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Introduction
Barrier function of porcine colon relies on organization of epithelial cells and mucus

The gastrointestinal tract lies at the interface between host and environment, absorbing nutrients and water into
the body while sequestering foreign materials, toxins, pathogens, and commensal flora. As such, the pig’s intestines
form a crucial barrier against infection. This gut barrier is compromised during infectious colitis, allowing invading
pathogens to colonize the intestines and trigger myriad host responses that attempt to clear the pathogen.
Simplistically, intestinal host defenses may be divided into three broad categories: the epithelial and mucus barrier,
innate immune responses, and the colonic microbiota (Figure 1).

Figure 1. Intestinal host defenses. IESC: intestinal epithelial stem cell. IEC: intestinal epithelial cell. IgA:
immunoglobulin A. Figure from previous publication (1).

The colon consists of folds of tissue (villi) separated by invaginations (crypts). Villi are composed of a monolayer of
intestinal epithelial cells (IECs) and mucus-producing goblet cells, which derive from stem cells at the bottom of
crypts and move toward the villus tip as they mature (2,3). IECs and goblet cells are connected by tight junctions
that adhere each cell to its neighbours, forming a selectively permeable monolayer called the epithelium. The
epithelium separates the intestinal lumen from the underlying tissue (lamina propria), where blood vessels and
innate immune cells reside. Intestinal barrier function is compromised if the integrity of the epithelium is disrupted,
allowing invasion of microorganisms into the lamina propria.

73



Wy PUs02

26" international pig veterinary society
congress - rio de janeiro - brazil

On the luminal side of the epithelium lies the colonic mucus, which forms a physical barrier designed to sequester
luminal microorganisms away from host tissues. Mucus is formed mainly by glycoproteins called mucins that are
composed of long protein chains covered in polysaccharides. Transmembrane mucins, particularly MUC1, 3, and 4
in pigs, are expressed on the apical surface of IECs. The luminal portion of these mucins forms a dense glycocalyx
that protects the cells, and the transmembrane portions may facilitate intracellular signaling in response to luminal
stimuli. Covering the glycocalyx are mucus layers composed of secreted gel-forming mucins that are produced,
stored, and secreted by goblet cells. Unlike the monomeric transmembrane mucins, secreted gel-forming mucins
homo-oligomerize into large polymers that attract water, thus forming a hydrogel that coats the intestine. In the
colon, mucus is separated in two layers. The inner layer is tightly adhered to the epithelium. This dense layer is
reported as sterile because microorganisms cannot penetrate its small pores (4,5) and are killed by the constitutive
presence of antimicrobial peptides (AMPs) (6). Host and bacterial enzymes degrade polysaccharide residues on
mucins of the inner layer, which allows expansion of the mucin polymer to form a loosely-attached outer mucus
layer (4). This outer layer is where commensal microorganisms reside. In pigs, colonic mucus is mainly composed of
MUC2 but expression of MUC5AC may be induced during infection (7). The organization of colonic mucus and
glycocalyx serves to protect epithelial cells from luminal microorganisms and toxins. When the mucus barrier is
compromised, pathogens may come into direct contact with the epithelium and activate inflammatory host
responses.

Inflammation initiates the recruitment of innate immune cells that clear infection

The presence of pathogens in the colon triggers inflammation (colitis), which is a signaling cascade that brings innate
immune cells to the site of infection. IECs are important initiators of inflammatory responses because they come
into direct contact with invading pathogens when the mucus barrier is compromised. IECs may sense the presence
of microorganisms by a variety of mechanisms, including cell-surface pattern recognition receptors (PRRs) that
recognize pathogen-associated molecular patterns (PAMPs) expressed by microorganisms (3). Transmembrane
mucins may play a similar role in pathogen detection. PRR activation triggers intracellular signaling cascades within
IECs that may result in secretion of antimicrobial peptides (AMPs) to kill the microbes in the lumen, and cytokines
and chemokines to attract innate immune cells from the bloodstream into the lamina propria (3). Epithelial erosion
may result from the pathogen itself or collateral damage from inflammatory responses (e.g., colitis caused by
attaching/effacing pathogen Citrobacter rodentium in mice (8)). This may cause stem cells in the bottom of crypts to
divide continuously (hyperplasia), which lengthens colonic crypts.

Neutrophils are considered the first innate immune cell to arrive at the site of infection with the primary goal of
pathogen killing. Neutrophils destroy microorganisms using phagocytosis to engulf and digest pathogens, NETosis
to trap them, and secretion of microbicidal compounds such as AMPs, myeloperoxidase (MPO) and reactive oxygen
species (ROS) (9—12). Neutrophils also secrete chemokines and cytokines to further activate IECs and recruit more
immune cells, thus perpetuating and amplifying inflammatory immune responses (13). Monocytes are recruited
from the bloodstream then differentiate into macrophages inside colonic tissue, where they destroy pathogens using
similar mechanisms to neutrophils (e.g., phagocytosis, ROS, cytokine production) (14). However, macrophages also
participate in wound healing and tissue repair by phagocytosing dead cells and debris, and can initiate adaptive
immune responses by antigen presentation to T and B cells in the lymph (14,15).

Colonic microbiota modulates host defenses by interacting with mucus, innate immune cells, and pathogens

The outer mucus layer is colonized by luminal commensal microorganisms that make up the colonic microbiome.
These microorganisms use the mucus layer as a habitat, expressing lectins to attach to glycans on mucin molecules
and finding food by consuming both glycans and ingested nutrients in the lumen. The repertoire of mucin
glycosylation patterns possessed by the host may influence the composition of the microbiota and vice versa, which
influences pathogenesis of infectious disease. Commensals strengthen the immune system by secreting metabolites
such as butyrate, which promotes epithelial barrier integrity (16,17) and stimulates secretion of AMPs (18).
Commensals may further strengthen host defenses by consuming nutrients and occupying space, thereby competing
against pathogens. This is demonstrated by murine models that require antibiotic pre-treatment before infection
with Clostridium difficile (17,18). Alternatively, commensals may contribute to pathogenesis by creating favorable
environments for pathogen colonization (e.g., by secretion of metabolites as pathogen food sources or altering
mucin glycosylation). Commensals normally sequestered in colonic lumen may even become opportunistic
pathogens themselves when disruption of the mucus/epithelial barrier brings them into direct contact with host
cells.
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Swine dysentery as a model for colonic innate defenses against bacterial infection

Swine dysentery (SD) is an infection of grower-finisher pigs with the enteric anaerobic spirochete Brachyspira
hyodysenteriae. The hallmark clinical sign of SD is mucohemorrhagic (bloody) diarrhea, often leading to poor feed
conversion, stunted growth and up to 30% mortality in naturally infected pigs (19). Remarkably, evidence from
experimental infection studies suggest that colonization with B. hyodysenteriae alone is not always sufficient to
produce clinical signs of disease. Thus, interplay between pathogen, host, and environmental factors may be
required to produce clinical SD, offering a unique opportunity to study colonic innate defenses in infectious colitis.

Although muco-hemorrhagic diarrhea is considered the hallmark clinical presentation of SD, literature reports that
incidence of bloody diarrhea in experimentally infected pigs is variable and rarely reaches 100% (20). Most
experimental inoculation studies report hemorrhagic diarrhea incidence ranging from 33% to 92% (21-27), while
others fail to induce hemorrhagic diarrhea at all, producing only milder diarrhea without blood (20,24,28). Despite
rigorously controlled experimental conditions, the incubation period between exposure and onset of clinical signs is
also variable (1- 4 weeks) and some infected pigs may remain asymptomatic while still transmitting the pathogen by
fecal shedding. This demonstrates that clinical presentation of SD is variable among pigs: some pigs may be
particularly susceptible to B. hyodysenteriae infection whereas others are resilient. Research to date has often
compared challenged and unchallenged pigs regardless of diarrhea severity and individual host responses. Thus, it
remains unknown why some challenged pigs become diseased while others are non-diseased, and whether gut
innate defenses influence clinical outcomes.

To understand host/intestinal factors that impact pathogenesis and their relation to disease severity, we conducted
experimental infection of pigs with B. hyodysenteriae. Like literature, we showed a proportion of challenged pigs
were diseased (developed bloody diarrhea, clinically affected with SD) but others were non-diseased (did not
develop bloody diarrhea). Of the non-diseased pigs, some were colonized with B. hyodysenteriae while others were
not, but all diseased pigs were colonized (Figure 2a). Comparing non-diseased colonized and diseased colonized pigs
allowed us to identify host factors involved in pathogenesis of clinical SD. Diseased pigs displayed microscopic colonic
lesions that were absent in non-diseased pigs regardless of B. hyodysenteriae colonization status (Figure 2b). They
showed longer crypt depth (hyperplasia), erosion of the epithelium, hemorrhage in the lamina propria, and
infiltration of immune/inflammatory cells in the colonic lumen and near the epithelial surface. These results indicate
that pigs may be infected with B. hyodysenteriae yet remain asymptomatic and without histological colitis.
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Figure 2. Pigs experimentally infected with Brachyspira hyodysenteriae show variation in severity of diarrhea
and colitis. A) Breakdown of animal groups. Pigs that develop bloody diarrhea are “diseased”. Pigs that are
challenged with B. hyodysenteriae yet do not develop bloody diarrhea are “non-diseased”. Detection of B.
hyodysenteriae from colonic digesta by gPCR further divides non-diseased pigs into colonized and non-colonized
groups. B) Representative images of H&E-stained colon sections.

Intestinal mucus alterations may promote B. hyodysenteriae colonization

SD causes mucus hypersecretion in the gut (21,29-31), unlike other colonic bacterial infections that degrade mucus.
Mucus hypersecretion may function as a host defense mechanism to flush out pathogens. However, this strategy
may be useless against SD because B. hyodysenteriae is well-adapted to thrive in a mucus-rich environment (32,33),
illustrating the evolutionary arms race between pig and pathogen. Whether mucus hypersecretion in SD is driven by
host or pathogen has been debated. In our study, diseased pigs showed alterations in the colonic mucus
environment. Alcian blue staining showed fewer filled goblet cells, crypts filled with mucus, and excess mucus
secretion into the lumen in colons of diseased pigs (Figure 3a). This corresponded with a trend in gene upregulation
of MUC2 and MUCS5AC (data not shown), and mobilization and increased presence of sialylated mucins into crypt
and colonic lumens (Figure 3b). The finding that non-diseased pigs colonized with B. hyodysenteriae do not display
mucus alterations infers such mucus changes are mostly host-driven rather than promoted by the pathogen itself.
B. hyodysenteriae consumes sialic acid monosaccharides as a food source, and glycan patterns containing sialic acid
were more abundant in pigs with SD than unchallenged pigs (34). Furthermore, there is greater variation in the
repertoire of glycan patterns between individual unchallenged pigs than between pigs with SD (30). Taken together,
these data indicate that host-driven changes in mucus composition and mucin glycosylation with greater sialic acid
content may drive susceptibility to B. hyodysenteriae infection.

76



‘4

IPVS2022

26" international pig veterinary society
congress - rio de janeiro - brazil

Figure 3. Diseased pigs display colonic mucus alterations not observed in non-diseased pigs. A) Representative
images of Alcian blue-stained colons. B) Representative immunofluorescent images of colons stained with WGA
lectin to detect N-acetylglucosamine and sialic acid (red), counterstained with DAPI (blue).

Neutrophils and macrophages did not clear B. hyodysenteriae despite AMP expression

Early recruited leukocytes are a key defense against infection, and neutrophilic infiltrates are commonly reported in
colons of clinically affected pigs with SD (21,29). We showed neutrophils in diseased pigs localized in the lumen and
near the epithelial surface (Figure 4). This is where neutrophils would encounter B. hyodysenteriae, since the
pathogen localizes within colonic mucus by binding to sialic acid residues (29,34), attaching to epithelial cells (35),
or internalizing within goblet cells (30). The fact that neutrophils are strongly detected in diseased but not in non-
diseased pigs regardless of B. hyodysenteriae colonization status suggests that neutrophils are associated with
clinical signs of SD. Gene expression of CXCL8, the classical chemokine for neutrophil recruitment (36), was similar
among all groups (data not shown) indicating that neutrophil recruitment in SD is by other CXCL8-independent
mechanisms or by secretion of pre-formed cytokine without transcriptional regulation.
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Figure 4. Neutrophils localize near colonic epithelium and lumen in diseased pigs. Representative
immunofluorescent images of colon cryosections stained for the 6D10* neutrophil marker (magenta) and
counterstained with nuclear DAPI (gray).

We analyzed whether macrophages may be providing bacterial clearance defenses in the colon. We observed
macrophages located at the tops and bottoms of colonic crypts in both sham and diseased pigs (Fig 5) suggesting
macrophages do not impact clinical SD. However, non-diseased non-colonized pigs tended to have macrophages
localized throughout the colonic lamina propria. Furthermore, non-diseased colonized pigs varied greatly, from
having macrophages distributed throughout the lamina propria (like non-diseased negative group) to very few
macrophages detected whatsoever. Thus, the presence of macrophages in the colon may be associated with the
reparative/wound healing phase of infection (as in the non-diseased non-colonized group), or indicative of early
infection stages in pigs without mucohemorrhagic diarrhea (non-diseased colonized group).

Itis important to note that both neutrophil and macrophage populations in this study were examined only at a single
timepoint at the peak of clinical signs of SD (upon bloody diarrhea onset). Thus, efficacy of bacterial clearance by
neutrophils and macrophages could not be determined since this would require detecting cell populations at
different time points during infection to associate their presence with bacterial shedding. However, previous studies
showed that circulating blood neutrophils and monocytes increase during the onset of clinical signs of SD, and
remain elevated until recovery after clinical signs have ceased (22,23). The dysentery and recovery periods were not
necessarily associated with pathogen clearance since some pigs continued to shed B. hyodysenteriae in feces during
and after recovery (22). Thus, innate immune defenses by neutrophils and macrophages may drive clinical
presentation (diarrhea) instead of pathogen clearance.
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Figure 5. Colonic macrophages are distributed differently depending on clinical signs of disease. Representative
immunofluorescent images of colon cryosections stained for the BA4D5* macrophage marker (green) and
counterstained with nuclear DAPI (gray).

We assessed antimicrobial effectors to further elucidate the ability of neutrophils to clear B. hyodysenteriae
infection. Colonic myeloperoxidase (MPO), abundantly produced by neutrophils and macrophages, was quantified
as a measure of degranulation (37). MPO activity did not differ between diseased and non-diseased groups. Colonic
gene expression of cathelicidins, small antimicrobial peptides with immunomodulatory pro-inflammatory functions
produced by neutrophils, were also assessed. Cathelicidins PMAP-37 was detected in 90% of diseased pigs compared
to up to 67% in other groups, while PR-39 and protegrins 1-5 were not clearly associated with clinical signs of SD.
Thus, PMAP-37 is activated as part of innate immune cell defenses (but not MPO or other cathelicidins) and is unable
to clear B. hyodysenteriae.

Microbiome 16S sequencing indicates B. hyodysenteriae requires co-infection and is susceptible to competition
from Lactobacillus

We explored the colonic microbiome associated with the mucosa and with the luminal contents (digesta) separately.
In all parameters explored, the colonic mucosa showed more differences than colonic digesta, perhaps indicating
invasion of commensals in the normally sterile inner mucus layer. In general, sham (normal microflora) and non-
diseased groups showed similar microbiome profiles to each other but differed from diseased pigs. Diseased pigs
showed dysbiosis in colonic mucosal microbiota, indicated by reduced alpha diversity. In colonic mucosa and digesta,
beta diversity based on Bray-Curtis distance (a measure of diversity between samples) showed diseased pigs have
an unique bacterial profile at genus level (Figure 6). A direct comparison of diseased and non-diseased pigs identified
[Acetivibrio] ethanolgignens as characteristic in diseased pigs. A. ethanolgignens was originally discovered when
isolated from pigs with SD (38,39) but has not been described since. It is possible that co-infection with this pathogen
is required for clinical SD. Lactobacillus showed to be characteristic of non-diseased pigs, confirming similar findings
in a previous study (40). This indicates promise for probiotic prevention strategies against SD. Bacterial taxa were
matched to predicted functional categories in the KEGG database (41) which found differences in metabolic
pathways among pig groups. Thus, changes in colonic microbiota composition may provide a mechanism to explain
previous reports that diet affects SD susceptibility (42—-49).
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Figure 6. Beta diversity based on Bray-Curtis distance of bacterial profiles at genus level identified by 16S
sequencing. Each data point represents one animal. Clustering of datapoints suggests similarity while dispersion
suggests differences between animals. a = 0.05.

Cathelicidins are potential therapeutic modulators of colonic defenses in SD

Cathelicidins are a group of host defense peptides in mammalian innate immunity, secreted by leukocytes and
differentiated epithelial cells at the surface of colonic crypts (50-53). All mammals express cathelicidins, but
mammalian species like humans and mice contain a single gene for an alpha-helical peptide: LL-37 and CRAMP,
respectively (54). Pigs are an exception and express nearly a dozen cathelicidins with a variety of structural
conformations, including proline-arginine-rich 39-amino-acid peptide (PR-39), protegrins (PGs) -1 to -5, and porcine
myeloid antimicrobial peptides (PMAPs)-23, -36 and -37 (50,51,54). Although not tested against B. hyodysenteriae,
these peptides possess microbicidal activity against a variety of Gram-negative pathogens (54). The mechanism of
microbicidal activity depends on the peptide and may be lytic (PGs, PMAPs) or non-lytic by internalizing into cells
and blocking DNA synthesis (PR-39) (54). However, evolutionary evidence suggests that the function of cathelicidins
is immunomodulation and not merely microbicidal activity. Peptide regions responsible for antimicrobial activity are
not evolutionarily conserved among mammalian species (55). Conversely, the portions of cathelicidin precursors
that are indispensable for immunomodulation are highly conserved and co-evolved with the pathogen recognition
formyl peptide receptor (FPR2) (55). Thus, mammalian cathelicidins may be integral in innate defense against enteric
infection and porcine cathelicidins regulate many aspects of host responses in colitis. The colonic mucus layer is
regulated by cathelicidins, demonstrated when PG-1 attenuated murine DSS colitis by increasing MUC2 gene
expression, preventing goblet cell loss and restoring the colonic mucus barrier (56). Furthermore, the most well-
studied porcine cathelicidin, PR-39, promotes pro-inflammatory neutrophil and macrophage functions. PR-39 binds
neutrophil DNA to protect NETs from enzymatic degradation (57) and is directly chemo attractive for neutrophils
(58,59) but not mononuclear cells (59). PR-39 also promotes IL-8 and TNF-a secretion by immortalized porcine
alveolar (3D4/31) macrophages (60). Thus, cathelicidins could mediate colitis by modulating innate immune cell and
goblet cell function.

Cathelicidins have not been explored in SD. However, their immunomodulatory activities warrant their investigation
as a possible therapeutic, which may reduce or replace antibiotic use against this increasingly resistant disease. It is
possible that B. hyodysenteriae has become resistant to host defenses mediated by endogenous porcine
cathelicidins, so we focussed on the murine cathelicidin CRAMP as a primary candidate for a novel therapeutic.
CRAMP has never been administered to pigs, so we explored its safety in naive pigs unchallenged to B.
hyodysenteriae. A pilot study showed CRAMP intraperitoneal injection was well tolerated for over 2 weeks, with no
signs of histological colitis and minimal mucus barrier alterations. Future exploration of doses, practical routes of
administration, and efficacy in a B. hyodysenteriae infection model may elucidate abilities of CRAMP to strengthen
mucus, innate immune and microbiome defenses against SD.
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