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General introduction to the thesis

Post-weaning diarrhea (PWD) is a common welfare problem in pig production,
characterized by watery diarrhea and enteric bacterial infections, which could lead
to reduced feed intake and mortality in piglets after weaning. The onset of PWD is
associated with a broad range of factors, including major changes in the intestinal
microbiome [1-4], the composition and quality of the diet [2, 4-8], stress [7-9], and
infection by pathogenic microorganisms [3, 10]. At weaning, piglets are abruptly
removed from the sow and given dry feed. This sudden change can lead to an
imbalance in the microbiome, also referred to as dysbiosis, which may contribute to
post-weaning diarrhea. Antibiotics are commonly used to control and treat PWD, but
this increases the risk of antibiotic resistance and its spread to other pathogens [8,
11, 12]. Piglets are fed high protein (HP) diets to support their growth, but HP diets
have been suggested to decrease fecal consistency and dry matter content, as well
as to increase risk of PWD [1, 4, 6, 13].

Protein fermentation occurs when undigested protein reaches the colon and is
fermented by colonic microbiota, resulting in metabolites that in relatively high
concentrations negatively affect gut barrier function [1, 4]. The aim of the research
described in this thesis was to determine whether there is a link between, microbiota,
protein fermentation metabolites and piglet PWD under on farm conditions and
secondly to gain a better understanding of the effects of protein fermentation
metabolites on the intestinal epithelium using porcine intestinal organoid models.

The welfare and economic challenges of post-weaning

diarrhea

Future meat consumption is estimated to increase by 76-100% between 2005 and
mid-century [14], which amounts to 42% increase in pork consumption.
Gastrointestinal (Gl) infections are a major source of economic loss and welfare
issues in the pig industry, particularly in the European Union [15]. To this end,
particularly PWD and infections with enteropathogenic £ coliare a major burden [8,
16]. PWD often results in reduced growth rates, lower feed efficiency, and lower
productivity, all of which can negatively affect profitability [8, 17, 18]. Antibiotics and
zinc oxide (ZnO) are often used to control enteric infections resulting from PWD
which has implications for the spread of antibiotic resistance and environmental
burden in ZnO [17, 19]. Weaning of farmed piglets at a younger age (3-4 weeks) than
would naturally occur (gradual weaning over 10-20 weeks) is considered a major
factor contributing to PWD [8, 20, 21].




Weaning is typically accompanied by decreased feed and water intake, which can
result in a temporary reduction in growth [1, 9, 13, 17, 22, 23]. This is especially
problematic for piglets, as it can take up to two weeks to reach their energy intake
pre-weaning [23]. Stresses, such as overcrowding, inadequate ventilation,
transportation, and social conflict via mixing with new piglets are known to increase
intestinal permeability and cause inflammatory responses [24-26]. To address the
problem of PWD, various post-weaning nutritional approaches have been tested.
These include the use of organic acids [27, 28], which can improve animal health
through the acidification of the Gl tract and control of potentially pathogenic
bacteria [28, 29], pro- and prebiotics that aid in the generation and persistence of
beneficial metabolites [30, 31], or pre-weaning nutritional strategies, such as
introducing feed before weaning to allow a more gradual transition from milk to
solid feed [15, 19, 32].

Microbial colonization of the piglet intestine in early
life

In the first few weeks of life the piglet gut microbiome rapidly develops over time
and is affected by diet and weaning [33-35]. Microbial colonization of piglets is
strongly influenced by exposure to microbiota of the sow during birth and post-
partum as well as the farm environment itself [36]. Within 24 hours after birth, the Gl
tract of piglets is colonized by oxygen-tolerant bacteria, including Lactic Acid
Bacteria (LAB), enterobacteria, and streptococci [36-40]. Between 1-5 days after birth
bacteria such as Bacteroides, Lactobacillus, Bifidobacterium, and Clostridium
colonize the Gl tract [32, 38, 39], and by three weeks a stable microbiota composition
is established mainly consisting of bacterial groups from the families
Enterobacteriaceae,  Lachnospiraceae,  Bacteroidaceae,  Clostridiaceae, and
Lactobacillaceae [39, 41-43]. The development of the gut microbiota in early life can
significantly impact gut health later. For example, a higher relative abundance of
Lachnospiraceae, Prevotellaceae, Ruminococcaceae, and Lactobacillaceae during the
nursing stage have been supposed as a signature composition linked to a decreased
incidence of PWD in piglets [41-43].

Dietary modulation of the microbiome during weaning
The gut microbiota of weaned piglets is influenced by the levels and sources of
dietary proteins and fibers [1, 40, 44, 45]. Nutritional interactions between gut
microbiota and diet are important for supporting the Gl tract's nutrient pool and a
balanced microbial community. Administering multiple species of microbes to sows
during gestation and lactation can also impact on the composition of the piglet
microbiota and the concentration of short-chain fatty acids (SCFAs) in the feces of



piglets during the post-weaning phase [44, 45]. However, weaning stress can lead to
reduced feed intake which limits nutrients for microbial survival and proliferation
and SCFA production.

At weaning, piglets are abruptly switched from nursing to a diet that typically
contains cereals and high concentrations of crude protein (CP) [36]. Some studies
have shown weaning leads to a decrease in Lactobacillus and a temporary reduction
of fecal microbiota diversity, while Clostridium, Prevotella, and facultative anaerobes
like Proteobacteriaceae (including £. col) tend to increase [35, 46, 47]. The different
type and source of proteins and fibers in the diet can impact on the diversity and
composition of the gut microbiota [48], with studies showing that enriched pectin
diets and soybean meal increase Prevotellaand decrease Lactobacillus 36, 37], while
a fish protein source leads to a large expansion of the Escherichia/Shigella group
[49]. These changes in the gut microbial ecosystem and loss of diversity during the
initial stages of life can increase the risk of PWD.

The use of antibiotics in feed as growth promoters has been banned by the European
Union since 2006 [12]. However, antibiotics are still widely used in the swine industry
for therapeutic, prophylactic, and metaphylactic purposes including treatment of
severe PWD. Studies in humans and mice have shown that administration of
antibiotics increases the abundance of enteric pathogens such as Salmonella,
Clostridioides difficile, and vancomycin-resistant £nterococcus [50-53]. Two major
pathogens that impact the swine industry are Salmonella enterica serovar
Typhimurium (S. Typhimurium) and Enterotoxigenic £scherichia coli (ETEC) [17, 21,
25, 38, 54].

The role of the microbiome in preventing

inflammation and pathogen invasion

The microbiome is important for colonization resistance, a term used to describe
competition with or direct inhibition of pathogens by the microbial community [55].
Certain members of the indigenous microbial community, called pathobionts, can
increase inflammatory responses in the mucosa when the microbiome has been
disturbed, for example, by antibiotic treatment. Rather than causing enteric epithelial
invasion or systemic dissemination, overgrowth of these pathobiont microbes can
lead to immune responses caused by secreted factors or mucosal adhesion.
Mechanisms of colonization resistance against pathobionts and obligate pathogens
include competition for limited nutrients and sites of epithelial adherence, as well as
the production of antimicrobials and pH-altering SCFAs acetate, propionate, and
butyrate [27, 50, 56, 57]. For example, certain intestinal bacteria produce SCFAs that
can alter the local pH, prevent the growth of intestinal pathogens such as pathogenic




E. coli[57] and inhibit virulence of S. enterica [58]. Nutrient competition is also a key
factor in supporting the stability of the microbial community. An example of this is
that non-pathogenic strains of £ coli have been shown to compete with human
pathogenic £ coli strains for consumption of critical carbohydrate metabolites in
mice and calves [59-61]. However, this competition can be both exploitative, e,
efficient nutrient competition, or interference based, ie. sensing by-products of
metabolism to induce inhibitory factors for the other bacteria [59, 62].

The transition to solid food and early life stress during weaning can lead to
heightened inflammation in the intestine, which is exacerbated by enteric infections.
The inflamed gut supplies an ideal environment for the expansion of
Enterobacteriaceae, which is also seen in PWD and other inflammatory gut diseases
in humans [54, 60, 63]. Intestinal inflammation triggers activation of epithelial
enzymes Nox-1 and Duox2 producing reactive nitrogen and oxygen species,
respectively [64]. Furthermore, neutrophils recruited by chemokine production
generate abundant amounts of reactive oxygen species through their oxidative
killing mechanisms. Inflammation also increases production of nitric oxide that in
turn reacts with superoxide to form peroxynitrite (ONOO~), which is then rapidly
converted to nitrate (NO3~) [65]. Certain strains of £ coli including ETEC possess a
nitrate reductase allowing them to grow through nitrate respiration [66]. This
mechanism is absent in anaerobes belonging to the classes Clostridia or Bacteroidia,
which partly explains the bloom of £ coli under inflammatory conditions [67, 68]. It
also highlights a mechanism in which £ coli exploits host inflammation to compete
with other species. These events can create a vicious circle of intestinal inflammation,
proliferation of £ coli and persistent infections.

The E. coli pathotypes causing post-weaning diarrhea in
pigs

Diarrhea in pigs can be caused by different pathotypes of £ colj including
enterotoxigenic £ coli (ETEC), enterohemorrhagic £ coli (EHEC) or shigatoxigenic £
coli (STEC), enteroaggregative £ coli (EAEC), enteropathogenic £ coli (EPEC),
enteroinvasive £. coli (EIEC), and diffusely attached £ coli Strains of ETEC are the
most common cause of PWD in piglets and are currently responsible for around 50%
of piglet deaths globally [8].

ETEC infections typically occur when the bacteria are ingested through contaminated
feed or water [21, 54]. The first step in ETEC pathogenesis is the adherence of
fimbriae to receptors on the microvilli of the small intestine [54]. Fimbriae are
proteinaceous, filamentous adhesins that are involved in adhesion to host cells and



other functions, such as interactions with macrophages and biofilm formation [25,
54]. Several distinct types of fimbriae have been identified in ETEC, including F4, F5,
F6, F18, and F41 (reviewed by [69]). F18 fimbriae are found on ETEC strains that cause
diarrhea in post-weaning piglets, while F4 fimbriae are found on ETEC strains that
cause both neonatal- and post-weaning diarrhea [70, 71]. A nucleotide
polymorphism in the fucosyltransferase-1 (FUT7) gene [72, 73], confers resistance to
infection with F18+ ETEC likely due to lack of adhesion and subsequent toxin
secretion. When attached to the epithelium, ETEC secretes exotoxins, including heat-
labile- (LT) and heat-stable exotoxins (ST).

ETEC secretes exotoxin causing inflammation and damage to the intestinal lining
[74]. LT is an AB type toxin that binds to monocialotetrahexosyl-ganglioside (GM7)
receptor through a pentamer of B chains which results in internalization and
toxigenesis through the A chain (reviewed by [75]). Intracellularly, the A component
elevates intracellular cyclic adenosine monophosphate (cAMP) which activates
protein kinase A (PKA). Elevated cAMP levels then stimulate the activation of the
cystic fibrosis transmembrane regulator (CF7R) channel leading to secretion of
chloride ions and water from the enterocyte into the gut lumen [75].

The STa toxin binds to the guanylate cyclase C receptor and activates its intracellular
catalytic domain, leading to the hydrolysis of guanosine triphosphate (GTP) and
intracellular increase in the second messenger cyclic guanosine monophosphate
(cGMP) that activates PKA-mediated chlorine secretion through CFTR [76, 77]. STb
binds to sulfatide on the surface of intestinal epithelial cells and activates a GTP-
binding regulatory protein, leading to an influx of extracellular calcium ions into the
cell which activates calmodulin-dependent protein kinase Il (CAMKII), which opens a
calcium-activated chloride channel (CaCC), allowing for the secretion of chloride
from the cell into the lumen [63, 74]. Thus, the activity of both LT and ST results in
the secretion of fluids and electrolytes into the intestine due to osmotic deregulation
leading to watery diarrhea.

The effects of dietary protein on the piglet gut

microbiome

Fermentation of undigested dietary protein by the gut microbiota can vary
depending on the amount of protein in the diet as well as the purity and quality of
the protein source [1, 4, 78-81]. For example, soybean is a common protein source
in pig feed, but it holds anti-nutritional factors that can interfere with the digestion
and absorption of nutrients, and undigested soybean proteins can stimulate
hypersensitivity in weanling piglets (reviewed by [82]). Lowering the CP level in the
diet to reduce soybean content may help alleviate immune stress in weanling piglets.




However, many studies have shown that the level of dietary CP is more important
than the protein source in altering the intestinal microbiome, particularly in weaned
piglets, whose microbiome is more susceptible to change [1, 4, 6, 34, 35, 79, 81].
Results from studies on the effect of dietary CP on the microbiome have been
inconsistent, with some showing an impact on certain bacterial populations, such as
members of the Clostridium genus [83, 84], and others showing no significant
changes [85, 86]; but these results might be different due to dietary composition
differences. More recent studies using high-throughput sequencing techniques have
indicated that reducing dietary CP by 3% decreases the relative abundance of
Lactobacillusin the cecum and Streptococcusin the colon of growing pigs compared
to HP diets [87]. These findings suggest that the intestinal microbiome may be
influenced by different dietary CP levels, although the microbiome of adult pigs may
be more stable and resistant to dietary changes than that of weaned piglets.

Increasing the level of CP in the diet can have complex and diverse effects on the
richness and diversity of the microbiota in the intestines of pigs. Overall, higher
protein levels can alter microbial richness and diversity [83, 86], although these
effects may be dose- and site-dependent and may not always be beneficial. In terms
of microbial composition, the effects of increasing CP levels are also complex and
varied, with some studies finding an increase in certain types of bacteria (such as
coliforms [88]) and others finding no change or a decrease [89-91]. At the phylum
level, the effects of increasing CP levels are also varied, showing an increase in
Firmicutes and a decrease in Bacteroidetes [86], while others have found no change
or even an opposite effect [85, 92]. This underlines the discrepancy of different
studies having different housing conditions, dietary compositions, and animal
genetics.

To further elucidate these discrepancies, the catabolic activity of the microbiota, or
the breakdown of protein into smaller molecules, could be assessed through the
analysis of end-products or through microbial -omics techniques such as
metatranscriptome sequencing or metaproteomics, addressing microbial
community gene expression and protein production, respectively. For instance,
overlapping and recurring end-products of protein fermentation in the gut of pigs
include SCFAs, ammonia, branched chain fatty acids (BCFAs), hydrogen sulfide (H.S),
methanethiol, biogenic amines, and phenolic- and indolic compounds (reviewed by
[1] and [4]). The specific end-products and the microbial genera involved can vary
depending on the amino acid (AA) being fermented, but their biological implications
might be shared.



Ammonia

The intestinal microbiota can produce ammonia through the deamination of AAs or
the hydrolysis of urea [93]. Ammonia in the Gl tract has various sources, some of
which are unrelated to protein fermentation. However, research using stable isotope
labelled valine and urea found that more than 70% of the ammonia in the ileal
digesta of pigs is produced through the fermentation of dietary and endogenous
protein by microbes, while about 30% comes from the hydrolysis of urea [94]. Studies
have shown that ammonia levels increase along the length of the Gl tract in piglets,
being low in the stomach and high in the colon [95]. In almost all studies increasing
the protein content of a pig's diet led to higher levels of ammonia in the digesta or
feces [6, 81, 96, 97]. Similarly, in human studies, ammonia concentrations in feces
increased with a higher intake of dietary protein [96, 97], and ammonia is usually
around 13 mM [95] in the distal colon of pigs and can increase up to 21 mM when
fed HP diets [90].

High ammonia concentrations (20 mM) have been found to be harmful to human
colonic epithelial cells, potentially through the interference with colonocyte
metabolism, the impairment of barrier function [98], and the promotion of
inflammatory signals [4, 98]. In a study on rats, infusion of ammonium chloride
(NH.Cl) in isolated distal colon increased epithelial cell proliferation [99], which may
contribute to Gl disorders [1]. Another study in rats found that perfusion of the colon
with NH4Cl or ammonium acetate increased losses of epithelial cells and mucus,
increased lymphocyte numbers in the lamina propria, and reduced intestinal health
compared to perfusion with a control solution [100]. Ammonia has also been shown
to decrease expression of the monocarboxylate transporter 1 (MC7-7, a transporter
involved in butyrate uptake) in porcine colonic tissue and Caco-2 cells [101, 102],
suggesting that increased luminal ammonia concentrations may decrease colonic
butyrate uptake and energy supply to colonocytes [103, 104]. However, incubating
isolated porcine colonic crypts with NH4Cl for 4 hours did not decrease cell viability
[105]. While ammonia may have negative effects on gut health, its role in PWD
remains elusive.

Short and branched chain fatty acids

The digestion of protein by the gut microbiota of pigs can produce SCFAs and BCFAs
as end products. SCFAs, including acetate, propionate, and butyrate, can be
produced from the fermentation of various AAs including alanine, aspartate,
glutamate, glycine, lysine, threonine, and serine [93]. However, SCFAs are mainly
produced in the intestine through the breakdown of complex carbohydrates by
certain species of bacteria (reviewed in [106] Chapter 4). SCFAs have been shown to
impact host physiology and have potential health benéefits. They can be absorbed by




epithelial cells in the intestine, enter the bloodstream, and reach the liver. They can
provide a sizeable part of the caloric requirements for humans and other animals
[107] and can be used as a dietary strategy for patients with short-bowel syndrome
[108]. SCFAs also play a role in regulating nutrient and ion transporters in the colon,
which can help alleviate diarrhea associated with short-bowel syndrome. There is
ongoing research into the mechanisms by which SCFAs impact host physiology and
the potential for using SCFAs in the prevention and treatment of human and animal
diseases. BCFAs, including isobutyrate, isovalerate, and 2-methyl-butyrate, are
produced specifically from the fermentation of branched chain amino acids (BCAAs)
such as valine, leucine, and isoleucine [93]. The concentration of BCFAs in the
intestine increases throughout the Gl tract in piglets as the proteolytic activity of the
microbiota increases [95]. BCFAs can be formed by multiple species from
Bacteroides, Propionibacterium, Streptococcus, and Clostridium, e.g., through the
Stickland reaction [109]. Studies have shown that individuals on an HP diet have
higher fecal concentrations of isovalerate and isobutyrate, reflecting an increase in
the fermentation of valine and leucine [110]. HP diets have also been linked to a shift
from microbial carbohydrate to protein fermentation, as well as a reduction in
beneficial butyrate-producing bacteria and lower levels of butyrate [110, 111].
Microbial BCFA production is greater when feces from individuals with IBD are
compared to feces from healthy controls in an in vitro model of the proximal colon
[112]. Although isobutyrate can serve as an energy source for colonocytes, butyrate
is preferred by colonocytes [113]. Propionate, acetate, butyrate, and isobutyrate have
all been shown to increase the expression of the Na+/H+ exchanger NHE3 in colon
cells [114].

Hydrogen sulfide

H.S is produced in the Gl tract by fermentation of dietary sulfate or sulfur-containing
AAs such as cysteine, methionine, cystine, and taurine [81, 115]. Increased sulfide in
urine and feces have been positively correlated with dietary protein intake in humans
[116]. In ulcerative colitis (UC) patients who are not receiving treatment, fecal
concentrations of total sulfide are higher compared to healthy controls, indicating
increased production of H,S in UC patients [117]. Reducing dietary sulfur AAs has
shown to improve UC symptoms in stool frequency [118]. Multiple studies have
consistently shown that sodium hydrogen sulfide (NaSH) can inhibit cellular
respiration and the oxidation of butyrate and glucose but does not affect cell viability
due to adaptive responses of colonic cells [119-121]. Adaptive responses to H,S have
also been observed in vivo, with increased expression of the enzyme sulfide quinone
reductase (SQR) [121], involved in H,S detoxification, in the colon of rats fed an HP
diet compared to those fed a normal-protein diet.



Studies on the effects of H,S on cell proliferation show inconsistent results. Some
studies reported an increase in proliferation rate following incubation with NaSH in
rat small intestinal cells [122] and human mucosal biopsies from the rectum [123],
whereas others reported a decrease in HT-29 Glc™/* cells [120]. The discrepancy in
these results might be due to the physiological differences between the models, e.g.,
one having a mucus layer in vivo and the other not ([121]. Colorectal cancer-
associated features hyperproliferation and reduced apoptosis of the epithelium,
suggest a potential detrimental role for H,S in gut health [124, 125]. Furthermore,
H.S may impact on gut health by breaking down the mucus layer and increasing
mucus barrier permeability [126]. Sulfate-metabolizing bacteria belonging to the
genus Desulfovibrio, can produce sulfide from the reduction of dietary sulfite,
sulfate, and mucin-derived sulfated polysaccharides. Increased levels of sulfide and
sulfide-producing bacteria have been observed in inflammatory bowel disease (IBD),
and the sulfides reducing the mucus barrier may contribute to decreased barrier
integrity (reviewed by [127]). In line with this concept, H,S affects cytokine
production, as continuous infusion of NaSH in the colon of rats increased gene
expression of proinflammatory cytokine IL-6 and NO synthase [121]. However, likely
due to the short duration of the experiment neutrophil infiltration in the distal colon
was not affected. It has been hypothesized that concentrations of free sulfide and
the metabolizing capacity of epithelial cells determines if their effects on colonic
epithelium integrity are harmful [1].

Polyamines

Polyamines, which include putrescine, spermidine, and spermine, are naturally
occurring compounds found in certain foods and produced by colonic bacteria
(reviewed by [128, 129]). These compounds are crucial for normal mucosal
development [130] and absorption in the small intestine of young piglets [131].
When arginine is converted by colonic bacteria, it forms citrulline and ornithine,
which can then be converted into polyamines [93]. Piglets that were fed an HP diet
had higher concentrations of putrescine and spermidine in the proximal colon [84].
However, putrescine was negatively related to the expression of MCT-1 in the colonic
tissue of these piglets [101], suggesting a potential role in decreased energy supply
to colon cells similar to ammonia. Histamine, which is produced by histidine
fermentation [93, 132], was also increased in the proximal colon of piglets fed HP
diets [84]. However, these piglets had increased histamine-degrading enzymes in
their colonic tissue, indicating an adaptive response to excess histamine. When
amines are converted to nitrosamines in the distal colon, it can potentially cause
DNA damage and have carcinogenic effects [133]. Overall, HP diets increase the
concentration of biogenic amines in the colon, but the impact of these amines on
gut health is not yet fully understood.




Other metabolites

Phenol and indole compounds are produced by Bacteroides, clostridia, and
bifidobacteria from aromatic AAs phenylalanine, tyrosine, and tryptophan [93]. They
are generally absorbed by the colonic epithelium and detoxified by the colonic
mucosa or liver with glucuronide and sulfate conjugation [134]. There is growing
interest in physiological effects of certain indole derivatives, such as indole-3-
aldehyde (13A), indole-3-propionic acid (IPA), and indole-3-acetic acid (IAA) that are
produced by gut bacteria from the breakdown of tryptophan [135]. These derivatives
activate the aryl hydrocarbon receptor (AhR), a protein that helps regulate immune
function in the intestine [135]. IPA in particular can also impact the intestinal barrier
by binding to the Pregnane X Receptor (PXR) [136]. Studies have shown that higher
intake of dietary fibers is associated with increased circulating levels of IPA in
humans, [137], but research is needed to understand the impact of fibers on the
production of these indole derivatives by gut bacteria [138]. p-Cresol, a phenol-
derived metabolite produced by gut bacteria from L-tyrosine [139], is present at low
levels in human and porcine feces [95]. Studies have shown that in in vitro
experiments p-cresol can inhibit oxygen consumption in colonocytes [139] and
increase the production of anion superoxide, a type of oxidant. These effects may
result in the decrease of energy production in cells and impact on cellular physiology,
potentially through the formation of peroxynitrite [66].

The effects of low-protein diets on pig production and
gut health

In pig production, HP diets can lead to excesses of essential AAs and increased
nitrogen excretion, which can lower the efficiency of nitrogen utilization and impair
gut health through colonic fermentation [140]. The latest recommendations from the
National Research Council (NRC, 2012 [141]) for standard nutrient requirements of
swine do not include a specific requirement for CP, but a total nitrogen requirement
which results in a CP requirement that is 2-4% lower than previous recommendations
(1994, [142]). The CP content of typical diets for weaned piglets is between 21 and
25 %. Studies have shown that reducing CP can effectively lower the risk of problems
with gut health such as PWD. Reducing CP by more than 2% below the NRC's 2012
recommendations may result in reduced weight gain due to limiting non-essential
AAs [143]. Low protein (LP) diets supplemented with specific essential AAs have been
shown to increase nitrogen utilization, reduce feed costs and nitrogen excretion, and
improve gut health without negatively impacting growth performance [140, 144]. LP
diets supplemented with free AAs can improve immune status and resistance to
subclinical and clinical diseases, especially under stress conditions [143].



For example, threonine is important for mucin synthesis and maintaining gut barrier
integrity, sulfur amino acids (methionine and cysteine) that are involved in the
immune system, and tryptophan-derived metabolites have been associated with
immune-regulating properties and can inhibit the production of pro-inflammatory
molecules, and certain BCAAs leucine, isoleucine, and valine) can enhance immune
function, improve gut barrier function, and reduce inflammation [80, 143, 145].
Finally, LP diets supplemented with AAs can improve the overall nutrient utilization
efficiency, feed conversion ratio, and reduce nitrogen excretion [143, 144]. However,
the use of LP diets can lead to fatter carcasses due to more dietary energy being
available for fat deposition, but the adoption of the net energy system in dietary
formulation can help achieve acceptable performance and meat quality. Decreasing
the CP content by 3% or more also resulted in significantly reduced growth
performance [140], even when supplemented with four crystalline AAs [140, 144,
146]. This effect was reverted by supplementing lowered CP diets with BCAAs,
showing that BCAAs could be a limiting factor for growth performance in low CP
diets [145, 147]. However, these studies were performed on piglets in their fattening
or finishing stage [80, 145, 147]. Studies investigating lower CP levels in combination
with AA supplementation at weaning show reduced growth performance and lower
average daily gain in the first week after weaning [140]. These studies pose
implications for finding a balance between reducing CP content and growth
performance, which results in reluctance to adopt BCAA-supplemented low CP diets
in practice.

The porcine Gl tract

The porcine Gl tract is composed of several specialized compartments. Anatomically,
the stomach empties into the duodenum, a short section of the small intestine that
contains Brunner's glands that produce bicarbonate [148]. This buffers the acidic
contents from the stomach and activates intestinal enzymes by creating an alkaline
environment [148]. The duodenum transitions into the jejunum at the
duodenojejunal flexure. The jejunum is the largest section of the Gl tract and is
specialized in digestion and absorption of nutrients (reviewed by [149, 150]. The last
section of the small intestine is the ileum and aids in the absorption of digested
nutrients. The increasing concentration of Peyer's patches, localized immune
compartments underneath the epithelium, indicate a more pronounced immune
function and corresponds to an increased concentration of luminal bacteria. The
ileum terminates into the large intestine at the ileocecal valve. The cecum is the most
proximal compartment of the large intestine and is more prominent in pigs than in
humans [149]. The cecum contains many bacteria that enzymatically break down
plant materials and other carbohydrates undigested in the small intestine. This
process is followed in the proximal section of the colon. The anatomy of the porcine
colon is substantially different from that of humans, where pigs have a spiral colon




divided into downward centripetal (human equivalent to ascending and transverse
colon) and upward centrifugal (human equivalent to descending colon) sections
[150]. Its main function is reabsorption of water and transport of fermentation
metabolites from the resident microbiota. The colon terminates into the rectum, the
most distal section, and feces are passed as a semi-solid material.

The intestinal barrier is a multi-layered system that prevents the penetration of
luminal microorganisms and allergens into the (sub)mucosa and is essential for
maintaining the overall health of the GI tract. Components of the intestinal barrier
include gastric acid and pancreatic juice, which help to degrade microorganisms and
antigens in the lumen, as well as intestinal bacteria that produce antimicrobial
substances to inhibit pathogen colonization. The microclimate close to the
epithelium consists of a watery layer, glycocalyx, and mucus layer [151, 152], which
prevent bacterial adhesion and contain antimicrobial peptides (AMPs) secreted by
cells such as Paneth cells and enterocytes [153, 154].

Goblet cells: The role of mucins for mucus maintenance

and defense

The glycocalyx consists of acidic mucopolysaccharides (glycosamino-glycans) and
transmembrane glycoproteins [151, 152, 155]. These membrane-bound mucins are
generally extended and heavily glycosylated and cover the microvilli of enterocytes.
(Membrane) mucins are proteins that are characterized by a specific domain called
the PTS domain, which is rich in Proline, Threonine and Serine residues. This domain
is also O-glycosylated as the membrane mucin travels through the secretory pathway
[156]. Parallel individual evolution of two functional mucin groups shows their
biological importance, and both types are found on many mucosal surfaces [157].
For instance, next to membrane-bound mucins, gel-forming mucins from Goblet
cells are critical in the intestine. Mucin-2 is the major secreted mucus in the Gl tract,
and its complete absence leads to spontaneous inflammation [158-160].

Several types of Goblet cells in the GI tract have been described with specialized
functions, as canonical Goblet cells that regulate mucus biosynthesis and storage,
non-canonical Goblet cells that regulate metabolic processes as ion transport and
nutrient absorption, defense Goblet cells that produce AMPs, and inter-crypt Goblet
cells that have a fast baseline mucus secretion (as reviewed by [155]). Mucin 2 is
constitutively secreted throughout the intestine and expression is modulated by
inflammatory signals, such as microbe-associated molecular patterns [154, 161, 162].
For instance, stimulating cells with proinflammatory cytokines [163, 164] and
bacteria-derived lipopolysaccharide (LPS) [165] induces elevated expression of



mucins in vitro. Moreover, treating intestinal cancer cell lines with SCFA butyrate has
shown an increase in Muc2 expression when treated with low doses in vitro (1 mM)
[166, 167]. This stimulated mucin release is an immediate response to external stimuli
and results in drastic secretory granule increase through hydration [168]. The
oligosaccharide structures of mucins resemble those found on cell surfaces, and its
constitutive secretion into the gut lumen possibly serves as adhesin decoy for
pathogens (reviewed by [169]). Bacterial pathogens such as Streptococcus pyogenes
[170], Haemophilus influenzae [171], £ coli [172], and Campylobacter jejuni[173],
as well as rotaviruses [174] and enteroviruses [175], have evolved to bind to, or utilize
host sialic acids and fucosylated oligosaccharides, which are abundant in secreted
mucus.

Epithelial regeneration in the intestine

The GI tract could become compromised during weaning by decreasing the
expression of proteins involved in energy metabolism and other cellular processes,
leading to reduced proliferation of intestinal epithelial cells. Additionally, weaning
stress can cause morphological and physiological changes such as villus atrophy and
crypt hyperplasia, which can impair the digestive and absorptive capacity in weaned
pigs [5, 18, 26, 176]. Disruption of these processes can greatly impact the digestion
of HP diets and could lead to increased outflow of undigested protein into the colon
[6, 18]. This then increases colonic proteolytic fermentation and favors protein-
fermenting microorganisms to produce the previously described metabolites [81].

Homeostasis of epithelial regeneration and energy metabolism is vital, as intestinal
epithelial cells undergo rapid turnover, with a lifespan of about 4 to 5 days. This high
rate of turnover is a vital defense mechanism of the intestinal epithelium to shed
infected or damaged cells [177-179]. These epithelial cells are produced by stem
cells in the crypts and differentiate into several specialized types, including
absorptive enterocytes, enteroendocrine cells, goblet cells, and Paneth cells
(reviewed by [180]). These cells play important roles in maintaining the integrity of
the intestine and aiding in recovery from tissue damage [181]. For instance, Paneth
cells produce and secrete antimicrobial peptides like lysozyme and defensins, as well
in supplying stem cell protection in the crypt bottom [154, 180]. Goblet cells secrete
mucus that protects the mucosal surface, while M cells in the follicular epithelium of
the Peyer’s Patches are involved in the uptake of antigens. Beneath the epithelium,
immune cells such as myeloid cell types and lymphocytes help to support intestinal
homeostasis and protect the host against invading pathogens and subsequent
inflammation (Figure 1).




Intestinal barrier function through tight junctions

The barriers that regulate permeability through the epithelial layer are formed by
tight junction proteins located between epithelial cells. These intramembrane
proteins, such as occludin and claudins, work together with cytoplasmic proteins like
zonula occludens (ZO) to create a barrier between the luminal and basolateral
compartments [182, 183]. This barrier controls the passive diffusion of ions and other
small molecules through the paracellular pathway, acting as a filter to allow the
transport of important nutrients, electrolytes, and water from the lumen of the
intestine into circulation. Inflammation can significantly impact the integrity of the
intestinal barrier [184], and pathogens can directly damage tight junctions using
toxins or membrane adhesion as outlined above. Additionally, systemic
inflammation can further impair barrier function and decrease the expression of tight
junction proteins like occludin and claudin-1 [185]. Pro-inflammatory cytokines
produced by immune cells, tumor necrosis factor alpha (TNF-a) and interferon
gamma (IFNy), can also play a role in the disruption of tight junctions and the
impairment of barrier function. Early weaning and LPS injection showed detrimental
effects on intestinal barrier function and increased immune responses in pigs,
potentially through the alteration of mucosal immune responses and impaired
nutrient digestibility. Three studies showed that higher dietary CP levels decrease
expression of tight junction proteins occludin, ZO-3, claudin-1, -2 -3, and -7 in the
small intestine and proximal colon and lead to a higher count of mucus-containing
goblet cells in the proximal colon [83, 95, 186]. In addition, HP diets have been
associated with increased expression of genes related to cell turnover and pro- and
anti-inflammatory responses in the proximal colon of pigs [84], although it is unclear
whether these increases are a result of increased permeability or a protective
response to (potentially toxic) metabolites. Further indications that HP diets affect
barrier function is the relation to longer villi and deeper crypts in the small intestine
and a lower count of intraepithelial lymphocytes in the proximal colon of piglets.
This could be related to the inefficient supply of ZO-proteins that are important
mediators of collective cell migration and proliferation [187]. Increased levels of pro-
inflammatory cytokines such as TNF-q, IL-1B, and IL-6 have been found in the colon
of pigs fed HP diets, as well as increased activation of the transcription factor NF-kB
in the ileum.



Figure 1. An overview of the structural morphology of the small intestine and colon. Stem cell replication
in the crypt leads to the generation of rapidly amplifying progenitor cells that differentiate into mature
enterocytes or secretory cells (goblet, enteroendocrine, Paneth, and tuft cells) as they move upwards to
the epithelial surface. Cells at the top of the villus (small intestine) or crypt (colon) under apoptosis are
extruded from the epithelium without loss of barrier function. Goblet cells in the intestine produce mucus,
and Paneth cells produce antimicrobial factors and support stem cell maintenance in the bottom of the
crypt. The number of bacteria increases along the intestinal tract and is highest in the colon. They produce
numerous metabolites from their metabolism, which could interact with the host epithelium.




Antibodies in the intestine

The Gl tract contains a substantial portion of the body's immune cells, located in the
mucosa and submucosa. This area, known as the gut-associated lymphoid tissue
(GALT), contains both isolated and aggregated lymphoid follicles, including Peyer's
patches and mesenteric lymph nodes. The GALT is responsible for presenting
antigens to the immune system and producing secretory antibodies, IgA and IgM,
for defense against harmful substances (reviewed by [188]). The lamina propria
serves as a compartment for the regulation of immune responses, particularly IgA
production. The gut immune system in pigs reaches maturity at 7 weeks of age,
whereas conventional weaning occurs between 3-4 weeks. Weaning-induced
inflammation is often associated with oxidative stress, which can further disrupt the
normal intestinal function. To maintain optimal growth and performance in pigs, the
appropriate development of the intestinal immune system and a normal redox state
are essential. Controlling pro-inflammatory cytokines may alleviate subsequent
intestinal disorders caused by the stress of weaning.

Shaping of the microbiome by host factors

Bidirectional interaction between the host and microbiome also shapes microbiota
composition. For instance, AMPs are innate immune peptides produced and secreted
by most mucosal epithelial cells and some immune cells [50]. These peptides are
particularly important in the Gl tract, where they play a role in maintaining a healthy
balance of the intestinal microbiome. There are several types of intestinal AMPs,
including Paneth cell-derived alpha-defensins, lysozyme, phospholipase A2, and
RNAses, enterocyte-derived beta-defensins and cathelicidins, and regenerating islet-
derived protein (REG) Il family, produced by Paneth cells and enterocytes) (reviewed
in [189]). Some AMPs have broad-spectrum antimicrobial activity while others are
more specific. For example, defensins and cathelicidins create pores that lead to cell
lysis through attachment to negatively charged lipid membranes. On the other hand,
C-type lectins target Gram-positive bacteria by binding to peptidoglycan that forms
the cell wall of bacteria.

In summary, the relationship between the microbiota and the host is complex and
has evolved to maximize benefits such as resistance to pathogens, metabolism, and
immune development, while minimizing negative effects such as imbalanced over-
representation of certain microbes, inflammation, and movement of microbes across
epithelial cells. The host maintains balance by carefully controlling contact between
the microbiota and the epithelial cells through mechanisms such as the mucus layer,
AMPs, antibodies such as IgA, and microbial metabolites.



Modeling host epithelial responses with in vitro

models

HP diets have been shown to significantly increase the microbial fermentation of
protein, peptides, or AAs in the intestine, as indicated by increased concentrations
of metabolites derived from microbial AA metabolism, particularly in the distal part
of the intestine. However, the concentration of end-products in digesta or feces does
not necessarily reflect microbial catabolic activity, as it depends on the rate of
production and disappearance by processes such as absorption by enterocytes. /n
vitro studies can provide insight into microbial capabilities for protein fermentation,
such as using fermentation models in the lab [190, 191], but the in vivo situation is
more complex and involves multiple interactions with the host. SCFAs produced
during (protein and carbohydrate) fermentation are thought to be beneficial for
intestinal health, while increased colonic expression of genes involved in mucosal
cell turnover and proinflammatory reactions have been associated with high
concentrations of ammonia, biogenic amines, and other potential toxic metabolites
induced by HP diets. The overall effects of protein fermentation on health can be
studied in animal studies by increasing dietary protein levels but do not reflect the
localized effects of metabolite exposure on the epithelial surface. Therefore, in vitro
cell models are a good model to evaluate specific metabolite-epithelium
interactions.

Protein fermentation metabolites

Several in vitro studies have been conducted on the effects of protein fermentation,
in which cells, isolated colonic crypts or colon tissue were exposed to different
potentially harmful metabolites. One metabolite studied was ammonia, which
stimulated pyrimidine synthesis in gut epithelial cells. However, exposure of isolated
pig colonic crypts to 50 mM NH4Cl did not alter cell viability [105]. Exposure to p-
cresol and phenol decreased the viability of colonic epithelial cells isolated from
human biopsies and cell lines [98, 134]. Moreover, transepithelial resistance of Caco-
2 cells was also found to decrease after incubation with these compounds, and
permeability of endothelial cells was significantly increased after exposure to p-
cresol [139, 192]. The toxic potential of H,S has been extensively studied in vitro, and
after exposure to NaSH, proliferation in non-transformed rat intestinal crypt cells was
increased [121]. Furthermore, Attene-Ramos et al. found that H.S affected vital
cellular pathways at concentrations found in the lumen of the colon, causing
genomic DNA damage in colonic cancer cells, preventing the oxidation of butyrate
in colonocytes, and inhibit cellular respiration by acting as an inhibitor of cytochrome
coxidase [193].




The use of cell lines and the advent of intestinal stem

cells

Recent studies on cancer or transformed cell lines have revealed several issues that
may negatively impact the reproducibility of research results obtained. These issues
include model misidentification, cross-contamination, and genetic aberrations [194].
To address these issues, methods such as short tandem repeat and single nucleotide
polymorphism profiles have been proposed for authenticating cells [195].
Additionally, it is currently unknown to what extent genotypic variability in these cell
lines may lead to variations in proteotype and phenotype when cultured in different
laboratories [194, 196]. While there are some observations that suggest that many
cell lines may be genomically unstable [197, 198], a recent report indicated that
cancer cell lines undergo rapid genetic diversification due to positive clonal
selection, which could lead to alterations in glycosylation patterns and general
physiological responses [194, 199]. Thus, it is important to consider that
reproducibility of research results may not always be guaranteed when using cell
lines and could deviate due to biological complexities.

To overcome the issues of monotypic cell line models that could poorly reflect
physiological conditions, there has been much interest in employing the self-
replicative potential of stem cells. Recent advancements in stem cell biology have
led to the successful cultivation of three-dimensional organ-like structures called
organoids. These organoids, made up of functional living cells extracted from the
stem-cell compartment in their resident tissue, have the ability to self-renew and
organize spatially and can be obtained from normal or cancerous intestinal samples
for long-term study. Organoids have been proven to be important tools in the fields
of intestinal biology and cancer research, as they closely mimic the complex three-
dimensional architecture of intestinal tissue and recapitulate the epithelial
differentiation found in vivo. In the initial isolation method described by Sato et al.
in 2009, isolated intestinal crypts were embedded in a collagen matrix (Matrigel) with
growth factors, e.g., Wnt agonist R-spondin 1, epidermal growth factor (EGF), and
Noggin that support stem cell replication and differentiation. This process allowed
the development of crypt- or villous-like units containing all differentiated cell
lineages [181, 200, 201]. Additional development of the model found that colonic
crypt stem cells needed the addition of exogenous Wnt3A for long-term culture
[202].

A favorable property of using piglet-specific stem-cell derived intestinal organoids
is their intrinsic programming for functional recapitulation of the original tissue
epithelium. For example, intestinal organoids have been used to investigate the
physiology of electrolyte transport and membrane transporters such as NHE3, DRA,



CFTR, BLM, KCC1, and sodium potassium ATPase [203]. These are differentially
expressed based on the tissue of origin, reflecting their in vivo function. For example,
only organoids from the distal ileum expressed bile acid uptake transporters,
whereas they did not express proximal small intestine associated GATA4 that define
jejunal enterocytes [203, 204]. This means that the organoids resemble the important
spatial patterning of intestinal functions, such as uptake, digestion, and barrier
functioning. Disease modelling and host-microbe interactions using conventional
cell models is hampered by the lack cell type-specific receptors or membrane
mucins. Organoids allow physiological interactions between the epithelium and
pathogens to be studied e.g., having a mucus barrier and epithelium-produced
AMPs. Recent studies have shown successful replication of SARS-CoV-2 [205, 206]
and Cryptosporidium [207] in intestinal organoids, which have previously only
showed short-term infection mechanisms in cell lines [208, 209]. However, intestinal
organoids also pose limitations that need to be addressed for their incorporation as
physiological model of the intestine. The cellular recapitulation of organoids still
does not fully mimic the intricate spatial crypt-villus structure, the importance of flow
and nutrient diffusion, and complex composition of the luminal compartment. The
results from organoid research should therefore carefully be interpreted and their
function should be validated to in vivo systems.

Societal relevance of the thesis

Research into the effects of protein fermentation in piglets and its relation to post-
weaning diarrhea is of great societal importance for several reasons. Firstly, post-
weaning diarrhea (PWD) is a significant welfare issue for piglets as severe diarrhea
leads to abdominal pain, discomfort, and death if left untreated. Understanding the
associations between PWD and protein fermentation metabolites is important for
the development of better strategies to prevent post-weaning health problems in
piglets and has implications for humans. The use of experimental animals for
biomedical or biotechnological research is currently under scrutiny, with the aim of
greatly reducing animal experimentation by the end of the decade. Although the
complexity of animals cannot be fully captured in cell models, the organoid models
developed in this thesis could help refine animal experiments, reduce animal
numbers by prescreening, and replace the use of animals for specific types of
research questions. Moreover, organoids offer a more precise model compared to
cell lines as they mimic the complex physiological and biochemical processes of the
epithelium.
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Thesis outline and aims

This thesis project is part of a larger consortium funded by the Dutch Research
Council (NWO) and DSM. The consortium aims to investigate the contribution of
protein fermentation in farm animal health and disease and aims to understand
fundamental aspects of protein fermentation and intestinal health, with the goal of
formulating prospects for "healthier animals through nutritional solutions" (HANS).

The thesis project has four main aims. The first aim is to examine the associations
between piglet PWD, contributing factors before the onset of diarrhea, microbiota,
and fermentation metabolites in practice (Chapter 2). The second aim is to develop
and confirm the long-term culture stability of porcine intestinal organoids and their
localized patterning between intestinal compartments (Chapter 3), as a model for
studying the interaction between fermentation metabolites and the host epithelium
(Chapters 4 and 5). The third aim is to specialize and extend the organoid model
to be used for luminal interaction studies (Chapters 6, 7, and 8). Finally, the final
fourth aim is to identify molecular effects of protein fermentation metabolites on
the intestinal epithelium using scratch assays (Chapter 9).

Figure 2. Graphical overview of the thesis
concept. This thesis consists of two main pillars.
Primarily, we aim to identify the association
between protein fermentation in piglets and
their appearance in on-farm conditions. We will
then aim to develop an intestinal model based
on crypt-residing stem cells amenable for
epithelium-metabolite interactions and their
mechanistic effects in vitro to understand how
they might contribute to intestinal pathology in
vivo.




The thesis project aims to use a multidisciplinary approach, combining on-farm data,
genetics, microbiology, and cell biology (Figure 2). We initially investigated the links
between PWD, the intestinal microbiota, and fermentation metabolites and how they
might interact with the piglet epithelium (Chapter 2). To study the effects on the
piglet epithelium, we initially set up intestinal organoids from pigs and studied
congruence of transcriptional programs over multiple passages (Chapter 3 [210]).

The project further examined the effects of SCFAs on host physiology and
epigenetics (Chapters 4 and 5 [106]). As the 3-dimensional structure of intestinal
organoids prohibited proper luminal exposure to metabolites, we optimized
procedures for monolayer formation that retain heterotypic cellular differentiation
(Chapter 6 [211]) and explored the use of organoid models for evaluating feed-
component interactions with the intestinal epithelium (Chapter 7 [212]). We adapted
procedures to use heterotypic organoid cells in wound repair assays (Chapter 8) and
tested the effects of fermentation metabolites on epithelial renewal and barrier
functioning (Chapter 9).

Finally, in Chapter 10, | provide a general discussion in the broader context of
current literature and give an outlook on future research needs and opportunities
for practical implementation of the knowledge generated by research described in
this thesis.

Overall, the thesis project aimed to advance the scientific understanding of PWD
and protein fermentation and to develop new tools and models for studying the
interaction between protein fermentation metabolites and the intestinal epithelium.
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Abstract

Post-weaning diarrhea (PWD) is a common gastrointestinal disorder that affects
piglets during the weaning process. It is caused by a combination of factors,
including stress, changes in diet and the environment, and the presence of intestinal
pathogens. Antibiotics have traditionally been used to control PWD, but the
widespread use of these drugs has contributed to the development of antibiotic
resistance. As a result, there has been increasing interest in using nutritional
interventions as an alternative way to prevent PWD-related infections. Previous
research has shown that increased levels of dietary crude protein (CP) are associated
with PWD onset, and that reducing CP intake can alleviate diarrhea symptoms. It is
thought that the inability to properly digest the changing dietary nutrients lead to
the increased flow of undigested protein into the colon, where it is fermented by the
resident microbiota. Some of the resulting metabolites may be detrimental to the
host and contribute to intestinal barrier dysfunction and PWD. However, the
relationship between PWD onset and protein fermentation in practice is not well
understood. Therefore, we investigated the temporal associations between fecal
microbiota development, fecal metabolites, and the morphological properties of the
intestine in piglets during the weaning process from 4 separate farms. We found an
increase of heat-stable toxin (ST)a and STh-expressing £ coliin piglets suffering from
diarrhea at 4 days PW (n=52) compared to controls (n=28) in all 4 farms, and
concurrent increase in the concentration of the protein fermentation metabolite
ammonia. This suggests that commercially used dietary protein concentrations have
an association between protein fermentation and PWD. There was a direct
correlation between protein fermentation markers and relative abundance of
proteolytic bacterial species in diarrheal animals, as well as an important contribution
of fiber-fermentation associated tryptophan metabolism in control animals post
weaning. However, most of the significant changes in these parameters were only
observed at the point of diarrheal onset, suggesting that they are not exclusive
contributors to PWD. These results do show an important link between PWD and
microbially produced metabolites despite large individual variation, further
reinforcing the multifactorial nature of the disorder.




Introduction

In pig production weaning commonly involves abrupt separation of piglets from the
sow accompanied by dietary and environmental shifts. Weaning is often associated
with a reduction and delay in feed intake, stress, maturation of the epithelial barrier
and transport functions, changes in the immune system and shifts in the intestinal
microbiota [1-3]. The stress that occurs due to separation from the sow and mixing
with new pen mates is also considered to impact on barrier function, intestinal
permeability, and the immune system [4-7]. The inability of piglets to properly
respond to the changes in nutritional constituents and stress, owed to the early
weaning at a premature developmental stage, has been linked to the onset of PWD
[8, 9.

Because of abrupt weaning and stress there is an increased susceptibility to enteric
infections by pathogens like enterotoxigenic £scherichia coli (ETEC), which
necessitated the use of antibacterial drugs to decrease PWD incidence [10, 11].
Widespread use of antibiotics to control enteric infections, however, has led to
increased antibiotic resistance [10] and regulatory restrictions for prophylactic use
on farms. Nutritional interventions have been explored as an alternative to
antibiotics to prevent occurrence of PWD-related infections [12, 13]. However, some
of these approaches, like pre-weaning diets, are difficult to control at farm and
animal level. Recent developments of vaccination with live attenuated ETEC have
shown promising results on decreasing ETEC-related PWD but are currently not
widely available [14].

Seminal studies have shown that increased levels of dietary crude protein (CP)
elevate the risk of PWD onset and that its reduction alleviates diarrhea symptoms
[15, 16]. It is thought that the underdevelopment of nutrient digestion leads to
increased flow of undigested protein into the colon [16, 17]. In the colon, the long
residence time and limited nutrient absorption facilitate increased protein
fermentation by the resident microbiota and accumulation of metabolic end
products, some of which may be detrimental to the host. For instance, in vitro studies
have shown that hydrogen sulfide (H»S) reduces colonic butyrate oxidation [18] and
that ammonia (NHs) down regulates expression of intestinal butyrate transporter
monocarboxylate transport 1 (MCT1) [19]. The capacity to inhibit intestinal energy
metabolism by these metabolites could adversely affect barrier function [20], and
supports the notion that elevated levels of protein fermentation contribute to
intestinal barrier dysfunction and PWD.



Increased dietary CP has been shown to increase relative abundance of pathogens
in the genera Escherichia, Campylobacter, Salmonella, and Fusobacterium which
could cause infectious diarrhea. Substrate availability drives functional metabolic
selection of adaptable bacterial species. Increased levels of undigested protein that
can serve as substrate for bacterial protein fermentation could be an intermediary
effector in the progression of PWD by increased proliferation of colonic pathogens.
However, the contribution of these protein fermenting pathogens to PWD has shown
contradictory results in literature (reviewed by [21, 22]). Furthermore, studies
showing PWD alleviation through CP reduction utilize levels not typically used in
practice [16]. To get a better understanding of the role of protein fermentation under
practical conditions, we investigated the temporal associations between fecal
microbiota development, fecal metabolites, and morphological properties of the
intestine. Our results show a direct correlation between protein fermentation
markers NH; and branched-chain fatty acids (BCFAs) and proteolytic bacterial
species in diarrheal animals, as well as an important distinction of fiber-fermentation
associated tryptophan metabolism in animals with no diarrhea post weaning.
However, most considerable changes in these parameters were only observed at the
point of diarrheal onset and with a high individual animal variation, which suggests
their non-exclusive contribution to PWD and reinforces the multifactorial nature of
PWD onset.

Materials and methods

Animals and experimental setup

All experimental procedures were approved by the Animal Ethics Committee of
Wageningen University. A total of 80 animals from four commercial pig farms (52
diarrhea, 28 control) were needed for the final diarrhea measurements as calculated
by an initial pilot screening (Supplementary methods, Figure 2). Therefore, to
prospectively secure that number, a total of 20 litters were sampled 14 days pre-
weaning (Day -14 PW) and 2 days post weaning (Day 2 PW) per farm. The farms did
not use antibiotics during the experiments to avoid effects on PWD or microbial
composition. On each farm at day 4 PW, the animals were stratified to 7 control and
13 diarrhea animals for dissection on day 5 PW for intestinal morphology (see Figure
1). The diets of all piglets were according to the general farm practices of their
respective farm and similar to all individual piglets on their corresponding farm.




Figure 1. Timeline of sample selection pre- and post-weaning. At 14 days pre-weaning, 20 litters were
sampled for feces per farm and prospectively sampled at day 2 and 4 post-weaning. 20 animals per farm
with a corresponding diarrheal or control phenotype were then selected for microbiota analysis.

Fecal sampling

At day -14 PW and day 2 PW the fecal samples of all piglets were collected and
directly stored in 100 ml containers at -20°C. The fecal samples were collected by
gentle rectal stimulation with demi-H,O pre-wetted swabs (Purflock, Puritan; day -
14 PW) or manually (day 2 and 4 PW) and scored for consistency (from 1 (soft) to 5
(hard), see Supplementary methods). The pH and freeze-dry matter (FDM) content
of the samples was measured as previously published [23]. The inclusion criteria for
piglets in the diarrhea group (score 1-2) or control group (score 4-5) were
determined on-farm and confirmed using FDM content (Supplementary methods).

Dissection and histology

After selection, the animals were dissected on-farm. Firstly, the animals were sedated
via intramuscular injection of Zoletil + Xylazine (5:2 ratio, 1 mg/10 kg BW) and
transferred to the dissection table. The piglets were then euthanized with Euthasol
(20% pentobarbital, 24 mg/kg BW) in the ear vein and bled through the front left
leg. The abdominal cavity was opened, and all intestinal segments were individually
clamped to prevent digesta transit. Mid-jejunum, proximal colon, and distal colon
sections were transferred to separate containers. To avoid fecal interference with
histology, the sections were gently rinsed with demi-H,O. Two 2 cm sections at 10
cm distances were taken for histology and fixed in tubes containing 4%
paraformaldehyde (PFA). After overnight fixation at RT, the sections were placed into
cassettes and washed with running water for 10 min. The cassettes were
subsequently processed for automated paraffin embedding (Hisokinette) in gradual
series of ethanol (70-100%) for dehydration and xylene. The sections were then fixed
in paraffin blocks, cut using a microtome in 5 ym sections, and dried onto poly-1-
lysine glass slides. Two sections (10 cm apart) of each intestinal location were then
stained with hematoxylin and eosin following previous methods and tile-scanned on
a microscope at 10x magnification (DM§, Leica). The images were then measured for
crypt depth and villous height using LASX software (Leica) with 10 representative
measurements per section per location. 10 measurements per section were sufficient
for crypt depth and villous height estimation (see Supplementary methods).



Ammonia

The fecal samples were analyzed for ammonia as previously described [24, 25].
Briefly, water was added to the samples to release the ammonia and centrifuged at
2500 x g for 10 min. The supernatants were subsequently deproteinized with
trichloroacetic acid (TCA, 10%) followed by centrifugation at 14,000 x g for 10 min.
The ammonia was detected using Berthelot's reagent at 37°C for 30 min, and the
colored product indolphenolblue measured on a spectrophotometer at 623 nm. A
standard curve generated for different concentrations of ammonia was used for
quantification.

Short Chain Fatty Acids

Feces were thawed and phosphoric acid was added at RT and shaken for 30 min. The
samples were then centrifuged at 20,817 x g for 10 min, and the resulting
supernatants were mixed with an internal standard (31.784 mM 2-methyl valeric
acid). The mixture was centrifuged at 20,817 x g for 5 min and injected onto a gas
chromatograph (GC, HIP-FFAP; 30 m x 0.32 mm x 0.25 pm, Agilent J&W, USA). The
fatty acids were then separated, and short chain fatty acids (SCFAs) were detected
using a flame ionization detector.

DNA extraction and 16S rRNA gene library preparation

The fecal samples were thawed on ice and processed for automated DNA extraction
(Maxwell 16 Total RNA extraction kit customized for fecal DNA extraction, Promega,
USA) as previously described [26]. 200 mg of each fecal sample was added to bead-
beating tubes containing 700 pl Stool and Transport Recovery (STAR) solution
(Roche Diagnostics, Switzerland), 0.5 g 0.1 mm zirconia beads and 5 2.5 mm glass
beads and homogenized by repeated bead-beating (5.5 ms, 3 x 1 min, FastPrep; MP
Biomedicals) at RT. The samples were incubated at 95°C for 15 min at 300 rpm, and
then centrifuged at 15,000 x g for 5 min at 4°C. The supernatant was transferred into
a clean 1.5 ml Eppendorf tube on ice and the remaining pellet was reprocessed with
300 pl STAR buffer. The resulting supernatants were subsequently pooled. In total,
250 ul supernatant was used for DNA extraction on the Maxwell 16 instrument, and
DNA was eluted in 50 ul DNAse- and RNAse-free water (Promega). Total DNA
concentrations were measured on a nanodrop spectrophotometer and Qubit
(dsDNA BR DNA kit, Thermo-Fisher). Sequencing libraries for the V4 hypervariable
16S ribosomal RNA (rRNA) gene region was generated by PCR amplification with
primers EMP-515F (5'-GTGYCAGCMGCCGCGGTAA-3) and EMP-806R (5'-
GGACTACNVGGGTWTCTAAT-3") to which unique barcodes were added at the 5'-
end. PCR-reactions contained 20 ng template DNA in a total volume of 50 pl master
mix containing 1X HF buffer (Thermo-Fisher), 1 ul dNTP mix (10 mM, Roche




Diagnostics), both primers (200 nM), 1U Phusion hot-start Il high fidelity DNA
polymerase (Thermo-Fisher), and 36.5 ul DNAse- and RNAse-free water (Promega).
PCR amplifications were performed in triplicate with an initial denaturation step for
30 s at 98°C, followed by 25 cycles of denaturation for 10 s at 98°C, annealing for 10
s at 56°C, elongation for 10 s at 72°C, followed by an extension for 7 min at 72°C.
The resulting PCR-amplicon (approx. 290 bp) was verified for purity by gel
electrophoresis (1% agarose, 20 min at 100V). The PCR products were then purified
with the HighPrep PCR kit (Magbio genomics, USA), and total DNA concentrations
were measured on Qubit (dsDNA BR kit, Thermo-Fisher). Libraries were prepared by
pooling 200 ng DNA of each sample and concentrated to 20 pl total volume per
library. The libraries also contained predetermined MOCK communities of known
composition and DNAse- and RNAse-free water controls [27] and sequenced by
[lumina Hiseq (Eurofins Genomics, Germany). The resulting reads were then
processed as previously described using NGTax 2.0 for data filtering, de-
multiplexing, and taxonomic assignment with SILVA v132 (amplicon sequence
variants; ASV, [27]).

The biom and tree output files were then processed using R with the phyloseq [28]
and microbiome packages [29]. The biom and tree files were merged into a phyloseq
object and checked for total sample reads. The phyloseq data file was further
processed with and without rarefying the data, and alpha and beta diversities were
calculated for each sample and timepoint. Relative and total abundance files were
exported and tested for differentially abundant ASV's with Deseqg2 [30] using
shrinkage estimation for dispersions and fold changes that focus on differential
power and standard error rather than only abundance differences. The genus-level
data of all timepoints were imported into Canoco (v. 5, [31]) with metadata, and
ordination plots were generated with constrained partial redundancy analysis (p-
RDA) and unconstrained principal component analysis (PCA) to plot sample- and
group-specific variation. Explanatory variable percentages were calculated in
constrained analysis with significance at P < 0.05 for simple and conditional effects.
Composition plots were generated with the microbiome package [29], and the top
10 relative abundance groups were exported for order, family and genus. The relative
abundance files were then tested for linear discriminant analysis with LEfSe [32] to
determine differentially determining features between control and diarrhea groups
with standard settings for alpha (0.05) and LDA threshold (2.0) with all-against-all
multi-class analysis strategy. Functional prediction based on the 16S rRNA gene data
was performed with Piphillin [33] with standard settings.



Total bacteria estimation and quantification of toxin DNA
copy number

Copy numbers for total bacterial 16S rRNA genes (total bacteria) and pathogen-
associated toxin encoding genes were measured in the day 4 PW fecal DNA samples.
Total bacterial 16S rRNA genes was quantified by synthesizing a 16S rRNA gene
fragment with known length as standard (Supplementary methods) and gPCR of
all samples in quadruplicate with primers FW Bact1369: (5'CGGTGAATACGTTCYCGG
3") and RV Bact1492: (5GGWTACCTTGTTACGACTT 3’). Total toxin copy numbers
were also measured by qPCR using synthesized DNA fragments of genes that code
for these specific toxins as standard. Genes encoding toxins of £scherichia coli (Heat
stable protein a, STa; Heat stable protein b, STb; Heat labile protein, LT), Salmonella
enterica subs. enterica serovar Typhymurium (invasin A, invA), Campylobacter coli
(Cytolethal distending toxin, CDTcoli), Campylobacter jejuni (Cytolethal distending
toxin, CDTjej), Clostridium perfringens (alpha toxin, atox), and Lawsonia
intracellularis (surface antigen A, LsaA) were measured in fecal DNA at day 4 PW
using synthesized gene fragments as standards (gBlocks, IDT Technologies) and
specific primers (Supplementary methods). The gene fragments were designed
including flanking regions to ensure sequence-specific primer annealing. All samples
were diluted to 1 ng/pl and qPCR was performed on a CFX384 in quadruplicate (Bio-
rad). The master mix contained 5 ul SYBR green (SsoAdvanced Universal SYBR Green
Supermix, containing dNTPs, Sso7d fusion polymerase, MgCl,, SYBR Green |, and
ROX normalization dyes), 0.4 ul primer mix (10 mM), and 2.6 yl RNAse- and DNAse-
free water (Promega) per sample. Every reaction was performed using 2 pl template
for a total reaction volume of 10 ul. The gPCR consisted of an initial denaturation
step at 94°C for 10 min, followed by 34 cycles (20 s 94°C, 30 s 60°c, and 30 s 72°c).
Amplicon specificity was checked using a melt curve, from 60-95°C with 0.5°C
increments. Copy numbers were quantified using the standard curve in CFXMaestro
(Bio-rad). The presence of Rotavirus type A was also assessed using
immunochromatography strips (C-1001, Coris BioConcept, Belgium) on all fecal
samples at day 4 PW.

Metagenome shotgun sequencing

In total 20 samples were selected for shotgun metagenomic sequencing (Novogene).
The samples were selected based on their copy numbers for heat-stable protein a
(STa) with five lowest and five highest for both groups stratified over all four farms.
The genomic DNA was randomly fragmented using sonication and subsequently end
repaired, A-tailed, and ligated with full-length Illumina sequencing index adapters.
The samples were then processed for PCR amplification with P5 and indexed P7
oligos, and PCR products were then purified with an AMPure XP system. The libraries




were checked for size distribution by Bioanalyzer (Agilent 2100, Agilent
Technologies, USA) and 150 bp paired-end sequenced (Illumina Novaseq 6000). The
raw reads (6 Gb per sample) were checked for quality (FastQC, [34]) and trimmed for
adapter and porcine genomic reads (sus scrofa 11.1, Ensembl [35]). Trimmed reads
were then mapped to a customized reference database from microbial genomes in
NCBI for taxonomic profiling and species identification. Antimicrobial resistance
gene characterization was performed by mapping the trimmed reads to the
Comprehensive Antimicrobial Resistance Database (CARD) [36]. Differential species
data between control and diarrhea animals were visualized in a volcano plot with
Volcanoser and used for top 10 bacterial species identification with Manhattan
distance scores.

Metabolomics

The untargeted metabolomics was performed using Direct-Infusion high resolution
Mass Spectrometry (DI-MS). For DI-MS, the feces samples were weighed (500 + 3
mg) into 50 ml screw-cap tubes (polypropylene, Greiner) supplemented with 1-5
spoons of stainless-steel beads (0.9-2 mm, Next Advance, USA). Acetonitrile (1 ml
per 150 mg feces) was added, and the samples were homogenized at 6°C with a
Bullet Blender for 6 min (speed 8, model 50-DK, Next Advance). The tubes were
subsequently removed and inspected visually for homogenization and re-
homogenized if necessary following previous steps. The samples were then
centrifuged for 3 min at 1000 x g to spin down solid particles (Hettich Rotanta 460R,
The Netherlands) at 4°C. In total, 70 pl of extract supernatant was transferred to a 1.5
ml safe-lock tube (Eppendorf) and mixed with 70 pl 4x concentrated NSK AB internal
standard solution and 60 ul 0.3% formic acid in double-distilled water. The tubes
were then mixed by vortex and pulse centrifugation, and the content was
subsequently filtered (0.2 um). The filtrate was transferred to 96-well plates, sealed
to avoid evaporation, and measured using DI-MS on an Advion TriVersa NanoMate
(Advion, USA) with 5 pym ID chip-based infusion, and a Q-Exactive Plus MS (Thermo-
Fisher, Germany). MS data was acquired in a scan range of 70-600 m/z. The system
operated in a 140000-mass resolution in negative and positive ion mode for 1.5 min
each at 1.6 kV. High mass accuracy mass calibration was performed before every
experiment with internal lock masses. The raw data was subsequently converted into
mzXML format with MSConvert. The data was filtered as previously described [37]
and subjected to untargeted metabolomics analysis using Metaboshiny [38, 39].

The sample data was filtered for missing peaks >20% missing in all samples. The
data was normalized by quantile adjustment and z-normalized per m/z value. Batch
effect was corrected for farm and infusion using Wave/CA [40], and missing samples



were appended using half-sample minimum with no outlier removal
(Supplementary methods). The data was then tested for differences using t-tests
and fold change (FC) and identified using the KEGG database with predefined
adducts (supplementary methods). The identified metabolites were then submitted
to the KEGG Pathway database for pathway estimation.

The targeted metabolomics was performed with Liquid Chromatography high
resolution Mass Spectrometry (LC-MS). Sample derivatization was performed as
previously described [41], with minor modifications. The amine- and hydroxyl-
containing analytes were analyzed by adding 40 ul supernatant (from previous steps)
to a 1.5 ml safe-lock tube (Eppendorf), supplemented with 40 pl internal standard
solution (NSK-A in 70% acetonitrile) and 30 ul 250 mM carbonate buffer (pH 9.0).
The samples were then mixed by vortex and supplemented with 50 ul fresh dansyl
chloride (10 uM in acetonitrile). The samples were vortexed again for 5 s and
incubated at 40°C for 45 min under constant agitation. A volume of 10 pl 250 mM
sodium hydroxide was added, and the samples were vortexed and incubated at 40°C
for an additional 10 min under constant agitation. After incubation, 10 pl 425 mM
formic acid (in 50% acetonitrile) was added, vortexed for 5 s, and centrifuged at
17000 x g for 10 min at 4°C. A total volume of 80 pl was then transferred to an LC
sample vial for further analysis.

Carboxyl-containing analytes were similarly handled as previously described steps,
with some distinct differences. 40 ul sample supernatant was transferred to a 1.5 ml
tube containing 40 pl internal standard (octanoic acid-D17 in acetonitrile) and 20 pl
500 mM trimethylamine solution in acetonitrile. The derivatization reaction was
initiated by addition of 50 pl fresh dimethylaminophenacyl bromide (10 mg/ml in
acetonitrile) and vortexed for 5 s. The samples were subsequently incubated at 85°C
for 60 min under constant agitation and centrifuged at 17000 x g for 10 min at 4°C.
A total volume of 80 pl supernatant was then added to LC sample vials for further
analysis.

The derivatized analytes were quantified separately against standard solution
standards using a Acquity HSS T3 column (2.1x100 mm, 1.8 pym, Waters, The
Netherlands) operated with an Ultimate 3000 UHLPC coupled to an Q-Exactive HF
(Thermo-Fisher, Germany). The Q-Exactive HF was operated at 120000 mass
resolution in positive mode (2.5 kV) with a scan range of 80-1200 with high mass
accuracy calibration before each experiment. The instrument settings were further
optimized using derivatized glutamate and octanoic acid. The gradient was
composed of 5% acetonitrile (containing 0.1% formic acid, eluent A) and acetonitrile
(containing 0.1% formic acid, eluent B), starting from 0% with linear increase to 25%
(B) in 1.5 min and to 99% (B) in the remaining 10.5 min. Regeneration of the column
was performed at 99% (B) for 5 min and returned to 0% (B) in 0.1 min. The column




was then equilibrated at 0% (B) for 8 min prior to the next injection and all samples
were stored at 4°C during the analysis. The column operated at 30°C and analysis
was initiated upon injection of 5 ul sample. The quantified metabolites were then
plotted using Graphpad and tested for group differences using a t-test after
normality check.

Results

Samples from the prospective study on PWD were collected at 14 days pre-weaning
(Day -14 PW), and 2- or 4-days post-weaning (Day 2 and 4 PW respectively) on four
separate farms. It was estimated in a pilot experiment (Supplementary methods)
that measurements of the protein fermentation marker ammonia (NHs) varied by up
to 2-fold in cases of PWD whereas they were more consistent in control animals
without diarrhea. Therefore, on every farm 13 animals with diarrhea and 7 control
animals were selected for sampling (total N = 80). The animals with diarrhea at day
4 PW did not differ in fecal consistency at day 2 PW compared to control animals
(Figure 2A). Fecal samples from diarrheal animals had significantly decreased
microbial richness (observed) and diversity (Shannon index) compared to control
animals at day 4 PW (Figure 2B, C; p = 0.017 and 0.028 respectively). Furthermore,
it was previously shown that decreased fecal consistency is related to lower microbial
diversity [42]. In our data, fecal freeze dry matter and diversity (Shannon) did
correlate significantly (r = 0.223, P = 0.047), but the relation was not as apparent
when visualizing this (Figure 2D).

We then analyzed the microbial composition (16S rRNA gene, genus level) by sample
ordination using constrained analysis (RDA), to elucidate the relation between
grouping (control vs. diarrhea) and microbial composition. Grouping significantly
contributed to explaining the observed variation in microbial composition at day 4
PW (Figure 2E; p=0.002), but not pre- and early post weaning (p=0.15 and 0.56
respectively). Next to the differences in microbial composition between diarrhea and
control groups at day 4 PW, there were strong differences observed in microbial
composition between pre- and post-weaning microbiomes based on unweighted
Unifrac distance (Supplementary figure 1), indicating a strong temporal effect.
Relative abundances of Lactobacilliales decreased post-weaning, whereas relative
abundance of Clostridiales increased. As the fermentative capacity of these groups
is dependent on diet, this is indicative of the shift from a milk diet to solid feed.

To identify bacterial taxa associated with control or diarrhea, partial least squares
regression was performed using the 16S rRNA gene compositional data from all
timepoints (Figure 3A). This showed significant association of Ruminococcaceae in
animals with diarrhea at day -14 PW, while Proteobacteria and Eubacterium groups
were higher in control animals pre-weaning (p < 0.05). Early post weaning, this



shifted to increased Ruminococcus and Clostridia in control animals, and increased
Alloprevotella and Parabacteroides in diarrheal animals (Figure 3A). The largest
differences in microbial composition were observed at day 4 PW, with a distinct
increase in protein fermentation-associated groups in diarrhea animals, as
Gammaproteobacteria, Campylobacterales, and Verrucomicrobia, most notably
including corresponding lower taxa Enterobacteriaceae, Campylobacter, and
Akkermansiaceae. On the other hand, groups that increased in control animals were
carbohydrate fermentation-associated groups, such as Ruminococcaceae,
Christensenellaceae, and Clostridiaceae, as well as the archaeal genus
Methanobrevibacter (Figure 3A).

Temporal delineation of these specific microbial groups showed that pre-weaning
Proteobacteria abundance was not significantly different (Figure 3B), but only
increased at day 4 PW. The two main increased bacterial groups affiliated with the
Proteobacteria, Campylobacteraceae and Enterobacteriaceae, both showed
increased relative abundance in diarrheal animals at day 4 PW (Figure 3B; p = and
respectively), whereas Firmicutes-affiliated Ruminoccocaceae were only increased in
control animals at 2 days PW. Even though there was a large variation in relative
abundance within and between control and diarrheal groups, there was a significant
relation between pH levels and the relative abundance of Proteobacteria and
Ruminococcaceae (Figure 3D), showing that increased pH was associated with
increased Proteobacteria and decreased Ruminococcaceae. This alludes to their
respective production of acidifying SCFAs or alkalizing protein fermentation
metabolites. To further identify specific pathogens associated with both groups, we
analyzed toxin-specific gene copy numbers for the cytolethal distending toxin (CDT)
in Campylobacter jejuniand C coliand the stable toxins STa and STb found in ETEC.
We found a significant increase in CDT (Figure 3E) and heat-stable Sta and STb in
the piglets with diarrhea, although the variation in each group was large indicating
a non-exclusive contribution to diarrheal disease.




Figure 2. Temporal microbial colonization diversity and taxonomy around weaning. (A) Fecal freeze dry
matter (FDM) content at 2- and 4-days post-weaning shows no diarrhea in both groups early post weaning
(**** p<0.001). (B) Temporal ASV observed richness and alpha diversity (Shannon) of fecal microbiota at
three timepoints of control (green) and diarrhea (brown) animals (*; p<0.05). (C) Correlation plot of
Shannon index and fecal freeze-dry matter (in g/kg), orange line regression (p and r values in plot). (D)
Ordination RDA plot of microbiota composition at day -14 PW, day 2 PW, and day 4 PW with grouping
as observed at day 4 PW for control and diarrhea as predicted explanatory variables (circle areas indicate
95% confidence interval, and p-values represent RDA model significance and grouping). (E) Relative
taxonomic composition of the 10 most abundant genus-level groups between control and diarrhea pre-
and postweaning (day -14, 2, and 4).
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Figure 4. Characterization of contributing species to diarrhea based on 16S rRNA gene composition and
metagenomic taxonomy data. (A) 16S rRNA gene copy numbers per gram of feces in control (green) and
diarrhea (brown) animals based on wet weight at day 4 PW. PCR. (B) Redundancy analysis (RDA) ordination
plot of 16S rRNA gene genus level data showing the relation of bacterial groups to piglet phenotype
(control vs. diarrhea; arrows indicate bacterial direction and magnitude). (C) Correlation between relative
abundance of Proteobacteria and fecal freeze-dry matter content (FDM) at day 4 PW (green indicates
individual control animals and brown for diarrhea; orange line indicates regression; p and r values are
included in the plot). (D) Sample selection of high and low Sta concentrations for diarrhea or control
animals for metagenomic analysis. € Volcano plot of species-level metagenomics data with Log(Fold
change) and significance threshold (>1.4 is P < 0.05), as well as the top 12 differential bacteria (Manhattan
distance).

The number of bacterial 16S rRNA gene copies present in the fecal samples was not
different between the control and diarrheal groups (Figure 4A), but the more liquid
feces and shorter transit times associated with diarrhea suggests that the numbers
of intestinal bacteria were in fact greater in diarrheal animals than controls. To further
find associations between microbial composition and post-weaning groups, we
performed constrained ordination analysis on the 16S rRNA gene compositional
data at genus level with diarrhea and control as explanatory variables (RDA; Figure
4B). Here, we observed strong correlations with Fusobacterium, Campylobacter,
Bacteroides, Escherichia-Shigella, and Parabacteroides in the diarrheal group.
Furthermore, strong correlations with Ruminococcus, Clostridium sensu stricto,
Christensenellaceae R7 and the archaeal genus Methanobrevibacter were observed
in the control group (Figure 4B), corroborating the results from the partial least
squares regression analysis (Figure 3A). Moreover, increased pathogenic load
associated with increased toxin-encoding gene copy numbers of C coli and E. coli
showed large variation between animals in both groups (Figure 3D), but the



observed relation between fecal consistency (FDM) and relative abundance of
Proteobacteria suggested that these bacteria are related to the observed diarrhea
(Figure 4C). Therefore, to further characterize specific species associated with
diarrhea or control, we generated subsets of samples for metagenomic analysis that
contained high or low concentrations of STa copies (Figure 4D) in animals
associated with a control or diarrheal phenotype stratified over all farms.
Metagenomic analysis for species identification showed that multiple bacterial
species associated with disease were significantly increased in diarrheal animals
(Figure 4E). Most of these species consisted of expected subspecies of £scherichia
coli (20k-fold increase in diarrhea), Campylobacter coli and jejuni (60-fold higher in
diarrhea), but also Bacteroides spp. (6-fold higher in diarrhea), Fusobacterium spp.
(40-fold higher in diarrhea), and Streptococcus suis (20-fold higher in diarrhea).
Notably, the largest strain contributor to increased £. coli abundance was attributed
to O139:H28, a strain of ETEC capable of small intestinal colonization by CFA pili (CS1
and CS3) adherence and subsequent heat-stable- and labile toxin production
(supplementary figure 9). RDA analysis of the microbiota compositional data and
metagenomic species identification showed a stronger contribution of fusobacterial
species to diarrhea, and metagenomic sequence data linked this to £ mortiferum, F.
varium and F. ulcerans (Figure 4D). Control animal feces contained more
carbohydrate fermenting species, as Lactobacillus ruminis (1600-fold), Clostridium
spp. (20-fold), T7reponema succinifaciens (20-fold), and Methanobrevibacter
ruminantium (46-fold).




Figure 5. Fecal metabolites after weaning show greatest differences between control and diarrhea with a
key role for tryptophan metabolism. (A) Partial least squares discriminant analysis of the untargeted
metabolomics data for day -14 (left), day 2 (middle), and day 4 (right) PW for control (green) and diarrhea
(brown) identified for day 4 PW (circle shows 95% CI). (B) volcano plots of differentially abundant
metabolites (m/z values) selected for significance (-Log:s(2)) and fold change (FC, Log,(0.6)) in control
(green) or diarrhea (brown) piglets at day -14 (left), day 2 (middle), and day 4 (right) PW. (C) Venn diagram
indicating overlapping m/z values that were significantly different in diarrhea or control animals from all
three timepoints. (D) Cephalosporin C abundance identified by untargeted metabolomics over time (data
is shown as mean m/z intensity + SEM). (E) L-Kynurenine abundance identified by untargeted
metabolomics over time between the two groups (mean + SEM). (F) Fecal concentrations of tryptophan
(Trp), tryptamine (TrpA), indoleacetic acid (IAA), and indolepropionic acid (IPA) measured by targeted
metabolomics in control or diarrhea animals at day 4 PW (data is shown as boxplots and all data points).
Significant differences between the two groups are identified per timepoint (* p < 0.05, ** p < 0.01, *** p
< 0.001, **** p < 0.0001).



A total of 111,000 different m/z values were identified using direct infusion mass
spectrometry (DIMS) in at least >20% of all samples. Significant differences between
control and diarrhea were mainly observed at day 4 PW, but smaller differences were
also observed at -14 and 2d PW (Figure 5). Fecal metabolomes at -14d PW showed
no significant difference in their PLS-DA ordination between the two groups (Figure
5A) with most of the variance explained in PC1 (13.9%) and PC2 (8.2%). There was
also no statistical difference in PLS-DA between control and diarrhea at day 2 PW
(PC1: 16.6% and PC2: 10.7%; Figure 5A). In contrast, metabolomes of control and
diarrheal animals did show a clear separation at day 4 PW (Figure 5A), indicating
that the largest number of differential metabolites were present during diarrheal
onset (PC1: 19.2% and PC2:12.2%; Figure 5A).

To decrease the large number of individually varying m/z values, we initially selected
all FC data at a stringent significance level (logx(FC) >2.0) and Manhattan distance
scores before metabolite identification mapping. This approach resulted in 92
differential m/z values at -14d PW, 128 at 2d PW, and 309 at 4d PW (Figure 5B).
Interestingly, we found that most of these highly differential metabolites were not
shared among timepoints (Figure 5C). We then identified the metabolites
corresponding to m/z values using KEGG and mapped for pathways to determine
pathway-level effects. We found that all timepoints showed significant associations
with secondary metabolite synthesis and metabolic pathways.

Upon analyzing the fecal metabolomes of diarrheal animals, we discovered several
metabolites associated with the biosynthesis of antibiotics, with cephalosporin C
being the most notably increased compound, which was found to be 2-fold higher
before weaning (cephalosporin) (Figure 5D). Although these animals had not been
treated with antibiotics before or during the experiment, our data suggests the
presence of residual environmental compounds possibly resulting from increased
bacterial pressure [43]. We also observed increased levels of antibiotic metabolites
in diarrheal animals at day 2 and 4 PW, such as gentamicin C1 (1.5-fold at 2d PW)
and quinolone antibiotic aurachin A (3-fold at day 4 PW). Furthermore, we found
that metabolites from diarrheal animals mapped to multiple pathways associated
with antibiotic synthesis, including macrolides, aminoglycoside, and glycopeptide
antibiotics.

At day 4 PW in diarrheal animals, a three-fold increase in 6-Aminopenicillinate
indicated breakdown of penicillin through penicillin G acylase (pac EC 3.5.1.11 [44]),
indicative of increased abundance of semi-synthetic penicillin in piglets with
diarrhea. Additionally, we discovered a significantly higher prevalence of
antimicrobial resistance (AMR) genes in the metagenomics data collected from
piglets diagnosed with diarrhea (see Supplementary figure 10). This could be
attributed to the fact that the host environment of diarrheal animals favors a




bacterial population carrying more AMR genes or the historic use of antibiotics in
their farm practice.

Other key pathways determined from the metabolite composition show a 3-fold
increase of indole-3-acetaldehyde (IAA) in diarrheal animals at 4d PW and a 3-fold
increase of L-kynurenine in control animals (Figure 5E). These results point towards
increased tryptophan metabolism in control animals, which we verified by targeted
metabolomics for day 2 and 4 PW (Figure 5F). We observed increased
concentrations of tryptophan in diarrheal animals (p < 0.0001), but also lower
amounts of tryptamine than in control animals (p = 0.013). This might be due to the
increased abundance of Lactobacillus, Ruminococcus and Clostridium in control
animals compared to diarrheal animals, all of which contain species converting
tryptophan to tryptamine through tryptophan (Trp) decarboxylase [45] (Figure 5A).
Moreover, an increase in indole-3-propionic acid (IPA) was observed in control
animals, which has been linked to increased mucosal homeostasis by decreasing
inflammatory signals, e.g. Tumor necrosis factor alpha and increasing expression of
tight junction (TJ)-coding proteins [46]. However, indole-3-acetic acid (IAA) was
increased in diarrheal animals (p = 0.022) compared to control, which might indicate
an increase in skatole concentrations [47]. After weaning, metabolite pathways in
control animals were associated with elevated hormone secretion, neuronal
signaling, and anti-inflammatory effects. For instance, there was pathway-predicted
increase in arachidonic acid metabolism, consisting of elevated prostaglandins,
leukotriene B4 and 15(S)-HETE. The observed increase in tryptophan metabolism
could be linked to multiple of these metabolic pathways associated with hormone
signaling in the intestine and signify a key role in mucosal homeostasis [48].

Fecal ammonia (NHj3) is a key metabolic indicator of protein fermentation in the gut,
as it is a byproduct of amino acid deamination [49, 50]. We observed a significantly
increased concentration of NHjs in diarrheal animals at day 4 PW (p < 0.01), but not
on day 2 PW (Figure 6A). Moreover, we observed a positive correlation between the
relative abundance of Proteobacteriaand ammonia concentration despite the large
variation in ammonia concentration within both groups (Figure 6B). Correlating
bacterial taxa with metabolites showed that there was a stronger positive correlation
between pH and £nterobacteriaceae in diarrheal animals than control (Figure 6C).
However, the relation between protein fermentation metabolites NH; and BCFAs was
not different between control and diarrhea, indicating a general contribution of
Proteobacteria abundance and protein fermentation metabolite concentrations
irrespective of disease phenotype. More interestingly, there was a reverse correlation
observed for distal colon crypt depth and Campylobacter groups (Figure 6C). We
further observed a negative correlation between Enterobacteriaceae and jejunum
villous height, indicating a small intestine-related effect of this group.
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Figure 6. Protein fermentation is linked to relative abundance of proteobacterial groups irrespective of
phenotype. (A) Ammonia (NH3) concentration in the fecal material of control (green box) and diarrhea
(brown box) piglets at day 2 and 4 PW, (B) and their relation to the relative abundance of Proteobacteria.
(C) Correlation analysis for bacterial groups and protein fermentation metabolites, fecal dry matter (FDM)
or Intestinal morphology is measured as crypt depth of distal (Dist) and proximal (Prox) colon, crypt depth
of the jejunum (Jej) and jejunum villous height (Jej). Correlation data of these parameters was performed
with gamma (y) and epsilon (g) proteobacteria and families £Enterobacteriaceae and Campylobacteraceae.
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Figure 7. Relationships between microbially produced short-chain- and branched-chain fatty acids and
intestinal morphology at day 4 PW. (a) Short-chain fatty acid concentrations in fecal material for control
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Acetate was the most abundant SCFA in the piglet feces at day 4 PW, ranging from
8-39 mM/L (28.5 + 7.9 mM) in control animals and 7-45 mM/L in diarrheal animals
(26 + 8.6 mM) (Figure 7A). Propionate was less abundant in control or diarrhea at 3-
13 mM and 4-14 mM respectively. There were no differences observed for acetate or
propionate between control and diarrhea animals at day 4 PW (P = 0.221 and 0.225
respectively). However, there was a small but significant difference in butyrate
concentration between control and diarrhea animals (p = 0.040; control 3.5 + 2.0 and
diarrhea 2.5 + 2.2 mM). The least abundant SCFA was valerate, the concentration of
which was not significantly different between control and diarrhea animals (control
0.7 mM £ 0.5 and for diarrhea group 0.5 + 0.5 mM). Even though most SCFAs were
not different between groups there was a negative relation between fecal pH levels
and SCFA concentrations (acetate r = -0.503, p < 0.0001, propionate r = -0.386, p =
0.0004, butyrate r = -0.454, p < 0.0001 and valerate r = -0.301, p = 0.007), which is
likely due to the lowering of lumen pH by SCFAs (Figure 7B). Butyrate is an inhibitor
of stem and progenitor cells, but the mammalian crypt architecture protects
stem/progenitor cell proliferation through the transport and metabolism of butyrate
by differentiated colonocytes [51]. In the colon we found a positive relationship
between all SCFAs and proximal colon crypt depth (r = 0.518, 0.494, 0.437, and 0.348
for acetate, propionate, and butyrate respectively).

We found significantly higher fecal BCFA concentrations in control animals (P <
0.001) (Figure 7C). The observed concentrations were low (isobutyrate ranged from
0.07 to 0.73 mM and isovaleric acid from 0.04-0.95 mM), but they were consistent
with previously reported values [52]. In contrast to SCFAs, BCFAs did not correlate to
fecal pH, presumably due to their low concentration or alkaline-associated
conditions in protein fermentation environments (Figure 7D). There was also no
correlation of BCFA concentrations with proximal colon crypt depth, but we did find
a negative correlation between both BCFAs and distal colon crypt depth (isobutyrate
and isovalerate; r = 0.329 and 0.345 respectively).



Discussion

Bacterial proteolytic fermentation of undigested proteins has been implicated in
post-weaning diarrhea in piglets (reviewed by [17, 22, 53]). Crude protein content in
weaner diets has been optimized for lean muscle mass accretion in the fattening
stages of growth but the post-weaning dietary shifts, the effectivity of its epithelial
transport, and weaning-induced stress could lead to ineffective nutrient digestion
and the subsequent production of microbial metabolites that could increase
epithelial permeability. The aim of our study was to find associations between
protein fermentation and its metabolites with microbiota, intestinal morphology,
and PWD under practical conditions.

Intestinal transit time is a key factor in nutrient digestion and water reuptake, and
metabolic potential of resident microbiota [42, 54]. Increased flow of undigested
nutrients into the colon favors blooming of opportunistic resource utilizers [55] and
rapid depletion of highly fermentable energy substrates like carbohydrates
(saccharolytic fermentation) and subsequent shifts to generalist bacterial
populations able to persist on residual nutrients like protein. It was previously shown
that decreased transit time and increased stool consistency links to more diversified
microbiota [42, 54], as was also shown in our data. However, the relation between
fecal dry matter and diversity indices in our study was not as prominent as previously
investigated. This could be attributed to the complexity of post-weaning diarrheal
onset and tested timepoints at the point of diarrhea. Possibly, testing for a longer
duration after weaning might reveal a more direct relation between these factors.
There are contrasting results in literature stating that decreasing CP levels decreased
microbial diversity or had no effects [56-58], but no associations were observed
between diversity and fecal consistency. In our study, we did see a decrease in
microbial diversity and richness in animals with diarrhea but not before the onset of
diarrhea, suggesting rapid changes in microbial ecology as result of diarrhea.

Previous studies have established a relation between the incidence of diarrhea and
abundance of proteolytic bacterial species such as £ coli The microbial shift we
observed at the onset of diarrhea at day 4 PW shows phylogenetically closely related
groups, e.g., Proteobacteria. This can be attributed to individual species functional
diversification of substrate utilization in the colon by increased substrate availability.
Proteobacterial groups increased in the diarrheal groups generally consist of
multiple protein fermentation-capable species, such as Escherichia, Salmonella,
Campylobacter, Fusobacterium, and Helicobacter[59]. The PWD-associated increase
we observed were mainly consisting of gamma- and epsilon-Proteobacteria. This
shift was not observed at day 2 PW, indicating that there is a rapid onset of possibly
pathogenic groups before or during diarrhea. Moreover, we showed an increase in
enterotoxins associated with ETEC and Campylobacter coli and relative abundance




of these species with metagenomics. These bacteria have been implicated with
diarrheal disease post weaning [60] and might play a large contribution to the
disease phenotype we observed post-weaning, as well as production of protein
fermentation metabolites. For instance, heat-stable protein enterotoxins (STa) of
ETEC activates cyclic AMP-dependent protein kinase A that induces chloride (Cl") and
bicarbonate (HCOs) release into the gut lumen through the cystic fibrosis
transmembrane conductance regulator (CFTR) [60]. Moreover, STb induces luminal
liguid accumulation by interacting with GTP-binding regulatory protein Gai and
leads to calmodulin-dependent protein kinase Il (CaMKIl) activation of protein kinase
C-induced activation of CFTR [60, 61].

Quantification of pathogen-related toxins, as well as microbial diversity markers and
abundance levels, showed large animal-specific variation in our study. Previous
studies also showed that incidence of diarrhea was only related to pathogens in 57%
of tested piglets [62], and that only 50% of piglets inoculated with ETEC developed
diarrhea [63]. However, further individual characterization of diarrhea- and control-
associated microbiota at the species level by metagenomic sequencing further
revealed other multiple bacterial species that were previously linked to piglet
diarrheal disease, like Fusobacterium mortiferum [64, 65] and possibly
enterotoxigenic strains of Bacteroides fragilis [66]. Interestingly, previous reviews
have highlighted the interaction between proteobacteria and fusobacteria to cause
colorectal disease through inflammatory processes [65]. Fusobacteria are highly
acid-tolerant colonizers of the oral microbiota but can co-aggregate with other
bacteria in the intestine. They generally increase pH levels through amino acid
deamination into ammonia [65] and hydrogen sulfide by degradation of L-cysteine
[67], which in turn can increase the opportunity for pathogenic proteobacteria to
thrive [68].

We also observed an increased concentration of ammonia in animals with diarrhea,
suggesting increased protein fermentation at day 4 PW. This difference was not
observed at day 2 PW, indicating no preceding signs with respect to the etiology of
diarrhea, similar to the bacterial shifts. Even though the group variation of the NH3
concentrations was high, they correlated to the relative abundance of
Proteobacteria, irrespective of the grouping. This indicates that relative
Proteobacteria abundance plays a large role in fecal ammonia contents. There was,
however, a stronger relation between Proteobacteria and intestinal pH in the
diarrheal group, hinting towards the production of other alkaline compounds next
to ammonia in animals with diarrhea. Perhaps this could be attributed to H,S
concentrations produced by Fusobacterium species only observed in diarrheal
animals, but H,S concentrations were not measured in this study. pH has previously
been suggested as a marker of intestinal wellbeing, as increased pH levels have been
shown to increase ETEC proliferation and predispose for PWD [69, 70], but this



observed relation might be a confounding consequence of proteolytic fermentation
and simultaneous bacterial blooming as there were no differences observed in pH
levels preceding the onset of PWD in our study.

The large inter-individual variation in data is also shown in metabolite composition.
Even though 92 differential m/z values were identified pre-weaning, there were only
singular pathways identifiable. Interestingly, at all three timepoints we observed
pathways associated with antibiotic synthesis and antibiotic compounds. The
animals were not treated for the duration of the experiment, but antibiotics like
Cephalosporin C are generally used against £ coli and Salmonella infections [71].
The presence of this compound in our metabolomics data in pre-weaning piglets
might indicate a residual effect, as it is not endogenously produced by the
microbiota. Metagenome data mapping to the resistance database also indicated
increased numbers of antimicrobial resistance genes. This might be related to an
increase in multiple resistant bacteria and selective pressure from residual
antibacterial drugs [72]. Nevertheless, at day 4 PW the metabolomics data showed
the largest number of differentially expressed m/z values, indicative of a large
difference in metabolome irrespective of farm. Further characterization of these
metabolite differences could signify differentially expressed pathways in the
microbiome and could be linked to differences in microbial metabolic functionality.

All timepoints contained differential metabolite pathways for tryptophan
metabolism. Tryptophan metabolism, or catabolism by bacteria, produces indole
derivatives and is associated with increased fiber fermentation [73, 74]. The higher
concentrations of tryptophan in diarrheal animals might indicate less tryptophan
catabolism. In line with lower tryptophan concentrations in control animals, there
was a higher concentration of tryptamine in control animals, signifying increased
tryptophan catabolism. Tryptamine is produced by Firmicutes and has strong effects
on the microbial composition and host immunity. For instance, tryptamine acts as
ligand for the aryl hydrocarbon receptor (AhR) [75, 76], which in turn induces
interleukin-22 (IL-22) production by type 3 innate lymphoid cells (ILC3; [77, 78]). IL-
22 is implicated in several processes, like epithelial cell proliferation through Notch
signaling and upregulation of antimicrobial regulatory peptide Reg3b, a potent
inhibitor of £ coli[79, 80]. Furthermore, an increase in IPA in control animals further
corroborates a link to intestinal homeostasis, as this neuroprotective antioxidant has
been shown to facilitate mucosal homeostasis and barrier functioning through the
pregnane X receptor (PXR). After PXR binding this subsequently inhibits nuclear
factor kappa B (NFkB)- mediated tumor necrosis factor a (TNFa) production [81] and
increases mMRNA expression of tight junction proteins [82]. Even though there are
elevated levels of beneficial tryptophan-derived metabolites in control animals,
based on the data presented here we cannot unambiguously conclude that they are
protecting from the onset of sudden stress- and weaning-induced diarrhea.




Contrastingly, the increased concentration of IAA in diarrheal animals could also be
linked to AhR-receptor activation but has also been implicated in cytotoxicity after
oxidative carboxylation by plant peroxidases [83]. Moreover, IAA can be converted
to skatole, which is abundant in pig feces[47], and might cause apoptosis of intestinal
epithelial cells through p38 MAPK in vitro [84], and elevated levels of skatole are
linked to increased apoptotic cells in vivo [85]. However, the difference between
control and diarrhea animals was not as apparent as in IPA and Tryptamine contrasts.
Shifts towards sufficient dietary fiber fermentation, as well as increased relative
abundance of fiber fermenting bacterial groups in control animals, could underpin
this functional microbial significance in post weaning piglet intestinal homeostasis.

Even though there was a higher relative abundance of fiber-fermenting bacterial
groups in control animals, we did not observe relevant differences in SCFA levels.
SCFAs are produced by anaerobic saccharolytic fermentation from non-digestible
polysaccharides and consist of acetate, propionate, butyrate, and valerate [86]. They
have been shown to impact host health and disease through metabolism [87],
epigenetic modifications [88], immune regulation [89], and intestinal homeostasis
[90]. Only butyrate was slightly elevated in control animals, but the objective
difference between control and diarrhea might not impose biologically relevant
differences. However, it was apparent that the levels of all SCFAs were directly related
to the proximal colonic crypt depth. Recently, Kaiko et al (2016) have shown that
butyrate, but not acetate or propionate, might induce crypt elongation [51] due to
its inhibition of key cell-cycle genes through FoxO3 in crypt-residing stem cells.
Interestingly, this relation was not found in the distal colon, possibly attributed to
the biological location of SCFA production being more proximal. This hypothesis is
corroborated by the relation found between BCFAs isovaleric acid and isobutyric acid
with distal colon crypt depth, but not proximal, as fermentation of BCAA is thought
to occur more distally.

Piglet PWD is an important contributor to decreased piglet welfare, and
understanding its etiology could lead to more sustainable intervention methods. Our
study signifies the relationship between PWD and the occurrence of proteolytic
bacterial groups, like ETEC, and protein fermentation metabolites. Moreover, the
incidence of pathogenic bacteria that produce or associate with protein fermentation
metabolites are recurring culprits across all tested farms. The differences in microbial
composition and diet utilization could be important factors to study further as key
players in the onset of diarrhea on farms. Future research should include the role of
stress during the weaning transition, as this could be a driver of microbiota changes
and intestinal inflammation [8, 91, 92].
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Supplementary methods (Figures)
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Supplementary methods Figure 1. Fecal scoring relates to freeze-dry matter content. Fecal scores
were assigned when sampling during the (A) pilot and (B) on-farm experiments and were correlated to

monitor proper phenotype selection.
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Supplementary methods Figure 2. Sample size estimation from pilot data. (A) The number of animals
needed was calculated based on the variation in response variable (N-NHs) as readout parameter of
protein fermentation and its relation to fecal dry matter (FDM). The data was obtained from 9 separate
farms (no farm effect observed). The first power analysis (B) was calculated based on the pilot N-NH;
content in fecal samples (corrected for DM), whereas the (C) power calculation was also adjusted for the
increased N-NHjs variation observed in animals with lower fecal DM (DM < 150 g/kg) compared to control
(DM > 200 g/kg) amounting to a mean standard deviation of 2 x pooled st. dev.,, resulting in an estimated
80 animals, of which 2/3 diarrhea (n = 52) and 1/3 control (n = 28), based on a necessary minimal group

size of 8 animals per farm cross referenced to literature [57, 93].



Supplementary methods figure 3. Overview of intestinal tissue selection. Intestinal tissue was
obtained from the mid-jejunum and proximal- and distal colon (boxed selections) and cut as rings from
two 10 cm-spaced sections. The rings were embedded upright, cut in transverse sections, and both rings
adhered to poly-L-lysine slides. The sections were then stained using H & E and imaged as tile scan. The
crypts (C) and their corresponding villi (V) were measured using LAS X software for downstream analysis.

Supplementary methods Figure 4. Intestinal morphological measurements and correlation
between methods. Morphological lengths of villi and crypts were measured for all (all) and representative
(10 per image, 2 images per animal) to determine if 10 measurements would suffice per image.



Supplementary gene sequences (amplicons) with primer regions and flanking
regions

Heat-stable protein A (STa)

TCTGTATTATCTITCCCCTCTTTTAGTCAGTCAACTGAATCACTTGACTCTTCAAAAGAG
AAAATTACATTAGAGACTAAAAAGTGTGATGTTGTAAAAAACAACAGTGAAAAAAAATC
AGAAAATATGAACAACACATTTTACTGCTGTGAACTTTGTTGTAATCCTGCCTGTGCTCC
ATGTTA7TAAAAAGCATAG

Heat-labile protein (LT)

TCTCTATGTGCATACGGAGCTCCCCAGTCTATTACAGAACTATGTTCGGAATCTCGCAA
CACACAAATATATACGATAAATGACAAGATACTATCATATACGGAATCGATGGCAGGCA
AAAGAGAAATGGTTATCATTACATTTAAGAGCGGCGCAACA 7TTTCAGGTCGAAG

Invasin A (invA)

CCAGCTTTACGGTTCCTTTGACGGTGCGATGAAGTTTATCAAAGGTGACGCTATTGCC
GGCATCATTATTATCTTTGTGAACTTTATTGGCGGTATTTCGGTGGGGATGACTCG CCA
TGGTATGGAT

Lawsonia surface antigen A (LsaA)

TTGTTTCTCGTGGTGCTTATAAATTGCTCGCCGCTATTGAAGCTTTTAAACTAGATTTTG
AAAATAAAGTTATTCTTGATATCGGTGCATCAACAGGTGG 7777TTCACAAGTT

Cytolethal distending toxin, C. coli (CDTc)

TGAAGTTTTTGTTTTACCCCCTCCAACAGTTGCTTCAAGACCTATTATAGGCATACGCAT
AGGCAATGATGCTTTTTTCAATATACACACTCTAGCAAGTGGGGGAAATGACGCAGGA

Cytolethal distending toxin, C. jejunu (CDTj)

TGCAAGGCTCATCCGCAGCCACAGAAAGCAAATGGAGTGTTAGTGTAAGACAACTTG
TAAGTGGAGCAAACCCCTTAGATATCTTAATGATACAAGAAGCAGGAACTTTACCAAGA
ACAGCCACTCCAACAGGACGCCATGTGCAAC

Alpha toxin (aTox)

CATCCTGCTAATGITACTGCCGTTGATAGCGCAGGACATGTTAAGTTTGAGACTTTTGC
AGAGGAAAGAAAAGAACAGTATAAAATAAACACAGCAGGTTGCAAAACTAATGAGG
oy




Supplementary methods Figure 5. Untargeted metabolomics data normalisation. Data was filtered
for samples containing more than 20% missing peaks (A), and subjected to normalization (B) from old
sample distribution to (C) Z-score normalized data.

Supplementary methods table 1. Adduct list used for the m/z compounds

estimation.

Name lon Charg x AddA RemA AddEx RemEx Nele Rule
mode e M dd dd c
[M+3Na]3+ positive 3 1 Na3 -3 Nacc>2
AND
Nch=0
[M+H+2Na]3+ positive 3 1 Na2H1 -3 Nacc>2
AND
Nch=0
[M+2H+Na]3+ positive 3 1 Na1H2 -3 Nacc>2
AND
Nch=0
[M+3H]3+ positive 3 1 H3 -3 Nacc>2
AND
Nch=0
[2M+3H20+2H]2+  positive 2 2 H803 -2 Nacc>1
AND
Nch=0
[M+3ACN+2H]2+ positive 2 1 C6HT1N3 -2 Nacc>1
AND
Nch=0
[M+2ACN+2H]2+ positive 2 1 C4H8N2 -2 Nacc>1
AND
Nch=0
[M+2Na]2+ positive 2 1 Na2 -2 Nacc>1
AND
Nch=0
[M+CAN+2H]2+ positive 2 1 C2H5N1 -2 Nacc>1
AND
Nch=0
[M+H+K]2+ positive 2 1 KTH1 -2 Nacc>1
AND
Nch=0
[M+H+Na]2+ positive 2 1 Na1H1 -2 Nacc>1
AND
Nch=0
[M+H+NH4]2+ positive 2 1 NTH5 -2 Nacc>1
AND
Nch=0
[M+2H]2+ positive 2 1 H2 -2 Nacc>1
AND
Nch=0
[M+2H-H20- positive 2 1 N1H2 O1H -2 Nnhh>
NH3]2+ 1 0 AND
Noh>0
AND
Nch=0



[2M+CAN+Na]1+

[2M+CAN+H]1+

[2M+K]1+

[2M+Na]1+

[2M+NH4]1+

[2M+H]1+

[M+IsoProp+Na+

H]1+

[M+2ACN+H]1+

[M+DMSO+H]1+

[M+2K-H]1+

[M+CAN+Na]1+

[M+IsoProp+H]1+

[M+2Na-H]1+

[M+CAN+H]1+

[M+K]1+

[M+H+CH30H]1+

[M+Na]1+

[M+NH4]1+

[M+H]1+

[M1+.]1+
[M+H-NH3]1+

[M+H-H20]1+

[M+H-FA]1+

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

C2H3Na1

N1

C2H4N1

K1

Na1l

N1H4

H1

C3H901N

al

C4H7N2

C2H60S1

K2 H1

C2H3Na1

N1

C3H901

Na2 H1

C2H4N1

K1

CTH501

Na1

N1H4

H1

N1H2

O1H1

C1H10

Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Ndon>
0 AND
Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Ndon>
0 AND
Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Ndon>
0 AND
Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Nch=1

Nnhh>
0 AND
Nch=0
Noh>0
AND
Nch=0
Ncooh
>0



[M+GLUC+H]1+

[3M-H]1-

[2M+Hac-H]1-

[2M+FA-H]1-

[2M+Na-2H]1-

[2M-H]1-

[M+TFA-H]1-

[M+Br]1-

[M+Hac-H]1-

[M+FA-H]1-

[M+K-2H]1-

[M+CU1-

[M+Na-2H]1-

M1-.]1-

[M-H]1-

[M-2H]2-

[M-3H]3-

[M-H+GLUC]1-

[M+2K-D]1+

[M+2Na-D]1+

positive
negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e
negativ
e

negativ
e

negativ
e

negativ
e

positive

positive

C6H1006

C2H302

C1H102

Na1

C202F3

Br1

C2H302

C1H102

K1

cl

Na1

C6H906

K2

Na2

H1

H1

H2

H1

H2

H2

H1

H2

H3

H2

D1

H1

AND

Nch=0
Ngluc>
0 AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
1AND
Nacc>0
AND

Nch=0
Ndon>
0 AND
Nch=0
Ndon>
0 AND
Nch=0
Nacc>0
AND

Nch=0
Ndon>
0 AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
1 AND
Nacc>0
AND

Nch=0
Nacc>0
AND

Nch=0
Ndon>
1 AND
Nacc>0
AND

Nch=0
Nch=-1

Ndon>
0 AND
Nch=0
Ndon>
1 AND
Nch=0
Ndon>
2 AND
Nch=0
Ngluc>
0 AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
0 AND
Nch=0




[M+H-D20]1+

[M+H-HDO]1+

[M+H-FA(D)]1+

[3M-D]1-

[2M+Na-2D]1-

[2M-D]1-

[M+K-2D]1-

[M+Na-2D]1-

[M-D]1-

[M-2D]2-

[M-3D]3-

[M-H-H20]1-

positive

positive

positive

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

negativ
e

H1

H1

01D2

O1DTH

C1D10

O1H2

Na1

K1

Na1

D1

D2

D1

D2

D2

D1

D2

D3

Noh>0
AND
Nch=0
Noh>0
AND
Nch=0
Ncooh
>0
AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
1 AND
Nacc>0
AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
1 AND
Nacc>0
AND
Nch=0
Ndon>
1 AND
Nacc>0
AND
Nch=0
Ndon>
0 AND
Nch=0
Ndon>
1 AND
Nch=0
Ndon>
2 AND
Nch=0
Ndon>
0 AND
Nch=0
AND
Noh>0



Supplementary figures

Supplementary figure 1. Unweighted Unifrac distances of genus-level microbial composition from all
timepoints.



Supplementary figure 2. Taxonomic composition of the fecal microbiota for all timepoints and
control or diarrhea at Order (left), Family (middle), and Genus (right) level (C: control, D: diarrhea, PW: Post
weaning). Data is shown as relative abundance and top 10 most abundant per category.



Supplementary figure 3. Principal coordinate (unconstrained PCA) plots for microbial composition
at genus level for all animals identified as control (blue) or diarrhea (grey) at day 4 PW (left day -
14, middle day 2, and right day 4 PW).

Supplementary figure 4. Principal component analysis on microbial composition for day 4 PW
stratified per farm shows separation of farm 1.



Supplementary Figure 5. Gene copy numbers for analyzed toxins in feces from day 4 PW. Total
measured gene copy numbers for Labile toxin (LT), invasin A (invA), Cytolethal distending toxin (C. jejuni,

CDTjej), Cytolethal distending toxin (C. col CDTc), alpha toxin (aTox), and Lawsonia surface antigen A
(LssA), and their corresponding difference distribution plots with control as 0.0 reference.
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Supplementary figure 6. Rotavirus presence and association with control (green) or diarrhea

(brown) per farm.



Supplementary figure 7. Lefse cladogram showing phylogenetic changes between control and
diarrhea animals at day 4 PW.
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Supplementary figure 8. Predicted Escherichia coli infection pathway by Piphillin from 16S SSU
rRNA data. The 16S data was submitted to Piphillin and normalized for copy numbers and mapped to
known KEGG pathway identifiers. One pathway significantly increased was Map05130 (Pathogenic £ coli
infection) with multiple pathogenic virulence factors increased in diarrhea.



Supplementary figure 9. Leaf plots of relative bacterial taxonomy. (a) Composition of the microbiota
for control (top) or diarrheal (bottom) animals as identified through metagenome sequencing. (b)
Escherichia coli species contribution in diarrheal animals shows a large amount of E. coli)139:H28.



Supplementary figure 10. Total antimicrobial resistance (AMR) genes are present in the selected
metagenome samples for control and diarrhea animals.

Supplementary figure 11. Top 100 differentially abundant m/z values.



Supplementary figure 12. T-test plot of differentially abundant m/z values between control and
diarrhea piglets at day 4 PW.
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Supplementary figure 13. Morphological measurements of crypt and villi in jejunum and crypt
between control and diarrhea animals at day 5 (dissection). The crypt and villi were measured as
previously described and tested for group differences using a t-test after normality testing. * p < 0.05,
**% < 0.0001
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Abstract

The emergence of intestinal organoids, as a stem cell-based self-renewable model
system, has led to many studies on intestinal development and cell-cell signaling.
However, potential issues regarding the phenotypic stability and reproducibility of
the methodology during culture still needs to be addressed for different organoids.
Here we investigated the transcriptomes of jejunum organoids derived from the
same pig as well as batch-to-batch variation of organoids derived from different pigs
over long-term passage. The set of genes expressed in organoids closely resembled
that of the tissue of origin, including small intestine specific genes, for at least 17
passages. Minor differences in gene expression were observed between individual
organoid cultures. In contrast, most small intestine-specific genes were not
expressed in the jejunum cell line IPEC-J2, which also showed gene expression
consistent with cancer phenotypes. We conclude that intestinal organoids provide a
robust and stable model for translational research with clear advantages over
transformed cells.

Keywords: intestinal organoids, porcine organoids, gastrointestinal, organoid stability, IPEC-J2

GRAPHICAL ABSTRACT. Porcine intestinal organoids show batch-independent
homogeneity to their derived host and stability during long-term culture, as well as
profound benefits over transformed cell cultures.



Introduction

The intestinal epithelium plays an essential role in the digestion and absorption of
nutrients while also maintaining homeostasis with symbiotic microbiota [1-3]. The
physical containment of microbes to the lumen and homeostasis of tolerance and
immunity depends on the functions of different lineages of intestinal epithelial cells
microbiota [1, 2]. For decades, scientists have exploited the replicative potential of
immortalized intestinal cells as enterocyte models to study host-pathogen
interactions and intestinal functions in vitro. Such monotypic cell models have led to
important discoveries but have notable limitations. Immortalized cell lines can
undergo significant genotypic alterations within a few passages in vitro which are
potential threats to data reproducibility [4, 5, 6]. Furthermore, cell lines often have
altered pathway expression compared to primary cells [4]. Since 2009, when it was
shown that intestinal adult leucine-rich repeat-containing G protein-coupled
receptor 5 (LGR5+) stem cells [7] could be grown into organotypic cultures and
propagated in 3D culture [8, 9], there has been much interest in employing intestinal
organoids as advanced models. A distinct advantage of organoids is the
development of a crypt-villus axis with a similar spatial organization of the
heterotypic cell lineages found in the tissue of origin. Additionally, methods for
generating polarized monolayers of organoids cells [10] have been optimized [11]
to improve the versatility of the models, e.g., to study transport, and differential
responses to luminal or basolateral stimulants. Another favorable property of
organoids generated from adult intestinal stem cells is that they express specific
functions associated with their original intestinal location [12]. This means that
location-specific functions of different parts of the intestine are intrinsically
programmed in adult stem cells.

In the future we can expect intestinal organoids to be increasingly adopted as
intestinal models for humans and other mammals. However, there are some
unresolved issues that need to be addressed to ensure reliability and reproducibility
of results in this emerging field. As organoids contain different cell types there is
potential for variability and problems with reproducibility which may compromise
their application to phenotype individuals. To address this issue, we assessed the
transcriptional stability of intestinal organoids differentiated from the same crypt
batch and between organoids from different pigs (Sus scrofa domesticus) over long-
term passage. Furthermore, we compared expressed genes and pathways in
organoids, the original epithelial tissue from which the organoids were derived, and
IPEC-J2, a porcine cell line derived from the jejunum. The results show that intestinal
organoids derived from adult stem cells generally resemble the epithelial tissue of
origin in terms of expressed genes and provide a reference for researchers wishing
to investigate specific small intestinal functions not present in IPEC-J2.



Materials and Methods

Intestinal Organoid Generation

Jejunum tissue segments were obtained from control piglets used for another study,
following guidelines of the animal ethics committee of Wageningen University. Two
5-week-old piglets were used for generating organoids following procedures
previously described [11, 13]. Briefly, a 2 cm section of the mid-jejunum was
dissected and placed in ice-cold PBS. After opening the sections longitudinally,
jejunum segments were washed three times in ice-cold PBS and villi removed by
carefully scraping with a scalpel. Small sections of the mucosa were cut from the
muscle layer, divided into small cubes, and transferred into ice-cold PBS containing
30 mM EDTA and incubated with rotation at room temperature for 15 min. The PBS
— EDTA was then replaced, and incubation continued for 10 min at 37°C. After
washing in ice-cold DMEM supplemented with 5% penicillin/streptomycin (Gibco,
Thermo Fisher Scientific), the crypts were dissociated by rigorous vortexing and
passed through a 100 um strainer into cold DMEM containing 5% fetal bovine serum
(FBS, v/v). Crypts were pelleted by centrifugation at 300 x gfor 5 min, and suspended
in Matrigel (Basement Membrane, Growth factor reduced, REF 356231, Corning,
Bedford, MA, United States). To improve surface tension, empty 24-well plates were
preincubated overnight at 37°C. Seven drops of Matrigel containing crypts were
placed in each well (approx. 35 pl per well) and inverted to polymerize at 37°C. After
polymerization, 600 ul F12 cell culture medium (Gibco) was added, supplemented
with 100 pg/ml primocin (Invivogen), 10 mM HEPES (HyClone), 1 x B-27 (Gibco), 1.25
mM  N-acetylcysteine (Sigma), 50 ng/ml human epidermal growth factor (R&D
systems), 15 nM gastrin, 10 mM nicotinamide, 10 uM p38 MAPK inhibitor (Sigma),
600 nM TGFp receptor inhibitor A83-01, and conditioned media for recombinant
Noggin (15% v/v), Spondin (15% v/v), and Wnt3A (30% v/v) provided by Dr. Kuo and
Hubrecht Institute (Utrecht, Netherlands).

Organoids were passaged at a 1:5 ratio every 5 days using ice-cold DMEM by
mechanical dissociation, centrifugation at 500 x g for 5 min, and plating in fresh
Matrigel matrix droplets as previously described [11]. For measuring transport of
amino acids (AAs), two-dimensional organoids were generated as previously
described [11]. 3D organoids were dissociated into single cells by TrypLE digestion
and seeded on Matrigel (0.5% v/v) precoated transwells (Falcon BD). After reaching
confluence, the apical medium was replaced with DMEM (Gibco) and basolateral
medium with HBSS (Gibco). After incubation, the basolateral AA composition was
measured using triple quadrupole mass spectrometry (TQMS).




Culturing Methods and RNA [solation

Directly after crypt isolation, organoid cultures were separated into three batches
per animal and grown independently for 17 passages. Jejunum organoids were
grown for 3 and 12 weeks (4- 17 passages) and extracted using ice-cold PBS. After
washing twice in PBS, intact organoids were pelleted at 300 x g for 5 min and
suspended in RLT lysis buffer and stored at —80°C prior to RNA isolation. Porcine
jejunum epithelial cell line IPEC-J2 (ACC-701) was grown in DMEM F12 medium
supplemented with 10% FBS and 5% penicillin/streptomycin (P/S, Gibco) in 75 cm?
culture flasks. Data for one IPECJ2 (p67) transcriptome was kindly provided by Dr.
Richard Crooijmans, via the Functional Annotation of ANimal Genomes (FAANG,
BioSamples accession SAMEA4447551) [14]. For the analysis of the remaining two
lines, IPEC-J2 at passage 87 and 91 were seeded at 5 x 10*cells/well in 24-well plates
and grown to confluence within 48 h with reduced P/S (1%). The monolayers were
subsequently left to differentiate for 5 days, lysed using RLT-buffer, and stored at
-80°C prior to RNA isolation. For RNA extraction of tissue, 0.5 mg of whole jejunum
cross section per animal was added to a gentleMACS M tube (Miltenyi Biotec,
Germany) and dissociated in 2 ml RLT lysis buffer using a gentleMACS Dissociator
for 30 s. Subsequently, 100 ul of homogenized tissue suspension was added to 500
ul fresh RLT buffer, homogenized using pipetting with a p200 pipette, and stored at
-80°C until extraction. Total RNA was extracted using a RNeasy Mini Kit (Qiagen)
following manufacturer’s instructions including a 15 min on-column DNAse step.
Preliminary tRNA concentrations, contamination and degradation were identified
using Qubit (Thermo-Fisher) and gel-electrophoresis. The quantity and integrity of
RNA was measured using a Bioanalyzer 2100 (Agilent).

RNA-Sequencing Procedures and Data Handling

A minimum of 1 ug total RNA in 50 ul was used for library preparation using the
TruSeq RNA sample preparation kit (Illumina) following the manufacturer’s protocol
at Novogene. Briefly, total RNA samples were depleted for ribosomal RNA using the
RiboZero kit and enriched for mRNA using oligo(dT) beads, fragmented, and
synthesized into cDNA using mRNA template and hexamer primers. Custom second
strand-synthesis buffer (Ilumina), dNTP’s, RNAse H and DNA Polymerase | were
added for second strand synthesis initiation. Furthermore, following a series of
terminal repair, cDNA library construction was completed with size selection and PCR
enrichment. Samples were sequenced using an Illumina Hi-Seq 4000 (Novogene,
Hong Kong) at 9 GB raw data/sample with 150 bp pairedend reads.

Raw sequencing reads were checked for quality using FastQC [v0.11.5; [15]] and
trimmed using trimgalore for adaptors and quality [v0.4.4 [16]]. Only paired-end
reads longer than 35 bp were included for further downstream analysis. Sequences
were aligned against Ensembl Sus scrofa reference genome and annotation 11.1.91



[17] using Tophat [v2.1.1 [18]]. Transcriptomes were assembled with 5 bp intron
overhang tolerance, merged, normalized, and analyzed using the Cufflinks package
[v2.2.1 [18]]. Differential expression was analyzed with 0.01 false discovery rate (FDR)
using cuffdiff with bias and weight correction and visualized in R using
CummeRbund [v2.7.2 [18]]. Mapping analytics can be found in Supplementary
Table S1. Fragments per kilobase million (FPKM) were calculated and log-
transformed for downstream analysis. The sequencing data was also processed using
CLC Genomics Workbench 11 (Qiagen) using identical reference genome, annotation
and settings for identification of insertions/deletions, breakpoints, structural
variants, and track generation. Output was filtered for genes <1 FPKM to establish
expression.

Data Availability

All data are available for download through the gene expression omnibus under GEO
accession number GSE146408. This data also contains the merged transcriptome file
for cufflinks analysis and detailed analysis. The FPKM value data table is available at
https,//www.frontiersin.orgy/articles/10.3389/fcell 2020.00375/full#supplementary-
material

Functional Analysis and Pathway Expression

Differentially expressed genes were clustered by k-means into seven clusters using
CummeRbund. Due to limited analysis methods for further downstream functional
analysis in pig, databases for human genomes were used as a background.
Differentially expressed genes were analyzed for functional enrichment and
ontologies using the TOPPfun suite [19], and gene list enrichment and candidate
prioritization were evaluated with a threshold <0.05 for A- and Q-value adjusted for
FDR with the Benjamini-Hochberg procedure (B&H). Ingenuity Pathway Analysis
(IPA, Qiagen) was used for determining overlapping networks of expressed genes
between tissue and organoids, and overall expression of molecular and cellular
development of organoids between time-points. Genes for elevated tissue-specific
expression were acquired from the human protein atlas for specific mRNA
transcription in the small intestine, and porcine orthologs were identified to
determine tissue and group enriched genes [20].

Histological Analysis

Whole mount imaging was performed as previously described with small
modifications [21]. Organoids grown in 8-well chambered slides (Millicell EZ slide,
Merck) were fixed in 4% paraformaldehyde (PFA) for 2 h at RT. PFAfixed organoids
were stained using FITC-conjugated UEA-1 antibody (1:250, FL-1061, Vector
Laboratories, United States) for 2 h and counterstained with Hoechst (0.5 pg/ml,
33342, Thermo Fisher) for 10 min at room temperature. Z-stacks of whole organoids




were imaged on a confocal microscope (Zeiss). Immunohistochemical analysis for
Mucin-2 was performed following procedures previously described [11, 22].
Organoids were retrieved from Matrigel using ice-cold PBS, pelleted, and fixed
overnight using 1% PFA at 4°C. After pelleting, organoids were suspended in 2%
agarose gel, dehydrated, and embedded in paraffin blocks. After cutting 5 pM-thick
sections and subsequent drying on glass slides, sections were rehydrated, blocked
in 5% normal goat serum, and stained using anti-MUC2 antibody (1:200,
AB_1950958, GeneTex) overnight. After addition of secondary FITC-antibody
(Thermo-Fisher), sections were counterstained using Hoechst and imaged using a
DM6 microscope fitted with DFC365 camera at 40x magnification.

Results

Comparative Analysis of the Transcriptome of Organolids,
Tissue, and a Cell Line Derived from the Porcine Jejunum

Jejunum tissue was isolated from two euthanized 5-weekold piglets for generating
organoids and isolation of RNA from epithelial cells (Figure 1A). Triplicate batches
of each organoid were separately cultured for 12 weeks by passaging approximately
every 5 days. After 3- and 12-weeks continuous culture (4-17 passages) RNA was
isolated from the organoids for RNA sequencing (Figure 1A). Within the first two
passages after isolation, the organoids acquired a budding phenotype, which might
be attributed to whole crypt isolation also containing transit amplifying cells in
differentiation stages as opposed to basal culture after 2 weeks forming a more cyst-
like phenotype. After 2 weeks of continuous culture the organoids formed spheroids
(Figure1B) but maintained different cell lineages, as shown with UEA-1 staining for
secretory cell lineages (Figure 1C and Supplementary Figure S1). Similarly, RNA
was isolated from the porcine jejunum cell line IPEC-J2 at passage number 67, 87,
and 91. RNA sequencing data was analyzed using a customized analysis pipeline and
CLC genomics workbench 11. Multidimensional scaling showed the transcriptomes
of the organoids clustered closely together, despite 12-weeks continuous passage
and isolation from different pigs (Figure 1D). It was also evident that the
transcriptomes of the tissue and organoid samples were most similar, not separating
in the first dimension, whereas IPEC-J2 separated from tissue in both dimensions. A
correlation matrix of transcriptomic data from all samples revealed the highest
similarity for replicate samples of the same origin (Figure 1E).

The hierarchical clustering of gene expression (Figure 1F) further revealed that the
transcriptome of organoids more closely resembled that of jejunum epithelial tissue
than the IPEC-J2 cell line. The two tissue samples clustered under the same branch,



where organoids showed consistent homogenous expression derived from different
pigs than between 3 and 12- week cultures of replicate samples of the same organoid
batch. Furthermore, organoid transcriptomes showed better correlation to tissue (r
= 0.77) than IPEC-J2 (r = 0.73), whereas between tissue and IPEC-J2 correlation is
lower (r = 0.57) (Supplementary Figure S2).

Figure 1. Porcine intestinal organoid culture and transcriptome sequencing overview. (A) graphical
overview of the study design. Organoids were generated from the jejunum of two individual pigs, directly
divided into triplicate organoid cultures per animal, and passaged for 12 weeks. Total RNA of tissue,
organoids, and jejunum cell line IPEC-J2 was extracted and sequenced by RNA-seq. (B) Initially after
isolation, intestinal crypts form budding organ-like structures in vitro. Within 2 weeks of passaging,
organoids form more spheroid-resembling structures for the remainder of the experiment, indicating
more long-term reproducibility after a short-term series of passaging. (C) After 12 weeks of growth,
spheroids still retain secretory cell lineage differentiation early post-passaging (green: stained with UEA-
1). (D) Multidimensional scaling of transcriptomic data showed separation of organoids, tissue and IPEC-
J2, where organoids and tissue show separation in only one dimension. (E) Correlation matrix of all
samples show high correlation among individual organoid batches, and strong correlation between tissue.
(F) Heat map and hierarchical clustering of all expressed genes (>1 FPKM) in the dataset.



Organoid  Transcriptomes  Closely Resemble  Gene
Expression Signatures Associated with Their Tissue of Origin

Of the 24912 annotated genes in the pig genome, 11099 (44.6%) were not expressed
in the dataset (<1 FPKM). All samples shared expression of 9117 genes, and a large
set of genes was commonly expressed between organoids and tissue exclusively
(1762 genes; Figure 2A). Genes associated with different overlapping areas of the
Venn diagram were categorized by gene ontology using TOPPfun (Supplementary
File S2).

However, the dataset for expressed genes in organoids still contained 1304 genes
not annotated denoted with an unknown gene ID, and after conversion to human
orthologs using g:profiler [23], only 121 of these unknown ID’s with unknown
function acquired a gene annotation. Nevertheless, after conversion most of the 1304
genes did contain a description (80.6%), but no gene ortholog name to identify
specific function. It is therefore evident that further curation of the porcine ontology
database is necessary to generate a more comprehensive reference genome for
transcriptomics research.

The top clusters of all pathways, based on all expressed genes, in organoids are
involved in basal molecular and cellular function as well as physiological system
development, reflecting the interactions with extracellular factors and self-
organization of organoid microanatomy (Figure 2B). Pathways of relevance for using
organoid models in host-microbe interactions, such as homeostasis and innate
immunity, were highly expressed. Cellular homeostatic signaling or activation
pathways included integrin, mTOR, Sirtuin, PPARa, and RXRa, with typically more
than 40% of genes in the annotation being expressed (Figure 2C). Immunity-
pathways included important cytokine and cytokine receptor signaling pathways
(e.g., TNFR1, IL8 JAK/STAT, PKR) and innate immune signaling (NF-kB, ERK/MAPK,
INOS).
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Figure 2. The transcriptome of jejunum organoids exhibits strong similarity to its derived tissue
transcriptome, including a distinct group of overlapping genes not expressed in IPEC-J2. Averages of all
expressed genes were compared between sample type and (A) can be viewed in the weighted Venn-
diagram. All genes expressed in organoids after 12 weeks of culture were analyzed using Ingenuity
pathway analysis. (B) Molecular, cellular, and physiological system development and function shows many
genes involved in basic cellular and tissue specific processes. More than >400 pathways were expressed
in the organoid RNA-seq dataset. (C) The top 10 cellular homeostasis and immunity related pathways; —
logP values indicate statistical probability of pathway expression; ratio, indicates number of expressed
genes divided by number of annotated genes in the pathway. Testing the RNA-seq dataset for overlapping
genes revealed a set of 1762 genes exclusively expressed in tissue and organoids. (D) Top 30 connected
canonical pathways of these 1762 genes from ingenuity pathway analysis, which showed subdivision into
metabolic, disease, GPCR/Ephrin signaling, and small molecule degradation pathways. (E) Expression of
genes involved in the complement pathway are expressed in organoids and tissue (Pink), Tissue only
(Blue), organoids tissue and IPEC-J2 (Green), or not found to be expressed (White). (F) Expression patterns
of genes involved in Enteroendocrine signaling [CHGA, Chromogranin A; GCG, Glucagon; GIP, Gastric
inhibitory polypeptide; CCK, Cholecystokinin; PYY, Peptide YY; SST, Somatostatin; Purple, Tissue; Green,
Organoid; Orange, IPEC-J2, data shown as Log(FPKM)].




Ingenuity pathway analysis of the 1762 expressed genes shared only between
organoids and tissues revealed pathways associated with GPCR and Ephrin signaling,
which is associated with processes such as cell migration and stem cell differentiation
(Figure 2D). Pathways associated with the endocrine functions of cells were also
identified including signaling via tryptophan derived melatonin and serotonin. Other
pathways specific to organoids and tissue included pathways linked to cytokine,
MAP-kinase and other signaling pathways, which are altered in various disease
states. Genes encoding complement factors were also specifically expressed in tissue
and organoids. Recent studies integrating intestinal transcriptomes deposited in
public databases suggest that intestinal expression of complement pathways plays
a homeostatic role, being upregulated by inflammatory challenges to control
microbial invasion or colonization [24, 25]. From this data it is evident that many
complement factors are expressed in organoids and tissue (Figure 2E). A key
difference between IPEC-J2 and organoid or tissue was the specific expression of
hormones associated with Enteroendocrine cells, such as CCK which induces
secretion of digestive enzymes and PYY, a satiety hormone (Figure 2F).

Genes which are specific for the different cell lineages found in the small intestinal
epithelium [26], were generally highly expressed in organoids (Figure 3A) but largely
absent in IPEC-J2. Surprisingly IPEC-J2 lacked expression of some genes commonly
associated with mature absorptive enterocytes, even though cultures of this cell line
are reported to differentiate into functional epithelium [27]. Initially our dataset
suggested lack of mucin 2 (MUC2) gene expression using Ensembl gene annotation.
However, we identified a high number of RNA-seq reads from organoids and tissue
mapping to the chromosomal locus associated with MUCZ2 in the NCBI database
(XM_021082584, Chromosome 2, bp 689,363-719,542) (Figure 3B). We verified the
expression of MUC?2 in porcine organoids and tissue using histology confirming
mucin production and secretion as described previously [11, 13]. The genes identified
in the human protein atlas to be enriched in the small intestine (i.e., jejunum) [20, 28]
were checked for expression in porcine jejunum tissue, jejunum and ileum organoids,
and IPEC-J2 cells (Supplementary File S3). Most of the porcine orthologs (65% in
tissue samples) were indeed expressed in epithelial tissue from the pig jejunum
(Figure 3C). Moreover, between 74 and 86% of the porcine jejunum tissue-specific
genes were also expressed in jejunum organoids, while this number was lower in
ileum-derived organoids (52%). Furthermore, only 32% of small intestine-specific
genes were expressed in IPECJ2 cells. Genes associated with general digestion (S}
FABP]), absorption (solute-carriers; SLC-genes), or immunity (/L2ZRA7) were
exclusively expressed in the tissue and jejunum organoids. Some of the genes
associated with secreted peptides for immunity and digestion were not expressed in
organoids and IPEC-J2 (i.e., MEPTA MEPTB AQPT0, CCLTT). It was shown that the
intestinal epithelium is intrinsically programmed to differentiate into location



specific organoid cultures [12]. To investigate this for our organoid lines, we
identified overlapping and exclusively expressed genes between jejunum and ileum-
derived organoids. Both organoid types shared a large set of genes (10601), but
several genes were identified for jejunum (1685) or ileum (481) only (Figure 3D).
These genes were subsequently analyzed for gene set function using and digestion
(e.g., FABP1 and 2) (See Supplementary File S4 TOPPfun. Jejunum exclusively
expressed genes associated with output and gene lists). Ileum expressed genes
associated with transmembrane transport, like solute-carrier transporters (SLC), with
immune function, e.g., type 1 interferon responses by interferon alpha genes, as well
as fucosyltransferase activity (FUT1 and FUT2).




Figure 3. Organoids derived from adult intestinal stem cells show intrinsic programming to differentiate
into different epithelial cell lineages and express small intestine-specific genes. (A) Cell type-specific
transcripts for Crypt Base Columnar (CBC) and Stem cells, Label-retaining (LRC) +4 cells, Proliferation
(Prol), Niche factors (NF), Paneth cells (PC), Goblet cells (GC), Enteroendocrine cells (EEC), and Absorptive
cells or enterocytes (Abs/EC). (B) Overlaying the NCBI gene tracks of MUC2 NC_010444.4 on chromosome
2 at location 689363-719542bp (green area), shows identical overlap with the mapped reads and coverage
(Cov) from organoid and tissue samples, but not in IPEC-J2 (ENS; Ensembl reference genome). To confirm
MUC2 protein translation and subsequent mucus formation, Carnoy fixed tissue, organoid, and IPEC-J2
samples were stained with PAS/Alcian blue (left) and porcine anti-MUC2 (right; black and white size bars
indicate 100 pm). (C) Most small intestine-specific genes identified in the human protein atlas are also
expressed in porcine jejunum tissue and their derived organoids (>74%), whereas fewer are expressed in
ileum organoids (52%). IPEC-J2 only expressed 32% of the small intestine-specific genes. (D) Organoid
transcriptomes from jejunum and ileum were compared to identify differences in expressed genes,
showing large overlap of genes (Venn), but also some differences. The different genes were analyzed
using TOPPfun to identify putative differences in gene ontology and pathways (TMT, Transmembrane
transport; PSP, Peptidyl-serine phosphorylation).



Cluster Analysis of Differentially Expressed Genes (DEGS)

Genes which were differentially expressed in tissue, organoids or IPEC-J2 (P < 0.05),
were categorized by K means clustering and represented as biological processes and
pathways (Figures 4A-C). The genes expressed only in tissue (7 = 141) are mostly
involved in immune pathways e.g., T cell and leukocyte functions, suggesting they
might be due to presence of lamina propria immune cells in the tissue sample
(Figure 4A). Genes related to extracellular matrix (ECM) or muscle contraction
pathways were also differentially expressed in tissue compared to organoids and
IPEC-J2. The cluster of genes expressed at higher levels in tissue and IPEC-J2 (n = 52)
compared to organoids comprise of processes related to cell morphology,
proliferation, movement, remodeling of the ECM as well as integrin and ECM
signaling pathways (Figure 4B). Altered expression of some of these pathways has
been reported in cancer [29, 30]. The low or absent expression of the ECM genes in
organoids may be due to provision of Matrigel acting as a basement membrane
substrate. Furthermore, there may be components present in the intestinal ECM
capable of inducing cell integrin signaling which are not present in Matrigel.
Clustering genes transcribed in significantly higher amounts in IPEC-J2 show gene-
list enrichment in disease processes and pathways associated with cancer (Figure
4D). Furthermore, one of our IPEC-J2 cultures showed an insertion in the protein
coding region and a large deletion in the splicing site of the adenomatous polyposis
coli (APC) gene, which is a tumor suppressor often inactivated in colon cancer [31].
The cluster of genes with higher expression in organoids and tissue (7 = 299)
compared to IPEC-J2 involve nutrient transport and metabolic processes such as lipid
digestion and transport, protein digestion and AA metabolism (Figure 4C). Examples
include metabolism of tryptophan, arginine, proline, histidine, phenylalanine and
transport of glucose, bile salts, fatty acids, lipids, and vitamins.
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Figure 4. Cluster analysis of differentially expressed genes (DEGs). DEGs were clustered according to their
expression pattern using k-means clustering, and subsequently analyzed for functional enrichment using
TOPPfun. (A) Cluster of genes (n = 141) showing increased expression in tissue only and low expression
in organoids and IPEC-J2. (B) Cluster of genes (n = 52) showing high expression in tissue and IPEC-J2, with
low expression in organoids. (C) Cluster of genes (n = 299) with increased expression in tissue and
organoids, with low expression in IPECJ-2 (data represented in Log(FPKM) or —Log(P-value), P and q <
0.05). (D) Cluster of genes (n = 841) expressed more highly in IPEC-J2 than tissue and organoids which
were associated with diseases and pathways involved in tumor formation. A common mutation in colon
cancer is inactivation of adenomatous polyposis coli (APC) gene where IPEC-J2 shows an insertion (217
bp, tandem duplication) in the protein coding region and splice site deletion (331 bp, cross mapped
breakpoints; bottom).




Congruence of the Transcriptome in Individual Organoids
During Passage

Comparison of transcriptomes of organoid cultures over time and between batches
indicated high correlation in expression values (r = 0.906-0.910, Figure 5A). After
long-term passage there were 199 genes in organoid 1 and 172 genes in organoid
2 which were significantly increased in expression (Figure 5B; 17 = 3 per group). All
differentially expressed genes were distributed across nine common ontologies
(Figure 5B) and consisted of only 1.93-3.67% of the annotated genes in each
biological process. This included processes such as small molecule biosynthesis,
organic acid metabolic processes and response to nutrient levels. Variation in
expression of genes in organoid cultures over time may therefore be due to
differences in nutrient abundance in culture medium, and replicative activity, rather
than permanent loss or gain of functions. Long-term passage also resulted in
differential down regulation of 78 and 137 genes in organoids 1 and 2, respectively
(n =3 per group, Figure 5C). The only common ontology found for these genes was
small molecule biosynthetic process, which was also included in genes upregulated
after long term passage (Figure 5B). This suggests that culture dependent conditions
result in variation in a small percentage of genes in this ontology group, perhaps
due to variation in number or activity of several cell types in low abundance. The
heatmap in Figure 5D shows expression or fold change in genes that were
commonly differentially expressed in organoids 1 and 2 after long-term passage.
Although being significantly differentially regulated, a group of genes with
significantly reduced fold change in expression after 12 weeks passage was seen to
be overall reduced in transcript abundance (FPKM) and appeared to be involved in
unrelated processes when tested for gene ontology. Differences between organoid
1 and 2 are likely to reflect individual variation and the most striking differences were
for apolipoprotein A1 (APOAT), ISGT12A), and /SGT5.




Figure 5. Differential gene- and pathway expression in organoids shows stable transcription over time.
The two separate organoid cultures (n = 3 per group) were tested for expression differences between 3
and 12 weeks of culturing, (A) showing representative correlations over time within an organoid line and
between different animals (n = 13813 genes with at least 1 sample >1 FPKM). Significant (p < 0.05) up-
(B) and down-regulation (C) of genes and their corresponding overlapping pathways when tested
individually using TOPPfun (overlapping area shows similar genes between organoid types, BP, Biological
processes; CC, Cellular component; PW, Pathway). (D) Overlapping up- and down-regulated genes
between 3 and 12 weeks of culturing in actual expression values [Log(FPKM)] and their corresponding fold
change [Log2(FC)].



Small Molecule Transport by Intestinal Organoids

Determining cellular function by gene expression could result in biased
interpretation. For this, functional assays can be used to determine cellular function
in vitro. The luminal compartment of 3D organoids is in the center, preventing access
for apical stimulation with compounds. Methods have been developed to inject
compounds into organoids (Supplementary Figure 3A), but this temporarily
disrupts the barrier, and injection of multiple organoids is laborious. We
demonstrated basolateral efflux of compounds by adding celltracker red dye to 3D
organoids and monitoring transport into the lumen (Supplementary Figure 3B). It
was evident this was an active transport process, as the dye rapidly accumulated in
the center of the organoids and was as inhibited by 200 nM zosuquidar, an inhibitor
of the P-glycoprotein efflux pump, involved in multi-drug resistance. To make the
apical side of the organoid epithelium more accessible for transport studies we
generated 2-dimensional monolayers of polarized organoid cells that still retain their
differentiated features [11] (schematic overview; Figure 6A). This allowed us to
demonstrate the AA transport function of intestinal organoids (Figure 6). The
individual AA’s present in DMEM were transported across the intact monolayer in
sufficient concentrations to be measured by TQMS (Figure 6B). We observed low
variability in AA transport between replicates when the cell monolayers had TEER
values >300 Q/cm?. To ensure integrity of the monolayers we used Transwell filters
with 7rans-epithelial electrical resistance (TEER) values between 750 and 850 Q/cm?
[32] In addition to AA we showed that a variety of other molecules such as vitamin
B5, choline, and epinephrine were transported from the apical to basolateral side. A
high amount of niacinamide was measured in the basal compartment, which could
be attributed to free NAD"* [33]. Thus, polarized monolayers of small intestinal
organoids provide a model for testing several compound transport mechanisms.
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Figure 6. Functional amino acid transport assay using intestinal organoid monolayers. (A) 3-Dimensional
organoids were dissociated into single cells and plated on Matrigel precoated (0.5% v/v) Transwell inserts.
The monolayers were grown to confluence for 1 or 4 days and generated TEER values >750 Q/cm2. The
apical medium was replaced with DMEM and basolateral medium with HBSS. Amino acids (AA) and other
molecules were measured in the basal compartment using TQMS. (B) AA concentrations (Log values) of
individual amino acids and other molecules for 4 replicate Transwell inserts of ileum organoids. (C) AA
concentrations in the basolateral compartment show increased transport of essential AA's (orange).



Discussion

(non-)Transformed and cancer cell lines commonly display aneuploidy and
mutations affecting cellular physiology, which may further change during long-term
passage. Intestinal organoids are considered an attractive alternative to cell lines, but
there are no studies evaluating the variability of the transcriptome in different
batches of organoids generated from the same crypts and the effect of long-term
culture on genomic stability and the transcriptome.

In this study, we compared gene expression in the porcine jejunum cell line IPEC-J2,
organoids derived from adult stem cells of the porcine jejunum and the intestinal
tissue from which they were derived. The genes highly expressed in tissue, but not
organoids or IPEC-J2, were mostly involved in immune cell ECM or muscle
contraction pathways. This is most likely due to the presence of elements of the
(sub)mucosa, including lamina propria immune cells in the tissue sample. Porcine
intestinal organoids possessed the different epithelial cell lineages found in tissue
for at least 17 passages. An interesting observation in organoids was the high
expression of LYZwhich is often associated with Paneth cells. Until recently Paneth
cells were considered to be absent in the porcine small intestine [34, 35]. Paneth cells
facilitate regeneration of the intestinal mucosa after metaplasia and produce high
amounts of LYZin presence of intestinal disease or damage [36, 37].

The set of genes expressed in organoids closely resembled that of the tissue of origin,
a characteristic reported for other types of organoids [38, 39]. Moreover, jejunum
organoids expressed the majority of gene orthologs (>74%) that are specifically
expressed in the human small intestine for at least 17 passages, showing that the
adult stem cells retain small intestine-associated gene expression over long-term
culture [12, 40]. Interestingly, fewer small intestine-specific genes were expressed in
ileum-derived organoids (52%), indicating location-specific differences. We also
noticed that ileum organoids expressed the fucosyltransferase-1 (FUT1) and FUT2
genes, which were absent in our jejunum organoid transcriptome. A polymorphism
in these genes has been associated with decreased susceptibility to infection with
specific pathogens [41], further highlighting the importance of selecting the correct
tissue origin when studying specific host-pathogen interactions. Overall, the batch-
to-batch variation in organoids from the same animal was low, which may have been
aided by concurrent passage and consequently differentiation state. The functions
of genes which significantly altered expression between organoids from different
animals or different cultures suggests they arise from differences in abundance of
nutrients in culture medium or replicative activity, rather than permanent loss or gain
of functions.

The main described benefits of the jejunum cell line IPECJ2 are its non-cancerous
origin and stability for more than 98 passages [27, 42]. However, we observed




multiple indications of increased expression of genes associated with cancer or
tumors in IPEC-J2 (passage 67-91). For example, these included ANXA7 and CALD7
[43], as well as insertions and deletions in the tumor suppressor APC [31]. We
conclude that porcine jejunum organoids more closely resemble jejunum tissue than
IPEC-J2 and provide a robust model for gene expression studies for at least 12 weeks
of culture. As such they provide an advanced model for mechanistic studies on host-
microbe interactions and intestinal physiology [44]. Organoids are also likely to avoid
changes in glycosylation patterns seen in cancer or (non-)transformed cell models,
however, timepoints extending further than 3 months could still be investigated.
Motivation not to do so in this study, was the assumption that researchers would
utilize the model within the tested timeframe. The RNA-seq data provides a valuable
resource for researchers to assess the suitability of intestinal organoids for studying
specific pathways or biological processes, as well as providing a comprehensive
transcriptional map of expressed genes in IPEC-J2, formerly mainly available from
microarray studies.

Previous studies have shown that organoids express proteins involved in nutrient
sensing, like fructose or glucose, as well as transport by several transporters, like
GLUTS, SGLT1, or PEPT1 [45, 46]. We verified the ability of 3-dimensional organoids
to transport small molecules into the lumen within a short amount of time. However,
studying transport over the epithelial barrier requires apical stimulation with
compounds. The spatial nature of 3-dimensional organoids prevents easy access to
the apical surface but can be overcome by injection or monolayer formation. We
have recently shown that apical stimulation of small intestinal organoids with various
protein rich ingredients elicit specific metabolic responses, like altered lipid
metabolism [47]. In that study, predicted putative pathways were verified using
protein-detection assays, showing the ability to measure gene-predicted responses
in organoids. Transport of AAs is an essential function of the small intestine, and by
measuring individual AA concentrations in a monolayer Transwell system enabled us
to identify the rate at which different AAs cross the epithelial barrier. In the future,
such a model could be used to identify specific transporter genes and their activity
using CRISPR-Cas9 gene editing methods or transport inhibitors [45, 48].

Pig organoids can be rapidly generated from left over slaughter material without
requirement for ethical approval. Thus, they have potential to be used to identify
new phenotypes and investigate the role of genetic polymorphisms in susceptibility
to enteric infections or other production traits. Furthermore, porcine intestinal
physiology is considered to closely resemble that of humans increasing the potential
for translational in vitro studies. Moreover, recent progress in developing robust
methods for generating 2D monolayers from 3D organoid cultures facilitates apical
exposure to test substances and opens possibilities for studying epithelial transport
[11, 49].



Data availability

The datasets generated for this study can be found in the Gene expression omnibus
GSE146408.
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on Animals (CCD) according to the legal and ethical requirements (No.
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Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fcell.2020.00375/

Supplementary Figure 1. Tissue and organoid staining for secretory lineages. (A) Double staining
with UEA-1 (secretory cell lineage) and trefoil factor 3 (TFF3; goblet cell specific) shows overlapping
staining, as well as staining deeper in the crypt. This indicates that UEA-1 stains for secretory cell lineages
in the porcine small intestine (left: individual channels, middle: overlay, yellow is staining overlap, right:
zoom panel of middle image. (B) Paneth cells have been identified in the porcine intestinal crypt by
lysozyme staining (left), which recapitulates in their derived organoids (right).
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Supplementary Figure 2. Correlation plot of average FPKM per sample type. Organoids and tissue
show strong correlation (r = 0.777), as well as between Organoids and IPEC-J2 (r = 0.728). The least
amount of correlation was observed between Tissue and IPEC-J2 (r = 0.574)

Supplementary Figure 3. Exposure of small compounds to intestinal organoids to study epithelial
transport. (A) 3-dimensional organoids can be injected with compounds and substances such as GFP+
microbeads, to stimulate the luminal compartment. (B) Small compounds can be actively transported into
the intestinal organoid lumen by addition of small compounds like celltracker red (CTR; control) and
inhibited by using zosuquidar (200 nM) (time in minutes).



Supplementary Table 1. Summary of mapping RNA-seq data to reference genome Sus Scrofa 11.1.

Mapped reads
S . Overa_ll . M.u il Concordant pair
ample Left Right maprzmg Pairs aollgnments alignment (%)
rate (%) (%)

Org1-3_.1 2850198 2840118 987 2823464 22 98.7
Org1-3.2 2859471 2847581 986 2830605 2.2 97.6
Org1-3.3 2952697 2942165 987 2923881 2.1 97.7
Org1-12_1 3031397 3002603 974 2979507 24 96.0
Org1-12.2 2983917 2882268 98.5 2863455 25 974
Org1-12_.3 2722083 2711853 985 2693562 2.6 97.3
Tissue 1 3030093 3019758 984 2998320 3.6 97.3
Org2-3_1 2728229 2717750 98.6 2700557 2.6 97.5
Org2-3.2 2705521 2696828 98.6 2679085 2.6 97.5
Org2-3.3 2697949 2732830 98.6 2671617 2.5 97.5
Org2-12_1 2228232 2222736 954 2208029 23 94.4
Org2-12_2 2252779 2245831 95.8 2231084 24 94.8
Org2-12_.3 2359295 2333615 929 2315833 2.6 914
Tissue 2 2558842 2550033 984 2531447 33 97.2
IPEC-J2_1 3341302 3322134 987 3304568 1.8 96.7
IPEC-J2.2 3233204 3258153 98.1 3210559 2.0 96.8

IPEC-J2_3 2882496 2990369 94.8 2834108 2.1 91.3
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Abstract

Our ancestral diet consisted of much more nondigestible fiber than that of many
societies today. Thus, from an evolutionary perspective the human genome and its
physiological and nutritional requirements are not well aligned to modern dietary
habits. Fiber reaching the colon is anaerobically fermented by the gut bacteria, which
produce short-chain fatty acids (SCFAs) as metabolic by-products. SCFAs play a role
in intestinal homeostasis, helping to explain why changes in the microbiota can
contribute to the pathophysiology of human diseases. Recent research has shown
that SCFAs can also have effects on tissues and organs beyond the gut, through their
circulation in the blood. SCFAs not only signal through binding to cognate G-
protein-coupled receptors on endocrine and immune cells in the body but also
induce epigenetic changes in the genome through effects on the activity of histone
acetylase and histone deacetylase enzymes. Furthermore, epigenetic imprinting
likely occurs in utero, highlighting the importance of the maternal diet in early life.
Here we review current understanding of how SCFAs impact on human and animal
physiology and discuss the potential applications of SCFAs in the prevention and
treatment of human diseases.

Highlights
Short chain fatty acids (SCFAs) contribute to intestinal homeostasis and the
regulation of energy metabolism.

SCFAs circulating in the blood influence tissue-specific acetylation of histones 3 and
4 in a tissue-specific fashion.

Delivery of SCFAs to the colon, using specialized diets, prevents onset of diabetes in
nonobese diabetic (NOD) mice.

During gestation, SCFAs can cause epigenetic imprinting in utero and protect against
allergic airway disease.

SCFAs regulate the blood-brain barrier and neuroimmunoendocrine functions.




SCFAs Are the Main Players in the Interplay between
Diet, Microbiota, and Health

SCFAs have fewer than six carbons in the aliphatic tail, and the most abundant in the
intestine are acetate (C2), propionate (C3), and butyrate (C4). SCFAs are a metabolic
by-product of microbial fermentation of complex polysaccharides not digested, or
only partly digested, in the human small intestine. These nondigestible
polysaccharides (NDPs) are found in plant cell walls and are further classified into
soluble and non-soluble dietary fibers. The soluble NDPs are highly fermentable and
typically generate greater quantities of SCFAs in the colon than do soluble fibers.

Currently there are three well characterized human SCFA-sensing G-protein-coupled
receptors (GPCRs) which are differentially expressed on different sets of immune cells
as well as epithelium and endocrine cells central to the regulation of metabolism
(Table 1). Studies in GPCR-gene deficient mice have established the importance of
SCFA signaling through these metabolite receptors in the control of inflammation
and intestinal homeostasis but the functional roles of these receptors on different
cell types is still not fully understood. Over the past century fiber intake by humans
has decreased substantially as compared to the communities of populations eating
traditional high-fiber diets [7]. This is especially the case in high-income countries
where allergy, type 1 diabetes, inflammatory bowel disease (IBD), and autoimmune
diseases have steadily increased over the past 60 years [8]. The importance of
nondigestible fiber to health has recently been highlighted by a systematic review
and meta-analyses of prospective studies and randomized controlled trials [9]. The
results suggest a 15-30% decrease in all causes of cardiovascular-related mortality,
type 2 diabetes, and colorectal cancer when comparing high- and low-fiber
consumers [9].

SCFAs are now taking center stage as key players in the interactions with the host
that impact on health and disease, especially given recent evidence for their capacity
to modify the epigenome and effects on tissues and organs beyond the gut. Here
we review the proposed mechanisms by which specific SCFAs may impact on host
physiology and the in vivo evidence for their health benéefits. Finally, we highlight the
major findings and outstanding questions which will help to exploit SCFAs for the
prevention and treatment of human diseases.



Table 1. Summary of Currently Recognized SCFA-binding GPCRs, Their Ligands, Associated G-protein-
effector Mechanisms, and Likely Expression in Different Cell Types®

Receptor Alternative ~ Carbons  Fatty acid Transduction  Tissue Cell type
GPCR41 FFAR3 C2-C5 Acetate, Gi/o, B- Intestine, Enteroendocrine
propionate, gastductin adipose L-cells,
butyrate, tissue, monocytes,
formate spleen, neutrophils,
immune mdDC,
cells, adipocytes,
pancreas
GPCR43 FFAR2 C2-C5 Acetate, Gi/o, Gqg, B- Intestine, Enteroendocrine
propionate, arrestin-2 adipose L-cells, beta-
butyrate, tissue, cells,
formate, skeletal adipocytes, B/T-
pentanoate muscle, cells, myeloid
immune cells, monocytes
cells,
spleen,
pancreas
GPCR109A HCAR2, c4 Butyrate, Gi/o, B- Immune Dendritic cells,
NIACR1 niacin arrestin-1 cells, macrophages,
intestine epithelial cells,
(lumen), mdDC, DC,
adipose macrophages,
tissue monocytes
OLFR78 (m), PSGR Cc2-C3 Acetate, Gas, Prostate, Enteroendocrine
ORS51E2 (h) propionate unknown colon, lung cells, prostate
epithelium,

airway smooth

muscle cells,

melanocytes
2Abbreviations: DC, dendritic cells; mdDC, monocyte-derived DC.

SCFAs - The What, the Where, and the How

Early studies in human cases of sudden death showed that SCFAs are produced in
high amounts by the gut microbiota, reaching concentrations of around 13 * 6
mmol/kg content in the terminal ileum and 80 = 11 mmol/kg content in the
descending colon [10]. In all parts of the colon acetate is at least twofold higher in
concentration than propionate or butyrate. Measurements of acetate, propionate,
and butyrate in the ascending colon, where most saccharolytic fermentation occurs,
varies depending on the geographic origin of the cohort, but acetate typically
accounts for about 60-75% of the total fecal SCFAs [11].
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Nutritionally specialized bacteria in the phyla Firmicutes and Actinobacteria are
considered to be important in initiating the degradation of NDPs [12]. The continued
breakdown of complex carbohydrates is attributed to certain abundant species
within the phylum Bacteroidetes (Figure 1). Acetate production is common to many
bacterial groups in the phylum Bacteroidetes, one of the largest groups in the
intestine [10]. Propionate is produced by a few dominant genera, including the
cornerstone species Akkermansia muciniphila [13]. Bacteroides vulgatus and
Bacteroides thetaiotaomicron are also producers of propionate through the
succinate pathway [14]. Coprococcus catus has been reported to consume lactate
and utilize the acrylate pathway for propionate production [14].

Butyrate can be synthesized through four different pathways: acetyl-CoA, glutamate,
lysine, and succinate [12]. Butyrate is produced by clostridial clusters |, llI, IV, XI, XIVa,
XV, and XVI of obligate anaerobes, of which cluster XIVa and cluster IV bacteria,
related to Faecalibacterium prausnitzi; are the most abundant groups in humans.
Members of clostridial cluster IX are also propionate producers via the lactate
pathway. Small amounts of other SCFAs are also produced in the gut, namely
caproate, formate, and valerate. Valerate can be formed by elongation of propionate
in the presence of methanol as an electron donor [15]. Caproate can be formed by
butyrate or acetate, or directly from lactate as an electron donor [16]. However, there
are metabolic links between different types of bacteria, for example acetate
produced by Bacteroidetes species can be utilized by species of Firmicutes to
produce butyrate.

SCFAs can be passively taken up by epithelial cells but in greater amounts by active
transport via the monocarboxylate transporter 1 (MCT-1) and to a lesser extent the
sodium-coupled monocarboxylate transporter 1 (SMCT-1) [17,18]. SCFAs, especially
butyrate, can be metabolized by colonocytes, providing 60-70% of their energy
supply [19]. The remaining SCFAs are transported out of the cell across the
basolateral membrane via an unknown HCO;~ exchanger, suggested to be
monocarboxylate transporter (MCT) 4 or 5 [20]. In the mucosa, SCFAs can enter the
blood capillaries and reach the liver via the portal vein. The liver clears a major part
of propionate and butyrate from the portal circulation, but acetate can reach 200 uM
in the venous serum of humans and pigs [18,21].

The rapid absorption of SCFAs, and their metabolism by intestinal epithelium and
liver, means that they can make a substantial contribution to the caloric requirements
of humans and other animals. In herbivorous ruminants, about 70% of the caloric
requirement comes from SCFAs, and about 10% in omnivorous humans and pigs
[23]. In patients with short-bowel syndrome (SBS), who lack a functional small
intestine, NDPs have been used as a dietary strategy to overcome malabsorption



because the SCFAs produced by bacterial fermentation in the colon can provide up
to 1000 kcal per day [24,25]. SCFAs are also important for stimulating sodium and
water absorption in the colon through the regulation of nutrient and ion transporters
which can also help against diarrhea associated with SBS [26].
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Figure 1. Gut Bacterial Pathways for Acetate, Propionate, and Butyrate Production by Fermentation of
Nondigestible Fibers. Transporters MCT1 and SMCT1 take up short-chain fatty acids (SCFAs) from the
lumen, and basolateral MCT4 and MCTS5 are proposed to transport SCFAs out of the cell (light gray). SCFA
receptors GPCR43 and 41 are expressed on intestinal epithelial cells and specific immune cells in the
lamina propria and mucosal lymphoid tissue as indicated. GPCR42 (light gray) was a suspected
pseudogene but was recently reclassified as a functioning gene, exhibiting sequence and copy number
polymorphisms [22]. The figure was created using BioRender software. Abbreviation: Treg, T regulatory
cell.



SCFA Signaling through Host GPCRs

Many common dietary metabolites are sensed by host GPCRs as a mechanism for
the host to optimize responses and for survival with limiting nutrients (Figure 1 and
Table 1). The same holds true for SCFAs which signal through three main GPCRs
(Table 1). SCFA signaling through GPCRs on enteroendocrine cells, pancreatic cells
and adipocytes plays an important role in the regulation of host metabolism [27-29]
— for example, via butyrate- and propionate-stimulated secretion of glucagon-like
peptide 1 (GLP-1) and the appetite-regulating hormone PYY in intestinal
enteroendocrine cells [30-32]. Enteroendocrine cells also release GLP-2 in response
to parenteral nutrition with butyrate, increasing plasma concentrations of GLP-2
[26,33]. GLP-2 increases the surface area of epithelial in the small intestinal by
enhancing proliferation and inhibiting apoptosis in both humans and piglets [26,34].
GLP-2 also upregulates expression of the transporters for glucose, dipeptides, and
amino acids in intestinal epithelial cells [35]. These effects of SCFAs most likely
explain the intestinal enteropathy associated with starvation and the beneficial
effects of prebiotic fiber on intestinal function.

GPCRs binding SCFAs are also expressed on intestinal enterocytes and other cell
types in organs and tissues such as the liver, muscle, enteric neurons, and in immune
cells - indicating the breadth of their potential interactions throughout the body
[36,37]. GPCR41 is highly expressed on sympathetic neuronal ganglia — in particular,
the superior cervical ganglion (SCG) which controls energy expenditure via neural
and hormonal effects on glucose and fat metabolism. GPCR41 is most abundantly
expressed on the SCG during embryonic (E13.5 and E15.5) and postnatal (P1) stages
but also in the sympathetic nervous system (SNS) of adult mice and humans [38].
GPCR41~/~ mice have no growth differences to wild-type (WT) mice or abnormalities
in metabolic parameters and hormones, but during development the SCG volume is
significantly smaller than it is in WT mice, indicating that GPCR41 may be involved
in sympathetic nerve growth [38]. These authors found that propionate promotes
GPCR41-mediated SNS activation whereas B-hydroxybutyrate, a major ketone body
produced during starvation, depresses activation of sympathetic neuronal ganglia.
These findings indicate that SCFAs and ketone bodies control energy balance by
directly regulating GPCR41-mediated sympathetic activation.

Fatty acid signaling through GPCRs expressed on immune cells is also important in
immune regulation. GPCR43-deficient mice have exacerbated or unresolving
inflammation in experimentally induced models of colitis, arthritis, and asthma [39].
GRPR41 but not GRP43, was also shown to be necessary for the protective effect of
propionate in an induced allergic airway disease mouse model [40]. In the colon
mucosa, vitamin B3 or butyrate binding to GPCR109A on antigen-presenting cells
(APCs) induces an anti-inflammatory expression program in colonic APCs, which, in



turn, induces differentiation of interleukin-10 (IL-10)-producing T regulatory cells
(Tregs) [41].

SCFAs Modify the Host Epigenome

The epigenome describes the modifications to the genome that do not affect the
DNA sequence but lead to altered gene expression. Epigenetic modifications include
DNA methylation and histone modification which alter how the DNA is packaged
into chromatin (Box Figure 1) [42,43].

Butyrate is often described as an inhibitor of histone deacetylase (HDAC) activity (Box
1) based on a report describing the accumulation of acetylated histones in butyrate-
treated cancer cells [44]. Due to the Warburg effect, cancer cells undergo a metabolic
shift to primarily aerobic glycolysis. Under these conditions, butyrate and propionate
accumulate, resulting in decreased HDAC activity and altered histone acetylation.
However, if cancer cells are grown in low glucose concentrations, then oxidative
metabolism is increased, butyrate or propionate are oxidized to acetyl-CoA, and
histone acetylation is not affected [45]. Thus, the epigenetic effects of butyrate
exposure are strongly dependent on glucose metabolism and need to be considered
when extrapolating results obtained in intestinal cancer cell lines to normal intestinal
cells in vivo [45]. Indeed, many of the described effects of SCFAs on the epithelial
barrier and integrity were performed in vitro using cancer or immortal intestinal cell
lines (reviewed in [11,46]).

A role for SCFAs in histone modification of tissues in the body was definitively shown
by the dietary supplementation of germ-free (GF) mice with microbially produced
acetate, propionate, and butyrate. These SCFAs increased the acetylation of histone
H4 and H3 in a tissue-specific fashion [47]. Moreover, this recapitulated much of the
changes observed in chromatin states and gene expression due to microbial
colonization, although the magnitude of the effects was less than in conventionally
colonized mice [47]. Acetyl-CoA, an essential cofactor for histone acetyltransferase
(HAT) enzymes, can be converted from acetate or formed from the oxidation of
propionate or butyrate. An increase in the intracellular pool of acetyl-CoA can
increase HAT activity. Additionally, butyrate is reported to inhibit histone
deacetylases [48] potentially by binding to the Zn?* in the catalytic site [49].




Butyrate-producing Clostridium promotes Treg

Development in the Colon

Tregs expressing Foxp3 play an important role in regulating inflammation in the
mucosa and were shown to be induced by colonization of the intestine by
microbiota. GF mice have substantially lower numbers of Tregs in the colon mucosa,
but this could be reversed by oral administration of the spore-forming component
of the colonic bacteria, and in particular the spore-forming clusters IV and XIVa of
the genus Clostridium [50,51]. The mechanism was linked to increased secretion of
latent TGF-B by epithelial cells exposed to butyrate as well as upregulation of
membrane metalloproteases involved in maturation of TGF-B. Treg induction was
also shown to be independent of mucosal lymphoid tissue, suggesting that Treg
differentiation from naive T cells occurs in the lamina propria of the colonic mucosa
[33]. Later, Furusawa et al. [51] showed that administration of 0.1 mM butyrate to
peripheral naive CD4* T cells promoted histone H3 acetylation of the Foxp3 gene
promoter and intronic enhancers conserved in the noncoding region. These results
were consistent with the earlier finding that in vivo administration of the HDAC
inhibitor trichostatin A (TSA) leads to expansion of Foxp3* Tregs, increased
suppressive activity of Tregs, and attenuation of colitis in mice [52]. More recently,
Smith et al. showed that exposure of colonic Tregs to propionate induces a GPCR43-
dependent decrease in expression of HDAC6 and HDAC9 [53]. Although Treg cells
express multiple HDACs, HDACY is particularly important in regulating Foxp3-
dependent suppression [52]. Moreover, butyrate exposure increases acetylation of
several lysine residues in the forkhead domain of Foxp3 transcription factor that
appear to be directly involved in optimal Treg function [54].



Box 1. Post-translational Modifications in the Histone Tails Enable Epigenetic Regulation

Chromatin comprises nucleosomes in which the DNA is wound around a central histone H3/H4 tetramer
sandwiched between two histone H2A/H2B dimers. Adjacent nucleosomes are joined by a stretch of free
linker DNA [92]. Further compaction is possible through the linking interaction of histone 1 proteins
between nucleosomes. Condensed chromatin is generally limiting access of the transcription machinery to
the DNA but can undergo relaxation in response to specific cellular and environmental signals to allow for

DNA replication and transcription [93-95] (Figure I).

Figure I. Schematic Representation of DNA Wound Around a Central Histone H3/H4 Tetramer and
Two Histone H2A/H2B Dimers. The accessible regions of histones that undergo post-translational
modifications, such as acetylation and methylation, are depicted. The other panels depict the
consequences of condensed or more open chromatic structures for gene transcription.

The accessible regions of histones, called histone tails, protrude from the nucleosome and undergo post-
translational modifications (PTMs) such as acetylation, methylation, ubiquitination, and other
modifications generating what is commonly referred to as 'the histone code'. The PTMs determine whether
the chromatin is repressing or activating transcription. Acetylation of histone tails is carried out by histone
acetyltransferase (HATs [43]) and reversed by histone deacetylases (HDACs). Acetylation of histone tails
causes relaxation of chromatin through disruption of the DNA histone interaction, potentially activating
transcription [96,97]. Conversely, removal of the acetyl groups by HDACs is considered to promote
stronger histone-DNA associations. There are 18 known HDACs that are classified into four groups based
on homologies and location. HDACs have also been shown to deacetylate more than 50 transcription

factors and nonhistone targets, greatly extending their regulatory functions [98-100].




SCFAs Promote Intestinal Homeostasis

Butyrate and niacin signaling through receptor GPCR109a has been shown to confer
anti-inflammatory properties in colonic macrophages and dendritic cells (DCs) [41],
which are important for intestinal homeostasis [55]. In another study, using human
monocyte-derived DCs, both butyrate and propionate strongly downregulated
cytokine and chemokine gene expression in both immature and mature human
monocyte-derived DCs, whereas only minor effects were seen with acetate [56]. In
some studies, the anti-inflammatory effects of butyrate and propionate on
macrophages and DCs were shown to be independent of GPCR receptors and or
phenotypically reproduced by a pharmacological HDAC inhibitor [54,57].

Recently, butyrate — but not propionate or acetate — was shown to inhibit
proliferation of stem/ progenitor cells in the intestinal crypt [58]. It was proposed
that the crypt structure, gradient diffusion, and efficient metabolism of butyrate by
mature enterocytes would limit its access to stem and progenitor cells near the
bottom of the crypt (Figure 2). This may explain why colonocytes express high levels
of butyrate-metabolizing enzymes compared to propionate-metabolizing enzymes.
The transcription factor involved in inhibition of cell proliferation was identified as
FoxO3, which regulates several key cell-cycle genes [58]. It is not known precisely
how butyrate affects FoxO3, but the acetylation of several lysine residues of FoxO3
are known to affect its regulatory activity (Figure 2). It is further suggested that
butyrate induces rapid differentiation processes, possibly linking intestinal crypt
morphological development to stem cell protection [58,59].

Butyrate further affects intestinal barrier function by physiologic hypoxia restoration
through hypoxia-inducible factor (HIF) depleting local O, concentrations, as well as
a direct increase in the tight-junction-related proteins occludin and zonula
occludens, and also downregulation of claudins 1 and 2 [60]. Several studies have
reported that SCFAs increase the production of antimicrobial peptides (AMPs) by
epithelial cells from pigs, rabbits, and humans [61,62]. In a clinical trial, cathelicidin
(LL-37) was induced in human rectal epithelium of an intervention group given an
enema containing sodium butyrate (80 mM), twice daily for 3 days compared to
placebo [61]. Recently, Zhao et al. [3] identified that SCFAs regulate intestinal
expression of antimicrobial REGIIB/y and B-defensins through a GPCR43-
dependent mechanism. Previous studies have also linked IL-22 production with
activation of STAT3, indicating a relationship between antimicrobial regulation of the
host microbiome through nutrient-sensing pathways [3,63], like the SCFA axis,
thereby also altering the composition of the microbiological environment [3].



SCFAs Beyond the Gut

As mentioned previously, SCFAs transported across the intestine can enter the
circulation and directly affect metabolism or the function of peripheral tissues.
Although the liver clears a major part of SCFAs from the portal circulation, acetate
reaches peripheral concentrations of 19-160 pmol/l compared with propionate (1-
13 umol/l) and butyrate (1-12 pmol/l) [65]. Recent evidence suggests that SCFAs are
likely to play an important role in the etiology of several diseases, linking systemic
effects with human diet and microbiota. The effects of butyrate on abundance of
Tregs in the colon mucosa [63,64] and intestinal homeostasis are considered to be
beneficial in several chronic diseases, including IBD [66]. Some major areas of
therapeutic interest are outlined in more detail in the following text, and current
knowledge of the effects of SCFAs on other organs and tissues, besides the gut, and
also the developing fetus in utero, are summarized in Figure 3.

Type 1 Diabetes Mellitus

Genetic susceptibility plays a role in type 1 diabetes mellitus (T1D) but, as with other
autoimmune and allergic diseases, there is compelling evidence of a role for
environmental factors in the etiology of the disease [67]. Feeding specialized diets
in the form of acetylated or butylated resistant starches, which release large amounts
of the acetate or butyrate in the colon after bacterial fermentation, prevented onset
of diabetes in nonobese diabetic (NOD) mice [68]. These results suggest that high-
fiber diets and the microbiota might function cooperatively to reduce the risk of T1D
in susceptible individuals. Interestingly, a combined acetate- and butyrate-yielding
diet provided complete protection, which suggested that these SCFAs contribute to
protection through distinct mechanisms [68]. The acetate-yielding diet alone altered
the composition of B cell subsets in the spleen, whereas both diets decreased the
frequency of autoreactive T cells in lymphoid tissues and reduced the expression of
CD86 in IL-12-producing mature marginal-zone B cells, a subset implicated in the
pathology of autoimmune disease [69]. In agreement with previous studies
(discussed previously for the periphery) the butyrate-yielding diet increased the
number and function of Tregs. The protection from diabetes provided by SCFAs
probably also involves the engagement of metabolite-sensing GPCRs, such as
GPCR43, on enteroendocrine-producing cells and pancreatic beta cells which play
important roles in glucose tolerance [70].

Asthma

Recently, acetate administered in the drinking water to pregnant mice only during
gestation was shown to protect the offspring in utero from induced allergic airway
disease [71]. The mechanism of protection was linked to increased acetylation at the
Foxp3 promoter and higher numbers of Tregs in the lung for at least 16 weeks after




birth. Addition of acetate to the drinking water strongly decreased expression of
three genes in the fetal lung (Nppa, Ankrd1, and Pln). This was most likely mediated
by acetylation of Foxp3 in the lung epithelial cells, which was bound in higher
amounts to the Nppa promoter of fetuses from pregnant mice supplemented with
acetate than in the control mice. Acetate still protected against allergic airway
disease in GPCR437~mice, but a role for GPCR41, which also binds acetate, cannot
be ruled out [72].

There is also indirect evidence that the effect of acetate on immune regulation in the
lung can be translated to humans. SCFAs were measured in a cohort of pregnant
women, and data were collected on visits to the general practitioner for infant cough
or wheeze in the first year. Strikingly higher levels of serum acetate, but not
propionate or butyrate, were significantly associated with fewer respiratory problems
in the infants [71].



Figure 2. Interactions of Short-chain Fatty Acids (SCFAs) with the Colonic Epithelium by Binding to G-
protein coupled Receptors (GPCRs), mTor-signaling, or Epigenetic Mechanisms. Butyrate can be
metabolized by mature enterocytes via anaerobic 3-oxidation providing an energy supply. This has been
proposed as an evolutionary adaptation to reduce the concentration of butyrate in the intestinal crypt
where it can inhibit proliferation of stem/progenitor cells [61]. Inhibition of stem cell replication is
mediated through FoxO3, a transcription factor involved in inhibition of cell proliferation,




which is regulated by acetylation [61]. Butyrate induces expression of antimicrobial peptides (AMPs) and
TGF-B in enterocytes [50,53]. Activated TGF-3 promotes the development of inducible IL-10-producing T
regulatory cells (Tregs) in the colon, which are important in controlling proliferation of effector T cells and
suppressing inflammatory responses. Butyrate induces anti-inflammatory properties in colonic
macrophages and dendritic cells (DCs) via GPCR109a [41,56,57]. In enteroendocrine cells, butyrate induces
the release of appetite-regulating hormone PYY and glucagon-like peptide 1 (GLP-1) which can enter
blood vessels and decrease blood glucose levels by stimulating the production of insulin [31,32].
Additionally, release of GLP2 induces crypt cell proliferation and inhibition of apoptosis, resulting in an
increase in villous height and in the expansion of the absorptive mucosal surface in the small and large
intestine [64].

Figure 3. Effects of Short-chain Fatty Acids (SCFAs) on Organs and Tissues beyond the Gut, Including the
Developing Fetus. Diets rich in nondigestible fiber increase microbial fermentation and the production of
SCFAs in the colon, which promotes mucosal homeostasis through direct effects on intestinal epithelial
cells and immune cells in the lamina propria (Figure 2). Hormones and transported SCFAs enter the blood
vessels and, finally, the portal vein. Via the vascular system, SCFAs can influence energy homeostasis,
endocrine and immune functions in different issues via G-protein-coupled receptor (GPCR)-dependent
signaling, and epigenetic mechanisms, impacting on health and resilience to disease. SCFAs can also be
found in the brain and cerebrospinal fluid (CSF) where they might influence growth and differentiation of
neurones and synapses and inflammatory responses of brain glial cells.



Influence of SCFAs on the Blood-Brain Barrier and

Neuro-immunoendocrine Function

There is growing interest in the role of the microbiota in the interconnected gut-
brain axis, and here, SCFAs have already been implicated in the regulation of
neuroimmune and neuroendocrine function [73]. The intestinal mucosa is innervated
with a network of neurons regulating digestive processes that are influenced by
secreted immune effector molecules [74]. The inner submucosal plexus, which is
closer to the intestinal lumen, mainly innervates the mucosa and the muscularis
mucosae and plays a sensory role, for example, in regulating blood flow in the
intestine and epithelial functions. Thus, SCFAs transported across the gut could have
direct roles on the activity of neurons, such as the vagal afferent nerves which play a
key role in satiety, stress response, and mood (reviewed in [73]). Recently, oral
supplementation of mice with acetate, propionate, and butyrate in the drinking water
for 1 week gave protection from the subsequent effects of chronic psychosocial
stress [75].

SCFAs entering into blood vessels can also be transported across the blood-brain
barrier (BBB) into brain and CSF [76,77]. This might directly influence levels of
neurotrophic factors that regulate growth and differentiation of neurons and
synapses in the brain. Although the mechanisms remain unclear, SCFAs have already
been shown to modulate learning and memory in a range of brain disorders [78-80]
and to regulate neuropeptides that favor appetite suppression [14]. In addition,
SCFAs play a role in the permeability of the BBB. The BBB of GF mice is more
permeable to small molecules than is the case with conventional mice, and their
recolonization with a complex microbiota or SCFA-producing bacteria restores the
BBB integrity [81].

Antiviral Immunity

Another aspect of immunity which appears to be regulated by microbial SCFAs
concerns the priming and function of natural killer (NK) cells in the tissues. Ganal et
al. [82] compared nonmucosal-associated mononuclear phagocytes in GF and
conventionally housed mice and revealed increased acetylation at the transcription
start sites of proinflammatory genes such as interleukin 6 (IL-6) and interferon-beta-
1 (Ifnb1) in conventional specific-pathogen-free (SPF) mice. These epigenomic
modifications were associated with increased expression of IL-6 and IFN-1 in
mononuclear phagocytes in response to microbial ligands and viral infection.
Increased expression of these cytokines led to enhanced priming of NK cells residing
at non-mucosal sites and more effective antiviral immunity [82].




Metabolic Disease, Obesity, and Type 2 Diabetes
Mellitus

As mentioned previously, SCFA metabolism by the host can increase energy harvest
from the diet — which might contribute to obesity depending on the total caloric
intake. By contrast, several studies in rodents have shown that SCFAs can protect
against obesity by increasing energy expenditure and appetite control (reviewed in
[65]). Propionate can influence control of body weight via sympathetic nervous
system activity, as mentioned previously [38]. Additionally, SCFAs decrease
expression of PPARY, resulting in increased oxidative metabolism in the liver and
adipose tissue as well as reduced body fat accumulation, hepatic steatosis, and
increased insulin sensitivity [83]. Results from a recent randomized clinical trial in
type 2 diabetic patients indicated that SCFAs may be a promising strategy to treat
pancreatic dysfunction in early-stage type | and type 2 diabetes in humans [84].

Based on studies in rodents, SCFAs are considered to have a beneficial rather than
detrimental effect on host metabolism. However, there are conflicting results on the
beneficial effects of SCFAs on glucose homeostasis in humans, and further well
controlled long-term intervention studies are needed to confirm the beneficial role
of SCFAs in metabolic disease [65].

New-generation Probiotics for Increasing SCFA

Production

Numerous studies on the fecal microbiota of IBD patients report a decreased
abundance of the Clostridium clusters IV and XIVa, which includes butyrate-
producers such as Faecalibacterium prausnitziiand Roseburia intestinalis [85]. Given
the relatively high abundance of £ prausnitzii in the fecal microbiota of healthy
adults and the role of butyrate in intestinal homeostasis (discussed previously) there
is much interest in using this human commensal as one of a new generation of
probiotics for prevention and treatment of inflammatory diseases linked to the gut
[86]. Moreover, the beneficial effects of £ prausnitzii may not be limited to butyrate
production [86-88]. Similarly, administration of butyrate-producing Clostridium
tyrobutyricum was shown to attenuate colitis in mice [89]. Additionally, Clostridium
butyricum was demonstrated to have antidiabetic effects in mice [90] and
neuroprotective effects in a mouse model of vascular dementia [80]. In the future we
can expect more reports of interventions using prebiotics and probiotics to modulate
gut microbiota to increase SCFA production and treat disease.



Concluding Remarks and Future Perspectives

Increasing evidence supports the notion that reduced intake of NDPs and production
SCFAs by microbial fermentation in the colon lies behind the increasing incidence of
diseases which have been steadily increasing in high-income countries over the past
50 years. However, the key to fully exploiting the opportunities for using SCFAs in
disease prevention and treatment requires a better understanding of the
mechanisms by which SCFAs exert their effects in the gut and other tissues and
organs in the body. Furthermore, most research to date has focused on butyrate but,
unlike acetate and propionate, it is typically present in undetectable or very low
concentrations in the body. SCFAs appear to influence health through three principal
mechanisms: (i) altering levels of HAT and HDAC activity, (ii) signaling by specific
fatty acid sensing GPCRs, and (i) anti-inflammatory mechanisms in the periphery
and tissues due to the first two mechanisms. Unraveling the precise mechanisms by
which SCFAs promote intestinal homeostasis, and protect from or ameliorate
diseases, is further complicated by potentially broad effects of SCFAs on GPCR
signaling, as well as epigenomic modifications. Moreover, we currently know little
about the effects of SCFAs on the HAT- and HDAC-mediated post-translational
modification of transcription factors, and how this alters their function, activity, and
stability (see Outstanding Questions). The development of new tissue specific
GPCR41 and/or GPCR43 knockout mice will help to elucidate the effects of SCFAs in
the body. Studies in organoids or primary cells more closely mimicking the
conditions in vivo can also give further insights into the activities of SCFAs, especially
in combination with selective agonists and antagonists of SCFA-sensing receptors
[91]. In the future, SCFA receptor-selective pharmacological drugs might open new
possibilities for therapeutics, including applications in neurodegenerative diseases
and behavior, by reinforcing BBB integrity, modulating neurotransmission, and
influencing levels of neurotrophic factors.




Outstanding Questions

Can we discover selective agonists or antagonists, and produce cell-type specific
knockouts of SCFA GPCRs, to elucidate the precise mechanisms by which
microbially produced SCFAs impact on host physiology?

Can we devise studies on organoids, with sustained exposure to SCFAs at
concentrations found in the body, to translate findings to humans and uncover the
precise mechanisms?

What are the effects of circulating acetate and propionate on animal and human
physiology?

How do SCFAs influence the acetylation and activity of transcription factors?

What are the effects of SCFAs on different HAT and HDAC activities in different
organs and tissues?

Can we devise strategies to effectively increase SCFAs in the colon, and produce
SCFA-receptor-selective pharmacological drugs, in order to explore the
possibilities for disease prevention and treatment?
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Abstract

Short-chain fatty acids (SCFAs), such as butyrate, acetate, and propionate, have been
reported to reduce the risk of gastrointestinal disorders. A previous study reported
that incubation of ileum organoids with bacterial culture supernatant of Akkermansia
muciniphila and Faecalibacterium prausnitzii (which contained different SCFAs), as
well as individual SCFAs affected the expression of metabolic cellular growth and cell
survival pathways. However, these results are difficult to interpret because of the
mixture of SCFAs and other metabolites present in the bacterial culture supernatants.
Furthermore, the combined concentration of SCFAs used was high, and possible
toxicity was not assessed. In this study we aimed to investigate the effects of non-
toxic concentrations of acetate and butyrate on gene expression in 3D organoid
cultures in order to gain more insight into their transcriptional effects on epithelial
functions. Porcine 3D ileal organoids were exposed to non-toxic concentrations of
butyrate and acetate for 5 h or buffer control, and RNA was purified for RNA
sequencing. Differentially expressed genes and pathways were identified using
various bioinformatic and biostatistic tools. Butyrate treatment induced the largest
set of differentially expressed genes (DEG) compared to acetate. The top canonical
pathways activated by acetate treatment mostly associated with cellular processes-
related pathways, whereas butyrate evoked many cell-cycle related pathways.
Moreover, butyrate was predicted to reduce cell proliferation through inhibition of
histone deacetylase 3 (HDAC3). In contrast, the effect of acetate on histone 3
acetylation is still unclear. These results revealed that acetate and butyrate regulate
different intestinal epithelial functions.

Keywords: porcine ileal organoids, transcriptomics, epithelial function




Introduction

Commensal bacteria in the gut produce short-chain fatty acids (SCFAs), such as
butyrate, acetate, and propionate, which have been demonstrated to reduce the risk
of gastrointestinal disorders [1, 2]. Total SCFA concentrations in the terminal ileum
are estimated to be 13 + 6 mmol/kg content but much higher in the caecum (131
9 mmol/kg content) and descending colon (80 + 11 mmol/kg content) [3, 4]. In all
parts of the colon acetate was found to be at least 2-fold higher in concentration
than propionate or butyrate. A study on individuals in sudden death cases revealed
that in the ascending colon, where most saccharolytic fermentation occurs, the
concentrations of acetate, propionate and butyrate in mmol/kg content were found
to be 634 + 6.8, 26.7 £ 4.0 and 24.5+ 4.2 respectively [3].

SCFA can be passively taken up by epithelial cells but in greater amounts by active
transport via monocarboxylate transporter 1 (MCT-1) and SMCT-1 [5]. Most butyrate
is oxidized and used as fuel for colonocytes, deriving 60-70% of their energy supply
from SCFA oxidation [6]. The remaining SCFA are transported out of the cell across
the basolateral membrane via an unknown HCOs~ exchanger, monocarboxylate
transporter (MCT) 4 or 5 [5, 7]. Here SCFA can enter the blood vessels and circulation
via the portal vein [6]. The liver clears a major part of propionate and butyrate from
the portal circulation, but acetate can reach 200 uM in venous serum of humans and

pigs [8].

SCFAs can also interact with G-protein-couple receptors GPR41 and GPR43 on
intestinal epithelial cells, which is important for imnmune homeostasis in the intestine
[9]. SCFAs have been reported to induce the expression of vitamin A-converting
enzyme RALDH1 in intestinal epithelial cells in vivo and in vitro, which has been
linked to increased numbers of intestinal regulatory T cells and a higher production
of luminal IgA [10, 11]. SCFAs have also been reported to down-regulate LPS-
stimulated IL-8 secretion in different intestinal cancer cell lines [10]. Butyrate has
been reported to maintain and/or increase transepithelial electrical resistance (TEER)
in human intestinal cell lines Caco-2 and T84, through induction of genes encoding
tight-junction (TJ) components and protein reassembly regulated by transcription
factors Signal Transducer and Activator of Transcription 3 (STAT3) and Specificity
Protein 1 (SP1) [12-15].

Lukovac et al (2014) reported that 3 hours incubation of ileum organoids with
bacterial culture supernatant of Akkermansia muciniphila (containing 3.65 mM
acetate and 7.14 mM propionate), Faecalibacterium prausnitzii (1.51 mM acetate,
5.51 mM formate, 7.06 mM propionate, and 8.03 mM butyrate), as well as 5 mM of
individual SCFAs led to altered expression of metabolic cellular growth and cell



survival pathways [1]. These results are difficult to interpret because of the mixture
of SCFAs and other metabolites present in the bacterial culture supernatants.
Furthermore, the combined concentration of SCFAs is high and possible toxicity was
not assessed. Recently, Kaiko et al., showed that 1 mM butyrate inhibits proliferation
of intestinal stem cells and that higher concentrations 1-3 mM cause stem cell
apoptosis [16].

The aim of this study was to investigate the effects of non-toxic concentrations of
acetate and butyrate on gene expression in 3D organoid cultures to gain more
insight into their transcriptional effects on epithelial functions. Porcine 3D ileal
organoids were exposed to non-toxic concentrations of butyrate and acetate for 5
hours or buffer control, and RNA was purified for RNA sequencing. Differentially
expressed genes and pathways were identified using bioinformatic and biostatistic
tools.

Materials and Methods

Porcine lleum 3D organoids culture

Ileum organoids were generated from intestinal tissue of two 5-month-old slaughter
pigs, according to the procedure described by Sato and colleagues [17, 18]. Porcine
ileal organoids were grown in basal culture medium that was refreshed every two
days (BCM: DMEM/F12 (Gibco), supplemented with 100 pg/ml primocin (Invivogen),
10 mM HEPES (HyClone), 1 x B-27 (Gibco), 1.25 mM N-acetylcysteine (Sigma-
Aldrich), 50 ng/ml human epidermal growth factor (R&D systems), 15 nM gastrin, 10
mM nicotinamide, 10 uM p38 MAPK inhibitor (Sigma-Aldrich), 600 nM TGF receptor
inhibitor A83-01, and conditioned media for recombinant Noggin (15% v/v),
Spondin (15% v/v), and Wnt3A (30% v/v) (provided by Dr Kuo and the Hubrecht
Institute). Organoids were passaged by enzymatic dissociation at a 1:5 ratio every 5
days using TrypLE Express (Thermo Fisher) and plating in fresh Matrigel matrix
droplets (Basement Membrane, Growth factor reduced, REF 356231, Corning).

Viability test different concentration of SCFAs

The 3-dimensional organoids were cultured in single 5 pl Matrigel droplets in 24-
well plates (9 replicates per treatment) for 5 days. Organoids were stimulated for 5
hours with non-toxic concentrations of butyrate (1 mM) and acetate (2.5 mM). The
Cell Proliferation Reagent WST-1 (Sigma-aldrich) was added to the well after 5 hours
incubation. Absorbance was then measured using a Spectramax M5 microplate
reader (Molecular Devices) at 450/690 nm.




SCFA exposure and RNA isolation from 3D organoids

Initially the potential toxicity of acetate and butyrate exposure to 3D organoids was
tested using Cell Proliferation Reagent WST-1 (Sigma-aldrich) to determine which
concentrations to use for the transcriptomics study. Triplicate wells containing 3D
ileum organoids in Matrigel were incubated with 2.5 mM acetate, 1 mM butyrate or
medium control for 5 hours at 37°C. After incubation, the medium was removed and
1 ml ice-cold DMEM/F12 was added to each well, the organoid suspension
transferred to 15 ml tubes on ice (Falcon) and then centrifuged 5 min at 300 x g at
4°C to recover the organoids. The supernatant was then carefully removed, and lysis
buffer (Qiagen) was added to lyse the organoids. Total RNA was extracted
immediately according to the manufacturer's recommended protocol (RNEasy mini-
kit, Qlagen). Total RNA concentrations were measured using a Qubit 4 Fluorometer
(Invitrogen) and RNA quality (230/260 and 260/280 ratios) was checked with a
DeNovix spectrophotometer.

mRNA sequencing and transcriptomic analysis

Library preparations were performed using total RNA extracted from acetate,
butyrate, or medium-treated organoids and then sequenced on an Illumina
sequencing system by Novogene (Hong Kong). The sequencing reads were checked
for quality using CLC Genomic Workbench (QIAGEN) and FastQC [19] and mapped
to the Sus scrofa 11.1 reference genome (Ensembl, [20], see Supplementary Table
$1), and processed as previously described [21] for further downstream analysis.

Differentially expressed genes (DEGs) were identified using CLC with a probability (P)
value < 0.05 and false discovery rate (FDR) < 0.05 for determination of significant
differences. Gene ontology and pathway integration of DEGs were analysed using
Ingenuity pathway analysis (IPA). To utilise the IPA database, unknown Sus scrofa
identifiers were re-annotated to their human homologues using g:profiler [22]. A
schematic diagram of this experimental setup is shown in Figure 1.



Figure 1. Schematic diagram of experimental setup. lleum organoids were incubated with acetate,
butyrate or medium control for 5 hours, followed by RNA extraction and library preparation. RNA
sequencing was then performed, and the results were analysed using various bioinformatic and

biostatistical tools.

Extraction and detection of histone H3 total acetylation

The same batch of 3D ileum organoid culture was also used for extraction and
detection of histone H3 acetylation. Histones were extracted from organoids using
a Histone Extraction Kit (ab113476, Abcam) according to manufacturer’s protocol.
Extracted histones were then aliquoted and stored at -80 °C for further use. Total
concentrations of histone proteins were determined using the Bradford protein assay
with Coomassie Protein Assay Reagent (Thermo Scientific). 2 pg protein was used for
histone H3 acetylation detection with a fluorometric-based assay using Histone H3
Total Acetylation Detection Fast Kit (ab131581, Abcam).




Results and Discussion

Viability of organoids exposed to acetate and butyrate

Organoids were incubated with acetate (2.5 mM) or butyrate (1 mM) or buffer alone
as a control to evaluate their potential toxicity. The viability assay measures
conversion of the WST-1 dye into a coloured product by mitochondrial
dehydrogenase enzymes. Microscopic examination suggested the large variability in
WST-1 conversion between replicates was due to different numbers of organoids per
well and thus total cell numbers. Stimulating organoids with non-toxic
concentrations of SCFA did not show profound effects on the ability to convert WST-
1 to formazan compared to the medium control (Figure 2).
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Figure 2. WST-1 assay for cell viability of 3D organoids incubated for 5 hours with 2.5 mM acetate, 1 mM
butyrate or buffer control. Error bars represent Min to Max, n = 9 per group.

Differentially expressed genes induced by SCFAs acetate and
butyrate

A projection scatter plot of principal component analysis (PCA) showed that
organoid samples treated with acetate mainly clustered together, with one being
close to the untreated (control) samples, indicating low variation between the two
groups. Moreover, the close scatter of this acetate sample was also not due to major
differences in the number of reads or mapping efficiency. In contrast, organoids
treated with butyrate were clustered furthest away from the control and acetate
group (Figure 3A). An expression correlation matrix showed good correlation
between replicates of the butyrate-treated organoids and replicates of the untreated



organoid samples. Higher variation was evident in expression profiles of the acetate-
treated organoid samples (Figure 3B). The DEGs (log2 cut off 1.5-fold change and
p < 0.05) induced by butyrate or acetate exposure of organoids compared to
untreated organoid controls are shown in Volcano plots (Figure 3C). Butyrate-
treatment induced the largest set of DEGs when p < 0.05 (9776 genes, 4841 up/4935
down), whereas acetate had significantly less DEGs (1492 genes, 661 up/831 down).
DEG expression values are visualized for acetate (Figure 3D) and butyrate (Figure
3E). Both treatments had a substantial amount of DEGs in common (1173, Figure
3F-left), but heatmap clustering shows the same sample variability observed in the
projection scatter plot for acetate (Figure 3F-right). Moreover, when the data was
adjusted for FDR < 0.05, the amount of DEGs by butyrate slightly decreased (8989
genes, 4400 up/4589 down), whereas DEG numbers in acetate-treated organoids
dropped substantially (17 genes, 13 up, down).

Ingenuity Pathway Analysis (IPA) of differentially expressed
genes

IPA analysis was used to generate a list of the top canonical pathways (Figure 4),
predicted upstream regulators, and biological functions. This is a tool which
categorises genes with significantly altered expression according to their molecular
and cellular functions (Table 1). For both acetate and butyrate, the top regulated
molecular and cellular functions were Cell Death and Survival, Cellular Assembly and
Organization, and Cellular Function and Maintenance (Table 1). Functions regulated
only by butyrate were Gene Expression and Cell Cycle and those only affected by
acetate were Cellular Movement and Cellular Development.

IPA listed 57 significantly regulated canonical pathways (p < 0.05, threshold of 1.3)
because of butyrate exposure and 51 because of acetate treatment. The top
pathways regulated by acetate were Sirtuin Signalling Pathway, a complex pathway
involved in many cellular processes including apoptosis and inflammation, and
Signalling by Rho Family GTPases, a pathway related to cell-to-cell movement
(Figure 4A). The top canonical pathway regulated by butyrate was High Mobility
Group Box 1 (HMGRBY7) Signalling Pathway. The high-mobility group box-1 (HMGB1)
protein is a DNA-binding nuclear protein, present in almost all eukaryotic cells that
can activate a series of signalling components, including mitogen-activated protein
kinases (MAPKs) and AKT, which play an important role in proliferation and
inflammation [23]. This top pathway may be linked to many other cell cycle and
cancer pathways regulated by butyrate (Figure 4B). Cell stress related pathways such
as the unfolded protein response, autophagy and Nuclear Factor Erythroid 2-related
Factor 2 (NRF2)-mediated oxidative stress pathway were regulated by butyrate but
not acetate.




Figure 3 (A-F). Organoid transcriptome differences when treated with acetate or butyrate compared to
control. (A) Projection scatter plot of principal component analysis clustering organoids treated with
acetate, butyrate, or medium control. (B) Expression correlation matrix for organoids treated with acetate,
butyrate, or medium control shows strong separation of butyrate, and variable expression patterns in
acetate treated samples. (C) Volcano plots showing the comparison of differentially expressed genes
induced by acetate and butyrate (data shown as FC (x-axis) and -Logio(P-value), red color: p < 0.05). Heat
maps showing clustering dendrograms of differentially expressed genes when treated with Acetate (D) or
Butyrate (E) when p-value < 0.05. (F) All DEGs from control were compared between acetate and butyrate
and showed 1173 overlapping genes and were visualized in a heatmap to show actual expression values
(right).



Table 1. IPA analysis of Molecular and Cellular Functions affected by SCFA exposure.
Comparison Molecular and Cellular Functions

Acetate vs. control Cell Death and Survival, Cellular Movement, Cellular
Assembly and Organization, Cellular Function and

Maintenance, Cellular Development

Butyrate vs. control Gene Expression, Cell Death and Survival, Cell Cycle,
Cellular Assembly and Organization, Cellular Function

and Maintenance

Some of the top canonical pathways were examined in more detail to give more
insights into the genes induced by acetate and butyrate treatment (Table 2-6).
Acetate was predicted to upregulate the Sirtuin signalling pathway, including 3
genes which could have epigenetic effects, namely H7F0, S/IRT6 and KAT2A. Histone
H1FO is one of the main chromatin proteins which plays an important role in
organizing eukaryotic DNA into a compact structure (Table 2 and Supplementary
Figure 1). Histone H1FO is devoid of enzymatic activity and binds nucleosomes
without apparent DNA sequence specificity leading to changes in the architecture of
chromatin [24]. S/RT76, which was upregulated, encodes an NAD*-dependent
deacetylase of histones and regulating multiple processes including DNA stability
and repair [25]. KAT72A, a gene encoding a lysine acetyltransferase with
demonstrated activity on histone variant H2AZ, was downregulated.
Posttranslational modifications such as acetylation and ubiquitination of H2A.Z, as
well as its specific binding partners, is a central player in the control of gene
expression [26]. These findings could explain why acetate has such a broad effect on
many different types of pathways.




Figure 4 (A-B). Ingenuity Pathway Analysis (IPA). The top canonical pathways expressed in ileum organoids
as a result of acetate and butyrate exposure for 5 hours. (A) Top canonical pathways activated by 2.5 mM
acetate exposure. (B) Top canonical pathways activated by 1 mM butyrate exposure.

The second top canonical pathway, predicted to be upregulated by acetate, was the
Rho Family GTPases signaling pathway in which ACTA7 and ACTC7, were highly
upregulated (Table 3). The reasons for this are not clear but may indicate remodeling
of the actin cytoskeleton. Butyrate was predicted to regulate cell cycle-related
pathways e.g., by downregulating cyclin genes CCNVBZ in the G2/M DNA Damage
Checkpoint pathway and CCND7 (Table 5) as well as CCNVEZ in the G1/S Checkpoint
pathway which controls the cell cycle. Additionally, HDAC3 which is inhibited by
butyrate was upregulated. Histone deacetylase 3 (HDAC3) directly interacts with and
deacetylates cyclin A in the G1/S Checkpoint pathway (Table 6). Given that
deacetylated cyclin A promotes cell proliferation butyrate inhibition of HDAC3
deacetylation activity is predicted to reduce cell proliferation.

Several genes involved in the regulation of HMGB1 Signaling Pathway were
downregulated by butyrate including 7/R4 (-2.744) that encodes an innate receptor
to which HMGB1 released from cells has been reported to bind and the RELA subunit
of NF-kB (-1.531). (Table 5). However, expression of SERPINE1, a protein regulated
by nuclear HMGB1, was increased more than 16-fold. Like the histones, HMGB1 is an
important chromatin protein. In the nucleus HMGB1 interacts with nucleosomes,



transcription factors, and histones, thereby organising DNA and regulating
transcription [27, 28]. The presence of HMGB1 in the nucleus depends on post-
translational acetylation [28]. It is therefore possible that butyrate inhibits
deacetylation of HMGB1 possibly through HDAC3, increasing the concentration of
HMGB1 in the nucleus and upregulating SERPINET.

Expression2Kinases (X2K) was used to identify upstream regulators likely responsible
for observed patterns in genome-wide gene expression induced by acetate and
butyrate. The inferred networks of transcription factors, proteins and kinases
predicted to regulate the expression of the inputted gene lists are indicated in Figure
5.

The top 10 predicted transcription factors and kinases (log2 cut off 1.5 and p-value
< 0.05) that were up- or downregulated as a result of acetate and butyrate exposure
are shown in Table 7. Implicated in the transcriptomic response to butyrate were
transcription factors GATA1 and RELA which are known substrates for HDAC3. Some
of the other transcription factors listed in Table 7 may be unidentified substrates for
post-translational modification enzymes identified in the acetate or butyrate
induced transcriptome (such as KAT2A, SIRT6 or HDACS).

Table 2. Regulation of Sirtuin signaling pathway (acetate vs. control).

[ Symbol | FEntezGeneName _____________________| _______ Type(s ______|ExprFoldChange ]
ATG3 autophagy related 3 enzyme 1.122
ATG12 autophagy related 12 other 1.119
BAX BCL2 associated X, apoptosis regulator transporter 1.133
EPAS1 endothelial PAS domain protein 1 transcription regulator 1.263
GABARAPL1 GABA type A receptor associated protein like 1 other 1.259
H1FO H1 histone family member 0 other 1.24
HIF1A hypoxia inducible factor 1 subunit alpha transcription regulator 1.164
KAT2A lysine acetyltransferase 2A enzyme -1.19
MT-ND1 NADH y subunit 1 ( lex 1) enzyme -1.232
MT-ND2 MTND2 enzyme -1.201
Myc MYC proto-oncogene, bHLH transcription factor transcription regulator -1.192
NAMPT icotil i h ibosy cytokine 1.412
NDUFB7 NADH:ubiquinone oxidoreductase subunit B7 enzyme -1.124
NDUFS4 NADH:ubiquinone oxidoreductase subunit S4 enzyme 1.28
NEDD4 neural precursor cell expi d, devel Ily down-r I 1 4, E3 ubiquitin protein ligase enzyme 1.27
NQO1 NAD(P)H quinone dehydrogenase 1 enzyme 1.318
PCK1 b b | cark i 1 kinase 1.534
PFKFB3 6-ph ructo-2-kinasefructose-2,6-bi| 3 kinase 1.378
PPARG i proli i receptor gamma ligand-dependent nuclear receptc 1.185
SIRT6 sirtuin 6 enzyme 1.226

TIMM10 of inner mitochondrial 10 transporter -1.145,




Table 3. Regulation of signaling by Rho Family GTPases (acetate vs. control).

| symool | EntezGemeName | Type(s) | ExprFoldChange |
ACTA1 actin alpha 1, skeletal muscle other 3.855
ACTC1 actin alpha cardiac muscle 1 enzyme 19.68
ARHGEF4  Rho guanine nucleotide exchange factor 4 other 1.506
CDC42EP1  CDC42 effector protein 1 other -1.196
CDC42EP5  CDC42 effector protein 5 other -2.151
CDH17 cadherin 17 transporter 1.296
GNAI1 G protein subunit alphail enzyme 1.122
GNG7 G protein subunit gamma 7 enzyme 1.433
LIMK2 LIM domain kinase 2 kinase -1.133
MAPK10 mitogen-activated protein kinase 10 kinase -3.067
MSN moesin other 1147
NEDD4 neural precursor cell i, devel Iy d lated 4, E3 ubiquitin protein ligase enzyme 1.27
PKN1 protein kinase N1 kinase 1.118
RHOQ ras homolog family member Q enzyme 1.21
RHOV ras homolog family member V. enzyme 1.202
ROCK2 Rho associated coiled-coil containing protein kinase 2 kinase 1.145
SEPT10 septin 10 transcription regulator 1.131
VIM vimentin other -1.306,
Table 4. Regulation of HMGB1 Signaling pathway (butyrate vs. control).

| symbol | EntrezGeneName | _____Tyoe() | ExprFoldChange |
CD70 CD70 molecule cytokine -2.279

CLCF1 cardiotrophin like cytokine factor 1 cytokine -2.372

CSF2 colony stimulating factor 2 cytokine -4.834

ICAM1 intercellular adhesion molecule 1 transmembrane receptor -2.054

IFNGR1 interferon gamma receptor 1 transmembrane receptor 1.549

IL1IR1 interleukin 1 receptor type 1 transmembrane receptor -1.928

MAP2K7 mitogen-activated protein kinase kinase 7 kinase -2.703

PIK3C2A idylinositol-4 3-kinase catalytic subunit type 2 alpha kinase 2.078

RELA RELA proto-oncogene, NF-kB subunit transcription regulator -1.531

RHOD ras homolog family member D enzyme 2.021

RHOV ras homolog family member V enzyme 1.556

SERPINE1  serpin family E member 1 other 16.558

TLR4 toll like receptor 4 transmembrane receptor -2.744

TNFSF9 TNF superfamily member 9 cytokine -1.738,

Table 5. Regulation of Cell Cycle: G2/M DNA Damage Checkpoint pathway (butyrate vs. control).

ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase kinase -1.595
CCNB2 cyclin B2 other -1.586
CKS1B CDC28 protein kinase regulatory subunit 1B kinase 1.852
PLK1 polo like kinase 1 kinase -2.035
PTPMT1 protein tyrosine phosphatase, mitochondrial 1 phosphatase -1.675
YWHAG tyrosine 3: 5 activation protein gamma other 2531
Table 6. Regulation of Cell Cycle: G1/S Checkpoint pathway (butyrate vs. control).
| symool | EntezGemeName | Type(s) | ExprFoldChange |
ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase kinase -1.595
CCND1 cyclin D1 transcription regulator -2.265
CCNE2 cyclin E2 other -3.382
CDKN2D cyclin dependent kinase inhibitor 2D transcription regulator 2.533
E2F8 E2F transcription factor 8 transcription regulator -2.433
HDAC3 histone deacetylase 3 transcription regulator 1.644
mycC MYC proto-oncogene, bHLH transcription factor transcription regulator -7.166,




Table 7. Transcription factor and kinase enrichment analysis based on differentially expressed gene lists.
Genes with a minimal fold change of log2 (1.5) and p-value < 0.05 were analyzed for transcription factor
(TFEA) and kinase (KEA) enrichment using X2K. Shown are the top 10 regulated factors when organoids

were stimulated with acetate or butyrate. Gold color indicates p-value > 0.05.

Acetate (2.5 mM) Butyrate (1 mM)

Down in acetate Down in acetate Down in Butyrate Down in Butyrate
TFEA p-value KEA p-value TFEA p-value KEA p-value
REST 6.68E-09 CDK1 1.28E-23 UBTF 0.000122 MAPK1 6.01E-19
SuUz12 1.11E-08 CSNK2A1  1.79E-21 SuUz12  0.000174 MAPK14  4.36E-16
REST 2.23E-08 CDK2 1.43E-18 ZBTB7A 0.000189 CSNK2A1  1.04E-14
TP53 0.01585 MAPK14 2.34E-18 RELA 0.000895 CK2ALPHA 1.24E-14
SMAD4 0.01754 CDK4 6.22E-17 CTCF 0.00516 CDK1 4.73E-14
EZH2 0.02395 GSK3B 7.88E-17 TCF3 0.01002 CDK2 5.24E-14
AR 0.06142 MAPK1 2.55E-16 FOXA2 0.01791 MAPK3 1.47E-13
EZH2 0.06994 HIPK2 8.00E-15 YY1 0.02933 GSK3B 5.31E-13
TRIM28 0.07271 ATM 2.03E-14 HDAC2 0.03932 MAPK8 8.49E-13
SALL4 0.08036 MAPK3 5.57E-13 E2F6 0.05342 ERK1 7.44E-10
Up in acetate Up in acetate Up in butyrate Up in butyrate

TFEA p-value KEA p-value TFEA  p-value KEA p-value
SMC3 0.02308 MAPK3 1.15E-11 SUz12  5.80E-14 HIPK2 1.08E-09
RAD21 0.02891 CDK1 2.19E-10 REST 1.91E-08 CDK1 2.36E-09
GATA1 0.03991 MAPK1 9.87E-09 REST 1.13E-06 CK2ALPHA 4.77E-09
VDR 0.07167 ERK2 2.17E-08 EZH2 9.88E-05 CSNK2A1  5.66E-09
CTCF 0.08494 ERK1 3.41E-08 SuUz12  0.00033 GSK3B 1.00E-07
ZC3H11A 0.1182 CSNK2A1  4.28E-08 RAD21 0.001882 MAPK3 7.34E-07
REST 0.1206 CK2ALPHA 1.07E-07 SMC3  0.002604 CDK2 1.3E-06
GATA2 0.1692 GSK3B 1.43E-07 EZH2 0.003035 MAPK14 3.87E-06
SuUz12 0.2168 MAPK14  6.51E-07 CTCF 0.00419 AKT1 6.39E-06
PPARD 0.2428 HIPK2 1.42E-06 GATA1 0.007389 ATM 2.12E-05




Figure 5 (A-D). X2K network analysis based on differentially expressed gene lists. Genes with a minimal
fold change of log2 (1.5) and p-value < 0.05 were analysed for transcription factor (TFEA) and kinase (KEA)
enrichment using X2K. Shown are interactions between transcription factors, intermediate proteins and
kinases when organoids were stimulated with acetate or butyrate.



Epigenetic Effect of SCFAs in lleum Organoids

As butyrate is a known inhibitor of Class | histone deacetylases (including histone 3
deacetylase), and the IPA analysis suggested acetate exposure may have epigenetic
effects via acetylation of at least two histones, we measured total histone 3
acetylation in organoids 5 hours after SCFA incubation. The percentage of total
histone H3 acetylation increased in organoids exposed to butyrate and acetate
compared to control (Figure 6). Although we observed a tendency for higher histone
H3 acetylation in SCFA-treated organoids, these were not statistically different from
control (p > 0.05) due to high variation among the treatment samples (Figure 6).
This is most likely due to the variation we observed in the number of organoids per
well.
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Figure 6. Percentage of histone H3 acetylation measured from ileum organoids as a result of 5 hours

acetate (2.5 mM) or butyrate (1 mM) exposure. Results are shown as mean + SEM, n . 3.



Conclusion

The top canonical pathway predicted to be upregulated by acetate was the Sirtuin
Signaling Pathway, which contains a group of proteins regulating a wide range of
cellular processes such as transcription, apoptosis, and inflammation, mainly by
deacetylase activity [29]. Three of the regulated genes in this pathway are known to
induce epigenetic effects, i.e, H7F0, SIRT6 and KATZA. The Sirtuin pathway is also
known to suppress histone deacetylation of pro-inflammatory cytokines and
transcription factors which lead to suppression of inflammation [30]. This underlying
mechanism may explain an anti-inflammatory effect of acetate on immune cells.
Acetate exposure increased histone 3 acetylation in organoids, although this was not
significant due to the high variability, which we hypothesized to be due to variation
in the number of organoids in replicate wells. The second top canonical pathway
regulated by acetate was the Rho Family GTPases signaling pathway. This pathway
has been shown to regulate many aspects of intracellular actin dynamics including
organelle development, cytoskeletal dynamics, cell movement, and other common
cellular functions. The cellular effects arising from regulation of this pathway are still
to be elucidated but might involve proliferation and epithelial remodeling.

Butyrate, a known HDAC3 inhibitor had a much stronger effect on the transcriptome
than acetate, presumably through epigenetic mechanisms affecting chromatin as
well as acetylation of protein substrates for HDAC3. Consistent with this hypothesis
we observed regulation of GATA1 and RELA transcription factors which are known
substrates for HDAC3. Our results with butyrate are difficult to compare to a previous
study by Lukovac et al. (2014) as they used 5-fold higher concentrations of butyrate
[1]. Besides, our preliminary data suggest that butyrate may have some toxicity at 5
mM.

The finding that acetate significantly alters gene expression in intestinal organoids
has major implications for understanding the impact of this bacterial metabolite on
intestinal function in vivo and warrants further study. In future experiments we aim
to investigate transcriptional and functional effects of longer periods of exposure to
acetate on both the colon and ileum. Polarized monolayers of organoids cells [18]
will also be used to reduce variability between replicates for biochemical and cellular
assays.



Supplementary Figure S1. IPA analysis. Regulation of canonical pathways induced
by acetate



Supplementary Table S1:

Unidentified identifiers for differentially expressed genes, after conversion using G:Profiler (p < 0.05, log2
fold change > 1.5) when treated with acetate (first two tables), or butyrate (last two tables).

Acetate Down-regulated:

Unidentifi
ed gene
identifier
s

ENSSSCGO
00000014
55

ENSSSCGO
00000026
08

ENSSSCGO
00000030
45

ENSSSCGO
00000052
57

ENSSSCGO
00000079
78

ENSSSCGO
00000082
50

ENSSSCGO
00000126
45

ENSSSCGO
00000142
33

Chro
moso
me

15

Region

complement(788
56611..78857570)

49895083..49931
417

complement(223
839780..2241255
40)

complement(414
82260..41487800)

complement(632
05017..63486666)

complement(103
325989..1033273
83)

125663425..1257
19312

44066193..44407
632

gro
up
me
an
0.08
762

0.01
708

0.02
063

0.07
324

0.03
353

0.07
348

0.05
614

0.02
033
7

Log
2
fol

cha
nge
4.69
914

1.86
217

3.29
171

3.29
759

3.29
716

4.97
864

2.12
977

3.37
522
6

Fol

cha
nge

259
767

3.63
555

9.79
274

9.83
271

9.82
979

315
297

437
649

10.3
763
4

val
ue

0.04
381

0.02
337

0.01
955

0.01
433

0.01
457

0.03
323

0.01
910

0.00
099
1

FDR
p-
val
ue

0.76
843

0.63
405

0.60
590

0.58
157

0.58
157

0.70
593

0.60
133

0.20
909
3

Bonf
erro
ni

description

MHC class Il
histocompatibility
antigen SLA-DRB1
[Source:NCBI
gene;Acc:1001533
86]

olfactory receptor
11H12-like
[Source:NCBI
gene;Acc:1005230
76]

ATPase  Na+/K+
transporting
subunit alpha 3
[Source:NCBI
gene;Acc:1003291
26]

transient receptor
potential  cation
channel subfamily
M member 3
[Source:NCBI
gene;Acc:1001571
58]
hemoglobin
subunit
[Source:NCBI
gene;Acc:1102599
58]

catenin alpha 2
[Source:NCBI
gene;Acc:1005253
37]

DDB1- and CUL4-
associated factor
12-like protein 2
[Source:NCBI
gene;Acc:1005213
08]

zinc finger protein
474 [Source:NCBI
gene;Acc:1005254
52]

alpha



ENSSSCGO 2
00000267
01

ENSSSCGO X
00000294
42

ENSSSCGO 7
00000297
71

ENSSSCGO 1
00000326
40

ENSSSCGO Y
00000347

49

ENSSSCGO 14
00000363

41

ENSSSCGO Y
00000372

14

ENSSSCGO 5
00000374

29

ENSSSCGO 9
00000389

98

ENSSSCGO 9
00000394

28

ENSSSCGO 6
00000398
03
ENSSSCGO 6
00000408
71
ENSSSCGO 7
00000014
55

Acetate Up-regulated:

142505136..1425
27509

74463059..74968
349

complement(208
49712..20850023)

complement(261
228701..2612568
50)

complement(468
0259..4704188)

48943274..49010
871

4758466..478379
4

40454911..40455
240

complement(113
438776..1134396
96)

complement(105
41283..10542795)

84257809..84258
372

complement(479
86147.47997228)

complement(248
68656..24914037)

0.01
736

0.01
590

0.27
810

7.21
089

0.80
901

0.01
446

0.38
565

0.54
307

0.10
281

0.12
670

0.24
140

0.02
328

0.03
213
7

2.81
766

5.41
409

2.91
826

1.80
110

8.17
329

5.10
043

834
884

5.74
807

4.84
572

5.77
722

2.80
029

3.29
674

4.84
567
6

7.05
018

42.6
388

7.55
933

3.48
487

288.
672

343
071

326.
026

53.7
457

28.7
546

54.8
426

6.96
584

9.82
695

28.7
537
1

0.01
276

0.02
007

0.04
689

7.52
E-
09

0.00
171

0.02
950

0.00
046

0.01
342

0.03
845

0.02
220

0.03
230

0.01
390

0.03
705
4

0.56
344

0.61
146

0.78
409

6.07
E-
05

0.25
609

0.67
811

0.13
513

0.56
860

0.74
643

0.62
837

0.69
831

0.57
544

0.73
416
7

0.000
182

phosphoethanola
mine/phosphochol
ine  phosphatase
[Source:NCBI
gene;Acc:1006217
53]

protocadherin
alpha-7
[Source:NCBI
gene;Acc:1021602
18]

protocadherin 11
X-linked
[Source:NCBI
gene;Acc:414736]
histone H4
[Source:NCBI
gene;Acc:1102616
75]

None

G protein-coupled

receptor 143
[Source:NCBI
gene;Acc:1006247
36]

None

shroom family
member 2
[Source:NCBI
gene;Acc:1005229
65]

None

olfactory receptor
2A1/2A42-like
[Source:NCBI

gene;Acc:1005255
99]

None

None

MHC class Il

histocompatibility
antigen SLA-DRB1
[Source:NCBI
gene;Acc:1001533
86]



Unidentifi
ed gene
identifier
s

ENSSSCGO
00000076
42

ENSSSCGO
00000319
97
ENSSSCGO
00000331
90

ENSSSCGO
00000380
35

ENSSSCGO
00000395
84

Chro
moso
me

18

13

Region

7856701..787604
0

51576485..51579
375

complement(420
62327.42076551)

81509567..81519
072

112751265..1127
53925

Butyrate down-regulated:

Unidentifi
ed gene
identifier
s

ENSSSCGO
00000014
41

ENSSSCGO
00000023
48

ENSSSCGO
00000028
77

ENSSSCGO
00000029
00

ENSSSCGO
00000032
43

Chro
moso
me

Region

24274149..24286
960

96984542..96990
397

44243314..44357
540

45184684.45195
058

complement(581
37569..58152660)

Ma

gro

10.1
029

3.13
330

2.54
694

1.89
370

0.67
158
9

Log
fol

cha
nge

1.99
864

1.64
501

2.28
557

5.08
129

1.83
928

Log
fol

cha
nge
2.25
978

1.60
090

2.17
100

1.57
515

1.56
787
8

Fol

cha
nge

3.99
622

3.12
751

4.87
557

338
549

3.57
832

Fol

cha
nge

4.78
920

3.03
334

4.50
337

2.97
966

2.96
468
3

val
ue

0.01
534

0.03
098

0.00
599

0.04
101

0.04
004

val
ue

2.66
E-
15

2.18
E-
10

FDR
p-
val
ue

0.58
880

0.69
380

0.44
208

0.75
701

0.75
136

FDR
p-
val
ue

2.47

14

1.45

09

Bonf
erro
ni

Bonf
erro
ni

6.46E
-11

5.29E
-06

description

alpha-2-
glycoprotein 1,
zinc-binding
[Source:NCBI
gene;Acc:1005196
48]

None

aquaporin 1
(Colton blood
group)
[Source:NCBI
gene;Acc:407773]
elongation factor
1-alpha, somatic
form-like
[Source:NCBI
gene;Acc:1006209
00]

None

description

butyrophilin-like
protein 1
[Source:NCBI
gene;Acc:1005121
74]

acyl-CoA
thioesterase 6
[Source:NCBI
gene;Acc:1001528
68]

zinc finger protein
181 [Source:NCBI
gene;Acc:1005134
73]

proline and serine
rich 3 [Source:NCBI
gene;Acc:1065042
09]

zinc finger protein
432 [Source:NCBI



ENSSSCGO
00000038
39

ENSSSCGO
00000042
46
ENSSSCGO
00000053
98

ENSSSCGO
00000074
54

ENSSSCGO
00000079
64

ENSSSCGO
00000087
22

ENSSSCGO
00000089
54
ENSSSCGO
00000089
65

ENSSSCGO
00000089
81

ENSSSCGO
00000096
27
ENSSSCGO
00000108
39
ENSSSCGO
00000115
31

17

14

10

13

155800840..1558
94915

43171887..43198
297

complement(243
035154..2430395
81)

complement(492
58553..49337793)

38934599..38951
526

complement(284
2123..3005466)

70141611..70149
557

complement(706

45057..70697907)

71940500..71988
112

6853069..685783
5

complement(117
97572..11835322)

60915098..60925
744

6.40
997

193
032

2.95
545

20.8
409

0.04
585

0.91
548

473
766

0.40
226

1.61
364

0.52
909

0.27
425

2.51
368
9

2.76
697

1.50
433

2.00
734

1.73
255

333
730

1.94
410

3.99
734

1.84
018

2.62
784

2.22
514

1.95
391

1.80
320
2

6.80
677

2.83
693

4.02
040

3.32
316

101
071

3.84
799

15.9
706

3.58
055

6.18
102

4.67
557

3.87
425

3.48
994

2.62
E-
11

0.00
015

2.57
E-
11

2.18
E-
09
0.00
035

1.88
E-
10

0.00
058

1.84
E-
10

134
E-
08
0.00
130

6.36E
-07

6.23E
-07

5.29E
-05

gene;Acc:1006242
17]

phospholipid
phosphatase 3
[Source:NCBI
gene;Acc:1005124
19]

None

acyl-coenzyme A
amino acid N-
acyltransferase 2-
like [Source:NCBI
gene;Acc:1102551
72]

zinc finger MYND-
type containing 8
[Source:NCBI
gene;Acc:1001559
89]

MEFV, pyrin innate
immunity
regulator
[Source:NCBI
gene;Acc:1005173
33]

SH3 domain and
tetratricopeptide
repeats 1
[Source:NCBI
gene;Acc:1007379
44]

None

betacellulin
[Source:NCBI
gene;Acc:1005054
11]

starch binding
domain 1
[Source:NCBI
gene;Acc:1005227
45]

None

None

histone-lysine N-
methyltransferase
SETMAR
[Source:NCBI
gene;Acc:1005140
09]



ENSSSCGO
00000123
92
ENSSSCGO
00000128
12
ENSSSCGO
00000146
72

ENSSSCGO
00000160
91

ENSSSCGO
00000209
88

ENSSSCGO
00000213
22

ENSSSCGO
00000214
14

ENSSSCGO
00000216
56
ENSSSCGO
00000220
83

ENSSSCGO
00000223
61

ENSSSCGO
00000224
66

ENSSSCGO
00000234
03

15

13

10

57374316..57374
891

125452699..1254
61489

complement(417
4294.4188413)

complement(104
071283..1040991
95)

53718935..53726
017

20221414..20275
192

142875088..1428
77496

complement(135
864539..1361560
61)
84986748..85148
983

complement(118
815752..1188675
51)

25239062..25245
917

24340150..24454
427

0.58
469

0.45
459

0.72
955

1.84
65

497
929

5.04
129

0.09
358

0.09
783

0.07
186

0.19
073

1.68
241

1.89
424
1

1.58
491

1.71
442

1.81
847

1.75
157

2.01
254

2.69
919

4.18
315

1.51
139

1.73
841

1.92
201

1.73
868

1.62
472
4

2.99
990

3.28
166

3.52
707

3.36
726

4.03
492

6.49
440

18.1
658

2.85
084

3.33
668

3.78
952

3.33
731

3.08
383
2

0.00
513

0.00
481

1.38
E-
12

0.00
125

0.00
147

0.00
793

0.00
621

5.75
E-
09

0.01
583

0.01
493

1.09

11

0.00
428

0.00
496

0.02
364

0.01
887

342

08

1

1

3.35E
-08

0.000
139

None

None

tripartite  motif-
containing protein
34  [Source:NCBI
gene;Acc:1007384
79]

potassium channel
tetramerization
domain containing
18  [Source:NCBI
gene;Acc:1005233
34]

zinc finger protein
114 [Source:NCBI
gene;Acc:1065105
60]

zinc finger protein
X-linked
[Source:NCBI
gene;Acc:397294]
protocadherin
beta-17-like
[Source:NCBI
gene;Acc:1007394
98]

None

ankyrin repeat and
sterile alpha motif
domain containing
1B [Source:NCBI
gene;Acc:1005130
89]

B cell scaffold
protein with
ankyrin repeats 1
[Source:NCBI
gene;Acc:1005250
61]

ERI1
exoribonuclease
family member 2
[Source:NCBI
gene;Acc:1005261
62]

leucine rich repeat

containing G
protein-coupled
receptor 6

[Source:NCBI
gene;Acc:1005114
00]



ENSSSCGO
00000235
96

ENSSSCGO
00000269
60

ENSSSCGO
00000277
90

ENSSSCGO
00000281
95

ENSSSCGO
00000283
45

ENSSSCGO
00000286
35

ENSSSCGO
00000309
01
ENSSSCGO
00000311
21

ENSSSCGO
00000315
89

ENSSSCGO
00000316
44
ENSSSCGO
00000318
49
ENSSSCGO
00000319
79

ENSSSCGO
00000321
90

14

13

15

14

14

complement(609
98430..61030598)

115219883..1153
45923

complement(997
45467..99786519)

complement(325
47059..32592851)

complement(608
84782..60905183)

complement(118
41991..12026009)

24323772.24334
955

125300365..1253
37850

complement(607
94333..60861636)

complement(162
72696..16275341)

complement(589
41164..58947059)

complement(124
42414..12451687)

131976014..1319
98159

0.24
894

0.97
304

115
201

4.64
195

1.71
728

4.12
433

1.69
826

5.16
951

0.12
147

0.28
177

0.20
058

30.2
061

0.12
365
7

1.52
282

1.80
108

1.59
140

1.65
471

2.33
734

1.50
501

222
932

1.84
368

2.57
461

2.39
462

2.23
413

173
325

3.32
357
3

2.87
352

3.48
481

3.01
341

3.14
860

5.05
370

2.83
827

4.68
913

3.58
926

5.95
712

5.25
840

4.70
479

3.32
477

10.0
114
1

3.66
E-
08

1.11
E-
15

2.80
E-
06

0.01
214

0.00
088

0.01
617
5

2.04

07

1.06
E-
14

1.30
E-
05

0.03
505

0.00
309

0.04
564
9

0.000
888

2.69E
-1

0.067
911

zinc finger protein
33B [Source:NCBI
gene;Acc:1007380
50]

zinc finger protein
280D [Source:NCBI
gene;Acc:1005137
72]

NACHT, LRR and
PYD domains-
containing protein
1a-like
[Source:NCBI
gene;Acc:1005143
23]

glutamate rich 1
[Source:NCBI
gene;Acc:1006208
58]

zinc finger protein
33B [Source:NCBI
gene;Acc:1006277
62]

general
transcription factor
II-1 repeat domain-
containing protein
2 [Source:NCBI
gene;Acc:1006209
92]

None

tRNA splicing
endonuclease
subunit 15
[Source:NCBI
gene;Acc:1005163
87]

zinc finger protein
37A [Source:NCBI
gene;Acc:1001526
23]

None

None

potassium channel
tetramerization
domain containing
14 [Source:NCBI
gene;Acc:1102554
05]

chromosome 8
C4orf36 homolog
[Source:NCBI




ENSSSCGO
00000324
50

ENSSSCGO
00000325
94

ENSSSCGO
00000329
69

ENSSSCGO
00000333
66

ENSSSCGO
00000334
34
ENSSSCGO
00000334
64
ENSSSCGO
00000340
74
ENSSSCGO
00000345
40

ENSSSCGO
00000345
55

ENSSSCGO
00000346
10

ENSSSCGO
00000350
73

ENSSSCGO
00000356
49

ENSSSCGO
00000356
50

12

11

complement(442
71412..44289645)

complement(592
39779..59254652)

58189335..58201
899

68539848..68545
430

complement(531
7557..5333839)

67304325..67305
962

25246175..25247
353

complement(570
89528..57129251)

62106284..62124
604

30188571..30332
703

92843230..92925
360

complement(443
15662..44366880)

57245386..57271
405

5.79
966

1.92
351

0.07
325

0.89
994

0.21
141

0.77
368

0.14
959

0.22
262

0.03
552

103
581

0.07
233

1.28
446

491
632
1

1.79
866

1.63
758

2.75
996

1.63
44

1.62
256

1.81
101

3.05
730

1.90
391

3.85
175

1.92
244

1.67
733

1.50
963

2.58
047
7

3.47
898

3.1
144

6.77
380

3.10
458

3.07
922

3.50
889

832
414

3.74
227

14.4
375

3.79
065

3.19
835

2.84
737

5.98
137
3

4.53
E-
05

2.55
E-
15

0.01
735

133
E-
08
0.00
577

1.03
E-
10

0.00
383

0.00
591

4.67
E-
12

0.00
018

2.38
E-
14

0.04
870

7.67
E-
08
0.01
765

7.02
E-
10

0.01
205

0.01
804

3.54

11

6.19E
-11

0.000
321

2.48E
-06

1.13E
-07

gene;Acc:1006274
17]

LYR motif
containing 9
[Source:NCBI
gene;Acc:1006233
59]
uncharacterized
LOC110261048
[Source:NCBI
gene;Acc:1102610
48]

zinc finger protein
84-like
[Source:NCBI
gene;Acc:1005171
61]

polycomb  group
ring finger 1
[Source:NCBI
gene;Acc:1005146
36]

None

None

None

protein  ZNF738-
like [Source:NCBI
gene;Acc:1021589
06]

killer cell lectin-like
receptor subfamily
B member 1B allele
B [Source:NCBI
gene;Acc:1005204
91]

high mobility
group AT-hook 2
[Source:NCBI
gene;Acc:1005132
06]

multidrug
resistance protein
1 [Source:NCBI
gene;Acc:1005224
55]
calcitonin-related
polypeptide beta
[Source:NCBI

gene;Acc:396563]
tripartite motif
containing 52

[Source:NCBI



ENSSSCGO
00000360
78
ENSSSCGO
00000372
14
ENSSSCGO
00000373
24
ENSSSCGO
00000375
71
ENSSSCGO
00000381
71

ENSSSCGO
00000382
60
ENSSSCGO
00000389
98
ENSSSCGO
00000390
84
ENSSSCGO
00000393
68

ENSSSCGO
00000394
43

ENSSSCGO
00000395
31
ENSSSCGO
00000396
88
ENSSSCGO
00000396
95

ENSSSCGO
00000400
32
ENSSSCGO
00000401
69

15

14

17

10

15

62264268..62416
294

48943274.49010
871

32594220..32597
054

62205215..62215
077

complement(242
978615..2430504
42)

79281586..79288
705

40454911..40455
240

43258485..43265
580

25738231..25789
518

104157073..1041
70987

122648447..1227
92723

114503150..1145
08440

111564931..1115
70490

99297125..99298
088

133014490..1330
32001

0.06
818

0.01
446

2.92
321

0.29
010

1.78
404

2.1
573

0.54
307

1.14
919

3.06
573

5.27
940

0.19
121

1.87
852

0.80
827

0.61
009

0.16
515
1

2.37
860

3.20
403

1.75
188

2.00
952

2.34
527

2.10
158

574
482

1.81
073

1.58
798

2.53
501

1.57
646

1.88
131

1.88
343

2.38
195

2.25
748
5

5.20
034

9.21
533

3.36
799

4.02
650

5.08
155

4.29
179

53.6
247

3.50
819

3.00
628

5.79
583

2.98
238

3.68
410

3.68
953

5.21
243

4.78
157
3

0.00
107

0.01
775

0.00
703
9

0.01
773

1.59
E-
11

1.95
E-
05

1.74
E-
05
3.44
E-
07

0.00
369

0.04
970

0.02
118

0.04
966

1.16

10

8.28

05

7.45

05
1.75

06

3.86E
-07

0.471
621

0.422
134

0.008
329

gene;Acc:1006264
28]
None

None

None

None

acyl-coenzyme A
amino acid N-
acyltransferase 2
[Source:NCBI
gene;Acc:1005151
85]

None

None

None

solute carrier
family 35 member
D2  [Source:NCBI
gene;Acc:1005143
12]

dynactin-
associated protein
[Source:NCBI
gene;Acc:1065089
62]

None

None

coiled-coil domain
containing 121
[Source:NCBI
gene;Acc:1005203
01]

None

None




ENSSSCGO
00000401
87

2

complement(666
50447.66711337)

Butyrate up-regulated:

Unidentifi
ed gene
identifier
s

ENSSSCGO
00000001
48

ENSSSCGO
00000004
83

ENSSSCGO
00000018
59

ENSSSCGO
00000019
31

ENSSSCGO
00000021
40

ENSSSCGO
00000030
45

ENSSSCGO
00000040
81
ENSSSCGO
00000045
72

ENSSSCGO
00000045
98

Chro
moso
me

Region

complement(115
09336..11543032)

complement(326
44709..32673639)

55806636..55807
790

61033831..61078
507

78470339..78480
705

49895083..49931
417

13715672..14042
954

109825438..1098
27175

complement(114
287627..1143864
73)

3.16
213

gro
up
me
an
0.07
896

9.03
334

17.7
186

0.74
460

0.04
801

0.05
263

0.05
056

0.46
305

10.5
140

1.58
514

Log
2
fol

cha
nge

431
043

1.61
586

217
471

2.25
341

1.71
585

1.59
844

1.62
093

2.74
718

3.13
879

3.00
037

Fol

cha
nge

19.8
413

3.06
494

4.51
495

4.76
808

3.28
49

3.02
816

3.07
573
6.71
405

8.80
785

val
ue

7.93
E-
08

1.13
E-
13

0.00
401

0.00
134

0.01
287

1.76
E-
06

FDR
p-
val
ue

4.27

07

9.50
E-
13

0.01
258

0.00
456

0.03
703

8.34

06

Bonf
erro
ni

0.001
92

2.74E
-09

0.042
553

zinc finger protein
791-like
[Source:NCBI
gene;Acc:1065081
00]

description

apolipoprotein L3-
like [Source:NCBI
gene;Acc:1065102
84]

Mdm1 nuclear
protein
[Source:NCBI

gene;Acc:1006251
94]
GDP-D-glucose
phosphorylase 1
[Source:NCBI
gene;Acc:1001566
97]

GRAM domain
containing 2A
[Source:NCBI

gene;Acc:1001581
51]

kelch like family
member 33
[Source:NCBI

gene;Acc:1001546
98]

ATPase  Na+/K+
transporting
subunit alpha 3
[Source:NCBI
gene;Acc:1003291
26]

None

c2 calcium
dependent domain
containing 4B
[Source:NCBI
gene;Acc:1007387
39]

myocardial zonula
adherens protein
[Source:NCBI
gene;Acc:1001544
87]



ENSSSCGO
00000057
38

ENSSSCGO
00000067
19

ENSSSCGO
00000076
65

ENSSSCGO
00000100
64

ENSSSCGO
00000106
09
ENSSSCGO
00000112
91
ENSSSCGO
00000128
32

ENSSSCGO
00000140
79
ENSSSCGO
00000149
93
ENSSSCGO
00000162
24
ENSSSCGO
00000164
01

ENSSSCGO
00000208
38

ENSSSCGO
00000231
27

14

14

13

15

15

complement(272
776846..2728241
84)

complement(101
563728..1015739
06)

8494530..849731
8

complement(498
01161..49807602)

complement(115
133419..1151724
17)

complement(262
53910..26265856)

complement(487
572..513928)

complement(841
42287..84219767)

33917370..34033
888

124565318..1245
66979

complement(139
610625..1396652
02)

17585590..17591
134

12421018..12426
270

5.59
060

0.21
562

0.34
469

0.27
807

0.77
748

0.10
273

0.05
741

0.04
347

0.49
211

0.24
933

0.48
637

3.79
219

0.25
326

1.53
92

1.89
681

1.92
525

1.60
527

1.90
235

3.21
809

2.45
544

2.15
66

1.52
881

1.96
887

2.59
058

3.99
826

3.97
688

2.90
633

3.72
39

3.79
804

3.04
252

3.73
822
9.30
557

5.48
481

445
862
2.88
548
3.91
46

6.02
339

15.9
807

15.7
456

1.05
E-
05

3.41
E-
06

0.00
388

2.22
E-
06
0.00
221

2.23
E-
05

0.00
684

0.00
020

0.00
048

0.00
593

4.60
E-
05

1.57
E-
05

0.01
221

1.04
E-
05
0.00
727

9.42
E-
05

0.02
064

0.00
076

0.00
173

0.01
809
1

0.254
02

0.082
751

0.053
827

0.540
889

ral guanine
nucleotide
dissociation
stimulator
[Source:NCBI
gene;Acc:1005139
70]
hydroxy-delta-5-
steroid
dehydrogenase, 3
beta- and steroid
delta-isomerase 1
[Source:NCBI
gene;Acc:445539]
insulin  receptor
substrate 1-like
[Source:NCBI
gene;Acc:1005158
24]

glutathione S-
transferase theta-1
[Source:NCBI
gene;Acc:1001530
94]

None

None

matrix-
remodeling-
associated protein
5 [Source:NCBI
gene;Acc:1005199
97]

None

None

None

kinesin family
member 1A
[Source:NCBI
gene;Acc:1005172
46]

keratin, type Il
cuticular Hb6-like
[Source:NCBI
gene;Acc:1006216
39]
chymotrypsinogen
B2  [Source:NCBI



ENSSSCGO
00000231
56

ENSSSCGO
00000238
12
ENSSSCGO
00000242
81

ENSSSCGO
00000245
00

ENSSSCGO
00000245
88

ENSSSCGO
00000256
55
ENSSSCGO
00000265
12

ENSSSCGO
00000267
01

ENSSSCGO
00000270
25

ENSSSCGO
00000272
32

ENSSSCGO
00000278
90

13

12

13

68618571..68624
344

complement(600
64302..60114275)

47613763.47614
785

complement(207
195537..2072048
27)

complement(755
38359..75542331)

239209387..2392
51317

complement(440
42923..44049006)

complement(254
41225..25449239)

complement(122
391783..1223926
70)

complement(137
199072..1372972
07)

complement(982
1272..9847024)

1.10
394

1.12
015

2.45
372

8.71
256

1.50
329

0.08
935

1.44
244

0.30
059

0.27
807

0.03
658

4.42
576

2.87
495

1.63
507

1.52
515

1.52
216

2.50
217

2.60
818

2.15
08

2.26
88

1.68
221

6.07
089

2.31
755

7.33
58

3.10
602
2.87
816

2.87
221

5.66
538

6.09
734
4.44
075

4.81
921

3.20
919

67.2
234

4.98
487

2.08
E-
08
0.00
187
7

0

0.00
019

4.00

15

4.24

E-
07

0.01
132

0.01
420
5

1.18
E-
07
0.00
622
5

0

0.00
075

3.67
E-
14

2.13
E-
06

0.03
284

0.04
057
5

0.000
504

9.69E
-1

0.010

gene;Acc:1006216
42]

chromosome 3
C20rf81 homolog
[Source:NCBI
gene;Acc:1005137
88]

None

galectin-7-like
[Source:NCBI
gene;Acc:1102609
83]

cilia and flagella
associated protein
410 [Source:NCBI
gene;Acc:1006218
58]

TLE family member
6, subcortical
maternal complex
member
[Source:NCBI
gene;Acc:1006235
64]

None

calcitonin-related
polypeptide beta
[Source:NCBI
gene;Acc:1001244
07]
phosphoethanola
mine/phosphochol
ine  phosphatase
[Source:NCBI
gene;Acc:1006217
53]
transmembrane
epididymal protein
1A-like
[Source:NCBI
gene;Acc:1021662
40]

family with
sequence similarity
169 member B
[Source:NCBI
gene;Acc:1006235
31]

RAS p21 protein
activator 4B
[Source:NCBI
gene;Acc:1006241
52]



ENSSSCGO
00000280
62

ENSSSCGO
00000293
21
ENSSSCGO
00000317
06
ENSSSCGO
00000323
09
ENSSSCGO
00000329
49

ENSSSCGO
00000330
90
ENSSSCGO
00000332
35

ENSSSCGO
00000337
87

ENSSSCGO
00000338
64
ENSSSCGO
00000339
37
ENSSSCGO
00000340
69
ENSSSCGO
00000347
02
ENSSSCGO
00000347
39
ENSSSCGO
00000352
24

18

14

15

17

12

complement(835
97179..83599213)

complement(861
66016..86170278)

complement(470
45931..47120943)

54431140..54470
801

complement(108
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Abstract

An important practical limitation of the three-dimensional geometry of stem-cell
derived intestinal organoids is that it prevents easy access to the apical epithelium
for testing food components, microorganisms, bioactive and toxic compounds. To
this end, we here report on a new robust method for generating confluent intestinal
cell monolayers from single-cell suspensions of enzymatically-dissociated porcine
organoids using modified culture conditions. With this method, cell seeding
densities can be standardised, overcoming problems with methods based on
mechanical dissociation of organoids. Confluent monolayers formed tight junctions
with high transepithelial electrical resistance in three days and could be used in
experiments for up to two weeks. Multilineage differentiation of ileal stem cells was
demonstrated by immunohistochemistry and RT-qPCR of cell-specific transcripts,
also unequivocally confirming the controversial existence of Paneth-like cells in the
porcine small intestine. The method described here is useful to standardize primary
epithelial monolayer formation from intestinal organoids and allows rapid and
robust studies of intestinal physiology.

Keywords: Porcine, Organoids, Monolayer, Intestinal Epithelium

Isolated intestinal crypts form self-renewing organ-like structures (3D organoids) when embedded in Matrigel,
with the addition of WNT3A, Noggin, and Spondin in F12 culture medium (BCM)

5-day-old organoids can be enzymatically dissociated into single cells and plated on matrigel precoated (0.5%)
plates or transwells, with the addition of 20% FBS in the culture medium and form a 2D organoid monolayer




Highlights

*Rapid establishment of 3-D and 2-D cultures
of porcine intestinal organoids

*Generation of a robust in vitro organoid
model for physiological studies

*Monolayers contain multilineage cell
populations

«Organoid model to facilitate luminal exposure
to substances

« Existence of Paneth-like cells demonstrated
in pig ileum



Introduction

Adult stem-cell derived organoids have already proven to be powerful experimental
models of mammalian biology, advancing our understanding of the cellular
mechanisms that drive epithelial tissue development and the role of
microenvironmental factors in normal development and disease. Additionally,
organoid technology enables disease phenotyping and the testing of therapeutic
approaches on patient-derived cells. Adult stem cell-derived intestinal organoids are
capable of self-renewal and differentiation into intestine-like structures in a 3D
matrix [1, 2], which is crucial for obtaining a spatial organisation of heterogeneous
tissue-specific cells resembling real-life cell lineage composition and functionality.

One practical limitation of the 3D geometry of intestinal organoids is that it prevents
access to the apical epithelium for treatments with food components,
microorganisms, bioactive and (toxic) compounds, unless they are small enough to
pass through tight junctions or transported into cells. Although for some
applications, physiological responses can be quantified in individual organoids by
microscopy after microinjection of substances into the lumen [3], this can be
challenging due to heterogeneity in organoid size and problems of synchronous
exposure and variability in injected volumes. Furthermore, the lumen of 3D
organoids accumulates debris from cell turnover which may bind or sterically hinder
interaction of injected substances with the apical membranes. To overcome these
problems, methods have been reported for generating short-term cultures of
polarised cell monolayers derived from mechanically dissociated organoid cultures
[4-6]. However, in our hands this method often leads to slower growth, increased
variability between wells, and appearance of 3D organoid structures on the surface
of the cell monolayer.

Cultures of polarised intestinal cell monolayers are important not only for ease of
access to the apical surface but also because transepithelial permeability and
responses to food and microorganisms can be measured in a more standardised way
(L.e. using similar numbers of cells and trans-epithelial resistance measurements). To
exploit the benefits of two-dimensional cultures, the aim of this study was to develop
a robust and reproducible method for generating a confluent monolayer of porcine
intestinal organoids based on enzymatic dissociation into single cells, rather than
mechanical disruption and fragment seeding. Our hypothesis was that such a
method would enable the seeding density and time of culture to be standardised,
thereby increasing efficiency, and reducing experimental variation. Indeed, our
method rapidly generates organoid-derived cell monolayers within three days after
seeding, for pharmacological or transport studies. Additionally, the growth of
organoid cells on a planar surface facilitated whole cell cytochemistry due to




increased cellular resolution. As an example of the application of this new method
we monitored cellular development and re-examined the controversial existence of
Paneth-like cells in the porcine small intestine [7, 8].

Materials and methods

lleum organold culture

Ileum organoids were generated from intestinal tissue of two 5month-old slaughter
pigs, according to the procedure described by Sato and colleagues [9] with minor
modifications (see Supplementary methods SM1.1). Porcine ileal organoids were
grown in basal culture medium that was refreshed every two days (BCM: DMEM/F12
(Gibco), supplemented with 100 pg/ml primocin (Invivogen), 10 mM HEPES
(HyClone), 1 x B-27 (Gibco), 1.25 mM Nacetylcysteine (Sigma), 50 ng/ml human
epidermal growth factor (R&D systems), 15 nM gastrin, 10 mM nicotinamide, 10 uM
p38 MAPK inhibitor (Sigma), 600 nM TGFB receptor inhibitor A83-01, and
conditioned media for recombinant Noggin (15% v/v), Spondin (15% v/v), and
Wnt3A (30% v/v) provided by Dr Kuo and the Hubrecht Institute). Organoids were
passaged at a 1:5 ratio every 5 days by mechanical dissociation and plating in fresh
Matrigel matrix droplets (Basement Membrane, Growth factor reduced, REF 356231,
Corning, Bedford, MA, USA).

Two-dimensional monolayers

Spherical ileum organoids were recovered from Matrigel after 5 days growth by
addition of ice-cold DMEM/F12 medium, transferred into 15 ml tubes followed by
centrifugation at 250 xg for 5 min. The pellet of organoids was incubated in TrypLE
Express dissociation medium (Gibco) for 10 min at 37 °C and dissociated by repeated
pipetting to obtain a single cell suspension (see supplementary methods SM1.2 for
images). Four volumes of BCM, enhanced with 20% (v/v) FBS (E-BCM) was added to
the single cell suspension and centrifuged at 900 xg for 5 min. Cell pellets were
resuspended in E-BCM, counted manually using a Birker chamber and seeded at
78,125 cells/cm? in pre-coated culture plates or Transwells. The pre-coating
procedure involved incubation with 0.5% (v/v) Matrigel in F12 medium at 37 °C for 1
h after which the liquid was removed, and the plates were air-dried for 10 min. After
3 days incubation at 37 °C (5% CO,) the cell monolayers reached confluence and
were used for experiments.

Transepithelial electrical resistance (TER)

Spheroids at 5 days after passage were recovered from Matrigel and dissociated into
single cells as described in Section 2.2. Transwell inserts were coated in the apical



chamber as described in Section 2.2. Single cells were seeded at a density of 2.5 x
10* cells/well in 24-well transparent transwell inserts (0.33 cm?, Falcon, BD), and
incubated with 400 pl apical, and 800 pl basolateral E-BCM with or without 10 pm
ROCK inhibitor (Y27632, Tocris Biotechne, United Kingdom). For transepithelial
electrical resistance (TER) measurements, six transwell inserts per group were placed
in a Cellzscope apparatus (Nanoanalytics, Miinster, Germany) 2 h after seeding,
containing 500 pl basolateral BCM. ROCK inhibitor was removed after 24 h
postseeding, and medium was refreshed in all wells using E-BCM. TER of the forming
monolayers was measured over 72 h post-seeding as previously described
(Karczewski et al,, 2010).

Permeability measurements of the cell monolayer

To follow epithelial permeability to small molecules, stationary TER monolayers were
apically treated with 0.5 mg/ml 0.4 kDa FITC, 4 kDa or 40 kDa FITC-Dextran (Thermo-
Fisher). Controls contained transwells without a monolayer. At 5, 10, 30, 60, 120 and
240 min, 50 ul of basolateral medium was measured on FITC-dextran contents using
fluorescence on a Spectramax M5 (Molecular Devices, Sunnyvale, CA, USA) with 490
nm excitation and 530 nm emission.

Monolayer formation using ROCK inhibitor

To visualize the impact of seeding density and ROCK inhibitor on monolayer
formation, cells were treated with or without ROCK inhibitor for 24 h [4], two-fold
dilution series from 10 x 10%to 1.25 x 10% cells/well, and subsequently grown for 72
h. After 72 h, cell monolayers were fixed in 1% paraformaldehyde (PFA), and nuclei
were stained (Hoechst) for 20 min. Images of cell monolayers were acquired using a
high-content, high-throughput microscope (BD Pathway HT 855, BD Biosciences).
Images were stitched in 4 x 5 image grids using Attovision software, and slightly
adjusted for brightness and contrast to show nuclet in ImagelJ. For growth videos,
serial dilutions of cell suspensions were plated in pre-coated 96-well culture plates
(Corning), placed in an oCelloscope (BioSense Solutions, Denmark) 2 h after seeding,
and migration and proliferation was imaged every hour for 70 h.

Cell lineage identification of porcine tissue and 2D-

monolayers

Confluent cell monolayers or ileal tissue were fixed with 1% PFA, Carnoy's or 4% PFA,
respectively, for 1 h at room temperature. Tissues and monolayers were prepared for
incubation with antibodies to identify different cell types present (Table 1 and
supplementary methods).




Table 1. List of antibodies used for cell identification. Stem cells (SOX9), proliferative (PCNA),
enteroendocrine (Chromogranin A), goblet cell (Mucin-2), Enterocyte (Villin), Paneth (Lysozyme), and TJ
proteins Occludin and Zonula-occludens 1 (ZO-1).

ANTIGEN
PRODUCT RETRIEVAL
ANTIBODY NUMBER SUPPLIER (TISSUE) CLONALITY ANTIBODY ID
S0X9 AB5535 Merck-Millipore No Polyclonal AB_2239761
PCNA MAB424R Merck-Millipore No Polyclonal AB_95107
CHROMZGRAN’N - 20086 Immunostar No Polyclonal AB_10717642
MUCIN-2 GTX100664 GeneTex No Polyclonal AB_1950958
VILLIN SC-58897 Santa Cruz Yes Monoclonal AB_2304475
LYSOZYME A0099 Dako Yes Polyclonal AB_2341230
OCCLUDIN 71-1500 Thermo-Fisher No Polyclonal AB_88065
Z0-1 33-9100 Thermo-Fisher No Monoclonal AB_87181

Transmission electron microscopy

Preparation of tissue and staining was performed as previously described [10].
Briefly, confluent monolayers were fixed overnight in Karnovsky's fixative (1%
glutaraldehyde, 3% formol, in 0.2M PBS at pH 7.2). Fixed monolayers were washed in
ice-cold 0.1M sodium-cacodylate buffer (containing 0.075% Ruthenium red) and
treated with 1% osmium tetroxide (in H;O). After a graded series of dehydration
steps in ethanol, samples were treated with epoxypropane and epon, and
subsequently embedded in epon overnight at 60 °C. All following procedures were
executed as previously described, and images were captured using a JEM-1400 Flash
TEM (JEOL Ltd, Japan).

RT-gPCR for cell specific transcripts

Total RNA was extracted from spheroids and 3-day old monolayers using a Qiagen
mini-kit following manufacturer’s instructions, including an on-column DNase
treatment (Cat No.: 74104 and 79254). cDNA was generated from 1 pg total RNA
using the QScript cDNA synthesis kit (Quantabio), and qPCR was performed using a
Rotorgene-Q2 Plex (Qiagen) for cell-specific transcripts with 7 pl SYBR green
(Qiagen), 0.25 pl RNAse free water, 1.75 pl primer mix (5 mM desalted forward and
reverse in H20), and 5 pl template cDNA following methods previously described
(Loonen et al. 2014). Relative expression values were calculated using GAPDH and B-
Actin as endogenous controls, using the delta Ct method previously described [11]
using individual amplification values.



Table 2. Primers for cell-specific transcripts to identify or follow cell type differentiation in porcine
intestinal organoids. LGR5 for stem cells, PCNA for proliferating cells, MUC2 for goblet cells, CGA for
enteroendocrine cells, SGLT1 for mature enterocytes, LYZ1, FZD5 and EPHB2 for Paneth cells, and GAPDH
and B-ACTIN for endogenous controls. All primer sequences are given in 5" — 3’ direction (AT: Annealing

temperature).
Gene Forward Reverse AT °C) Size (bp) Ref
LGRS CCT_TGGAiCAi—;GA_ACA_ ATT_TCT:;—C__GCGCA_GGG_ 60 110 [12]
mn | BeRATE | | wm | m
MUC2 GGC—TGCGEE%E'I{_TG—AGA— ATG_—I_EI'CC_:AC:GG_?AC— 60 249 [12]
w | TSI | WeS e | | on |
sy CRGTOCTEMM  CAMCIGIA o 1y
Lvz1 GGT_CTAC_I;%%-;CG_GTG - AACT—;I'ﬁ_CC—E:I'(—;%GG - 60 220 [12]
FZD5 T TULOIRRAEs | IR e A T 62 200 This study
gz COCTITCIGGAGGAC  CCTGCLCTATGG: ) 5p g grudy
oy | O | PR | 6 | w | m
B-ACTIN CAC-GCC-ATC-CTG-CGT- AGC-ACC-GTG-TTG- 63 380 [14]

CTG-GA GCG-TAG-AG



Results

Development of a method for growing 2D organoid cultures

Growth of 3D porcine intestinal organoids has been previously described [12],
although a follow up study by the same authors highlighted the fact they were not
long-lived and limited to about ten passages [15]. In our study, the conditions
described resulted in formation of spheroids within 3-5 days and appearance of
mature cryptile morphology by day 7 to 10 without restrictions of the Hayflick limit
or replicative potential (Fig. 1A). In the medium of Khalil et al., stem cells may not be
adequately maintained due to absence or limiting amounts of growth factors, while
our medium allowed 3D organoid cultures to be passaged for at least several months
(Fig. 1A). Using our 3D culture method, stem/progenitor cells were observed at the
bottom of crypts (by immunofluorescent histology), where they are normally
maintained by asymmetric division. This is unaffected by long-term passage of
organoids, indicating that stem cells are not lost in our 3D culture system. Confluent
monolayers were generated by disruption of 5-day old spheroids into a single cell
suspension that was plated on Matrigel coated Transwells or tissue culture plates in
E-BCM (Fig. 1B-C; Supplementary video S1). Although previous studies on mouse
and human 2D organoid culture employed gelatine or collagen-based coatings we
found Matrigel to be suitable [4-6, 16]. We observed that the seeding density in 96-
well plates (0.33 cm?/well) affected the capacity to generate monolayers, with an
optimal density of 1.5 to 2.5 x 10* cells per well considering growth kinetics and
efficlent use of cells (Fig. 1D). At lower and higher cell densities, confluent
monolayers were not obtained at three days. Although confluency was reached with
higher seeding densities within 24-30 h post-seeding, this was lost after 50 h
(Supplementary videos S2-S3). ROCK inhibitor was used in previous studies on 2D
organoid cultures to inhibit caspase-dependent pathways of apoptosis. However, in
our hands use of ROCK inhibitor slowed growth and formation of confluent
monolayers in the 3-day incubation and was not necessary for overall cell survival
(Fig. 1E).



Figure 1. Growing 3D intestinal organoids from porcine ileal crypts and monolayer formation. (A) Time
course of organoid development from isolated intestinal crypts. After crypt isolation, small spheroids form
1 day after culture in Matrigel, mature over time and form crypt-like structures after 7 days. (B) Graphical
representation of 3-dimensional organoid isolation and plating of single cells for monolayer formation.
3D spheroids can be isolated from Matrigel droplets, enzymatically dissociated into single-cells, and
plated on pre-coated plates or Transwells. (C) After single cell plating, cells attach within 1 day and grow
into a confluent monolayer within 3 days (black bar = 50 um). Single cells at different seeding densities
(white text), incubated in the absence (D) or presence (E) of 10 uM ROCK inhibitor for 24 h, were grown
for 3 days in 96-well plates (0.33 cm2/well), and imaged in a 4 x 5 grid using a BD Pathway.




Confluent 2D organoid cultures form cellular junctions

resulting in high TER values

After 3 days culture the confluent organoid monolayers reproducibly gave a TER
value between 1032 and 1120 Q/cm?, whereas addition of ROCK inhibitor led to loss
of TER over time, resulting in values between 206 and 253 Q/cm? (Fig. 2A). The TER
could be maintained for 12-15 d when medium was replenished daily
(Supplementary Fig. 1). The permeability of confluent organoid monolayers to
fluorescein-conjugated dextran of different molecular weight was investigated in the
Transwell system using a fluorimeter. Paracellular permeability for fluorescent
dextrin was highly reproducible between wells and showed size dependent flux
across the epithelial monolayers (Fig. 2B). Formation of tight-junctions was
confirmed by staining for occludin and ZO-1 (Fig. 2C and Supplementary Fig. 2). TEM
micrographs revealed the presence of paracellular adherens and desmosome
junctions (Fig. 2D).

Multilineage differentiation of porcine 2D organoid cultures

Immunohistochemical methods were used to show that the differentiated cell
lineages found in the tissue of origin were also present in 2D organoid cultures. Sox9,
a transcription factor and recognized marker of stem/progenitor cells, revealed these
cells in tissue crypts and throughout the 2D monolayers (Fig. 3A and B). Proliferating
cells staining positive for proliferating cell nuclear antigen (PCNA) were similarly
distributed throughout the 2D monolayers. The homogeneous distribution of stem
cells in the monolayers confirms successful stem cell maintenance in the 3D
organoids. Additionally, goblet cells (MUC2 positive) and enteroendocrine cells
(Chromogranin A-positive) were identified in both tissue and 2D monolayers (Fig.
3X, Y, K, and Supplementary Fig. 3). Large numbers of villin-positive cells in villus tips
and throughout the 2D monolayer indicated the presence of mature absorptive
enterocytes. Moreover, microvilli, which are characteristic of mature enterocytes,
were seen on the apical membrane of cells in the 2D monolayers using
immunohistochemistry (Fig. 3J) and TEM (Fig. 3K). Measurements of relative
expression of cell lineage-specific transcripts in 2D and 3D organoid cultures
supported the histochemical evidence for presence of different epithelial cell types
(Fig. 3L). The RTgPCR data suggested that 2D cultures may contain more stem cells
and goblet cells than 3D organoids.



Figure 2. Tight junction formation of the epithelial monolayer. (A) Transepithelial electrical resistance (TER)
was measured for 72 h post-seeding (Grey line = Non-treated, Black line = Treated 24 h with ROCK
inhibitor, n = 6 per group, error bars = SEM, red star = medium replacement). (B) Transport of 0.4 kDa, 4
kDa, and 40 kDa FITC-Dextran across the confluent monolayer over time (n = 4 per group, data is shown
+ SEM, controls were inserts without monolayer). (C) Occludin staining (green) in cell monolayers after 3
days growth in 96-well plates shows tight junction formation (C' = Insert of C showing enlarged picture,
white bars = 100 um). (D) TEM pictures of tight junctions (red arrow), adherens junction and desmosomes
(black arrows) (L = luminal side, black bar = 1 um).




Figure 3. Identification of different cell lineages in organoid monolayers. Staining for specific cell lineages
in porcine tissue with antibodies for: (A) SOX9, stem/progenitor cells and PCNA, proliferating cells; (B)
Enteroendocrine (CGA); (C) Mature enterocytes (VIL1); (D) Goblet cells (MUC2). The same cell types found
in tissue were seen in monolayers after three days culture; progenitor SOX9 (E), proliferative PCNA (F),
enteroendocrine CGA (G), mature enterocytes VIL1 (H); and goblet cells MUC2 (l). (J) TEM showing apical
microvilli on the cell monolayers. (K) Transwell grown monolayers were immunostained with VIL1 (red) or
MUC2 (green) or stained with H&E to show cell differentiation. (L) Relative mRNA expression of cell
specific transcripts to show maturation of the cell monolayer between 3D (black) and three-day-old
monolayers (grey). Data is shown as mean + SEM, n = 4 per group, red line = 1.



Figure 4. Paneth cell identification in porcine intestinal development. Ileal tissue was stained for
lysozyme (A-A') or phloxine-tartrazine (B-B') to show apical granules in the intestinal crypt. (C) TEM
image of ileal crypt to show apical granular cells (black arrows). (D) 3D organoid showing cells
containing apical granules (D' and black arrows). Growing monolayers from ileal tissue stained with
lysozyme (E-E') and transwells (F-F') showing apical granules. L: indicates luminal side of tissue or
organoid.

Identification of Paneth cells in porcine small intestine and

organolid cultures

The existence of Paneth cells in the porcine small intestine is controversial, but here
we showed lysozyme-positive and phloxine-tartrazine staining at the bottom of the
crypts (Fig. 4A-B). Moreover, secretory-like granules found in Paneth cells were
detected using TEM in tissue (Fig. 4C and Supplementary Fig. 4A) and 3D organoids
(Fig. 4D). In 2D organoid cultures lysozyme-positive cells were detected throughout
the monolayer (Fig. 4E) and at higher magnification lysosome staining appeared
speckled, suggesting its location within apical secretory granules (Fig. 4E-F). To
substantiate differentiation to Paneth cells, expression of genes encoding Lysozyme
1 (LYZ1), Frizzled 5 (FZD5) and Ephrin-beta receptor 2 (EPHB2) was measured by RT-
gPCR (Supplementary Fig. 4B-C). Overall, these results demonstrate that the Paneth
cell lineage is also present in the porcine small intestine and that adult stem cells
from the ileum can differentiate into this cell type in primary epithelial culture.




Discussion

Here, we report on the development of a robust method for generating confluent
organoid cell monolayers from porcine 3D intestinal organoid cultures in three days.
Previously described methods for generating 2D intestinal organoid cultures are
based on seeding of organoid fragments into tissue culture plates or Transwells
following mechanical disruption, and partial enzymatic dissociation [4-6, 17]. Here
we used complete enzymatic dissociation of organoids to generate cell suspensions,
allowing us to accurately count cells and optimize the seeding density to give
reproducible results. None of the previous studies used completely dissociated
suspensions of organoid cells, presumably to minimize anoikis or epithelial cell
detachment-induced apoptosis [18].

To prevent anoikis, the previously described methods used ROCK inhibitor during
the first 24h after dissociation, which is reported to block caspase-dependent
apoptotic pathways [19, 20]. However, we found that adding ROCK inhibitor to
single-cell dissociated porcine organoids resulted in reduced growth over time.
Moreover, adding ROCK inhibitor led to a maximal TER value of about 500 Q/cm?
after culturing for about 30 h, which then decreased to 253 Q/cm? by 60 h. This is
consistent with previous findings that were obtained in calcium switch assays
showing that ROCK is necessary for the assembly of tight and adherens junctions.
Upon calcium repletion, occludin, zonula occludens 1, and E-cadherin failed to
redistribute to the intercellular junctions; assembly of the apical F-actin cytoskeleton
was prevented, and barrier function failed to recover in the presence of ROCK
inhibitor [21]. We concluded therefore that ROCK inhibitor has similar detrimental
effects on the assembly of tight junctions and intercellular permeability when
growing porcine monolayers for trans-epithelial studies when growing 3 days.
Another difference to previous studies is that we used an enhanced basal culture
medium (E-BCM) containing a higher percentage of serum (20% v/v). This may have
helped to reduce apoptosis due to the increased concentration of anti-apoptotic
growth factors.

It is difficult to estimate the number of cells seeded into 2D culture using previously
reported methods because organoid fragments were used. In the method of Moon
et al. (2014), seeding density was estimated to be about 5 x 10° cells per well, which
resulted in about 50% loss of cells at the end of the culture period [4]. In our model,
enzymatically dissociated single cells seeded at 1 x 10° per well showed no
significant increase in cell number after 3 days, whereas 2.5 x 10* cells per well
resulted in a 6-8-fold increase in total cell number (data not shown). Thus, seeding
densities, which are difficult to estimate for not fully dissociated organoid fragments,
appear to be critical to prevent cell loss and to generate confluent monolayers. These



findings may explain results of recent studies, which failed to generate confluent
monolayers using the previously described fragment seeding methods [6]. In our
studies, we have employed a trypsin-like alternative from fungal-derived protease
(TrypLE Express) which has similar dissociation kinetics to trypsin but induces lower
cell toxicity and retains extracellular proteins. Other ‘gentle’ dissociation methods
may also be considered [22].

Using our method, the porcine organoid monolayers grown in Transwell devices
generated a TER of about 1000 Q/cm?, which is comparable to the porcine cell line
IPECJ2 [23]. Staining for occludin and ZO-1 revealed the presence of tight junction
complexes between adjacent cells across the entire monolayer. Previously described
methods reported TER values of 400 Q/cm? in human-derived, and 400-3000 Q/cm?
in mouse-derived monolayers [4, 5, 17]. Our model gave a low standard error
between samples (CV = 2.96%), showing that it is a robust and reproducible system
at least for intestinal tissue.

Plating porcine intestinal organoids as single-cells initiated multilineage
differentiation without the need for previously described differentiation medium or
y-secretase-inhibitor (DAPT; [4, 5]). However, asymmetric division of stem cells is
crucial to maintain self-renewal of the cell monolayer and the homogenous
distribution observed in our staining confirms successful stem cell maintenance.
Increased relative abundance of the Sox9 mRNA in 2D culture might indicate higher
self-renewal of stem cells due to a faster growth rate when compared to 3D cultures
(as suggested by [6]). Multilineage differentiation allowed us to follow rapid stem
cell differentiation on a planar surface, including the development of classical Paneth
cells, the existence of which has been debated in pigs [7, 8, 24]. In other species,
Paneth cells have been shown to be important in stem cell regulation and
maintenance [25, 26].

Cross-species comparisons of Paneth cell characteristics have identified lysozyme
staining as an important marker [25, 27]. A recent study failed to detect lysozyme-
positive cells or lysozyme encoding gene transcripts in porcine tissue and organoids
derived from different intestinal locations. Nevertheless, the authors showed the
presence of cells containing apically located secretory vesicles in porcine intestinal
crypts, which they concluded might be Paneth-like cells [12]. In contrast to other
studies we detected Paneth cells in crypts of ileum tissue and in organoid crypts
using antibodies to lysozyme and the classical histological method for staining
Paneth cells with phloxinetartrazine. Previously attempts to stain lysosome positive
cells may have failed due to use of different antibodies to lysozyme. Furthermore,
Paneth cell granules differ in electron density and morphology between different
animal species [28], and may have been difficult to observe in previous studies. Using




our 2D model, we showed supranuclear staining of lysozyme containing granules
after growth for 3 days. To validate the existence of Paneth cells in our organoid
cultures we demonstrated expression of genes coding for LYZ1, EPHB2, and FZD5,
which are important transcriptional markers for Paneth cell differentiation [29].
Furthermore, we showed TEM pictures of granules inside tissue crypt cells with
similar morphology as human Paneth cells. This finding further strengthens the pig
as a translational model for human intestinal physiology [30, 31]. To fully determine
if Paneth cells constitute niche support for stem cells in the porcine intestine as
shown in mice [25], more research is needed.

A key advantage of our porcine 2D model is easy access to the apical surface and
reproducible, rapid formation of confluent monolayers with a high TER for
investigating drug or nutrient transport and permeability functions. Moreover, the
monolayers contain cell lineages present in the tissue of origin, creating a near
physiological model for studies on innate immunity, infection and disease associated
polymorphisms through gene editing [4, 5, 32, 33]. An advantage of the 3D intestinal
organoid culture is the reproduction of the spatial morphology of a differentiated
epithelium which is needed to study mechanisms involved in self-organization of
tissue and development. Cultures of polarized cell monolayers on the other hand
allow easy access to the apical surface and facilitate transport studies. This is
important for studies on cell signaling and cellular responses because many
receptors are differentially expressed on the apical and basolateral membranes,
including transporters, Toll-like receptors (TLRs) and cytokine receptors [34-36].
Different cellular transcriptional responses have been reported for polarized
intestinal monolayers stimulated apically or basolateral with agonists of TLR9 [37].
Furthermore, the direction of the stimulus leading to a cellular response can lead to
polarized secretion of effector molecules such as chemokines [34, 38] which can be
more easily studied using polarized cell monolayers.
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Supplementary methods
SM1.7 Generating intestinal spheroids from porcine ileal

tissue

Following dissection of ileal tissue, intestinal sections were opened longitudinally,
washed by emersion in ice-cold PBS, and the villi removed by gentle scrapping of
the mucosa with a glass slide. The remaining tissue was washed 5 times in ice-cold
PBS using a vortex mixer and then incubated for 30 minutes at 4 °C in 2 mM EDTA
chelation buffer. After 3 washes in ice-cold PBS, a scalpel was used to remove
intestinal crypts, which were recovered by passing through a 70 um strainer into
fresh PBS containing 5% (v/v) FBS at 4 °C. The suspension was centrifuged at 300 x
g for 5 minutes to separate the crypts from single cells. The total number of crypts
was calculated by microscopic counting, and crypts were pelleted by centrifugation
and resuspended in Matrigel at 100 crypts/25 pl. Matrigel was then diluted 0.5
volumes with basic culture medium, and dispensed as small hemispherical droplets
in 24-well plates. Plates were then inverted and incubated at 37 oC for 15 minutes
to promote polymerization of Matrigel, and then 600 pl basic culture medium was
added per well.

SM1.2 Extended methods for monolayer formation

Figure SM1. After isolation from Matrigel, organoids were pelleted at 250 x g for 5 min. Supernatant
was aspirated, and 2 mL TrypLE dissociation reagent was added (Gibco). The pellet was gently
resuspended (first image) and placed in a water bath at 37 oC. After a few minutes, the mixture
formed a clump and was dissociated using repetitive pipetting with a 200 pl pipet tip (last two
images) providing a single-cell suspension within 10 minutes.




Figure SMZ2. Coating of the wells generated a small film of Matrigel. 0.5% (v/v) Matrigel was added
to ice-cold DMEM/F12 medium and added to 96-well tissue culture plates (Corning) or Transwell
inserts (BD Falcon). The plates were incubated at 37 oC for 1 hour, and medium was aspirated. After
aspiration, the plates were placed in the fume-hood without a lid to dry for 10 minutes, prior to

seeding with a single-cell suspension.
SM2 Histological analysis of tissue and monolayers

Staining procedures were carried out following previously described methods with
minor changes (Loonen et al. 2014). Confluent cell monolayers were fixed in 1%
paraformaldehyde (PFA) for 1h at room temperature and permeabilized by washing
three times in TBS-t buffer containing 8.8 g/L NaCl, 6.06 g/L Tris-base, and 0.02%
triton X-100 at pH 7.4. Paraffin-embedded sections of ileum tissue fixed with
Carnoy's or 4% (w/v) PFA were dried onto poly-L-lysine-coated glass slides and
permeabilized by washing in TBS-t buffer as described above. The ileum tissue
sections were subsequently incubated at 95 °C in 10 mM citrate buffer (pH 6.0) for
10 min to facilitate antigen retrieval. Cross reaction of endogenous immunoglobulins
was blocked with 5% (v/v) normal goat or donkey serum for 30 min at room
temperature (RT) and subsequently incubated with primary antibody overnight at 4
°C (see supplementary table 1 for antibody list). Slides were washed three times in
TBS-t at RT and incubated with Alexa fluor 488 or Cy3 (Thermo-Fisher) for 60 min.
Nuclei were stained with Hoechst for 30 minutes at RT. Confluent monolayers were
imaged using a Leica DMi8 inverted microscope and DFC3000 G camera, and tissue
sections were captured using a Leica DM6 microscope and DFC365 FX camera.
Monolayers grown on Transwell inserts were fixed in 1% PFA or Carnoy'’s fixative for
20 minutes. Transwell inserts were gently removed using a scalpel and processed in
1.5 ml tubes (Eppendorf). After a series of dehydration steps, the inserts were
vertically embedded in paraffin. Sections (5 um thick) were processed and stained as
previously described above.

Tissue sections were also stained for Paneth cells using Lendrum’s phloxine-
tartrazine. Following graded series of xylene and ethanol, nuclei were stained with
Mayer's hematoxylin. After washing in running tap water for 5 minutes, the sections



were submerged in solution A (0.5 g Phloxine B, 0.5 g calcium chloride, 100 mL
distilled water) for 10 minutes. Sections were subsequently rinsed in tap water, and
2-ethoxy ethanol (cellosolve) to remove water residue. Then the sections were placed
in solution B (100 ml cellosolve and tartrazine to saturation) for 10 minutes until the
tissue became yellow. The slides were then rinsed thoroughly with absolute ethanol,
dehydrated to xylene, and embedded using depex.
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Supplementary figure 1. TEER is maintained for at least 15 days, when apical E-BCM is refreshed daily, and
basolateral E-BCM every 2 days. Enzymatically dissociated single cells were seeded at 2.5 x 104 cells per
well and grown for 2 weeks. At day 12 and 15, TER was measured using a volt-ohm meter (Millicell-ERS,
Millipore), and resistance in Q/cm2 was calculated using transwell size (0.33 cm2, n = 12 transwells).
Significance of observed differences between days was tested using One-way ANOVA with Tukey multiple
comparisons (Graphpad Prism 6.0, ** P < 0.01, * P < 0.05).




Supplementary figure 2. Zonula-occludens 1 (ZO-1) staining (green) in cell monolayers after 3 days of
growth to show tight junction formation (white bar = 100 pm). Cells were grown as a monolayer for 3
days and fixed in 1% PFA for 24 h at RT. Slides were washed in TBS-t buffer, and stained with ZO-1
antibody at 1:100, containing 1% normal donkey serum in TBS-t buffer overnight at 4 oC. The slides were
then washed and counterstained using 1:200 donkey anti-mouse Cy3. Subsequently, the slides were
imaged using protocols described in SM2.



Supplementary figure 3. Pas/Alcian blue staining of mucus-containing goblet cells from cell monolayers
grown for 3 days (dark blue shows acidic mucus, purple shows neutral mucus on top picture). Cell
monolayers were grown in plates (A) or Transwells (B), were fixed in Carnoy'’s fixative for 1h at room
temperature, and subsequently incubated in Alcian blue for 20 minutes. After washing, the slides were
transferred to 0.5% periodic acid for 10 min, rinsed with distilled water, and incubated in Schiff's reagent
for 40 min. Schiff was washed with three freshly made SO2 water steps (5% K2S205, 5% 1N HC|, in distilled
water) and counterstained in Mayer’s hematoxylin for 15 sec. Sections were then rinsed for 10 minutes,
dehydrated, and embedded in depex.




Supplementary figure 4. Paneth cell like characteristics were found at the cellular and molecular levels. (A)
Transmission electron microscopic image of supranuclear vesicles in porcine ileal tissue. Large, electron
dense granular structures were observed apically showing Paneth-cell like characteristics (black arrows =
cellular junctions, black line = 500 nm). (B) RT-gPCR on Paneth cell differentiation markers shows
expression in 3-day old monolayers (GAPDH = Glyceraldehyde 3-phosphate dehydrogenase, Ct 11.7; LYZ1
= Lysozyme 1, Ct 18.3; FZD5 = Frizzled 5, Ct 19.3; EPHB2 = Ephrin type-B receptor 2, Ct 21.8). gPCR was
performed on 20x diluted cDNA, every line representing biological replicates (n = 3, average Ct is shown).
(C) PCR amplicons show sizes predetermined at primer design. Amplicon size was determined for PCR
product on 1.6% agarose gel, for 45 minutes at 90V to check non-specific amplification and specificity of
primers (imaged on GelDoc (BD Biosciences), 100bp ladder shown on both sides).
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Abstract

Here, we describe the use of monolayers of intestinal epithelial cells derived from
intestinal organoids and transcriptomics to investigate the direct effects of dietary
protein sources on epithelial function. Mechanically dissociated 3D organoids of
mouse duodenum were used to generate a polarized epithelium containing all cell
types found in the tissue of origin. The organoid-derived cell monolayers were
exposed to 4% w/v of ‘undigested (non-hydrolyzed)-soluble’ fraction of protein
sources used as feed ingredients (soybean meal (SBM) and casein), or alternative
protein sources (spray dried plasma protein, and yellow meal worm), or controls for
6 hours prior to RNA isolation and transcriptomics. All protein sources altered the
expression of unique biological processes in the epithelial cells. Exposure of
intestinal organoids to SBM downregulated expression of retinol and retinoid
metabolic processes as well as cholesterol and lipid biosynthetic pathways,
consistent with the reported hypotriglyceridemic effect of soy protein in vivo. These
findings support the use of intestinal organoids as models to evaluate complex
interactions between dietary ingredients and the intestinal epithelium and highlights
some unique host effects of alternative protein sources in animal feed and
potentially human food.




Graphical abstract: Schematic representation of the study. 3-dimensional
organoids were generated from mouse duodenum (1). The organoids were
subsequently dissociated into single cells (2) and grown as 2-dimensional polarized
monolayers (3). Polarized monolayers of organoid cells were exposed to different
protein sources (CAS, SBM, SDPP, YMW, or medium control (MC)) for 6 h (4) and
further processed for imaging (5) gene expression (6), and biochemical assays (7), to
investigate the effects of undigested protein sources on the duodenal epithelium.



Introduction

Currently, there is much interest in alternative sources of protein for animal feed,
driven by the expected growth in the human population and increasing demand for
animal protein. Moreover, cheaper sources of feed protein are being explored to
sustain increased animal production. Alternative sources of protein include insect
larvae and blood plasma. Little is known, however, about their potential non-
nutritional effects on the host [1]. /n vitro models commonly used to study intestinal
responses to luminal factors include intestinal cell lines, primary cells, or tissue
explants. However, cancer or transformed cell lines usually display aneuploidy,
altered glycosylation patterns, and genetic mutations and deletions. Moreover,
primary intestinal cells or explants are short-lived, making them less physiologically
relevant for translational research [2-4].

To overcome these issues, we used three-dimensional (3D) organoid cultures from
isolated crypts of the duodenum [5, 6]. Intestinal organoids can be generated within
2 weeks, maintained for > 2 years in culture or cryopreserved, and when
differentiated contain all the epithelial cell lineages found at the location of origin
[7, 8]. Recently, we and others have described methods for growing polarised
monolayers of 3D organoid cells on semipermeable membrane supports, enabling
apical exposure to luminal factors [9-11]. These two-dimensional (2D) organoid
monolayers contain all the differentiated cell types found in the intestine and include
many characteristics of intact, polarized epithelium, including barrier integrity and a
secreted mucus layer [9, 10, 12].

Here we report on the effects of different undigested (non-hydrolysed soluble
fractions) of different protein sources on the transcriptome of duodenal organoids.
We performed our study in duodenum organoids, as it is likely this specific location
will be the primary site of undigested protein exposure in vivo. Soybean meal (SBM)
protein and other protein sources being considered for animal feed such as milk
casein (CAS), spray-dried plasma protein from porcine blood (SDPP), and ground
freeze-dried yellow mealworm larvae (YMW) were applied to the apical surface of 2D
organoid for 6 hours after which RNA was isolated for transcriptomics using mouse
gene microarrays. Potential effects of protein sources on cell viability and
metabolism were measured, to control for unwanted side effects of the treatments
such as apoptosis. Biochemical assays were used to validate production of
triglyceride (TG) and phosphatidylcholine (PC), two pathways predicted to be
activated by the different protein sources.




Materials and Methods

2D organoids and imaging

All protocols were approved by the animal ethics board of Wageningen University
& Research, The Netherlands (2013023.f). Three nine-week-old wild type C57BL/6)
female mice were purchased from Harlan Sprague Dawley Inc. (Horst, the
Netherlands) and kept in the animal facility of Wageningen University & Research
(12:12 h reversed light/dark cycle, 20 + 2°C). The mice were housed together in a
specific pathogen-free environment with ad libitum access to a standard diet (AIN-
93M) and water. Mice were euthanized and dissected to remove the duodenum and
the crypts isolated for generating organoids as previously described with minor
modifications [7, 8] and grown in basal culture medium (W-ENR: DMEM/F12 medium
enriched with 50 ng/mL mouse Epidermal growth factor (mEGF), 10 mM Hepes
(Invitrogen, the Netherlands), 1 x B-27 supplement (ThermoFisher scientific, The
Netherlands), and recombinant Noggin (15% v/v), WNT3A (30% v/v, Hubrecht
Institute, Utrecht, Netherlands [7]), and R-Spondin (15% v/v, Stanford university, Palo
Alto, USA [5]) (Method S1). To facilitate access to the apical surface of epithelial cells,
we generated 2D monolayers of cells from dissociated 3D organoids. The organoids
were extracted from the plate by adding 1 ml/well ice-cold DMEM F12 containing
1% v/vpenicillin/streptomycin and disrupted using a p200 pipette for 40 consecutive
passages and centrifuged at 250 x g for 5 min at 4 °C. The resulting pellet was
suspended in TrypLE dissociation reagent, incubated for 10 minutes to receive a
single-cell suspension. The cells were centrifuged at 750 x g for 5 min, resuspended
in W-ENR at room temperature and plated at 25,000 cells per well in a 96-well culture
plate, pre-coated with 0.5% Matrigel matrix as previously described [9, 10]. To
confirm the presence of secretory cell lineages, the organoid monolayers were grown
to confluence on 96-well plates, fixed in 1% paraformaldehyde (PFA), and
subsequently visualised in histology sections with a fluorescent phalloidin conjugate
(cell membranes, 1:100, A12379, Thermo-Fisher), Ki-67 (proliferating cells, 1:200,
ab66155, Abcam), UEA-1 (secretory cell lineages, 1:100, FITC-conjugated, FL-1061,
Vector Laboratories), and MUC2 (1:200, sc-515031, Santa Cruz Biotechnology) as
previously described [9].



Protein treatments, RNA (solation, transcriptomics, and
biological pathway analysis in 2D organoids

Finely powdered SBM (glycine max, Research diet services, The Netherlands), CAS
(Bos taurus, Fronterra, Auckland, New Zealand), SDPP (Sus scrofa, Darling
Ingredients, The Netherlands), and YMW (7enebrio molitor, Kreca, The Netherlands)
(see [19]) were added to DMEM F12 media (40 mg/ml) and homogenised using a
vortex mixer and 2 cycles of 1T min with a 15 min interval. The homogenate was then
allowed to settle at room temperature. Finally, the homogenate was centrifuged at
10,000 x g for 1 min to remove insoluble material, diluted to 400 ug/ml, and 1:10 of
supernatant was added to the apical compartment of 2D organoid monolayers in W-
ENR (resulting in 40 ug/ml protein; 4% w/v). After 6 h incubation at 37 °C RNA was
isolated from protein-treated or medium control (DMEM-F12 only; MC) organoid
monolayers for generating cDNA (Method S2). The labelled cDNA was hybridized to
mouse gene 1.1 ST array (Affymetrix, Thermo Fisher Scientific, CA, USA) microarray
plate and the results analysed essentially as previously described [13, 14] (Method
S2). Genes differentially expressed in organoids exposed to protein sources
compared to MC were identified for biological pathway analysis using GeneAnalytics
(LifeMap Sciences, Inc. a subsidiary of BioTime, Inc, USA) [15]. The resulting
microarray data is available in the Gene Expression Omnibus from NCBI with
accession number GSE98051. Microarray results were confirmed by RT-qPCR on a
selected set of differentially expressed genes (Method S3 and Table S1).

The potential effects of organoid exposure to different protein sources on cell
viability and metabolism were measured using the CellTiterGlo 2.0 ATP-
luminescence assay (G9241, Promega). After 6h incubation with different protein
sources, the cells were lysed using the CellTiter Glo reagent (1:1 v/4) and ATP
quantified by luminescence in a Spectramax M5 (Molecular Devices, Sunnyvale, CA,
USA).

Biochemical analysis of triglyceride and phosphatidylcholine

Two compounds, triglyceride (TG) and phosphatidylcholine (PC), were measured in
the organoid culture supernatant for each mouse organoid line (n = 3 biological
replicates) exposed to undigested (non-hydrolysed) protein sources using
commercial detection kits (n = 2 per biological replicate, ab65336, and ab83377,
Abcam). Samples and standards were prepared and measured according to the
manufacturer's instructions.




Results and Discussion

Multi-cell lineage composition of 2D organoid monolayers

Two-dimensional (2D) organoid cultures from murine small intestine were generated
to investigate the effects of different dietary protein sources by image analysis,
transcriptomics, and biochemical assays (Figure 1). To verify that our 2D monolayers
of organoid cells contained heterotypic epithelial cell lineages as previously reported
[8], we performed histological and transcriptomic analyses. Our 2D monolayers
indeed contained secretory Paneth cells, and mucus-positive goblet cells as shown
by immunohistochemical staining (Supplementary Figure S1), which is consistent
with expression values for Lyz and Muc2 transcripts in the microarray data (Figure
S2). Similarly, the genome-wide transcriptomics data revealed expression of other
genes associated with specific cell lineages of intestinal epithelium including
columnar base cells (CBC), and enteroendocrine cells (EEC) (Supplementary Figure
S2).

Different undigested sources of dietary protein have
distinct biological effects on organoids

Organoid monolayers were exposed to different undigested protein sources (4% w/v,
SBM, CAS, SDPP, and YMW) or DMEM as a MC for 6 h. Testing the effects of the
treatments on cellular metabolism or survival, an ATP assay was performed. A
statistically significant decline in cell ATP (<5% compared to medium control) was
observed after exposure to SBM, CAS, and YMW (Supplementary Figure S1B), which
could be caused by treatment-induced changes in energy metabolism or metabolic
activity. However, biologically we do not expect this to have detrimental
physiological consequences on the organoid monolayers.

Principal Component Analysis (PCA) of transcriptomics data suggest separation of
the treatments (95% Cl) from the medium control-treated samples (PC1: 72.5%
variance, Supplementary Figure S3). Analysis of the microarray data revealed that
many genes were significantly (P < 0.05 and fold change > 1.5) differentially
expressed in 2D intestinal organoids following exposure to different protein sources
for 6 h (Table 1).



Figure 1. Experimental overview of the study. (A) Duodenum organoids were generated from 3 individual
mice and separately cultured in Matrigel. (B) 3-dimensional organoids were single-cell dissociated by
pipetting and TrypLE enzymatic digestion, plated in Matrigel coated 96-well plates, and grown until
confluence for 3 days. (C) After confluence the monolayers were treated for 6 hours with 4% w/v soybean
meal (SBM), casein (CAS), spray-dried plasma protein (SDPP), yellow mealworm (YMW), or medium control
(MQ). (D) After 6 hours, the monolayers were lysed and processed for gene expression profiling by

microarray.

Table 1. Overview of differentially expressed (P < 0.05) genes along with the number of related GO-
biological processes in 2D organoids exposed to undigested protein sources compared to medium
control (MQ).

GO biological

Treatment Regulation Differentially expressed genes ®
processes ©

Up 417

CAS 823 26
Down 406
Up 340

SBM 796 27
Down 456
Up 262

SDPP 379 40
Down 117
Up 391

YMW 824 20
Down 433

@ P < 0.05 and log Fold Change > |1.5]
b Analysed by GeneAnalytics; pathway analysis significance using a corrected P-value of < 0.05.
Abbreviations used: CAS, Casein, SBM, soybean meal, SDPP, spray dried plasma protein; YMW, yellow

meal worm.




Several of these differentially regulated genes were verified to have altered
expression by RT-gPCR, showing a strong correlation (r = 0.8) to the microarray
expression (Table S1). Using GeneAnalytics, the genes were matched to GO-
biological processes (Table 2). Strikingly, several unique biological processes were
influenced by each of the protein sources, while only one biological process was
commonly regulated by all treatments (Figure S4). For CAS, SBM, SDPP and YMW,
the number of uniquely modulated GO-biological processes compared to control
were 5, 8, 24 and 11, respectively. The biological process upregulated by all protein
ingredients compared to MC, was cell proliferation, indicating altered rates of cell
turnover. CAS exposure to 2D organoids significantly downregulated expression of
genes related to glutathione- metabolic and glutathione-derivative biosynthetic
processes. Glutathione is a tripeptide, ubiquitously distributed in living cells and
plays an important role in the intracellular defense mechanism against oxidative
stress [16, 17]. It is known that glutathione metabolism is important for the
antioxidant and detoxifying action of the intestine [18]. This suggests that CAS has
detoxifying or anti-oxidative (functional) properties reducing the requirement for
glutathione.

Exposure of organoids to SDPP upregulated several biological pathways associated
with processes of cell migration and movement, including ‘wound healing’,
‘cytokinesis’ ‘mitotic spindle midzone assembly’, and is consistent with the
upregulation of ‘DNA-templated transcription’, ‘initiation’, and ‘nucleosome
assembly’. Additionally, the upregulation of angiogenesis could be related to cell
apoptosis and altered expression of membrane metalloproteases and connective
tissue growth factors involved in epithelial repair processes. Overall, these findings
suggest increased cell turnover reflected in the upregulation of apoptosis and
replication processes. The background of this observation is unclear but may involve
reconstituted serum factors from SDPP (porcine origin) and warrants further
investigation.

YMW exposure down regulated biological processes involved in lipid metabolism
such as ‘steroid metabolic process’, ‘cholesterol biosynthesis process’ ‘very-long
chain fatty acid metabolic process’ and ‘isoprenoid biosynthesis’. Isoprenoids are
needed for biosynthesis of sterols such as cholesterol, which is vital for membrane
structure. The effects of YMW are most likely to be due to the relatively high residual
fat content (total fat, dry matter basis: 270 g/Kg) of this protein source [19].



Table 2. Uniquely regulated GO-biological processes of 2D organoids exposed to various protein
sources. List of biological processes as analyzed in GeneAnalytics using the differentially expressed
genes compared to medium control (MC).

. . . Putative regulation of
SINo. Biological processes modulated in treatments compared to MC _ .
biological process

CAS
1 Glutathione Metabolic Process Down
2 Notochord Development Up
3 Microtubule-based Movement Up
4 Glutathione Derivative Biosynthetic Process Down
5 Cellular Detoxification of Nitrogen Compound Down
SBM
1 Phosphatidylcholine Biosynthetic Process Down
2 Triglyceride Homeostasis Down
3 Drug Metabolic Process Down
4 Type | Interferon Signaling Pathway Up
5 Retinol Metabolic Process Down
6 Hexose Transport Down
7 Lipoprotein Metabolic Process Down
8 Retinoid Metabolic Process Down
SDPP
1 Nucleosome Assembly Up
2 Positive Regulation of Apoptotic Process Up
3 Positive Regulation of Cell Migration Up
4 Response to Wounding Up
5 Wound Healing, Spreading of Cells Up
6 Negative Regulation of Cell Cycle Up
7 DNA Replication-independent Nucleosome Assembly Up
8 Cellular Response to Organic Cyclic Compound Up
9 Angiogenesis Up
10 Telomere Organization Up
11 Response to Virus Up
12 Cytokinesis Up
13 DNA Replication-dependent Nucleosome Assembly Up
14 DNA-templated Transcription, Initiation Up
15 Response to Hypoxia Up
16 Positive Regulation of Fever Generation Up
17 Mitotic Spindle Midzone Assembly Up



18 Platelet Degranulation Up

19 Positive Regulation of Cytokinesis Up
20 Chromatin Silencing at RDNA Up
21 Protein Stabilization Up
22 Protein Localization to Kinetochore Up
23 Omega-hydroxylase P450 Pathway Up
24 Positive Regulation of Protein Localization to Nucleus Up
YMW
1 Cholesterol Biosynthetic Process Down
2 Steroid Metabolic Process Down
3 Response to Drug Down
4 Oxidation-reduction Process Up
5 Transmembrane Transport Down
6 Isoprenoid Biosynthetic Process Down
7 Very Long-chain Fatty Acid Metabolic Process Down
8 CDP-choline Pathway Down
9 Long-chain Fatty Acid Metabolic Process Down
10 Steroid Hormone Mediated Signaling Pathway Down
11 Response to Gamma Radiation Up

?Analyzed by GeneAnalytics; pathway analysis significance at corrected P-value < 0.05
b P < 0.05 and log Fold Change > |1.5|
Abbreviations used: CAS is Casein, SBM, soybean meal, SDPP, spray dried plasma protein; YMW, yellow

meal worm; MC, medium control.

Soybean meal is a common protein ingredient of animal feed and down-regulated
biological processes involved in triglyceride (TAG) and phosphatidylcholine (PC)
biosynthesis as well as pathways associated with retinoid and retinol metabolism
(Table 2). This is consistent with i vivo studies showing soy protein intake to be
hypotriglyceridemic in rats, having cholesterol lowering effects and reducing lipid
deposition in liver [20-22].

Intestinal organoids produce and secrete chylomicrons [23], large triglyceride-rich
lipoprotein particles enveloped by phospholipids, which are used for the transport
of dietary fat and fat-soluble vitamins. Recently, van Rijn and colleagues showed that
intestinal organoids secrete chylomicrons upon stimulation with fatty acids and
measured the intracellular formation of lipid droplets [24]. To investigate whether
SBM incubated organoids secreted lower amounts of these molecules we measured
their concentration in the culture medium (Figure S5). Interestingly, supernatants
from SBM-treated monolayers had lower amounts of TAG and PC than the other
protein treatments but were not different from MC. However, transcriptional down-



regulation of these pathways was predicted from microarray data of SBM treated
cells compared to the MC. This result could be explained by the presence of a
minimal TAG and PC amount in the normal culture supernatant. Moreover, higher
amounts of TAG and PC were found in supernatants of organoids treated with
ingredients containing higher fat content than SBM (See [19]).

The hypotriglyceridemic effect of soy protein was recently shown to be due to
suppression of retinoic acid receptor expression in liver of rats fed soybean protein
but not casein protein in their diet [25]. This is consistent with reports that
administration of retinoids in cancer treatments are associated with
hypertriglyceridemia via their interaction with retinoid receptors [26-28]. Taken
together, these observations suggest that a component in SBM also negatively
regulates retinoid and retinol biosynthesis as well as cholesterol and lipid
biosynthetic pathways through down regulation of retinoic acid receptors in the
intestinal epithelium.

In the present study we observe only part of the bio-functionality of the protein
ingredients. The soluble constituents in the undigested (non-hydrolysed) soluble
fraction of the protein ingredients are likely responsible for the observed effects in
the present study. It can either be proteins or naturally present peptides or likely
non-protein constituents that are responsible for the observed effects. However in
vivo we can expect additional effects of the digested protein sources, in particular
on metabolism. Moreover, the kinetics of protein digestion in the gastrointestinal
tract differs substantially among the protein sources, especially to SBM and SDPP
[29].

Conclusion

Collectively, our results indicate a direct diet-host interaction of the ‘undigested
(non-hydrolysed)-soluble fraction’ of different protein sources and demonstrates
that organoid monolayers are useful models to evaluate complex interaction
between feed or food ingredients and the intestinal epithelium. Our transcriptome
results for SBM and CAS, protein sources for which extensive studies have been
performed in vivo, reflected those shown in animal studies. Our study suggests that
a 2D intestinal organoid model can predict some effects also seen in vivo and might
help to predict host-feed interactions.

Less studied protein sources such as SDPP and YMW also had significant effects on
epithelial gene expression. For SDPP the main pathways affected indicate a possible
stress response or stimulation of epithelial regeneration, for example, through
increased cell turn-over [30]. Future studies can be focused on verifying the
biological processes altered by SDPP and YMW in 2D intestinal organoid models, as




well as fractionation of the protein sources to identify bio-molecular component(s)
responsible for their effects or pre-hydrolysed fractions of other food/feed
ingredients. Additionally, species-specific advances in organoid cultivation could be
used to identify molecular responses of various host-species or tissue types [9, 11].

List of abbreviations:

SBM, soybean meal; CAS, casein; SDPP, spray dried plasma protein; YMW, yellow
meal worm; MC, Medium Control, 3D, three-dimensional; 2D, two-dimensional; PBS,
phosphate-buffered saline solution; TBS-T, tris-buffered saline-tween 20; DMEM,
dulbecco’s modified Eagle medium; mEGF, mouse Epidermal Growth Factor; EDTA,
Ethylenediaminetetraacetic acid; IMBT, Intensity based moderated T-statistic; FC,
Fold change; Muc2, Mucin-2; Lyz, Lysozyme; UEA-1, Ulex Europaeus Agglutinin 1;
CBC, Columnar Base Cell; SC, Stem cell, EEC, Enteroendocrine cells; HKG,
Miscellaneous genes; ATP, Adenosine triphosphate; GO, gene ontology; RT-qPCR,
quantitative reverse transcription PCR; AIN, American Institute of Nutrition. TG,
Triglyceride; PC, Phosphatidylcholine; PCA, Principal Component Analysis.
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Supplementary Materials and Methods

Method S1. Description of crypt isolation and culture of 3D
organolds

A two-centimeter section of the duodenum was isolated and opened longitudinally.
Duodenal segments were washed in ice-cold phosphate-buffered saline solution
(PBS) until the supernatant was clear. Subsequently, the tissue was incubated in PBS
containing 2mM ethylenediaminetetraacetic acid (EDTA) for 30 minutes on ice.
Intestinal villi were gently removed using a glass slide, the remaining tissue was
sectioned into smaller pieces, and washed with ice-cold PBS. After precipitation of
the tissue fragments, PBS containing EDTA was removed and resulting fragments
were thoroughly suspended in advanced Dulbecco’s modified Eagle medium
(DMEM/F12, ThermoFisher scientific, the Netherlands) containing 1% vV
penicillin/streptomycin (PenStrep, Sigma-Aldrich, the Netherlands). Supernatant
containing the crypts was filtered through a 70 um cell strainer and centrifuged at
200 x g for 3 minutes at 4 °C. The pellet was suspended in Matrigel matrix (growth
factor reduced, phenol red free, BD biosciences, the Netherlands) and plated at a
density of 40-100 crypts per 50l in a 24-well culture plate (Corning, the Netherlands)
for 3D growth of the organoids. After inverted polymerization of the matrix at 37 °C
with 5% CO; for 20 minutes, 600 pl/well W-ENR was added. After seeding, the culture
medium was initially replaced after 24h and subsequently every 72h. Organoids were
sub-cultured and passaged 1:5 every 8-10 days by mechanical disruption and seeded
in fresh Matrigel matrix.

Method S2. RNA isolation, transcriptome, and biological
pathway analysis

After incubation, the wells were washed with 200 ul PBS at room temperature. Total
RNA was isolated using the RNeasy Mini kit (Qiagen, The Netherlands), with a 15-
minute on-column DNase treatment (RNAse free DNAse kit, Qiagen). RNA purity and
integrity were verified using spectrophotometry (NanoDrop Technologies, USA) and
Bioanalyzer (Agilent, USA). The RNA was only used to generate cDNA and perform
microarray hybridization when there was no evidence of RNA degradation (RNA
Integrity Number > 8). The labelling, hybridization of individual samples on
Affymetrix GeneChip mouse gene 1.1 ST arrays (Affymetrix, USA), scanning, quality
control and normalization of the resulting datasets was performed as described
previously [1]. The resulting data is available in the Gene Expression Omnibus from
NCBI with the accession number GSE98051. Differentially expressed probe sets were
identified using linear models, applying moderated T-statistics that implemented




empirical Bayes regularization of standard errors [2]. A Bayesian hierarchical model
was used to define an intensity based moderated T-statistic (IMBT) [3]. Only genes
with a fold-change (FC) of at least 1.5 (up or down) and P-value < 0.05 were
considered significantly different. Biological interaction networks among regulated
genes activated in response to protein ingredients from different sources were
identified using "GeneAnalytics” (LifeMap Sciences, Inc. a subsidiary of BioTime, Inc,
USA). GeneAnalytics [15] automatically integrates gene-centric data from ~125 web
sources, including genomic, transcriptomic, proteomic, genetic, clinical and
functional information to identify Gene Ontology (GO) terms related to their gene
sets, providing information about the molecular functions and biological roles of the
genes of interest. The annotation of mice genes was performed for the subsequent
functional analysis. Our GeneAnalytics analyses compared differentially regulated
genes in the 2D organoids exposed to treatments compared to medium control
(MQ). The input was all differentially regulated genes (P-value < 0.05 and FC > 1.5)
in the 2D organoids with/without exposure to the treatments. Here, the GO
biological processes were retrieved from GeneAnalytics analysis with a high or
medium score (P-value <0.05).

Method S3. RT-gPCR

The cDNA was generated from 1 microgram of total RNA by reverse transcription
using a gScript cDNA synthesis kit (Quantabio, USA) according to manufacturer’s
instructions and diluted 1:20. Primers were designed using Primer3 software [4-5],
and purchased from Eurogentec (Oligo center, Belgium). RT-qPCR was performed
using the Rotor-gene SYBR green PCR kit (Qiagen, the Netherlands) with primers
specified in Table S1. Expression levels were measured in triplicate assays per sample
using the Rotor-gene Q2plex real-time cycler (Qiagen). 78S and beta-Actin acted as
endogenous control genes and relative expression was calculated using individual
amplification values, following methods described in [6]. RT-qPCR data are
presented as mean t* standard error of the mean (SEM). Statistical analysis was
performed by one-way analysis of variance (ANOVA) followed by Dunnet's multiple
comparisons test (Treatments vs medium control) using GraphPad prism version 5.03
(GraphPad Software, San Diego, California, USA). P-values < 0.05 were considered
statistically significant.
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Supplementary Tables and Figures

Table S1. RT-qPCR primer sequences and fold-change results (average + SEM, n = 3 per treatment) for

microarray validation of significantly regulated genes in protein-treated organoids compared to medium

control.

Gene Primer forward Primer reverse

Stxbp1 ATTTTCATCCTTGGGGGTGT AAGTCGGGGTGTCTCAGGT

TNFsf13b  TGCCTTGGAGGAGAAAGAGA  CCAGCCGAGTAGCAGGAA

GaGm41 CCTGTCCTGTTTGCTGCTCT CTCCTTTCTCTCCTGCCTTG

CGyplal CAGAAGGTGATGGCAGAGGT  GGTAACGGAGGACAGGAATG

Olfr71762  TGGAAAGAAATGTGAGTGTGG TGATGGTTGAGTAGCAGAAGTC

Lims2 GCGGATTCTGTGGTGAATTT CTTGAACATGAGGGGCTGTT
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Figure S1. Organoid monolayers differentiate into polarized epithelium containing multiple cell types
irrespective of treatment. (A) Staining of organoid monolayers to test for cellular morphology and
proliferation (top), and secretory cell lineages, goblet (middle; MUC2) and Paneth (bottom; UEA-1) cells,
when treated with various protein sources. (B) Cell ATP assay of organoids exposed to various protein
sources relative to medium control (average % + SD, n = 6 per treatment, * P < 0.05, ** P < 0.01). MC,
medium control; SBM, soybean meal; CAS, casein; SDPP, spray dried plasma protein; YMW, yellow meal
worm.




Figure S2. Organoid monolayers stimulated with various protein sources still maintained cell type-specific
differentiation markers. Heatmap showing logio(expression) values of cell-specific genes in the dataset
for crypt base columnar (CBC)/stem cells, label-retaining cells (+4 SC), niche cells, Paneth cells, goblet
cells, enteroendocrine cells (EEC), absorptive enterocytes, and miscellaneous genes (MG).



Figure S3. PCA score plot based on genome-wide transcriptomic response measured by microarray of 2D
organoids stimulated with different protein source. Colored spherical areas display 95% confidence region
of respective experimental diets. Each dot represents a batch culture of organoids. MC, medium control;
CAS, Casein; SBM, Soybean meal; SDPP, Spray dried plasma protein; YMW, Yellow meal worm.



Figure S4. Overview of non-overlapped and overlapped significant GO-biological processes modulated
by protein ingredients from different sources compared to medium control, based on functional analysis
results using GeneAnalytics. CAS, casein; SBM, soybean meal; SDPP, spray dried plasma protein; YMW,
yellow meal worm; MC, Medium control.
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Figure S5. Triglyceride (A) and phosphatidylcholine (B) content in supernatant of organoid monolayers
stimulated for 6 h with various protein sources. Letters indicate similarity or significant differences using
One-way ANOVA (concentrations given in pmol, average + SEM, n = 6 monolayers per treatment
derived from 3 mice, P < 0.05).
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Abstract

An n vitro scratch test is an appealing approach to investigate the control and
procedures of epithelial cell growth and movement associated with wound healing.
It is done by making a scratch in a complete cell layer and subsequently observing
the epithelization of the "injury" by capturing images over time. Despite the
advancements to the method in recent years, high-throughput screenings often
require the integration of various image analysis and data extraction software tools.
We have created a high-throughput image-based scratch test for diverse cell models,
such as intestinal organoids and cell lines, in combination with an automated
processing pipeline which utilizes a mathematical model to explain re-
epithelialization kinetics. This pipeline was embedded in Galaxy (KREAP), providing
an open-source web-based platform to facilitate scientists from different
backgrounds to conduct reproducible and quantitative repair data analyses in less
than 45 minutes.




Introduction

Most tissue epithelia are lined with a rapidly self-renewing layer of cells, for
protection, sensing, secretion, and selective absorption. However, most models
testing interactions with compounds use static confluent layers of transformed or
cancer cell lines, which do not closely mimic spatial kinetics and epithelia containing
multiple cell types, including stem and progenitor cells. To embrace increasing use
of stem cell technologies, we developed methods to grow planar monolayers of
intestinal organoid cells [4] and adapted growth protocols to make them suitable for
scratch assays.

/n vitro scratch tests have been commonly used to examine the effects of bioactive
elements on cell movement and expansion [7-13]. These assessments are usually
conducted in multi-well plates and involve the manual insertion of a scratch in an
epithelial cell monolayer with a sterile pipette tip, razor blade, scraper, or needle. The
residual epithelial cells will then spread and proliferate into the scratched area until
cell-cell contacts are re-established [14, 15].

In order to standardize and amplify the output, considerable progressions have been
made in the in vitro wounding instruments and methods, comprising the use of
hand-directed pin or pipette tip arrays, robotically powered scratching-pin gadgets,
chemically provoked wounds, and laser ablation [6, 16]. Moreover, the tests have
changed from inspecting images taken manually at fixed-time points to the
application of automated fluorescent microscopy that observes live cells expressing
fluorescent markers [14]. Similarly, manual measurement of the scratched region has
been replaced by the implementation of automated image segmentation algorithms
that help with the examination of high-throughput screenings [18].

Despite all these improvements, data analysis has been usually limited to the
calculation of wound closure [18, 19], disregarding the kinetic information inherent
to the healing process. In addition, effective processing, and quantification of high-
throughput image-based assays involves the integration of multiple image analysis
and data extraction software tools that often require computer programming skills
and/or a commercial license, increasing total experimental costs [2].

In this protocol we present the procedure of a high-throughput scratch assay using
high-content microscopy and a mathematical model that quantifies the kinetics of
epithelial wound repair in individual wells. This enables the calculation of biologically
relevant parameters, as well as methods to visualize spatial-temporal cell trajectories.
The assay can be used for screening chemical compounds, bacterial suspensions [2],



and other bioactive substances for their effect on re-epithelialization kinetics.
Furthermore, we developed the Kinetic Re-Epithelialization Analysis Pipeline (KREAP)
that was implemented in Galaxy, providing an end-to-end workflow that integrates
different validated tools for reproducible image analysis, cell enumeration, re-
epithelialization modelling, and HTML reporting [20]. KREAP is available for
download and use as a virtual machine for both large and small-scale laboratories
(http://gigadb.org/dataset/100472).

Development of the protocol: Quantification of re-
epithelialization kinetics

To quantify the re-epithelialization kinetics of intestinal organoid monolayers
(porcine colon) and other cell lines exposed to different bacterial suspensions or
compounds using our standardized scratch assay, we developed an automated
image segmentation pipeline using CellProfiler 2.2.0 (http://www.cellprofiler.org/)
that identifies and records the location of each cell within the well over time [2].

The number of cells moving into the scratched area over time can be represented by
a sigmoidal curve. We then used a modified form of the Gompertz function [21] to
quantify the kinetics of wound repair. This Gompertz function consists of three
biologically measurable parameters: lag time (A parameter, in minutes), repair rate
(um parameter, cells/minute), and maximum number of infiltrating cells (A parameter,
in cells). The maximum number of cells (A) corresponds to the maximum carrying
capacity of the scratch and mimics population dynamics for wound repair.

This function was fitted through the number of infiltrating cells over time by a
nonlinear least squares regression using the Levenberg-Marquardt algorithm [22].
This reduces the sum of the squares of the errors between the modelled and
measured data points iteratively. This allows researchers to obtain excellent and
accurate fits, characterized by a goodness of fit (R?) with values close to one and low
root-mean-square errors (RMSE) (Figure 1).

Experimental design

Selection of suitable cell models. For automated microscopy, it is preferable to
select a cell model that grows in a single layer of cells, rather than in multilayers.
Furthermore, it is important to evaluate the expression of relevant receptors (e.g.,
Toll-like receptors, epidermal growth factor receptor, etc.) in the candidate cell line
as well as its responsiveness to chemical stimuli. The addition of Intestinal organoids
could provide a more physiologically relevant model of tissue epithelium than




conventional cell lines [23], but the spatial morphology of three-dimensional
intestinal organoids limits access to the apical surface or epithelium. Therefore,
dissociation into single cells and plating on tissue culture plates enables heterotypic
cellular differentiation within a brief period and formation of polarized monolayers
for scratch assays [4, 24, 25].

Controls. Titration curves of the controls must be done on each cell line to
determine the optimal concentrations resulting in a large dynamic range between
the positive and negative controls (Supplementary Fig. 1 and Box 1). A non-treated
or medium control should be included as a reference to determine whether the
screened substances have a stimulating or attenuating effect on re-epithelialization
kinetics.

Z' factor calculation. The overall quality of each assay can be assessed by
calculation of the Z' factor [17] defined by the means and variability of the positive
and negative controls (Box 1).

Limitations

The modified Gompertz function was implemented to describe growth curves.
Therefore, if the growth curves resulting from a particular treatment do not resemble
a sigmoidal curve, the modified Gompertz function cannot be used to calculate the
kinetic parameters. For instance, when a treatment severely inhibits re-
epithelialization where only a few cells migrate into the scratched area during the
assay. However, the KREAP "Data-Modelling” tool flags the wells from which the
parameter values were not successfully retrieved, and the user can then manually
examine the curves resulting from the measured data points over time as well as the
image segmentation output (also see [20]). Moreover, the carrying capacity of the
cell population or cell death-inducing treatments may affect the plateau of the
growth curve, leading to a reduction in the number of infiltrating cells towards the
end of the assay and lower R?values (< 0.9). Adverse effects of compounds or cell
overcrowding can be identified by inspecting the curves generated by the KREAP
tool and identifying the measured and modelled growth curves. R? values lower than
0.9 are also flagged by KREAP to alert the user to examine the re-epithelialization
curves. Next to modelling, a limitation of using organoid monolayers is that the
intestinal physiological nature (i.e., crypt/villous structures) is not recapitulated on a
planar sheet of cells, resulting in direct contact of compounds with cells that are
physiologically not exposed to xeno- or exobiotics (e.g., stem cells and Paneth cells
residing at the crypt base). Furthermore, the cells need to be scratched before fully



developing, as adherens- and tight junction formation might result in irregular
scratches. However, differentiation before plating resulted in fully differentiated cell
lineages and tight junction formation [4] simultaneously which did not inhibit
scratching in this case.

Box 1. Assay Quality Assessment

Positive controls included human epidermal growth factor (hEGF) and transforming growth
factor a (hTGFa), which both bind to the epidermal growth factor receptor (EGFR) and act
as mitogenic and cell motility factors [1]. Specific inhibitors of p38 mitogen-activated
protein kinase (SB203580) and MEK1/2 (U0126) can be used both separately or in
combination to suppress wound repair by blocking the activation of cell migration [3] and

proliferation [5, 6] pathways, respectively (Supplementary Fig. 2).

Calculation of the Z' factor can be used to assess the overall quality of each independent
run. The Z' factor [17] is based on the ratio between the variability of the controls (i.e.,
standard deviation, o) and the absolute difference between the means (u) of the positive
and negative controls. The difference between the controls defines the dynamic range of

the assay signal. The Z' factor can be calculated using the following equation:

(3gc+ + 30.)

Z' =1
s — pe-l

If the Z' factor values are negative it generally indicates that the assay conditions are not
optimal and cannot be used to generate useful data. Values between 0 and 0.5 indicate
that the separation band between the controls is small, whereas values between 0.5 and 1

indicate a large dynamic range and a likely successful assay.




Materials

Reagents

Intestinal organoids from a location and species of interest

Epithelial cell lines. Here we provide the protocol for the following cell lines:
Ca9-22 (gingival cells obtained from the National Institute of Biomedical
Innovation JCRB Cell Bank, cat. no. JCRB0625), HO-1-N-1 (oral mucosa cells
obtained from the National Institute of Biomedical Innovation JCRB Cell
Bank, cat. no. JCRB0831), and HaCat (skin keratinocytes obtained from
AddexBio, cat. no. T0020001)

' CAUTION. The cell models should be routinely checked to ensure that they
are authentic and not cross-contaminated (e.g., using short-tandem repeat
analysis) or infected with mycoplasma (PCR-based detection).

Cell culture medium, e.g., Dulbecco's Modified Eagle Medium (DMEM),
DMEM/F12 (1:1) or Keratinocyte-Serum Free Medium (SFM) Gibco, cat. no.
61965-026, 31331-028, 17005-034)

Heat inactivated fetal calf serum (FCS) (Gibco, cat. no. 10500)
Penicillin-Streptomycin 100X (Sigma, P0781-20ML)

Recombinant murine Noggin, human R-spondin 1, human WNT3A, or
conditioned media from Noggin (15% v/v), R-Spondin (15% v/v), and
WNT3A (30% v/v)-producing cells [26, 27]

Primocin (500x, 50mg/ml, Invitrogen ant-pm-xx)

HEPES buffer (Sigma-Aldrich)

B-27 supplement (50x, Gibco 17504-044)

N-acetylcysteine (Sigma-Aldrich

Glutamax (Gibco, 35050-061)

Gastrin (

Nicotinamide (

TGF-B receptor inhibitor (A83-01)

TrypLE Express [- Phenol red] (Gibco, 12604-013)

0.25% Trypsin EDTA (1x) (Gibco, 25200-056)

Sterile phosphate-buffered saline (PBS) (Gibco, 18912-014)

CellTracker™ Red CMTPX (Molecular Probes, cat no. C34552) (optional)
Hoechst 33342 (Molecular Probes, cat no. H1399)

! CAUTION. Hoechst stains are known mutagens and should be handled
with care.

Human transforming growth factor a (nTGFa; R&D Systems, cat. no. 239-A-
100)

Human epidermal growth factor (hEGF, Gibco, cat. no. PHG0311)



e Inhibitor of p38 (SB203580; Cell Signaling Technology, cat. no. 5633)

¢ Inhibitor of MEK1/2 (U0126, Cell Signaling Technology, cat. no. 9903)
I CAUTION. The MEK1/2 inhibitor (U0126) may cause irritation to eyes, skin,
and mucous membranes.

Equipment

e 75 cm? cell culture flasks (Corning Incorporated, cat. no. 430641U)

e Tissue culture-treated 24-well plates (Corning Incorporated, cat. no.
CLS3527)

e Tissue culture-treated 96-well plates (BD Falcon, cat. no. 353219)

e Tissue culture-treated 96-well plates with flat bottom (Corning Incorporated,
cat. no. 3599)

o Tissue culture-treated 96-well plates with round bottom (Corning
Incorporated, cat. no. 3799)

e  Multichannel pipette, 8-channel, 100 pl (Eppendorf Research Plus, cat. no.
3122000035)

e Disposable serological pipette 5 ml, 10 mland 25 ml (Corning Incorporated,
cat. no. 4051, 4101, and 4251)

e Reagent Reservoir 50 ml (Corning Incorporated, cat. no. 4870)

e Pipette 10 pl, 200 yland 1 ml (Eppendorf Research Plus, cat. no. 3120000020,
3120000054, and 3120000062)

o  Filter sterile tips 10 pl, 200 pl and 1 ml (Corning Incorporated, 4807, 4823,
and 4809)

e Tips for multichannel pipette 2-200 ul (Eppendorf, cat. no. 0030073.428)

e Counting chamber (Brand, cat. no. 719520)

e HTSScratcher (Peira, https://www.peira.be/platforms/oncology-platforms)

e Laminar flow cabinet

e Laboratory vacuum pump

¢ Inverted microscope, e.g., Zeiss, Axiovert 40CFL

e Automated fluorescent microscope with controlled temperature and
atmosphere, e.g., BD Pathway 855 Bioimaging System or similar

e Humidified tissue culture incubator (Thermo-Scientific, Forma Direct Heat
CO: Incubator)

e KREAP (Kinetic Re-epithelialization Analysis Pipeline) virtual machine
(http://gigadb.org/dataset/100472)




Reagent Setup

Organoid culture medium. Maintenance and expansion medium (EM) for 3D
organoids (W-ENR) is prepared by supplementing DMEM-F12 with 100 pg/ml
primocin, 10 mM HEPES, B-27 supplement (1x), 1.25 mM N-acetylcysteine, Glutamax
(1x), 50 ng/ml hEGF, 15 nM gastrin, 10 uM p38 MAPK inhibitor, 600 nM TGFB receptor
inhibitor, and 100 ng/ml recombinant murine Noggin, 500 ng/ml human R-spondin
1, 100 ng/ml recombinant human WNT3A, or conditioned medium from Noggin
(15% v/v), R-Spondin (15% v/v), and WNT3A (30%v/v) producing cell lines. The
differentiation medium (DM) which is added to a single suspension of cells from
organoids prior to seeding is based on EM but lacks WNT3A, p38 MAPK inhibitor,
and nicotinamide. All media can be stored for 3 months (-20 °C) or 2 weeks (4 °C)
but avoid freeze-thaw cycles as this negatively affects the activity of the growth
factors.

Growth media cell lines. Add penicillin-streptomycin to the cell culture media to a
final concentration of 1x and the inactivated FCS to a final concentration of 10% (v/v).
Store at 4°C.

Hoechst 33342 stock solution (10 mg/ml) and working solution (1 mg/ml). To
prepare the stock solution, dissolve 100 mg lyophilized dye in 10 ml dimethyl
sulfoxide (DMSO). Divide the stock solution into aliquots to avoid repeated freeze-
thaw cycles. Store at -20°C protected from light. This solution is stable for at least
one year according to the manufacturer. To prepare the working solution, add 100
ul of the stock solution into 900 ul PBS and store at 2-6 °C for a maximum of three
months.

CellTracker™ Red CMTPX stock solution (100 pM). Dissolve 50 ug lyophilized dye
in 730 yl DMSO. Divide the solution into aliquots to avoid repeated freeze-thaw
cycles. Store at -20°C protected from light. This solution is stable for at least three
months. Lyophilized dye is stable for at least one year according to the manufacturer.
hTGFa stock solution (10 pg/ml). Reconstitute 100 pg hTGFa in 1T ml 10 mM filter-
sterilized acetic acid. Add this solution into 9 ml DMEM to obtain the stock solution.
Divide into aliquots and store at -20°C to avoid repeated freeze-thaw cycles.
According to the manufacturer, this solution is stable for at least three months.
hEGF stock solution (10 pg/ml). Reconstitute 100 ug hEGF in 1 ml sterile PBS. Add
this solution into 9 ml DMEM containing heat inactivated FCS to obtain the stock
solution. Divide into aliquots and store at -20°C to avoid repeated freeze-thaw
cycles. According to the manufacturer, this solution is stable for one year.
SB203580 stock solution (10 mM). Reconstitute 5 mg of lyophilized inhibitor in
1.32 ml DMSO. Divide into aliquots and store at -20°C to avoid repeated freeze-thaw
cycles.

U0126 stock solution (10 mM). Reconstitute 5 mg of lyophilized inhibitor in 1.32
ml DMSO. Divide into aliquots and store at -20°C to avoid repeated freeze-thaw
cycles.



Equipment Setup

Fluorescence Microscope. Hoechst 33342 and CellTracker™ Red
CMTPX images should be acquired using an excitation filter of 350 nm
and 577 nm, respectively. Bright-field images serve as visual control
for cell morphology and vitality. The microscope should be
programmed to acquire fluorescent and bright-field images of the
same field of each well every 20-30 minutes (recommended, but the
time intervals can be adjusted according to the user’s needs and cell
line) using a 4x objective (40x magnification).

Procedure

Rapid isolation of intestinal crypts for organoid culture
TIMING 2 hours, depending on sample number

1. Place the required number of 24-well plates in a 37 °C incubator overnight.
CRITICAL STEP. The high humidity reduces the net flow of evaporating water
molecules lowering the surface tension and making Matrigel drop formation
easier.

2. Extract intestinal tissue and open longitudinally using surgical scissors

3. Remove the muscle layer from the lamina propria by lifting the epithelium
with tweezers and carefully snipping between the two layers

4. Dissect the lamina propria and epithelium into small sections (+ 25 mm?)
and place them into a 50 mL tube containing 12 mL ice-cold PBS.

5. Vortex at maximum speed for 10 seconds to remove fecal material and
mucus.

6. Precipitate the tissue fragments and discard the PBS.

7. Repeat steps 5-6 an additional 2 times with 12 mL of fresh ice-cold PBS every
time.

8. Remove PBS and add 6 mL ice-cold PBS supplemented with 30 mM EDTA.




11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

Agitate using an orbital shaker for 15 minutes at room temperature.

. Refresh the PBS/EDTA mixture with prewarmed (37 °C) PBS/EDTA (30 mM)

and incubate at 37 °C for 10 minutes

Remove PBS/EDTA and add 30 mL ice-cold DMEM (+penicillin/streptomycin)
to wash away any residual chelating compounds from steps 8 to 10.

Take out the tissue fragments and gently scrape the luminal side with the
back of a scalpel or glass slide. CRITICAL STEP Make sure to not put too
much pressure while scrapping, as this will also scrape off the lamina propria.
Add all scraped material to a 15 mL tube containing 10 mL ice-cold DMEM
(+ 1% pen/strep) and suspend by vortexing at maximum speed for 10
seconds.

Place a 100 um cell strainer over a 50 mL tube and filter the suspension.
CRITICAL STEP Large crypts or debris clog the filter. If yields are low, pour
an additional 30 mL ice-cold DMEM over the filter to increase the recovery
of crypts.

Count the number of crypts in the suspension using a counting chamber.
Centrifuge the tube at 300 x g for 5 minutes at 4 °C.

Resuspend the crypts in 1 mL/300 crypts ice-cold Matrigel and create small
droplets on the pre-incubated 24-well plate (6 droplets per well).

Invert the plate and polymerize the Matrigel at 37 °C for 10 minutes.
CRITICAL STEP The Matrigel can be diluted 1.5 times using PBS to allow less
rigid extracellular matrix formation. This increases polymerization time, so
check full gel-formation by tapping lightly while tilting the plate and ensure
the droplets stay in place.

Overlay the droplets with 600 ul W-ENR medium per well and incubate at
37 °C at 5% CO;,

Monitor successful organoid formation by checking small sphere formation
within 2 days and refresh the medium every 2 days with prewarmed (37 °C)
W-ENR.

Passaging of intestinal organoid cultures for maintenance and expansion

TIMING 1h

21.
22.
23.

24.
25.

Passage the organoids every 5 days.

Remove the growth medium and add 1 mL ice-cold DMEM (+ pen/strep).
Agitate by repeated pipetting (p1000) to dissolve the Matrigel and transfer
to a 15 mL tube on ice.

Pellet the organoids by centrifugation at 300 x g for 5 minutes at 4 °C.
Remove the supernatant and add 1 mL prewarmed (37 °C) TryplLE
dissociation reagent and incubate for 5 minutes in a water bath (37 °C).
CRITICAL STEP Ensure that the organoids do not fully dissociate into single



26.

27.
28.
29.

cell suspensions. Small clumps of 5-10 cells are optimal for regeneration of
organoids

Stop the reaction by adding 4 volumes of ice-cold DMEM and centrifuge at
300 x g for 5 minutes at 4 °C.

Discard the supernatant and suspend the pellet in fresh Matrigel.

Plate and culture following steps 17 to 20.

Organoids can be frozen using standard cell-freezing methods when
cultured for more than one week. CRITICAL STEP To optimize revival of the
organoids, we advise freezing them when they are small spheroids, e.g., 2
days post-passage in a mixture of DMEM supplemented with high-grade FCS
(20-50% v/v) and DMSO (10% v/v)

Procedures for generating monolayers

TIMING 3 days

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Culture 3-dimensional intestinal organoids in DM for 3 days to generate a
heterotypic cell culture. ? TROUBLESHOOTING

Add 200 pl pre-warmed (37 °C) DMEM to a black-walled 96-well plate (BD
Falcon, cat. no. 353219) and incubate for 1 hour at 37 °C.

Aspirate the medium and add 1 mL ice-cold DMEM to each well to solubilize
the Matrigel and release the organoids.

Add the suspension to a 15-mL tube (Falcon) and centrifuge at 250 x g for 5
minutes at 4 °C.

Discard the supernatant and add 1 mL pre-warmed (37 °C) TrypLE
dissociation reagent to the tube.

Agitate the pellet by repeated pipetting with a p200 pipette to suspend the
organoids and place immediately in a 37 °C water bath for 5 minutes.
Agitate the suspension by repeated pipetting with a p200 pipette 30 times
and incubate for another 5 minutes in the water bath (37 °C).

Generate a homogenous suspension by repeated pipetting with a p200
pipette until no clumps are present, add 4 volumes of ice-cold DMEM and
centrifuge at 750 x g for 5 minutes at 4 °C CRITICAL STEP At this stage,
check the suspension for complete single-cell dissociation before stopping
the enzymatic reaction. If clumps are present, re-incubate for 2 minutes and
agitate by repeated pipetting using a p200 pipette before adding DMEM. ?
TROUBLESHOOTING

Resuspend the pellet in 1 mL prewarmed DM (37 °C) and count cells using a
counting chamber.

Aspirate the medium from the 96-well plate and place in the fume hood
until all wells are dry (remove lid to allow evaporation).




40. Adjust the suspension to 1 x 10° cell per mL and add 200 pl cell suspension

41.

to each well.

Grow the monolayer to confluence over 24 hours and proceed with step 11.
CRITICAL STEP The cell seeding density should be optimized for each type
of organoid to ensure a confluent monolayer is formed in 24h.

? TROUBLESHOOTING

Cell culturing and seeding of cell lines

TIMING 3-7 days depending on the cell line

1.

Grow low-passage epithelial cells to 70-80% confluence in 75 c¢cm? tissue
culture flasks. Ca9-22 and HaCat cells should be grown in DMEM
supplemented with 10% FCS, 100 U/ml penicillin and 100 pg/ml
streptomycin. HO-1-N-1 cells should be cultured in DMEM/F12 (1:1)
supplemented with 10% FCS, 100 U/ml penicillin and 100 pg/ml
streptomycin. CRITICAL STEP Always wear gloves when handling cells and
work in a laminar flow cabinet. The cell culture environment should be kept
clean, ie. in absence of bacteria, molds and mycoplasma.

Discard the growth culture media and wash the cells with 6 ml PBS.

Discard the PBS and add 2 ml trypsin/EDTA and incubate at 37°C for 3-5
minutes.

CRITICAL STEP Verify complete detachment of the cells under an inverted
microscope.

Add 8 ml of supplemented growth media into the flask and gently resuspend
the cells by gently pipetting up and down.

Take an aliquot of the cell suspension and determine the cell counts using a
counting chamber. Dilute the cell suspensions in the corresponding growth
media. The Ca9-22 cell suspension should be diluted to obtain 3.5 x 10°
cells/ml; whereas HO-1-N-1 and HaCat cell suspensions should be diluted
to obtain 3.0 x 10° cells/ml.

CRITICAL STEP The number of cells required to form an intact monolayer
within the standard timeframe depends on the cell type and thus, should be
pre-determined for each cell line.

Mix the cell suspension gently and add the suspension into a reagent
reservoir.

Using a multichannel pipette, add 100 ul of the cell suspension into each
well of a 96-well plate with flat bottom (BD Falcon; recommended for
imaging using the BD Pathway 855 Bioimaging System).

10. Incubate for 16 hours in a humidified incubator at 37°C with 5% CO..



Cell starvation

TIMING 2 hours (might vary for other cell lines)

1.

Replace the growth media by 100 ul starvation media (i.e. FCS-free media)
by aspiration of the culture medium without disturbing the cell monolayers.
HaCat cells should be starved in keratinocyte serum-free medium (SFM).
Starvation of Ca9-22 cells should be performed in FCS-free DMEM/F12,
whereas HO-1-N-1 cells should be starved in FCS-free DMEM. SFM is not
recommended when using Ca9-22 or HO-1-N-1 cells as it was shown to
promote significant cell migration and proliferation in our setup that
restricted the detection of exogenously added stimulatory compounds.
CRITICAL STEP The duration and the media used during starvation needs
to be optimized for each cell line. FCS deprivation should minimize cell
migration and proliferation without inducing apoptosis or cell detachment.
? TROUBLESHOOTING

Incubate the cells (Ca9-22, HO-1-N-1 or HaCat cells) for 2 hours in a
humidified incubator at 37°C with 5% CO,.

Preparation of master plate with treatment and control samples

TIMING 1.5 hours

4.

o

Prepare the necessary assay treatments. An example of bacterial
preparations is provided in Box 2. Initial screenings can be performed in
duplicates, but refined studies should be carried out with at least three
technical replicates in two or more independent experiments.

CRITICAL STEP All treatments should be diluted in the starvation media.
Prepare the positive and negative controls as indicated in Table 1.
CRITICAL STEP Optimal concentrations of the controls should be
determined by performing a titration for the target cell lines
(Supplementary Fig. 1) and should result in a large dynamic range between
the positive and negative controls (Box 1). ? TROUBLESHOOTING

Prepare a master plate by adding 120 pl of each sample into the
corresponding well.

CRITICAL STEP. Exclude outer wells to avoid any possible edge-specific
artifacts, e.g., due to evaporation of the medium. It is also recommended to
add the treatments into the wells in a randomized manner.




Cell adhesion 6h post seeding Monolayer 72h post seeding

Figure 1. Generating intestinal organoid monolayers for re-epithelialization assays. (a) organoids can be
grown in 3-dimensional morphology long-term from a tissue location of choice and differentiated (b) with
differentiation medium for 3 days into a heterotypic cell culture. (c) After single-cell dissociation, cells are
seeded in 96-well plates and cell adhesion occurs within 6 hours (i). After 24 h the cells reach confluence and
are ready for the scratch assay (m1). Longer incubations lead to irregular scratches (m2)

Box 2. Preparation of bacterial suspensions
High-throughput screening of viable bacteria [2] often require preparation of 15% glycerol stocks at a specific growth

stage prior to the experiment.

Preparation of 15% (v/v) glycerol stocks

1.

3.

Culture the bacterial strains until the desired growth stage (e.g., early stationary stage) under the required
atmospheric conditions.

Take 700 pl of the bacterial suspension into a cryovial (Corning Incorporated, cat. no. 430488) and add 300 pl
glycerol 50% (final concentration 15%).

Store at -80°C until used.

Preparation of bacterial suspensions for screening

1.

2
3.
4

Thaw the bacterial suspensions completely by placing them at room temperature.

Pellet the bacteria by centrifugation (4,000 x g, 7 minutes at room temperature).

Remove the spent media and resuspend the bacteria in 700 pl starvation media.

Dilute the bacterial suspension in starvation media until the required multiplicity of infection (MOI) is obtained in
100 pl of the bacterial suspension. For example, to obtain a MOI of 10 with an epithelial density of 3.5 x 10* cells

per well, prepare a bacterial suspension containing 3.5 x 10° bacterial cells per ml and add 100 ul to each well.



Table 1. Working concentrations of positive and negative controls. Preparation of the controls for the
target cell models. The indicated volumes are sufficient for 10 replicates (100 pl each).

Cell hTGFa hEGF p38, MEK1/2
model inhibitors
Add 2 pl hTGF (10 pg/ml) into 998 Add 0.1 ul of each
Porcine  ul DM to a concentration of 20 inhibitor (10 mM) into
colonoid  ng/ml 999 ul DM for a final
concentration of 1 yM
Add 2 uylhTGF (10 pg/ml) into 998  Add 2 pl hEGF (10 pg/ml) into
ul  starvation media to a 998 ul starvation media to a
concentration of 20 ng/ml. concentration of 20 ng/ml.
Ca9-22
Add 200 pl hTGF (20 ng/ml) into  Add 300 pl hEGF (20 ng/ml) into
800 pl starvation media to a final 700 pl starvation media to a final
concentration of 4 ng/ml. concentration of 6 ng/ml.
Add 2 pl hTQF(10 ug/ml) into 998 Add 2 pl hEGF. (10 ug/ml) into Add 1 ul of each
ul  starvation media to a 998 pl starvation media to a . . . .
concentration of 20 ng/ml. concentration of 20 ng/ml. Uilettzerr (10 D) e
HO-1- 998 ul  starvation
N1 Add 500 ul hTGF (20 ng/mb) into  Add 500 ul hEGF (20 ng/ml) into  echa for @ final
500 pl starvation media to a final 500 pl starvation media to a final LTSI,
concentration of 10 ng/ml. concentration of 10 ng/mL. each.
Add 2 uylhTGF (10 pg/ml) into 998  Add 2 pl hEGF (10 pg/ml) into
ul  starvation media to a 998 pl starvation media to a
concentration of 20 ng/ml. concentration of 20 ng/ml.
HaCat

Add 500 pl hTGF (20 ng/ml) into
500 pl starvation media to a final
concentration of 10 ng/ml.

Add 250 pl hEGF (20 ng/ml) into
750 pl starvation media to a final
concentration of 5 ng/ml.

Fluorescent labelling with live-compatible dyes

TIMING 25 minutes

1. Prepare a solution of starvation (cell lines) or DM (organoids) media with
fluorescent dyes. Add 10 pl of Hoechst 33342 working solution and
optionally 100 ul of CellTracker™ Red CMTPX stock solution into 5 ml
medium to obtain a final concentration of 2 ug/ml and 2 uM, respectively.

2. CRITICAL STEP Nuclear labelling with Hoechst 33342 stain is needed for
accurate image segmentation and feature extraction with the automated
image analysis pipeline. Furthermore, labelling of cellular cytoplasm with
CellTracker™ Red CMTPX can be performed to visualize cell morphological
features. The concentrations of these dyes may need to be adjusted
depending on the selected cell model, session duration, and intensity. When
using different cell models, check that addition of dyes at the desired



concentration does not result in adverse effects in re-epithelialization
kinetics.

? TROUBLESHOOTING

Add the labelling solution into a reagent reservoir and carefully aspirate the
starvation media from the cells using a vacuum pump without disturbing the
cell monolayer.

Add 50 pl of the solution to each of the wells and incubate at 37°C with 5%
CO; for 20 minutes.

Scratch assay and imaging

TIMING 5-16 hours depending on the cell model

5.

10.

11.

After incubation with labelling solution for 20 minutes a scratch can be
performed in the cell monolayers of each well using the HTSScratcher, which
assures equally sized and reproducible scratches. Place the plate on the
platform, slide the plate under the 96-pin array, press the array towards the
bottom of the wells, and slide the array from left to right 3 times. Release
pressure from the array and remove the plate from the platform.

CRITICAL STEP Rinse the array with water followed by ethanol before and
after each experiment. Monitor the organoid monolayer for a well scratched
surface, if the scratch shows tearing the monolayer growth period should be
optimized (Fig. 1)

? TROUBLESHOOTING

Carefully aspirate the liquid from each well using the vacuum pump and
wash the cells with 100 ul PBS. Repeat this step one or two times to remove
all detached cells and debris.

Aspirate the PBS and immediately transfer 100 pl (optimize per assay
duration) of each pre-diluted treatment from the master plate to their
corresponding well in the assay plate using a multichannel pipette.
CRITICAL STEP Add 100-200 ul PBS in the outer wells to avoid differential
evaporation of the samples. ? TROUBLESHOOTING

Start image acquisition. Depending on the cell growth rate, we recommend
programming the microscope to acquire images every 20 minutes for 5
hours. For slow-growing cells, imaging intervals can be adjusted to 60
minutes for 14-16 hours.

CRITICAL STEP The duration of the assay may vary depending on the cell
model and can be determined by the time required for the positive control
to achieve wound closure.



Image and data Analysis

TIMING 45 minutes

1.

The virtual machine (VM) can be downloaded containing the Kinetic Re-
Epithelialization Analysis Pipeline (KREAP) toolbox [20] as well as the VM
player for your operating system via:

http://gigadb.org/dataset/100472

Import the VM into the player following the step-by-step instructions
provided in the manual on the website.

Create an .txt index file and a compressed plate folder containing the
acquired images organized in separate folders for each well. Indications on
how to create these files are provided at:

https://erasmusmc-bioinformatics.github.io/KREAP/file_formats

Upload the compressed folder and index file into the Galaxy history via the
"Get data” tool.

CRITICAL STEP Set the compressed folder's type to .zip in the upload menu.
Run the KREAP Image Analysis tool to perform automated image
segmentation (Figure 2c). The results are reported in an HTML format, can
be downloaded, and stored locally [20]. A manual is provided at: ?
TROUBLESHOOTING
https://erasmusmc-bioinformatics.github.io/KREAP/use_kreap_analysis

Run the KREAP Data-Modeling tool to quantify re-epithelialization kinetics
(Figure 1). The results are reported in an HTML format, can be downloaded,
and stored locally [20]. A manual is provided at:
https://erasmusmc-bioinformatics.github.io/KREAP/use_kreap_modeling
CRUCIAL STEP Remember to set the time interval (min) between images in
the index file. ? TROUBLESHOOTING

Overall Timing

Organoid cultures

Step 1, isolating (2h) and growing intestinal organoids: 7-14 days after
isolating crypts.

Step 2, differentiation of organoids: 3 days.

Step 3, generating single cell suspensions from 3D organoids: 40 minutes
depending on the number of wells chosen (to extract organoids) and the
time for enzymatic dissociation.

Step 4, seeding cells in 96-well plate: 20 minutes including cell counting and
plating.




Step 5, growing a confluent monolayer: 24 hours after seeding onto tissue
culture plates.

Cell culturing and seeding of cells

Step 1, growing cells to 70-80% confluence in 75 cm? tissue culture flasks:
3-7 days depending on starting point and doubling time.

Step 2-7, seeding cells in 96-well plates: ~15 minutes.

Step 8, growing of cells into a cell monolayer: 16 hours (overnight).
Cell starvation

Step 9-10, cell starvation: 2 hours (might vary depending on the cell line).
Preparation of master plate (can be done in parallel with cell starvation)

Steps 11-13, preparation of master plate with treatment and control
samples: 1.5 hours.

Fluorescent labelling (last 20 minutes of cell starvation)
Steps 14-16, labelling of cells with fluorescent dyes: 25 minutes.
Scratch assay and imaging
Step 17, performing scratches in the cell monolayers: less than 1 minute.

Step 18-19, washing cells with PBS and addition of treatments into assay
plate: ~5-7 minutes.

Step 20, image acquisition: 5-16 hours (may vary depending on the cell
line).

Image and data analysis

Step 21, downloading and importing the KREAP toolbox into the VM
player: ~1 hour (only required once).

Step 22-23, creating and uploading input files for analysis with the KREAP
toolbox: ~15 minutes.

Step 24, performing automated image analysis of a 96-well plate: ~30
minutes.

Step 25, determining re-epithelialization kinetics: less than 1 minute.



? TROUBLESHOOTING Troubleshooting advice is found in Table 2.

Table 2. Troubleshooting.

Step

Problem

Differentiation process does not
work

Cells are not fully dissociated after
long TrypLE incubation

Cells do not show attachment
within 6 hours post-seeding

There is a high number of
apoptotic cells in the suspension

Cells are not confluent after 24
hours post seeding

Cells look healthy but are not
confluent after overnight
incubation.

No significant difference between
the controls (positive and negative)
and untreated cells.

Dim or patchy fluorescence.

Possible solution

The differentiation protocol should be adapted for
varied species or tissue types. Ensure or optimize this
process accordingly and verify using staining or gPCR
(cell-type specific).

Some residual Matrigel or DMEM interferes with the
enzymatic reaction. If the problem persists after careful
separation of the pellet and residual components, add a
washing step with ice-cold sterile D-PBS, and centrifuge
at 500 x g for 5 min at 4°C before TrypLE treatment.

By adding and removing prewarmed DMEM in the 96-
well plate, the surface tension should be eliminated.
Some organoid models are sensitive to tissue-culture
treated plates and should be precoated with a small
amount of extracellular matrix, e.g., 0.5% v/v Matrigel or
collagen. It should be noted that this could interfere
with cells entering the scratched area, due to valley
formation. Test this first by creating wells with or
without coating and monitoring regrowth after
scratching.

This can be attributed to longer handling times during
isolation and a sensitive cell population to detachment.
To inhibit unwanted cell death, add 10 uM Rho/ROCK-
inhibitor (Y-27632) to all the media in steps 3-12.
However, inhibiting the caspase 3-induced apoptotic
processes might affect normal cellular behavior, so
effects should be tested with other molecular methods
like qPCR or staining to verify functionality.

Optimize the seeding density of the organoid model
used for the assay. Some need higher numbers of cells
(cell-cell contact) or lower (crowded space) to optimally
attach and grow. Sometimes cells have a slow doubling
time, so protocol should be adapted. Try avoiding
longer incubation times than 24 hours, as intestinal
organoids rapidly generate functional tight junctions
(24-72 hours) causing difficulties in proper scratching.

Increase the seeding density or the time of incubation.

This can result from higher than optimal seeding
densities. Decrease the seeding density. Also verify the
expiration date and storage conditions of the reagents
and replace them if necessary. Avoid repeated freeze-
thaw cycles by storing the reagents in aliquots.

Dim cells can result from incubation with the labelling
solution too briefly. Incubate the cells with the dyes for



24

24

25

Nuclei lose fluorescence rapidly
after staining

Some cell monolayers were left
intact with the HTSScratcher.

High standard deviation between
replicates.

Image analysis pipeline is not
performing optimal image
segmentation.

Some replicates show a higher lag-
time than anticipated

The estimation of the kinetic
parameter values for a treatment
are overestimated.

at least 20 minutes. If the problem persists, increase the
concentration of the dye or the exposure time. Patchy
staining can result from precipitation of the dye after
thawing. Homogenize the dyes stock solutions before
preparing the labelling solution. Verify the expiration
date and storage conditions of the reagents.

Some cell models contain specific ATP-binding cassette
transporter proteins that actively pump stains out of the
cytoplasm. Also, rapidly dividing cells lose fluorescence
due to dilution of the Hoechst reagent; a solution could
be to repeat staining at specific intervals with small
concentrations of dye, (N.B. without interfering with the
assay plate positioning to avoid image shifting).

Verify that the pins in the array are clean and move
smoothly up and down. Assure the pins are touching the
bottom of the wells when the array is pressed towards
the plate.

This can result from uneven sample suspensions. Assure
all sample preparations are homogenized. When
transferring the samples from the master plate into the
assay plate, pipette the treatment solution/suspensions
up and down with the multichannel pipette.

Adjust image segmentation settings in the index file. The
illumination correction parameter (pixel_block_size)
should be set in a range between 10-20 pixels. Nuclet
size typically ranges between 4 (object_size_min) and 15
(object_size_max) pixels.

Make sure that the scratched area does not contain any
debris, as this interferes with the gap-estimation of the
software. If so, discard the replicate as this cannot be
rectified.

This can happen when the re-epithelialization growth
curve does not reach the plateau phase. It is advised to
extend the timeframe of the assay.



Anticipated results

Representative growth curves for each of the target cell models generated with the
measured and modelled number of infiltrating cells over time upon treatment with
the positive (i.e, hTGFa and hEGF) and negative (i.e. p38 and MEK1/2 inhibitors)
controls at the recommended concentrations are provided in Figure 1. Similarly, to
HaCat cells, colon-derived organoid monolayers are not optimally growing without
hEGF in the culture medium, as nontreated organoids showed no proper re-
epithelialization. Only when adding hEGF the cells recovered the wounded area and
showed an essential growth factor for the rest of the experimental model.

Figure 1.
Enumeration of
infiltrating cells. The
modified Gompertz
model (black line)
was fitted through
the measured data
points (colored dots,
colored area shows
SEM, n > 9) to
estimate the repair
rate (um) and the
maximum number of
cells inside the
scratched area at the

plateau of the

growth curve (A).
Goodness of fit (R?).
Root-mean-square
error (RMSE). As
organoid monolayers
were not viable
without hEGF,
positive and negative
control medium
always contained
EGF.



As an example, we employed this protocol to analyze the influence of Lactobacillus
rhamnosus GG (LGG) and Porphyromonas gingivalis (W83) on re-epithelialization of
gingival cells. Ca9-22 cells were exposed to three dosages (MOI 5, 50 and 500) of
these bacteria and the re-epithelialization kinetics were determined using the KREAP
toolbox. Addition of LGG at the intermediate dosage tested led to an increased repair
rate (P = 0.03) (Figure 2a) and a significantly higher number of cells inside the
scratched area as compared to the non-treated control (Figure 2b, c). However,
higher dosages of LGG resulted in reduced re-epithelialization. This could be
attributed to the acidification of the media (down to pH 5) by LGG fermentation
products, leading to cell death and suppressed wound closure, which was clearly
reflected by the modeled A parameter (i.e., maximum number of cells) (Figure 2b).
In contrast, we obtained a clear negative dosage effect upon exposure of gingival
cells to increasing dosages of P. gingivalis (Figure 2a, b). At the higher dosage
tested, P. gingivalis led to reduced migration of cells into the scratched area,
resulting in a significantly lower number of infiltrated cells (P < 0.001) as illustrated
by the A parameter (Figure 2b, c). Nonetheless, we also showed that the repair rate
(um) was not significantly influenced by any of the P. gingivalis preparations (Figure
2a). After introduction of the scratch in the cell monolayer, the cells were not
immediately affected by the presence of P. gingivalis (MOl 500) and started to
migrate into the scratched area to restore cell-cell contacts. However, during the
experiment migration of cells into the scratched area eventually ceased, resulting in
an unresolved wound (Figure 2c) and a low A parameter value.



Figure 2. Re-epithelialization kinetics of gingival cells upon exposure to bacterial preparations. (a) Repair
rate represented by the pn, parameter. (b) Maximum number of cells inside the scratched area represented
by the A parameter. Bacterial suspensions were added at an MOI of 5, 50 and 500. The non-treated control
consisted of FCS-free DMEM. Significant differences from the non-treated control were assessed by a one-
way ANOVA (n > 5; *, P< 0.05; **, P < 0.01; ***, P < 0.0001). (c) Image segmentation output at the start of
the experiment (0 min) and after 5 hours (300 min) of incubation with LGG (MOI 50) and ~. gingivalis W83
(MOI 500) in comparison with the non-treated control.




Supplementary Figures

Figure S1. Optimal control concentrations on each target cell line. Human transforming growth factor «
(hTGF) and human epidermal growth factor (hEGF) were used as positive controls. Inhibitors of p38 and
MEK1/2 were used in combination as negative control. The repair rate is represented by the y, parameter,
whereas the A parameter represents the maximum number of cells inside the scratched area. The overall
re-epithelialization performance (um*A) was calculated relative to the non-treated control. (a) Ca9-22
gingival cell line. (b) HO-1-N-1 buccal cell line. (c) HaCat keratinocyte cell line. Significant differences from
the non-treated control were assessed by a one-way ANOVA using a Dunnett's test for multiple
comparisons (n 2 3; *, £ < 0.05; **, P< 0.01; ***, P < 0.0001).
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Figure S2. Differentiating effects of conventional culture medium containing different concentrations of
hTGFa in colonic organoid monolayers. The reliance of intestinal organoids on human Epidermal Growht
Factor (hEGF) means that only hTGFa remains as positive stimulant of re-epithelialization. We therefore
tested various concentrations to optimize the minimum amount necessary to provoke a difference in
regrowth. Although addition of TGFa did not show very apparent benefits to the three measured
parameters, we did observe decreased well variability between replicates when stimulated with 20 ng/ml
TGFa on cell infiltration per minute and total cell infiltration. This indicates that 20 ng/ml is an effective
positive control as it permits better optimal regrowth.

Figure S3. Human transforming growth factor a (hTGFa) promotes re-epithelialization through p38 and
MEK1/2 activation. Stimulation of Ca9-22 cells with hTGFa in combination with either inhibitor reduced
the repair rate (um parameter) to an intermediate level. Addition of hTGFa in combination with both
inhibitors decreased the repair rate to the level of the non-treated control, indicating that hTGFa can
promote both migration and proliferation through activation of p38 and MEK1/2, respectively. Significant
differences from the non-treated control were assessed by a one-way ANOVA using a Dunnett’s test for
multiple comparisons (n = 6; *, P < 0.05; ***, P < 0.0001).




Figure S4. Visual representation of re-epithelialization tracking. (a) Current models exist of brightfield gap
estimation and regrowth, but this does not include intricate cellular movement into wounding areas. (b)
staining nuclei and perform live tracking on automated microscope devices enable more granular control
over cellular movement, (c) which can be converted to wounding kinetics to estimate more accurate re-
epithelialization of scratched areas.
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Abstract

The intestinal epithelium acts as a physical barrier between the luminal content and
the lamina propria and is vital for nutrient transport. The intestinal microbiota can
produce harmful metabolites which at high concentrations can damage and reduce
the effectiveness of the epithelial barrier. Epithelial wound healing is a process in
which epithelial cell proliferation and migration rapidly reseal damaged epithelium
to limit inflammatory responses to the microbiota. To take account of stem and
progenitor cell replication we established methods for using colon organoid
monolayers to study wound-repair kinematics. Epithelial monolayers exposed to 5
mM H,S, or ammonia resulted in reduced wound-healing and aberrant cell
movement. The transcriptome of H,S or ammonia treated epithelial cells revealed
downregulation of various biological pathways, including stress signaling,
mitochondria-associated autophagy, and epithelial barrier capacity-related
pathways. H.,S exposure led to dose-dependent decline in transepithelial electrical
resistance (TEER), indicating increased leakiness due to impaired tight junction
function. Moreover, H,S treatment upregulated the endoplasmic reticulum stress
pathway and genes associated with oxidative stress. We verified the effects on
oxidative capacity and found that H,S significantly reduced the oxidative capacity of
cells that could lead to decreased barrier function. By including kinematic analysis in
wound healing assays, we also showed that gut metabolites have specific effects on
epithelial cell locomotion.




Introduction

In the intestine a single layer of epithelial cells provides a physical barrier between
the luminal content and the lamina propria, while also passively and actively
transporting nutrients [1]. Under certain dietary or disease conditions the microbiota
may produce metabolites at concentrations which are cytotoxic leading to
impairment of the epithelial barrier [2]. Epithelial wound healing is the process by
which the epithelial barrier is rapidly resealed, which is driven by proliferation and
migration [3], to mitigate further harmful effects.

Several dietary and microbiota derived metabolites have been shown to influence
intestinal physiological and immunological responses in health and diseases. One
important group of metabolites affecting host physiology are the short chain fatty
acids (SCFAs) containing 1 to 4 carbons, present as butyrate, propionate and acetate
in the intestinal tract [4]. Undigested complex carbohydrates reaching the proximal
colon are fermented by the resident microbiota to SCFA. Notably, butyrate serves as
an important energy substrate for colonocytes and thereby contributes to barrier
function [4, 5].

Undigested protein reaching the colon can also be digested and metabolized by the
gut microbiota as an energy source. Numerous metabolites produced from the
metabolism of several amino acids participate in various physiological functions
related to host health and diseases. Specific microbial metabolites of tryptophan are
agonists of the aryl-hydrocarbon receptor (AhR) which is involved in the regulation
of diverse cellular processes such as cell proliferation, metabolism, and immune
development and regulation [6]. Conversely, metabolism of the sulfur-containing
amino acids methionine, (homo)cysteine, and taurine increases luminal
concentrations of hydrogen sulfide (H,S) above 5 mM. H,S concentrations greater
than 1 mM were reported to have toxic effects on the colonic epithelium [7-9].
Conversely a low concentration of H,S (100 uM) has been demonstrated to enhance
growth and proliferation of intestinal epithelial cell lines, via the activation of the
EGFR/ERK/MMP-2 and PI3K/Akt pathways [10]. H,S also promotes angiogenesis
which is crucial in the early stage of wound healing in tissues [11], but this effect is
reversed at increased concentrations (800-1000 uM, [10]).

Protein fermentation in the colon increases luminal ammonia concentrations
because of deamination of amino acids [12], which has been associated with
diarrheal onset in piglets post weaning (Chapter 2, and [13, 14]). Ammonia has been
shown to inhibit the PI3K/Akt and mTOR axis, decreasing cell proliferation and
causing cell apoptosis at low mM concentrations [15]. Moreover, elevated levels of
ammonia can decrease butyrate uptake by colonocytes due to inhibition of
monocarboxylate transporter 1 and thereby compromise its utilization as an energy



source [16, 17], which is critical for maintaining cell barrier and expression of tight
junction protein claudin 7 [18, 19] that restricts the paracellular diffusion of luminal
compounds [1].

Epithelial wound healing is commonly modelled in vitro using scratched monolayers
of cancer-derived cell lines, and measuring the gap closure rates from the leading
edge [20, 21]. However, cancer-derived cell lines consist of monotypic cell
populations that exhibit genetic aberrations that may affect many aspects of cellular
physiology, such as metabolism, survival, and replication [22]. Therefore, epithelial
wound healing models are needed that more closely mimic the role of stem and
progenitor cell replication in vivo. Purified intestinal stem cells or isolated intestinal
crypts have been used to develop intestinal organoids that mimic the functional,
structural, and biological complexity of the intestinal segment from which they are
derived [23, 24]. Previously, we have discussed key considerations for performing
reliable experiments with organoids and described the stability of transcriptional
pathways in intestinal organoids in long term culture [25]. Additionally, we described
an optimized procedure for generating porcine 2D epithelial monolayers from 3D
organoids that recapitulate many of the properties of the intestinal epithelium
(Figure 1A) [26]. Combined with wound healing assays, such models would enable
the investigation of gut lumen constituents (e.g., microbiome members or their
metabolites) on cellular physiology and epithelial renewal.

To better understand the effects of ammonia and H.S on epithelial repair we studied
the direct effects of these metabolites at concentrations found in piglets using a 2D
colon organoid-based wound healing model. The model allows the study of the early
stages of restitution and re-epithelialization ([21, 27] and Chapter 8) and includes
the quantitative measurement of wound-repair kinetics, migration dynamics and
individual cell movement. The effects of ammonia and H.S were further characterized
by analyzing transcriptional responses and measurements of barrier function in 2D
colonic organoids. Our results demonstrate that both ammonia and sulfide inhibit
the regenerative capacity of the epithelium, and that the highest levels of H,S
observed in the piglet lumen induces mitochondrial perturbance and the unfolded
protein stress response (UPR).




Materials and Methods
Organoid development

Colonic tissue was obtained from 4-week-old control piglets used for different study
approved by the ethical committee of Wageningen University. Colonic organoids
were derived from the crypts using methods described in [25, 26]. Culture medium
was changed every other day and the organoids were sub-cultured every 5 days and
passaged as spherical structures by mechanical dissociation in pre-warmed TrypLE
and plating in Matrigel GFR BME. Organoid differentiation was initiated by reducing
the total concentration of conditioned media components WNT3A and R-Spondin
to 5% to decrease stem cell numbers and increase cell differentiation.

Two-dimensional organoid models

The colon organoids were extracted from the wells by repeated pipetting with ice-
cold DMEM-F12 (Gibco) containing 1% P/S (v/v) and transferred to a 15 ml conical
tube. The organoids were pelleted at 500 x g for 5 min and the supernatant removed.
The cells were then dissociated as previously described and seeded into wells
without Matrigel coating (see previous methods [26]) to prevent adverse effects on
re-epithelialization kinetics and cell adhesion and proliferation. Cell adhesion was
monitored for 6 hours after seeding. The differentiation medium was replaced daily
to remove cellular debris with pre-warmed media.

Scratch assay development, automated imaging, and image
analysis

After seeding (2.5 x 10* cells/wells) on tissue culture-treated plates, the cells were
grown to confluency in 24h post-seeding. The redBCM was removed prior to the
scratch experiments, and 30 min before scratching the nuclei were stained with cell-
permeable Hoechst solution (2 ug/ml, 33342 20 mM, Thermo Fisher). The monolayers
were subsequently scratched using a 96-pronged HTS-scratcher (Peira, Belgium)
with three repeated alternating motions and visually inspected on an inverted
microscope (Zeiss) for evenness of the scratches (£0.3 x 2 mm). The wells were then
washed twice with prewarmed D-PBS to remove cellular debris and then 200 pl
redBCM at 37 °C containing dilutions of metabolites was added to the inner 60 wells
of the plate. Human transforming growth factor alpha (hTGFa, R&D systems) was
used as positive control (4 ng/ml) for motogenic activity. As a negative control, we
added 1 uM p38 mitogen-activated protein kinase (MAPK) inhibitor (SB203580, Cell
Signaling Technology) and 1 pM MEK1/2 inhibitor (U0126, Cell Signaling
Technology) as migration and proliferation inhibitors All treatments were diluted in
D-PBS (Gibco). Ammonia (as 5 mM NHsz or 5 mM NH4Cl), hydrogen sulfide (as 5 mM



NaS or 5 mM NaSH), BCFAs isobutyrate, isovalerate (both 1 mM), and SCFAs acetate
(2.5 mM), butyrate (1 mM), and valerate (1 mM) were used as treatments.

Single cell tracking and analysis

After treatment, the plates were placed in a high content bioimager (BD Pathway
855, BD Biosciences, USA) at 37 °C and 5% COs,. The cell layers were imaged using
brightfield microscopy, and the nuclei were imaged at 350 nm (Hoechst) every 20
minutes for the duration of the experiment (+x17h) at a predefined location and z-
height to follow re-epithelialization kinetics (4x magnification). Time series images
were then analyzed as previously described using the KREAP analysis pipeline
(https://erasmusmc-bioinformatics.github.io/KREAP/). Sequential images were
uploaded in the Galaxy pipeline per well and the number of infiltrating cells were
assessed for nonlinear least squares regression analysis of a modified Gompertz
function [21]. The analysis software calculates the closure rate (um) of infiltrating cells
per minute, the lag time of repair (A), and total infiltrating cell numbers (A).

Cell nuclei migration kinetics were visualized using pseudo-coloration of
hyperstacks. The sequential images were opened in FlJI (Imagel, [28]) and then
converted to stacks (Image>Stacks>Images to stacks). It is important to open the
images in sequential order to prevent non-linear stacking. The stacks were then
converted to hyperstacks (Image>Hyperstacks>Stack to hyperstack) and pseudo-
colored using temporal color code (Image>Hyperstacks>Temporal-color code, color
fire [28]) for directionality visualization. Displacement kinetics were then analyzed by
nuclear tracking in FUJI (Plugins>Tracking>TrackMate, [29]). The stacks were analyzed
using standard calibration settings (which can be adapted to image scale if
necessary) and nuclei were detected using the Laplacian of Gaussian filter (LoG)
detector in Fourier space. This allowed for quadratic fitting for sub-pixel localization.
Within the LoG detector, the estimated blob diameter and threshold needed to be
adapted to fit the most optimal number of nuclei (Figure S1) and was then
computed with sub-pixel localization. Initial thresholding was not used in our
experiments, as this removed a large fraction of grey or faded nuclei from the
analysis (£30%). The tracked nuclei were then viewed as HyperStack displayer to
overlay tracked dots on the images stack and the nuclei were tracked using a Linear
motion LAP tracker. This tracker uses the Kalman filter for the next nucleus location
prediction moving in a constant velocity vector and is beneficial for bridging gaps
where necessary. The Linear motion LAP tracker needs to be set specifically for the
images and we set the initial search radius to 0.1 and the next search radius to 0.2
with a maximum frame gap of 2. The tracks were then displayed as displacement
distance and data for y-location, displacement, velocity, and imaging duration were
calculated and exported by plotted features of links and tracks.




RNA-sequencing and analysis

For transcriptomic analysis, cell monolayers were grown to confluency within 24h as
previously described and treated with control (D-PBS), 5 mM ammonia (NHs), and 5
mM hydrogen sulfide precursor sodium sulfide (Na,S) for 5h. The cells were then
washed with prewarmed D-PBS, lysed using RLT buffer and placed on ice for
immediate extraction using the RNeasy minti kit (ID:74104, Qiagen) with on-column
DNAse (ID: 79254, Qiagen) following manufacturer’s instructions. The extracted RNA
was then eluted in 30 ul RNAse- and DNAse-free water (Promega) and concentration
measured using Qubit (RNA HS assay kit, Thermo-Fisher). The RNA was then
normalized to 250 ng/ul and stored at -80 °C.

RNA library preparation was performed using the TruSeq RNA sample kit as
previously described [25] at Novogene. The samples were depleted for ribosomal
RNA using the RiboZero kit and enriched for mRNA with oligo(dT) beads. The RNA
was subsequently fragmented and synthesized into cDNA using mRNA template and
hexamer primers. Second strand synthesis initiation was performed with the addition
of second strand synthesis buffer (Illumina), dNTP’s, RNAse H, and DNA polymerase
| and following a series of terminal repair the cDNA library construction was
completed by size selection and PCR enrichment. The libraries were then paired-end
sequenced on a Illumina Hi-Seq 4000 (at Novogene, Hong Kong) at 9 GB raw data
(£55million reads) per sample with 150 bp length. The raw data was then checked
for quality using FastQC (v0.11.5, [30]) and trimmed for quality, polyA, and adapter
using trim-galore (v0.4.4, [31]). The trimmed reads were then mapped to sus scrofa
(Ensembl, v 11.1.91, [32]) using TopHat (v2.1.1, [33]) and analyzed in R using the
Cufflinks package (v2.1.1, [33]). Differential gene expression was analyzed with false
discovery rate (FDR) p-value < 0.05 and visualized using pheatmap and volcanoser
[34]. Genes expressed with >1 RPKM were considered to be expressed. Figures
display z-score normalized values for range optimization or RPKM values. Biological
functions were analyzed by gene set enrichment analysis using Gene Ontology (GO,
[35]), Reactome [36], and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway mapper [35] and differentially tested from control (expressed as p value and
gene set).

Histological analysis

Colon tissue was fixed in 4% paraformaldehyde (PFA) or Canoy's fixative solution
overnight at 4 °C and embedded in paraffin as previously described [25]. 3D
organoids were grown in Matrigel and transferred into a 1.5ml Eppendorf tube. The
organoids were subsequently embedded in low-melting agar and fixed with 1% PFA
or Carnoy's fixative solution overnight at 4 °C and embedded in paraffin. Sections of
tissue and 3D organoids were cut as 5 pym sections and adhered to poly-L-lysine



slides. Prior to staining, the slides were rehydrated, and antigen retrieval was
performed in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0)
at 95 °C for 10 min. Cell monolayers were grown to confluency within 24h from
differentiated 3D organoids on non-Matrigel coated tissue culture-treated 96-well
plates or transwells and fixed in 1% PFA or Carnoy's fixative overnight at 4 °C. The
slides, plates, and transwells were washed with tris-buffered saline (TBS) solution
with triton (6.06 g/L Tris, 8.8 g/L NaCl, 0.02% triton X-100 at pH 7.4) three times and
blocked using 5% (in TBS-t) normal goat serum (Thermo-Fisher) for 30 min at RT.
The samples were then incubated with antibodies for Trefoil factor 3 (TFF3), villin
(VIL; AB_2304475, Santa-Cruz), zonula occludens 1 (ZO-1; AB_87181, Thermo-Fisher)
and beta-catenin (bCAT) for 1h at RT, and subsequently washed three times with
TBS-t. The antibodies were visualized with a goat anti-rabbit or goat anti-mouse
secondary antibody (Alexa Fluor 555), washed, and mounted using DAPI-containing
solution (Thermo-Fisher). The slides containing tissue, 3D colon organoids, and
transwell colon monolayers were then imaged on a fluorescent microscope (Leica
DM6) using a 10x, 40x, or 100x objective. To visualize mucus production and goblet
cells, transwells were fixed in Carnoy's fixative and stained using PAS/Alcian blue
with methods previously described [25, 26].

TEER assay and permeability

Epithelial integrity was measured using trans-epithelial electrical resistance (TEER).
Differentiated colon organoid monolayers were grown in non-Matrigel coated
permeable transwell inserts as previously described and placed in a 24-well
Cellzscope apparatus to measure electric impedance (Nanoanalytics, Germany). The
cell monolayers were acclimatized in the apparatus for 24h at 37 °C with 5% CO;
before treatment. The cells were subsequently treated with ammonia (2.5 or 5 mM
NHj3), sulfide (2.5 or 5 mM NasS) or control (D-PBS) and TEER was monitored over
time at 37 °C. After 18h exposure, the transwells were placed in a 24-well plate holder
and media was refreshed with prewarmed redBCM. Permeability was then assessed
by addition of 0.4, 4, or 40 kDa FITC-labeled dextrans (2 mg/ml in redBCM; Thermo-
Fisher) to the apical compartment. After 1h incubation, 100 pl of the basolateral
compartment was placed in black-wall 96-well plates and measured for fluorescence
on a Spectramax M5 (Molecular Devices, USA) with 490 nm excitation and 530 nm
emission.

Cell viability and ATP assay

Measuring cellular viability using formazan-based compounds showed significant
background reaction to the sulfide-based compounds in our assays (Figure S3). We
therefore chose to measure the available ATP using luminescence-based
compounds. The Cell Titer Glo 2.0 assay (Promega) was used to quantify the amount




of available ATP in the colon organoid monolayers. The colon monolayers were
grown from differentiated 3D colon organoids to confluency in 24h as described
above in black-wall tissue culture treated 96-well plates at 37 °C with 5% CO,. The
colon monolayers were subsequently treated with 5 mM NHs (ammonia), NH.Cl
(ammonium chloride), NaS (sodium sulfide), NaSH (sodium hydrosulfide), 1 ug/ml
lipopolysaccharide (LPS), or control (D-PBS) in 100 pl redBCM for 5h. After
incubation, the plate medium was replaced with redBCM and placed at RT for 30 min
to acclimatize. Then 100 ul Cell titer Glo 2.0 reagent was added to each well, and the
plate was shaken at 250 rpm for 2 min and incubated at RT an additional 10 min.
Luminescence was measured on a Spectramax M5 plate reader (Molecular Devices,
USA), and data was normalized as relative percentual difference from control-treated
wells.

Mitochondlrial stress test experiments

Oxygen consumption rate (OCR) of colon organoid monolayers was measured on a
Seahorse Bioscience XFe24 extracellular flux analyzer in pmol O, per min.
Differentiated 3D colon organoids were dissociated and plated on XF24 cell culture
microplates (Agilent) at 2.5 x 10* cells per well and grown to confluency overnight.
The cells were then treated with 5 mM NHs, NazS, or control for 5h. 1h prior to the
assay, the treatments were replaced with prewarmed differentiation medium and
incubated at 37 °C. The cells were then subjected to a mitochondrial stress test
following methods previously described [37]. The culture medium was replaced with
prewarmed Seahorse DMEM containing 0.5 mM pyruvate, 2.5 mM glutamine, and
17.5 mM glucose. The stress test was performed using interval injections of 5 uM
oligomycin (18 minutes), 4.5 yM FCCP (45 minutes), and 5 uM of rotenone and
antimycin A (68 minutes, all Sigma-Aldrich). After injection, the mixture was
homogenized for 4 min and measured for 2 min. Basal respiration was calculated by
subtracting the initial OCR from the non-mitochondrial oxygen consumption (after
rotenone/antimycin A). Maximum respiration, or spare capacity, was measured by
subtracting the OCR after FCCP from non-mitochondrial oxygen consumption and
basal respiration respectively. The ATP-linked respiration (or projected ATP) was
calculated by subtracting the basal respiration from the OCR after oligomycin
injection (Figure S4).



Results

Optimizing monolayer culture conditions for scratch assays

Long-term culture and self-renewal of adult stem cell derived intestinal organoids
depends on reconstituting the stem cell niche in a laminin rich extracellular matrix
(Figure 1a-b) [23]. To generate monolayers for the scratch assay, we utilized a
differentiation and cell dissociation method to generate confluent multi-lineage
epithelial cell monolayers (Figure 1c-d). Plating differentiated 3D organoids enabled
formation of an intact polarized monolayer (Figure 1e inserts), but when grown for
longer than 7 days, surface protrusions appear due to detachment of sections the
epithelium from the surface (Figure 1f). Epithelial polarity was confirmed by staining
of villin on the apical surface, and apically oriented tight junction protein zonula
occludens-1 (ZO-1) and cell adhesion beta-catenin (BCAT). The presence of mature
mucus-producing goblet cells was shown by positive staining with lectin-binding
Ulex Europaeus agglutinin-1 (UEA-1) and antibody to trefoil factor 3 (TFF3) (Figure
1g). Differentiation of 2-dimensional colon organoids was verified by mapping the
transcriptome of 2D monolayers to a single cell sequencing database for colon [38]
to identify the cell type-specific transcripts expressed in our dataset (Figure 1h). This
comparative transcriptome analysis confirmed the presence of multiple cell types
commonly found in the colon.

For wound-healing assays organoids were grown in Matrigel and differentiated for
3 days prior to monolayer seeding (Figure 1i). It was found to be crucial to
differentiate the 3D organoids before generating a clean scratch (insert m2)
otherwise cells lifted off the surface at the edge (insert m1). As previously described
for cell lines [39], epidermal growth factor (EGF) was critical for re-epithelialization
(Figure 1j). The addition of TGFa was not required for initiation but increased the
number of infiltrating cells moving into the gap area. Finally, the addition of p38-
MAPK-inhibitor and MEK1/2-inhibitor halted gap re-epithelialization, confirming the
critical role of these pathways in cell mobilization in these wound healing assays
[21](Figure 1j).




Figure 1. Porcine colonic organoids mimic epithelial cell type differentiation and can be used for wound
assays. (a) Porcine colon crypt stem cells can be isolated and grown in (b) three-dimensional structures
containing mucus-secreting goblet cells (Trefoil factor 3, red; nuclei, white). (c) Organoid monolayers on
flat-bottom plates generate a confluent layer of cells (d). (e) Differentiated monolayers show increased
columnar development (e2) compared to non-differentiated monolayers (e1). (f) Colon monolayers can
form ridges when grown for longer than 7 days resembling protruding 3D organoid growth. (g)
Differentiated colon monolayers stained for brush border microvilli (VIL, villin), intestinal tight junctions
(ZO1, zonula occludens 1; BCAT, beta-catenin), and mucus (UEA1, Ulex Europaeus agglutinin 1; TFF3,
trefoil-factor 3). (h) Transcriptome expression profile for cell type-specific gene transcripts in colon
organoid monolayers. (i) Scratch assay protocol overview using 3D differentiated seeding (m1) and in-
plate differentiated (m2) colon monolayers. (j) Epidermal growth factor, (EGF) is necessary for re-
epithelialization and is enhanced by human Transforming growth factor alpha, (hTGFa). Re-
epithelialization is prevented by p38 MAPK- and MEK1/2-inhibitors.



Effects of fermentation metabolites on wound healing
kinetics in colon organoid monolayers

To investigate the effects of fermentation metabolites on wound healing kinetics, we
performed scratch assays on colon organoid monolayers to quantify re-
epithelialization when treated with physiologically relevant concentrations of gut
metabolites (Figure 2a and Figure S5). The protein fermentation metabolites
ammonia (5 mM NHs) and sulfide (5 mM HS-precursor Na,S) significantly decreased
cellular infiltration into the gap preventing repair within 24 h (Figure S6). Negative
effects on re-epithelialization were also found with isovalerate and valerate, whereas
SCFAs isobutyrate, butyrate, and acetate did not significantly inhibit general wound
healing kinetics (Figure 2a). The negative effect of the protein fermentation
metabolites was evident from the increased lag time and decreased gap closure rates
relative to control (Figure 2b). Sulfide and ammonia doubled the lag period prior
to initiation of cell migration and halved the rate of gap closure. There was a
noticeable difference in gap closure rate between sulfide-treated monolayers, where
cells treated with NaSH showed less reduction (-32 + 3.2%) compared to control
than NaxS (-75 + 5.3%). Moreover, gap closure rate was also impaired by all other
compounds, most notably butyrate (62 + 5.8%), which accelerated gap closure
initiation, as apparent from the decreased lag time compared to the control (Figure
2b).

Recently, Kaiko et. al (2016) demonstrated that butyrate suppresses intestinal stem
cell and progenitor cell proliferation in vitro and in vivo [40]. It is odd that we
observed a decreased lag time (faster repair start) in monolayers treated with
butyrate, while also having a decreased gap closure rate. It could be that the cells
utilize the initial increase of butyrate for oxidation enhance mitochondrial oxidation
[41, 42] but overtime the intracellular accumulation of butyrate leads to inhibition of
biological pathways linked to stem and progenitor proliferation in the crypt [40],
thereby reducing the gap repair rate.

Wound repair in the epithelium relies on coordinated cellular crosstalk and collective
migratory capacity [43, 44]. Cellular directionality and migration patterns are not
considered when measuring gap infiltration using KREAP although this information
can help to better understand the effects of different metabolites on the overall
wound healing process. To visualize cellular migration-directionality, we used FlJI to
temporally pseudo-color individual cell nuclei during the re-epithelialization
experiments (Figure 2c). For the medium-treated control, gap closure occurred after
approximately 15h and the cell kinetics show collective movement into the gap
consistent with the cellular displacement plot (Figure 2d). Although gap closure was
incomplete at the end of the assay period (15 h) in the metabolite treated samples




there were substantial changes in cell displacement (Figure 2d). In the ammonia-
treated monolayers cell movements tended to occur close to the gap and were of
shorter duration compared to those observed for the control (Figure 2c and d). The
effect of sulfide treatment on gap closure was different from the effect of ammonia
and was characterized by cell movements occurring in only randomly distributed,
localized areas and lacking directionality towards the gap (Figure 2c). This effect was
also apparent from the y-location displacement data, with larger displacement
observed in the peripheral areas (Figure 2d).

Shared pathways downregulated in Ammonia and Sulfide
treated colon organoid monolayers

Transcriptomics was used to further investigate the pathways which might be
involved in the effects of ammonia and sulfide on cellular migration kinetics.
Principal component analysis of RNA-sequencing data from ammonia, sulfide, or
control-treated monolayers showed dimensional separation of treated samples
(Figure 3a). All samples shared a substantial proportion of their expressed genes
(10,404 >1 RPKM) (Figure 3b). Most differentially expressed genes were detected in
sulfide-treated colon monolayers (2738 genes vs control, FDR p < 0.05) compared
to (1242 genes vs control, FDR p < 0.05) after ammonia treatment (Figure 3c and d).
A large proportion of the treatment associated DEGs (Differentially Expressed Genes)
were overlapping between sulfide and ammonia treatments.

Pathways that were common to sulfide and ammonia treatment versus the untreated
control are shown in (Figure S7). These pathways included stress signaling (e.g.,
stress activated p53 and MAPK kinase signaling), mitochondria-associated
autophagy, and FoxO signaling (Figure 3e). Moreover, both treatments significantly
reduced tight junction, focal adhesion, and extracellular matrix remodeling
pathways. Pathways specifically upregulated by ammonia treatment were associated
with bioprocessing of monosaccharides, which may reflect increased glucose
oxidation in the presence of ammonia.
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Figure 2. Effects of protein fermentation metabolites on colon organoid monolayer re-epithelialization.

(a) Sigmoidal re-epithelialization curves enumerating cells infiltrating the gap over time (NHs, ammonia;

Na,S, sodium sulfide; n>10 replicates per compound, error bands display +SEM at every timepoint)
measured for 1000 minutes. (b) Re-epithelialization kinetics were estimated by calculating the lag phase

(A), gap closure rate (u/m), and total cell infiltration (A) (all data are shown as relative % compared to the
medium control). (c) Nuclei kinetic hyperstacks were pseudo-colored per timepoint to visualize cell

trajectories over time for 15h. (d) Dotted lines represent the gap area and individual cell displacements
are plotted on the y-axis for each treatment.
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Figure 3. Transcriptional effects of ammonia and sulfide on colon monolayers. (a) Principal component
plot of transcriptomics data showing dimensional separation of treatments and control. (b) Expressed
transcriptome overlap and exclusivity between all treatments (>1 FPKM). (c) Heatmaps showing expression
patterns for all genes (left columns) and only differentially expressed genes (right column) (C, control; A,
ammonia; S, sulfide). Data is represented as z-score values. Blue represents lower expression and red
higher expression compared to control. (d) Volcano plots representing the significantly differentially
expressed genes compared to control in colon monolayers exposed to ammonia (left) of sulfide (right)
and the top 10 different genes based on their relative differences expressed as Manhattan distance scores
(DEG p < 0.05, FC > 2, green represents down-regulated genes and purple up-regulated genes). (e) Top
10 differential pathways for the down- and up-regulated genes for colon organoid monolayers treated
with ammonia (orange) or sulfide, (blue) compared to control (Log1o(Pagj)-



Effects of Sulfide on intestinal epithelial tight junctions and
barrier integrity

Intestinal epithelial tight junctions play a key role in regulating the paracellular
permeability of small molecules [1]. Moreover, tight junctions and focal adhesions to
the ECM play important roles in regulating cell proliferation, migration, and re-
epithelialization (Figure 4a-b)[45-48]. Analysis of wound healing kinetics in sulfide-
treated monolayers revealed the formation of gaps appearing and reforming in the
monolayer (Figure 4c). We hypothesized that this effect was due to improper
functioning of the junctions and focal adhesions, which was supported by
downregulated pathways associated with cellular motility (ECM-receptor interaction,
actin cytoskeleton, focal adhesion) and barrier capacity (tight- and adherens
junctions) in sulfide and ammonia-treated monolayers (Figure 4d). More in-depth
analysis of the tight junction pathway revealed that the largest set of down-regulated
genes was associated with sulfide-treated monolayers (Figure 4e), encompassing
tight junction-associated claudins 1, 7 and 4, as well as tight junction protein 2 (7/P2)
and cingulin (CGN). Moreover, decreased focal adhesion for both ammonia and
sulfide-treated monolayers is associated with reduced expression of Integrin
Subunit-alpha (/7GA7) and -beta (/7GB7) and vinculin (VCL; Figure S9) which play
key-roles in cell motility [49, 50].

To confirm the effect of sulfide on cell junctions predicted by transcriptomics, we
measured transepithelial electrical resistance (TEER) in organoid cell monolayers
treated with sulfide (Figure 4f). Exposure to sulfide showed a dose-dependent
decline in TEER relative to untreated monolayers. Complete loss of the barrier
integrity was not observed, which was verified using a dextran diffusion assay. Small
dextran molecules (0.4 kDa) can diffuse across the barrier upon partial loss of
integrity, whereas larger dextran molecules (4 and 40 kDa) only diffuse to the
basolateral compartment upon more substantial barrier loss. The latter was not
observed in our experiments (Figure 4f) indicating that the monolayers had
increased permeability, most probably due to the detrimental effects of sulfide on
tight junction function.




Figure 4. Sulfide directly affects cell-cell and cell-matrix junctions (barrier function) in colon organoid
monolayers. (a) Nuclei displacement plots depicting cellular traveling and path length (blue is low, red is
high displacement). (b) Temporal nuclei displacement curves depicting the average travelled distance for
each timepoint (top) and total quantified displacement volcano plots per treatment (bottom). (c)
timeseries of gap formation during sulfide treatment of colon organoid monolayers. (d) Intestinal barrier
related pathways significantly down regulated by sulfide and ammonia treatments. () Heatmap of the
tight junction pathway and corresponding z-score normalized gene expression for monolayers treated
with ammonia (A), sulfide (S), or control (C, n=3 replicates per treatment) and selected genes denoted
(CLDN, Claudin; TJIP2, tight junction protein 2; CGN, cingulin). (f) Transepithelial electrical resistance (TEER)



was measured in response to sulfide (2.5, green; and 5.0 mM/L, blue) or ammonia (2.5, orange; or 5.0
mM/L, brown) relative to the control (grey, +SEM). (e) Transport of 0.4 kDa, 4 kDa, and 40 kDa FITS-labeled
Dextran across the monolayer at 15h (* p < 0.05, ** p < 0.01).

Sulfide treatment triggers the UPR and impairs
mitochondrial function in colonic monolayers

Notably, sulfide-treated monolayers upregulated the expression of protein
processing in the endoplasmic reticulum (ER) and autophagy pathways, which have
been associated with compromised tight junction function [51]. To further
corroborate this, we investigated which genes were up-regulated by sulfide
associated with the “protein-processing in ER" pathway (Figure 5a), revealing that
many of these genes also participate in the unfolded protein response (UPR)
pathway, including activating transcription factor 6 beta (A7F6B), wolframin ER
transmembrane glycoprotein (WSF7), Dnal heat shock protein family (Hsp40)
member C3 (DNAJC3), mitochondria apoptosis related BCL2 antagonist/killer-1
(BAKT). The production of oxygen radicals (ROS) has been associated with altered
redox status and ER stress, which is consistent with sulfide treatment increasing
expression of genes encoding antioxidant enzymes like superoxide dismutase 2
(SOD2) and peroxiredoxin 1 (PRDXT) (Figure 5b). Elevated expression of antioxidant
enzymes has been previously associated with mitochondrial stress caused by H,S-
mediated inhibition of mitochondrial complex IV [9]. Therefore, we anticipated that
oxidative phosphorylation would be impaired in sulfide-treated monolayers, which
would lead to reduced availability of ATP. Indeed, colon organoid monolayers
treated with sulfide for 5 h showed a significant decrease in available ATP (Figure
5c¢).

To further characterize the effects of sulfide on cellular respiration, the oxygen
consumption rate (OCR) was measured in sulfide or ammonia-treated and control
wells (Figure 5d). Initially, basal oxygen consumption rate determination showed
that baseline respiratory capacity was impaired by Na,S (Figure 5e). Moreover,
uncoupling mitochondrial respiration with FCCP showed that also the maximal
respiration rate of the cells was negatively affected by Na,S treatment, indicating
overall impaired respiratory capacity of the mitochondria. The reduction in
mitochondrial respiration measured by the ATP-assay was confirmed in the oxygen
consumption rate assay, which predicted a similar reduction of ATP production in
colonic monolayers upon sulfide-treatment (Figure 5e). Importantly, the sulfide-
treated cells did not display a noticeable decrease in cellular viability or abundance
of mitochondria by histology (Figure 5f). Based on the critical role of mitochondrial
functioning in colonic cells, and stem cells, we hypothesized that the detrimental
effects of Na S on mitochondrial oxidative phosphorylation and ATP production
would deregulate intestinal homeostasis by FoxO signaling. The FoxO-signaling




pathway was significantly down-regulated by sulfide treatment (Figure 5g), with
FoxO3 being the most significantly down-regulated gene (Figure 5h). In animals,
FOXO3 promotes tissue regeneration, autophagy, and the growth of stem cells [52,
53].



Figure 5. Sulfide reduces oxidative capacity in colon organoid monolayers. (a) Heatmap showing
expression z-score values for the pathway “Protein Processing in the Endoplasmic Reticulum” with genes
denoted to overlap with the Unfolded Protein Response (UPR) for colon organoid monolayers treated
with sulfide (S), ammonia (A), or control (C) for 5h. (b) Expression values for genes differentially expressed
in the Detoxification of reactive oxygen species pathway (values as Log10(RPKM), * p < 0.05, ** p < 0.01,
*** p < 0.001). (c) Cell viability assay that measures available ATP (CellTiter-Glo assay) to estimate oxidative
capacity after treatment with ammonia (NH;, ammonia; NH4Cl, ammonium chloride) or hydrogen sulfide
precursors (Na,S, sodium sulfide; NaSH, sodium hydrosulfide). (d) Oxygen consumption rate curves for
ammonia (NH;), sulfide (NayS), or control treated monolayers and their respective mitochondrial
functioning during the mitochondrial stress test (data shown as mean + SEM). (e) Derived mitochondrial
capacity for basal respiration (left), maximal respiratory capability (middle), and projected ATP production
(right) based on the Seahorse OCR mitochondrial stress test from ammonia, sulfide, or control treated
colon organoid monolayers (5h exposure, treatments were removed 1h prior to the assay; data shown as




range, * p < 0.05, *** p < 0.001). (f) Representative images of colon organoid monolayers after the
Seahorse experiment for nuclei (left) and mitochondria (middle). (g) Heatmap of z-score normalized
expression values for the FOXO signaling pathway after 5h treatment with control (C), ammonia (A), or
sulfide (S). (h) Gene expression RPKM values for FOXO genes 1, 3, 4, and 6 after 5h treatment with control,
ammonia, or sulfide (* p < 0.05, ** p < 0.01).

Discussion

Renewal and restitution are vital for the maintenance of the physical barrier function
of the intestinal epithelium [43] but can be compromised by protein fermentation
metabolites ammonia and hydrogen sulfide (H.S). Among bacterial metabolites,
hydrogen sulfide has received increasing attention. Sulfide is normally oxidized by
cells to oxidize thiosulfate generating ATP and providing energy for the cells [54].
However, when extracellular concentration in the colon increases above 50 uM the
oxidative capacity of the cell is insufficient [10] and H,S inhibits the mitochondrial
respiratory chain as we confirmed in Figure 5.

Other studies have indicated that monolayer TEER formation development initiates
after multiple days due to spontaneous differentiation [55]. However, introducing a
standardized scratch in differentiated monolayers led to lifting or ‘tearing’ of the
monolayers, resulting in poorly defined scratch areas. This problem was overcome
by differentiating the organoids prior to dissociation and seeding. The confluent
monolayers had TEER values of 1000 + 62 Q within 24h similar to other 2D models
like Caco2, IPECJ2, and organoids [56-58]. Moreover, the polarization of the epithelial
monolayer was confirmed by the immunohistological detection of tight junction ZO-
1 proteins in the apical region of the paracellular space and villin expression
predominantly at the apical surface of the cells.

Sulfide inhibits gap closure rates and barrier integrity

Treatment with sulfide affected the directionality and collective movement of cells
towards the gap or ‘wound’ scratched in the confluent monolayer. However, in some
areas of the monolayer the displacement/migration of cells was large and similar to
the controls. At low concentrations (10-100 uM) sulfide has been shown to increase
cell proliferation through the EGFR/ERK/MMP-2 pathways necessary for wound
healing and the PTEN/AKT pathway but at higher concentrations (>1 mM)
proliferation is inhibited [10]. At the sulfide concentrations used in our assay (5 mM),
inhibition of cell displacement was anticipated, but our results showed this effect to
be patchy (Figure 4). The reasons for this remain unclear, but we speculate this could
relate to the thickness of the mucus layer in different parts of the monolayer, which
could affect the interaction with the epithelial cells due to reaction of sulfide with
disulfide bonds in the mucus [59, 60].



There was a distinct inhibitory effect of sulfide on gap closure rates as well as barrier
integrity in our study. We observed that sulfide decreased expression of tight
junction associated genes and caused a lowering of TEER and increased permeability
of smaller-sized dextran molecules, indicative of a partial loss of barrier function
(Figure 4). The downregulation of claudin-7 expression, and reduced mitochondrial
activity observed upon sulfide-treatment is in agreement with the observation that
loss of sufficient ATP production in the intestine leads to decreased barrier integrity
through internalization of Claudin-7 [5, 18]. Moreover, other studies have indicated
that increased ROS production leads to altered expression and localization of tight
junction proteins [61, 62], agreeing with the significant impairment of tight junction
function and the upregulation of oxidative stress associated enzymes upon sulfide
exposure in our study (see also below). In addition, the decrease in integrin signaling
is consistent with the observed reduction of cellular motility. Notably, recent studies
have shown that hydrogen sulfide at endogenous concentrations (200-500 uM)
attenuated injury-induced barrier loss in Caco2 cells, which was tentatively
associated with inhibition of NF-kB signaling [63]. However, the concentrations
produced in the intestinal lumen substantially exceed endogenous hydrogen sulfide
production [9, 64]. Our results showed that 5 mM hydrogen sulfide inhibits cellular
migration and wound healing, which is in agreement with studies on epithelial cell
lines [65, 66]. A recent study exposing epithelial cell lines (Caco2, and IEC6) to slow
H,S-releasing molecule (GYY4137) was shown to arrest cell proliferation for a
prolonged period (48h) leading to wound healing inhibition via MEK1/2 [65]. These
effects of sulfide on MEK1/2 are in agreement with our decreased expression of focal
adhesion-related genes and significant down-regulation of MEK1 (Figure S8),
although we still observed a high displacement and velocity of cell migration after
sulfide treatment. The difference between our results and those obtained with
epithelial cell lines may be due to differences in cell type heterogeneity and the loss
of barrier function in colon organoid monolayers that could cause loss of
directionality and aberrant migration patterns.

Sulfide exposure leads to decreased MAPK-signaling and
mitochondrial respiration

Our data suggests that reduced gap closure rate in sulfide treated organoid
monolayers is linked to down regulation of MAPK-signaling (Figure $9). Decreased
activation of the classical MAP kinase pathway through decreased growth factor
signaling upon the exposure to sulfide or ammonia is likely to contribute to lower
proliferation and differentiation through c-FOS [67]. Moreover, both treatments
show reduced MAPK pathway expression and decreased TXN/P, likely associated with
decreased expression of FOXO1 and 3, and likely implicated in intracellular ROS
levels [68, 69]. Moreover, increased gene expression of thioredoxin reductase 1




(TXNRD7) and other antioxidant enzymes, as well as increased expression of the
ferroptosis pathway are in line with increased oxidative stress of sulfide-treated
colon organoid monolayers. Increased genes expressed in the ferroptosis pathway
also point towards accumulation of lipid reactive oxygen species [9]. Low levels of
sulfide (500 puM) are also known to play a role in combating oxidative stress through
the direct scavenging of reactive oxygen species and/or the upregulation of cellular
antioxidant defense mechanisms via FOXO1 through the PEN/AKT pathway [68, 70],
although that pathway appears to be slightly downregulated in our assays but might
not affect signaling functionality (Figure 5). It has been suggested that low levels of
hydrogen sulfide promote FOXO regulation through increased expression of SIRT1
[71]. Increased levels of hydrogen sulfide were shown to directly inhibit cytochrome
¢ oxidase functioning within mitochondrial complex IV, leading to mitochondrial
stress and reduced ATP production [9, 72] which would ultimately lead to increased
ROS production. This is supported by our finding that sulfide treated organoid
monolayers had reduced levels of ATP production, and mitochondrial respiratory
capacity (Figures 5). Importantly, we could demonstrate that these effects do not
correlate with reduced cell viability or mitochondrial presence due to the treatment.
Sulfide increased the expression of functions associated with Protein processing in
ER, many of which have been implicated in unfolded protein ER-stress, which has
also been shown to be activated by increased ROS activity [73]. Eventually,
deregulated, and erroneous protein folding can affect a plethora of cellular functions
and could also lead to cell apoptosis [73, 74].

Recent work showed that physiologically relevant levels of hydrogen sulfide induced
autophagy in colon cell lines by increased phosphorylation of AMPK and decreased
mTOR signaling, resulting in decreased cell proliferation [66, 75]. However, our
transcriptome analyses suggest that mito-toxic levels of hydrogen sulfide induce
downregulation of both autophagy and the AMPK pathway. Colon organoid
proliferation is regulated by self-replication of the colon stem cells, and thus relies
on mitochondrial respiration capacity and cellular energy levels [37, 76]. FOXO genes
are known regulators of the cell cycle, apoptosis, mitochondrial functioning, and
autophagy [69, 77], and compromised FOXO-signaling leads to decreased
homeostasis of mitochondrial respiration and increased oxidative stress in intestinal
stem cells [37, 78]. Our results indicated decreased expression of FOXO3 in sulfide-
exposed colon monolayers, coinciding with increased expression of functions
involved in ROS clearance, which supports a previous study showing that reduced
FOXO3 expression is associated with mitochondrial dysfunction in intestinal
organoids [37]. Taken together, these results lead us to propose that a
physiologically relevant concentration of hydrogen sulfide in piglet gut reduce
respiratory capacity of the mitochondria through inhibition of complex IV
cytochrome c oxidase leading to reduced ATP production, increased ROS stress due



to compromised FOXO3 regulation, and unfolded-protein associated ER-stress,
which ultimately leads to a reduction in epithelial wound repair and barrier capacity.

Ammonia reduces gap closure at levels lower than
physiologically observed

Ammonia severely inhibits cAMP-regulated Cl transport [79] at concentrations
exceeding 10 mM, but induces oxidative stress and apoptosis at 40 mM in IPECJ2
cells [80]. At the latter concentration, epithelial barrier-loss was also observed, but
this could very well be attributed to the induction of apoptosis combined with the
reduced tight junction expression. In the present study we used 5 mM ammonia
exposure and only confirmed the decreased tight junction gene expression, but not
the detrimental effects on barrier function or mitochondrial respiration observed
when using concentrations exceeding 15 mM [62]. We also looked at its effects on
wound healing, revealing reduced cellular displacement and a lack of directionality
of migration compared to control, which may be attributed to reduced TGFB
signaling [81, 82] and/or down-regulation of genes associated with RhoA signaling
leading to inhibited motility [83]. However, our RNA-sequencing data points towards
increased expression of genes involved in cell cycle regulation. The concomitant
increase of expression of genes involved in monosaccharide metabolism is in line
with increased expression of fatty acid metabolism associated genes, like fatty acid
synthase (FASN), in ammonia-treated colon organoid monolayers. Luminal
concentrations of ammonia are estimated to exceed 15 mM in the proximal colon of
piglets fed high protein diets [84]. In our study the small effects of ammonia on colon
organoid monolayers might be explained by using only 5 mM.

Concluding remarks

Scratch assays of colon organoid monolayers provide a novel method for
investigating epithelium-metabolite interactions and understanding the impact of
microbiome-derived metabolic products on intestinal epithelia. Our results highlight
the complex pathways involved in cell migration and the importance of tissue-
specific heterotypic cell populations in epithelial wound healing. The development
of innovative strategies for monitoring high-throughput cellular behavior and
compound interactions will provide new insights into the physiological
consequences of these interactions.
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Supplementary information

Supplementary methods

Supplementary methods figure 1. Plating single cells in Matrigel droplets (a)
results in a rapid formation of spherical organoids within 5-7 days (b).



Supplementary methods figure 2. Differentiation of the organoids (by removal of
WNT3A or culture in ODM) results in (left) a more globular structure compared to
the spherical morphology in OGM. (right) Plating these complex organoids after
single-cell processing results in a monolayer overnight (at 75 x 10* cells/cm?)

showing visible cell junctions.

Supplementary methods figure 3. The monolayers grown on transwells were cut
from the plastic support ring (a) and placed in a 1.5ml Eppendorf tube containing
1% PFA (b). After overnight fixation at 4°C, the monolayers were processed for
embedding by transferring to a gradient of ethanol and xylene, and ultimately

embedded upright in paraffin blocks.



Supplementary methods figure 4. The nuclei image data is processed by the
KREAP galaxy pipeline and identifies the gapped area. All nuclei outside the gapped
area are denoted in blue, and cells entering the predefined area are marked red. The
increase in gap infiltration by cells is then plotted and modelled into a Gompertz
function that simultaneously calculates lag time (A), cell infiltration per minute (um),
and total cell number (A), see detailed methods in chapter 8.




Supplementary figures

Supplementary figure 1. Nuclei identification in TrackMate with thresholding for cell tracking. Cells were
identified by adjusting the LoG detector threshold to prevent missing cells or misidentifying background

noise as cell nuclei. This should be adjusted for different experiments to increase reliability of nuclear

tracking.
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Supplementary figure 2. Time-series images of re-epithelialization when treated. Monolayers treated with

ammonia (middle), or sulfide (bottom) show reduced closure rates when compared to control.
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Supplementary figure 3. Determining cell viability using WST-1 is not effective when treating with sulfide-

containing compounds. WST-1 was found to react with residual sodium sulfide in the treated wells after
washing the monolayer with D-PBS (a). When adding dilutions of sodium sulfide to a clean plate and

mixed with sodium sulfide, the WST-1 reacts within 5 minutes (b).
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Supplementary figure 4. Mitochondrial stress test calculations for cellular metabolism. Oxygen
consumption rates (OCR) were measured in organoid monolayers in response to luminal metabolites.
Basal respiration (blue) was first measured and is calculated by subtracting the initial OCR rate from non-
mitochondrial respiration (orange). After addition of oligomycin, the ATP-linked respiration (purple) was
calculated by the difference between basal respiration and resulting OCR values. The difference between
ATP-linked respiration and basal respiration indicates proton leak (dark green). By adding FCCP, the cells
exert maximal respiratory capacity (light green) and gives the spare oxidative capacity (brown) of the cells.

Hydrogen sulfide (H,S)
15

Supplementary figure 5. Luminal concentration of
Hydrogen sulfide (H,S) in piglets with diarrhea (D)
or non-diarrheic control group (C) 4 days after
weaning. The selection of relevant H.S
concentration was based on the maximum value
observed in control animals (C) in relation to
diarrhea (D) animals at 4 days post-weaning in a
previous study (at 5 mM orange dotted line; data
are shown as boxplots with all data points, mean
and 95% ClI).
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Supplementary figure 6. Transcriptome correlations of all samples and individual sample variation in colon
organoid monolayers treated with 5 mM ammonia or sodium sulfide.

Supplementary table 1. RNA-sequencing reads mapping information.

FPKM
Interve Na,S_.1 Na,S2 NaS3 Con_1 Con_2 Con_3 NH;_1 NH;_2 NH3_3
al
20911 20891 20891 20972 21011 20915 20903 20860 20907
o~1 (65.54 (65.47 (65.47 (65.73 (65.85 (65.55 (65.51 (65.38 (65.52
%) %) %) %) %) %) %) %) %)
2020 2024 2037 2009 1966 2053 1997 2075 2004
(6.33%) (6.34%) (6.38%) (6.30%) (6.16%) (6.43%) (6.26%) (6.50%) (6.28%)
5107 5143 5127 5002 4984 5058 5125 5112 5158
3~715 (16.01 (16.12 (16.07 (15.68 (15.62 (15.85 (16.06 (16.02 (16.17
%) %) %) %) %) %) %) %) %)
2956 2937 2943 2984 2984 2958 2950 2925 2915
(9.26%) (9.20%) (9.22%) (9.35%) (9.35%) (9.27%) (9.25%) (9.17%) (9.14%)
914 913 910 941 963 924 933 936 924
(2.86%) (2.86%) (2.85%) (2.95%) (3.02%) (2.90%) (2.92%) (2.93%) (2.90%)

7~3

75~60

>60




Supplementary figure 7. Overlapping differentially expressed pathways between treated colon
monolayers. Colon organoid monolayers were treated with 5 mM ammonia (brown) or sulfide (blue), and
the number of differentially expressed pathways were checked for mutual overlap. The top 5 distinct and
overlapping pathways for each treatment are shown on the right in their corresponding coloring.
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Supplementary figure 8. Focal adhesion pathway significantly downregulated by sulfide and ammonia.
Genes with decreased expression by sulfide or ammonia-treated colon organoid monolayers compared
to control were mapped to Kegg Pathway (hsa04510: Focal adhesion, genes down-regulated are pink).
Most genes down-regulated by both treatments compared to control signal for cell motility via ECM-
receptor interaction and cell survival through the MAPK-signaling pathway.
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Supplementary figure 9. MAPK-signaling pathway significantly down-regulated by sulfide and ammonia-
treated monolayers. Genes with decreased expression by sulfide or ammonia-treated colon organoid
monolayers compared to control were mapped to Kegg Pathway for MAPK signaling (Pink are genes
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General discussion

Post-weaning diarrhea (PWD) is a widespread problem in pig production and
associated with increased abundance of enterotoxigenic £ coli (ETEC [1, 2]).
Antibiotics are commonly used to control and treat PWD, but the spread of antibiotic
resistance in animal and human pathogens has brought more attention to antibiotic
use [3, 4]. Piglets are often fed high-protein diets to support rapid growth, but this
has been linked to decreased fecal consistency and an increased risk of PWD [5, 6].

Stresses due to abrupt weaning can lead to an imbalance in the microbiome and
increased protein fermentation [6-8] metabolites, which can directly affect the gut
mucosa [9] by targeting barrier function and inflammation [6-9]. With the research
described in this thesis, we aimed to understand if protein fermentation metabolites
are associated with piglet PWD under on-farm conditions and investigate the effects
these metabolites have on the intestine using porcine intestinal organoids. To this
end, this thesis focused on further developing the organoid model in the context of
epithelial-metabolite interactions.

Protein fermentation and PWD in piglets

Bacterial fermentation of proteins has been linked to PWD in piglets. The crude
protein (CP) content of weaner diets is often optimized for muscle mass accretion,
but changes in diet and stress can lead to digestive issues in the small intestine [10].
This increases substrate availability in the colon and subsequent fermentation by the
resident microbiota that produce potentially harmful metabolites. It has been
suggested that these metabolites can increase the permeability of the intestine [11,
12]. The first aim was to investigate the relationship between protein fermentation
and its metabolites, microbiota, and PWD in practical conditions. In chapter 2 we
found that animals with diarrhea had higher concentrations of protein fermentation
metabolites. As these animals all received the same diets during the experiment on
their respective farms, the protein fermentation markers ammonia and BCFAs
(Branched Chain Fatty Acids) increased in animals with diarrhea were not necessarily
associated with an increased level of dietary CP but more likely increased undigested
protein flow into the colon. The observed rapid change in microbial composition
between day 2 and 4 post-weaning (PW) signified an ecological shift more
associated with a bloom in pathogens in the diarrheal animals. This suggests that
the increased concentrations of protein fermentation markers in diarrheal animals
are linked to diarrheal onset. Whether these fermentation metabolites themselves
are causal remains elusive, but the increase in toxin-producing £ coli (ETEC) and
other protein fermentation-associated pathogens like Fusobacterium spp. are most
likely important players in diarrhea post-weaning.




Recently it was shown that low sanitary housing conditions [13, 14] reduce protein
digestion in the small [15] intestine and impact on colonic microbiota composition
with decreased relative abundance of carbohydrate fermenting groups like
Lachnospiraceae [16], which is in line with our own results at day 4 post-weaning
(Chapter 2, Figure 3B). Furthermore, the authors also showed lower serum levels of
metabolites produced by the microbiota that are important for health, e.g., vitamin
B3 [16]. These studies on sanitary conditions collectively showed that there is an
increased risk of protein fermentation in the colon related to hygiene and suggested
a direct link between dietary protein and microbiota shifts. Preliminary results from
a study we performed recently evaluating the effects of sanitary conditions and
fermentable protein indicated that both microbial pressure and fermentation can
contribute separately to diarrheal onset post-weaning. The temporal diarrhea
patterns that occurred in animals exposed to different sanitary conditions and
fermentable protein levels could be grouped into two distinctly different patterns
(Figure 1). This suggests that the multifactorial induction of diarrhea associated with
protein fermentation is more likely linked to increased abundance of protein
fermenting species rather than environmental hygiene and showed persistent
problems of the gastrointestinal (Gl) tract for the complete duration of the
experiment. However, the weekly recurrence of diarrhea in piglets under low sanitary
conditions might elicit an initial diarrheal response and restoration period. This
might be related to PW overeating [17], while the secondary relapse might be
associated with a more transient pathogenic shift. These results highlight the
importance of colonic protein fermentation and its relation to intestinal disturbance
as it shows a more prominent diarrhea pattern than low sanitary conditions alone.



Figure 1. The effects of sanitary conditions or fermentable protein on diarrhea in piglets post-weaning. In
a cross-over study, we studied the effects of high- or low fermentable protein (HP and LP), and high- and
low sanitary (HSC and LSC) conditions on the onset of PWD in piglets. The effects seen on PWD in all
groups did not show an interaction effect, which allowed us to combine groupings to visualize fecal
consistency patterns. In the low sanitary conditions (LSC), a significant decrease in fecal consistency was
observed from days 4-6 and days 12-13 post-weaning, whereas the piglets receiving high fermentable
protein (HP) had diarrhea onset from day 5-14 post-weaning (n = 40 piglets per group, divided over 5
batches).

Alterations in the microbiota composition during PWD

Post-weaning adaptation of the microbiota to utilize available feed substrates has
previously been shown vital for the weaning transition. Pre-weaning microbiota is
functionally specialized for sow milk digestion and fermentation (Chapter 2) with a
relatively low microbial diversity (Chapter 2, Figure 1). Even though pre-weaner
(creep feed) diets are often used to stimulate colonization by PW microbial
communities to prevent onset of PWD, the observed feed intake variation pre-
weaning might compromise transient microbiota adaptation around the weaning
transition [18-21]. Compositional changes in microbiota PW have been previously
reported [18, 22-24], with some bacteria associated with predisposition to diarrhea
[25]. Although the variation between animals was large the relative abundance of
Proteobacteria was higher in control piglets than in diarrheal piglets pre-weaning
(Chapter 2, Figure 2A). There are several factors that could explain the absence of
disease in these piglets given the known pathogenic members of the Proteobacteria.
One protective factor might be the presence of pathogen-binding immunoglobulin-
G (IgG) in sow colostrum- and milk [26]. In pigs, antibodies in the colostrum pass
across the intestinal wall in the first 48 hours and enter the blood circulation and
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provide protection against systemic infection by pathogen binding, immune
activation of the complement system and toxin neutralization. When the piglet
matures, there is increased production of IgA, which mainly coats mucosal surfaces
and provides a barrier to enteric infections[27]. Individual differences with respect to
the transition to weaning and decrease in maternal antibodies could be a
differentiating factor in PWD and ETEC resistance [28, 29]. As markers for this,
antibodies could be measured in feces and serum in future experiments [27, 30].

The shift of the microbial composition and abundance of pathogen-associated
species was prominent at day 4 PW in diarrheal animals (Chapter 2, Figure 2). The
most pronounced difference was the increased concentration of ETEC heat stable
toxin A (STa) in diarrheal animals. As ETEC is commonly associated with diarrheal
disease in piglets PW, it was not surprising to find elevated levels in our diarrheal
group irrespective of farm. However, co-occurrence of other species that increased
in relative abundance, like Fusobacterium mortiferum and F. nucleatum, also points
towards a larger role of microbial composition association with PWD. Fusobacterium
spp. play a prominent role in the developing piglet gut microbiome as early
colonizers [18].

In the control animals, we deduced that there might be increased fermentation of
fibers, e.g., by increased relative abundance of Ruminococcus and Clostridium spp.,
which could be a factor in intestinal homeostasis. Fermentable carbohydrates in
piglet diets can affect the composition and activity of the intestinal microbiota [31],
possibly reducing protein fermentation in the Gl tract. Fermentable carbohydrates
that have been studied for this purpose include non-starch polysaccharides (such as
cellulose, hemicellulose, and pectin), resistant starches, and nondigestible
oligosaccharides. The inclusion of these fermentable carbohydrates in pig diets has
been shown to increase the number of lactobacilli in the small intestine and enhance
the stability and diversity of the bacterial community in the porcine colon [31],
potentially suppressing pathogenic proteolytic bacteria. Supplementation of newly
weaned piglets with nondigestible oligosaccharides was found to decrease total
aerobes and enterococci in the ileum, while reducing potentially pathogenic £ coli
[32]. Even though there was increased relative abundance of fiber fermenting groups
in the control animals on-farm (Chapter 2), we did not observe elevated levels of
short chain fatty acids (SCFAs) compared to diarrhea at day 4 PW. However, the SCFA
concentrations did correlate to proximal colon morphology, but not distal, verifying
the location-dependent fermentation by anaerobic bacteria [33]. This significantly
positive relation between crypt depth and SCFA concentrations is most likely
initiated by metabolite interactions with crypt elongation due to biological toxicity
of butyrate to stem cells (discussed more in depth below in the section on organoid-
SCFA experiments).



Diet
Animal

physiology
Composition
Antibiotics

Figure 2. The gut microbiome of piglets undergoes rapid compositional succession in early life. It has
been proposed that the early life microbiome plays a vital and prominent role in the developmental
origins of health and disease [34] and their involvement in disease predisposition. After conception and
birth, the intestinal microbiome colonization is most susceptible to environmental influences, and it has
been hypothesized that this offers a critical window of opportunity (and threat) for influencing microbial
composition. The composition of the microbiota has further been implicated in immune system
maturation, which is critical at the point of weaning as the piglet diet shifts from highly digestible milk to
solid feed. The lactation phase offers milk oligosaccharides as key energy source but also contains many
bacteria that help shape the microbial composition. The weaning transition poses a large strain on the
intestinal microbiome by altering dietary source, differences in the exposure to environmental
microorganisms, and stress. After weaning, the microbial community diversifies more, depending on
several factors [35]. Diet plays an influential role in the microbial composition due to nutrient availability
for the resident microbiota. Moreover, the initial composition of the microbiota is important as it
influences the general composition and nutrient utilization of opportunistic microbes. Therefore,
adjusting the microbial community more transiently to a more favorable composition around the weaning
period offers a more robust microbiota establishment.

Development of porcine intestinal organoids for metabolite
(nteraction studlies

Recent studies have highlighted that perturbation of the intestinal barrier could lead
to increased inflammation and subsequent disease onset [8, 11, 36]. Localized or
systemically originating responses can be difficult to disentangle and understand
with respect to the mechanisms of how they affect the barrier. This thesis' second
aim was therefore to develop a comprehensive model based on intestinal organoids
that would let us study the interaction between microbially produced metabolites
and the epithelium (Chapters 3, 5, 7 and 9). Conventional cell lines often lack piglet-
specific genes that are commonly associated with disease receptors. For instance,
fucosyltransferase-1 (FUTT), a gene that has been linked to disease resistance from
F18* ETEC [37, 38], is not expressed in the porcine jejunum cell line IPEC-J2 (Chapter




3). This gene was also absent in our jejunum organoids but was expressed in the
ileum organoids (Chapter 3, Figure 3D). Furthermore, essential genes associated
with digestion (sucrase isomaltase; S/ fatty acid binding protein 1; FABP7) were
exclusively expressed in the organoid model and not IPEC-J2 (Chapter 3, Figure 3C).
Moreover, a recent study highlighted the aberrant genetic properties of IPEC-J2 with
heteroploidy of various chromosomes [39], whereas a comparison with the
transcriptome of our jejunum organoids showed the organoids to be more stable.
This location-specific expression and general transcriptome results highlight the
importance of model selection for disease interaction studies and the
characterization of expressed receptors.

Exploring the effects of SCFAs butyrate and acetate on
organolds

As alluded to previously in this discussion, the fermentation of nondigestible fiber
may play an important role in intestinal homeostasis and immunity by SCFAs. The
large quantities produced by the resident microbiota and rapid metabolism by
intestinal epithelial cells signify the importance of SCFAs in energy necessity
(Chapter 4). Recent studies have shown that 1.0-2.0 mM butyrate reduces
inflammatory signaling through interleukin-8 and TLR4 in IPEC-J2 cells [40, 41], as
well as decreased proinflammatory cytokines and mast cell degranulation in weaned
piglets [42, 43]. A study by Lukovac et al (2014) described the effects of individual
and mixed SCFAs derived from Akkermansia muciniphila and Faecalibacterium
prausnitzii on ileum organoids [44]. Their results show altered expression of
pathways associated with cellular growth and survival, but more interestingly also
genes associated with histone deacetylation (HDAC). Recent papers have shown the
importance of intestinal butyrate in suppressing intestinal infection and the
upregulation of antimicrobial peptides in pigs and mice, most likely through histone
deacetylases [44-47] Dietary inclusion of sodium butyrate has also been implicated
in decreased PWD and increased barrier functionality in piglets [48-50] and shows
promising results as dietary modulator of intestinal disease.

In Chapter 5 we utilized luminally relevant concentrations of butyrate and acetate
based on concentrations observed in the field study (Chapter 2), namely 1T mM
butyrate and 2.5 mM acetate. As it has been stated that butyrate concentrations
exceeding 1 mM have toxic effects in organoids [33], we initially verified that no
toxicity was elicited by these concentrations in the ileum organoids. Moreover, at
these concentrations the effects of acetate and butyrate on histone deacetylase 3
(HDAC3) were comparable to previous studies [44, 51]. However, one limitation of
this model is that the spatial morphology of the organoids does not mimic the
diffusion gradient of the in vivo small intestinal (macro)villus and colonic crypt



structures [52]. It has been shown that the absence of SCFAs from the crypt bottom
is essential for stem cell maintenance and survival as it inhibits key cell-cycle genes
through FoxO3 [33]. In another study, the effectiveness of the butyrate induced
HDAC inhibitor (HDACi) was found to be closely linked to the Warburg effect [53],
which is a high glucose environment under culture conditions. When cells were
stimulated but the Warburg effect was prevented, histone 3 ac (H3ac) was not
inhibited, and cell proliferation increased [53]. The increased HDACi observed in the
presence of the Warburg effect points to glucose saturation, resulting in an increase
in cellular accumulation of butyrate acting as HDACi. The nutrient environment of
the organoid model is less glucose rich than conventional cell lines; this still increases
the likelihood for the Warburg effect (Chapter 4) that further affects intracellular
butyrate accumulation and subsequent effects on HDACI activity (Figure 3). This
suggests that the effects seen on histone acetylation might be related to histone
actyltransferases (HAT) instead. These observations, especially the effects of butyrate
on stem cell replication, suggests that the effects of butyrate may vary along the
crypt-villous axis or in different glucose states, with more HDACIi apically and
increased HAT activity basolaterally in the in vivo intestinal lumen. To determine the
more precise epigenetic effects of both butyrate and acetate through HDAC activity
could be followed up by experiments that also investigate HAT activity under low
glucose environments. Moreover, this includes using different tissue types, e.g.,
colon, and apical stimulation of the organoids.

Figure 3. Utilization of butyrate by colonic epithelial cells under normal (left) or high glucose (right)
environments react differently. Under normal conditions, cells prefer metabolism of butyrate in the TCA
cycle, producing substrates for histone acyltransferases. In tumor state, or high glucose environments, the
Warburg effect prefers glucose as energy source, increasing intracellular butyrate, favoring histone
deacetylase inhibition (adapted from [53]).
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The physiological relevance of organoid models

2D intestinal organoid model for luminal compound
stimulation

Our initial organoid experimentation to test effects of microbial metabolites were
performed using 3-dimensional (3D) organoids (Chapters 3 and 5). However, the
polarized intestinal epithelium vectorially expresses surface receptors and signaling
molecules [54, 55]. This means that stimulating basolateral oriented organoids with
luminal compounds poses a physiological discrepancy in responses. In Chapter 6,
we optimized procedures for a 2-dimensional (2D) model that still recapitulates the
cellular heterogeneity of intestinal organoids while also providing luminal access for
compound stimulation without the need for injection into the 3D organoid lumen.
Other 2D models of intestinal organoids have also been developed for other animal
species [52, 56-58], which generate various rates of cell confluency with functional
tight junction barriers and multilineage differentiation. TEER (Transepithelial
Electrical Resistance) values were monitored during 2D organoid formation and
observed values (1000 Q/cm?) were slightly higher than those measured ex vivo using
Ussing chambers (300-400 Q/cm? [59]). However, other studies measuring TEER in
organoid monolayers also show variable results, with some reporting lower values
more in line with physiological intestinal epithelium and others more in line with
values found in our experiments. This may be due to laboratory specific differences
in measuring TEER values due to differences in cell layer uniformity, measurement
apparatus [60], cell passage number [61], medium composition [62], temperature
fluctuations [63], cell origin [64], etc. Moreover, shear stress due to medium
replacements is also a key factor that influences tight junction expression in
endothelial [65, 66] and epithelial [67, 68] cell models. Depending on medium
replacement incidence, this could affect the barrier formation in our model due to
cell layer agitation. Furthermore, we also observed that prolonged culture on 2D
culture promoted localized detachment and rising of the epithelium (Chapter 9,
Figure 1), which can have large effects on TEER values and should be avoided.

We showed that the 2D monolayer model can be used to study dietary ingredient
interactions with the small intestinal epithelium (Chapter 7). In this study we
investigated the non-nutritional effects of novel sources of dietary protein on the
pig epithelial transcriptome. In this assay the novel protein sources were applied
without digestion, allowing the effects of intact glycans, lipids, and proteins to be
measured [69, 70]. The effects of soybean meal on the intestinal epithelium have
been studied in other species [71, 72] or models [73], but mainly focused on its
effects on barrier functioning and survival. Our study found that soybean meal
decreased the expression of hypotriglyceridemic and retinoid receptors. This finding



supports existing evidence in the liver [74, 75], which suggests that a constituent of
soy protein negatively regulates the biosynthetic pathways of cholesterol and lipids
in the small intestinal epithelium. The results from Chapter 7 demonstrated that
intestinal organoid monolayer models are a valuable reductionist model for studying
the effects of dietary components including metabolites on the intestinal epithelium.

Mimicking epithelial wound healing with intestinal
organolds

The ability to rapidly repair damaged epithelium and restore barrier functions due
to infection and excessive inflammation, toxicity, trauma, and acute mesenteric
ischemia is vital for intestinal homeostasis [76-78]. Conventional cell models utilize
confluent and static monolayers that no longer migrate or proliferate due to contact
inhibition. However, these do not mimic the complex cell-cell interactions needed
for epithelial regeneration, migration, and wound healing. Therefore, we optimized
the use of intestinal organoid monolayers in a wound healing assay that mimics cell
migration during wound healing in vivo (Chapter 8). Initially we needed to optimize
the adhesion and confluence properties of the organoids, as they generally need
Matrigel pre-coated surfaces. We observed that if Matrigel is absent and
differentiation was performed in 3D prior to seeding, the cells adhered within six
hours and generated a confluent monolayer overnight (Chapter 9, Figure 1l),
amenable for scratch assays.

The re-epithelialization model developed in Chapter 8 monitors cell migration into
a scratched area and has the advantage that it allows to monitor individual cell
kinetics. The model is sensitive when using cytotoxic compounds that severely
hamper the sigmoidal regrowth curve as well as intricate cellular movement outside
the software-identified scratch area. The videos of cellular movement in Chapter 6
show that the cell population in 2D organoids is highly mobile (see online video
material at [79]). This mobility could potentially reduce the effectiveness of the
nuclei-based analysis by causing collective movement of cells into and out of the
scratched area, resulting in false-positive measurements that could alter conclusions
about re-epithelialization. To address this issue, we supplemented the re-
epithelialization curves with cell kinetics tracking of the entire image, which provided
increased resolution of migratory behavior (Chapter 9, Figure 2C) on nuclei
displacement and velocity over time. Another study also implemented individual cell
movement analysis with manual tracking in Fiji image software [80], but this manual
tracing of trajectory tracks is not feasible for a 96-well, high nuclei density assay.
Therefore, we opted to use automated tracking using Trackmate [81], which was
developed for automated identification of individual nucleus migration in a large
population of cells. The automated tracking feature is most effective if the interval




between images is short enough to avoid misidentification of the anticipated
trajectory. In following experiments, we could use the differentiated heterogeneity
of the organoid cell population to also track individual cell types during wound
healing, by labeling with cell-specific markers and implementing these in newly
developed overlap trackers [82, 83].

Individual protein fermentation metabolites affected epithelial repair substantially
(Chapter 9, Figure 2A). However, tracking the locomotion of all cells in the image
showed distinct characteristics in the response to all tested compounds, reinforcing
the importance of more thoroughly investigating their effects on cell migration.
Although previous studies showed a reduction in wound healing capacity by
hydrogen sulfide in vitro, our cell displacement data suggest an effect of this
metabolite on cell directionality during migration that leads to impaired wound
healing (Chapter 9, Figure 4). This could be attributed to its observed effects on
barrier functioning, focal adhesion, and integrin signaling (Chapter 9, Figure 4B).
Cells in an epithelium generally rely on collective migration and synchronized
directionality for wound healing when contact inhibition is broken [84]. This is
achieved through adherens junctions [85], cadherins, and integrins, which interact
for movement. Cells are also signaled to move by mechanosensing, and the (focal)
adhesion and adherens junctions sense these changing physical properties to react
to conformational change [86, 87]. The RNA-sequencing data and loss of cell
directionality in hydrogen sulfide-treated monolayers showed a loss of junctional
complexes vital for collective migration, including Tight junction expression, actin
cytoskeleton remodeling, adherens junction expression, and focal adhesion. This was
further corroborated by a loss of barrier integrity and increased small compound
permeability in our transwell assays (Chapter 9, Figure 5E). Moreover, it seems that
hydrogen sulfide therefore acts as a chemokinetic compound that elicits loss of
cellular directionality by inhibiting junction functionality (Figure 4). Interestingly,
slow-releasing sulfide donor GYY4137 has shown beneficial effects on LPS- or
TNFo/IFNy-induced barrier injury by reconstituting altered TJ (Tight Junction)
localization in vitro and in vivo [88-90]. The difference could be in the acute release
of high hydrogen sulfide concentrations in our experiments using Na,S or NaHS as
donors.

Intestinal bioenergetics are essential for cellular functioning, but epithelial energy
metabolism is a complex interaction with available substrate from arterial or luminal
origin [91, 92]. Maintaining epithelial renewal, and concomitant nutrient absorption
requires high metabolic activity [92, 93]. Moreover, progenitor cells in the intestine
contain many mitochondria to sustain energy necessities [94, 95]. The negative
effects of hydrogen sulfide on ATP production and oxidative phosphorylation could
be vital in the loss of barrier functioning. For instance, recent observations indicated
that decreased energy metabolism results in membrane-to-cytoplasm redistribution



of claudin-7 (CLDN7) and decreased barrier integrity [96, 97]. Our data also showed
decreased expression of claudin genes, e.g. CLON7 (Chapter 9, Figure 4C), which
could link decreased metabolic activity to pathophysiological barrier functioning in
our assays. It has already been shown that hydrogen sulfide at elevated levels inhibits
cytochrome ¢ oxidase functioning of complex IV, leading to decreased ATP
production and increased mitochondrial stress [98, 99]. Our data further showed
increased mitochondrial stress as seen by elevated gene expression of oxygen radical
scavengers like Superoxide dismutase 2 (SOD2), Thioredoxin reductase 1 (TXNRD7),
and mitochondrial thioredoxin (7XN2). More interestingly, we also observed
decreased expression of genes related to FOXO signaling in hydrogen sulfide-
treated monolayers, especially FOXO3 (Chapter 9, Figure 5G). Recent studies have
indicated the importance of FOXO3 in stem cell maintenance and mitochondrial
functioning [100-102], highlighting a key role of FOXO signaling in intestinal
homeostasis. Reduced nutrient availability at weaning and increased levels of protein
fermentation metabolites could lead to reduced energy availability and subsequent
ineffective epithelial regeneration [93, 103, 104].

Essential processes like protein folding in the endoplasmic reticulum (ER) are
stressed by hydrogen sulfide (Chapter 9, Figure 5A). Correct ER functioning is vital
for highly metabolic cells such as intestinal stem cells [94, 95, 105]. Nutrient
deficiency has been implicated in the unfolded protein response (UPR) [106], which
is a defense mechanism to prevent misfolded proteins and restore ER homeostasis
[107, 108]. Prolonged UPR and ER stress can result in severe metabolic dysfunction
and increase apoptotic signaling pathways [107, 109]. The link we and others, using
different models, found between hydrogen sulfide treated colon monolayers and
molecular defense responses as the UPR and reduced energy metabolism could be
vital for understanding the molecular interaction of individual protein fermentation
metabolites and intestinal homeostasis. Moreover, understanding the individual
effects of metabolites on the intestinal epithelium could provide future opportunities
for testing key genes and proteins from in vivo studies to correlate protein
fermentation metabolites with physiological responses.

In the future, a combination of several metabolites could be important to evaluate
synergistic effects on the intestinal epithelium. The compounds tested in this thesis
showed individual responses, but physiologically they are rarely exclusively present.
Moreover, complex (bidirectional) interactions between the immune system and
other tissues are not captured in the organoid model. Methods to overcome this
could be generating coculture models, e.g. addition of immune cells [110, 111],
morphological organization, e.g. adding crypt structures [52, 112, 113] or combining
different tissue sections in connected chips [68, 114] and treatments using filtered
fecal digesta, fecal water, or luminally measured concentrations in combination with
microbial cultures [67]. For instance, organoid crypt arrays have been developed to




generate chemical gradients along the crypt axis [52, 112, 113] to mimic the spatial
organization of the intestinal epithelium more closely. However, a limiting factor is
that these collagen scaffolds are non-renewing systems and are degraded by
epithelium-produced metalloproteases. Refining these systems is necessary for
physiologically relevant results and should still be cross referenced with in vivo
epithelial responses for validation. Another factor not considered in this thesis is
long-duration exposure and its transient effects on cells. Even though the onset of
protein fermentation and possibly resulting diarrhea is a very acute problem, it would
be interesting to see if consecutive stimulation with beneficial metabolites, like
SCFAs, in combination with protein fermentation metabolites could reinstate
metabolic homeostasis. Combining this with the results obtained from the on-farm
study described in Chapter 2 could provide piglet specific data to identify
personalized PWD predisposition compounds. Moreover, this would also provide a
more insightful combination of compounds found in the intestinal lumen that
interact with the epithelium. Clustering metabolite, microbiota, and physiological
parameters, for instance using multi-omics factor analysis, would then generate
compound combinations that could be tested in our organoid models.

During this thesis, we mainly focused on the contribution protein fermentation
markers have with the onset of PWD. However, multiple studies have identified
individual stressors that are associated with diarrhea and highlight separate causes
for PWD, like hygienic conditions [115], environmental factors such as housing [115,
116], genetic and immune predisposition [115, 117], infectious pathogens, dietary
changes [118, 119], microbiota composition, preweaning health status [9], and stress
[120] (Figure 4). With this final section of my discussion on PWD and fermentation
metabolites, | would like to emphasize that the multifactorial nature of piglet PWD
can be related to any combination of these associated causes. The complexity of
these contributors to PWD and the variable effects they could have on individual
animals highlights that single solutions to individual contributors are challenging for
preventing PWD. However, timely intervention before or after weaning to avoid or
decrease the incidence of diarrhea is important to decrease the welfare burden on
these young animals. From the research described in this thesis, we do see the
importance of intestinal barrier function and future research could focus on finding
ways to support its function throughout weaning and the importance of the
intestinal microbiota. The further restrictions on (prophylactic) antibiotics and
medicinal zinc use are needed due to their unsustainable characteristics [121, 122],
but also consequently creates additional challenges in finding solutions to PWD.



Figure 4. Factors that contribute to the onset of PWD in piglets.

Recent developments in the use of fecal microbiota transplantation (FMT) have
shown promising results on alleviating PWD by stimulating the growth and
persistence of beneficial microbiota. For instance, treating weaned piglets with an
FMT from healthy weaned piglets significantly decreased the abundance of
pathogenic £ coli [123]. Moreover, another study using FMT discovered that
bacteriocin gassericin A produced by Lactobacillus gasseriand L. frumentiprevented
the onset of PWD in piglets [124]. It has been suggested by studies that probiotics,
e.g., L. frumenti have the capacity to support intestinal barrier functioning [125] and
proposed reduction of PWD by promoting fatty acid B-oxidation in the liver of
piglets [126]. These results indicate that the use of probiotics [127], or even
prebiotics that stimulate the proliferation and persistence of these species, could be
an interesting research topic to pursue. This would also include studying the role of
feed additives that stimulate the persistence of beneficial microbial species and how
these functional foods can provide desired effects on intestinal health. Studies could
further develop different feed additives that stimulate a beneficial microbial
population that produces metabolites assisting in improving intestinal barrier
function or systemic piglet resilience [128, 129]. Furthermore, the intestinal organoid
models developed in this thesis could provide a platform to test the (non-)nutritional
effects of pro- and prebiotics or their catabolic byproducts and streamline the
discovery of effective PWD reducers.




Current and future improvements to intestinal organoid
models

Organoid cells are typically cultured in biologically derived matrices that mimic the
natural extracellular matrix (ECM). These are mainly composed of Matrigel [130, 131],
ECM-components like collagen [132], or synthetic hydrogels [133]. Matrigel is similar
to basement membrane and is composed of various proteins and growth factors, but
its heterogeneous and poorly defined composition limits its ability to provide precise
biochemical and biophysical cues for improving organoid culture [133]. Alternative
matrices with defined compositions [133, 134], such as recombinant collagen or
fibrin, or synthetic hydrogels, have been explored as substitutes for Matrigel [133-
135]. Synthetic hydrogels offer the possibility to independently manipulate
biochemical and biophysical matrix properties to control organoid features and
enhance functionality [133, 136]. However, the growth of organoids in synthetic
matrices is less efficient compared to Matrigel-cultured organoids possibly
attributed to biochemical cues and poses a need to develop a better matrix for
organoid culture.

Nutrient supply and waste removal, which depend on diffusion in 3D organoids
(reviewed by [137, 138]), can become less efficient as organoids grow into larger
tissue structures [137]. This can lead to problems such as necrosis within the inner
core of organoids due to nutrient inaccessibility [138]. Bioreactors that shake, spin,
or continuously stir the organoids can help improve mass transfer and minimize
shear stress, and semipermeable microfluidic chips have also been developed to
promote long-term organoid culture [139, 140]. Providing topographical cues, such
as the topography of the substrate on which the organoids are grown, can also affect
stem cell fate by modulating cell area, shape, and cell-cell interactions. This has been
demonstrated using intestinal organoids grown on soft hydrogels [135, 141]. It is
also important to consider how to mimic shear effects under flow that occur in the
intestine [142-144] because this may influence secreted waste removal and
mechano-transduction for cell differentiation [68, 110, 143].



Concluding remarks

This thesis is aimed at studying the associations of protein fermentation metabolites
to piglet PWD and further evaluate their effects in optimized intestinal in vitro
models. The tools we developed for pig organoids could provide a more intricate
screening model for direct metabolite-epithelium interactions and mechanistic
impact discovery. Moreover, our on-farm study highlights the multifactorial nature
of PWD, but also shows that increased abundance of pathogens after weaning still
plays a significant role in PWD. The development and adaptation of our organoid
model also shows its use for compound testing in multiple settings, e.g., in spatially
oriented 3D, static high throughput 2D monolayers, and regenerative wound healing
scratch assays. These models can be used to gain knowledge of feed- or metabolite
interactions with host-specific tissues before in vivo testing. As our metabolite-
organoid interaction data suggests that metabolites can have profound effects on
epithelial homeostasis we further hypothesize that animal-derived organoids can be
a great tool in further discovery of beneficial or detrimental nutrients and
metabolites.
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Thesis Summary

This project was part of a larger consortium funded by the Dutch Research Council
(NWO) and DSM, investigating the contribution of protein fermentation in farm
animal health and disease. The main aim of the consortium was to understand
fundamental aspects of protein fermentation and intestinal health and formulate
prospects into ‘healthier animals through nutritional solutions’ (HANS). There is a
general belief that protein fermentation metabolites negatively affect intestinal
integrity. This thesis aims to elucidate the links between post weaning diarrhea
(PWD) and fermentation metabolites and investigate the direct interactions these
have on the piglet epithelium.

The first aim of this thesis was to examine the associations between PWD, its
contributing factors before the onset of diarrhea, microbiota, and fermentation
metabolites. To relate this to conditions found in practice in Chapter 2, we sampled
piglets prospectively on four separate farms before and after weaning. Earlier studies
investigated the effect of feeding high or low crude protein diets on the
concentration of protein fermentation metabolites, but we investigated whether the
concentration of protein fermentation metabolites and varied across farms in piglets
receiving typical feed formulations and correlated with occurrence of PWD. At the
point of diarrhea, an increase in protein fermentation metabolites was observed,
underlining the strong associative links to PWD. Microbiota profiling, metagenomic
sequencing and gPCR on fecal DNA showed the presence of Enterotoxigenic
Escherichia coli (ETEC) in many piglets with PWD but the observed large
interindividual variation could be due to a multifactorial cause of PWD onset. The
results also indicate that protein fermentation is likely carried out by pathogenic
bacteria, e.g., ETEC and Fusobacterium spp.

To gain a better understanding of the effects of protein fermentation metabolites on
the colonic epithelium we established an adult stem cell organoid-based model that
mimics the spatial and heterotypic cellular composition of the intestinal epithelium
than cancer cell lines. Our second aim was to validate the robustness of the model
before using it by evaluating the long-term culture stability of biological pathway
expression in porcine intestinal organoids and the maintenance of segment specific
gene expression. In Chapter 3, we found that jejunum organoids resemble their host
epithelium gene expression patterns and are stable for at least 17 passages.
Moreover, we also showed that the intrinsically problematic cancer-like mutations
found in IPEC-J2, a jejunal cell line of piglets considered to be non- cancerous, are
not observed in jejunum organoids. Moreover, the localized expression of digestion
genes compared to ileum indicates the importance of tissue selection for subsequent
experimentation.




In Chapter 4 we wrote a review on the effects of short chain fatty acids (SCFAs) on
host physiology highlighting its multifaceted role in signaling through GPCR and
effects on the epigenome. Based on this we were interested to identify the effects of
SCFAs in the distal ileum organoids, the first intestinal segment where SCFAs are
produced. Therefore, in Chapter 5 we stimulated 3-dimensional (3D) ileum
organoids with luminally relevant concentrations of butyrate and acetate. Butyrate
has been reported to have epigenetic effects through inhibition of the activity of class
| histone deacetylase activity, but we also showed that low levels of acetate display
epigenetic potential possibly through histone H4 acetylation rather than H3 in the
case of butyrate.

Recent studies have underlined the importance of vectorial secretion of proteins and
expression of cell surface receptors on the intestinal epithelium. The 3D organoids
form spheroids with the apical epithelial surface in the inner luminal compartment,
making it laborious assay for molecular interactions on the apical side. The third aim
(Chapter 6) was to develop an enhanced 2-dimensional (2D) model by enzymatically
separating 3D organoids into single cells and plating onto tissue-culture treated
plates or transwells. These organoids retained their heterotypic cellular differentiation
and formed confluent monolayers amenable for luminal exposure. The model was
first used to test the non-nutritional effects of conventional animal feed protein
(soybean) and alternative protein sources (Chapter 7). The altered expression profiles
by individual protein sources and their unique effects showed that the organoids can
be used as model to evaluate feed-component interactions with the intestinal
epithelium. The static characteristics of organoid monolayers do not fully
recapitulate the intricate crosstalk of a renewing intestinal epithelium. In Chapter 8,
we therefore optimized the organoid monolayer model to be used in scratch assays.
These assays can be used to study epithelial wound healing and test the effects of
protein fermentation metabolites on gap closure rate, cell migration and motility.
Our fourth aim was to identify molecular effects of protein fermentation
metabolites on the intestinal epithelium. In Chapter 9, we combined the 2D
organoids and the scratch assay to model the effects of protein fermentation
metabolites on epithelial renewal. From this we found that ammonia and hydrogen
sulfide had distinct effects on epithelial barrier functioning, energy metabolism, and
cell directionality.

The concluding chapter, Chapter 10, summarizes the thesis research chapters and
discusses their scientific advancement in the field of PWD and protein fermentation,
and the use of intestinal organoids to decipher the effects of metabolites on the
intestinal epithelium and the molecular mechanism of action. This chapter also
discusses future perspectives on piglet weaning, nutritional strategies, and
advancement of intestinal organoid models to increase their physiological relevance.
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Scriptie Samenvatting

Dit project maakte deel uit van een groter consortium gefinancierd door de
Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO) en DSM. Het
consortium onderzocht de bijdrage van eiwitfermentatie aan de gezondheid en
ziekte van landbouwhuisdieren. Het voornaamste doel van het consortium was het
begrijpen van fundamentele aspecten van eiwitfermentatie en darmgezondheid, en
het formuleren van vooruitzichten voor 'gezondere dieren door
voedingsoplossingen' (HANS). Er heerst over het algemeen de opvatting dat
metabolieten van eiwitfermentatie een negatief effect hebben op de darmintegriteit.
Deze scriptie heeft tot doel de verbanden tussen diarree na het spenen (post
weaning diarrhea, PWD) en fermentatiemetabolieten op te helderen en de directe
interacties hiervan met het epitheel van het biggetje te onderzoeken.

Het eerste doel van deze scriptie was om de verbanden te onderzoeken tussen PWD,
de bijdragende factoren vo6r het begin van diarree, microbiota en
fermentatiemetabolieten. Om dit te relateren aan de omstandigheden die in de
praktijk zijn aangetroffen hebben wij in Hoofdstuk 2 prospectieve monsters
genomen van biggen op vier afzonderlijke boerderijen vdér en na het spenen.
Eerdere studies onderzochten het effect van het voeren van diéten met een hoog of
laag ruw eiwitgehalte op de concentratie van fermentatiemetabolieten, maar wij
hebben onderzocht of de concentratie van fermentatiemetabolieten varieerde
tussen boerderijen bij biggen die typische voedingsformules kregen, en of dit
samenhangt met het voorkomen van PWD. Op het moment van diarree werd een
toename van fermentatiemetabolieten waargenomen, wat de sterke associatieve
verbanden met PWD benadrukt. Profilering van microbiota, metagenomische
sequencing en gPCR op fecale DNA toonden de aanwezigheid aan van
enterotoxigene £scherichia coli (ETEC) bij veel biggen met PWD, maar de
waargenomen grote interindividuele variatie kan te wijten zijn aan een
multifactoriéle oorzaak van het begin van PWD. De resultaten geven ook aan dat
eiwitfermentatie waarschijnlijk wordt uitgevoerd door pathogene bacterién, zoals
ETEC en Fusobacterium spp.

Om een beter begrip te krijgen van de effecten van (eiwit) fermentatiemetabolieten
op het darmepitheel, hebben we een model op basis van stamcelorganoiden
opgezet dat de ruimtelijke en heterotypische cellulaire samenstelling van het
darmepitheel beter nabootst dan conventionele cellijnen. Ons tweede doel was om
de robuustheid van het model te valideren voordat we het gingen gebruiken, door
de lange termijn stabiliteit van de expressie van biologische pathways in
darmorganoiden van varkens te evalueren en het behoud van darmsegment-
specifieke genexpressie. In Hoofdstuk 3 hebben we ontdekt dat dunne darm
organoiden overeenkomsten vertonen met de genexpressiepatronen van hun




oorspronkelijke gastheer epitheel en stabiel blijven gedurende minstens 17
passages. Bovendien hebben we ook aangetoond dat de intrinsiek problematische
mutaties die worden gevonden in IPEC-J2, een dunne darm cellijn van biggen die als
niet-kwaadaardig wordt beschouwd, niet worden waargenomen in dunne darm
organoiden. Bovendien duidt de gelokaliseerde expressie van spijsverteringsgenen
in vergelijking met het ileum op het belang van weefselselectie voor
vervolgonderzoek.

In Hoofdstuk 4 hebben we een literatuuroverzicht geschreven over de effecten van
korteketenvetzuren (SCFA's) op de fysiologie van de gastheer, waarbij we de
veelzijdige rol ervan benadrukten in het signaleren via GPCR en de effecten op het
epigenoom. Op basis hiervan waren we geinteresseerd in het identificeren van de
effecten van SCFA's op de organoiden van het distale ileum, het eerste darmsegment
waar SCFA's worden geproduceerd. Daarom hebben we in Hoofdstuk 5
driedimensionale (3D) ileum organoiden gestimuleerd met luminair relevante
concentraties butyraat en acetaat. Er is gemeld dat butyraat epigenetische effecten
heeft door remming van de activiteit van klasse | histone-deacetylase, maar we
hebben ook aangetoond dat lage niveaus van acetaat epigenetisch potentieel
vertonen, mogelijk door acetylering van histone H4 in plaats van H3, zoals het geval
is bij butyraat.

Recente studies hebben het belang benadrukt van vectoriéle secretie van eiwitten
en expressie van celoppervlakreceptoren op het darmepitheel. De 3D-organoiden
vormen sferoiden waarbij het apicale epitheeloppervlak zich bevindt in het binnenste
lumencompartiment, waardoor het een arbeidsintensief proces is om moleculaire
interacties aan de apicale zijde te bewerkstelligen. Het derde doel (Hoofdstuk 6)
was om een verbeterd 2-dimensionaal (2D) model te ontwikkelen met behulp van
enzymatische scheiding van 3D-organoiden tot enkele cellen en het uitzaaien op
weefselkweekplaten of transwells. Deze organoiden behielden hun heterotypische
cel differentiatie en vormden aaneengesloten monolagen die geschikt waren voor
luminaal contact. Het model werd eerst gebruikt om de niet-voeding gerelateerde
effecten van dierlijk voerproteine (soja) en alternatieve eiwitbronnen te testen
(Hoofdstuk 7). De gewijzigde expressieprofielen door individuele eiwitbronnen en
hun unieke effecten toonden aan dat de organoiden kunnen worden gebruikt als
model om de interacties van voedingscomponenten met het darmepitheel te
evalueren.

De statische kenmerken van de ontwikkelde monolagen bootsen niet volledig de
complexe interacties na van een vernieuwend darmepitheel. In Hoofdstuk 8 hebben
we daarom het monolaag model geoptimaliseerd voor gebruik in kras (of wond)-
assays. Deze assays kunnen worden gebruikt om de genezing van epitheliale
wonden te bestuderen en de effecten van fermentatiemetabolieten van eiwitten op
sluitingssnelheid van openingen, cel dynamiek en beweeglijkheid te testen. Ons



vierde doel was om de moleculaire effecten van fermentatiemetabolieten van
eiwitten op het darmepitheel te identificeren. In Hoofdstuk 9 hebben we de 2D-
organoiden en de kras-assay gecombineerd om de effecten van
fermentatiemetabolieten van eiwitten op de vernieuwing van het epitheel te
modelleren. Hieruit bleek dat ammoniak en waterstofsulfide verschillende effecten
hadden op de barrierefunctie van het epitheel, het energiemetabolisme en de
richting van celgroei.

Het afsluitende hoofdstuk, Hoofdstuk 10, vat de onderzoek hoofdstukken van de
scriptie samen en bespreekt hun wetenschappelijke vooruitgang op het gebied van
PWD en eiwitfermentatie, en het gebruik van darmorganoiden om de effecten van
metabolieten op het darmepitheel en de moleculaire werkingsmechanismen te
ontrafelen. In dit hoofdstuk worden ook toekomstperspectieven besproken met
betrekking tot het spenen van biggen, voedingsstrategieén en de ontwikkeling van
darmorganoid-modellen om hun fysiologische relevantie te vergroten.
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