 3,
macrogamonts. *Reproduced with permission from [182].
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To determine whether C. parvum infection within this model system allowed for
completion of the full life cycle of the parasite, we examined sporozoite-infected
3D tissue models as well as luminal contents, and the culture medium by IFA and
confocal microscopy using an oocyst-specific, IgM mAb, Crypt-A-Glo
(Waterborne Inc.). Oocysts were not detected in the purified sporozoite inoculum

by IFA using the same mAb (Figure 3.18).

Figure 3.18: Sporozoite Inoculum Does Not Contain Oocysts.

Filtered sporozoite inoculum contains no intact oocysts or shells. Filtered sporozoites
were spotted on slides, fixed, permeabilized, and stained with (A) Sporo-glo (red) or (C)
Crypt-a-glo (green). (B) and (D) are DIC images of the same fields as (A) and (C).
*Reproduced with permission from [182].

We observed oocysts present in, or adherent to cells within the lumen (Figure
3.19 A-C) as well as in the luminal contents of 3D tissue models (Figure 3.19 E-
G), and in culture medium from the wells (Figure 3.19 I-K). No oocysts were

observed in the lumen or medium of uninfected controls (Figure 3.19 D, H, I)
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Uninfected

Scaffold

Lumen

Culture
Medium

Figure 3.19: Oocysts are Produced Throughout Infection in Bioengineered 3D
Human Intestinal Tissue Model.

IFA and confocal microscopy of oocyst production following infection with purified C.
parvum sporozoites at various time points. (A-C), within 3D tissue models. (E-G), luminal
material, (I-K) culture medium. (D, H, L), uninfected controls. At each time point, intact
3D tissue models or material from the lumen or culture medium were fixed,
permeablized, and stained with an oocyst-specific mAb, Crypt-a-glo. *Reproduced with
permission from [182].

Taken together, these results confirmed that C. parvum is able to undergo its full

life cycle culminating in the production of oocysts within the model system.
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3.3.4 C. parvum Infection Levels in the Bioengineered 3D Human Intestinal
Tissue Model Remain Relatively Stable Throughout Infection

Though microscopy can provide qualitative information about infection, a more
precise means of quantification of live parasites is necessary to validate the
model system. We quantified cDNA (derived from RNA) rather than DNA to
obtain a more accurate representation of viable parasites, as C. parvum 18S
rRNA degrades rapidly, within three hours after parasite death [256, 267]. No

reverse transcriptase and no template controls were negative.

Although C. parvum levels declined initially over the course of infection, infection
levels remained relatively stable thereafter for the duration of the infection in the
3D tissue model infected with oocysts (Figure 3.20 A). Although infection levels
in the model inoculated with purified sporozoites were less than those infected
with oocysts, the level of infection was relatively stable for the 15-day time course

(Figure 3.20 B).
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Figure 3.20: Quantification of Infection with Oocysts and Sporozoite Inoculums by
Quantitative Reverse Transcription (qRT) PCR.

Quantification of C. parvum infection with (A) oocysts, (B) purified sporozoites in 3D
tissue models by gRT PCR. At the indicated times, luminal contents and infected cells
were harvested and infection quantitated by RT. Results are expressed as number of
copies of C. parvum 18S cDNA obtained from a standard curve. gRT PCR assays were
performed in triplicate with each set of primers, and the assay performed twice for a total
of 6 technical replicates. Error bars represent standard error of the mean of 6 replicates.
(A) P <0.006 for day 1 compared to days 14 and 17; P <0.05) for day 2 compared to
days 14 and 17. B. P<0.0005 for day 1 compared to day 10. *Reproduced with
permission from [182].

It should be noted that these data only account for parasites present within the
lumen and cells within the 3D tissue model. It does not account for any parasites

that may be released into the culture medium.

3.3.5 The 3D Human Intestinal Tissue Model can be Used for Passaging of
C. parvum Parasites
To determine whether this model system could support continuous infection of C.

parvum, we inoculated Caco-2 and HT29-MTX cells in fresh 3D tissue models
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with luminal contents from infected cells in 3D tissue models after 3 days, and
analyzed infection by IFA and confocal microscopy with mAb 4E9 staining as well
as by SEM. We found that luminal contents from infected Caco-2 and HT29-MTX
cells in the 3D tissue model could be transferred to these cells in fresh 3D tissue

models to establish new infections for at least three passages (Figure 3.21).
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1st Reinfection 2nd Reinfection

3rd Reinfection N 1St Rélnfectlon

Figure 3.21: C. parvum can be Passaged from an Infected 3D Tissue Model to an
Uninfected One to Establish a New Infection.

A-C) Following infection, 3D tissue models were fixed, permeabilized, and stained with
mADb 4E9. A) 3 days post the first passage, B) second passage, or C) third passage. D)
Scanning electron micrograph of a C. parvum infected 3D tissue models 3 days post the
first passage. *Modified with permission from [182]. Changes include resizing and layout

reorganization.
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3.4 Improvements to the Model System Using Enteroids

While the transformed IEC-based 3D tissue model supported C. parvum infection
and development, there are shortfalls associated with using transformed cell
lines. As they are cancer-derived cell lines, they are not completely
representative of normal intestinal structure nor physiology and may interact
differently with the parasites than normal primary tissues. In order to improve
upon the existing model system, in collaboration with Dr. Mary Estes, Baylor
College of Medicine, Houston TX and Dr. David Kaplan, the transformed IECs
were replaced with cells from primary, human stem cell-derived enteroids
obtained from intestinal biopsies, and incorporated into the 3D silk scaffolds. This
enteroid-based human intestinal tissue model displayed a robust epithelium with
the four major cell types and tight junctions present following differentiation
(Figure 1.4). We performed preliminary experiments to determine whether this

adapted culture model was permissive to C. parvum infection.

3.4.1 Enteroid-Based 3D Bioengineered Human Intestinal Tissue Model

Supports Robust C. parvum Infection

To determine whether this enteroid-based model can also support C. parvum
infection, we infected enteroid-derived IECs in the scaffolds with oocysts or
purified sporozoites, and evaluated the presence of intracellular stages by IFA
and confocal microscopy using the 4E9 mADb, at two and five days post-infection.

We detected intracellular C. parvum stages at both time points with the two
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different inoculums (Figure 3.22). We observed distinct areas of infection within
the 3D tissue models, rather than uniform infection throughout the entire tissue.
Like the infections in the transformed cell 3D tissue model, infection with the

excysted sporozoite inoculum appeared to be less robust than that with oocysts.

A

Oocyst Inoculum
2 Days 5 Days

Excysted Sporozoite Inoculum
2 Days 5 Days

Figure 3.22: Immunofluorescence Confocal Microscopy of C. parvum Infected
Enteroid-Based Bioengineered 3D Human Intestinal Tissue Model.

IFA and confocal microscopy of enteroid-derived epithelial cells in the model infected
with C. parvum oocysts (A) or purified sporozoites (B) at 2 and 5 days post infection.
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Following infection, 3D tissue models were fixed, permeablized, and stained with the
mAb 4E9.

We utilized scanning electron microscopy to better examine the C. parvum
intracellular stages. Uninfected cells showed well-defined individual cells with
dense brush borders, robust microvilli, and distinct tight junctions between cells
(Figure 3.23 A and B). Several different intracellular stages as well as newly

formed oocysts were observed throughout the infected tissues. (Figure 3.23 C-I).
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Figure 3.23: Scanning Electron Micrographs (SEM) of Infected Bioengineered
Enteroid-Based 3D Human Intestinal Tissue Model.

SEM of C. parvum sporozoite-infected model A and B: uninfected areas C to L:
intracellular stages. Newly formed oocysts are visualized in I, J, K and L.

Overall, infection appeared much more robust in the enteroid-based 3D tissue
models than the previous transformed IEC line based model based on qualitative

examination by microscopy.
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Chapter 4: Discussion
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4.1 In Silico Analysis of Cp-ppGalNAc-Ts

Mucin-type-O-glycosylation is one of the most common post translational
modifications in Cryptosporidium. O-glycans present on these glycoproteins have
been shown to be required for attachment to and invasion of host cells [43, 117,
202]. However, despite their importance, the enzymes catalyzing the synthesis of

these glycans have not been extensively studied.

It is estimated that only 5% of the genes in the C. parvum genome contain
introns in contrast to those of the other apicomplexans Plasmodium, Theileria,
and Toxoplasma, which contain on average 1, 2, and 5 introns per gene [286]. It
is speculated that this is due to widespread intron loss in Cryptosporidium as
many introns in other apicomplexans are conserved and ancestral. Interestingly,
Cryptosporidium introns are more conserved between species (at least for C.
parvum and C. hominis) than they are with other apicomplexans, and do not
appear to have been lost since the divergence of C. parvum and C. hominis 2
million years ago [286]. Given the low frequency of introns, it was surprising to
discover their presence in the genes encoding C. parvum, C. muris, and C.
hominis ppGalNAc-T4. Very little is known about the function of introns within
Cryptosporidium spp.; as such it remains unclear whether or how they play a role

in the regulation of gene expression.
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Cp-ppGalNAc-T4 contains all the evolutionarily conserved domains and motifs of
ppGalNAc-Ts across a wide range of species from humans to Drosophila
melanogaster, and Caenorhabditis elegans [269] to Tg-ppGalNAc-Ts [220, 237-
239]. Unlike other ppGalNAc-Ts, Cp-ppGalNAc-T4 is predicted to contain three
transmembrane domains, followed by a highly variable stem region. Cp-
ppGalNAc-T2 is also predicted to contain three transmembrane domains [221].
Like all known ppGalNAc-Ts, it contains a highly conserved catalytic domain.
This includes both the GT1 motif, containing the DXH (DGH?*") motif, as well as
the Gal/GalNAc motif which contains DXXXXXWGGENXE, found in Cp-

ppGalNAc-T4 as DPGMLEWGGGENIE3#4,

The three f CL D+refoinfoldsioffthe ledtimdornainare GLT472,
CLT®21, CVT®Y’. Notably, Cp-ppGalNAc-T4 only has two QxW motifs in its lectin
domain, QKW5°1 and QYW5%3, which has also been observed in other ppGalNAc-
Ts including in D. melanogaster ppGANT-1 [269]. The other three Cp-ppGalNAc-
Ts and the majority of T. gondii, E. tenella, and N. caninum ppGalNAc-Ts also
contain only two QxW motifs. Interestingly, T. gondii ppGalNAc-T3 and N.
caninum ppGalNAc-T3 contain three QxW motifs. The first QxW motifs in
ppGalNAc-T1 and T3 from each C. parvum, T. gondii, N. caninum, and E. tenella
are present as QxF. These repeats are thought to play a role in substrate
recognition and binding capabilities [230, 287]. However, it remains to be

determined whether they play the same role in apicomplexan ppGalNAc-Ts.
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The subfamilies of human ppGalNAc-Ts correspond to both their evolutionary
similarity and function (Chapter 1.2.2.1). Cp-ppGalNAc-T4 clustered with other
apicomplexan ppGalNAc-Ts as a distinct branch closest to group If, classically
thought to be peptide-preferring ppGalNAc-Ts. Recent studies [233, 234] which
further explored preferences for unmodified or O-glycosylated peptides suggest
that there may be more flexibility in these classifications, and in the ability for
other ppGalNAc-Ts to act on both peptides and glycopeptides than previously
thought. There is a clear evolutionary distance between the human and
apicomplexan ppGalNAc-Ts, and it remains unclear what these groupings may

mean for the substrate specificity of the latter.

Interestingly, although the Phyre? algorithm utilized crystal structures from Hs
ppGalNAc-T1, T2, and T10 to model the predicted tertiary structure of Cp-
ppGalNAc-T4, the primary sequence of the catalytic domain shares the most
homology with Hs-ppGalNAc-T12 (39.8%), a member of the lla family which
exhibits a preference for both peptides and glycopeptides [233]. It should be
noted that the crystal structure of Hs-ppGalNAc-T12 has not been solved,

therefore making it unavailable as a template for the Phyre? algorithm.

The Golgi predictor algorithm [253] suggests endoplasmic reticulum (ER) rather
than Golgi apparatus localization for Cp-ppGalNAc-T4. However, this will need to

be experimentally determined as this enzyme may span the membrane several

118



times with its predicted three transmembrane domains. The Golgi predictor
program loses accuracy when proteins span the membrane more than once
[253]. Though most ppGalNAc-Ts identified and characterized including Cp-
ppGalNAc-T1 have Golgi localization [222, 288], there is evidence to suggest
that some, including Hs-ppGalNAc-T2 and T18, may be present and act within
the ER [241, 289-292].There is some disagreement however, as to what causes
the relocation of ppGalNAc-Ts to the ER [230, 293, 294]. It has been reported
that ER-localized ppGalNAc-Ts are frequently observed in malignant conditions,
with mucin and Tn-antigen overexpression in neoplastic cells, which may
contribute to their rapid growth and proliferation, invasiveness, and metastasis

[236, 295-299].

4.2 Expression of Cp-ppGalNAc-T4 During Infection

Cp-ppGalNAc-T4 expression during infection in vitro was detected at multiple
time points, including peaks at 6 and 24, but not at 48 or 72 hours post-infection.
These data are in agreement with our previous findings by qualitative reverse
transcription PCR where we observed expression at 24 hours post infection, but
not at 48 or 72 hours [221]. It should be noted that infection with C. parvum is
asynchronous due to the differences in rate of oocyst excystation and reinfection
with merozoites recycling through the asexual cycle [258]. As such, there are
multiple life cycle stages present at any given time point. We cannot say which
specific life cycle stages express Cp-ppGalNAc-T4, however, our data suggest

that it is upregulated during the early time points which have been shown to
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correspond with the appearance of asexual stages of the parasite [258]. The
observance of two peaks of maximal expression may indicate this enzyme is
expressed highly on multiple distinctive life cycle stages, or alternatively, the re-
emergence of certain life cycle stages as the parasite cycles through its asexual
cycle that highly express Cp-ppGalNAc-T4. In their analysis of the C. parvum
transcriptome, Mauzy et al observed different peak expression times and profiles
for Cp-ppGalNAc-T4 across four independent experiments [258]. When these are
averaged, their trend was similar to what we found, with oscillating levels during
infection, however the peak of infection occurred at 36 hours before declining
sharply at 48 and 72 hours whereas in our study, expression levels peaked at 6
and 24 hours. Though both studies used HCT-8 cells and C. parvum lowa strain
oocysts from the same sources, the pre-treatment of oocysts prior to infection
differed greatly. It is unclear if the variation in oocyst pre-treatment may have

accounted for the differences detected in expression levels of Cp-ppGalNAc-T4.

It has previously been shown that ppGalNAc-T isoforms exhibit differential
expression in humans and other eukaryotes [222]. This may be the case with Cp-
ppGalNAc-T4 expression as well. O-glycosylated proteins have been localized to
C. parvum sporozoites, intracellular stages including meronts, and the
parasitophorous vacuolar membrane, as well as the interior and outer wall of
oocysts [202, 203] (Bhalchandra et al in preparation) suggesting that Cp-

ppGalNAc-Ts are also expressed in multiple life cycle stages.
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4.3 Challenges of Production of Recombinant Soluble Cp-ppGalNAc-T4
There are many tools available for the generation of recombinant proteins
including bacterial, yeast, insect, and mammalian systems, each with their own
benefits and limitations. We first attempted to produce recombinant Cp-
ppGalNAc-T4 using a mammalian transient expression system. The vector,
pIMKF4 [300], in its earlier iterations, has been previously used for the study of
ppGalNAc-Ts including those from humans [240], rodents [259, 300], and T.

gondii [238].

We successfully cloned Cp-ppGalNAc-T4 from C. parvum genomic DNA into the
pIMKF4 expression vector and performed transient transfections in HEK 293
cells. FLAG-affinity purification from transfected culture supernatants resulted in
an insufficient yield of enzyme. Efforts to optimize expression and recovery were
not successful. (Najma Bhat had previously used this vector to produce
recombinant Cp-ppGalNAc-T1, however similar issues with yield were noted
(Bhat, et al, in preparation). We then re-evaluated our strategy and looked for

alternative expression systems.

Transient transfection efficiencies are dependent on a variety of factors including
the health and division state of the cells, plasmid quality, and preparation of
reagents, resulting in variations that can lead to inconsistent and unpredictable

generation of recombinant proteins [301, 302]. Lentiviral transfection and
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transduction facilitates stable integration of vectors into the host cell genome for
rapid generation and selection of stable recombinant protein producer cell lines,

removing the need for repeated transfections [303].

To our knowledge, this study represents the first use of a lentiviral transfection
system for the successful creation of a cell line stably expressing a recombinant
ppGalNAc-T. While we recovered an average of 150 pg of recombinant protein
with consistent enzymatic activity in each preparation, we noted low recovery of
recombinant protein from the supernatant. We speculate that the size of the
TagRFP-T fluorescent tag may have prevented proper secretion resulting in

sequestration within the cell.

We found the 8xHis-Tag suitable for Ni-NTA affinity purification, however, there
are many contaminating cellular proteins that also bind to this resin [304-306].
Despite optimizing purification to reduce non-specific protein isolation, our efforts
did not result in a preparation purified to homogeneity. However, only one protein
band of the expected size was reactive with the anti-FLAG antibody, indicating
that that band represented recombinant Cp-ppGalNAc-T4, and that the other
bands were non-specific. Mock purification of non-transfected HEK293 cell
lysates also resulted in the isolation of some contaminating proteins which were

non-reactive with the anti-FLAG antibody. However, none were in the same
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molecular weight range as that reactive with the antibody from transfected

lysates. These mock-purified preparations did not exhibit enzymatic activity.

4.4 Enzymatic Characterization of Cp-ppGalNAc-sT4

Previously Najma Bhat showed that C. parvum lysate displayed ppGalNAc-T

activity toward both peptide and glycopeptide substrates [221], indicating that

one or more of the Cp-ppGalNAc-Ts may have initiating or follow up activity. As

the C. parvum peptide substrates of Cp-ppGalNAc-T4 have not yet been
identified, we utilized the widely used
characterization of enzymatic function. Recombinant, Cp-ppGalNAc-sT4

displayed enzymatic activity toward the non-glycosylated, longer EA2 peptide
PTTDSTTPAPTTK, although there was no activity towards both glycosylated
PPT*T*T*T*KKP and non-glycosylated PPTTTTKKP shorter versions. The

reason for this is not clear.

In addition to EA2, we evaluated the ability of Cp-ppGalNAc-T4 to O-glycosylate
the glycopeptide products of proteolytic cleavage of the C. parvum surface
glycoprotein gp40/15. The glycopeptide gp40 contains a conserved N-terminal
polyserine domain which is O-glycosylated with terminal GalNAc residues [202,
207]. The peptide and corresponding gp40 glycopeptide used in this project were
derived from this region. gp15, displays mucin-type O-glycosylation on several

Ser or Thr residues throughout the molecule. The gp15 peptide and
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corresponding glycopeptide used in this study were derived from the N terminal
regions which are predicted to be O-glycosylated. The predicted O-glycosylated
residues in gp40 are present in adjacent Ser residues in the polyserine domain,

while those in gp15 occur singly throughout the peptide.

A recent study [307] probed the presence of O-GalNAc on peptides from the
tryptic digestion of C. parvum oocyst lysates, and found that the vast majority of
O-GalNAc containing peptides are from gp40, gpl15, gp900, and a previously un-
identified protein with a molecular weight of 20 kDa. They determined dense
arrays of O-GalNAc in the serine-rich domain of gp40, while the O-GalNAc
residues in gpl5 were more isolated, indicating that the ppGalNAc-Ts of C.
parvum are capable of modifying both isolated and clustered stretches of Ser/Thr

residues [307].

Cp-ppGalNAc-T4 displayed enzymatic activity to unmodified and (to a lesser
extent) glycosylated versions of the gp40 peptide, but not to the unmodified or
modified gp15 peptide. It is possible that Cp-ppGalNAc-T4 glycosylates adjacent
rather than isolated Ser/Thr residues. However, it is also possible that this
enzyme could glycosylate Ser/Thr residues in gp15 other than those in the

peptide used in this study.
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Recent studies [233, 234] demonstrated the importance of catalytic and lectin
domain interactions with both neighboring and long-range residues for control of
O-glycosylation (Chapter 1.2.2). The importance of these interactions with Cp-
ppGalNAc-Ts remains unclear, however as the peptides we probed were short
sequences, a lack of activity against a peptide could also be due to the absence

of those long-range interactions.

Of the T. gondii transferases identified and characterized thus far, Tg-ppGalNAc
T1 and T3 exlpiobiatct i VgdpGaiNACW B deinanstrates

Al ni ti at[287-289].&Cp-pplGalNAL-T4 shares the most sequence
homology with Tg-ppGalNAc-T2 suggesting that it may also display a preference

for non-glycosylated acceptor peptides.

Interestingly, Cp-ppGalNAc-T4 demonstrated an ability to utilize UDP-GICNAc in
addition to UDP-GalNAc; a rare ability not shared by either of the T. gondii
ppGalNAc-Ts enzymatically characterized thus far [237, 238]. Hs-ppGalNAc-T2
has also been shown to exhibit nucleotide donor promiscuity, utilizing UDP-Gal in

addition to UDP-GalNAc [308].

Several C. parvum proteins which are predicted to be O-glycosylated share
sequence similarity with EA2 (Table 3.2). These include gp40/15, heat shock
protein 90 (HSP90), and a nucleoporin. In addition to gp40, HSP90 has also
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been described as a putative C. parvum virulence factor [37, 166] involved in
various stages of infection. Mucin-type O-glycosylation of HSP90 remains to be
experimentally confirmed, however the finding that Cp-ppGalNAc-T4 glycosylates
putative virulence determinants such as gp40 and potentially HSP90 highlights
the possibility that developing specific inhibitors to Cp-ppGalNAc-T4 and other C.
parvum ppGalNAc-Ts may prove a viable therapeutic strategy. Najma Bhat
previously demonstrated that C. parvum lysates display ppGalNAc-T activity
toward both peptide and glycopeptide substrates [221], indicating that one or
more of the remaining Cp-ppGalNAc-Ts may exhibit a stronger preference

toward glycopeptide acceptors.

4.5 Future Directions |

With recent advances in genetic modification of C. parvum [164] utilizing
CRISPR/Cas9 technology, future directions include the creation of epitope-
tagged and Aknock o diCpeppQalNAciT4 Ghe aréattonafa r ai n s
tagged transgenic strain would aid in determination of ultrastructural localization
by immunofluorescence, confocal and electron microscopy. Additionally, this
would allow for determination of the developmental regulation and expression of
this enzyme. Cp-ppGalNAc-T4 deficient parasites could allow for the
identification of potential impairments in infection and development provided this
mutation is not lethal. Improvements in genetic manipulation of Cryptosporidium
may soon include the ability to generate inducible knock-outs allowing for the

selective deletion of genes during infection.
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An additional goal is to use the lentiviral expression system to clone and
enzymatically characterize the remaining ppGalNAc-Ts within C. parvum.
Adjustments to streamline the expression construct including modification or
elimination of some epitope tags may allow secretion into the culture medium,

potentially allowing for increased purity and yield of the recombinant proteins.

Future studies will aim to further decipher acceptor peptide preferences for Cp-
ppGalNAc-T4 and the other C. parvum ppGalNAc-Ts. Understanding the
substrate specificity may allow for prediction and determination of which C.
parvum proteins these enzymes may O-glycosylate. This may aid in identifying
the ppGalNAc-Ts responsible for modifying putative virulence factors that require
O-glycosylation for their function. Given the importance of O-glycans in C.
parvum infection, the ppGalNAc-Ts that catalyze these modifications may serve

as novel therapeutic targets for drug development.

3D structural studies and determination of structure activity relationships of
ppGalNAc-Ts will aid in drug design and development targeting these enzymes.
One strategy for intervention is to render the enzyme catalytically dead by using
small molecule inhibitors that bind to and cause a conformational change in the
enzyme thus preventing Cp-ppGalNAc-T4 from interacting with either UDP-
GalNAc or its preferred acceptor peptides. The crystal structures of the

apicomplexan ppGalNAc-Ts identified so far have not been solved. Crystallizing
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Cp-ppGalNAc-T4 in coordination with UDP-GalNAc and/or preferred acceptor
peptides, including gp40 would provide insight into which residues are the most

important for these interactions thus informing small molecule inhibitor design.

Finally, development of in vitro or ex vivo 3D tissue models which accurately
recapitulate human intestinal structure and function could be used for high
throughput screening of small molecule inhibitors of Cryptosporidium ppGalNAc-

Ts. This is the subject of Aim 2 of this project.

4.6 3D Bioengineered Human Intestinal Tissue Model Supports C. parvum
Infection

The bioengineered 3D human intestinal tissue model system using IEC lines was
able to support C. parvum infection for at least 15 days. It has been previously
established that this 3D human intestinal model system can be stably maintained
for at least eight weeks in culture [168], suggesting that infections could be
supported for longer durations than tested here. We speculate that the limiting
factor in duration of infection may be the ability of the cells within the scaffold to
undergo repair to the damage (manifested by loss of microvilli) caused by C.
parvum infection. At later time points of infection (>5 days), there appeared to be
a marked decrease in cell densities, possibly due to damage induced by parasite
infection. However, in preliminary experiments, damage to host cells was not

observed in the enteroid-based tissue model. Additional studies with this model
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using live imaging techniques with transgenically tagged parasites to follow the

progression of infection throughout the tissue are needed.

We also showed that it is possible to passage C. parvum from an infected
intestinal cell-line based tissue model to a fresh one for at least 3 cycles,
something that has not been shown in previous studies. To our knowledge, this
study demonstrates the longest continuous C. parvum infection in a static in vitro
culture model. Although this model has been shown to support infection by the
bacterial pathogen Yersinia tuberculosis and co-culture with the commensal
Lactobacillus rhamnosus [168], this is the first report of infection by a protozoan

pathogen in this bioengineered 3D model.

This 3D model has specific features not present in previously reported 2D
models which may contribute to the longer duration of infection. The 3D
architecture of the silk scaffold system with a geometrically engineered hollow
lumen allows for seeding of Caco-2 and the HT29-MTX cells circumferentially on
the surface which recapitulate enterocyte-like and goblet cell-like cells
respectively. These cells grow as highly polarized monolayers characterized by
microvilli with continuous brush borders and formation of tight junctions [168].
TEM of the tissue model also demonstrated the presence of both goblet-like cells
full of mucus as well as enterocytes separated by tight junctions. Functional

activity of enterocytes was demonstrated using biomarkers including alkaline
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phosphatase, a multi-functional intestinal enzyme, and sucrase isomaltase, a
glucosidase normally located on brush borders [309]. Goblet cell function
characterized by mucus secretion, identified by MUC-2 and alcian blue staining,
confirm that this model recapitulates these aspects of human IEC function. In
addition, in this model, primary human intestinal myofibroblasts (expressing the
Sm22U biomarker, a calponin-related protein expressed specifically in adult
smooth muscle) secrete cytokines and growth factors. These secreted cytokines
and growth factors support growth, differentiation and expansion of human Caco-

2 and the HT29-MTX cells [310].

As C. parvum is a microaerophilic/anaerobic parasite [311] that preferentially
colonizes the oxygen-poor environments of the terminal ileum, a major
advantage of the 3D model over 2D systems is the ability to mimic these low-
oxygen conditions. Within the 3D tissue model, a depth-graded reduction of
oxygen tension in the proximal-distal orientation was observed [168],
corresponding to the conditions in the small intestines in vivo. 2D models can be
oxygen-restricted by using pre-gassed culture media [312], however this creates

uniform conditions, not a gradient like that within the 3D tissue model.

In selected experiments, we used purified sporozoites for infection in order to
show that oocysts present were freshly formed as part of the life-cycle in the

model and not unexcysted oocysts remaining from the initial inoculum. The lower
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levels of infection when the model was infected with isolated sporozoites versus
oocysts is not surprising given that this has been demonstrated previously, where
a decrease in infectivity of 65% was shown between infection with oocysts
compared to purified sporozoites [313]. It should also be noted that we only
analyzed luminal and 3D tissue model contents for qRT PCR-based
quantification, not the surrounding culture medium which is changed every other
day. We detected oocysts within the culture medium during our time courses,
and previous studies have observed free merozoites in culture as soon as 48
hours post infection [266]. More comprehensive analyses are warranted to more
accurately enumerate the parasites present at each time point. Identifying the
true peak of infection, would allow for optimal passage into a fresh tissue model

to better maintain wild type and transgenic C. parvum strains.

4.7 Comparisons to Other Culture Models
Recently, there have been reports of improved in vitro culture systems for C.
parvum. Although these new systems represented improvements over existing

2D culture models, each have their limitations.

Morada et al developed a culture system employing hollow fiber technology with
transformed cancer-derived HCT-8 cells surrounding hollow fibers [314]. This
system allows for in vitro production of C. parvum oocysts for six months but

requires specialized equipment to actively pump in nutrients and remove waste
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products. Although this system provides a unique method for continuous
propagation, it is not easily scaled to use as an experimental system to

investigate pathogenic mechanisms or perform high throughput drug screening.

A culture system using primary human intestinal epithelial cells isolated from
jejunal tissue obtained during gastric bypass surgery was reported to support C.
parvum infection for five days with production of oocyst-like structures detected in
the culture supernatant [315]. While this was an improvement on previous in vitro
methods, which have largely relied on the use of transformed cell lines grown in
a monolayer [167], supplementation of the culture medium with both growth
factors and anti-apoptotic molecules was required. Additionally, the infectious
dose of oocysts was restricted to low amounts as a previous study had shown
that a larger inoculum resulted in poor infection levels and increased cell death
[316]. A non-carcinoma-derived human small intestinal cell line, FHs 74 Int was
also reported to support C. parvum infection at higher levels than other cell lines
[313]. However, these cells cannot be propagated for longer than 12 passages,

and infection was only carried out for 48 hours.

There are a few limitations to the bioengineered 3D human intestinal tissue
model for C. parvum infection. The small scale of this 3D model system makes it
more suited to investigation of C. parvum-host cell interactions and identification

of putative drug targets, rather than for large scale propagation or high
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throughput screening of interventions. The IEC-based 3D tissue model relies on
transformed cells which do not fully recapitulate normal intestinal physiology

(Chapter 1.1.9.4).

4.8 Improvement of the 3D Human Intestinal Tissue Model Using Enteroids
In order to address the need to use normal primary human intestinal cells rather
than transformed IEC, we used jejunal enteroids seeded as a monolayer in the
collagen-coated lumen of the scaffolds. Differentiation of these stem-cell based
enteroids into enterocytes, enteroendocrine, Paneth, and goblet cells allow for a
more diverse population of cells within the monolayer than the transformed IEC
line 3D tissue model. Since enteroids are stem-cell derived they can be

continuously propagated for much longer periods of time than transformed cells.

In preliminary studies, we observed a very robust monolayer with microvilli in the
brush borders and intact tight junctions. C. parvum life cycle stages within the
enteroid tissue model appeared more robust and less ragged in appearance. We
also observed clustering of five or more parasites in a tight field of view by SEM,
an interesting phenomenon not observed in the transformed cell tissue model
where the parasites were more diffuse. It is unclear what factors caused this
difference, however this may be more representative of in vivo infection in normal

primary human intestinal cells.
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4.9 Future Directions I

Ongoing studies are directed at using ileal enteroids in the 3D enteroid-based
human intestinal tissue model since the ileum is the preferred site of
Cryptosporidium infection in vivo. Further optimization including dose response
and time course studies of infection in this model are also ongoing. As our
preliminary experiments only examined infection for 5 days, well short of our 17-
day experiment with the transformed cell tissue model, we do not yet fully
appreciate the length of culture achievable. Recently, Seema Bhalchandra used
the HA-tagged CpClec transgenic strain to infect 2D cultures of enteroids grown
on transwells. This allows rapid quantification of infection by measuring luciferase
levels in the infected cells. The possibility of propagating transgenic strains of C.
parvum in the 3D enteroid-based human intestinal tissue model is being

explored.

These 3D tissue models will also be useful in the examination of host-parasite
interactions and the role of putative virulence factors during C. parvum and C.

hominis infection.

As enteroids can theoretically be derived from any person, the generation of
enteroids from patients with malnutrition or other gastrointestinal disorders is of
great interest. By creating 3D tissue models with enteroids derived from such

patients, future studies will enable us to better understand what makes certain
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individuals more susceptible to prolonged or repeated Cryptosporidium

infections. Future studies will also aim to improve the model using microfluidic

approaches, incorporating peristaltic and flow conditions to better mimic intestinal

physiology. The incorporation of autologous immune cells and gut microbiota

from subjects from whom enteroids are derived will allow for development of a

A mi-gnuit © model in which inter acdcelisagmsanebet ween

cells, and gut microbiota can be studied.
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