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Abstract

The intestinal barrier separates the gut lumen from the internal tissues of the body. It is
comprised of a layer of mucus, a monolayer of intestinal epithelial cells adjoined and
maintained by junctional protein complexes, and a lamina propria which contains
specialized immune cells. This barrier is responsible for the absorption of nutrients,
preventing the entry of harmful pathogens and substances, and is a critical component
of the innate immune system. This dissertation presents a comprehensive review of the
role of the intestinal barrier and innate immune response to the apicomplexan parasite,
Cryptosporidium parvum, and the use of intestinal organoids as a model of study
(Chapter 1) and the effects of both inflammation and Diabetes mellitus on the function of
the intestinal epithelium (Chapter 2). It shows that inflammatory cytokines directly
increase the permeability of the bovine intestinal epithelium while altering tight junction
morphology and reducing cellular turnover, using bovine intestinal organoids as a model
(Chapter 3). Finally, this work uses feline intestinal organoids to show that
hyperglycemia-like conditions directly increase the permeability of feline intestinal
epithelium while altering tight junctional morphology, as mediated through the activation
of protein kinase C-a (PKCa); the drug fenofibrate prevents hyperglycemia-induced
barrier dysfunction and restores PKCa activity to baseline levels (Chapter 4).
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Chapter 1. The Mucosal Innate Immune Response to
Cryptosporidium parvum, a Global One Health Issue

Charles K. Crawford, Amir Kol

Abstract

Cryptosporidium parvum is an apicomplexan parasite that infects the intestinal
epithelium of humans and livestock animals worldwide. Cryptosporidiosis is a leading
cause of diarrheal-related deaths in young children and a major cause of economic loss
in cattle operations. The disease is especially dangerous to infants and
immunocompromised individuals, for which there is no effective treatment or
vaccination. As human-to-human, animal-to-animal and animal-to-human transmission
play a role in cryptosporidiosis disease ecology, a holistic ‘One Health’ approach is
required for disease control. Upon infection, the host's innate immune response restricts
parasite growth and initiates the adaptive immune response, which is necessary for
parasite clearance and recovery. The innate immune response involves a complex
communicative interplay between epithelial and specialized innate immune cells.
Traditional models have been used to study innate immune responses to C. parvum but
cannot fully recapitulate natural host-pathogen interactions. Recent shifts to human and
bovine organoid cultures are enabling deeper understanding of host-specific innate
immunity response to infection. This review examines recent advances and highlights
research gaps in our understanding of the host-specific innate immune response to C.
parvum. Furthermore, we discuss evolving research models used in the field and

potential developments on the horizon.



Introduction

Cryptosporidium parvum is an apicomplexan parasite that causes potentially life-
threatening infectious diarrhea in infants and neonate calves with no available FDA-
approved vaccine [1, 2]. Nitazoxanide is approved for use in adult, immunocompetent
patients, but is not effective or approved for use in the most vulnerable populations:
infants and immunocompromised patients [2]. Infected hosts (humans and cows) shed
billions of highly infectious and environmentally stable parasites [3, 4]. The parasite is
transmitted zoonotically and between humans worldwide [5-7], and it contaminates
drinking water sources [8], recreational swimming sites [9], soils [10], and aquaculture
environments [11]. Wildlife is further impacted by cryptosporidiosis [12]. As such, a
comprehensive and interdisciplinary research approach is required to eliminate this
significant source of global disease burden. Cryptosporidiosis is one of three etiologies
responsible for the most global diarrheal deaths in children younger than five years of
age [13-17]. In the U.S. C. parvum caused the largest waterborne pathogen outbreak in
American history [18], and 444 outbreaks of cryptosporidiosis were reported from 2009-
2017, leading to an estimated 750,000 individual cases per year [19, 20].
Cryptosporidium has even been included as a relevant biological threat agent by the

CDC [21].

While the role of CD4* T cells in clearing infection is well studied, the role of the
innate immune response within the parasite's natural hosts (i.e. human and cattle) is not
fully understood. We will succinctly review current advances in our understanding of the

mucosal innate immune response to C. parvum, and innovative models that have the



potential to elucidate such responses within clinically relevant hosts. We will highlight

key knowledge gaps and future research opportunities.

Innate Immune Response

The intestinal innate immune system, comprised of the gut epithelium and
specialized innate immune cells, is the first line of defense against C. parvum infection.
Innate immunity restricts the expansion and growth of the parasite and initiates the
adaptive response. Understanding the innate immune response to C. parvum infection
in its native hosts is critical in building a ‘One Health’ strategy to limit Cryptosporidium’s

devastating impact on global health, agriculture, and the environment [12, 22, 23].

Intestinal Epithelial Cells that line the gut epithelium create a physical barrier

between luminal content and internal tissues. Because C. parvum infects intestinal
epithelial cells and does not invade deeper tissues, the epithelium is particularly

important regarding the immune response to C. parvum.

Primary bovine intestinal epithelial cell infection by C. parvum leads to activation
of the inflammatory transcription factor NF-kB; this increases expression of the long
noncoding RNA NR_045064 [24] and induces the transcription of numerous
inflammatory mediators, primarily CXCL8 (aka IL-8) and TNFa, a response primarily
mediated by Toll-like receptor-2 (TLR2) and TLR4 [25]. C. parvum infection induces an
increase in TLR4 expression, regulated by suppression of the noncoding miRNA, let-7i
[26]. TLR2 and TLR4 activation by C. parvum and subsequent NF-kB nuclear
translocation induces the release of antimicrobial peptides LL-37 and B-defensin-2 [27].

Despite this, TLR2 and TLR4 deficiency did not increase parasite load in neonatal mice;



however, direct comparisons are difficult given the different models and experimental

designs [28].

Evidence suggests that intracellular recognition of C. parvum via NOD-like
receptors (NLR) and subsequent activation of the inflammasome complex is an
important innate response to infection. IL-18, a product of the inflammasome complex,
is elevated in human epithelial cell lines following C. parvum infection [29]; moreover,
IL-18 knockout and inflammasome components caspase-1 or ASC knockout mice are
more susceptible to Cryptosporidium infection than control mice [30-32]. IL-1p, the
second key product of inflammasome activation, was not increased post-infection, nor
was there an effect on infection susceptibility in IL-13 knockout mice [31]. The latter
findings are corroborated by the fact that parasite shedding was strongly increased in
mice lacking NLRP6, which induces IL-18 secretion, but not in mice lacking other
inflammasome-forming NLRs including NLRP3, NLRP1b, Aim2, and NLRc4 that

primarily induce IL-18 secretion [32].

Antimicrobial peptides include small positively charged polypeptides that elicit
antimicrobial effects against a variety of pathogens including bacteria, fungi, viruses,
and protozoan parasites [33]. Phospholipases [34] and the antimicrobial peptides -
defensin-1, B-defensin-2, and LL-37 can kill C. parvum [35]. Part of the TLR signal
response by epithelial cells includes the release of LL-37 and 3-defensin-2, and these
antimicrobial peptides bind to free C. parvum to directly enact their effects [27]. LL-37
and a-defensin-2 are increased in response to the rise in the inflammasome product, IL-

18, in human cell lines [29]. However, C. parvum influences epithelial cells by inhibiting



the production of other antimicrobial peptides including B-defensin-1 by an undiscovered

mechanism [36], and CCL20 by a C. parvum-induced rise in miR21 [37].

C. parvum infection is restricted to a parasitophorous vacuole on the apical side
of the intestinal epithelium, therefore chemokine and cytokine release from infected
epithelial cells is critical in the recruitment of specialized immune cells that facilitate
parasite clearance [38]. Activation of TLRs by C. parvum induces the NF-kB signaling
pathway causing the basolateral release of Growth Regulated Oncogene-a (GRO-a)
[25] and CXCLS8, which are key neutrophil chemoattractant molecules [39]. Additionally,
in the neonatal mouse model, several chemokines including CCL2, CCL5, CXCL10, and
CXCLS9 are released, which recruit various immune cells to the infection site [40-42].
Chemokine-induced immune cell recruitment is critical in the response to C. parvum, as
evidenced by the increased susceptibility to infection of mice deficient in chemokine

receptors, even in spite of redundancy in immune cell recruitment processes [42, 43].

Another defense against intracellular pathogens is apoptosis of the host cell, and
infection by C. parvum initiates apoptosis of infected and surrounding epithelial cells
through Fas and Fas-L interactions [44]. However, within hours post-infection, C.
parvum in one life stage, the trophozoite, inhibits apoptosis, likely to facilitate growth
within the host cell, by inducing the production of anti-apoptotic factors BCL-2 [45],
survivin [46], and osteoprotegerin [47, 48]. Later in infection, in a different part of the C.
parvum life cycle known as the sporozoite and merozoite life stages, inhibition is

removed and apoptosis of the host cell is promoted [45, 46].

Interferons (IENSs) are an essential component to the host response to C.

parvum. The importance of IFN-y is shown by an increased susceptibility to C. parvum
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infection in IFN-y”- mice [41, 49] and wild-type neonate mice treated with anti-IFN-y-
antibodies [50]. Adult mice with a disrupted IFN-y gene shed more parasites,
experience extensive damage to the intestinal mucosa, and die within weeks of infection
[51]. Severe combined immunodeficiency (SCID) mice, which are deficientin T and B
cells, experience reduced C. parvum infection compared to SCID IFN-y’- mice, showing
that protective IFN-y during C. parvum infection is derived, at least in part, from non-T or
B cells [52]. In addition to increased IFN-y, in vivo piglet infection and in vitro
experiments show that intestinal epithelial cells secrete abundant IFN-A3 (a type-IIl IFN)
independently of specialized immune cells [53]. Historically, type Il IFNs have been
associated with local epithelial defense from viruses [54]. More recently, IFN-A was
shown to mediate the gut epithelium defense against non-viral pathogens via TLRs [55].
Neutralization of IFN-A3 leads to increased villus blunting and fecal shedding of infective
C. parvum in neonate mice, and when intestinal epithelial cells are primed with
recombinant IFN-A3 they show reduced barrier disruption and increased cellular

defense against C. parvum [53].

Specialized Immune Cells

Natural killer (NK) cells contribute to the innate immune response to C. parvum

through IFN-y production and cytolysis of infected epithelial cells. In vivo, treating
immunocompetent or immunodeficient mice with the NK cell activator, IL-12, leads to a
protective effect against C. parvum associated with a concomitant rise in intestinal IFN-y
[56]; in vitro, human NK cells lyse infected intestinal epithelial cells in response to IL-15
and presentation of MHC class I-related protein A and B [57]. Mice lacking NK cells

experience increased severity of infection and excrete more oocysts compared to mice



with NK cells, but when treated with anti-IFN-y antibodies the infection of NK positive
mice was heavily exacerbated, thus implying a protective role of NK cells that is
connected to IFN-y [58]. Despite the increased morbidity in mice without NK cells, they
produced IFN-y after infection, meaning that NK cells are one, but not the only source of
IFN-y in response to C. parvum. The number of NK cells localized in the gut is
increased within days following C. parvum exposure in lambs [59]. Activation of the NK
cell receptor, NKG2D, is involved in NK cell-mediated protection, via its ligand, MICA,
which is upregulated in the intestinal epithelium of infected humans [57]. The role that
other innate-like lymphocytes play during C. parvum infection is poorly understood and

future investigations are warranted.

Dendritic cells (DCs) exposed to C. parvum secrete numerous cytokines

including IL-6, IL-1pB, IL-12, IL-18, TNFa, and type | interferons via TLR4 receptor
activation [60-62]. DCs also capture C. parvum antigens in the gut mucosa and migrate
to draining lymph nodes where they present these antigens and facilitate the adaptive
immune response [40, 62]. DCs may acquire such antigens by directly capturing luminal
organisms or phagocytizing apoptotic infected epithelial cells [63]. Macrophages may
further engulf free C. parvum and transfer the parasite to DCs for migration [64]. One
hypothesis for the increased infection susceptibility of neonatal mice compared to adults
is that neonates have fewer intestinal DCs, and injecting neonates with FIt3L — which
induces DC differentiation from progenitor cells — increases the number of DCs as well
as resistance to infection [42]. Furthermore, adult mice devoid of DCs are more
susceptible to infection and excrete more parasites, and adoptive transfer of DCs pre-

exposed to C. parvum reduces the parasite load [65].



Macrophages develop from the same bone marrow precursor cells as DCs and

are found in most organ systems and epithelial barriers, including the gut [66, 67].
Following C. parvum infection in neonatal mice, macrophages accumulate in the lamina
propria [68] and are associated with intact and digested parasites in Payer’s patches in
guinea pigs [64]. Macrophages’ contribution to C. parvum clearance appears to be
primarily as a secondary source of IFN-y. Infected Rag2y.” mice, which lack T and B
lymphocytes and NK cells, still produce IFN-y, suggesting an IFN-y source alternative to
T cells and NK cells [58]. When treated with clodronate-liposomes to deplete
macrophages, the mice were less resistant to C. parvum and could not produce IFN-y
[58]. IFN-y production by macrophages is promoted by IL-18 when Rag2”yc’ mice are
infected by C. parvum [69], and IFN-y”- mice have fewer macrophages and T cells

recruited to the gut accompanying an inability to recover from infection [41].

Neutrophils infiltrate the intestinal mucosa during C. parvum infection [70], and
preventing mucosal recruitment of neutrophils increases C. parvum-related barrier
dysfunction as measured by transepithelial electrical resistance [71]. Inhibiting
neutrophil recruitment does not influence mortality or infection severity, nor does it affect
C. parvum-mediated villous atrophy and diarrhea [71]. With no influence on mortality or
infection severity, it does not appear that neutrophils are directly protective in the

context of C. parvum.

As research models advance, the multi-dimensional innate immune response
grows more complex but better understood (Fig. 1). However, questions regarding the
relevancy of these data to the natural hosts of C. parvum remain, provided the use of

models that do not fully recapitulate the environment of human or ruminant intestines.
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New biotechnological advances, such as the development of bovine and human
organoids, may provide the models necessary to confirm what is currently inferred

about the innate immune response to C. parvum in these hosts.

Cryptosporidium Research Models

The potential to fully understand C. parvum’s pathogenesis and develop
therapeutics is dependent on the models used to research the host-pathogen
interactions it induces within its natural and clinically relevant hosts (i.e. human and
cattle). Traditional in vitro C. parvum infection models can only be maintained for
several days at a time and do not fully recapitulate native intestinal tissue, and In vivo
mouse models are sub-optimal, as mice are not a natural host of C. parvum. Innovative

models and advancing technologies are necessary to advance this field.

In vivo Models: In vivo animal models are foundational to host-pathogen

interaction research, but the nature of C. parvum complicates the application of
traditional animal models. The natural and clinically relevant hosts for C. parvum are
humans and ruminants; mice can sustain C. parvum infection but only when severely
immunocompromised [72-74]. Given that humans and ruminants are the primary natural
hosts, calves, lambs, and non-human primates have been used to investigate
cryptosporidiosis in naturally infected species [75]. However, housing and maintaining
large animal species requires significant funds and specialized facilities, equipment, and
training. Moreover, many of the genetic and molecular research tools that are available

for mice models are not available for large animal models such as cows or sheep.



Adult mice, a preferred animal model in terms of costs and availably of reagents,
are resistant to C. parvum but are susceptible to infection by the related species, C.
muris; however, C. muris differs from C. parvum in phylogeny, biochemical nature of
infection, and infection site (C. muris infects the stomach mucosa) [76]. Mice can
become susceptible to C. parvum through chemical or genetic immunosuppression,
such as the previously discussed SCID [73], IFN-y”-[72], and Rag2”- mice, which, in
addition to neonate mice, have provided established murine platforms for C. parvum
research [74]. Unfortunately, mouse models have limited translatability for natural hosts
such as humans and cattle. This has been elucidated through bovine-specific
responses to C. parvum that are absent in mice, such as differences in NK cell receptor
activation [77], recruitment of yd T cells [78], and developed resistance in adulthood
[76]. More recently, C. tyzzeri was identified as a natural mouse pathogen that mirrors

aspects of C. parvum’s pathogenesis and host response in mice [76].

In vitro Models: The allure of primary intestinal epithelium cells lies in the

morphological and species-specific accuracy compared to immortalized cell lines.
Primary human [79] and bovine intestinal epithelial cells have been successfully
infected with C. parvum [80]. Unfortunately, primary intestinal cells have limitations

involving their availability, obsoletion, and difficulty in long-term propagation [81].

Most in vitro models for C. parvum host-pathogen interaction research include
cancer-derived transformed or immortalized human cell lines including HCT-8, Caco-2,
and HT29 cells, which are all derived from colorectal adenocarcinomas [82]. Other non-
colorectal cancer cell lines have also been used: RL95-2 (human endometrial

carcinoma) [83], Madin-Darby bovine kidney cells [84], MRC-5 (lung fibroblast) [85],
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FHs 74 Int cells (non-cancer, immortalized human small intestinal epithelium) [81], and
BS-C-1 (African green monkey kidney) cells [86]. None of these lines maintained
infection longer than six days except for HT29 cells, which could maintain infection for
thirteen days but only for the asexual life stages of C. parvum. One non-intestinal cell
line, COLO-680N, is human esophageal squamous carcinoma-derived and can
propagate infective parasites continually for eight weeks, but applications to host-
pathogen interaction are questionable given that the esophagus is not the natural niche

for C. parvum [87].

Early attempts to utilize three-dimensional structures for C. parvum research
involved low-shear microgravity cultures where HCT-8 cells seeded onto submucosa
grafts formed structures that maintained C. parvum infection; however, parasites
decreased after 48 hours [88]. Later, a hollow fiber bioreactor system was used to infect
three-dimensional HCT-8 cell structures for over six months, which is far longer than
two-dimensional HCT-8 infection, while producing significantly more oocysts/day/mL
[89]. Silk fiber scaffolding has also been utilized to induce three-dimensional culture of

Caco-2 and HT29 cells, maintaining infection for two weeks [90].

While these cell lines are useful tools, they are susceptible to genetic variation,
most cannot maintain all phases of the C. parvum life cycle, and most cannot maintain
and propagate C. parvum infection for extended periods of time [91]. This, in addition to
the fact that these cell lines do not recapitulate the native intestinal epithelial tissue of C.

parvum hosts, encourages the search for increasingly accurate models of study.

Enteroids: Intestinal organoids (aka enteroids) circumvent shortcomings

exhibited by cell lines and primary epithelial cells while also introducing a three-

11



dimensional culture model. Enteroids are composed of a polarized single layer of
epithelium with crypt and villus domains containing the various intestinal epithelial cells
such as stem cells, enterocytes, enteroendocrine cells, goblet cells, etc., thus
recapitulating the microanatomy and functionality of native intestinal epithelial tissue

(Fig. 2) [92].

Stem cell-derived organoids allow long-term three-dimensional culture while
maintaining the morphological relevance of native tissue. Isolated crypts from neonatal
and immunocompromised mice were exposed to C. parvum upon plating, resulting in
inhibited organoid propagation and budding, decreased expression of intestinal stem
cell markers, and increased cell senescence [93]. In another study, human enteroids
were infected with C. parvum by microinjection and the parasite was able to complete
its entire life cycle within these organoids [94]. Though bovine enteroids have been

described, they have not yet been used to study C. parvum infection [95-97].

Organoid technology for C. parvum research is in its relative infancy, but the
benefits of the culture model are enticing and allow questions that were not possible to

investigate with previous models.

Discussion

C. parvum is a parasite of international clinical importance across human and
animal healthcare. Because of its high infectivity, resistance to water treatment, and the
danger it poses to immunocompromised individuals, understanding the responses it
induces in its host is a high priority endeavor to allow the creation of effective

preventative measures and therapies. The innate immune response is multifaceted and

12



involves the intestinal epithelium, innate immune cells, and a complex interplay of
cytokine signaling. To discover this, various models have been utilized. These include
natural host species such as calves as well as more specialized models like
immunocompromised mice, and in vitro models such as primary cell explants and
immortalized cell lines. A relatively recent shift to three-dimensional cultures and the
expanding use of organoids opens new avenues to study the parasite and its host-

pathogen interaction.

As research in the field continues, attention must be brought to handling C.
parvum from a ‘One Health’ perspective. New models must increase the relevant
understanding of the parasite in bovine and human hosts and drive the discovery of
innate mechanisms of resistance that can be utilized for management. Improved
knowledge of the innate defenses against C. parvum in both ruminant and human hosts
will hopefully lead to treatments to augment host natural innate defense and act as
transient preventative measures to reduce environmental transmission of C. parvum

between and within host species.
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Figure 1. Innate Immune Response to C. parvum. A) C. parvum inhibits the release of
the antimicrobial peptides B-defensin-1 and CCL20. B) Activation of TLR receptors by
C. parvum leads to the luminal secretion of antimicrobial peptides 3-defensin-2 and LL-
37 as well as the basolateral secretion of IL-8, TNFa, and GROa. C) Inflammasome
activation by C. parvum leads to the basolateral release of IL-18, which causes the
luminal secretion of a -defensin-2 and LL-37. D) C. parvum-mediated presentation of
MICA and MICB lead to cytolysis of infected epithelial cells by NK cells. NK cells and
macrophages both act as sources of IFN-y during infection. E) C. parvum trophozoites
stimulate apoptosis, but merozoites inhibit apoptosis, mediated through survivin,
osteoprotegerin, and BCL2. F) In response to C. parvum, intestinal epithelial cells
release numerous chemokines and cytokines including CCL2, CCL5, CXCL9, CXCL10,
and IFN-A3. G) DCs respond to C. parvum by releasing IL-6, IL-13, IL-12, IL-18, TNFa,
and type | interferons. They can also migrate to lymph nodes following parasite
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exposure. Abbreviation used: Interferon (IFN), Interleukin (IL-), Tumor Necrosis Factor
(TNF), C-C Chemokine Ligand (CCL), C-X-C Chemokine Ligand (CXCL), Growth
Regulated Oncogene (GRO), Toll-Like Receptor (TLR), Nod-Like Receptor (NLR),
MicroRNA 21 (miR21), Nuclear Factor (NF), Cathelicidin (LL-37), Major
Histocompatibility Complex Class | Chain-Related Protein (MIC), B-Cell Lymphoma 2-
Apoptosis Regulator (BCL2), Natural Killer Cell (NKC)
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Figure 2. Intestinal Organoids. A) graphical representation of an intestinal organoid.
The inside of the organoid corresponds to the luminal side, and the outside of the
organoid corresponds to the basolateral side. Blue: intestinal stem cells, Red: Paneth
cells, Tan: enterocytes, Green: goblet cells, Yellow: enteroendocrine cells. B) Bovine
intestinal organoid 6 days post-plating. Numerous folds and budding structures are
noted, indicating crypt and villi-like domains. C) Sectioned ovine intestinal organoid
illustrating nuclei (DAPI), apical junctional protein ZO-1 (green), and chromogranin-A
(red) indicating enteroendocrine cell differentiation.
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Chapter 2: The Effects of Inflammation and Diabetes
on Intestinal Epithelial Barrier Function

Charles K. Crawford, Amir Kol
Abstract

The intestinal epithelium is a monolayer of epithelial cells that comprises a major
component of the intestinal barrier which separates the gut lumen from sterile internal
tissues. These cells are adjoined by tight junctions, which are protein complexes that
regulate paracellular transport of molecules across the barrier. Dysfunction of the
intestinal epithelial barrier can increase permeability of the barrier and increase the risk
of systemic infection. Both inflammation and Diabetes mellitus (DM) are associated with
dysfunction of the intestinal barrier. Inflammatory cytokines negatively influence the
intestinal epithelial barrier by increasing permeability and altering the morphology and
expression of tight junction proteins, as well as inducing cellular death. The expression
of myosin light chain kinase (MLCK) and subsequent phosphorylation of the MLCK
target, myosin light chain (MLC), is highly associated with inflammation-induced
dysfunction of the barrier and is a likely causative mechanism. DM, which can often be
accompanied by inflammation, is also shown to increase permeability of the intestinal
epithelial barrier and alter tight junction expression. Works to isolate the effects of
glucose from inflammation have shown that luminal glucose directly induces dysfunction
of the intestinal epithelial barrier and increases actomyosin tension. Altogether, both
inflammation and DM reduce the function of the intestinal epithelial barrier, though the
specific mechanisms separating the effects of inflammation and DM, specifically, are not

yet fully elucidated.
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Intestinal Epithelial Barrier Function

The intestines form a barrier that separates the intestinal lumen from the internal
compartments of the body [1, 2]. The barrier consists of a layer of mucus that covers a
monolayer of epithelial tissue, followed by the lamina propria, a layer of connective
tissue that houses immune cells [3]. The epithelial portion of the barrier consists of a
single layer of epithelial cells that form a polarized monolayer with the apical portion
facing the lumen and the basolateral portion facing internal tissues [2]. the epithelium is
folded to form protruding villi and concave crypts [2]. Adult intestinal stem cells reside in
the crypts and undergo proliferation causing upward migration of cells [4]. As cells
migrate toward the villus tip, they differentiate into specialized epithelial cells including
enterocytes that are responsible for nutrient absorption and brush border enzyme
production, enteroendocrine cells that synthesize and release gut hormones, and goblet
cells that secrete mucus [2]. This intestinal epithelium is semipermeable and allows the
uptake of nutrients, electrolytes, and water, while preventing the entry of intraluminal
pathogens [5-9]. Movement of substances across the epithelium involves transcellular
transport via selective transporter proteins or paracellular transport in between epithelial
cells [6-8, 10].

Cells of the intestinal epithelium are adjoined by a series of protein complexes
including desmosomes, adherens junctions, and tight junctions [11]. Desmosomes and
adherens junctions are more basolateral than tight junctions; they are linked to
intracellular cytoskeletal filaments and their primary function in the intestinal epithelium
is to maintain cell to cell adhesion [12-15]. Tight junctions are the most apical of the

protein complexes and they form a ring around the apical border connecting adjacent
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epithelial cells [11]. They are comprised of the transmembrane proteins occludin,
claudins, junctional adhesion molecules, and tricellulin, and are connected to
cytoskeletal fibers by zonula occludens proteins including ZO-1, ZO-2, and ZO-3 [16-
18]. Tight junctions are the primary regulators of paracellular transport and permeability,
as mediated through interactions with cytoskeletal structures [19].

The intestinal epithelium plays a key role in regulating intestinal homeostasis.
Dysfunction of this epithelial barrier can lead to increased intestinal permeability and
increased risk of infection and paracellular movement of pathogens or pathogen
products and toxins into the systemic circulation [20]. Intestinal barrier dysfunction is
associated with numerous systemic and intestinal pathologies including Celiac disease,
ulcerative colitis, obesity, and diabetes [21-28]. In these diseases it is not fully
determined if barrier dysfunction plays a causative role in pathology, is a consequence
of the primary disease, or both in a positive feedback loop [29]. Damage to this barrier
can come from a multitude of factors including diet, genetic susceptibility, pathogens,
stress, and drugs [29]. Two factors that contribute to barrier dysfunction include

inflammation and hyperglycemia [30, 31], and will be further reviewed.

The Effects of Inflammation on Intestinal Epithelial Barrier

Function

The inflammatory response is a defense mechanism resulting from the immune
system responding to a harmful stimulus [32, 33]. It involves the activation of immune
signaling pathways in immune cells and tissue resident cells and is induced by pro-

inflammatory cytokines including interleukins (ILs), tumor necrosis factors (TNFs),
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interferons (IFNs), transforming growth factors (TGFs), and chemokines [34, 35].
Excessive and chronic production of pro-inflammatory cytokines can induce damage to
tissues, organ failure, and even death [36, 37]. Chronic intestinal inflammation and
systemic inflammation are associated with intestinal barrier dysfunction [38-49].

The mechanisms by which inflammation induces intestinal barrier dysfunction are
multifactorial. Intestinal cell line monolayers (CACO-2) and intestinal organoids treated
with the pro-inflammatory cytokine TNFa, which is primarily produced by monocytes and
macrophages [50], display an increased permeability, altered tight junctional
morphology as shown through tight junction tortuosity, and reduced tight junction protein
expression [51-55]. Intestinal organoids and organoid-derived monolayers exposed to
TNFa also show an increase in programmed cell death (apoptosis and necroptosis) [52,
53]. Additionally, exposure of CACO-2 cells and intestinal organoids to TNFa increases
the expression of Myosin Light Chain Kinase (MLCK) and phosphorylation of the MLCK
target, Myosin Light Chain (MLC) [53, 56, 57]. Transgenic upregulation of MLCK
increases intestinal permeability in mice [58]. Increased activation of MLCK is known to
induce perijunctional myosin Il motor activity resulting in actomyosin cytoskeletal
contractility which physically induces tight junctional disassembly, resulting in epithelial
barrier dysfunction [57, 59-64]. Interleukin 6 (IL-6), another pro-inflammatory cytokine
produced by monocytes and macrophages, induced a decrease in the expression of
occludin and claudin-1 in intestinal organoids and CACO-2 cells [65, 66]. Intestinal
organoids and CACO-2 cells treated with IFNy, a pro-inflammatory cytokine produced
by adaptive immune cells, also displayed increased barrier permeability and reduced

levels of ZO-1 and occludin [59, 67-69]. IFNy also induces apoptosis in intestinal
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epithelial cell lines (HT-29 and CACO-2) [70]. Inhibition of TNFa and IFNy in intestinal
epithelial cell lines (T84 and CACO-2) reduces MLC phosphorylation and restores
barrier function [57]. Thus, the pro-inflammatory cytokines appear to reduce intestinal
barrier function through several mechanisms including the alteration of tight junction
function via cytoskeletal contraction and reduced tight junction protein expression, as
well as an increase in epithelial cell death.

Anti-inflammatory cytokines may counter the negative effects of pro-inflammatory
cytokines on the barrier function of the intestinal epithelium. Interleukin 10 (IL-10) is an
anti-inflammatory cytokine produced by monocytes and some lymphocytes [71]. IL-10
exposure opposes the effects of IFNy and prevents IFNy-induced barrier dysfunction in
T84 epithelial monolayers [72-74]. While this suggests that IL-10 may inhibit the effects
of IFNy, it is not clear if anti-inflammatory cytokines improve intestinal barrier function
independently of the pro-inflammatory-induced reduction in function.

Taken together, the inflammatory response exposes the intestinal epithelial
barrier to numerous inflammatory cytokines that induce alterations of tight junction
morphology, reduction in the expression of tight junction proteins, activation of MLCK,

and increased cell death, ultimately resulting in dysfunction of the intestinal barrier.

The Effects of Diabetes on Intestinal Epithelial Barrier

Function

Diabetes mellitus (DM) is a metabolic disease defined by compromised glucose
regulation and persistent hyperglycemia; it influences many organ systems across the

body [75]. DM is associated with dysfunction of the intestinal epithelial barrier in the
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form of increased permeability, though the specific mechanisms are multifactorial and
not well understood [21, 27, 76, 77]. Obesity, which is commonly associated with DM,
can result in chronic systemic inflammation with elevated levels of inflammatory
cytokines such as TNFa and IFNy [78-81]. Additionally, enteric neurons are susceptible
to damage by inflammation, hyperglycemia, vascular impairment, and oxidative stress
during diabetes, resulting in altered neuronal signaling to intestinal tissue contributing to
diabetic enteropathy [82-86]. Altogether, the multitude of factors contributing to DM-
induced intestinal barrier dysfunction make it less clear what direct effect hyperglycemia
may have on the intestinal epithelial barrier and its role in DM-induced barrier
dysfunction.

The effects of hyperglycemia on the intestinal barrier are difficult to parse from
other contributing factors on barrier dysfunction in DM and have been studied in diabetic
and hyperglycemic models. Mice induced with diabetes by streptozotocin, a compound
that is toxic to the insulin-producing cells of the pancreas [87], have increased intestinal
permeability and a reduction in immunoreactivity for the adherens junction protein, E-
Cadherin [31]. A high-carbohydrate diet was shown to induce intestinal barrier
dysfunction and reduce protein expression of tight junction proteins ZO-1 and occludin,
but this was seen in conjunction with an increase in pro-inflammatory cytokines [88].
Glucose-fed mice displayed an increase in paracellular permeability and both glucose or
fructose-fed mice showed an increase in intestinal MLCK levels, although this was
accompanied by an increase in TNFa and IFNy [89]. These data demonstrate that
increasing dietary simple sugars can alter intestinal permeability, but the concomitant

increase in inflammatory cytokines makes it difficult to interpret this as a primary effect.
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However, some strides have been made in models that allow the isolation of the effects
of glucose. Exposure to glucose on the luminal side induces an expansion of lateral
intercellular spaces observed via electron microscopy, described as ‘tight junctional
dilation’, in isolated segments of hamster small intestine that increase paracellular
transport of a heme-conjugated peptide tracer, increase actomyosin ring tension, and
additionally increase clearance of solutes in rat intestines [90-92]. Mucosal glucose
exposure in Ussing chambers showed that tight junction dilation is triggered by
activation of sodium/glucose transporters [93]. Intestinal epithelial cell lines have been
used to further examine the mechanisms behind glucose-induced alterations of
intestinal permeability; apical exposure of glucose to CACO-2 cells induces an increase
in the tortuosity of tight junctions [31, 94]. These studies show an effect of high glucose
concentration on the intestinal barrier when exposed via the luminal side, however,
these models do not accurately depict the effects of hyperglycemia on intestinal barrier
function; in diabetic patients it is the basolateral side of the epithelial cells that are
exposed to high glucose concentrations. Deletion of GLUT2 transporters or inhibition of
glucose metabolism in hyperglycemic mice was found to repair function of the intestinal
epithelial barrier by reducing pathogen entry through the intestines, implying a
mechanistic dependence of GLUT2-dependent retrograde transport of glucose into
epithelial cells and the metabolism of glucose in hyperglycemia [31]. More work is
needed to fully elucidate the mechanisms driving the effects of hyperglycemia-induced

intestinal barrier dysfunction.
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Conclusions

Both inflammation and hyperglycemia influence the function of the intestinal
epithelial barrier. Inflammatory cytokines and glucose exposure increase paracellular
permeability and alter the morphology and function of tight junctions. Some models of
diabetes do display reduced expression of tight junction proteins, and increased
expression of MLCK, however these in-vivo models do not necessarily separate the
effects of glucose from the effects of DM-associated inflammation. The molecular
mechanisms driving inflammation-induced barrier dysfunction have been further
investigated and cytoskeletal alterations appear to be a driving factor, which is also
seen in some models of DM but not those that isolate hyperglycemia from inflammation.

Acquiring a comprehensive understanding of the factors that influence the
intestinal epithelial barrier in both inflammatory diseases and DM and the causative
mechanisms behind these driving forces may provide the necessary tools to combat the
barrier dysfunction associated with these pathologies and provide symptomatic relief to

patients across the world.
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Figures

Table 1. The effects of inflammation on intestinal epithelial barrier function

junction proteins via
non-myosin || motor
activity

Model Insult Effect on the References
Intestinal Barrier
CACO-2 cell line & TNFa exposure tPermeability 51-57
Intestinal organoids 1Tight junction
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1 Tight junction
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TMLCK expression
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phosphorylation
Intestinal organoids & | TNFa exposure TProgrammed cell 52,53
Organoid-derived death
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CACO-2 cell line & IFNy exposure tPermeability 59,67-69
Intestinal organoids | Tight junction
protein expression
CACO-2 & HT-29 cell | IFNy exposure tApoptosis 70
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lines IFNy phosphorylation
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and permeability
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Intestinal organoids protein expression
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Prevention of TNFa &
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Table 2. The effects of diabetes on intestinal epithelial barrier function

Model

Insult

Effect on the
Intestinal Barrier

References

Mice

Diabetes induction
(STZ)

TIntestinal
permeability
lAdherens junction
protein
immunoreactivity

31

Mice

High-carbohydrate
diet

| Tight junction
protein expression
tIntestinal
permeability
tInflammation

88

Mice

15% glucose in
drinking water

TIntestinal
permeability
TMLCK expression
1TNFa & IFNy

89

Rats

Recirculated glucose
perfusion in intestinal
lumen

tParacellular
permeability (directly
proportional to
glucose
concentration)

92

Isolated segments of
hamster intestine

Glucose infusion

ITEER

Expansion of lateral
intracellular spaces
Tight junction dilation
tactomyosin ring
tension

tParacellular
permeability

90,91

CACO-2 cell line

Apical glucose
exposure

1Tight junction
tortuosity

31,94

Mice

Diabetes induction
(STZ) & GLUT2
deletion

GLUT2 deletion
prevented glucose-
induced | Tight
junction
immunoreactivity,
Tpermeability

31
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Chapter 3: Inflammatory Cytokines Directly Disrupt
the Bovine Intestinal Epithelial Barrier
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Abstract

The small intestinal mucosa constitutes a physical barrier separating the gut lumen from
sterile internal tissues. Junctional complexes between cells regulate transport across
the barrier, preventing water loss and the entry of noxious molecules or pathogens.
Inflammatory diseases in cattle disrupt this barrier; nonetheless, mechanisms of barrier
disruption in cattle are poorly understood. We investigated the direct effects of three
inflammatory cytokines, TNFa, IFNy, and IL-18, on the bovine intestinal barrier utilizing
intestinal organoids. Flux of fluorescein isothiocyanate (FITC)-labeled dextran was used
to investigate barrier permeability. Immunocytochemistry and transmission electron
microscopy were used to investigate junctional morphology, specifically tortuosity and
length/width, respectively. Immunocytochemistry and flow cytometry were used to
investigate cellular turnover via proliferation and apoptosis. Our study shows that 24-
hour cytokine treatment with TNFa or IFNy significantly increased dextran permeability
and tight junctional tortuosity, and reduced cellular proliferation. TNFa reduced the
percentage of G2/M phase cells, and IFNy treatment increased cell apoptotic rate. IL-18
did not directly induce significant changes to barrier permeability or cellular turnover.
Our study concludes that the inflammatory cytokines, TNFa and IFNy, directly induce
intestinal epithelial barrier dysfunction and alter the tight junctional morphology and rate

of cellular turnover in bovine intestinal epithelial cells.
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Introduction

The gastrointestinal (Gl) tract comprises an extensive interface between an
organism’s internal and external environments; it is responsible for various functions
including nutrient digestion and absorption, hormone production, and it plays a primary
role as a physical barrier between the luminal content of the Gl tract and internal, sterile,
tissues [1]. As a selective barrier with a primary goal of facilitating nutrient and water
absorption, the Gl tract must also prevent the entry of harmful substances/organisms,
while also preventing the loss of water and beneficial solutes (ions, macromolecules
etc.) [2]. The integrity of this barrier and the resulting permeability is influenced by
numerous factors, one of note being inflammation. Human patients with varied
inflammatory diseases such as eczema, psoriasis, pulmonary sarcoidosis, pancreatitis,
and shock were found to have intestinal barrier disruption shown by differential sugar or
51Cr-EDTA absorption tests [3-6]. These clinical observations are supported by
experimental data in mice [7, 8] and in human cell lines [9-12] that indicate a direct role
of inflammatory cytokines in intestinal barrier dysfunction. Systemic inflammation
commonly affects cattle in modern dairy operations, and inflammatory diseases such as
metritis, ruminitis, and mastitis as well as metabolic diseases, such as ketosis,
negatively influence the health and wellbeing of the animals and result in reduced milk
output, weight gain, reproduction, and survivorship [13-16]. Furthermore, there is a
monetary cost of potentially up to $500 per affected animal including veterinary, labor,
and reduced production costs [14]. Inflammatory diseases and other inflammatory
stressors in cattle, such as heat stress and reduced feeding, coincide with disruption to

the intestinal barrier [17-21]. While there is extensive focus on the inflammation caused
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by these diseases, it is not fully understood if the concomitant systemic inflammation
induces intestinal barrier dysfunction in these cattle — a potentially underappreciated
consequence that may be addressed to improve the livelihood and production of these

agricultural animals.

The intestinal mucosa contains a continuous monolayer of specialized columnar
epithelial cells that form a critical component of the barrier [22]. A pool of intestinal stem
cells in the intestinal crypts proliferates and differentiates into specialized cell types to
maintain the barrier as older cells slough off into the intestinal lumen [23]. The integrity
of the epithelial cell surface is maintained by the junctional complexes, tight junctions,
adherens junctions, and desmosomes which altogether regulate paracellular
permeability [24]. Adherens junctions and desmosomes are more basolateral than tight
junctions and form adhesive bonds that maintain the epithelial layer [25]. Tight junctions
seal the intercellular space and are the most apical of the complexes; they contain the
transmembrane proteins claudins and occludins, as well as regulatory proteins and the
peripheral membrane proteins zonula occludens-1 (ZO-1) and zonula occludens-2 (ZO-

2) [25].

The mechanisms by which systemic inflammation may induce disruption of the
intestinal barrier are multifaceted but not well understood in cattle. We have chosen to
investigate the direct effects of three prototypical pro-inflammatory cytokines that are
synthesized by three different cellular sources: epithelial cells (Interleukin-18), innate
immune cells (tumor necrosis factor-a), and adaptive immune cells (interferon-y) [26-

28]. Interleukin-18 (IL-18) is produced by epithelial cells following inflammasome
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activation [29] and induces the production of tumor necrosis factor-a (TNFa) and
interferon-y (IFNy) in specialized immune cells [30]. It also acts as an
autocrine/paracrine signal influencing intestinal goblet cell development, and inhibition
of IL-18 signaling reduces mucus production and induces resultant mucosal damage in
mice [31]. TNFa is a potent pro-inflammatory cytokine primarily produced by activated
monocytes and macrophages [28]. IFNy is produced by T lymphocytes and other
specialized immune cells to aid in the adaptive immune response, especially in
response to viral infection [27]. High levels of plasma TNFa and/or IFNy have been
recorded in multiple bovine inflammatory disorders such as metritis and rumenitis [15,
32-35]. In in vitro epithelial monolayers — Caco2 and T84 human cell lines — treatment
with TNFa and/or IFNy disrupts the epithelial barrier as measured by transepithelial
electrical resistance, bacterial translocation, or molecular flux [9-12]. Coinciding with the
increased epithelial permeability, treatment with these two cytokines also altered the
integrity and morphology of tight junction proteins [9, 10]. Altogether, these three
cytokines are tightly linked during the inflammatory process in vivo, and we utilized
isolated in vitro treatments to determine their individual effects and contributions to

inflammation-induced barrier disruption in the bovine gut.

We hypothesized that inflammatory cytokines directly disrupt the bovine intestinal
barrier by altering tight junction structure and cell cycle. To further investigate these
direct effects of inflammatory cytokines on intestinal barrier permeability in cattle, we
utilize intestinal organoids (enteroids) derived from primary intestinal tissue as a

relevant in vitro model [36]. We found that inflammatory cytokine treatment, specifically
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TNFa or IFNy, increases the barrier permeability, increases junctional tortuosity, and

disrupts epithelial cell cycle in bovine enteroids.

Materials and Methods

Animals and Enteroid Generation: Tissue samples were obtained from cows

according to a protocol approved by the Institutional Animal Care and Use Committee
(IACUC) at UC Dauvis (protocol #21553). Tissues were collected from animals sacrificed
for a separate study (IACUC protocol #21553) in accordance with American Veterinary
Medical Association guidelines for the human slaughter of animals. No experiments in
this study were conducted on live animals. Approximately 10cm-long segments of
jejunum and ileum were harvested from cows immediately post-mortem and placed in
cold PBS with 25ug/mL gentamicin (Thermo Fisher) and 100U/mL
penicillin/streptomycin (Gibco) and processed as previously described, with slight
modifications described as follows [37, 38]. The intestine was cut longitudinally and
washed in PBS with gentamicin and penicillin/streptomycin. The mucosa was separated
with a glass slide, minced with scissors, and placed into a 50mL Falcon tube with cold
PBS, gentamicin, and penicillin/streptomycin. The tube was shaken, and tissue
fragments were allowed to settle before the supernatant was removed. This process
was repeated until the supernatant was clear. Tubes were then centrifuged for 2
minutes at 200g, the supernatant was removed, and tissue was placed in a new 50mL
Falcon tube in 0.8mM EDTA solution and incubated for 30 minutes at 4°C with agitation
to liberate intestinal crypts. After incubation, the tube was vigorously shaken, then
centrifuged for 2 mins at 400g. Supernatant was discarded, and the pellet was

reconstituted in 25mL of PBS, gentamicin, and penicillin/streptomycin. The tube was

44



shaken, allowed to settle, and supernatant was passed through a 70um strainer into a
new collection tube. This step was repeated. Tubes were centrifuged for 3 mins at 100g,
supernatant was removed, and crypts were reconstituted in DMEM/F12 media
containing 1X B27 Supplement minus Vitamin A, 25ug/mL gentamicin, and 100U/mL
penicillin/streptomycin. Crypts were then counted via a hemocytometer. The appropriate
volume was extracted to plate 300 crypts per well. 20uL of crypt solution was combined
with 30puL of ice-cold Matrigel™ (Corning) per well. 50uL droplets were set in the center
of a well of a pre-warmed 24 well plate. These domes were incubated at 37°C for 10
mins. 700uL of Intesticult™ (Stemcell Technologies) growth media supplemented with
100U/mL penicillin/streptomycin, 25ug/mL gentamicin (only for primary culture), 2100mM
Y-27632 (Tocris Bioscience), and 3uM CHIR99021 (Tocris Bioscience) . Y-27632 and
CHIR99021 were used during initial organoid propagation and for the first 2-3 days after
each passage. Media was changed every 3 days and organoids passaged mechanically

every 7-10 days.

Cytokine Treatment: Enteroids were treated with 100ng/mL of recombinant bovine

TNFa (Invitrogen), IFNy (Thermo Scientific), or IL-18 (Kingfisher Biotech) in Intesticult
growth media on the fourth day following passage for a duration of 24 hours. Following
treatment, cytokine-treated growth media was removed, and organoids were prepared

for downstream analysis.

Immunofluorescence (IF): Organoids were cultured in 8-well chamber slides (Thermo
Scientific) for immunocytochemical staining. Media was removed and organoids were

fixed in 4% paraformaldehyde (PFA) for 20 minutes at room temperature. Afterwards,
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organoids were permeabilized in PBS containing 0.5% Triton X-100 for 20 minutes at
room temperature. Wells were washed in IF buffer (PBS containing 0.2% Triton X-10
and .05% Tween) and then blocked in IF buffer containing 1% BSA for 30 mins at room
temperature. After blocking, organoids were incubated in IF buffer containing 1% bovine
serum albumin (BSA) with primary antibodies overnight at 4°C. Organoids were then
washed in IF buffer, then incubated in blocking solution with secondary antibodies for 1
hour at room temperature. The following primary antibodies were used in this study: ZO-
1 (Z01-1A12, Invitrogen), Occludin (Polyclonal REF#71-1500, Invitrogen), Ki67 (SP6,
Invitrogen) and Cleaved Caspase-3 (D175, Cell Signaling). Organoids were washed,
then incubated in 0.1% DAPI in IF buffer for 10 mins at room temperature. The gasket
of the chamber slide was then removed, one drop of ProLong Gold antifade reagent
(Invitrogen) was placed into well sections, and the slide was covered with a coverslip
and allowed to cure for 24 hours before being placed in 4°C protected from light until

imaging.

FITC Dextran Permeability Assay: Enteroids cultured in 8-well chamber slides

were cultured in Intesticult growth media supplemented with 5ug/mL 4kDa or 70kDa
fluorescein isothiocyanate-dextran (FITC) for 1 hour, then washed in PBS and imaged
with a EVOS M5000 fluorescent microscope (Thermo Fisher), as modified from
previous whole-enteroid FITC dextran permeability experiments [39, 40]. FITC intensity
inside of the enteroids (three data points per enteroid) was measured and normalized to
FITC intensity outside of the enteroids (three data points averaged per enteroid) using

an image analysis software (ImageJ).
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Cell Cycle Analyses: Enteroids were dissociated into a single cell suspension using

TrypLE™ Express (Thermo Fisher) and a 40um cell strainer (Fisher Scientific). Cells
were fixed in 70% ethanol and stained with the Muse Cell Cycle Kit according to the
manufacturer’s instructions (Millipore, Hayward, CA). After staining, data was captured

with a Muse Cell Analyzer (Millipore, Hayward, CA).

Tortuosity Analysis: Following immunofluorescent staining for the tight junction

proteins, ZO-1 or Occludin, images were acquired using a TCS SP8 STED 3X confocal
microscope (Leica Microsystems). Images were then processed utilizing the image
analysis software (ImageJ) via a morphological segmentation plug-in, allowing for
tortuosity calculation: the ratio of segment length and the Euclidian distance between

the 2 points that define that given segment [41].

Electron Microscopy: Enteroids were gently removed from wells using a cell scraper

and cut P1000 micropipette tip and placed in Karnovsky’s fixative (3% glutaraldehyde
and 2% formaldehyde in 0.1M phosphate buffer, pH 7.4.; all reagents were obtained
from Electron Microscopy Sciences, Hatfield, PA, USA). Samples were submitted to the
California Animal Health & Food Safety Laboratory (Davis, CA) for transmission electron
microscopy processing, as previously described [42]. Briefly, organoids were postfixed
with 1% osmium tetroxide in 0.1M sodium cacodylate buffer and were dehydrated using
a 25%-100% ethyl alcohol gradient. Organoids were then infiltrated with 2:1 ethanol:
EMbed 812 resin for 1 hour and subsequently transferred to a 1:2 ethanol: EMbed 812
resin mixture for 1 hour. Organoids were further infiltrated with 100% resin and were

embedded and incubated at 58°C for 24 hours to polymerize the resin. Embedded
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samples were trimmed and sectioned on a Leica UC6 ultramicrotome (Leica
Microsystems, Vienna, Austria). Thin sections (60—70nm) were obtained and collected
on a 200 mesh Nickle grid (Electron Microscopy Sciences, Hatfield, PA, USA). Grids
were contrasted with 5% uranyl acetate for 20 minutes and Sato’s lead citrate for 6
minutes.All samples were visualized using a JEOL 1400 transmission electron
microscope (JEOL LTD, Tokyo, Japan). Images were obtained and analyzed using a
OneView camera system Model 1095, 16 megapixels with the Gatan Microscope Suite
(GMS3.0) (Gatan Inc, Pleasanton, CA, USA). Tight junctions were identified via

morphology, location, and electron density as described previously [43, 44].

Statistical Analysis: Experiments were conducted in three enteroid lines: C1, C2,

and C3. Data collected from 4kDa FITC imaging (N=2505), Ki67 staining (N=536), and
Cleaved Caspase-3 staining (N=653) for three different enteroid lines were nested and
analyzed via nested ANOVA (a=0.05) utilizing Holm- Sidak post hoc analysis. 70kDa
FITC (N=5409) data were acquired from experiments conducted on two enteroid lines
and analyzed via nested ANOVA (0=0.05) utilizing Holm- Sidak post hoc analysis. Data
from the 4kDa FITC positive control experiment (untreated n=120, EGTA n=180) were
analyzed via a one-tailed Mann-Whitney non-parametric test (0=0.05). Data from ZO-1
(N=3306) and Occludin (N=2562) tortuosity analysis for one enteroid line were analyzed
via Kruskal-Wallis non-parametric ANOVA (0=0.05) utilizing Dunn’s post hoc analysis.
Data from cell cycle analysis (N=72) from three enteroid lines were aggregated and
analyzed via two-way ANOVA (a0=0.05) utilizing Dunnet post hoc analysis. Values of
tight junction lengths (N=223) and widths (N=237) collected via electron microscopy for

two enteroid lines were aggregated and analyzed via Kruskal-Wallis non-parametric
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ANOVA (0=0.05) utilizing Dunn’s post hoc analysis. Every experiment was conducted at

least two times each.

Results

TNFa and IFNy treatment disrupts normal enteroid morphology

Our bovine enteroids replicate the native gut micro-anatomy and display crypt-
like domains with a central lumen (Fig 1A). Low magnification (Fig 1B) and high
magnification (Fig 1C) transmission electron microscopy (TEM) images of a bovine
enteroid show microvilli protruding from enteroid cells towards to enteroid lumen
confirming enterocyte cell identity. TEM further demonstrates apical tight junctions (Fig
1C). Z0O-1 staining (Fig 1D) and 3D image analysis further demonstrates the apical

positioning of the tight junctions (Fig 1E and F).

Bovine enteroids that were generated from 3 different cows, were treated with
the inflammatory cytokine TNFa, IFNy, or IL-18 at a concentration of 100ng/mL for 24
and 48 hours. Over the course of 48 hours, untreated and IL-18-treated enteroids
displayed unremarkable morphology consistent with extended enteroid culture:
increased enteroid density, increased budding of enteroids, and slight darkening of the
lumen (Fig 2). However, enteroids treated with 100ng/mL of TNFa or IFNy displayed an
increased darkening of the enclosed lumen, and enteroids treated with IFNy also
displayed irregular and ruffled basolateral margins. These morphological changes

suggest an increased rate of dead cell accumulation within the enteroid lumen.
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TNFa and IFNy treatment induces increased barrier permeability in bovine

enteroids

We hypothesized that these deleterious morphologic changes are associated
with increased permeability. To test our hypothesis and determine the underpinning
mechanisms we determined the direct impact these inflammatory cytokines have on
organoid dextran permeability utilizing a FITC dextran permeability assay (Fig 3). 24-
hour cytokine treatment did induce a significant effect on 4kDa barrier permeability
(p=0.0097); treatment of either TNFa or IFNy increased the enteroid permeability to
4kDa dextran and induced a significant increase in normalized FITC intensity relative to
untreated enteroids (p=0.0257, p=0.0132, respectively) (Fig 3G). 24-hour cytokine
treatment also induced a significant effect on 70kDa barrier permeability (p=0.039);
TNFa or IFNy trended towards inducing an effect (p=0.053 p=0.063, respectively) (Fig
3H). There was no apparent effect of IL-18 treatment on 4kDa or 70kDa dextran

permeability.

TNFa and IFNy treatment induces altered tight junction conformation

As tight junctions are the primary structure that regulates paracellular movement
of water and solutes, we set to determine how inflammatory cytokines impact tight
junction structure and spatial conformation. The tortuosity of tight junctions was
determined and analyzed through ZO-1 and Occludin immunocytochemistry and image
analysis. 24-hour treatment of either TNFa or IFNy induced a significant increase in
junctional tortuosity of ZO-1 (p<0.0001 for each treatment) (Fig 4). There was no
significant effect of IL-18 treatment on junctional tortuosity. 24-hour treatment of IFNy
induced a significant increase in Occludin tortuosity (p<0.0001).
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To further investigate the morphology of tight junctions following cytokine
treatment, TEM was utilized to measure junctional width and length. Ultrastructure
analysis of tight junctions following 24-hour cytokine treatment was determined by TEM.
Tight junctions were identified by morphology, location, and electron density as guided
by previous work [43, 44], and the length width of the tight junctions were measured. No
apparent change in tight junction length or width was induced by cytokine treatment (Fig

5).

TNFa and IFNy treatment reduces cellular proliferation in bovine enteroids

Changes in cellular turnover may lead to junctional morphological changes as
cytoskeletal tension may be altered, leading to a more severe barrier injury, as
suggested by the increase in 70kDa permeability. To investigate this, we analyzed
cellular proliferation in our organoids and measured the proportion of Ki67-positive cells.
Treatment with TNFa (100ng/mL) (0.0703 + 0.006, Mean + SEM) or IFNy (100ng/mL)
(0.121 £ 0.009) significantly reduced the proportion of Ki67-positive cells in bovine
enteroids (p=0.0031, p=0.0072, respectively) relative to untreated enteroids (0.349 +
0.01), thus indicating a reduction in cellular proliferation in these treated enteroids (Fig
6). Enteroids treated with I1L-18 (100ng/mL) (0.3352 + 0.01) did not exhibit any

significant changes in Ki67+ cell fraction.

Cell cycle analysis indicated that TNFa treatment significantly increased the
percentage of cells in the GO/G1 phase (p=0.0003) and significantly decreased the

percentage of cells in the G2/M phase (p=0.0379) relative to untreated enteroids (Fig 6).
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IFNy and IL-18-treated cells did not display a significant change in cell cycle phase

percentages.

IFNy treatment increases apoptosis in bovine enteroids

Further investigating the effects of cytokine treatment on cellular turnover, we
also investigated the apoptotic cell rate in our organoids. IFNy (100ng/mL) treatment
induced a significant increase in Cleaved Caspase-3 positive cells relative to untreated
enteroids (p=0.0325). TNFa treatment trended towards increasing apoptotic cell rate but
was not significant (p=0.1190). IL-18 treatment did not cause any effect on apoptotic cell

rate.

Discussion

‘Leaky gut’ and downstream metabolic derangements due to intestinal barrier
dysfunction are recognized in multiple common diseases of cattle such as rumen
acidosis, heat stress, reduced feed intake, and ketosis, though the mechanism of action
is poorly understood [17-21]. Inflammation is a shared pathway in all of these
pathologies and is known to directly contribute to gut barrier dysfunction in murine
models and human intestinal cell lines. Generating comprehensive insight into these
cow-specific molecular and cellular pathways may lead to the discovery of novel
therapeutics to target the intestinal pathology that coincides with inflammatory diseases.
We utilized intestinal organoids to provide us with a physiologically relevant in vitro
model capable of extended culture to enable direct investigation of these mechanisms
in cattle. By using this model, we have established that the key inflammatory cytokines

TNFa and IFNy, but not IL-18, directly disrupt the intestinal epithelial cell cycle and tight
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junction conformation, leading to increased barrier permeability. This is the first study
that investigates the impact of inflammatory cytokines on gut barrier function in a

bovine-specific intestinal epithelium model.

We chose to study the impact of IFN-y, TNF-a, and IL-18 on gut barrier function
in cows because of their relevance to immune function in the gut and their different
cellular pathways. Elevated circulating levels of TNFa, a cytokine released by activated
immune cells, especially monocytes and macrophages [28], and IFNy, a cytokine
released by T lymphocytes and specialized immune cells [27] are associated with
bovine inflammatory diseases and accompanying intestinal barrier dysfunction [15, 32-
35, 45]. IL-18, on the other hand, is produced by the epithelial cells themselves, and its
primary function is to stimulate immune cells and induce downstream release of

proinflammatory cytokines [46].

IFN-y and TNF-a treatments, but not IL-18, disrupted intestinal barrier function as
evident by the increased movement of 4kDa-dextran across the epithelial surface (Fig
3G). A larger, 70kDa-dextran displayed a mitigated effect compared to the 4kDa dextran
(Fig 3G and H), showing reduced permeability to larger molecules. Accompanying the
increase in permeability were morphological changes including luminal darkening and
shedding of cells (Fig 2). Our findings are consistent with previous studies in other
species’ organoids or cell lines [12, 47, 48], but extend upon these previous findings to
show the effects of specifically treating bovine intestinal epithelium with bovine
inflammatory cytokines via an organoid system. Maintaining an effective barrier

between the basolateral and apical sides of the epithelium is a critical role of the
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intestinal epithelium, and the associated change to barrier permeability accompanying
cytokine treatment indicates damage to and reduced function of the intestinal epithelial

barrier.

Given the significance of tight junctions in maintaining the barrier function and the
deleterious effects of IFNy and TNFa identified in human and non-human animal cell
lines [49-55], we hypothesized that IFNy and TNFa increase intestinal epithelial
permeability in cattle via the disruption of tight junctions. Tight junctions are critical
structures in the regulation of paracellular permeability of small molecules, and
exposure to cytotoxic compounds alters tight junctions and increases paracellular
permeability [56, 57]. Downregulation of barrier-relevant tight junction proteins does not
coincide with infection-induced barrier disruption in cultured epithelial cells [58].
However, the tortuosity of epithelial tight junctions is a measurable morphological trait
that does coincide with a disrupted intestinal barrier [59]. Furthermore, increased
cellular proliferation or inhibition of Rho kinase, and consequent inhibition of apoptosis,
decrease the tortuosity in MDCK epithelial cell tight junctions [60]. Therefore, we have
investigated tight junction conformation, specifically tortuosity, to further elucidate the
mechanisms of permeability alteration observed in our study. Our findings show that
treatment of bovine intestinal organoids with either TNFa or IFNy does increase tight
junctional tortuosity (Fig 4), consistent with tortuosity changes seen in other models of
barrier disruption [59, 60], supporting a mechanistic role of tight junction conformation in
bovine inflammation-induced gut barrier dysfunction. Despite the rise in tortuosity

caused by cytokine treatment, there was no discernible difference in tight junction length
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or width, as measured by electron microscopy coinciding with cytokine treatment (Fig

5).

While the increased movement of molecules across the paracellular pathway due
to disrupted tight junctions can explain the increased gut permeability noted in vivo and
in our in vitro model, we wanted to further investigate the role of cellular integrity and
turnover as a potential additional factor. A healthy intestinal epithelium undergoes
immense cellular turnover and completely regenerates over the course of four to five
days [23], and excessive cell death may lead to barrier dysfunction and translocation of
pathogens [61]. Moreover, inhibition of apoptosis ameliorates barrier dysfunction
induced by C. jejuni infection in cultured HT-29/B6-GR/MR epithelial cells [58]. We
hypothesized that cytokine treatment would negatively affect cellular turnover by
reducing cellular proliferation and stimulating cell death. Treatment of bovine intestinal
organoids with either TNFa or IFNy reduced cellular proliferation as measured through
immunocytochemical staining, and cell cycle analysis displayed an increase of cells in
the GO/G1 phase and a reduction of cells in the G2/M phase when the organoids were
treated with TNFa (Fig 6). Furthermore, IFNy treatment also induced a rise in apoptosis
(Fig 7). Altogether, whether by reducing proliferation via TNFa or IFNy or stimulating
apoptosis via IFNy, inflammatory cytokines disrupt the cellular turnover of the epithelium
in bovine intestinal organoids thus influencing the replacement of lost epithelial tissue.
Our findings corroborate others that show a rise in apoptosis following cytokine or
infection-induced barrier dysfunction [62-64]. One potential mechanism for the
phenomena observed in our study could involve the activation of Rho GTPase via TNFa

and IFNy, which causes an increase in cell extrusions and the persistence of single cell
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lesions [64, 65], and Rho kinase activation alters cytoskeletal forces and causes an
increase in tight junctional tortuosity [60]. Reduced cellular turnover resulting in an
altered tension on cytoskeletal actin filaments could explain the causative mechanism of
increased permeability seen in our bovine intestinal organoids and would be sensible
considering the reduced cellular proliferation and increased cellular death shown in our

study.

Our study is not without limitations. While our organoid culture system does
improve on the physiological relevance and translatability to native intestine compared
to traditional cell line culture, the organoids are comprised of only intestinal epithelial
cells and do not include other cell types seen in the gut such as professional immune
cells and smooth muscle cells. Additionally, though our cytokine treatments are
consistent with other published in-vitro treatments [66-69] at supraphysiologic
concentrations and for relatively short periods of time, unlike chronic inflammatory
conditions in-vivo which result in lower concentrations of cytokines for far longer time

frames.

In conclusion, these data show that treatment with the inflammatory cytokines,
TNFa or IFNy, directly disrupts the epithelial barrier, leads to more tortuous tight
junctions, and alters cellular turnover in bovine intestinal organoids. These effects were
not observed when intestinal organoids were treated with IL-18. These findings further
clarify the influence of systemic inflammation on the bovine gut and expand on the role
of bovine intestinal organoids as a model to investigate the bovine gut and related

pathologies.
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Figures
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Figure 1. Bovine intestinal organoid characterization A) Brightfield image of a bovine
enteroid using a 4x objective lens. Scale bar denotes 200um. B,C) Transmission
electron microscopy images of a bovine enteroid with annotated microvilli, tight junction,
and lumen. D) Whole mount Immunocytochemical imaging of ZO-1 (Alexa Fluor 488)
and DAPI using a 20x objective lens E,F) 3D modeling (Imaris Image Software) of ZO-1
(Alexa Fluor 488) and DAPI staining using stacked confocal images taken with a 100x
objective lens, with annotated lumen, displaying the apical border of an enteroid.
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Figure 2. Morphological changes induced by cytokine treatment. Brightfield microscopy
images of bovine intestinal organoids using a 4x objective lens, treated with
inflammatory cytokines for 24 and 48 hours. Bottom left corners display a zoomed-in
enteroid from each image. Scale bars denote 200um.
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Figure 3. Cytokine treatment increases bovine intestinal organoid barrier permeability,
as measured by FITC Dextran permeability. A-D) Representative images of bovine
intestinal organoids exposed to 4kDa FITC Dextran following 24 h cytokine treatment
acquired using a 10x objective lens and GFP (470/525 nm ex/em) LED light cube. Scale
bars denote 200um. E,F) Representative images of an untreated enteroid following
70kDa FITC Dextran exposure collected using a 20x objective lens and brightfield or
GFP LED light cube. Scale bars denote 300um. G,H) Luminal FITC intensity normalized
to external FITC intensity following 24h cytokine treatment or two-hour treatment with
2mM EGTA as a positive control. C1, C2, and C3 indicate individual enteroid lines.
Nested ANOVA (a=0.05) determined a significant effect of treatment was present for
both 4kDa and 70kDa FITC Dextran (p=0.0097 and p=0.039, respectively). TNFa and
IFNy increase 4kDa FITC Dextran permeability (p=0.0257, p=0.0132, respectively) as
determined by Holm-Sidak post hoc analysis. EGTA, a positive control, increases FITC
Dextran permeability (p<0.0001) determined by one-tailed Mann-Whitney non-
parametric test (a=0.05). Holm-Sidak post hoc analysis for 70kDa FITC Dextran
displayed trending, but not significant, effects of TNFa and IFNy treatment (p=0.052 and
p=0.063, respectively).

59



% %k %k Xk %k %k %k k

-

% %k %k %k

-

 2ed
o
1

Untreated ] TNFa

10 um

Z0-1 Tortuosity

Occludin Tortuosity
N
o
1

1.0

?
’boo - Q‘)P}ﬁn i
.~ % “ .'|

Figure 4. Cytokine treatment alters tight junction tortuosity. A-D) Representative ZO-1
(Alexa Fluor 488) staining of bovine intestinal organoids using a 100x objective lens
following 24-hour cytokine treatment. Scale bars denote 10um E) Quantification of ZO-1
tortuosity in cytokine-treated intestinal organoids. TNFa-treated bovine enteroids and
IFNy-treated bovine enteroids displayed a significant increase in junctional tortuosity
(p<0.0001 for each treatment) determined by Kruskal-Wallis non-parametric ANOVA
(a=0.05) utilizing Dunn’s post hoc analysis. F) Quantification of Occludin tortuosity in
cytokine-treated intestinal organoids. IFNy-treated bovine enteroids displayed a
significant increase in Occludin tortuosity (p<0.0001) relative to all other treatments. ****
denotes p<0.0001.
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Figure 5. Cytokine treatment does not alter junctional morphology as measured by
transmission electron microscopy. A-D) Representative TEM images of cytokine-treated
intestinal organoid tight junctions. Scale bars denote 500nm. E) Tight junction width. F)
Tight junction length. G) Light microscopy image of a bovine intestinal organoid
highlighting the apical area from which tight junctions were analyzed. Scale bar denotes
20um. Cytokine treatment did not induce a significant change in junctional length or
width as determined by Kruskal-Wallis non-parametric ANOVA (a=0.05).
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Figure 6. Cytokine treatment alters cellular proliferation. A-D) Representative confocal
images of cytokine-treated bovine intestinal organoids stained for Ki67 (Alexa Fluor
594) and DAPI taken on a 40x objective. Scale bars denote 100um. E) Percentage of
proliferating cells as measured by confocal microscopy. C1, C2, and C3 indicate
individual enteroid lines. F) Cell cycle analysis of cytokine-treated bovine intestinal
organoids. TNFa and IFNy induce a reduction in cellular proliferation (p=0.0031,
p=0.0072, respectively) evidenced by nested ANOVA (a=0.05) Holm-Sidak post hoc
analysis. Two-way ANOVA displays a significant interaction effect (p=0.0002) and
Dunnett’s multiple comparisons test show that TNFa-treatment induces a rise in the
percentage of cells in the GO/G1 phase (p=0.0003) and a reduction in the percentage of
cells in the G2M phase (p=0.0379). * denotes p<0.05, *** denotes p<0.001.
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Figure 7. Cytokine treatment alters apoptosis. A-D) Representative confocal images of
cytokine-treated bovine intestinal organoids stained for Cleaved Caspase-3 (CCasp3)
(Alexa Fluor 594) and DAPI using a 63x objective lens. Scale bars denote 50um E)
Area of intraluminal CCasp3 normalized to DAPI measured by confocal microscopy. C1,
C2, and C3 indicate individual enteroid lines. IFNy induces a rise in apoptotic cells
(p=0.0325) determined by nested ANOVA Holm-Sidak post hoc analysis.

63




Competing Interests

The authors declare no conflicts of interest. Funding for the project was provided by the
USDA National Institute of Food and Agriculture as well as Marcia Rivas Memorial
Funds.

64



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Collins, J.T., A. Nguyen, and M. Badireddy, Anatomy, Abdomen and Pelvis,
Small Intestine, in StatPearls. 2021: Treasure Island (FL).

Barrett, K.E., New ways of thinking about (and teaching about) intestinal
epithelial function. Adv Physiol Educ, 2008. 32(1): p. 25-34.

Hamilton, 1., et al., Small intestinal permeability in dermatological disease. Q J
Med, 1985. 56(221): p. 559-67.

Harris, C.E., et al., Intestinal permeability in the critically ill. Intensive Care Med,
1992. 18(1): p. 38-41.

Ukabam, S.0O., R.J. Mann, and B.T. Cooper, Small intestinal permeability to
sugars in patients with atopic eczema. Br J Dermatol, 1984. 110(6): p. 649-52.
Wallaert, B., et al., Increased intestinal permeability in active pulmonary
sarcoidosis. Am Rev Respir Dis, 1992. 145(6): p. 1440-5.

Han, X., M.P. Fink, and R.L. Delude, Proinflammatory cytokines cause NO*-
dependent and -independent changes in expression and localization of tight
junction proteins in intestinal epithelial cells. Shock, 2003. 19(3): p. 229-37.
Yang, R., et al., IL-6 is essential for development of gut barrier dysfunction after
hemorrhagic shock and resuscitation in mice. Am J Physiol Gastrointest Liver
Physiol, 2003. 285(3): p. G621-9.

Cao, M., et al., Amelioration of IFN-gamma and TNF-alpha-induced intestinal
epithelial barrier dysfunction by berberine via suppression of MLCK-MLC
phosphorylation signaling pathway. PLoS One, 2013. 8(5): p. €61944.

Nabhidi, L., et al., Differential effects of nutritional and non-nutritional therapies on
intestinal barrier function in an in vitro model. J Gastroenterol, 2012. 47(2): p.
107-17.

Smyth, D., et al., Interferon-gamma-induced increases in intestinal epithelial
macromolecular permeability requires the Src kinase Fyn. Lab Invest, 2011.
91(5): p. 764-77.

Madara, J.L. and J. Stafford, Interferon-gamma directly affects barrier function of
cultured intestinal epithelial monolayers. J Clin Invest, 1989. 83(2): p. 724-7.
Aschenbach, J.R., et al., Symposium review: The importance of the ruminal
epithelial barrier for a healthy and productive cow. J Dairy Sci, 2019. 102(2): p.
1866-1882.

Liang, D., et al., Estimating US dairy clinical disease costs with a stochastic
simulation model. J Dairy Sci, 2017. 100(2): p. 1472-1486.

Pascottini, O.B., et al., Effect of anti-inflammatory treatment on systemic
inflammation, immune function, and endometrial health in postpartum dairy cows.
Sci Rep, 2020. 10(1): p. 5236.

Sanz-Fernandez, M.V., et al., Targeting the Hindgut to Improve Health and
Performance in Cattle. Animals (Basel), 2020. 10(10).

Abuajamieh, M., et al., Inflammatory biomarkers are associated with ketosis in
periparturient Holstein cows. Res Vet Sci, 2016. 109: p. 81-85.

Khafipour, E., D.O. Krause, and J.C. Plaizier, A grain-based subacute ruminal
acidosis challenge causes translocation of lipopolysaccharide and triggers
inflammation. J Dairy Sci, 2009. 92(3): p. 1060-70.

65



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Koch, F., et al., Heat stress directly impairs gut integrity and recruits distinct
immune cell populations into the bovine intestine. Proc Natl Acad Sci U S A,
2019. 116(21): p. 10333-10338.

Zhang, S., et al., Short-term feed restriction impairs the absorptive function of the
reticulo-rumen and total tract barrier function in beef cattle. J Anim Sci, 2013.
91(4): p. 1685-95.

Pate, R.T., et al., Immune and metabolic effects of rumen-protected methionine
during a heat stress challenge in lactating Holstein cows. J Anim Sci, 2021.
99(12).

Luissint, A.C., C.A. Parkos, and A. Nusrat, Inflammation and the Intestinal
Barrier: Leukocyte-Epithelial Cell Interactions, Cell Junction Remodeling, and
Mucosal Repair. Gastroenterology, 2016. 151(4): p. 616-32.

van der Flier, L.G. and H. Clevers, Stem cells, self-renewal, and differentiation in
the intestinal epithelium. Annu Rev Physiol, 2009. 71: p. 241-60.

Groschwitz, K.R. and S.P. Hogan, Intestinal barrier function: molecular regulation
and disease pathogenesis. J Allergy Clin Immunol, 2009. 124(1): p. 3-20; quiz
21-2.

Vancamelbeke, M. and S. Vermeire, The intestinal barrier: a fundamental role in
health and disease. Expert Rev Gastroenterol Hepatol, 2017. 11(9): p. 821-834.
Pizarro, T.T., et al., IL-18, a novel immunoregulatory cytokine, is up-regulated in
Crohn's disease: expression and localization in intestinal mucosal cells. J
Immunol, 1999. 162(11): p. 6829-35.

Schroder, K., et al., Interferon-gamma: an overview of signals, mechanisms and
functions. J Leukoc Biol, 2004. 75(2): p. 163-89.

Spriggs, D.R., S. Deutsch, and D.W. Kufe, Genomic structure, induction, and
production of TNF-alpha. Immunol Ser, 1992. 56: p. 3-34.

McNair, N.N., et al., Inflammasome components caspase-1 and adaptor protein
apoptosis-associated speck-like proteins are important in resistance to
Cryptosporidium parvum. Microbes Infect, 2018. 20(6): p. 369-375.

Siegmund, B., et al., Neutralization of interleukin-18 reduces severity in murine
colitis and intestinal IFN-gamma and TNF-alpha production. Am J Physiol Regul
Integr Comp Physiol, 2001. 281(4): p. R1264-73.

Nowarski, R., et al., Epithelial IL-18 Equilibrium Controls Barrier Function in
Colitis. Cell, 2015. 163(6): p. 1444-56.

Cui, L., et al., Changes in the blood routine, biochemical indexes and the pro-
inflammatory cytokine expressions of peripheral leukocytes in postpartum dairy
cows with metritis. BMC Vet Res, 2019. 15(1): p. 157.

El-Deeb, W.M. and S.M. El-Bahr, Biomarkers of ketosis in dairy cows at
postparturient period: acute phase proteins and pro-inflammatory cytokines. Vet.
Arhiv, 2017. 87(4): p. 431-440.

Zhao, C., et al., Inflammatory mechanism of Rumenitis in dairy cows with
subacute ruminal acidosis. BMC Vet Res, 2018. 14(1): p. 135.

Kasimanickam, R.K., et al., Associations among serum pro- and anti-
inflammatory cytokines, metabolic mediators, body condition, and uterine disease
in postpartum dairy cows. Reprod Biol Endocrinol, 2013. 11: p. 103.

66



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Zachos, N.C., et al., Human Enteroids/Colonoids and Intestinal Organoids
Functionally Recapitulate Normal Intestinal Physiology and Pathophysiology. J
Biol Chem, 2016. 291(8): p. 3759-66.

Derricott, H., et al., Developing a 3D intestinal epithelium model for livestock
species. Cell Tissue Res, 2019. 375(2): p. 409-424.

Hamilton, C.A., et al., Development of in vitro enteroids derived from bovine
small intestinal crypts. Vet Res, 2018. 49(1): p. 54.

Rallabandi, H.R., et al., Evaluation of Intestinal Epithelial Barrier Function in
Inflammatory Bowel Diseases Using Murine Intestinal Organoids. Tissue Eng
Regen Med, 2020. 17(5): p. 641-650.

Xu, P., et al., Intestinal organoid culture model is a valuable system to study
epithelial barrier function in IBD. Gut, 2018. 67(10): p. 1905-1906.

Crakes, K.R., et al., Fenofibrate promotes PPARalpha-targeted recovery of the
intestinal epithelial barrier at the host-microbe interface in dogs with diabetes
mellitus. Sci Rep, 2021. 11(1): p. 13454.

Armien, A.G., et al., Molecular and Biological Characterization of a
Cervidpoxvirus Isolated From Moose with Necrotizing Dermatitis. Vet Pathol,
2020. 57(2): p. 296-310.

Farquhar, M.G. and G.E. Palade, Junctional complexes in various epithelia. J
Cell Biol, 1963. 17: p. 375-412.

Gonschior, H., V. Haucke, and M. Lehmann, Super-Resolution Imaging of Tight
and Adherens Junctions: Challenges and Open Questions. Int J Mol Sci, 2020.
21(3).

Perez-Bosque, A., et al., Dietary intervention with serum-derived bovine
immunoglobulins protects barrier function in a mouse model of colitis. Am J
Physiol Gastrointest Liver Physiol, 2015. 308(12): p. G1012-8.

Kaplanski, G., Interleukin-18: Biological properties and role in disease
pathogenesis. Immunol Rev, 2018. 281(1): p. 138-153.

Bardenbacher, M., et al., Permeability analyses and three dimensional imaging of
interferon gamma-induced barrier disintegration in intestinal organoids. Stem Cell
Res, 2019. 35: p. 101383.

Onozato, D., et al., Application of Human Induced Pluripotent Stem Cell-Derived
Intestinal Organoids as a Model of Epithelial Damage and Fibrosis in
Inflammatory Bowel Disease. Biol Pharm Bull, 2020. 43(7): p. 1088-1095.
Blum, M.S., et al., Cytoskeletal rearrangement mediates human microvascular
endothelial tight junction modulation by cytokines. Am J Physiol, 1997. 273(1 Pt
2): p. H286-94.

Gitter, A.H., et al., Epithelial barrier defects in HT-29/B6 colonic cell monolayers
induced by tumor necrosis factor-alpha. Ann N Y Acad Sci, 2000. 915: p. 193-
203.

McKay, D.M. and P.K. Singh, Superantigen activation of immune cells evokes
epithelial (T84) transport and barrier abnormalities via IFN-gamma and TNF
alpha: inhibition of increased permeability, but not diminished secretory
responses by TGF-beta2. J Immunol, 1997. 159(5): p. 2382-90.

Mullin, J.M. and K.V. Snock, Effect of tumor necrosis factor on epithelial tight
junctions and transepithelial permeability. Cancer Res, 1990. 50(7): p. 2172-6.

67



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Rodriguez, P., et al., Tumour necrosis factor-alpha induces morphological and
functional alterations of intestinal HT29 cl.19A cell monolayers. Cytokine, 1995.
7(5): p. 441-8.

Youakim, A. and M. Ahdieh, Interferon-gamma decreases barrier function in T84
cells by reducing ZO-1 levels and disrupting apical actin. Am J Physiol, 1999.
276(5): p. G1279-88.

Al-Sadi, R., M. Boivin, and T. Ma, Mechanism of cytokine modulation of epithelial
tight junction barrier. Front Biosci (Landmark Ed), 2009. 14(7): p. 2765-78.
Madara, J.L., Regulation of the movement of solutes across tight junctions. Annu
Rev Physiol, 1998. 60: p. 143-59.

Wang, X., et al., Exploring tight junction alteration using double fluorescent probe
combination of lanthanide complex with gold nanoclusters. Sci Rep, 2016. 6: p.
32218.

Butkevych, E., et al., Contribution of Epithelial Apoptosis and Subepithelial
Immune Responses in Campylobacter jejuni-Induced Barrier Disruption. Front
Microbiol, 2020. 11: p. 344.

Thaiss, C.A., et al., Hyperglycemia drives intestinal barrier dysfunction and risk
for enteric infection. Science, 2018. 359(6382): p. 1376-1383.

Lu, C.-h., et al., Apical Actin-myosin Network Regulates the Tight Junction of
Polarized Madin-Darby Canine Kidney Cells. bioRxiv, 2021.

Maloy, K.J. and F. Powrie, Intestinal homeostasis and its breakdown in
inflammatory bowel disease. Nature, 2011. 474(7351): p. 298-306.

Croitoru, K. and P. Zhou, T-cell-induced mucosal damage in the intestine. Curr
Opin Gastroenterol, 2004. 20(6): p. 581-6.

Ramachandran, A., M. Madesh, and K.A. Balasubramanian, Apoptosis in the
intestinal epithelium: its relevance in normal and pathophysiological conditions. J
Gastroenterol Hepatol, 2000. 15(2): p. 109-20.

T, O.C. and S. Backert, Host epithelial cell invasion by Campylobacter jejuni:
trigger or zipper mechanism? Front Cell Infect Microbiol, 2012. 2: p. 25.

Gunzel, D, et al., Restitution of single-cell defects in the mouse colon epithelium
differs from that of cultured cells. Am J Physiol Regul Integr Comp Physiol, 2006.
290(6): p. R1496-507.

Grabinger, T., et al., Ex vivo culture of intestinal crypt organoids as a model
system for assessing cell death induction in intestinal epithelial cells and
enteropathy. Cell Death Dis, 2014. 5: p. €1228.

Kanali, T., et al., Interleukin 18 is a potent proliferative factor for intestinal
mucosal lymphocytes in Crohn's disease. Gastroenterology, 2000. 119(6): p.
1514-23.

Nakamura, S., et al., Expression and responsiveness of human interleukin-18
receptor (IL-18R) on hematopoietic cell lines. Leukemia, 2000. 14(6): p. 1052-9.
Workman, M.J., et al., Modeling Intestinal Epithelial Response to Interferon-
gamma in Induced Pluripotent Stem Cell-Derived Human Intestinal Organoids.
Int J Mol Sci, 2020. 22(1).

68
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Barrier Dysfunction in Feline Enteroids
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Abstract

Diabetes Mellitus (DM) is an endocrine disorder that affects up to 0.7% of household
cats, and 2% in some breeds. DM is associated with dysfunction of the intestinal barrier,
which is comprised of a single epithelial cell layer separating the gut lumen from the
body’s internal environment. The barrier contains a network of tight junctions that adjoin
cells and regulate paracellular movement of water and solutes. The mechanisms driving
DM-associated barrier dysfunction are multifaceted, and the direct effects of
hyperglycemia on the epithelium, specifically, are not fully understood. Preliminary data
suggest that fenofibrate, An FDA-approved peroxisome proliferator-activated receptor-
alpha (PPARa) agonist drug restores intestinal barrier dysfunction in dogs with
experimentally-induced DM. We investigated the effects of hyperglycemia-like
conditions on epithelial barrier function using feline intestinal organoids. We
hypothesized that glucose treatment directly increases barrier permeability and alters
tight junction morphology, and that fenofibrate administration can ameliorate these
deleterious effects. We show that increased intracellular concentrations of glucose
directly increase intestinal epithelial permeability, a deleterious effect that is mitigated by
fenofibrate. Moreover, increased permeability is caused by disruption of tight junction,
as evident by increased tortuosity. Finally, we found that increased junctional tortuosity
and barrier permeability in hyperglycemic conditions were associated with increased
Protein Kinase C-a (PKCa) activity, and that fenofibrate treatment restored PKCa
activity back to baseline levels. We conclude that hyperglycemia directly induces barrier
dysfunction and disruption of tight junction structure, mediated by PKCa activation in

feline intestinal epithelium, which can be mitigated by fenofibrate.

69



Introduction

Diabetes mellitus (DM) is a metabolic disorder that results in impaired glucose
homeostasis. DM is a common naturally occurring endocrine disorder in household cats
(Felis catus) that affects up to 0.7% of cats in the United States, and incidence rates of
2% occur in highly susceptible breeds such as Burmese cats [1, 2]. DM in humans has
been coined a ‘new epidemic’ and is considered one of the world’s highest priority
health problems [3]. Diabetic cats can provide valuable insight into human DM in
addition to veterinary care, as cats are one of few species that experiences
spontaneously occurring DM that closely resembles type 2 DM in humans with
glucotoxicity-induced hyperinsulinemia, obesity-induced insulin resistance, and
accumulation of pancreatic islet amyloid polypeptide [4]. As such, pet cats with naturally
occurring DM are a valuable translational model for DM research. Improved
understanding of DM in cats holds the potential to improve veterinary healthcare
outcomes while simultaneously providing insight into human DM given the shared
complex pathophysiology, chronic disease manifestation, and long-term medical care

diabetic people and cats share [5].

DM in cats and people is associated with multiple gastrointestinal co-morbidities
collectively termed ‘diabetic enteropathy’ [6, 7]. The pathogenesis of diabetic
enteropathy is complex and multifactorial and is thought to be driven by increased
oxidative stress, neuroinflammation, reduced levels of nerve growth factors, structural
vascular changes, and intestinal barrier dysfunction [6, 8]. The intestinal epithelium
forms a selective barrier that absorbs nutrients, water, and other important molecules

while simultaneously blocking the entry of pathogens and harmful substances [9]. This
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barrier is wholly comprised of a layer of mucus over a monolayer of epithelial cells,
followed by the lamina propria which contains immune cells [10]. The epithelial cells are
adjoined by a series of protein complexes: tight junctions, adherens junctions, and
desmosomes [11]. Tight junctions are comprised of transmembrane and intracellular
proteins found in the apical portion of intestinal epithelial cells, and they regulate
paracellular transport across the intestinal epithelium [12-15]. DM is highly associated
with increased permeability of the intestinal epithelium [6, 16, 17], and DM-induced
barrier dysfunction increases the risk of pathogenic entry and chronic diarrhea [18, 19].
The increased permeability involves dysregulation of paracellular transport [20].

However, the precise direct role of hyperglycemia in this process is not well understood.

Recently, intestinal barrier dysfunction has been shown to be influenced by
hyperglycemia in rodent models [8, 21]. A high carbohydrate diet that induced intestinal
barrier dysfunction in mice was associated with a reduction in expression of tight
junctional proteins ZO-1 and occludin, but this was in conjunction with increased
inflammation, making it difficult to parse the direct effects of glucose versus
inflammation on epithelial tight junctions [22]. In a human intestinal epithelial cancer cell
line (CACO-2), apical exposure to high glucose concentration altered tight junctional
morphology as shown by increased tortuosity (the ratio of segment length and Euclidian
distance between two points of a defined segment) [8, 23]. The independent effects of
hyperglycemia on intestinal epithelium remain to be elucidated, especially in the context

of feline DM.
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To combat the effects of DM — and potentially hyperglycemia, specifically — on
the intestinal epithelial barrier, one potential therapeutic agent is fenofibrate, an FDA-
approved ligand of the peroxisome proliferator-activated receptor-alpha (PPARQ)
pathway. PPARa is a ligand-activate nuclear receptor transcription factor highly
expressed in the small intestine that regulates numerous gene targets, especially
related to metabolism, but can also induce non-transcriptional reductions in ion
secretion [24-27]. PPARa activation improves barrier permeability, highlighting its
potential use in combatting diabetic enteropathy. Downregulation of PPARa in the retina
leads to increased endothelial permeability in rodents and human patients [28].
Furthermore, PPARa activation protected against induced colitis in a rodent model for
inflammatory bowel disease and enhanced intestinal barrier function in rhesus
macaques with chronic gut inflammation and dogs with experimentally-induced DM [23,
29, 30]. In CACO-2 cells, treatment with fenofibrate improved barrier function, reduced
junctional tortuosity, and increased immunoreactive Claudin-1, a tight junctional protein,
following high glucose or inflammatory cytokine exposure [23]. While PPARa activation
appears to reduce intestinal barrier dysfunction, the specific mechanisms by which it
may do so in DM are not fully understood. The influence of fenofibrate on Claudin-1
expression in dogs with experimentally-induced diabetes and tight junctional
morphology in CACO-2 cells highlights tight junctions as a potential target [23, 30].
PPARa activation, however, reduces the concentration of the inflammatory cytokines IL-
8 and TNF-a, reduces expression of apical and basolateral glucose transport proteins,
and protects against oxidative stress [23, 31]. Thus, PPARa activation likely induces a

complex response which attenuates intestinal barrier dysfunction. Its direct impact on
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the effects of hyperglycemia on feline intestinal epithelial permeability and resultant

mechanisms are unknown.

We hypothesized that hyperglycemia directly induces intestinal barrier
dysfunction in diabetic cats by disrupting intestinal epithelial tight junctions.
Furthermore, we hypothesized that this can be reduced by fenofibrate. To investigate
this, we utilized intestinal organoids (enteroids) derived from household cat intestinal
tissue, providing a relevant in vitro model which recapitulates native intestinal epithelium
[32]. We found that hyperglycemia directly increases intestinal epithelial permeability
and tight junction tortuosity, and that this effect is reduced when treated with fenofibrate.
Surprisingly, mRNA expression of tight junction proteins was not altered by fenofibrate
treatment. Rather, the data show that hyperglycemia increases PKCa activation, which
is reduced by fenofibrate. Taken together, our data show that hyperglycemia induces
intestinal barrier dysfunction in cat intestinal epithelium and highlights fenofibrate as a

potential therapeutic for feline DM-induced intestinal barrier dysfunction.

Materials and Methods

Enteroid Generation: Feline intestinal enteroids were generated (Fig. S1) as

previously described [33] with minor protocol modifications. Briefly, Approximately 2-
3cm of feline ileum was harvested and placed in ice-cold PBS containing 100U/mL
penicillin/streptomycin (Gibco) and 25ug/mL gentamicin (Thermo Fisher). The intestinal
section was longitudinally cut and washed. The mucosa was separated by scraping with
a glass slide. It was then minced and placed into a 50mL tube with cold PBS containing

25ug/mL gentamicin and 100U/mL penicillin/streptomycin. The tube was shaken and
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then allowed to settle before the supernatant was removed. This was repeated until the
supernatant was clear. Tubes containing tissue were then centrifuged for 2 minutes at
200g, the supernatant was removed, and the tissue fragments were placed in a new
50mL tube containing 0.8mM EDTA. The tissue fragments were incubated in EDTA for
30 minutes at 4°C with heavy agitation to liberate crypts. Following incubation, the tube
was shaken with vigor, then centrifuged for 2 mins at 400g. The supernatant was
removed and replaced with 25mL of PBS, gentamicin, and penicillin/streptomycin. The
tube was shaken, allowed to settle, and the supernatant was collected and passed
through a 70um cell strainer into a new collection tube. This step was repeated twice.
Tubes were centrifuged for 3 mins at 100g, the supernatant was collected and removed,
and isolated crypts were reconstituted in DMEM/F12 media (Life Technologies)
containing 1X B27 Supplement minus Vitamin A (Life Technologies), 25ug/mL
gentamicin, and 100U/mL penicillin/streptomycin. Isolated crypts were then counted
manually on a glass slide. The appropriate volume to plate 300 crypts per well was
collected. Plain solution without crypts was added to reach 20uL total of crypt solution,
which was combined with 30uL of Matrigel™ (Corning) per well to be plated. 50uL
droplets were pipetted to create domes in the center of a well of a pre-warmed 24 well
plate. These domes were incubated at 37°C for 10 mins. Following incubation to set the
domes, wells were provided 720uL of growth media containing 50% L-WRN conditioned
media [34, 35], 50% DMEM/F12 media, 100U/mL penicillin/streptomycin , 25ug/mL
gentamicin (only for primary culture) supplemented with 10uM Y-27632 (Tocris
Bioscience), 500nM Nicotinamide (Sigma), 1mM N-acetylcysteine (Sigma), 10nM Leu-

Gastrin (Sigma), 1x B27-insulin (Thermo), 500nM LY2157299 (Thermo Fisher), 500nM
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SB202190 (Sigma), 50ng/mL mouse recombinant EGF (Thermo), and 3uM CHIR99021
(Tocris Bioscience) (only for primary culture or post-passage). Media was changed
every 3 days and organoids were passaged mechanically using a 25-gauge needle

every 7-10 days.

Treatment: Four days following passage, enteroids were provided with their normal
growth medium or provided with growth medium containing added glucose (final
glucose concentrations of 22mM, 44mM) with or without fenofibrate (1uM, 10uM,
100uM) (Sigma) or GLUT2-selective inhibitor (1uM) (Life Chemicals) [36]. Additionally,
to ensure the effects of glucose treatment were not solely due to osmotic changes,
some enteroids were provided growth medium containing the inert carbohydrate,
mannitol (22uM, 44uM). Enteroids were treated for 24 hours before FITC imaging,

fixation, RNA extraction, or Western blot.

FITC Dextran Permeability Assay: Enteroids cultured in eight-well chamber slides

(Thermo Scientific) were provided growth media containing 5ug/mL 4Kda fluorescein
isothiocyanate-dextran (FITC) for 1 hour, then washed in PBS and imaged with a
fluorescent microscope (EVOS M5000, Thermo Fisher). FITC fluorescent intensity
inside of the enteroids (average of three data points per enteroid) was normalized to
FITC intensity outside of the enteroids (average of three data points per enteroid) via

image analysis software (ImageJ).

Immunofluorescence (IF) Staining: Enteroids were cultured in eight-well chamber

slides for immunocytochemical staining. Media was removed and organoids were fixed
in 4% paraformaldehyde for 20 minutes at room temperature. Afterward, organoids
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were permeabilized in PBS containing 0.5% Triton X-100 (Sigma-Aldrich) for 20 mins at
room temperature. Wells were washed in IF buffer: PBS containing 0.2% Triton X-10
and .05% Tween (Fisher Scientific). They were then blocked in IF Buffer containing 1%
bovine serum albumin (Fisher Scientific) for 30 mins at room temperature. After
blocking, organoids were incubated in IF buffer containing 1% bovine serum albumin
with primary antibodies overnight at 4°C. Primary antibodies included ZO-1 (1A12,
Invitrogen), Cleaved Caspase-3 (D175, Cell Signaling), and Ki67 (SP6, Invitrogen).
Organoids were then washed in IF buffer, then incubated in IF Buffer containing 1%
bovine serum albumin with secondary antibodies for 1 hour at room temperature.
Organoids were washed in IF buffer, then incubated in IF buffer containing 0.1pug/mL
DAPI (Thermo Fisher) for 10 mins at room temperature. The gasket of the chamber
slide was then removed, one drop of ProLong Gold antifade reagent (Invitrogen) was
placed into each well, and the slide was covered with a coverslip and allowed to cure for

24 hours before being placed in darkness in 4°C until imaging.

Confocal Microscopy and Image Analysis: After immunofluorescent staining for

Ki67, Cleaved Caspase-3, or the tight junction protein, ZO-1, images were acquired on
a TCS SP8 STED3x confocal microscope (Leica Microsystems) utilizing a 40x/1.3 oil
immersion objective for Cleaved Caspase-3 (zoom 1.25) and a 63x/1.40 oil immersion
objective for Ki67 (zoom 1.25) and ZO1 (zoom 3.25). ZO-1 images were processed via
morphological segmentation plug-in (ImageJ) for tortuosity calculation [23, 33, 37]. The
measured tortuosity was the ratio of segment length and Euclidian distance between

two defined ZO-1 segment points [23].
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RNA Isolation and RT-Quantitative PCR: Enteroids were collected and Matrigel

was dissolved in ice-cold PBS. An RNeasy Plus Micro Kit (Qiagen) was used to extract
total RNA from the enteroids, and spectrophotometry (Nanodrop, Thermo Fisher
Scientific) was used to determine RNA concentration. A DNA-free DNase Treatment kit
(Thermo Fisher) was used to remove gDNA and a First-strand cDNA Synthesis kit

(OriGene) was used to synthesize cDNA.

A StepOnePlus Real-Time PCR System (Applied Biosystems) with PowerUp
SYBR Green Master Mix (Applied Biosystems) was used for PCR amplification. Felis
catus-specific primers were designed with Primer Blast (NCBI). Primers were validated
with melting curve analysis and amplicon size confirmation via gel electrophoresis.
StepOne Software v2 1 was utilized for gPCR analysis with Felis catus GAPDH used as

an endogenous control. Primers can be found in Table S1.

Western Blot: Enteroids were collected by pipette in ice cold PBS. Matrigel was

dissolved in cold PBS and removed via centrifugation and supernatant removal.
Enteroid cells were lysed and protein extracted with lysis buffer (150mM NaCl, 50mM
Tris base, 1% NP-40, 0.25% deoxycholic acid, 0.1% SDS) with 1% Prometheus
General Protease Inhibitor Cocktail (Genesee Scientific). Protein was quantified via
BCA Protein Assay kit (Thermo Fisher). 20ug of protein were loaded per well into a
polyacrylamide gel (GenScript), separated by gel electrophoresis, then transferred onto
a PVDF membrane (Thermo Scientific). Protein was probed with polyclonal antibodies
against PKCa (Cell Signaling Technology) or phosphor-(Ser) PKC substrate (Cell

Signaling Technology). Membranes were stripped and reprobed with an anti-GAPDH
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monoclonal antibody (Abcam) as a loading control. Primary antibodies were diluted
1:1000. Prometheus ProSignal Femto chemiluminescent substrate (Genesee Scientific)
was applied to membranes which were imaged with a KwikQuant Pro Imager (Kindle
Biosciences). Densitometry analysis of bands was performed using ImageJ image

analysis software.

Statistical Analysis: Experiments are separated by color and experimental data are

presented as means + SD. Data were examined for normality via Shapiro-Wilk test
(a=0.05). Comparisons of normal data were analyzed via one-way ANOVA (a=0.05)
with Holm-Sidak post hoc analysis. Comparisons of data not normally distributed were
analyzed via Kruskal-Wallis non-parametric ANOVA (a=0.05) with Dunn’s post hoc
analysis. Statistical significance denotation: * p < 0.05| ** p<0.01 | ** p <0.001 | *™** p

< 0.0001

Results

Glucose treatment increases epithelial permeability in feline enteroids,

which is prevented by fenofibrate

We hypothesized that hyperglycemia directly increases permeability of the feline
intestinal epithelium. To test this hypothesis, we modeled hyperglycemia by exposing
the basolateral surface of feline enteroids to high glucose concentrations and measured
intestinal permeability using FITC labeled dextran permeability as previously described
[33]. Our data show a significant increase in epithelial permeability when enteroids were
exposed to 22mM and 44mM glucose (p<0.0001, p<0.0001, respectively) (Fig. 1, Fig.

S2). To determine if the effects of hyperglycemia-like conditions on epithelial
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permeability were driven by increased osmotic pressure, enteroids were treated with
equal concentrations of the inert sugar, mannitol [38, 39]. Mannitol treatment had no
effect on permeability relative to untreated enteroids. Moreover, 22mM and 44mM
glucose significantly increased permeability (p=0.0012 and=0.0097, respectively)
compared with its paired mannitol treatment, indicating that increased extracellular
osmotic pressure was not responsible for the hyperglycemia-induced increased

epithelial permeability.

To determine if increased intracellular concentrations of glucose are causing the
increased intestinal epithelial permeability, we utilized a GLUT2-selective inhibitor [36]
(GLUT2i, 1 uM) in conjunction with high glucose concentrations to prevent glucose entry
into the epithelial cells. GLUT2i abolished the hyperglycemia-induced rise in intestinal
permeability (22mM glucose, p<0.0001). This suggests that the intracellular increase of
glucose concentration is directly driving increased permeability, though this effect was

only partially reversed in the 44mM glucose-treated enteroids (Fig S2).

We hypothesized that PPARa activation would prevent this hyperglycemia-
induced increase in epithelial permeability. When enteroids were exposed to
hyperglycemic conditions in conjunction with PPARa agonist, fenofibrate (10uM), there
was no significant increase in permeability relative to untreated enteroids. Treatment
with fenofibrate significantly reduced the response to glucose (p<0.0001 for 22mM,
p<0.0001 for 44mM). The data show that epithelial permeability was increased by high
basolateral concentration of glucose, to mimic hyperglycemia conditions seen in DM,

and this effect was prevented by GLUT2-selective inhibition or fenofibrate treatment.
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Glucose treatment alters tight junction morphology, which is prevented by

fenofibrate

Tight junctions regulate paracellular transport and permeability across the
intestinal epithelium; we hypothesized that hyperglycemia increases intestinal
permeability via an effect on tight junctions. To determine how hyperglycemia influences
tight junction structure and spatial conformation we analyzed junctional tortuosity
through ZO-1 immunocytochemistry and confocal microscopy image analysis.
Treatment with glucose significantly increased junctional tortuosity (22mM and 44mM,
p=0.0014 and p<0.0001, respectively) (Fig 2, Fig S3). Treatment with GLUT2i to block
facilitated glucose transport, tight junction tortuosity was significantly reduced compared
with glucose treatment alone (22mM and 44mM, p=0.0143 and p=0.0024, respectively)
suggesting that increased intracellular glucose concentration directly disrupts tight
junction morphology. Treatment with fenofibrate significantly decreased the effect of
glucose on tight junction tortuosity (p=0.0024 for 22mM, p<0.0001 for 44mM),
suggesting that fenofibrate treatment can reduce hyperglycemia-induced tight junction
disruption. These data show that hyperglycemia-like conditions induce morphological
changes to tight junctions that can be prevented by GLUT2-selective inhibition or

fenofibrate.
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Glucose treatment reduces cellular proliferation in feline enteroids but has

no effect on apoptotic rate

Reduced cellular proliferation may contribute to epithelial barrier dysfunction. To
investigate the effects of hyperglycemia on cellular turnover rate we utilized
immunocytochemistry and confocal microscopy to analyze the proportion of Ki67-
positive cells. Treatment with 44mM glucose reduced the proportion of Ki67-positive
cells relative to untreated enteroids (p=0.0032) (Fig. 3). Treatment with fenofibrate had
no significant effect on the proportion of Ki67-positive cells; enteroids treated with
glucose (44mM) and fenofibrate had reduced proliferation not significantly different from
enteroids treated with only glucose (p=0.0246). There was no significant effect of

glucose (22mM) on proliferation.

We further investigated the effects of glucose on cell turnover by measurement of
apoptosis using immunocytochemistry and confocal microscopy for Cleaved Caspase 3
(CCasp3) normalized to DAPI with ImageJ software analysis. There was no significant

effect of treatment on normalized CCasp3 intensity (Fig. 4).

The data show that hyperglycemia-like conditions (44mM) can induce a reduction
in cellular proliferation that is not affected by fenofibrate, and that these conditions do

not induce a significant change in the rate of apoptosis in feline enteroids.

Glucose treatment does not alter tight junction gene transcription

To understand the mechanisms by which hyperglycemia increases intestinal
permeability, and how this is improved by fenofibrate, we investigated the effects of
hyperglycemic-like conditions with or without fenofibrate or GLUT2-selective inhibitor on
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MRNA expression of tight junction genes via RT-gPCR. Expression of three different
tight junction genes were investigated: ZO-1 (TJP1), Claudin 1 (CLDN1), and Occludin

(OCLN). However, treatment did not alter tight junction gene expression (Fig. 5).

Glucose treatment increases PKCa activation, which is prevented by

fenofibrate

We did not observe a change in tight junction gene expression; therefore, we
investigated an alternative hypothesis for how glucose and fenofibrate influence
intestinal permeability. Protein Kinase C-a (PKCa) activation is associated with
intestinal barrier dysfunction [40, 41], and fenofibrate can non-genomically increase the
activation of PKCa [42]. Therefore, we investigated PKCa protein expression and
activation in our treated enteroids via western blot analysis. Western blots were
performed with a PKCa antibody to investigate the effects of treatment on total PKCa
protein levels (Fig 6A). Additionally, western blots were also performed with a phospho-
(Ser) PKC substrate antibody; this antibody binds to PKC substrates with
phosphorylated serine residues, thus indicating PKC activity (Fig 6B). Our data show no
significant effect of treatment on PKCa protein expression (normalized to GAPDH) (Fig.
6C). However, there was a significant reduction in phospho-(Ser) PKC substrate protein
expression (all bands within a lane averaged, normalized to GAPDH) for glucose-
treated enteroids (44mM) compared to untreated enteroids (p=0.0089), implying an
increase in PKCa activation without a change in total PKCa (Fig. 6D). When co-treated
with 10uM or 100uM fenofibrate, phospho-(Ser) expression was significantly reduced
compared to glucose-treated enteroids (p=0.0492 and p=0.0048, respectively) (Fig. 6D).

These data suggest that PKCa activation by hyperglycemia contributes to tight junction
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disruption, and that fenofibrate’s non-transcriptional function as an inhibitor of PKCa

mediates the counteracting of the effects of hyperglycemia.

Discussion

We sought to determine if hyperglycemia directly increases intestinal epithelial
permeability, and if any glucose-induced effects may be prevented pharmacologically
with the FDA-approved PPARa agonist, fenofibrate. To investigate this, we utilized stem
cell-derived intestinal organoids (enteroids) to provide a model that recapitulates native
feline intestinal epithelium. We further aimed to determine the effects of hyperglycemia
on intestinal epithelial cells independent of inflammation, altered neuronal signaling, or
smooth muscle motility that may accompany DM. Our model readily enables exposure
of the basolateral side of the epithelium to glucose treatment, as is seen during
hyperglycemia in vivo, and isolates the effects of glucose on epithelial cells from other
confounding effects. With this model, we determined that glucose directly increases
intestinal epithelial permeability and increases tight junctional tortuosity while increasing
activation of PKCa. We also determined that treating enteroids with fenofibrate prevents
glucose-induced changes to permeability and junctional tortuosity, and that fenofibrate
attenuates the glucose-induced rise in PKCa activity. This is, to our knowledge, the first
study to investigate the independent effects of hyperglycemia on feline intestinal
permeability, elucidate the molecular mechanism of injury and highlight fenofibrate as a

candidate therapeutic agent in this context.

Hyperglycemic-like conditions directly increase the permeability of the intestinal

epithelium in feline enteroids as made evident by the increased entry of FITC dextran
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(Fig. 1). This is consistent with previous findings of FITC dextran flux in diabetes-
induced mice [8], though our data isolates the intestinal epithelium from other intestinal
cellular components such as immune cells and nerves. Additionally, it has been shown
that apical exposure of the human colorectal adenocarcinoma cells line, CACO-2, to
high glucose concentrations increases epithelial permeability [43], which is further
corroborated by our findings in feline enteroids which more closely represents a diabetic
model with native intestinal epithelial cellular diversity and exposure to hyperglycemia-
like conditions via the basolateral pole. We confirmed that increased extracellular
osmotic pressure was not the primary cause of the hyperglycemia-induced increased
epithelial permeability by incubating our enteroids with equivalent concentrations of
mannitol, an inert sugar. The GLUT2 transporter is expressed on the basolateral
surface of intestinal epithelial cells and, under physiological conditions, mediates
absorption of glucose across the basolateral membrane. Additionally, it has been shown
to facilitate retrograde entry of glucose during hyperglycemic conditions [8, 44]. We
employed a GLUTZ2-selective inhibitor (GLUT2i) to determine if increased intracellular
concentration of glucose is the cause of the observed changes in intestinal epithelial
cells [36]. We found that inhibition of GLUT2 prevents the hyperglycemia-induced rise in
permeability (Fig. 1). The unchanged permeability in enteroids treated with mannitol or
glucose with a GLUTZ2i compared with our untreated controls suggests that increased
intra-epithelial concentration of glucose is required for the direct effects of glucose on

epithelial permeability.

Tight junctions are a critical component of epithelial barrier regulation and

therefore, we aimed to investigate tight junction morphology and gene transcription to
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understand potential causative mechanisms driving the hyperglycemia-induced increase
in epithelial permeability. Previous studies have shown that glucose can directly alter
the morphological integrity of tight junction in epithelial cell lines as measured by
tortuosity [8, 23], and that increased tight junction tortuosity is associated with increased
FITC dextran permeability in bovine enteroids [33]. Our study shows that
hyperglycemia-like conditions induce a rise in tight junctional tortuosity, and that this rise
is absent when co-treated with GLUT2i (Fig. 2). Our study corroborates the effects of
glucose on tight junction morphology in other models [8, 23] and further implies the
necessity of glucose entry into the epithelial cells as shown through our GLUTZ2i
treatment. We also investigated the effects of hyperglycemia on gene expression of
tight junction proteins ZO-1, Claudin 1, and Occludin. High glucose diets in mice
increase FITC dextran permeability while decreasing levels of ZO-1 and Occludin, but
also increase levels of inflammatory cytokines, making it difficult to parse the effects of
glucose, specifically, versus inflammation [22]. We found that in the feline enteroid
hyperglycemia model there was not a significant change in mRNA expression of tight
junction proteins, implying that while hyperglycemia alters tight junctional morphology
and epithelial permeability it does not induce changes in transcription of tight junction

proteins.

Because inflammation-induced intestinal barrier dysfunction is associated with
lowered cellular proliferation and increased apoptosis [33], we sought to determine the
effects of glucose on cell turnover in feline enteroids. We found that 44mM glucose
does reduce cellular proliferation. However, there was not a significant reduction in cell

proliferation when enteroids were treated with 22mM glucose, despite an observed
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increase in epithelial permeability and tight junctional tortuosity (Fig. 1, Fig. 2). The
apoptotic rate in feline enteroids was not significantly changed due to hyperglycemia-
like conditions. Thus, we determine that reduced cellular proliferation may play some
role in glucose-induced barrier dysfunction but is not likely the primary causative

mechanism driving the effects observed in our study.

In addition to determining the direct effects of glucose on intestinal epithelial
permeability, we also sought to determine if hyperglycemia-induced barrier dysfunction
could be prevented with the PPARa agonist, fenofibrate. Fenofibrate is an FDA-
approved drug that is commonly used as a therapeutic to treat hyperlipidemia in human
and veterinary patients [45, 46]. Moreover, fenofibrate abolished the increase in
junctional tortuosity in an induced-diabetic dog model [23]. PPARa knockout mice
display exaggerated barrier dysfunction in response to induced colitis or stress [47, 48].
However, because PPARa activation reduces inflammation induced by innate immune
cells [49], it is not determined if PPARa activation by fenofibrate can protect against
barrier dysfunction induced by glucose, specifically. We found that fenofibrate does
diminish the glucose-induced increase in epithelial permeability (Fig. 1) and tight
junction tortuosity (Fig. 2) in feline enteroids that is observed in our study. These
findings corroborate previous work in other models [23, 47, 48] and additionally shows
an effect of fenofibrate on glucose-induced dysfunction, specifically, in feline intestinal
epithelial tissue. Work done in high-fat diet mice has shown fenofibrate to increase
MRNA expression of tight junction proteins [23, 50], which was not observed in our
study (Fig 5). While PPARa is a nuclear receptor that primarily functions as a

transcription factor upon ligand binding and heterodimerization with retinoid X receptors
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[25], it can additionally directly suppress the activation of Protein Kinase C-a (PKCa)

[51].

PKCa is a serine/threonine kinase and conventional PKC that, upon activation, is
translocated from the cytosol to the cell membrane and phosphorylates substrates [52].
Excessive activation of PKCa is associated with increased intestinal epithelial
permeability mediated by cytoskeletal remodeling resulting in altered cell membrane
shape and tight junction leakiness [40, 41, 53]. In platelets, fenofibrate is known to non-
genomically reduce PKCa activation [42]. Furthermore, glucose is known to increase
PKC activation through the elevated de novo synthesis of the PKC activator,
diacylglycerol, caused by a buildup of glycerol-3-p resulting from increased glucose
metabolism [54, 55]. Our study shows that in feline enteroids, total PKCa protein is not
changed, but PKCa activation is elevated as a result of hyperglycemia-like conditions
(Fig. 6). Treatment with fenofibrate in conjunction with glucose prevented the
hyperglycemia-induced rise in PKCa activation (Fig 6). This would imply that one causal
mechanism for hyperglycemia-induced barrier dysfunction is enhanced PKCa activity.
Additionally, our study did not show a change in the mRNA expression of tight junction
proteins, and PKCa is known to alter the structure of the cell membrane, resulting in
elevated tight junction permeability, rather than altering tight junction protein gene
expression. Finally, our study corroborates with previous work showing that fenofibrate

inhibits PKCa activation without altering total PKCa protein levels [42].

Our study is not without limitations. Though our treatments are consistent with

other in vitro studies [8, 23], we utilize supraphysiological concentrations for 24h periods
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of time, while DM induces relatively lower glucose concentrations in the blood for longer
periods of time [56]. Therefore, direct translations to the effects of physiological
hyperglycemia are not possible. Additionally, we did not investigate the effects of
GLUT2i or fenofibrate in the absence of glucose treatment. Furthermore, we only
investigated the effects of treatment on the epithelial cells in our enteroid model, while
other components of the intestinal barrier such as the mucosal layer or lamina propria
may also be influenced by hyperglycemia, contributing to overall intestinal barrier

dysfunction.

In conclusion, these data show that hyperglycemia and the downstream increase
of intracellular concentrations of glucose directly disrupts the epithelial barrier, alters
tight junction morphology, and increases PKCa activation in feline intestinal organoids.
Additionally, these effects are diminished by the PPARa agonist, fenofibrate, in a direct
and non-genomic fashion. These findings show that hyperglycemia, independent of
systemic inflammation or altered neural signaling, may contribute to intestinal barrier
dysfunction associated with DM in cats, and that the FDA-approved drug, fenofibrate,

may serve as a potential therapeutic in this context.
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Figure 1. Glucose treatment increases feline enteroid barrier permeability measured by
FITC Dextran permeability. Barrier permeability is not increased when treated with
GLUT2-selective inhibitor or fenofibrate in addition to glucose. A-D) representative
images of feline enteroids following exposure to 4kDa FITC Dextran following 24h
treatment. Images are acquired with a GFP LED light cube (470/525nm ex/em). Scale
bars denote 200pum. E) Luminal FITC intensity normalized to basolateral FITC intensity
following 24h treatment with glucose, mannitol, or glucose with fenofibrate or GLUT2-
selective inhibitor. One-way ANOVA (0=0.05) with Holm-Sidak post hoc analysis
determined that treatment with 22mM glucose significantly increased barrier
permeability (p<0.0001). Mannitol treatment significantly reduced enteroid permeability
compared to matching concentration of glucose treatment (p=0.0012). Enteroids treated
with glucose and 1uM GLUT2-selective inhibitor displayed significantly reduced barrier
permeability compared to those treated with only glucose (p<0.0001). Enteroids treated
with glucose and 10uM fenofibrate displayed significantly reduced permeability
compared to those treated with only glucose (p<0.0001). Data are presented as mean +
SD with each point representing an experimental mean. Colors represent individual
experiments.
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Figure 2. Glucose treatment increases tortuosity of tight junctions in feline enteroids,
but not when treated in conjunction with fenofibrate or GLUT2-selective inhibitor. A-D)
representative ZO-1 (Alexa Fluor 488) staining of feline enteroids following 24h
treatment. Scale bars denote 10um. E) Quantification of ZO-1 tortuosity in experimental
enteroids. Treatment with 22mM glucose significantly increased ZO-1 tortuosity
(p=0.0014) as determined by one-way ANOVA (a=0.05) and Holm-Sidak post hoc
analysis. Enteroids treated with glucose and 1uM GLUT2-selective inhibitor displayed
significantly reduced ZO-1 tortuosity compared to those treated with only glucose
(p=0.0143). Enteroids treated with 10uM fenofibrate in addition to glucose displayed
significantly reduced ZO-1 tortuosity compared to those treated with only glucose
(p=0.0024). Data are presented as mean = SD with each point representing an
experimental mean. Colors represent individual experiments.
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Figure 3. Glucose treatment (44mM) reduces cellular proliferation in feline enteroids. A-
D) representative confocal images of feline enteroids stained for Ki67 (Alexa Fluor 594)
and DAPI. Scale bars denote 10um. E) Percentage of proliferating cells measured by
confocal microscopy. Treatment with 44mM glucose with or without fenofibrate induced
a significant reduction in proliferation compared to untreated enteroids (p=0.0032
without fenofibrate, p=0.0246 with fenofibrate) as determined by Kruskal-Wallis non-
parametric ANOVA (a=0.05) with Dunn’s post hoc analysis. Data are presented as
mean = SD with each point representing an experimental mean. Colors represent
individual experiments.

91



=
w
]

S
(%)
1

o
-
|

Glucose (44mM) + Glucose (44mM) +
GLUT2i (1pM) Fenofibrate (10puM)

CCasp3/DAPI (Apoptosis)

S
(=)

Figure 4. Glucose treatment does not alter apoptotic rate in feline enteroids. A-D)
representative confocal images of feline enteroids stained for Cleaved Caspase-3
(Alexa Fluor 594) and DAPI. Scale bars denote 10um. E) Fluorescence intensity of
Cleaved Caspase-3 normalized to DAPI measured by confocal microscopy. No
significant effect of treatment was detected by Kruskal-Wallis non-parametric ANOVA
(0=0.05). Data are presented as mean = SD with each point representing an
experimental mean. Colors represent individual experiments.
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Figure 5. Glucose treatment with or without fenofibrate did not alter expression of tight
junction mRNA. A-C) gRT-PCR analysis of mMRNA expression of tight junction proteins:
Z0O-1, CLDN1, and Occludin. No significant treatment effect was observed as
determined by one-way ANOVA (a=0.05). Data are presented as mean = SD with each
point representing mRNA expression normalized to GAPDH. Colors represent individual

experiments.
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Figure 6. Glucose treatment increases PKCa activation. A) Representative western blot
probed for phosphor-(Ser) PKC substrate antibody. B) Representative western blot
probed for PKCa antibody. C) Densitometry analysis of PKCa. No significant effect of
treatment was observed via one-way ANOVA (a=0.05). D) Densitometry analysis of
phospho-(Ser) PKC substrate. Treatment induced a significant effect on phospho-(Ser)
PKC substrate expression as determined by one-way ANOVA (a=0.05) (p=0.042).
Holm-Sidak post hoc analysis determined that treatment with glucose (44mM)
significantly increased phospho-(Ser) PKC substrate expression (p=0.0089) relative to
untreated enteroids. Treatment with 44mM glucose fenofibrate (10puM or 100uM)
significantly reduced phospho-(Ser) PKC substrate expression (p=0.0492 and
p=0.0048, respectively). Data are presented as mean + SD with each point representing
protein expression normalized to GAPDH. Colors represent individual experiments.
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Figure S1. Feline intestinal organoids (enteroids). A) Brightfield image of enteroids 2
days post-passage taken with a 4x objective lens. B) Brightfield image of enteroids 2
days post-passage taken with a 10x objective lens. C) Brightfield image of enteroids 5
days post-passage taken with a 4x objective lens. D) Brightfield image of enteroids 5
days post-passage taken with a 10x objective lens. Scale bars denote 200um. All
images show enteroids in passage-19.
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Figure S2. 44mM Glucose treatment increases feline enteroid barrier permeability
measured by FITC Dextran permeability. Barrier permeability is not increased when
treated with fenofibrate in addition to glucose. Luminal FITC intensity normalized to
basolateral FITC intensity following 24h treatment with glucose, mannitol, or glucose
with fenofibrate or GLUT2-selective inhibitor. One-way ANOVA (0=0.05) with Holm-
Sidak post hoc analysis determined that treatment with 44mM glucose with or without
GLUT2-selective inhibitor significantly increased barrier permeability (p<0.0001 without
inhibitor, p=0.0034 with inhibitor). Mannitol treatment significantly reduced enteroid
permeability compared to matching concentration of glucose treatment (p=0.0097).
Enteroids treated with glucose and 1uM GLUT2-selective inhibitor displayed
significantly reduced barrier permeability compared to those treated with only glucose
(p=0.0097). Enteroids treated with glucose and 10uM fenofibrate displayed significantly
reduced permeability compared to those treated with only glucose (p<0.0001). Data are
presented as mean £ SD with each point representing an experimental mean. Colors
represent individual experiments.
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Figure S3. Glucose treatment increases tortuosity of tight junctions in feline enteroids,
but not when treated in conjunction with fenofibrate or GLUT2-selective inhibitor.
Quantification of ZO-1 tortuosity in experimental enteroids. Treatment with 44mM
glucose significantly increased ZO-1 tortuosity (p<0.0001) as determined by one-way
ANOVA (a=0.05) and Holm-Sidak post hoc analysis. Enteroids treated with glucose and
1uM GLUT2-selective inhibitor displayed significantly reduced ZO-1 tortuosity compared
to those treated with only glucose (p=0.0024). Enteroids treated with 10uM fenofibrate
in addition to glucose displayed significantly reduced ZO-1 tortuosity compared to those
treated with only glucose (p<0.0001). Data are presented as mean + SD with each point
representing an experimental mean. Colors represent individual experiments.
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Table S1. Primers used for RT-qPCR

Gene Forward Primer (5’-3’) Reverse Primer (5°-3’)

Z0O-1 (TJP1) CAAGGTCTGCCGAGACAACA TGCCAGGTTTTAGGATCACCG
Claudin-1 TGTCATTGGGGGTGTGACAT AGCCAGTGAAGAGAGCCTGA
(CLDN1)

Occludin CCGCGCTTGGTGTAACAGAT TCGAACGTGCATGTCTCCAC
(OCLN)

GAPDH AAATTCCACGGCACAGTCAAG | TGATGGGCTTTCCATTGATGA
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