ABSTRACT
FERGUSON, SYLVIA, HOENIG. Interferon-A Promotes Epithelial Defense and Barrier
Function Against Cryptosporidium parvum Infection (Under the direction of Dr. Jody
Gookin)

Cryptosporidium spp., is the second leading cause of infectious diarrheal death in
children under 5 in developing countries, and a leading cause of diarrheal disease and death in
the U.S. dairy industry. The intestinal epithelial cell (IEC) is the primary site of
Cryptosporidium parvum (C. parvum) infection. The epithelial response is critical for
orchestrating host defense against C. parvum, but is still mechanistically poorly understood.
Accordingly, to elucidate the host strategy for defense against C. parvum, we examined the
transcriptional response of IECs to C. parvum in a novel large animal model that effectively
recapitulates human disease, neonatal piglets. Upregulated genes were dominated by targets of
interferon (IFN) with interferon stimulated gene 15 (ISG15) being most highly induced. We
next investigated the exact mediator of this IFN-response by performing gRT-PCR for Type I-
I11 IFNs, and identified that a novel interferon, IFN-A3, was the most upregulated in C. parvum
infected piglet ileal mucosa. While IFN-A has been described as a mediator of epithelial
defense against viral pathogens, there is limited knowledge of any role against non-viral
pathogens. We hypothesized that C. parvum induces an IFN-A mediated immune response
which plays a role in epithelial defense. The overall aim of the study was to determine the
significance of IFN-A to epithelial defense and barrier function during C. parvum infection.

The significance of C. parvum induced IFN-A expression was determined using an
immunoneutralization approach in neonatal C57BL/6 mice. The ability of the intestinal
epithelium to upregulate IFN-A expression in response to C. parvum infection and the influence

of IFN-A on epithelial defense against C. parvum invasion, intracellular development and loss



of barrier function was examined using polarized, non-transformed porcine intestinal epithelial
cell monolayers (IPEC-J2). Specifically, changes in barrier function were quantified by
measurement of TEER and transepithelial flux studies of creatinine, variably sized dextrans (4
and 70 kDa), and radiolabeled sodium (*>Na*).

Immunoneutralization of IFN-A in C. parvum infected neonatal mice resulted in
significantly increased parasite burden, fecal shedding, and villus blunting with crypt
hyperplasia during peak infection. In vitro, C. parvum was sufficient to induce autonomous
IFN-A and ISG15 expression by IECs. Priming of IEC with rHulFN-A promoted cellular
defense against C. parvum infection and abrogated C. parvum-induced loss of barrier
function by decreasing paracellular permeability to sodium. These studies are the first to

identify IFN-A as a key epithelial defense mechanism against C. parvum infection.
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CHAPTER |
Intestinal epithelial responses to Cryptosporidium infection

Introduction

Cryptosporidium is a protozoal parasite that is responsible for an estimated 8 million
cases of diarrhea in young children (<2 years of age) in developing countries every year,
leading to 200,000 deaths annually (Kotloff et al., 2013; Sow et al., 2016) with more deaths
in young children than malaria and HIV/AIDS combined (Kotloff et al., 2013; Liu et al.,
2012; Striepen, 2013). The majority of this diarrheal disease is attributable to two species of
the parasite, Cryptosporidium hominis (C. hominis) and parvum (C. parvum) (77% and 10%,
respectively) (Sow et al., 2016). Cryptosporidiosis also targets the severely
immunocompromised worldwide (Kotloff et al., 2013; McDonald et al., 2013); conditions
leading to immunodeficiency and enhanced cryptosporidial susceptibility include congenital
immunodeficiency (e.g.CD40L deficiency) (Cosyns et al., 1998), immunosuppressive drug
treatment (Florescu and Sandkovsky, 2016), concurrent infections, and acquired
immunodeficiency syndrome (AIDS) (O'Connor R et al., 2011).

To add to its overall impact, C. parvum infection occurs naturally in a wide variety of
animal species, including dairy calves, neonatal pigs, goats, and sheep. Approximately 90%
of U.S. dairy farms are endemically infected with C. parvum, which is a leading cause of
dairy calf diarrhea and causes inestimable economic losses for the dairy industry (Nydam and
Mohammed, 2005; Sischo et al., 2000). Additionally, C. parvum is the most commonly
detected diarrheal pathogen in calves less than one month of age in the UK (Thomson et al.,
2017). These infections in animals are equally devastating, resulting in severe diarrhea and

dehydration, morbidity and mortality (Daniels et al., 2015).



Cryptosporidium is a minimally invasive, apicomplexan protozoal parasite that
primarily infects small intestinal epithelial cells causing both a malabsorptive and secretory
diarrhea that is self-limiting in healthy, immunocompetent individuals (Farthing, 2000),
however, it leads to chronic, debilitating diarrhea, and even death in immunocompromised
patients (O'Connor R et al., 2011). Accordingly, a host’s immune response, particularly that
orchestrated by the intestinal epithelial cells, plays a critical role in determining the
susceptibility and clinical outcome of cryptosporidiosis (Bouzid et al., 2013; Gookin et al.,
2002; McDonald et al., 2013). Therefore, a lot of research effort has gone towards
understanding the epithelial response to C. parvum in hopes that it can provide insight into
novel therapeutic targets capable of ameliorating disease, expediting recovery from, and even
possibly preventing infection. Our current knowledge of the epithelial cells role in response

to Cryptosporidium will be reviewed here.

Infection of enterocyte by Cryptosporidium
Excystation and attachment

Transmission of C. parvum is fecal-oral, and outbreaks are typically waterborne
(Putignani and Menichella, 2010). Infection occurs following ingestion of environmentally
resistant, thick-walled, sporulated oocysts. Upon ingestion, the oocysts pass into the small
intestinal tract and excyst in the presence of bile acids and salts to release infective
sporozoites (Putignani and Menichella, 2010; Striepen, 2013). Once in contact with the
intestinal epithelial apical membrane, sporozoites express proteins on their surface as well as
within an apical collection of organelles (rhoptry, micronemes, and dense granules) that

directly interact with surface receptors on the intestinal epithelial surface and mediate



attachment and subsequent invasion (Blackman and Bannister, 2001; Chen et al., 2004b).
Although many of these proteins are uncharacterized, we do know that C. parvum expresses
several surface proteoglycans. Examples include circumsporozoite-like glycoprotein (CSL),
C-type lectins (CpClec), and elongation factor-1a (EF-1a), which can bind lectins (CSL and
CpClec) and heparin sulfate (EF-1a) expressed on the epithelial surface (Bhalchandra et al.,
2013; Inomata et al., 2015; Langer and Riggs, 1999; Langer et al., 2001; Ludington and
Ward, 2016; Matsubayashi et al., 2013). Interestingly, in a study performed in Chinese
Hamster Ovary (CHO) cells that varied only in their expression of heparin sulfate, it was
determined that efficient invasion of sporozoites requires surface expression of heparin
sulfate. The authors hypothesized that differential expression of heparin sulfate and other
sulfated polysaccharides in hosts and throughout the length of the intestine might explain
variability in C. parvum’s host or tissue tropism (Inomata et al., 2015). In contrast, there was
a dose-dependent inhibition of C. parvum invasion in the presence of heparin (Inomata et al.,
2015).

Upon sporozoite attachment, the host apical membrane protrudes and envelopes the
parasite; this process is necessary for the establishment of C. parvum infection. The steps
involved in membrane protrusion involves epithelial cytoskeletal rearrangement through the
recruitment of host-actin (Elliott and Clark, 2000; Elliott et al., 2001; O'Hara et al., 2008), as
well as redistribution of Na*-glucose and water transport proteins, sodium-dependent-glucose
co-transporter 1 (SGLT-1) and Aquaporin 1 (AQP1), respectively (Chen et al., 2005a).
Recruitment of SGLT-1 and AQP1 facilitate water influx that is required for maximal apical
membrane protrusion (Chen et al., 2005a). As expected, functional inhibition of AQP1 and

SGLT1 significantly reduced C. parvum invasion, whereas the overexpression of AQP1



promoted invasion (Chen et al., 2005a). Once internalized, C. parvum resides within a
unique, intracellular yet extracytoplasmic compartment known as the parasitophorous
vacuole (PV) which is separated from the host cytoplasm by an electron dense junctional
complex predominately composed of host-actin and actin-related proteins (Chen et al.,
2004a; Elliott and Clark, 2000; Elliott et al., 2001). Host actin recruitment is dependent on
Cdc42 GTPase activation; this process has been shown to be necessary for parasite invasion

in a biliary epithelial (H69) model of infection (Chen et al., 2004a).

Intracellular development

Cryptosporidium spp. is an obligate intracellular parasite and therefore depends on
the host epithelial cell for survival. For example, once enveloped by the host cell within the
PV, C. parvum forms a feeder organelle at the parasite-host interface. The feeder organelle is
unique to apicomplexans and, as the name suggests, it is hypothesized that this organelle
allows C. parvum to siphon off essential nutrients and energy from the host cytosol (Bouzid
etal., 2013; Zhang et al., 2015). This hypothesis was substantiated by a study that
demonstrated that C. parvum localizes important transport proteins that are structurally
similar to both cystic fibrosis conductance regulator (CFTR) chloride channel and other
multidrug resistance protein family of ATP-binding cassette proteins, to this organelle
(Perkins et al., 1999). Additionally, the parasite is equipped with its own L-lactate
dehydrogenase, which is associated with the parasitophorous vacuole that aids C. parvum in
ATP generation through lactate fermentation (Zhang et al., 2015). Two separate researchers
have demonstrated that drug inhibition or morpholino knock-down of this enzyme decreased

intracellular growth and development of C. parvum in an HCT-8 model of infection (Witola



etal., 2017; Zhang et al., 2015). Lastly, C. parvum actively scavenges low-density
lipoprotein (LDL) cholesterol from the host enterocyte which also is thought to support its
intracellular development. (Ehrenman et al., 2013).

Once infection is established, C. parvum undergoes multiple rounds of asexual
(merogony) and sexual (gametogony) reproduction within the same host, ultimately resulting
in the production of both thin-walled and thick-walled oocysts (Gookin et al., 2002;
Putignani and Menichella, 2010). Thin-walled oocysts are involved in a cycle of
autoinfection of intestinal epithelial cells whereas thick-walled oocysts are environmentally
resistant and shed into the environment where they can eventually infect a new host (Gookin

etal., 2002).

Pathogenesis of Cryptosporidial Diarrhea

C. parvum is considered a minimally invasive parasite that primarily infects the small
intestine resulting in absorptive enterocyte loss and subsequent villus blunting crypt
elongation, and malabsorptive diarrhea (Argenzio et al., 1990). Villous atrophy, in addition
to crypt elongation, has been described in animal models during peak infection (day 3-5) in
neonatal mice and piglets (Argenzio et al., 1990; Rasmussen and Healey, 1992). However,
although epithelial changes are commonly observed, in some patients, diarrhea can result
without many histopathologic changes, and it is believed that C. parvum-induced
prostaglandins may be responsible. Upon infection, the intestinal mucosa produces both
prostacyclin (PGI2) and prostaglandin E2 (PGE2). In vitro, C. parvum stimulates
prostaglandin G/H synthase 2 production, and PGE> synthesis by intestinal epithelial cells

(Argenzio et al., 1996; Laurent et al., 1998). Then PGE; can bind to prostaglandin receptors



on intestinal epithelial cells, ultimately enhancing chloride secretion via stimulation of
chloride channels that are enriched in the intestinal crypts (e.g., CFTR) and by concurrently
inhibiting NaCl absorption by the villus enterocytes. Supporting this mechanism, in a piglet
model of infection, indomethacin, a prostaglandin synthesis inhibitor, restored normal NaCl
absorption despite a significant loss of villous surface area (Argenzio et al., 1993). Together,
enhanced secretion and decreased absorption results in profuse, watery diarrhea (Clark,

1999).

Barrier Function Loss through Modulation of Tight Junctions

Intestinal epithelial cells (IECs) form a confluent monolayer held together by a linked
network of tight junctional proteins that impart both size and charge selectivity to the
intercellular junctions and space. Collectively, tight junctional proteins form an important,
selectively permeable barrier that functions to absorb water and nutrients as well as to
prevent the translocation of pathogens or commensal bacteria, toxins, and antigens from the
intestinal lumen to the systemic circulation. Although minimally invasive, C. parvum does
decrease intestinal barrier function; this has been seen in naturally infected humans (Dagci et
al., 2002; Goodgame et al., 1995; Zhang et al., 2000), and numerous animal models
(Argenzio et al., 1990; Foster et al., 2012; Gookin et al., 2004; Hunt et al., 2002; Kumar et
al., 2018; Zadrozny et al., 2006), as well as in vitro models of infection (Adams et al., 1994;
Griffiths et al., 1994; Kumar et al., 2018; Planchon et al., 1994; Roche et al., 2000). A major
pathway by which intestinal epithelial barrier defects occur is through disruption of epithelial
tight junctional complexes. Tight junctional proteins play an important role in maintaining

electrochemical gradients necessary for transcellular ion transport (Fromter and Diamond,



1972; Tang and Goodenough, 2003), and they facilitate paracellular diffusion of sodium and
water. Despite their likely importance in C. parvum pathophysiology, less than a handful of
papers have investigated C. parvum’s influence on tight junctional protein expression or
distribution (Anbazhagi et al., 2007; Bartelt et al., 2016; de Sablet et al., 2016). While there
is a consensus that C. parvum alters tight junctional proteins, there seems to be little
agreement on which proteins are affected, likely due to the wide variety of models used and
the inconsistency in which tight junctional proteins are investigated. Furthermore, we still
know very little about the functional consequences of C. parvum-induced tight junctional
disturbances.

The main groups of tight junctional proteins that have been investigated during C.
parvum are claudins, zonula occludens 1 (ZO-1), and occludin. Claudin-2 protein was shown
to be upregulated in a murine model of cryptosporidiosis (Bartelt et al., 2016). This finding
could have relevance to the pathophysiology and resolution of cryptosporidial diarrhea, given
that claudin-2 upregulation has been demonstrated to enhance diarrhea and mediate pathogen
clearance during Citrobacter rodentium infection (Anbazhagi et al., 2007). In a separate
study, claudin-4 protein expression was decreased in the face of infection (Kumar et al.,
2018); alterations in the expression of other claudin proteins have not been identified (de
Sablet et al., 2016; Kumar et al., 2018). It is possible that different species of
Cryptosporidium target unique epithelial tight junctional proteins. For example, while studies
using C. parvum did not observe changes in zonula occludens-1 (ZO-1) expression or
localization, (Bartelt et al., 2016; de Sablet et al., 2016), another study using C. andersoni
demonstrated disruptions in ZO-1 pericellular localization with redistribution to the

cytoplasm (Buret et al., 2003). Although C. parvum’s influence on occludin has been



investigated in three different studies, the findings were descriptive and overall contradictory,
even when using similar in vitro models (Bartelt et al., 2016; de Sablet et al., 2016; Kumar et
al., 2018).

Some intestinal pathogens, like Salmonella typhimurium, non-selectively damage
tight junctions by recruiting neutrophils to the site of infection, facilitating their paracellular
movement and mucosal invasion and translocation (Kohler et al., 2007). Interestingly, while
Cryptosporidium also promotes neutrophil influx to the intestinal mucosa (Gookin et al.,
2004; Zadrozny et al., 2006), this influx has been linked to an increase in barrier function
without having a significant influence on epithelial parasitism or villus atrophy (Gookin et

al., 2004; Zadrozny et al., 2006).

Models of Cryptosporidiosis

A wide variety of in vivo and in vitro animal models have been employed to study
Cryptosporidium. An overview of the most commonly used cell culture and animal models of
cryptosporidiosis are summarized in Tables 1 and 2. Although the small intestine is
considered the primary site of natural Cryptosporidium infection in humans and most
immunocompetent animal models (Farthing, 2000), extra-intestinal cryptosporidiosis has
been reported in immunocompromised humans (HIV/AIDs or CD40 ligand deficiency) and
mouse models, with biliary cryptosporidiosis and occasionally colonic cryptosporidiosis
being the most common extra-intestinal sites (Hayward et al., 1997; Mead et al., 1991;
Reijasse et al., 2001; Stephens et al., 1999; Vakil et al., 1996).

Accordingly, in vitro cell culture models predominately consist of primary or

transformed epithelial cells lines of intestinal, colonic, or biliary origin. Historically, colonic



adenocarcinoma cell lines, particularly the HCT-8 line, are most commonly used. They are
known to harbor the largest burden of infection, which can be particularly useful in studies
aimed at identifying novel therapeutics by performing high-throughput screening
(Manjunatha et al., 2017; Meloni and Thompson, 1996; Upton et al., 1994; Zhang and Zhu,
2015). Overall, despite their frequent use in prior studies, the utility of cancerous cell lines is
limited by the fact that they are not derived from the small intestine and are transformed.
This fact raises particular concern when these cell lines are used to study host-pathogen
interactions, as it is likely that these cancerous epithelial cells respond differently to C.
parvum infection. Furthermore, Cryptosporidium undergoes both asexual and sexual
development in vivo; however, most cell culture models only support asexual development
(Ajietal., 1991; Flanigan et al., 1991).

In an effort to use more biologically relevant models to study C. parvum’s host-
pathogen interactions, researchers have increased use of non-transformed or primary cell
lines (e.g., FHs 74 Int. and IPEC-J2) or ex-vivo techniques (enteroids) to study
Cryptosporidium-epithelium interactions (Mirhashemi et al., 2018; Varughese et al., 2014;
Zhang et al., 2016). Alternatively, some researchers have recently attempted to enhance the
utility of neoplastic cell lines (HCT-8 and Caco-2) by seeding cells onto 3-dimensional (3D)
scaffolds composed of silk or polysulfone hollow fibers to allow for complete asexual and
sexual development of C. parvum. These 3D models are equipped with a constant flow of
nutrients and oxygen to help mimic normal intestinal circulation. Ultimately, as evidenced by
significant oocyst “shedding” into the fiber lumen, such models did achieve the goal of in
vitro propagation of C. parvum (DeCicco RePass et al., 2017; Morada et al., 2016). This

methodological breakthrough is exciting and incredibly useful given that, before these



studies, long-term propagation of C. parvum was only achieved in large animal models of
infection (calves, gnotobiotic pigs).

By far the most commonly utilized models of Cryptosporidium parvum infection are in
mice; both immunocompromised and immunocompetent strains have been used. Mice are
popular models because they can be genetically or therapeutically manipulated, and a wide
range of murine-specific experimental reagents are available. While they are useful for
answering certain questions and for investigating key signaling pathways, it is important to
remember that they are unnatural hosts, being inherently resistant to Cryptosporidium
parvum, and completely resistant to Cryptosporidium hominis, the two most common strains
of Cryptosporidium causing human disease. Additionally, mice do not become diarrheic in
the face of infection, making them unsuitable models to study mechanisms of or therapy for
clinical disease.

Calves and piglets are superior animal models than mice given that they are natural
hosts of infection and develop clinical signs of infection. For example, piglets develop
clinical disease that is very similar to humans, characterized by villous atrophy, crypt
hyperplasia and impaired sodium-glucose absorption (Argenzio et al., 1990; Farthing, 2000).
Despite their relevance as a model, unfortunately, the use of piglets and calves in
Cryptosporidium research is frequently precluded by the fact that they require large animal
BSL-2 facilities, are expensive, and cannot be readily genetically or therapeutically
manipulated.

Even though C. hominis is genetically similar to C. parvum, natural infections are
host-restricted to humans (Xu et al., 2004). Experimental C. hominis infections are limited to

gnotobiotic pigs and human intestinal cell culture models (Lee et al., 2017; Manjunatha et al.,
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2017). Accordingly, as C. parvum is capable of infecting most mammalian species and a
wide variety of cell lines, it is used as the infectious agent in the majority of cryptosporidiosis
models.

Although the majority of the studies reviewed here used mice to study the immune
response to C. parvum, it is important to reiterate that mice do fully recapitulate the disease
seen in humans, and therefore are less powerful models than calves or piglets. Adult wild-
type mice are resistant to C. parvum infection and, therefore, either neonatal or
immunocompromised mouse models must be used (e.g. severe combined immunodeficiency
disease (SCID), interferon-y, STAT1 knockouts, and protein malnourished) (Bartelt et al.,
2016; Benamrouz et al., 2012; Ehigiator et al., 2007; Griffiths et al., 1998; Rasmussen and
Healey, 1992).

The literature also contains studies that utilized a variety of uncommon
Cryptosporidium model species, including rats, hamsters, guinea pigs, lambs, primates, and
immunocompromised (SCID) foals (Bjorneby et al., 1991; Chrisp et al., 1990; Gibson and

Wagner, 1986; Miller et al., 1990; Rehg, 1995; Rossi et al., 1990; Tzipori et al., 1982).

Host epithelial responses to Cryptosporidium parvum infection

Understanding how the epithelial cell responds to C. parvum infection is vital because
they represent the primary cellular site of infection. As such, they constitute the first line of
defense against infection and have the ability to produce cytokines and antimicrobial peptides
that can act directly to limit infection or indirectly mobilize other immune effect cells to the

infection site.

11



Toll-like receptors and NF-kB

Unlike the adaptive immune system, the innate immune response is not specific, nor
does it have memory. The innate immune system’s strength lies in its ability to recognize and
respond quickly to conserved portions of pathogens (pathogen associated molecular patterns
or PAMPs). Toll-like receptors (TLR) are extra- and intracellular pathogen sensors that
recognize PAMPs, and, when bound, they can quickly trigger an innate immune response
(Chen et al., 2005b; Costa et al., 2011; Yang et al., 2015). More specifically, upon
stimulation of most TLRs, a signaling cascade occurs that stimulates the innate adaptor
protein MyD88 (TLR-3 is MyD88 independent), resulting in subsequent activation of the
transcription factor, NF-«xB, as well as other pro-inflammatory pathways. Nuclear
translocation of NF-kB promotes the transcription of pro-inflammatory cytokines (e.g. TNF-
a, IL-8), enzymes (e.g. INOS and cyclooxygenase 2), antimicrobial peptides and miRNAs by
the epithelial cells that are ultimately translated and secreted (Abal-Fabeiro et al., 2014;
Abreu, 2010; Eckmann et al., 1993; Gookin et al., 2006; Hu et al., 2013; McClure and
Massari, 2014; Zhou et al., 2012). Some of these epithelial-derived cytokines will be
discussed in greater detail in the following sections.

The exact mechanisms by which TLRs promote epithelial defense against C. parvum
are still poorly understood. Two extracellular TLRs, TLR2 and 4, which bind lipopeptides
and lipopolysaccharide (LPS), respectively (Fusunyan et al., 2001; Yamamoto and Takeda,
2010), are upregulated during C. parvum infection in mice (Costa et al., 2011) and thought to
recognize and initiate an immune response against C. parvum, at least in humans
(cholangiocytes), mice and calves (Chen et al., 2005b; Chen et al., 2007; Costa et al., 2011;

Hu et al., 2013; O'Hara et al., 2011; Yang et al., 2015). C. parvum-induced TLR4 stimulation

12



in human enterocytes and cholangiocytes in vitro resulted in secretion of exosomes that
contained antimicrobials (Hu et al., 2013). Mice deficient in TLR4, that were infected with
C. parvum by direct inoculation of oocysts into the gallbladder, developed exacerbated and
more persistent infections compared to wild-type controls (O'Hara et al., 2011).

Interestingly, three studies have demonstrated that intraperitoneal or oral treatment of
mice with TLR 3 and 9 agonists, Poly I: C and CpG, respectively, prior to orogastric
infection with C. parvum, resulted in significant reductions in parasite burden (80-95% in
one report that used CpG) (Barrier et al., 2006; Bartelt et al., 2016; Lantier et al., 2014). The
epithelial defense-promoting effects of these TLR agonists was mainly attributed to
promotion of IL-12, Type I, and 11 IFN production. The exact origin of these cytokines was
not investigated; however immune cells, not epithelial cells, are considered the primary
cellular sources. The possibility that these TLR agonists also promoted the newly discovered
cytokine, Type I IFN (IFN-X) was not investigated in these studies. Stimulation of a large
number of TLRs on IECs has been demonstrated to promote Type I11 IFN production
(Odendall et al., 2017). Accordingly, it is likely that IFN- A played a role in these studies and
impacted their results.

Finally, while most studies have demonstrated that TLR/NF-kB activation promotes
epithelial clearance of C. parvum, NF-kB activation can also have the exact opposite effect.
As a result of C. parvum infection, there is initial, severe loss of infected enterocytes via
apoptosis (mediated by executioner caspase 3 activation) which ultimately results in villous
atrophy. One study identified that following this initial loss of enterocytes, activated NF-xB
promotes the production of the X-linked inhibitor of apoptosis (XIAP). As the name

suggests, XIAP is then able to suppress further the loss of apoptotic cells by binding to and
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promoting the degradation of activated/cleaved caspase-3 (Foster et al., 2012). This study

identified a unique mechanism by which C. parvum can resist its own clearance.

INOS, nitric oxide and the nitric oxide derivative, peroxynitrite

Inducible nitric oxide synthase (iNOS) is required for the formation of nitric oxide
(NO) and promoted by NF-kB activation (Gookin et al., 2006). Intestinal epithelial cells are
the primary producers of iNOS during C. parvum infection (Gookin et al., 2004; Leitch and
He, 1999). Subsequent increased production of NO by the intestinal mucosa during C.
parvum infection results in anti-microbial/anti-parasitic effects (Gookin et al., 2005; Leitch
and He, 1999). Two research groups have investigated the in vivo significance of INOS/NO
expression during C. parvum infection (Gookin et al., 2005; Gookin et al., 2006; Gookin et
al., 2004; Leitch and He, 1994, 1999). In one study, iINOS was systemically inhibited in C.
parvum-infected neonatal BALB/c mice, blocking downstream NO production resulting in
exacerbation of C. parvum infection (Leitch and He, 1999). In another study, iNOS was
inhibited in neonatal pigs, resulting in enhanced epithelial parasitism and fecal oocyst
shedding. These authors demonstrated that INOS/NO’s anti-C. parvum effects were in part
due to localized production of peroxynitrite, a potent oxidant that forms when NO interacts

with superoxide (Gookin et al., 2005).

Tumor Necrosis Factor-a (TNF-a)
Tumor necrosis factor-o. (TNF-a) is an important pro-inflammatory cytokine mediator
that has been shown to be vital for defense against intracellular infections, and has been

shown to be increased during C. parvum infection in humans as well as in a variety of in
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vitro, ex vivo and in vivo models (Kirkpatrick et al., 2006; Lacroix et al., 2001; Lean et al.,
2006; Robinson et al., 2001; Seydel et al., 1998).However, there is also a study in humans
that demonstrated that TNF-a induction may not always be a consistent feature of infection
(Alcantara et al., 2003). In an ex vivo study, TNF-a production significantly increased in both
human intestinal xenografts in SCID mice and wild-type infected mice during C. parvum
infection (Seydel et al., 1998). The in vivo significance of TNF-a has been demonstrated in
two separate studies; SCID mice treated with TNF-a neutralizing antibodies and TNF-a
knockout mice were utilized. Both researchers found that depletion of TNF-a did not affect
C. parvum susceptibility or disease outcome (Chen et al., 1993; Lean et al., 2006). This is in
contrast to another study where IFN-y knockout mice were treated with exogenous TNF-a,
and they found that infection severity was ameliorated (Lacroix et al., 2001). While those
findings were somewhat conflicting, some in vitro studies have had more consistent findings.
For example, one study determined that pretreatment with exogenous TNF-o on HT-29 cell
line inhibited C. parvum infection (Pollok et al., 2001). Another study of the human
enterocyte line CMT-93, pre-treated with TNF-a, found that C. parvum invasion was
inhibited in a dose-dependent manner (Lean et al., 2006). In summary, conflicting reports
exist about the role of TNF-a on C. parvum infection; however, the variation in infection

model may explain the disparate conclusions.

Antimicrobial peptides (AMPs)
Epithelial cells produce antimicrobial peptides (AMP), often packaged within
exosomes or granules (e.g., specialized epithelial cells, paneth cells), as the first line of

defense against a wide variety of pathogens, including C. parvum (Cobo and Chadee, 2013;
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Hu et al., 2013). Stimulation of TLRs and other PRRs is thought to be the primary
mechanism by which epithelial secretion of AMPs is enhanced (Hu et al., 2013). Of the
many different AMPs that exist, -defensin’s role in epithelial defense against C. parvum is
best characterized. Several studies have touched on the significance of B-defensins during C.
parvum infection in humans, mice as well as in calves (Carryn et al., 2012; Chen et al.,
2005b; Tarver et al., 1998; Zaalouk et al., 2004). One study quantified the expression of 3
different human B-defensins (hBD1-3) in a human colonic cell line (HT-29 cell line) and
found that C. parvum induced differential expression of each defensin, specifically a partial
reduction in hBD-1, an induction of hBD-2, and no effect on hBD-3 gene expression
(Zaalouk et al., 2004). Exposure of C. parvum sporozoites to exogenous hBD-1 and hBD-2
prior to infection limited their ability to infect murine colonic cells (CMT-93) in vitro
(Zaalouk et al., 2004). In a separate study, this direct antimicrobial effect of B-defensin 1 and
2 was enhanced when combined with a monoclonal antibody (Mab 3E2) that targets C.
parvum’s apical complex and surface glycoprotein ligand CSL (Riggs et al., 1997).
Differential expression of B-defensins has also been described in vivo. C. parvum
significantly downregulated constitutive expression of 3-defensins in wild-type neonatal
mice. Interestingly, this downregulation was partially rescued in IFN-y KO mice, even
thought they had higher burdens of infection, indicating that IFN-y may be partially
responsible for C. parvum’s ability to downregulate host defensin expression.
Downregulation of AMPs may represent a conserved mechanism of host evasion for
apicomplexans. For example, intestinal infection of mice with Toxoplasma gondii led to a

dramatic decrease in lysozyme, defensin, and Reglll-y production which was linked to an
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IFN-y dependent decrease in the number of paneth cells in the small intestine (Raetz et al.,

2013).

Interleukin-8 (IL-8) and neutrophils

Interleukin-8 is a potent epithelium-derived neutrophil chemotactic agent shown to be
significantly up-regulated in humans in vivo in Cryptosporidium-infected children, ex vivo in
human intestinal xenograft models in SCID mice, and in vitro in human Caco-2 intestinal
epithelial cells (Alcantara et al., 2003; Maillot et al., 2000; Seydel et al., 1998).
Corresponding to this increase in IL-8, neutrophils have been shown to be increased in the
intestinal mucosa of infected humans, as well neonatal piglets (Gookin et al., 2005; Seydel et
al., 1998).

Furthermore, a study using a well-established neonatal piglet model of C. parvum
quantified an increased influx of neutrophils into the small intestinal lamina propria during
infection, as well as increased myeloperoxidase production (an indicator of neutrophil
activation/degranulation) (Gookin et al., 2005). Inhibition of neutrophils influx (B-2 integrin,
CD18 neutralizing antibodies) into the intestine did not alter C. parvum infection outcomes,
ultimately indicating that neutrophil influx had no demonstrable impact on the severity of
epithelial infection, villus atrophy or diarrhea. Nonetheless, inhibition of neutrophil influx
did partially ameliorate the loss in barrier function that is typical of C. parvum infection

(Gookin et al., 2005).
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Host-derived MicroRNAs/ Parasite derived non-coding RNAs

Epithelial cells produce miRNAs in response to a wide-variety of pathogens,
including C. parvum (Gong et al., 2011; Hu et al., 2013; Hu et al., 2010; Maudet et al., 2014;
Piedade and Azevedo-Pereira, 2016). One study identified that a panel of miRNAs (mir-
125b-1, mir-21, mir-30b, and mir-23b-27b-24-1) were up-regulated in infected human
cholangiocytes (H69). Functional inhibition of some of these miRNAs resulted in an
increased C. parvum burden (Zhou et al., 2009). To date, the predominant mechanisms by
which miRNAs influence epithelial defense against C. parvum is by regulating secretion of
antimicrobial products or by facilitating leukocyte adhesion and transmigration. For example,
miR-27b stabilizes INOS mRNA, ultimately facilitating NO production. However, in a
separate study, downregulation of let-7 miRNAs promoted luminal exosome release from
IECs; these exosomes contained antimicrobial peptides, beta-defensin 2, and LL-37 (Abal-
Fabeiro et al., 2014). Infected intestinal epithelial cells also down-regulate miRNA-221,
resulting in up-regulation of intercellular adhesion molecule 1(ICAM-1) and facilitation of T-
lymphocyte adhesion (specifically Jurkat cell line) to infected epithelial cells (Gong et al.,
2011). The majority of the work examining the significance of miRNAs during C. parvum
infection has been conducted using a cholangiocyte model of infection. Given that intestinal
epithelial cells are the most common site of infection, the influence of IEC miRNAs on C.
parvum infection deserves to be explored.

Interestingly, although C. parvum does not possess the machinery to make miRNAs
(Abrahamsen et al., 2004; Ming et al., 2017), it was recently discovered that during infection,
C. parvum injects non-protein coding RNA’s (ncRNAS) into epithelial cells which

translocate to the host nucleus and influence epithelial gene expression. Specifically, these C.
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parvum-derived RNAs have demonstrated ability to suppress the expression of host cadherin
3 (CDHBQ), also known as P-cadherin, lysyl-oxidase like 4 (LOXL4), B-defensin-1 (DEFB1),
and DAZ-interacting zinc finger protein (DZ1P1). The transcriptional suppression of [3-
defensin-1 by C. parvum is particularly intriguing, given that, as mentioned earlier, -

defensins are thought to have anti-C. parvum potential (Zaalouk et al., 2004).

Interferons

Interferons (IFN) are secreted cytokines that are categorized into Types I-11l. They
are produced mainly in response to intracellular pathogens and are most well known for their
ability to “interfere” with virus infection and replication, playing a critical role in anti-viral
defense (Barakat et al., 2009b; Chen et al., 1993; Hayward et al., 2000; Pollok et al., 2001).
Each type of IFN mediates their anti-pathogen effects by binding to and stimulating distinct
heterodimeric receptors that ultimately lead to activation of the JAK/STAT pathway and
upregulate the transcription of interferon-stimulated genes (ISGs) (Platanias, 2005).

Many intracellular pathogens can induce an IFN response in the intestine, including
C. parvum. Specifically, Type I (IFN o/f) and Type II (IFN-y) have been shown to play an
important role during C. parvum infection (Barakat et al., 2009b; Chen et al., 1993; Hayward
et al., 2000; Leav et al., 2005; Pollok et al., 2001), while role of the more recently described

Type 111 IFN during C. parvum infection has not been described in the literature.
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Type I interferon (Interferon-a/p)

To date, only one study has been published examining the role of IFN o/p during the
C. parvum infection. This study examined IFN o/ significance both in vitro using murine
rectal polypoid carcinoma cells (CMT-93) and human colonic adenocarcinoma cells (Caco-2)
and in vivo in SCID mice treated with or without IFN a/p neutralizing antibodies. In both
models, IFN-a/f mRNA was significantly up-regulated within 24 hours of C. parvum
infection. When Caco-2 cells were primed with various isotypes of IFN-o and IFN-f before
infection, there was significant inhibition of C. parvum parasite burden. In vivo, SCID mice
were treated with IFN-a/B neutralizing antibodies before infection and the parasite burden
increased drastically. This study was the first to identity an innate host response capable of

defending IECs against C. parvum involving IFN-a/p (Barakat et al., 2009b).

Type Il interferon (Interferon-y)

Interferon-y’s role in C. parvum defense is perhaps the best studied among the
different types of IFN. As for IFN a/p, it has been shown that IFN-y mRNA is increased
during C. parvum infection within the first 24 hours of infection (Leav et al., 2005). Many
studies have identified that the presence or absence of IFN-y is a key determinant of
susceptibility and clinical outcome to cryptosporidiosis (Hayward et al., 2000). The line
between innate and adaptive immune responses becomes slightly blurred when it comes to
IFN-y production during C. parvum infection because this cytokine plays an important role in
both. Both, dendritic cells and CD8+ intraepithelial T lymphocytes, have been shown to be
important sources of IFN-y; however, the intestinal epithelium is also capable of producing

and responding to IFN-y in response to C. parvum (Leav et al., 2005; Pollok et al., 2001). In
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one study, researchers infected IFN-y-KO mice and found that mice either died or developed
chronic C. parvum infections. They then went on to compare the cytokine response in both
groups and found that wild-type neonatal mice up-regulated IFN-y, IL-1, and TNF-q.
However, in KO mice, TNF-a was not up-regulated. This outcome indicated that TNF-a
production seems to be IFN-y-dependent and that a loss in TNF-a production may be linked
to increased susceptibility to infection (Lacroix et al., 2001). As discussed previously, studies
have ascribed variable importance to TNF-a in C. parvum pathogenesis.

The importance of IFN-y is further evidenced by the fact that SCID and IFN-y
knockout mice when treated with IFN-y neutralizing antibodies, became increasingly
susceptible to C. parvum infection (Chen et al., 1993; Leav et al., 2005). In another study,
pre-treatment with IFN-y of three different human enterocyte cell lines, each with varied
expression of the IFN-y receptor, induced resistance to C. parvum in a seemingly receptor-
dependent fashion. This result indicates that IFN-y, directly via its receptor, mediates the
anti-C. parvum response, rather than having a direct anti-parasitic effect (Pollok et al., 2001).
Overall, there seems to be a consensus that IFN- v is vital for host resistance against and

clearance of C. parvum infection.

Type I Interferon (Interferon-1)

Type 111 IFN, also known as IFN-2, is the most recently discovered group of IFNs.
There are four main subtypes (A 1-4). IFN-X 1-3 genes were first described in 2003 (Kotenko
et al., 2003a; Sheppard et al., 2003), and IFN-A4 was first described in 2013 (Prokunina-
Olsson et al., 2013). Across species, there is great variability in the presence or expression of

certain IFN-A genes. For example, IFN-A1 is a pseudogene in mice, pigs do not have a gene
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for IFN A2, and mice lack an IFN-A 4 gene (Coordinators, 2018). For humans, IFN-A4 is
unique in that it can be either a gene or pseudogene, depending on the absence or presence of
a frameshift mutation capable of preventing the expression/secretion of IFN-A4, respectively.
The prevalence of this mutation in the human population is high, particularly in Asian (93%),
African (63%) and European (23%) populations, indicating that it has likely undergone
positive selection (Prokunina-Olsson et al., 2013). One explanation for this positive selection
is that a failure to secrete IFN-A4 has been linked to improved clearance of Hepatitis C virus
(HCV). This seems somewhat counter-intuitive given that IFN-A4 can stimulate weak anti-
viral responses; however, these responses are ineffective at clearing HCV, and additionally,
they decrease the responsiveness of cells to other more powerful Type | and Type 111 IFNs
that are actually capable of clearing HCV (Hong et al., 2016; Prokunina-Olsson et al., 2013).
In the intestine, IFN-A is primarily produced by IECs (Hernandez et al., 2015;
Mahlakoiv et al., 2015; Pott et al., 2011), however dendritic cells, eosinophils and mast cells
are also reported sources (Chen et al.; Chiriac et al., 2017; He et al., 2012; Raki et al., 2013).
The production of IFN-A can be induced in response to mucosal injury (Chiriac et al., 2017),
as well as in response to viral and bacterial pathogens, typically through stimulation of PRRs
(e.g., TLRs and RIG-I) (Odendall et al., 2014; Odendall et al., 2017). All TLRs have been
shown to induce IFN-A gene transcription in intestinal cells. However, stimulation of some
TLRs (e.g., TLR 2 and 5) have been shown to induce it more strongly than others (Odendall
et al., 2017). Pathogen stimulation of intracellular RIG-I receptors are also linked to Type I1I
IFN expression; RIG-I activates mitochondrial antiviral signaling protein (MAVS) which is
associated with either mitochondria or peroxisomes, resulting in stimulation of transcription

factors linked to IFN production(Odendall et al., 2014; Seth et al., 2005). Interestingly,
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MAVS associated with peroxisomes preferentially induces transcription factors that promote
IFN-A gene transcription, and peroxisome content in cells increases with differentiation and
is linked to a cell's propensity to respond with a Type Il response (Odendall et al., 2014).
Transcription factors primarily responsible for Type 111 IFN gene transcription are NF-kB,
and interferon regulator factors 1, 3, and 7 (IRF1,3,7) (Syedbasha and Egli, 2017); IRF1, in
particular, has been shown to selectively induce Type Il IFN over Type | IFN (Odendall et
al., 2014; Siegel et al., 2011; Ueki et al., 2013).

After transcription, translation, and secretion, all subtypes of IFN-A signal through the
transmembranous, heterodimeric receptor composed of IFNAR1 and IL-10R2 chains and
stimulate the JAK/STAT pathway. The IFNAR1 chain is specific to IFN- A, whereas IL10R2
is shared with IL-10 (Kotenko et al., 2003a). Interferon-A binds first to the IFNAR1 chain
leading to recruitment of IL10R2 to the complex. Both receptor chains are directly associated
with Janus tyrosine kinases, specifically Jakl and Tyk2, which mediate phosphorylation of
the intracellular domain of IFNAR1, allowing for docking and phosphorylation of Signal
Transducer and Activator of Transcription 1 and 2 (STAT1/2) proteins. Subsequently, in the
cytoplasm, STAT1 and 2 binds to IRF 9 to form the IFN-stimulated gene factor 3 (ISGF3)
complex. This complex translocates to the nucleus and binds to specific nucleotide sequences
called interferon-stimulated response elements (ISRES) present in the promoter region of
interferon-stimulated genes (1ISGs), ultimately leading to ISG transcription (Kotenko et al.,
2003b; Sheppard et al., 2003; Syedbasha and Egli, 2017).

The intracellular signaling cascade for IFN-A is identical to that of Type I IFN, and,
as such, both cytokines induce largely overlapping ISG signatures (Witte et al., 2010; Zhou

et al., 2007). Not surprisingly, researchers originally thought that IFN-A’s biological
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functions were largely redundant to Type | IFN. However, we now know that type 111
responses predominately occur at mucosal/barrier sites like the respiratory, gastrointestinal
and urogenital tracts, and the liver. This is primarily due to receptor distribution; the Type |
IFN receptor (IFNAR) is expressed on most nucleated cell types whereas IFNAR is primarily
expressed on epithelial cells at barrier/mucosal sites. Some myeloid cells also express IFNAR
but still seem to have impaired responses to Type I11 IFN (Witte et al., 2009). Additionally,
in one study, primary intestinal epithelial cells (enteroid culture) infected with an
epitheliotropic virus, upregulated both Type I and Type Il IFNs, but preferentially secreted
IFN-A. This finding provides further evidence that that Type III IFN response is likely the
preferred response of epithelial cells (Pervolaraki et al., 2017).

The importance of IFN-A for IEC anti-viral defense is now well-recognized and it’s in
vivo significance has been specifically demonstrated in the intestine in response to
epitheliotropic viruses (e.g. norovirus, rotavirus, and reovirus) (Baldridge et al., 2017;
Hernandez et al., 2015; Mahlakoiv et al., 2015; Pott et al., 2011). Murine norovirus induces
IFN-A expression by IECs and IFNAR signaling on epithelial cells is vital for clearing
persistent infections (Baldridge et al., 2017). Rotavirus infection induces IFN-A expression
by IECs in both mice and in human enteroids (Hernandez et al., 2015; Pott et al., 2011;
Saxena et al., 2017). Additionally, in mice, intact IFNAR and not Type I signaling, was able
to promote clearance of rotavirus infection in vivo (Pott et al., 2011). However this IFNAR
dependent control of rotavirus in vivo cannot be entirely attributed to IFN-A, the innate
lymphoid cell derived cytokine IL-22 was also found to also signal through IFNAR and act

synergistically with IFN-A to upregulated ISGs (Hernandez et al., 2015).

24



To conduct these studies, the majority of researchers have utilized a mouse model
first created in 2008 that are genetically modified to lack the IFNAR1 chain (IFNAR1-/) (Ank
et al., 2008). One study even specifically depleted IECs of IFNAR1 (Baldridge et al., 2017).
As with any immunodeficient mouse model, one of the biggest challenges researchers face
when using IFNAR1-/- mice is that they are inherently more susceptible to viral co-infections.
One common co-infection that immunodeficient mice often face is the gastrointestinal virus,
norovirus (Doom et al., 2009; Henderson, 2008); as such, researchers have to be extremely
diligent when screening and housing IFNAR1-/- mice.

While IFN-A, like other interferons types, are most well-known for their role in anti-
viral defense, we are now learning that IFN-A has a broader role for non-viral pathogen
defense, barrier defense in the brain and the intestine, and intestinal mucosal healing. Only a
handful of papers have investigated IFN-A’s role for non-viral pathogens. For example,
Mycobacterium tuberculosis, Listeria monocytogenes, and Salmonella typhimurium have all
been shown to induce IFN-A (Bierne et al., 2012; Cohen and Prince, 2013; Lebreton et al.,
2011; Travar et al., 2014). Additionally, IFN-A signaling has demonstrated importance in
defending against respiratory fungal infection, specifically Aspergillus fumigatus (Espinosa
et al., 2017). To date, there are no published reports of IFN-A expression or signaling
importance in parasitic infection.

Like other IFN types, the expression of 1ISGs is thought to be the primary mechanism
by which IFN-A mediates pathogen defense (Hernandez et al., 2015; Schoggins, 2014; Zhou
et al., 2007). However, only a few ISGs have a demonstrated role in non-viral pathogen
defense: these include interferon-stimulated gene 15 (ISG15), guanylate binding protein 1

and 2 (GBP1 and 2), ubiquitin (UBD) and the Tripartite motif family 21 (TRIM21). One
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study identified that Listeria monocytogenes infection induces ISG15 expression and has the
capability of limiting infection burden both in vitro and in vivo (Radoshevich et al., 2015).
ISG15 proteins are ubiquitin-like and can covalently bind to a wide variety of proteins and
influence their expression or cellular distribution through a process called 1SGylation (Zhang
and Zhang, 2011). Accordingly, to identify the mechanism by which ISG15 limits Listeria
infection, these researchers explored 1ISGylation targets using a proteomics approach. They
found that 1ISG15 targeted endoplasmic reticulum (ER) and Golgi proteins which increased
the pro-inflammatory cytokines that are known to counteract Listeria infection, IL-8, and IL-
6 (Radoshevich et al., 2015). The other ISGs mentioned, UBD, GBP1, 2, and TRIM21, all
work together to defend against intracellular pathogens that form parasitophorous vacuoles
(PV). This mechanism has been best described in the context of the protozoal infection,
Toxoplasma gondii (T. gondii). In response to intracellular T. gondii infection, TRIM21, an
E3 ubiquitin ligase, is up-regulated, facilitating the ubiquitination of the PV membrane. The
presence of ubiquitin then allows the GTPases GBP1 and 2 to bind. This combined process
promotes the disruption of the PV, enhancing the exposure of the parasite to the immune
mediators within the cytoplasm (Foltz et al., 2017; Haldar et al., 2015).

In addition to promoting pathogen clearance, IFN-A can promote barrier integrity by
tightening paracellular junctions. This barrier-promoting effect was demonstrated both in the
presence and absence of infection in two separate studies, one at the level of the blood-brain
barrier and the other in the intestine (Lazear et al., 2015; Odendall et al., 2017). In brain
microvascular endothelial cells (BMECs), IFN-A specifically promoted the relocalization of
the tight junctional protein claudin-5 to the junctional complex. IFN-A’s influence on other

tight junctions has not been investigated (Lazear et al., 2015). Furthermore, the exact
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downstream mediators responsible for IFN-A’s barrier-promoting effect have not been
investigated. The only ISG that has a known barrier promoting effect in the intestine is GBP1
(Schnoor et al., 2009). Upregulation of GBP1 was shown to localize specifically to the IEC
tight junctional protein coxsackie-adenovirus receptor (CAR). Knockdown of GBP1 in IECs
with small interfering RNA (siRNA) specifically decreased transepithelial electrical
resistance (TEER) and enhanced fluorescein isothiocyanate (FITC)-labeled 4 kDa dextran
permeability (Schnoor et al., 2009).

Lastly, IFN-A upregulation also promotes mucosal defense in response to non-
infectious intestinal diseases, like inflammatory bowel disease (IBD). Expression of IFN-A
subtypes is up-regulated in IBD patients. Additionally, mice with intact IFN-A signaling
experience less mucosal damage and colitis when exposed to chemical colitis inducers,
dextran sulfate sodium (DSS) or oxazolone, when compared to IFNAR-/- mice. Additionally,
ex-vivo treatment of murine enteroids with exogenous IFN-A not only led to increased
epithelial proliferation but also up-regulated several genes known to promote epithelial
defense and wound healing (e.g. USP18, IRF7, APOLP, CXCL10). Overall, these findings
indicate that IFN-A signaling promotes mucosal healing in the face of non-infectious colitis

(Chiriac et al., 2017).

Conclusions and Future Directions

In conclusion, the epithelial cell is critical for instigating and orchestrating an innate
immune response to Cryptosporidium parvum. That being said, our current understanding of
the epithelial cell’s role in host defense during Cryptosporidium infection is predominately

derived from studies that have taken a candidate gene/protein approach to identifying
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epithelial-derived immune mediators. Additionally, these studies have utilized animal or cell
culture models that do not fully recapitulate human disease (e.g. mice and neoplastic colonic
epithelium, respectively). To date, only two studies, both published by the same research
group, have taken a more global (transcriptomic) approach to investigating IEC responses to
Cryptosporidium, both utilizing in vitro models of C. parvum infection (Mirhashemi et al.,
2018; Yang et al., 2010). Their first study utilized microarray analysis of C. parvum infected
HCT-8 cells and identified through gene ontology (GO) analysis that glycoprotein genes
were among the most significantly upregulated; they then confirmed glycoproteins were
increased and expressed on the surface of HCT-8s with immunofluorescence, however did
not investigate the biological significance of glycoprotein upregulation for infected IECs
(Yang et al., 2010). This research group’s second study, performed 8 years later, took an
almost identical approach however they utilized RNA-sequencing in IPEC-J2 cells. They
found that 813 genes were differentially expressed during infection and identified through
GO analysis that genes related to the spliceosome and cell cycle were among the most
significantly enriched. Unfortunately, while taking a global approach is apt to identifying
novel mechanisms of epithelial defense, these studies failed to perform more mechanistic
experiments that provide more valuable feedback regarding the biological significance of the
identified transcriptomic changes. Accordingly, there is a need for more mechanistic studies
that take an unbiased, global approach to identifying important IEC mechanisms of defense.
Additionally, there is a need for studies to take a global approach utilizing natural models of
infection that effectively recapitulate human disease, for example, calves or piglets. The
added benefit to using these animal models is that IECs would be influenced by signals

coming from the underlying lamina propria, which are lacking in in vitro models.
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Table 1. Summary of in vitro/ex vivo Cryptosporidium models

Cell-line Origin Select reference(s)
HCT-8 Human adenocarcinoma (Alcantara Warren et al., 2008; Manjunatha et
al., 2017)
Caco-2 Human adenocarcinoma (Griffiths et al., 1994)
IEC (4.1 0r 6) Rat small intestine (Langer et al., 2001)
CMT-93 Mouse rectal polypoid carcinoma (Barakat et al., 2009a)
HT-29 Human colorectal adenocarcinoma (Meloni and Thompson, 1996)
FHs 74 Int. Human small intestine (Varughese et al., 2014)
IPEC-J2 Porcine jejunum (Mirhashemi et al., 2018)

Murine (SCID mouse) colonic explants on transwell inserts

MDBK-II Bovine kidney (Hamer et al., 1994)
HepG2 Human hepatocyte (Cosyns et al., 1998)
H69 Human cholangiocyte (Chen et al., 2005a; Chen et al., 2005b; Chen et

al., 2007)

(Baydoun et al., 2017)

Murine enteroids

(Zhang et al., 2016)

Human intestinal xenotransplants

(Seydel et al., 1998)
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Table 2. Summary of in vivo Cryptosporidium models

Model Select reference (s)
Calves (Manjunatha et al., 2017; Naciri et al., 1993)
Piglets (Argenzio et al., 1990; Foster et al., 2011; Gookin et al., 2004)

Gnotobiotic piglets

(Lee et al., 2017; Pereira et al., 2002)

Immunocompetent mice

Adult mice

(Garzaet al., 2008)

Neonatal mice

(Hou et al., 2004; Lantier et al., 2014; Leitch and He, 1999)

Immunocompromised mice

SCID

(Barakat et al., 2009b; Benamrouz et al., 2012; Perryman et al., 1993)

T cell receptor deficient

(Waters and Harp, 1996)

B-cell deficient

(Chen et al., 2003)

RAG -/- (Lukin et al., 2000)
IFN-y -/- (Griffiths et al., 1998)
TLR4 -/- (O'Haraetal., 2011)
MyD88 -/- (Rogers et al., 2006)
CD40-CD40L (Cosyns et al., 1998)
Athymic nude (Heine et al., 1984)

Germ-free/antibiotic treated

(Harp et al., 1988)

Dexamethasone treated

(Rasmussen and Healey, 1992)

Protein deficient

Lamb

(Bartelt et al., 2016) (Bartelt et al., 2016)

(Anderson, 1982; Giles et al., 2001)

Gnotobiotic lamb

(Snodgrass et al., 1984)

SCID Foal

(Bjorneby et al., 1991)

Neonatal rhesus macaques

(Miller et al., 1990)

Rabbit (adult/neonatal)

(Mosier et al., 1997)

Guinea pig

(Chrisp et al., 1990)
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Table 2. Summary of in vivo Cryptosporidium models (continued)

Neonatal Rat (Capet et al., 1999; Khaldi et al., 2009; Topouchian et al., 2001)

Immunocompromised Rat:

Cyclophosphamide treated (Rehg et al., 1987)
Steroid treated (Brasseur et al., 1994; Rehg, 1995)
Hamster (Rossi et al., 1990)
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Abstract

Background and Aims:

The epithelial response is critical for epithelial defense against Cryptosporidium but
is poorly understood. To uncover the host strategy for defense against Cryptosporidium, we
examined the transcriptional response of intestinal epithelial cells (IECs) to C. parvum in
experimentally infected piglets by microarray. Upregulated genes were dominated by targets
of interferon (IFN) and IFN-A was significantly upregulated in infected piglet mucosa. While
IFN-A has been described as a mediator of epithelial defense against viral pathogens, there is
limited knowledge of any role against non-viral pathogens. Accordingly, the aim of the study
was to determine the significance of IFN-A to epithelial defense and barrier function
during C. parvum infection.

Methods:

The significance of C. parvum induced IFN-A expression was determined using an
immunoneutralization approach in neonatal C57BL/6 mice. Ability of the intestinal
epithelium to upregulate IFN-A expression in response to C. parvum infection and the
influence of IFN-A on epithelial defense against C. parvum invasion, intracellular
development and loss of barrier function was examined using polarized, non-transformed
porcine intestinal epithelial cell monolayers (IPEC-J2). Specifically, changes in barrier
function were quantified by measurement of TEER and transepithelial flux studies.

Results:

Immunoneutralization of IFN-A in C. parvum infected neonatal mice resulted in

significantly increased parasite burden, fecal shedding, and villus blunting with crypt

hyperplasia during peak infection. In vitro, C. parvum was sufficient to induce autonomous
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IFN-A and ISG15 expression by IECs. Priming of IEC with rHulFN-A promoted cellular
defense against C. parvum infection and abrogated C. parvum-induced loss of barrier
function by decreasing paracellular permeability to sodium.

Conclusions:

These studies identify IFN-A as a key epithelial defense mechanism against C.

parvum infection.
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Introduction

Cryptosporidiosis causes unrelenting diarrhea in immunocompromised individuals
worldwide and is the most common cause of infectious water and foodborne diarrheal
outbreaks in the United States, resulting in an estimated 750,000 cases each year (Scallan et
al., 2011). In developing countries, Cryptosporidium spp. is the second leading cause of
infectious diarrheal death in children under the age of 5 years and results in approximately
200,000 deaths annually (Kotloff et al., 2013; Sow et al., 2016).

Cryptosporidium infection occurs by fecal-oral transmission of environmentally-
resistant oocysts. After ingestion, oocysts release infective sporozoites that attach and
become enveloped in the apical membrane of small intestinal villous intestinal epithelial cells
(IEC) where they complete a complex and recurring life cycle. When Cryptosporidium
infects the villus epithelial cells, they are rapidly shed resulting in profound villus blunting.
In this condition, nutrient malabsorption, intestinal secretion, and failure of barrier function
result in severe diarrhea, dehydration, starvation, and frequently death. Despite decades of
research, there are currently no consistently effective treatments for cryptosporidiosis.
Clearance of the pathogen and recovery from infection are reliant on a competent host
response and access to supportive care. Use of more insightful therapies to promote recovery
of individuals with cryptosporidiosis is hindered by a lack of understanding of how the
intestinal epithelium favorably combats the infection.

To address this gap in understanding, we began our study by investigating the
transcriptional response of C. parvum infected IECs in a robust model of cryptosporidiosis,
the neonatal pig. We hypothesized that the IEC transcriptional signature would provide clues

that would aid in identifying novel epithelial-derived mechanisms of innate immune
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activation and host defense against C. parvum infection. Accordingly, we detected that IECs
upregulate numerous interferon-stimulated genes during peak Cryptosporidium infection. By
investigating the specific stimulus for this interferon response, we identified that C. parvum
infection induces robust mucosal expression of a recently discovered Type Il interferon,
IFN-A (Kotenko et al., 2003a; Sheppard et al., 2003).

There is mounting evidence that IFN-A is a critical mediator for the innate protection
of epithelia against viral infection (Nice et al., 2015; Pott et al., 2011). Additionally, IFN-A
has demonstrated extra-intestinal epithelial barrier protective effects in the face of viral
infection (Lazear et al., 2015). However, to date, the role of IFN-A in defense against non-
viral enteric diarrheal pathogens or in promotion of intestinal epithelial barrier function has
been limited to a single study (Odendall et al., 2017). Accordingly, the aim of this study was
to determine the significance of IFN-A expression to epithelial defense and barrier function

during C. parvum infection.
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Materials and Methods
Piglet Model of Cryptosporidiosis

One-day-old piglets were infected by orogastric gavage with 108 C. parvum oocysts
(Bunchgrass Farms, Deary ID) on day 3 of life and samples were collected at peak infection
3-5 days later. Sections of ileum mucosa were collected for epithelial exfoliation
(microarray), fixation in 10% neutral buffered formalin (histology), or embedded in optimal
cutting temperature media and frozen in liquid nitrogen (in situ hybridization). All studies
were approved by the Institutional Animal Care and Use Committee of North Carolina State
University.
RNA Microarray

The intestinal epithelium was exfoliated from freshly obtained sections of uninfected
control (n=4) and C. parvum infected (n=8) porcine ileum mucosa in an oxygenated
chelation buffer containing 2.5 mM glucose and 10 mM EDTA as previously described
(Gookin et al., 2006) and frozen at -80°C. Total RNA was isolated and treated with DNase
(RNeasy Mini Kit; Qiagen, Germantown, MD) according to manufacturer instructions. RNA
quantity and quality were determined by capillary electrophoresis (Agilent 2100 Bioanalyzer;
Agilent Technologies, Santa Clara, CA). Fluorescently-labeled cDNA was prepared and
hybridized to Affymetrix Porcine GeneChip microarrays by a commercial laboratory
(Expression Analysis, Durham, NC). All GeneChips were scaled to a median intensity setting
of 500. The arrays were first normalized with a Loess normalization technique using JMP
Genomics (SAS), and analysis of gene expression changes was performed via analysis of
variance. False discovery rates were calculated according to the methods of Storey (Storey,

2002) and a false discovery threshold of 0.05 was adopted in order to identify differentially
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expressed genes. A two-fold change in gene expression from the control cells was the
minimum change to be considered for further analysis. Lists of differentially expressed genes
were further analyzed using Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City,
CA). Determination of enriched biological processes was determined by entering upregulated
genes into the PANTHER database. Total RNA (2 pg) was converted into cDNA using
Reverse Transcriptase (Enzo Biosciences, Farmingdale, NY) and a modified oligo(dT)24
primer that contains T7 promoter sequences (GenSet). After first strand synthesis, residual
RNA was degraded by the addition of RNaseH and a double stranded cDNA molecule was
generated using DNA Polymerase | and DNA Ligase. The cDNA was then purified and
concentrated using a phenol: chloroform extraction followed by ethanol precipitation. The
cDNA products were incubated with T7 RNA Polymerase and biotinylated ribonucleotides
using an In Vitro Transcription kit (Affymetrix). The resultant cRNA product was purified
using an RNeasy column (Qiagen) and quantified with a spectrophotometer. The cRNA
target (20ug) was incubated at 94°C for 35 minutes in fragmentation buffer (Tris, MgOAc,
KOAC). The fragmented cRNA was diluted in hybridization buffer (MES, NaCl, EDTA,
Tween 20, Herring Sperm DNA, Acetylated BSA) containing biotin-labeled OligoB2 and
Eukaryotic Hybridization Controls (Affymetrix, Santa Clara, CA). The hybridization cocktail
was denatured at 99°C for 5 minutes, incubated at 45°C for 5 minutes and then injected into
an Affymetrix Porcine GeneChip cartridge. The GeneChip array was incubated at 42°C for at
least 16 hours in a rotating oven at 60 rpm. GeneChips were washed 91 with a series of
nonstringent (25°C) and stringent (50°C) solutions containing variable amounts of MES,
Tween20 and SSPE. The microarrays were then stained with Streptavidin Phycoerythrin and

the fluorescent signal was amplified using a biotinylated antibody solution. Fluorescent
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images were detected in a GeneChip® Scanner 3000 and expression data was extracted using
the GeneChip Command Console Software (AGCC) v 2.0 or later (Affymetrix, Santa Clara,
CA).
Quantitative Histopathology

Formalin fixed sections of ileum mucosa were paraffin-embedded, sectioned at a
thickness of 5-pum, and stained with hematoxylin and eosin. For each piglet, the average crypt
depth and villus height was calculated from measurements of 5 well-oriented villus-crypt
units using a brightfield microscope and ocular micrometer. The % infection was determined
by dividing the number of infected villus enterocytes by the total number of villus
enterocytes.
Fluorescence In Situ Hybridization

Custom probes designed for hybridization with porcine interferon stimulated gene 15
(1ISG15) were purchased (Affymetrix, Santa Clara, CA). Probes were hybridized to formalin-
fixed and paraffin embedded (FFPE) 5-um sections of porcine ileum mucosa (ViewRNA in
situ hybridization Kkit; Affymetrix, Santa Clara, CA) using the manufacturer protocol for 1-
plex hybridization. Slides were deparaffinized using xylene (30 minutes) and heat and
protease K pre-treated (10 and 30 minutes, respectively). Following initial hybridization,
signal amplification was performed using pre-amplifier and amplifier probes using a slide
hybridization and denaturation system (ThermoBrite;Leica Microsystem, Wetzlar, Germany).
To detect the ISG15 target, slides were incubated with fast-red chromagen (1:30 dilution for
45 minutes), washed and coverslipped using mounting media containing DAPI
(VECTASHIED antifade mounting medium with DAPI; Vector Labs, Burlingame, CA).

Slides were imaged using a fluorescence microscope (Leica DB 5000B with LASX software;
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Leica microsystems, Wetzlar, Germany). Rat ubiquitin (UBC) probes were hybridized to
FFPE rat kidney slides as a hybridization control.
Immunoneutralization of IFN-A2/3 in Neonatal Mouse Pups with Cryptosporidiosis
Conventional (specific pathogen-free which includes common gastrointestinal
pathogens like norovirus, reovirus, rotavirus, Citrobacter rodentium, Salmonella,
Helicobacter, and Giardia) C57BL/6 pregnant dams (embryonic day 13-15) were purchased
(Charles River Laboratories, Durham, NC) and housed in accordance to Biosafety Level 2
guidelines. Litters were assigned to 1 of 4 treatment groups: 1) uninfected control mice
treated with isotype (rat 1gG) antibody, 2) uninfected control mice treated with rat anti-mouse
IFN-A2/3 immunoneutralizing antibody, 3) C. parvum infected mice treated with isotype (rat
IgG) antibody, 4) C. parvum infected mice treated with rat anti-mouse IFN-A2/3
immunonecutralizing antibody. Each mouse pup was administered either 15 pug of IFNA2/3
neutralizing antibody (Monoclonal Rat 1gG2g Clone #244716) or 15 pg of rat 1gG isotype
control antibody (Monoclonal Rat 1gG2s Clone #141945, R and D Systems, Minneapolis,
MN) by intraperitoneal injection on days -1, 0, and 3 of infection. The dose was calculated
based on the quantity required to achieve 100% immunoneutralization of IFN-A2/3 in vitro
(ED100) and estimated blood volume of pups on day 10 of infection (day 14 of life). Pups
were infected orogastrically with 2 x 10° oocysts of C. parvum in 10 pL of phosphate-
buffered saline (PBS) using a 25 mm, plastic gavage needle (PETSURGICAL, Westlake
Village, CA). During the 10-day course of infection, pups were weighed daily. Pups were
euthanized using isofluorane anesthesia followed by decapitation. Immediately following
euthanasia the gastrointestinal tract was removed from the abdominal cavity. A section of the

small intestine extending from the distal jejunum to the proximal ileum was snap-frozen for
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RNA extraction. The ileo-ceco-colic region of the intestine was formalin fixed and paraffin
embedded, sectioned at a thickness of 5-um, and stained with hematoxylin and eosin prior to
quantifying the burden of epithelial infection and histomorphometry using light microscopy
(Olympus Accu-scope 3025, Corporation, Tokyo, Japan). Digital images of well-oriented
individual villus-crypt units were captured (Olympus cellSens software) at a magnification of
400x%. The total number of epithelial cell-associated Cryptosporidium parasites were counted
for each of 10 well-oriented villus-crypt units. Villus height and crypt depth measurements
were obtained from each villus-crypt unit using Image J software.
RNA Extraction and Real-Time PCR Analysis

For RNA extraction from tissue, snap frozen samples of ileum mucosa (piglets) or
total distal jejunum/proximal ileum (mice) were placed in ice cold lysis buffer, homogenized,
and sonicated to disrupt the tissue. For RNA extraction from cell culture monolayers, media
was removed and monolayers were washed 3 times with PBS, lysis buffer was applied
directly to monolayers, and cells were scraped off inserts with a sterile cell lifter. Total RNA
was extracted using a commercial kit (Ambion PureLink Mini Kkit; Thermo Fisher Scientific,
Raleigh, NC) including DNAse treatment (Turbo DNA free kit, Thermo Fischer Scientific).
RNA concentration and purity were quantified by spectrophotometry (Nanodrop ND-1000;
Thermo Fisher Scientific). One pg of total RNA was converted to single-stranded cDNA by
reverse transcription (high-capacity cDNA reverse transcription kit, ThermoFisher Scientific,
Waltham, MA). Following reverse transcription, quantitative PCR was performed in a 15 uL
reaction volume with 50 nM of each primer, 60 ng cDNA, and 2 x SYBR green Mastermix
(Roche Diagnostics, Basel, Switzerland) using a Roche Lightcycler 480 for 50 cycles at 95°C

for 15 s and 60°C for 1 min after an initial incubation for 10 min at 95°C. PCR products were
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additionally examined following electrophoresis in 1.5% agarose gels stained with GelRed
DNA stain (Biotium, Freemont, CA). The identity of amplicons was confirmed by expected
size, melting temperature, and commercial sequencing (GeneWiz,South Plainfied, NJ).
Comparative threshold cycle analysis was used as described in the LightCycler 480 user
manual to calculate relative degree of changes. Expression of the following genes were
targeted: C. parvum glycoprotein 40/15 (Cp gp40/15) porcine interferon-alpha (all isoforms,
polFN-a-all), porcine interferon-alpha isoforms 7/11 (polFN-a-7/11), porcine interferon
alpha isoform 9 (polFN-a9), porcine IFN-beta (polFN-p), porcine interferon-gamma (polFN-
v), porcine interferon-lambda 1 (polFN-A1), porcine interferon-lambda 3 (polFN-A3,) porcine
interferon-lambda 4 (polFN-A4), porcine interferon-lambda-receptor 1 (polFN-AR1) porcine
interferon stimulated gene 15 (polSG15), murine interferon-lambda2/3 (mulFN-A2/3),
murine interferon-beta (mulFN-B), and murine interferon stimulated gene 15 (mulSG15). All
primers were purchased from Integrated DNA technologies, Skokie, Illinois. Abundance of
specific MRNA transcripts (2"24¢Y) were calculated by normalization against expression of a
housekeeping gene (porcine: cyclophilin, murine: GAPDH). Primer sequence data and
references of origin are shown in Supplementary Table 1). Primers were designed either by
the authors or as previously described.
Polarized Intestinal Epithelial Cell Culture Response to Cryptosporidiosis
Non-transformed porcine jejunal epithelial cells (IPEC-J2) were grown in co-culture
media which included Dulbecco’s minimal essential medium: Nutrient Mixture F-12
(DMEM/F12) supplemented with 5 pg/ml each of insulin, transferrin, and selenium, EGF (5
ng/ml), penicillin (50,000 1U/ml), streptomycin (50,000 mg/ml) and 5% porcine serum, and

incubated at 37°C in 5% CO,. Cells were seeded onto permeable polycarbonate filters (0.4
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um pore size, either 0.6 cm? or 4.67cm?; Millipore, Burlington, MA) and cultured until
confluent (Transepithelial Electrical Resistance (TEER) > 2,000 Q x 0.6 cm? or > 1,300 Q x
4.67 cm?). TEER was measured using an EVOM?2 epithelial voltohmmeter with chopstick
electrodes (World Precision Instruments, Sarasota, FL). For immunofluorescence assessment
of C. parvum burden, IPEC-J2 cells were seeded onto 8-well chamber slides (Nunc Lab-Tek
I; Thermo Fisher, Raleigh, NC) and grown to confluence over a period of 3-4 days prior to
use. IPEC-J2 cells were used at passage numbers 38-50. Media was changed every 3-4 days.
Infection of IPEC-J2 cells with C. parvum

Cryptosporidium parvum oocysts (Bunchgrass Farms, Deary, ID) were pelleted by
centrifugation (13,000 x g for 3 minutes) and treated with 10 mM HCI (Millipore Sigma, St.
Louis, MO) in PBS for 60 minutes in a 37° C water bath The oocysts were then pelleted by
centrifugation to remove the HCI, reconstituted with 0.2 mM taurodeoxycholate and 22 mM
NaHCO3 (Millipore Sigma, Millipore Sigma, St. Louis, MO) in PBS, and incubated for 30
minutes in a 37° C water bath to excyst infective sporozoites. The excysted oocysts were
centrifuged and reconstituted in IPEC-J2 culture media. The number of excysted oocysts was
counted using a hemacytometer to establish a final concentration of excysted oocysts. A
multiplicity of infection of 2:1 of excysted oocysts to IPEC-J2 cells was used to inoculate
monolayers. Based on established counts of approximately 5 x 10° IPEC-J2 cells per 30 mm
(4.2 cm?) insert at confluence, each monolayer was infected with 1 x 108 excysted oocysts.
Stimulation of IPEC-J2 cells with IFN-A3

Monolayers of IPEC-J2 cells were treated at the time of confluence with 100-2500
U/mL of recombinant human interferon A3 (rHulFN-A3) in PBS (PBL Assay Science,

Piscataway, NJ). For determination of effects on C. parvum infection, cells were pretreated
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with rHUIFN-A3 beginning 12 hours prior to infection of the monolayer and sustained within
the culture medium throughout the course of infection.
Crystal Violet Cytotoxicity Assay

Uninfected control and C. parvum infected IPEC-J2 cells were grown to confluence
on 24-well polystyrene plates. At designated post-infection time intervals, epithelial
monolayers were gently washed with PBS to remove detached epithelial cells, fixed with 2%
paraformaldehyde in PBS for 15 min at RT, washed with HBSS, and stained with 100 puL of
0.13% crystal violet solution dissolved in a 5:2 (vol/vol) ethanol-paraformaldehyde solution.
Monolayers were washed twice with dH20 and allowed to air dry. Stained cells were
solubilized in 100 pL 1% SDS in 50% ethanol and transferred to 96-well plates. The intensity
of staining was quantified using a spectrophotometer at a wavelength of 570 nM with a
reference wavelength of 650 nM to account for optical interference.
Epithelial Permeability Assays

IPEC-J2 monolayers were grown to confluence on 12-mm-diameter, 0.4 pum pore size
polycarbonate filters. A subset of monolayers were infected with C. parvum, and the
permeability of uninfected control and C. parvum-infected monolayers was measured at 24
and 48 hours post-infection by concurrent transepithelial passage of three permeability
probes: creatinine, fluorescein isothiocyanoate-4 kDa dextran, and rhodamine-70 kDa
dextran (R and D systems, Minneapolis, MN). Probes were prepared in cell culture media at
a final concentration of 11 mg/mL. At the beginning of each flux period, 100 uL of the flux
solution was added to the apical side of each insert to give a final volume and concentration
of 500 uL and 2.2 mg/mL respectively. After 2 hours of incubation, basolateral recovery of

each probe was measured in a plate reader (Synergy HT; BioTek, Winooski, VT) using
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freshly prepared standards. Fluorescence of fluorescein and Rhodamine B were measured at
490 and 555 nm using emission wavelengths of 520 and 585 nm, respectively. Creatinine
was measured separately using a colorimetric assay (Sigma Aldrich, Raleigh, NC).
Epithelial permeability to ??Na*

Basolateral to apical isotopic flux studies of 22Na* (1 pCi/mL, Perkin Elmer, Waltham
MA) was performed in uninfected control and C. parvum infected IPEC-J2 monolayers with
or without pre-treatment with 1000 U/mL of rHUlFN-A3 12 hours prior to infection. Barrier
function (TEER) was measured at time points 6, 12, 24, 36, 48 hours over the course of
infection. At 24 hours post-infection, a 50 pL aliquot of Na+ working stock was added to a
450 puL existing volume of basolateral media. Following a flux period of 2 hours, paired 200
uL samples were obtained from both the apical and basolateral compartments. Sample
emissions were counted using a gamma counter (Perkin Elmer Wallac Wizard 1470-020,
Waltham, Massachusetts) and basolateral to apical flux of Na* was calculated using standard
equations.
Determination of IFN-A Effects on C. parvum Burden and Intracellular Development in
Epithelial Monolayers

IPEC-J2 cells were cultured to confluency (3-4 days) in 8 well chamber slides and
treated or not with 1000 U/mL of rHUlFN-A3 for 12 hours prior to infection with C. parvum
or vehicle (0.1% BSA in PBS). At4, 6, 12, 24, and 48 hours post-infection, slides were
washed 3 times with PBS and fixed with 4% paraformaldehyde for 10 minutes at RT.
Following fixation, cells were washed 3 times with PBS, incubated in a blocking solution of
1% BSA in PBS for 30 minutes, and permeabilized for 5 minutes with 0.5% Triton X-100 in
PBS at room temperature and then washed once with PBS for 30 seconds. To visualize

epithelial invasion sites of C. parvum organisms, slides were incubated with a red fluorescent
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phalloidin conjugate (Acti-stain 555 phalloidin; Cytoskeleton, Inc., Denver, CO) at a
concentration of 100 nM at RT for 30 minutes. The monolayers were then washed 3 times
with PBS. For simultaneous visualization of C. parvum organisms, monolayers were
subsequently incubated at RT for 45 minutes with a FITC-labeled rat anti-Cryptosporidium
parvum polyclonal antibody (1X Sporo-Glo;Waterborne, Inc., New Orleans, LA). Finally,
monolayers were washed 3 times with PBS, partially air-dried and then cover slipped with
mounting media containing DAPI (VECTASHIELD antifade mounting medium with DAPI;
Vector Labs, Burlingame, CA). Monolayers were imaged using a fluorescence microscope
(Leica DMB5000B with LASX software; Leica microsystems, Wetzlar, Germany).
Quantification of C. parvum burden was determined by counting the total number of FITC-
labeled parasites that were also associated with characteristic F-actin invasion sites within 10,
400x fields per infected well. For characterization of life stages present, attached parasites
were measured using LASX software (Leica microsystems, Wetzlar, Germany) in 5
individual 1000x fields per well and categorized as either sporozoite (~4 x 1 um, elongate,
eccentric F-actin invasion site), early trophozoite (<1 x 1 to 2 x 2 um, round, centralized F-
actin invasion site), trophozoite (2 x2 to 3 x 3 um, round, centralized F-actin invasion site),
or meront (<3 x 3 cm, round, often with multiple nuclei visible).
Data Analysis

Data were tested for normal distribution and variance and analyzed using parametric
or nonparametric statistics as appropriate (SigmaStat; Jandel Scientific, San Rafael, CA).
Parametric data were analyzed using Student’s t tests. Nonparametric data were analyzed
using Mann-Whitney or Kruskal-Wallis rank sumand Wilcoxon signed rank tests.

Differences in proportion of observations between groups was analyzed using Chi-square
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tests. Data represent means + SEM. For all analyses, P < 0.05 was considered significant. All

authors had access to the study data and reviewed and approved the final manuscript.
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Results

The intestinal epithelial transcriptional response to C. parvum infection in vivo is
dominated by targets of interferon signaling.

Our understanding of host strategy for epithelial defense against infection by C.
parvum remains poorly understood. In an effort to distinctively characterize the innate
response of the intestinal epithelium to C. parvum infection we utilized a host species that
fully reproduces the diarrheal disease as observed in children with cryptosporidiosis
(Argenzio et al., 1990). Accordingly, we infected neonatal piglets with C. parvum and
harvested the ileal epithelium at peak infection (days 3-5) for microarray analysis of the IEC
transcriptional response. Piglets that were selected had a heavy burden of infection (57 +
8.0% of villus enterocytes harbored C. parvum) and demonstrated marked villus blunting
when compared to control piglets (P=0.004)(Figure 1A,B). Based on the microarray analysis,
61 genes were significantly upregulated and 21 genes significantly downregulated in IEC
from C. parvum infected compared to control piglets (Table 1). Gene ontology analysis
identified Type I interferon signaling (~25 fold, P<0.001) as the most enriched biological
process in IEC from infected piglets. Twelve (20%) of the 61 significantly upregulated genes
were identified as targets of interferon signaling including interferon stimulated gene 15
(ISG15), guanylate binding protein 1 and 2 (GBP1 and GBP2), proteasome subunit-3 type 8
(PSMBS8), interferon-o inducible protein 27 (IF127), interferon stimulated gene 20 (ISG20),
calcium-binding and coiled-coil domain-2 (CALCOCQO2), CXC motif chemokine ligand 16
(CXCL16), tripartite motif containing 34 (TRIM34), ubiquitin D (UBD), placenta specific
gene 8 (PLACS), and ribonuclease 4 (RNASE4). The gene identified as most highly
expressed in response to C. parvum infection was ISG15 (21-fold). Significantly increased

mucosal expression of ISG15 mRNA in vivo was additionally confirmed by targeted gPCR.
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To further localize cellular ISG15 expression in context of the entire ileum mucosa,
fluorescence in situ hybridization was performed on uninfected control and C. parvum
infected piglet ileum using custom-designed anti-porcine ISG15 oligonucleotide probes.
Interferon stimulated gene 15 mRNA was expressed predominately in the villous intestinal

epithelial cells in infected piglets (Figure 1C).

Cryptosporidium parvum infection significantly increases in vivo expression of the Type
11 interferon, IFN-A3.

Having identified that targets of interferon signaling constitute a major transcriptional
response of the intestinal epithelium to C. parvum infection, we sought to determine what
type(s) of interferon were likely stimulating this response in vivo. Accordingly, we used our
own and published primers to quantify, by means of qRT-PCR, specific members of all three
classes of interferon (Type I-111) using RNA extracted from the ileum mucosa. There was no
difference in expression of Type | interferon (i.e. IFN-o and IFN-B) observed between ileum
mucosa of uninfected control and C. parvum infected piglets. Type Il interferon (IFN-y)
expression was upregulated approximately 20-fold. However, Type Il interferon,
specifically IFN-A3, was increased over 200-fold in the ileum mucosa of infected piglets

(Figure 2).

A Type Il interferon response is conserved in suckling mice infected with C. parvum.
To further investigate the mechanistic relationship between C. parvum infection,

transcription of IFN-A3, and increased expression of interferon-stimulated genes by the

intestinal epithelium in vivo, we first sought to establish whether these observations were

conserved in a mouse model. For these studies we used wild-type neonatal suckling mice due
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to their innate susceptibility to infection and its associated intestinal pathology. Over a 10
day time-course of infection, wild-type pups exhibited peaks in colonic content of C. parvum
MRNA, ileum IEC-associated C. parvum organisms, and histological indices of intestinal
injury (villus blunting and crypt elongation) between 4-6 days post-infection, with clearance
typically occurring by day 10 (Figure 3A-D). At peak infection, expression of IFN-A2/3 and
ISG15 mRNA was significantly increased in total distal jejunum/proximal ileum samples

from C. parvum infected compared to uninfected mouse pups (Figure 3E).

Immunoneutralization of IFN-A2/3 increases severity of epithelial infection and mucosal
injury in suckling mice infected with C. parvum.

To determine the impact of IFN-A on host defense against C. parvum infection,
neonatal mouse pups were treated parenterally with human anti-mouse IFN-A2/3
immunoneutralizing versus isotype control antibodies on days -1, 0, and 3 of C. parvum
infection. As assessed at the time of peak infection (days 4-6), pups treated with anti-IFN-A
2/3 antibodies had a significantly greater number of organisms infecting the villous IEC
(Figure 4A) and were more likely to shed C. parvum in feces (19/20; 95%) compared to pups
treated with isotype control antibodies (13/19; 68%), although the quantity of C. parvum
shed in the feces was similar between the treatment groups (Figure 4B). When examined
during the recovery stage of infection (day 10), pups treated with anti-1IFN-A2/3 antibodies
had retained greater numbers of organisms infecting the villous epithelium (Figure 4C) and
continued to shed C. parvum in feces and in significantly greater quantities compared to mice
treated with isotype control antibodies (Figure 4D). In addition to a more severe epithelial

burden and prolonged fecal shedding of C. parvum, pups treated with anti-IFN-A2/3
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antibodies had quantitatively greater villus blunting and crypt elongation compared to

infected pups treated only with the isotype control antibody (Figure 4E-G).

Intestinal epithelial cells are sufficient to serve as a source of IFN-A and - and
autonomously mediate an interferon response to C. parvum infection

Having demonstrated a significant and specific influence of IFN-A in promoting
intestinal defense against C. parvum in immunoneutralized mouse pups, we sought to next
determine the direct involvement of the intestinal epithelium in mediating the interferon
response to infection. These studies were performed using a non-transformed porcine-derived
small intestinal epithelial cell line (IPEC-J2) as a reductionist model for comparative studies
to the neonatal piglets. We first confirmed that IPEC-J2 cells constitutively express IFN-AR1
MRNA by means of RT-PCR (Figure 5A). We subsequently examined functionality of the
receptor to stimulation using recombinant human IFN-A3 (rHulFN-A3). Treatment of
polarized IPEC-J2 cell monolayers with rHUIFN-A3 resulted in a dose and time-dependent
induction of ISG15 mMRNA expression that peaked at a concentration of 1000 U/mL at 24
hours post-stimulation (Figure 5B). Other studies have demonstrated that epithelial cells
express IFN-A in response to viral infection (Nice et al., 2015; Pott et al., 2011), however few
studies have examined whether or not this response occurs with non-viral pathogens (Bierne
etal., 2012; Lebreton et al., 2011; Travar et al., 2014). To determine if C. parvum infection is
sufficient to induce a Type Il interferon response by the intestinal epithelium, we infected
polarized monolayers of IPEC-J2 cells with C. parvum and quantified expression of IFN-A3
and 1ISG15 mRNA over a 48 hour time course using qRT-PCR (Figure 6). The burden of C.
parvum infection oscillated over time within the monolayers, as reflective of the phasic

nature of the life cycle (Bouzid et al., 2013) and was accompanied by a significant decrease
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in transepithelial electrical resistance (TEER) beginning at 24 hours after infection (Figure
6A-B). The epithelial infection was associated with a significant increase in expression of
IFN-A3 mRNA beginning at 24 hours followed by a significant increase in expression of
ISG15 mRNA beginning at 36 hours post infection (Figure 6C-D). To determine if C.
parvum stimulated the expression of other types of interferon that could also contribute to the
observed ISG15 response, gRT-PCR was used to also quantify Type I and Il interferon
(supplementary Figure 1). Apart from IFN- A, significant increases in expression was also
observed for IFN- beginning 24 hours after infection. Significant increases in expression of
IFN-a were not observed at any time point post-infection, despite the use of published primer
pairs designed to amplify all of the known isoforms of porcine IFN-o (Sang et al., 2010b).
Amplification of IFN-y was not observed in either control or C. parvum infected IPEC-J2

cells at any time point.

Intestinal epithelial cells primed with IFN-A have enhanced resistance to C. parvum
infection and improved barrier function

To determine if the intestinal epithelium is sufficient to mediate the anti-
cryptosporidial and mucosal protective effects of IFN-A, as observed to be impaired in
immunoneutralized mice, we primed intestinal epithelial monolayers with rHUlFN-A3 for 12
hours prior to introduction of C. parvum, thereby enabling the peak interferon response (e.g.
ISG15 upregulation) to coincide with establishment of cellular C. parvum infection (12-24
hours post-infection). A dose-response increase in ISG15 mRNA expression was observed in
C. parvum infected intestinal epithelial monolayers that were primed with exogenous
rHUlFN-A3 (range, 100 to 2500 U/ml) (Figure 7A). Priming of monolayers with rHuUIFN-A3

was accompanied by correspondingly significant inhibitory effects on C. parvum infection
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burden (Figure 7B). Percent inhibition of C. parvum burden was positively correlated to
upregulation of ISG15 expression (Pearson’s correlation coefficient R=0.574, P=0.0082). In
addition to promoting epithelial defense against infection, rHUIFN-A3 priming significantly
abrogated C. parvum-associated loss of TEER at concentrations ranging from 500 to 1000
U/ml. This barrier protective effect waned in cells treated with a higher dose of rHUIFN-A3
(i.e. 2500 U/mL) (Figure 7C) and was not observed in monolayers not infected with C.
parvum (Figure 7D). Importantly, neither C. parvum nor rHUlFN-A3 alone, or in
combination, resulted in loss of epithelial cells from treated monolayers (supplementary
Figure 2), suggesting that IFN-A enhanced defense against C. parvum using effector

mechanisms contained within the intact monolayer.

Interferon-A decreases C. parvum invasion of IEC and disrupts early intracellular
development

To gain additional insight into the cell-based mechanism(s) by which IFN-A promotes
epithelial defense against C. parvum infection, we quantified the influence of rHUlFN-A3
priming (1000 U/ml) on subsequent parasite invasion and cell-associated development. For
these studies, infected epithelial monolayers were treated with a FITC-labeled anti-
Cryptosporidium spp. antibody and counterstained with DAPI. Recruitment of host-F-actin to
cell-associated Cryptosporidium spp. (Elliott and Clark, 2000; Elliott et al., 2001) organisms
was used to identify host-parasite invasion sites and the associated intracellular life stages
were identified on the basis of organism size and number of nuclei. Significant inhibitory
effects of rHUIFN-A3 on visualized C. parvum invasion occurred within 12 hours of infection
(Figure 8A). The magnitude of inhibition of C. parvum invasion was similar to earlier

indirect measurements of infection burden based on qRT-PCR for C. parvum gp40/15 after
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priming of IPEC-J2 cells with rHUIFN-A3 (Figure 7). In unprimed cells, C. parvum was
observed to develop through an orderly progression of intracellular life stages over 48 hours.
However, in rHUlFN-A3-primed cells, a delay in maturation of C. parvum was observed as
early as 6 hours post-infection with persistence of sporozoites and early trophozoites within
the monolayers (Figure 9B-C). By 12 hours post-infection, rHUlFN-A3-primed monolayers
resumed a distribution of life stages similar to unprimed cells but with 30% less parasites
suggesting loss of developmentally delayed sporozoites and early trophozoites from rHulFN-

A3-treated monolayers.

Interferon-A mitigates loss of barrier function by decreasing paracellular sodium
conductance of C. parvum infected epithelium

To further characterize the mechanism by which priming of epithelial monolayers
with rHUIFN-A ameliorates subsequent loss of TEER associated with C. parvum infection,
we conducted studies to define the nature of the barrier function defect. Having established,
by means of crystal violet retention, that decreases in TEER were not associated with loss of
cells from the monolayer, we focused on examination of the leak, pore, and ion/charge
selective pathways which are governed by the modification of tight junctional proteins
(Colegio et al., 2002; Shen et al., 2011; Tsai et al., 2017; Turner, 2009). Accordingly, we
probed the pathway by which C. parvum and IFN-X influence barrier function by measuring
the transepithelial flux of 70-kDa dextran, 4-kDa dextran, creatinine, and ?Na*. At the time
of peak C. parvum-induced decreases in TEER, there was no significant difference in the
transepithelial flux of 70-kDa dextran, 4-kDa dextran, or creatinine across C. parvum
infected compared to uninfected monolayers. The only probe identified as corresponding to

changes in TEER was a significant increase in the flux of 2Na* (Figure 9A-B). Moreover, in
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C. parvum infected monolayers, the mitigating effect of rHUIFN-A3 on loss of TEER was
similarly associated with a significant decrease in the transepithelial flux of 22Na* (Figure
9C-D). A univariate non-linear regression using the least squares method was used to
determine the relationship between TEER and ??Na* conductance across all treatment groups
(uninfected versus infected) and conditions (rHUlFN-A versus vehicle) identified a
statistically significant, inverse relationship (correlation matrix of -0.83, P<0.0001) (Figure

9E).

55



Discussion

By interrogating intestinal epithelial cell (IEC) defense strategies against C. parvum,
these studies have identified that Type Il interferon, IFN-2, is a conserved innate mediator of
epithelial defense against this significant protozoal pathogen. We examined the significance
of IFN-A and specific mechanisms by which IFN-X influences epithelial defense against C.
parvum using three different models of infection, the neonatal piglet, suckling mouse, and
non-transformed porcine intestinal epithelial cell monolayers (IPEC-J2). Results of these
studies demonstrate that IFN-A directly promotes epithelial resistance to parasite invasion
and abrogates the loss of barrier function caused by C. parvum infection. While there is a
wealth of literature supporting the role of IFN-A in defending mucosal sites against viral
pathogens (Mahlakoiv et al., 2015; Nice et al., 2015; Pott et al., 2011), few studies have
suggested a broader role for IFN-A in mucosal defense against non-viral pathogens (Bierne et
al., 2012; Cohen and Prince, 2013; Odendall et al., 2017). To our knowledge, this is the first
report demonstrating the importance of IFN-A in epithelial defense against a protozoal
infection.

Cryptosporidium spp. is a minimally invasive epithelial pathogen that can be cleared
in an immunocompetent host through an immune response largely instigated by the IECs
(O'Hara et al., 2011). Accordingly, we hypothesized that the transcriptional responses of IEC
to C. parvum in vivo would provide key insights into how a competent host effectively
resolves infection. Using a piglet model that uniquely recapitulates childhood
cryptosporidiosis (Argenzio et al., 1990) and microarray analysis to quantify gene expression
by IECs obtained from the ileum of control and infected animals, we identified that the

prevailing transcriptional response of IECs to C. parvum is to upregulate gene targets of
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interferon signaling. In situ localization of ISG15 mRNA to the villous IECs of C. parvum
infected piglets supported that the IFN-response was enriched within the epithelium. Among
the significantly upregulated interferon-stimulated genes, 1ISG15, is most well-known for its
ability to promote anti-viral defense by directly disrupting viral replication, budding, and
release (Kuang et al., 2011; Malakhova and Zhang, 2008; Okumura et al., 2006; Okumura et
al., 2008; Pincetic et al., 2010). While we know that ISG15 is upregulated during Leishmania
brazilensis and Theileria annulata infections, we still have limited knowledge of its function
in anti-parasitic defense (Oura et al., 2006; Vargas-Inchaustegui et al., 2008). Guanylate
binding protein 1 (GBP1), GBP2, and TRIM34 were also significantly upregulated during C.
parvum infection; these genes have known functions in promoting host defense against non-
viral pathogens, including protozoa. For example, in response to Toxoplasma, Salmonella
typhimurium, and Legionella infection of IECs, GBP1 and 2, and TRIM family proteins, are
recruited to the pathogen-host interface, specifically the parasitophorous vacuole (PV)
(Feeley et al., 2017; Foltz et al., 2017; Meunier et al., 2014). Their recruitment ultimately
promotes PV disruption, enhances exposure to host-immune responses, and facilitates
pathogen clearance (Meunier et al., 2014). As PV formation is a hallmark feature of C.
parvum interface with host IEC (Huang et al., 2004; Zhang et al., 2015), it is probable that
upregulation of these particular genes represents a conserved mechanism of epithelial
defense that may be similarly effective against C. parvum.

Upon investigating C. parvum infected piglet ileum mucosa for the source of an
epithelial-targeted interferon response, we determined that Type I interferons (IFN-a and
IFN-B) were not upregulated during peak infection. However, there was significantly-induced

expression of a novel Type Il interferon, IFN-A3 (200-fold). Mucosal expression of Type 1l
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interferon (IFN-vy), long recognized as an indispensable immune cell-derived cytokine
associated with C. parvum infection, was also upregulated although to a log-fold lesser
degree than IFN-A. Expression of IFN-A3 in response to C. parvum infection has not been
previously described, nor has IFN-A been demonstrated to influence the in vivo pathogenesis
of a non-viral infection. Accordingly, identification of IFN-A3 expression in
cryptosporidiosis is a remarkable finding. Until recently, IFN-A was considered to be largely
redundant to the cellular effects of Type I interferon. However, it is now recognized that
IFN-A receptors are selectively expressed by IEC resulting in an epithelial-targeted mucosal
immune response that plays a decisive role in the clearance of epitheliotropic viruses such as
rotavirus, norovirus, and reovirus (Baldridge et al., 2017; Hernandez et al., 2015; Mahlakoiv
et al., 2015; Mordstein et al., 2010a; Mordstein et al., 2010b; Nice et al., 2015; Pott et al.,
2011). In light of this knowledge, our findings suggest that C. parvum likewise stimulates an
epithelial targeted interferon response that is mediated, at least in part, by IFN-A.

To test a hypothesis that IFN-XA contributes specifically to epithelial defense against
C. parvum infection, we utilized a neonatal mouse model of the infection which enabled
immunological manipulation of IFN-A signaling. The use of IFN-AR1 knock-out mice was
considered a superior approach for these studies, however their use was repeatedly precluded
by pre-screening diagnosis of norovirus infection (Doom et al., 2009). In mice, norovirus
stimulates a Type Il interferon response that is critical for mediating viral clearance (Nice et
al., 2015) and we expected this would confound interpretation of this study. Consequently,
we obtained pregnant C57BL/6 wild-type mice that were established to be specific pathogen
free from murine norovirus as well as other common, and potentially confounding,

gastrointestinal co-infections. We subsequently infected the neonatal mouse pups with C.
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parvum and confirmed conserved upregulation of IFN-A during peak-infection. We then
infected pups with or without pre-infection systemic immunoneutralization of IFN-A2/3.
Compared to mice treated with an isotype control antibody, mice receiving anti-mouse IFN-
A2/3 immunonecutralizing antibody harbored a significantly larger number of epithelial
parasites, developed more severe villous blunting and crypt hyperplasia, and were more
likely to shed C. parvum and for a longer period of time. These findings strongly support a
significant and specific influence of IFN-A in promoting epithelial defense against C. parvum
infection.

In response to viral pathogens, IECs are not only a target of IFN-A, but also serve as a
significant source of the cytokine (Hernandez et al., 2015; Mahlakoiv et al., 2015). Using
porcine IEC monolayers as a reductionist model of the intestinal epithelium, we identified
that C. parvum infection alone is sufficient to induce endogenous IFN-A expression and
induction of ISG15 by IEC. Paracrine stimulation of ISG15 gene expression by IFN-A was
supported by the ability of exogenous HUlFN-A to similarly stimulate an IEC ISG15 response
in the absence of C. parvum. Infected IECs did not upregulate IFN-y, most likely because
immune cells and not IECs are considered the predominant sources of IFN-y in vivo (Leav et
al., 2005). The only other interferon induced by C. parvum infected IEC in the time frame of
these studies was the Type I interferon, IFN-B. Others have similarly demonstrated
expression of Type I interferon (IFN-a or IFN-B) by C. parvum infected IEC, but did not
examine expression of IFN-A (Barakat et al., 2009b). Although Type I interferon and IFN-A
have distinct receptor types, both stimulate the same intracellular signaling pathway
(STAT1/STAT?2) which results in indistinguishable overlap in target gene expression.

Accordingly, we did not examine the responsiveness of our IEC monolayers to treatment
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with exogenous Type | interferon and it is likely that endogenously-produced IFN-p also
contributed to the 1ISG15 response observed in our C. parvum infected IEC. Importantly,
many studies provide additional context for understanding the differential influence of Type I
and Type Il interferon, at least as it pertains to viral infection. For example, restriction of the
IFN-A receptor to IEC in vivo targets the effect of IFN-A to the epithelium, while Type I
interferon has a ubiquitous receptor expression. Recent studies using enteroid cultures
suggest that epithelial cells may upregulate both Type I and Type 111 interferons in response
to viral infection, but only translate and secrete Type Il interferon (Pervolaraki et al., 2017).
Therefore, recognition that C. parvum induces IFN-A gene expression and that epithelial
defense mechanisms are dependent on IFN-A has important implications for further
development of targeted therapies for the infection.

In the present study, IECs primed with IFN-A were more resistant to infection by C.
parvum. The principle mechanism of IFN-X action was to impair parasite invasion of
enterocytes. This finding substantiates our observation of increased burden of epithelial
parasitism in mouse pups treated with IFN-A immunoneutralizing antibodies. Once C.
parvum invaded the IEC cells however, there were no appreciable changes in ability of the
parasites to develop intracellularly. Enterocyte resistance to C. parvum has also been
described in monolayers pretreated with Type I and Il interferon [19], however given
preferential targeting of intestinal epithelial cells by IFN-A in vivo, our results likely have
more biological relevance. In addition to enhanced resistance to infection by C. parvum, IEC
primed with IFN-A were protected from decreases in barrier function resulting from the
infection. Barrier protective effects of IFN-A at the level of the blood-brain barrier, as well as

in polarized T84 cells (colonic adenocarcinoma), have been observed in the presence and
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absence of viral or bacterial injury. [4, 22]. In contrast, we observed IFN-A’s barrier
mitigating effect only in the face of C. parvum infection. The reason for this observational
difference is unknown. Regardless of IFN-A’s role in influencing IEC barrier function at
homeostasis, our findings now provide further proof that IFN-A’s defends IECs against
pathogen-induced barrier disruption. We probed the paracellular pathway by which C.
parvum and IFN-A influenced the TEER of IEC monolayers and isolated the barrier defect to
a corresponding change in flux of ?2Na*, indicating the characteristics of an ion/charge
selective pathway. Interestingly, IFN-A has been demonstrated to promote barrier function in
the blood brain barrier by enhancing junctional localization of the tight junctional protein,
claudin-5 (Lazear et al., 2015). Furthermore, overexpression of claudin-5 in MDBK
epithelial cells led to an increase in TEER and selectively decreased the relative permeability
of Na*ions (Wen et al., 2004). In light of these findings, the influence of IFN-X on
expression and localization of claudin-5 during C. parvum infection is worth investigating.
In closing, these studies have identified a novel mechanism for intestinal epithelial
defense against C. parvum involving IFN-A. In our studies, IFN-A promoted epithelial
defense by not only limiting parasite invasion but also promoting intestinal epithelial barrier
function. These findings broaden the scope and depth of our current understanding of IFN-
A\’s significance for epithelial defense and provide a mechanistic focus for development of

targeted therapies for Cryptosporidium spp. infection.
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Figure 1. Intestinal epithelial cells upregulate numerous interferon stimulated genes in
response to C. parvum infection. Intestinal epithelium was harvested from ileum mucosa of
neonatal piglets at the time of peak infection (day 3-5 post-infection) (n=8) and from age-
matched uninfected controls (n=4) for performance of gene analysis using microarrays. (A)
Representative photomicrograph of ileum mucosa from an uninfected control and C. parvum
infected piglet used for microarray analysis. Hematoxylin and Eosin stain. Bar=20 um. (B)
Quantitative morphometry of the mean £SEM villus height and crypt depth (um) and percent
of total villous intestinal epithelial cells (IEC) infected with C. parvum in piglets utilized for
microarray analysis. (C) Fluorescence in situ hybridization demonstrating ISG15 mRNA (red
fluorescence) in villous epithelial cells of ileum mucosa from piglets at peak C. parvum
infection and absent in villous epithelium of control piglets. Bar = 50 um. **P<0.01,
Student’s t-test.
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Figure 2. C. parvum stimulates ileum mucosal expression of IFN-A3 and IFN-y mRNA.
(A) Quantitative RT-PCR analysis of porcine ileum mucosal total cellular mRNA for the
presence of IFN-a (isoforms all, 7/11, and 9), IFN-B, IFN-y, and IFN-A 1, 3, and 4. Samples
were obtained from piglets at peak C. parvum infection (days 3-5) and age-matched controls.
Infected piglets demonstrated significantly increased expression of both IFN-A3 (~200 fold)
and IFN-y mRNA (~20 fold) * p<0.05, Kruskal-Wallis ANOVA. n=3-11 piglets per group.
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Figure 3. A Type 111 interferon response is conserved in neonatal mice infected with C.
parvum. Characterization of a 10-day time course of C. parvum infection in suckling
C57BL/6 pups following orogastric gavage of 2 x 10° C. parvum oocysts or mock-infection
with PBS. Sampling took place on days 3-6, and day 10 post-infection. (A) Quantitative RT-
PCR analysis of Cryptosporidium glycoprotein 40/15 mRNA in total distal colon for
quantification of fecal shedding of C. parvum. Day 3 infected pup used for fold change
comparison. (B) Quantification of the average number of epithelium-associated C. parvum
per 10 villi per pup by light microscopy. (C-D) Quantitative morphometry of villus height
and crypt depth as averaged for 10 villus crypt units per pup. (E) Quantitative RT-PCR
analysis of IFN-A2/3 and ISG15 mRNA in samples of total ileum from control and infected
pups at peak infection (days 4-6). Bars represent mean +SEM. n=3-7 pups per group per time
point. *P<0.05, **P<0.01, ***P<0.001 compared to uninfected pups at same time point,
Student’s t-test.
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Figure 4. Immunoneutralization of IFN-A exacerbates C. parvum infection. Mice were
treated with either 15 pg of rat isotype or rat-anti-mouse IFN-A2/3 neutralizing antibodies on
days -1, 0, and 3 following orogastric gavage of C. parvum or mock-infection with PBS.
Quantitative assessment of C. parvum epithelial burden (A; *P<0.05, Student’s t-test) and
colonic content of C. parvum as determined by quantitative RT-PCR analysis of
Cryptosporidium gp40/15 mRNA (B) at peak (days 4-6 post-infection), or late stage (day 10)
of infection (C and D; *P<0.05, Student’s t-test). Quantitative morphometry of average
villus height (E) and crypt depth (F) for 10 villus crypt units per pup at peak infection
(*P<0.05, **P<0.01; ***P<0.001, Student’s t-test). Data represent mean + SEM. n=19 to 20
pups per treatment at peak infection and n=4 to 8 pups at late infection time point. 5 P<0.05
v?. (G) Representative photomicrographs of uninfected control and C. parvum infected ileum
mucosa obtained on day 6 post-infection from mouse pups treated with rat isotype or rat-anti-
IFN-A2/3 neutralizing antibodies. Arrows highlight C. parvum infecting IECs. Bar = 20 um
for top four panels and 10 pum for bottom two panels.
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Figure 5. Non-transformed porcine intestinal epithelial (IPEC-J2) cells express IFNAR1
and respond to exogenous rHUlIFN-A3 to upregulate ISG15 mMRNA expression in a dose
and time-dependent manner. (A) Amplicons generated following PCR amplification of
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template. (B) Quantitative RT-PCR analysis of ISG15 mRNA expression in IPEC-J2 cell
monolayers at time points of 6, 12, 24, or 48 hours following stimulation with rHulFNA3
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Figure 6. C. parvum is sufficient to stimulate IEC expression of IFN-A3 and ISG15
MRNA. (A) Measurement of infection burden on the basis of quantitative RT-PCR analysis
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p. (B) Transepithelial electrical resistance (TEER) of
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TEER at T=0. (C-D) Quantitative RT-

PCR analysis of IFN-A3, and ISG15 mRNA from

control and infected IPEC-J2 monolayers. n=8 monolayers per group. Data represent
mean+SEM. *P<0.05, **P<0.01, ***P<0.001 compared to uninfected monolayers at same

time point; Student’s t-test.
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Figure 7. Priming of IEC with exogenous IFN-A decreases the burden of C. parvum
infection and abrogates loss of transepithelial electrical resistance. Polarized monolayers
of IPEC-J2 cells were pre-treated with either vehicle, 100, 500, 1000, or 2500 U/mL of
rHUlFN-A3 for 12 hours prior to C. parvum infection. At the time of peak C. parvum
infection (12-24 hours post-infection) the effect of rHUIFN-A3 was assessed by quantitative
RT-PCR analysis of ISG15 mRNA (A) and Cryptosporidium gp40/15 mRNA expression (B),
as well as by measurement of TEER. (C). Priming of uninfected IEC with rHUIFN-A3 had no
significant effect on TEER of the monolayers (D). Data for C and D expressed as % of 12-24
hour uninfected monolayers. n=3-6 monolayers per group. *P<0.05, **P<0.01, ***P<0.001,
Student’s t-test.
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Figure 8. Priming IEC with IFN-A enhances resistance to C. parvum invasion. Intestinal
epithelial (IPEC-J2) monolayers were grown on chamber slides and pre-treated with either
vehicle or 1000 U/mL of rHUulFN-A3 for 12 hours prior to a 48-hour time course of C.
parvum infection. Monolayers were examined using fluorescence microscopy at 4, 6, 12, 12,
24, 48 hours post-infection. (A) Quantification of invading C. parvum parasites was
determined by counting the total number of FITC-C. parvum and Alexa-555 phalloidin co-
labeled parasites within 10, 400x fields for each chamber well. n=3 monolayers per time and
treatment group **P<0.01 and ***P<0.001 compared to vehicle treated, C. parvum infected
controls. Student’s t-test. Data represent mean £SEM. (B) Representative fluorescence
microscopy images of C. parvum asexual intracellular life stages. Parasites shown reflect
positive labeling with FITC-C. parvum (green), DAPI positive C. parvum nuclei (blue and
indicated by arrows), and Alexa-555-phalloidin cellular invasion sites (red). Bar = 1 um. (C)
The relative percentage of C. parvum asexual life stages at each time-point in vehicle treated
(left) and rHUIFN-A3 pre-treated infected monolayers. Parasite life stages were counted and
classified within 5, 1000x fields for each chamber well. n=3 monolayers per time and
treatment group *P<0.01 compared to trophozoite % of vehicle treated monolayers at same
time point, 2.
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Figure 9. Interferon-A mitigates C. parvum-induced loss of TEER by decreasing sodium
permeability. (A) Mucosal to serosal flux of rhodamine-dextran, FITC-dextran, and
creatinine and (B) serosal to mucosal flux of ?2Na* across uninfected control and C. parvum
infected IPEC-J2 monolayers at time of peak loss of TEER (24-48 hours post-infection),
n=4-6 each, **P<0.01, Student’s t-test. Transepithelial electrical resistance at 24 hours post-
infection (expressed as % of the mean of 24-hour uninfected controls) (C) and serosal to
mucosal flux of 22Na* (D) across uninfected control and C. parvum infected IPEC-J2
monolayers pre-treated with vehicle or 1000 U/mL of rHUlFN-A3 for 12 hours prior to
infection. For (D), left axis shows individual data points for each flux measurement while
right axis shows mean + SEM of flux as a % of uninfected control. n=4 each, *P<0.05,
compared to vehicle-treated controls; Student’s test. (E) Correlation between TEER (Q x
cm?) and flux of 22Na*. n=26, includes uninfected and C. parvum infected monolayers both
with and without rIFN-A3 pre-treatment. Correlation coefficient of -0.83, P<0.0001.
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Supplementary Figure 1. Intestinal epithelial (IPEC-J2) cell monolayers express IFN-§
but not IFN-a mRNA in response to C. parvum infection. Quantitative PCR analysis of
IFN-a (all) isotypes (A), IFN-a7/11 isotypes (B), IFN-a9 (C), and IFN-B (D) during a 48-
hour time course of C. parvum infection in IPEC-J2 cells. n=4 monolayers per group and
time point. Data represent mean + SEM. *P<0.05, **P<0.01, ***P<0.001, Student’s t-test

compared to uninfected monolayers at same time point.
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Supplementary Figure 2. Neither C. parvum infection or priming with exogenous IFN-
A3 alone or in combination cause significant cell loss from IPEC-J2 monolayers.
Spectrophotometric assay of crystal violet absorbance (570 nm) by IPEC-J2 monolayers
following a 48-hour time-course of C. parvum infection (A). Spectrophotometric assay of
crystal violet absorbance in uninfected control and C. parvum infected monolayers 24 hours
after infection and in monolayers primed with 1000 U/mL of rHulFN-A3 12 hours prior to
the infection (B). n=6 monolayers per treatment and time group. Data represent mean +
SEM. *P<0.05 compared to uninfected monolayers at same time point; Student’s t-test.

72



Table 1: Differentially expressed genes in C. parvum infected intestinal epithelial cells.

UPREGULATED
ISG15 Ubiquitin-like modifier
Regenerating islet-derived 3 alpha
Guanylate binding protein 2
Ubiquitin D
Placenta-Specific 8
Matrix Gla protein
Chromosome 10 open reading frame 116
Interferon alpha-inducible protein 27
Guanylate binding protein 1
Complement component 1, s subcomponent
Ribonuclease, RNase A family, 4
Glucosaminyl (N-acetyl) transferase 3, mucin type
Annexin 2
Glutathione S-transferase omega 1
S100 Calcium binding protein A6
Pyrophosphatase 1
Proline rich 13
Chemokine (C-X-C motif) ligand 16
Membrane-spanning 4-domains, subfamily A, member 12
Sterol-C4-methyl oxidase-like
Tropomyosin 4

Tripartite motif-containing 34

Gene Name

ISG15

REG3A

GBP2

UBD

PLACS

MGP

C100rf116

IF127

GBP1

C1S

RNASE4

GCNT3

ANXA2

GSTO1

S100A6

PPA1

PRR13

CXCL16

MS4A12

SC4MOL

TPM4

TRIM34

Fold Change

21.34
17.17
11.95
11.70

11.33

9.78

8.27
8.06

7.81
7.18
5.43
5.22
5.16
4.98
4.92
4.84
4.83
4.74
4.70
4.37
4.08

3.97
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Table 1: Differentially expressed genes in C. parvum infected intestinal epithelial cells

(continued).
Interferon-induced protein 44 —like

Farnesyl diphosphate synthase
Isopentenyl-diphosphate delta isomerase 1

HIG1 hypoxia inducible domain family, member 1A
Chloride intracellular channel 1

Tropomyosin 3

Creatinine kinase, mitochondrial 1B

Interferon stimulated exonuclease gene 20 kDa
Hematological and neurological expressed 1
Cysteine-rich protein 1 (intestinal)

Calpain 1, large subunit

Proteasome subunit, beta type, 8

OUT domain, ubiquitin aldehyde binding 1
Calmodulin 3

Stearoyl-CoA desaturase 5

Phosphatidylinositol transfer protein, cytoplasmic 1
Actin related protein 2/3 complex, subunit 1A, 41 kDa
PERP, TP53 apoptosis effector

Thioredoxin

Optineurin

Poly (ADP-ribose) polymerase family, member 3
Calcium binding and coiled-coil domain 2

Heat shock 70 kDa protein 4

DAZ associated protein 2

IF144L

FDPS

IDI1

HIGD1A

CLIC1

TPM3

CKMT1B

1SG20

HN1

CRIP1

CAPN1

PSMBS8

OoTuB1l

CALM3

SCD5

PITPNC1

ARPC1A

PERP

TXN

OPTN

PARP3

CALCOCO2

HSPA4

DAZAP2

3.69
3.67
3.59
3.50
3.49
3.46

3.45

3.42
3.34
3.31

3.30
2.92

2.77
2.76
2.72
2.72
2.65
2.60
251
2.492
247
2.45
2.40

2.32
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Table 1: Differentially expressed genes in C. parvum infected intestinal epithelial cells
(continued).

UDP-N-acetylglucosamine pyrophosphorylase 1 UAP1 2.27
DnaJ (Hsp40) homolog, subfamily B, member 11 DNAJB11 2.27
Calcium binding protein 39 CAB39 2.27
Cytochrome C oxidase subunit VIIA COX8A 2.25
Isocitrate dehydrogenase 2 IDH2 2.24
Chromosome 15 open reading frame 63 C150RF6 2.23
e SnenoGSHDROII S GO ywaz 229
Ubiquitin A-52 residue ribosomal protein fusion product 1 UBA52 2.19
Serine/threonine kinase 24 STK24 2.17
Acyl-CoA thioesterase 7 ACOT7 2.16
Archain 1 ARCN1 212
Casein kinase 2, beta polypeptide CSNK2B 2.09
Coatomer protein complex, subunit epsilon COPE 2.06
Eukaryotic translation initiation factor 6 EIF6 2.03
ADP-ribosylation factor 6 ARF6 2.02
S o
Apolipoprotein C-11 APOC2 28.48
Brain expressed, X-linked 4 BEX4 12.34
Alpha-N-acetylgalactosaminidase-like NAGA 6.09
Nuclear pore complex protein Nup50-like NUPS0 3.89
Regulator of G-protein signaling 3 RGS3 3.37
I(A/flgrjl'l?)e nucleotide translocase 1-like, transcript variant 2 ANT1 3.05
Oxytocin receptor OXTR 2.72
Transcription elongation regulator 1 TCERGL 251

Neuroligin 1 precursor NLGN1 2.32



Table 1: Differentially expressed genes in C. parvum infected intestinal epithelial cells

(continued).
Tryptophan 5-hydroxylase 2
Ethanolamine kinase-like protein
Chymotrypsinogen 2-like
Conserved oligomeric Golgi complex subunit 5
Actin alpha 2
Solute carrier family 13 (sodium-dependent citrate
transporter), member 5
Uroplakin 3A, transcript variant 1
Sister chromatid cohesion protein PDS5 homolog B-like
Myosin If

Filamin A interacting protein 1

Activin A receptor, type 11B

TPH2

EKI2

CTRB2

COG5

ACTA2

SLC13A5

UPK3A

PDS5B

MYO1F

FILIP1

ACVR2B

2.26
2.18

2.16

2.13

2.12

2.09

2.07

2.07

2.06

2.06

2.01
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Supplementary table 1. Specific primer sequences and sources used in real-time RT-
PCR and their resulting amplification product sizes and melting temperatures.

MRNA

Cp
gp40/15
Po-IFNa

(all)

Po-IFNa
7111

Po-
IFNo9

Po-IFNB
Po-IFNy

Po-
IFNAL

Po-
IFNA3
Po-
IFN)4
Po-
ISG15

Po-
IFNAR1
Po-
cyclophi
lin

Mu-
IFNA2/3
Mu-
1ISG15
Mu-
IFNB
Mu-
GAPDH

Forward (5’ to 3’)

TCATTTGTAATGTGGTTCGG
AGAA
GGCTCTGGTGCATGAGATG
c

GGGACTTTGGATCCCCTCAT

GTGCTGCTCAGCTGCAAG

ATGTCAGAAGCTCCTGGGA
CAGTT
GTTTTTCTGGCTCTTACTGC

ACATCCACGTCGAACTTCA
GGCTT

AAGAGGGCCAAGGATGCCT
TTGAA
GTCACAGAGCTGACTCGCC
T
GATGCTGGGAGGCAAGGA

CGGTGGCAAAGAGTGAAAA
T
CCGTCGATGGCGAGCCC

AGCTGCAGGCCTTCAAAAA
G

GAGCTAGAGCCTGCAGCAA
T
GGAGATGACGGAGAAGATG
C
TGCACCACCAACTGCTTAG
Cc

Reverse (5’to 3’)

AGGGTAAAGGCAAACAAA
TCG
CAGCCAGGATGGAGTCCT
CcC

GTGGAGGAAGAGAAGGAT
G

AGTCCTCCTCCAGCAGGG
GC

AGGTCATCCATCTGCCCAT
CAAGT
CTTCCGCTTTCTTAGGTTA
G
TCAGATGTGCAAGTCTCCA
CTGGT

AGGCGGAAGAGGTTGAAC
ATGACA
TCACAGACAAGGCCCCGA
AT
CAGGATGCTCAGTGGGTCT
CT

GATCTCCTCTGTCCGGGTG
A
CCCGTATGCTTCAGGATAA
AA

TGGGAGTGAATGTGGCTC
AG

TTCTGGGCAATCTGCTTCT
T
CCCAGTGCTGGAGAAATT
GT
GGCATGGACTGTGGTCAT
GAG

Product
size
326

197

369

384

246

410

209

374

110

229

249

250

244

122

103

87

Tm
(€)
82.5-
83.0
88.45
88.80

89.0-
89.5

87.5-
88.5

82.20
82.70
86.3-
87.0
87.5-
88.0

92.9-
93.3
89.2-
89.5
90.0-
90.3

86.7-
86.8
82.5-
84.5

88.5-
89.1

84.3-
84.5
79.9-
80.6
84.2-
84.4

Reference (if
applicable)
(Godiwala et al., :

(Sangetal.,
2010b)

(Sang et al.,
2010a)

(Sangetal.,
2010a)

(Sang et al.,
2010b)
(Dijkmans et
al., 1990)
(Sang et al.,
2010a)

(Sangetal.,
2010a)
Authors

Authors

Authors

(Gookin et al.,
2004)

(Pott et al.,
2011)

(Pott et al.,
2011)
(Stewart et al.,
2005)

(Pott et al.,
2011)
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