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Abstract

Intestinal organoids have emerged as powerful in vitro tools for modelling gut physiology. The intestinal
epithelium, comprising a single layer of cells, plays a crucial role in nutrient absorption. However, three-
dimensional (3D) intestinal organoid have inherent structural limitations that restrict direct access to the apical
surface and hinder precise functional assays. To address these challenges, this study aimed to establish two-
dimensional (2D) porcine intestinal organoids and develop a Transwell-based in vitro platform for assessing
nutrient absorption. In this study, we successfully derived and characterized intestinal organoids from adult
porcine ileal tissues, demonstrating genetic and physiological similarities to the native intestinal epithelium.
Optimisation of the culture medium using L-WRN-conditioned medium supplemented with these two key
molecules enabled efficient organoid maintenance and proliferation. Furthermore, 2D intestinal organoids
exhibiting consistent intestinal stem cell (e.g. LGR5 and Bmil) and epithelial marker (e.g. E-cadherin,
Cytokeratin19) expression were established. Functional assays confirmed the uptake of glucose, amino acids, and
fatty acids, thus replicating the functionality observed in the native small intestine. Taken together, our findings
demonstrate that 2D porcine intestinal organoids closely mimic in vivo intestinal functionality and tissue
architecture and provide an accessible and reproducible platform for nutrient absorption studies. The development
of a Transwell-based culture system further enhances experimental precision, offering a viable alternative to in
vivo models for studying intestinal ‘physiology. and improving pig productivity. Thus, this platform holds

significant promise for practical applications in nutritional research.

Keywords: Porcine, Intestinal organoids, 2D Culture System, Transwell Platform, Nutrient absorption

Introduction

Pigs are an important source of protein, accounting for approximately 35% of global meat production [1].
One of the key factors in improving pig productivity is enhancing feed efficiency, which is closely associated with
the maintenance of a healthy intestinal epithelium [2]. A healthy intestinal epithelium enhances nutrient absorption
and provides protection against pathogenic infections, thereby contributing to overall improvements in pig
productivity [3, 4, 5, 6]. The epithelial lining, comprising a single layer of specialised cells, serves as a critical

interface for nutrient transport and as a protective barrier against pathogens and toxins [7, 8]. In porcine intestinal
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research, IPEC-J2 cell line and in vivo animal experiments remain the primary models. However, IPEC-J2 cells
consist of a single cell type and lack the structural complexity and cellular diversity of native intestinal tissue,
limiting their physiological relevance in nutrient absorption and barrier function studies [7]. While animal
experiments offer the physiological relevance, they are associated with ethical concerns, high costs and limited
suitability for high-throughput analysis [9, 10], Therefore, developing a more physiological relevant and scalable
in vitro platform such as intestinal organids, is essential to overcome these limitations.

In recent years, intestinal organoids (10s) have offered remarkable potential for modelling homeostasis and
disease, emerging as powerful tools for studying gut physiology in vitro [11]. Derived from adult stem cells, these
organoids enable the expansion and preservation of primary epithelial cells, including enterocytes, goblet cells,
and Paneth cells, and maintain a state closely resembling that of the native intestinal environment [12]. Therefore,
I0s cultured in three-dimensional (3D) systems have gained significant attention as potential alternatives to in
vivo models for studying various functions of the intestinal epithelium. Their cellular diversity enables them to
closely mimic native tissue, offering new possibilities and opportunities for in vitro testing [13, 14, 15, 16]. To
suppot this, L-WRN cell-derived conditioned medium (CM) effectively recreates the intestinal stem cell (ISC)
niche by providing essential factors, facilitating robust 10 culture [17]. However, despite their advantages,
structural limitations remain, particularly for studying processes such as host-pathogen interactions and nutrient
absorption, as organoids cultured in Matrigel exhibit an inward-facing (basal-out) structure [18, 19].

To address these challenges, two-dimensional (2D) culture systems have been introduced as an accessible
platform for investigating epithelial function and maintaining the key characteristics of intestinal epithelial cells
while providing unrestricted access to both the apical and basolateral surfaces [20, 21]. Furthermore, Transwell-
based systems have been developed to enable the precise control of nutrient transport, permeability assays, and
disease modelling, thereby replicating the dynamic intestinal microenvironment [22].

In this study, we aimed to establish and characterise 3D porcine ileum 10s derived from adult intestinal
crypts and optimise the culture medium using L-WRN-CM supplemented with small molecules to enhance growth,
stem cell maintenance, and differentiation. We subsequently developed 2D intestinal epithelial monolayers to
overcome structural limitations and improve accessibility to the epithelial surface. We also implemented a
Transwell-based in vitro platform to precisely analyse nutrient absorption and epithelial barrier function under

controlled experimental conditions.
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Materials and Methods
Experimental designs, animals, and animal care
This study aimed to establish 3D and 2D 10s as well as an in vitro platform for nutrient absorption studies. For

this purpose, ileal tissues from 10-month-old adult pigs (n=3) were used.

Isolation of intestinal crypts, including ISCs, and 3D culture

Porcine intestinal crypts were isolated from the ileal tissue of 10-month-old pigs following established protocols
[16]. After longitudinal cutting and thorough washing with a buffer containing 1% penicillin/streptomycin, the
tissues were incubated in a cell dissociation solution for 40 min at room temperature. Next, the crypts were
dislodged by pipetting and collected by centrifugation at 200 x g for 5 min. The crypt pellet was then mixed with
Matrigel at a 1:1 ratio (140-150 crypts per dome), plated in 24-well plates, polymerised at 37°C, and overlaid
with intestinal human organoid medium (Stem Cell Technologies, Vancouver, BC, Canada). Cultures were

incubated at 37°C with 5% CO: to support organoid formation.

Passaging of porcine 10s

Porcine 10s were passaged weekly after maturation, as previously described [16]. The medium was aspirated, and
the wells were rinsed with ice-cold phosphate-buffered saline (PBS) without disturbing the Matrigel dome. For
harvesting, 1 mL of enzyme-free cell dissociation buffer was added per 100 uL of Matrigel, followed by 10 min
of incubation at 37°C. Thereafter, organoids were dislodged by pipetting and collected by centrifugation at 300 x
g for 5 min. The pellet was resuspended in a 1:1 mixture of culture medium and Matrigel, and 140-150

organoids/well were redistributed into three wells of a 24-well plate.

Histology and immunohistochemistry of small intestine

Small intestinal segments were washed with ice-cold PBS and fixed in 10% neutral-buffered formalin (Sigma-
Aldrich, St. Louis, MO, USA). The tissues were embedded in paraffin, sectioned vertically and horizontally (3—-
5-um thick), de-paraffinised in xylene, rehydrated using an ethanol series, and stained with haematoxylin and
eosin (H&E) (Merck, Darmstadt, Germany) to visualise the crypt-villus architecture and tissue integrity under a
light microscope. For immunohistochemistry (IHC), sections were permeabilised with 0.1% Triton X-100,

blocked with 0.1% normal goat serum, and subjected to antigen retrieval using sodium citrate buffer. Samples
4
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were incubated overnight at 4°C with primary antibodies, as shown in Table 1, followed by Alexa Fluor-488 and
Alexa Fluor-594-conjugated secondary antibodies (Molecular Probes, Eugene, OR, USA). Nuclei were

counterstained with diamidino-2-phenylindole (DAPI), and confocal images were captured using a Nikon AX

microscope equipped with a 20x and 40x objective lens (Nikon Instruments Inc., Tokyo, Japan).

Immunofluorescence staining of porcine 10s

Organoids were cultured in 24-well plates until maturation. After removing the culture medium, organoids were
washed with cold PBS and incubated in 4% paraformaldehyde (Sigma-Aldrich) for 30 min. Thereafter, cells were
permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 30 min. After blocking with 3% bovine serum
albumin (BSA) in PBS for 1 h, the organoids were incubated overnight at 4°C with the appropriate primary
antibodies (Table 1). Marker protein expression was detected using AlexaFluor-488 and AlexaFluor-594
secondary antibodies (Molecular Probes) for 1 h. Subsequently, the samples were counterstained with DAPI and

mounted on slides with ProLong Gold Antifade (Life Technologies, Carlsbad, CA, USA).

Epithelial barrier permeability assay and fatty acid absorption

Epithelial barrier function was assessed using fluorescein isothiocyanate (FITC)-dextran (4 and 40 kDa; Sigma-
Aldrich). Fully developed organoids with crypts and villous structures were cultured in 24-well plates. Each well
was treated with 25 ng/mL FITC-dextran, and the plates were incubated under standard growth conditions.
Luminal absorption of FITC-dextran was monitored, and fluorescence intensity was recorded at two time points
(0 hrand 24 hr) using a Leica CTR6000 fluorescence microscope (Leica, Wetzler, Germany). For the fatty acid
uptake assay, C1-BODIPY 500/510 C12 (Invitrogen, Carlsbad, CA, USA) was applied to the 2D 10s. The C1-
BODIPY solution was prepared with fatty acid-free BSA at a 5 uM final concentration and incubated for 30 min.

Fluorescent images were captured using a confocal microscope (Nikon Instruments Inc.).

L-WRN cell culture

L-WRN cells (CRL-3276; ATCC, Manassas, VA, USA) were maintained and passaged in Dulbecco’s Modified
Eagle Medium (DMEM; Invitrogen) supplemented with 10% foetal bovine serum (FBS) and 1x antibiotic—
antimycotic solution at 37°C with 5% CO,. Cells containing plasmids for the expression of growth factors (mouse

5
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Whnt3a, R-spondin 3 and Noggin) were selected over 3 days by adding 0.5 mg/mL G418 (Sigma-Aldrich) and 0.5
mg/mL Hygromycin B (Sigma-Aldrich) after seeding in T75 flasks. After the selection process, the cells were
thoroughly washed with PBS to remove residual antibiotics and maintained in DMEM supplemented with 10%

FBS and 1x antibiotic—antimycotic solution. The conditioned medium (L-WRN CM) was retrieved every day for

3 days and then pooled together by batch, along with the addition of two small-molecule compounds, 10 uM

Y27632 (STEMCELL Technologies, Vancouver, BC, Canada) and 10 uM SB431542 (Sigma-Aldrich). Samples
were kept at -20°C for long-term storage, and the expression levels of Wnt3a were quantified using Mouse Wnt-
3a DuoSet ELISA (R&D Systems, Inc., Minneapolis, MN, USA) before use in the experiment. The viability of
I0s cultured in L-WRN CM was determined using a Cell Counting Kit 8 (ab228554; Abcam, Cambridge, UK).

The experiment was independently replicated thrice.

RNA isolation

Total RNA was isolated from the 10s and other prepared samples, such as the ileal tissues of 2- and 10-month-old
pigs and muscle as a control, using TRIzol reagent (Life Technologies), following previously established protocols
[23, 24]. RNA quality was evaluated using an/Agilent 2100 Bioanalyzer equipped with an RNA 6000 Nano Chip
(Agilent Technologies, Amstelveen, The Netherlands). RNA was quantified using a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) to ensure high-quality RNA for downstream

analyses.

Library preparation and sequencing

A QuantSeq 3' mMRNA-Seq Sequencing A Library Prep Kit (Lexogen GmbH, Vienna, Austria) was used to
construct libraries for both control and test RNAs, following the manufacturer’s protocol. Briefly, 500 ng of total
RNA was hybridised with an oligo-dT primer containing an Illumina-compatible sequence at its 5'-end, followed
by reverse transcription. After the degradation of the RNA template, second-strand synthesis was performed using
a random primer with an lllumina-compatible linker sequence at the 5’-end. The resulting double-stranded cDNA
library was purified using magnetic beads to remove excess reaction components. The library was subjected to
PCR amplification to integrate the adapter sequences necessary for cluster generation, followed by another

purification step to remove the remaining PCR components. Finally, high-throughput single-end sequencing (75

6
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bp) was performed using an Illumina NextSeq 500 platform (lllumina, San Diego, CA, USA). This efficient
process produces high-quality sequencing libraries, enabling precise gene expression analysis and thorough

bioinformatics processing.

Data analysis

QuantSeq 3’ mRNA-Seq reads were aligned using Bowtie2 [25]. Alignment indices were generated from both the
genome assembly and representative transcript sequences, allowing mapping to both the genome and
transcriptome. The resulting alignment files were used for transcript assembly, abundance estimation, and
differential gene expression analysis. Differentially expressed genes were identified based on read counts derived
from both unique and multiple alignments, which were analysed using the coverage command in Bedtools [26].
The read count data were subjected to quantile normalisation using EdgeR within R (R Development Core Team,
2016; R Foundation for Statistical Computing, Vienna, Austria) and Bioconductor [27]. Statistical analyses of
differential gene expression were performed by edgeR v3.40.2 [28] using raw counts as input. In the QC step,
genes with non-zero counts in all replicates at least one period group were selected. PCA (Principal component
analysis) and MDS (Multidimensional scaling) plot were generated to confirm the similarity of expression
between samples. Filtered data set was applied with TMM Normalization to correct the variation of library sizes
among samples. Statistical significance of differential expression gene was determined using edgeR exactTest.
Fold change and p-value were extracted from the result of exactTest. All p-values are adjusted by Benjamini-
Hochberg algorithm to control false discovery rate (FDR). Significant gene list was filtered by |fold change|>2
and raw p-value < 0.05. QuantSeq 3’ mRNA-Seq datasets are publicly available in the Gene Expression Omnibus

(GEO) database under the accession codes GSE288735 and GSE288737.

Development of 2D 10s

Porcine 10s were harvested from the Matrigel dome after 7 days of growth in ice-cold PBS, transferred to a 15-
mL tube, and retrieved by centrifugation at 300 x g for 5 min. Thereafter, the pellets were incubated with
TrypLE™ Express Enzyme (Thermo Fisher Scientific) for 10 min at 37°C. Organoids were then dissociated by
gentle pipetting to obtain single-cell suspensions. Single cells were resuspended in intestinal human organoid
medium (STEMCELL Technologies) and seeded at 78,000 cells/well in pre-coated 24 well plates or Transwells.

The pre-coating procedure was performed through treatment with a 0.5% (v/v) Matrigel in DMEM/F12 medium
7
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for 1 h at 37°C. Next, the coating solution was removed, and the wells were washed once with advanced
DMEM/F12 medium before seeding the single cells. After 3 days of growth in intestinal human organoid medium

(STEMCELL Technologies), the cell monolayers reached full confluence and were used for further experiments.

Transepithelial-transendothelial electrical resistance (TEER) analysis

After 7 days of growth, the porcine 10s were harvested from the Matrigel dome and dissociated into single cells.
Transwell inserts in the apical chamber were coated with a 0.5% (v/v) Matrigel in DMEM/F12 medium for 1 h at
37°C. The prepared cells, including 2D 10s, were seeded onto 24-well Transwell inserts containing 0.33-um pore
size filters at a density of 78,000 cells/well. Bovine ear fibroblast (BEF) was used.as a control. The TEER was
measured using a voltmeter (World Precision Instruments, Sarasota, FL, USA) approximately 3-4 days after

seeding.

gRT-PCR

Quantitative RT-PCR was performed to assess the expression of several ISC and the epithelial markers in porcine
IOs at passage 10, with muscle tissue used as-a control. Total RNA (1 pg) was reverse-transcribed using a
Superscript 111 First-Strand Synthesis System (Invitrogen). The PCR reaction mixture was prepared by adding 2
uL PCR buffer, 1.6 uL 2.5 mM dNTP, 10 pmol each forward and reverse primer, 1 uL. 20x Eva green, 0.2 uL Taq
DNA polymerase, and 2 uL. cDNA to a final volume of 20 puL. PCR was performed by means of an initial
incubation at 94°C for 3 min, followed by 40 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, using a
melting curve program (increasing temperature from 55 to 95°C at a rate of 0.5°C per 10 s) and continuous
fluorescence measurement. Sequence-specific products were identified using a melting curve. Gene expression
was analysed using a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) and

calculated using the 2-24¢t method [29]. The gPCR primers used for each target gene are summarised in Table 2.

Amino acids, glucose, and fatty acid uptake assays
2D 10s were seeded at a density of 1x10* cells/well onto a 96-well microplate, and the cells were cultured at 37°C
overnight in a 5% CO; incubator. Afterwards, the culture medium was removed, and the cells were washed with

pre-warmed Hanks’ balanced salt solution (HBSS). After incubation with pre-warmed HBSS at 37°C for 5 min, a
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pre-warmed BPA uptake solution (Dojindo Molecular Technologies, Rockville, MD, USA) was added to the 2D
10s and incubated at 37°C for 5 min in a 5% CO,. Thereafter, the supernatant was removed, and a pre-warmed
working solution was added and incubated at 37°C for 5 min. The fluorescence intensity was measured at 415 nm.
For the glucose (ab136956; Abcam) and fatty acid (ab176768; Abcam) uptake assays, 2D 10s were seeded in a
96-well plate. The cells were starved by replacing the growth medium with serum-free, glucose-free medium and
incubating them at 37°C for 2 h. Working solutions of the 2-NBDG fluorescent glucose (for glucose uptake) and
fatty acid fluorescent (for fatty acid uptake) analogues were prepared according to the manufacturer’s instructions
and added to each well containing starved cells. The cells were then incubated at 37°C for 30 min to allow for the
uptake of glucose and fatty acid analogues. After incubation, the cells were washed thoroughly with PBS, and the

fluorescence intensity was measured using a microplate reader. The exciatation/emission wavelengths were set at

535/587 nm for glucose uptake and 485/515 nm fro fatty acid uptake, respectively.

Quantitation of glucose and amino acids using a Transwell culture system

Transwell inserts in the apical chamber were coated with 0.5% (v/v) Matrigel diluted in DMEM/F12 medium for
1 h at 37°C, after which the prepared 2D 10s were seeded onto the 24-well Transwell inserts. Following treatment
with glucose and amino acids, the glucose and amino acid contents in both the apical and basolateral compartments
were measured using an IDEXX Catalyst Dx Chemistry Analyser (IDEXX Laboratories, Inc., Westbrook, ME,
USA) equipped with a Chem 17 Clip and an Agilent HPLC DAD/FLD detector with Pickering 1260 (Agilent

Technologies, Santa Clara, USA), respectively.

Statistical analysis
All data are presented as means + standard error of the mean, derived from three independent experiments.
Significant differences between groups were determined using either one-way ANOVA or Student’s t-test,

depending on the experimental design. A P-value < 0.05 was considered statistically significant (*P < 0.05).

Results
Derivation and culture of porcine 10s

Intestinal crypts were isolated from the small intestine (ileum) of healthy pigs (10 months old), sequentially

9
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embedded in Matrigel, and cultured in Intesticult medium. Figure 1A illustrates the experimental procedures for
isolating intestinal crypts and the culture of ileum-derived 10s in pigs. To validate the epithelial integrity and
intestinal crypt-villus architecture, H&E staining was histologically performed using the intestinal ileum tissues.
Detailed examination of vertical sections from ileal tissues revealed an intact intestinal epithelium structure,
characterised by crypts located at the base and finger-like villi extending towards the apical side, indicating the
growth potential in intestinal organoid derivation (Figure 1B). As shown in Figure 1C, the organoids were long-
term maintained over more than 10 passages, indicating stable growth. Additionally, IHC was performed to
identify 1SCs in vivo using several markers specific to intestinal stem and epithelial cells. As shown in Figure 1D
and Additional Figure 1, intestinal crypts exhibited distinct expression patterns of ISC markers, such as leucine-
rich repeat-containing G protein-coupled receptor 5 (LGR5) and B lymphoma Mo-MLV insertion region 1
homology (Bmil). Furthermore, fluorescence staining revealed the epithelium-specific expression of E-cadherin

and F-actin in adherent junctions and the intestinal epithelial cytoskeleton.

Gene expression profiling and cellular potentials of porcine 10s

To investigate the genetic properties of porcine 10s for large-scale gene expression profiling, we used QuantSeq
3’ mMRNA-Seq and constructed a library. The scatter plot in Figure 2A reveals that specific genes related to ISC
markers, such as LGR5 and hepatocyte nuclear. factor 4 alpha (HNF4A), and epithelium makers, such as E-
cadherin (CDH1) for adherent junctions, Mucin2 (MUC2) for goblet cells, Chromogranin A (CHGA) for
enteroendocrine cells, and GATA binding protein 6 (GATAG) for the differentiation and maturation of intestinal
epithelial cells markers, were significantly upregulated in IOs at passage 5 (P5) compared with those in muscle as
a negative control and the ileal tissues of 2- (2M-1) and 10-month-old (10M-I) pigs. Principal component analysis
(PCA) and heat maps indicated that the distance between the 10s and small intestine was relatively close compared
with that for muscle in pigs (Additional Figure 2). In addition, qRT-PCR results showed that intestinal stem cell-
related genes, such as LGRS (p < 0.05) and HNF4A (p < 0.001) and those associated with the intestinal epithelium,
including CDHL1 (p < 0.001), MUC2 (p < 0.001), CHGA (p < 0.001), and GATA6 (p < 0.001) were significantly
higher in 10-10m than those in the muscle (Figure 2B). To characterise the cellular potential of porcine 10s derived
from the ileal tissue of 10-month-old pigs, we investigated the spatial expression of markers associated with 1SCs

and epithelial characteristics. As shown in Figure 2C, the organoids showed distinct LGR5 and Bmil expression.

10
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Moreover, 10s at P5 were positive for a proliferating cell marker (Ki67) and showed epithelium-specific
expression against E-cadherin for adherent junctions and cytokeratin 19 for enterocytes. Furthermore, we
examined the paracellular permeability of the epithelial layer to assess epithelial barrier integrity, within 24 h of
treatment using fluorescent tracers. FITC-dextran successfully labelled the organoid lumen, indicating high
permeability to compounds up to 4 kDa. In contrast, FITC-dextran, with a molecular weight of 40 kDa, did not

penetrate the organoid lumen (Figure 2D and Additional Figure 3).

Development of L-WRN CM for culturing porcine 10s

We previously reported the establishment of porcine 10s derived from the jejunal tissue of the small intestine of
pigs [16]. In the present study, we established ileum-derived 10s and utilized L-WRN conditioned medium (CM)
to reconstitute the intestinal stem cells niche of porcine ileum in vitro or-to replace IntestiCult™ medium used for
the 3D culture of 10s. L-WRN cells were genetically modified to secrete three critical factors, Wnt3a, R-spondin
3, and Noggin, which enable the mimicry of the ISC niche [30]. L-WRN cells grow as an adherent monolayer
with an elongated and spindle-shaped morphology (Figure 3A). As shown in Figure 3B, the quantity of Wnt3a in
L-WRN CM in each batch after drug treatment was measured. Furthermore, L-WRN CM culture medium was
optimised by adding two small-molecule compounds, Y27632 and SB431542, enabling the efficient maintenance
and proliferation of ileum-derived 10s (Figure 3C). The Pearson’s coefficient of porcine ileum-derived 10s
cultured using Intesticult medium (OGM) and L-WRN CM was 0.94, while that between OGM and medium
comprising a 1:1 mixture of OGM and L-WRN CM (OGM + L-WRN CM) was 0.99, indicating high similarity
in gene expression levels (Figure 3D and Additional Figure 4). However, the scatter plot revealed that specific
genes related to epithelial markers, such as MUC2 for goblet cells and CHGA for enteroendocrine cells in porcine
ileum-derived 10s, were significantly downregulated in L-WRN CM compared with those in conventional OGM.
In contrast, OGM and medium comprising a 1:1 mixture of OGM and L-WRN CM did not differ, indicating that
it can be used more effectively for 10 in porcine (Figure 3E). Therefore, the data suggest that L-WRN CM alone
may have functional limitations, combining it with OGM effectively support both proliferation and differentiation,
providing a more balanced environment for growth. More Importantly, porcine ileum-derived 10s in L-WRN CM
plus OGM were well maintained beyond P5 and exhibited a distinct branched morphology on Day 7 at each

passage, with no significant difference in total number, supporting their stable differentiation potentials (Figure

11
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3F and Additional Figure 5).

Development of an in vitro platform for nutrient absorption using 2D 10s

2D 10s were generated by disrupting 10s after 7 days of growth within the Matrigel dome using a single-cell
suspension (Figure 4A). We investigated the spatial expression of several specific markers associated with ISC
and epithelial characteristics to examine the cellular potential of the 2D 10s. As shown in Figure 4B, the expression
of Bmil, an ISC marker, and E-cadherin, Cytokeratin 19, and Mucin2, epithelial markers, was confirmed. This
indicated that the concomitant expression of ISC and epithelial genes in 2D 10s is very similar to that in 10s
derived from intestinal crypts and mimics the topology of an in vivo intact intestine. Notably, we observed that
fully confluent 2D organoids transformed into intestinal-like structures through self-organisation when cultured
continuously for 2 weeks. Furthermore, after 3 days of culture, the fully confluent 2D 10s reproducibly presented
a TEER value, as a measure of tight-junction integrity, between 100 and 200 Q-cm? in Transwell inserts, while
BEF, as a control, exhibit values within the range of 10 to 20 Q-cm?2 (Figure 4C). The 2D 10s expressed intestinal
adult stem cell and epithelial cell markers (Figure 4B). In addition, the activity of glucose (GLUT?2) and peptide
(PEPT1) transporters, as well as fatty acid uptake in the 2D 10s, was confirmed (Figure 4D). To further assess
nutrient uptake in the 2D 10s, we confirmed the accurate measurement of nutrient uptake using fatty acids, amino
acids, and glucose analogues. As shown in Figure 4E, the 2D 10s exhibited significant absorption capacity. A
Transwell-based culture system using 2D 10s was developed to mimic nutrient absorption in vitro (Figure 5A).
The cellular permeability of confluent 2D organoid monolayers was analysed using 40 kDa fluorescein-conjugated
dextran and a fluorimeter in the Transwell system. We confirmed that the 40 kDa fluorescein-conjugated dextran
showed no paracellular leakage under our conditions (Additional Figure 5). Each assay was performed using
organoids derived from at least two independent donors and there technical replicates were conducted per donor.
Specifically, we used this system to evaluate the absorption levels of glucose and essential amino acids and
measured their quantities in the upper and lower compartments of the Transwell system after 24 h. The 2D 10s

actively absorbed glucose and amino acids (Figure 5B and 5C).

Discussion

Our findings demonstrate that 2D porcine ileum-derived 10s cultured in Transwell inserts retain the
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functional properties of the native small intestine and offer a reliable in vitro platform for nutrient absorption
studies. This approach bridges the gap between conventional 3D 10s and in vivo models, paving the way for more
precise nutrition and gut physiology research.

In this study, we successfully established 3D ileum-derived 10s from the ileal tissue of a 10-month-old pig.
These organoids closely recapitulated the structure and cellular composition of the native small intestinal
epithelium. Histological and immunohistochemical analyses confirmed the presence of villus-like structures with
distinct expression of intestinal stem cells (ISCs) and epithelial markers in the source tissue (Figure 1). The
maintenance of epithelial homeostasis in the small intestine relies on the continuous renewal of cells derived from
ISCs residing in the villi [31, 32]. Our identification of LGR5* ISCs supports the regenerative capacity of the
established 10s.

Previous studies have highlighted the pivotal role of ISCs in maintaining the self-renewing and
differentiating capacity of intestinal organoids [12, 33, 34]. ISCs differentiate into various mature epithelial cell
types, including absorptive enterocytes, mucus-secreting goblet cells, hormone-producing enteroendocrine cells,
and antimicrobial peptide-producing Paneth cells [14, 15]. Our findings are consistent with earlier reports
emphasizing that 10s can preserve the stem cell niche and sustain epithelial tissue integrity under in vitro
conditions [34, 35]. Collectively, these results highlight the physiological relevance of ileum-derived 10s as a
highly reproducible platform for studying porcine intestinal biology.

Gene expression profiling further supported the cellular diversity and genetic fidelity of the porcine 10s,
revealing high similarity to native ileal tissue. In contrast to monolayer systems such as IPEC-J2 cells that
comprise a single epithelial cell type, 10s encompass multiple specialized cell types, including ISCs, Paneth cells,
enterocytes, and enteroendocrine cells [10, 15]. Upregulation of key genes, including ISC and epithelial markers,
and the transcriptomic similarity to native tissue underscore the 10s’ potential to retain in vivo-like genetic
characteristics. Moreover, the expression of ISC markers (LGRS, Bmil), epithelial markers (E-cadherin,
cytokeratin 19), and the proliferation marker Ki67 further confirmed the presence of a heterogeneous cell
population derived from adult stem cells.

Functional validation of 10s demonstrated their capacity for epithelial barrier integrity. Permeability assays
revealed that 4 kDa FITC-dextran could penetrate the organoid lumen, whereas 40 kDa FITC-dextran was

excluded (Figure 2), consistent with prior observations in porcine 10s [14, 36]. In contrast, chicken-derived 10s
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did not permit entry of either FITC-dextran 4 kDa or 40 kDa in basal-out or apical-out configurations [6]. These
findings further support the conclusion that porcine ileum-derived 10s closely mimic the functional characteristics
of native intestinal epithelium. However, some limitations must be acknowledged. Structural heterogeneity among
organoids and variability in epithelial tightness may restrict their ability to fully replicate in vivo nutrient
absorption dynamics. In addition, differences in molecular permeability and potential leaky regions within the
epithelial layer may impact experimental consistency. Further refinement of organoid architecture and
standardization of culture conditions are needed to enhance their physiological accuracy and reproducibility in
nutrient transport and toxicology studies.

Overall, this study demonstrates the feasibility and relevance of porcine ileum-derived 10s as a reliable in
vitro model for intestinal research. By providing a multicellular, physiologically relevant platform, these 10s hold
promise for applications in nutrient absorption studies, disease modeling, and the development of alternatives to
animal experimentation.

Moreover, to reconstruct the ISCs niche in vitro, we developed an alternative culture system using L-WRN
conditioned medium (CM) in place of the conventional IntestiCult medium. The optimized medium,
supplemented with key niche factors including Wnt3a, R-spondin 3, and Noggin, along with the small molecules
Y-27632 and SB-431542, successfully supported ISC maintenance and enhanced epithelial differentiation in
ileum-derived 10s. Y-27632, a Rho-associated protein kinase (ROCK) inhibitor, is known to prevent cell apoptosis
and help preserve the stem cell pool, while SB-431542 inhibits the TGF-B/BMP signaling pathway [12, 37].

Activation of high Wnt and low BMP signaling is critical for ISC maintenance and expansion, whereas low
Whnt and high BMP signaling promote differentiation of intestinal epithelial cells [34, 38]. Compared to previous
studies, our culture system utilized undiluted CM collected directly from L-WRN cells, which may have provided
a consistent environment for ISC proliferation and organoid development. Notably, transcriptomic analyses
confirmed the compatibility and adaptability of L-WRN CM in porcine 10 culture. Interestingly, a slight reduction
in epithelial marker expression was observed, which may reflect an enhanced potential for cellular differentiation
in the established ileum-derived 10s. These findings suggest that the use of undiluted L-WRN CM, together with
specific small molecules, effectively reconstructs the ISC niche and supports both stemness and differentiation
capacity in vitro (Figure 3). This optimized culture strategy enhances the physiological relevance of porcine 10s

and provides a flexible system for advanced studies in intestinal biology and epithelial homeostasis. Collectivley,
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Our results clearly demonstrate that L-WRN CM plus OGM induced significant differentiation at each passage in
porcine ileum-derived 10s, leading to the formation of complex, branched structures from initial spheroids.

To date, substantial efforts have been made to develop intestinal organoids (10s) from various livestock
species, including chicken [6, 39], pig [22, 40, 41], cattle [42, 43], dog [44], horse [45], and goat [46]. Although
these organoid systems offer numerous opportunities for advancing intestinal research, their practical applications
remain limited. In this context, we aimed to establish an in vitro platform for nutrient absorption studies by
utilizing 2D porcine intestinal organoids cultured on Transwell inserts.

A major advantage of the 2D 10 model is its accessibility to the apical surface, enabling rapid and
reproducible formation of a confluent monolayer for studies of nutrient transport and epithelial permeability [47].
In the present study, we developed a versatile protocol for generating 2D porcine ileum-derived 10s from disrupted
3D structures. These monolayers specifically expressed the key markers associated with intestinal stem cells
(Bmil) and epithelial identity, including E-cadherin, cytokeratin 19, and mucin 2. Importantly, the transepithelial
electrical resistance (TEER) values measured on Transwell inserts reflected tight junction integrity and were
consistent with values previously reported for intact intestinal epithelium [48]. This suggests that 2D porcine
ileum-derived 10s effectively replicate barrier functions that are essential for maintaining epithelial homeostasis
and selective permeability, making them a reliable model for evaluating nutrient absorption [30]. In addition, the
absence of FITC-dextran 40 kDa paracellular leakage further validated the integrity of the epithelial barrier, and
transport dynamics were confirmed using fatty acids, amino acids, and glucose analogs (Figure 4). However, the
detailed dose-dependent and time-course absorption experiments will be required in future studies to more
precisely characterize the transport mechanisms in our 2D 10 model. Collectively, these findings demonstrate that
2D 10s provide a physiologically relevant in vitro platform for investigating nutrient transport and intestinal
barrier function under controlled conditions.

Finally, we applied the Transwell-based culture system using 2D porcine ileum-derived 10s to evaluate
nutrient absorption under controlled conditions. Specifically, this system enabled precise quantification of glucose
and essential amino acid uptake by measuring concentrations in the apical and basolateral compartments following
24-hour treatment, as daily feed intake is a critical parameter in standard pig feeding protocols. Our results
confirmed that 2D 1Os actively absorbed these nutrients, demonstrating functional similarity to the native

intestinal epithelium. The formation of a uniform monolayer enhanced experimental reproducibility and allowed

15



418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

445

for quantitative assessment (Figure 5). These findings underscore the importance of developing reliable in vitro
platforms for nutrient absorption studies as alternatives to in vivo porcine models. Furthermore, the nutrient
absorption assay helps determine the nutritional value of a diet more accurately than simply measuring the nutrient
content of the feed by revealing how well a pig actually absorbs specific nutrients and nutritionists can formulate
more efficient and cost-effective diets. Although this study focused on establishing a simplified epithelial
monolayer for nutrient absorption assessment, we recognize that incorporating co-culture with stromal or immune
cells could provide a more physiologically relevant in vitro model, particularly for evaluating host-microbe
interaction, inflammation and barrier dysfunction.

In conclusion, this study successfully achieved two major objectives in the research of porcine small
intestinal organoids. First, by optimizing the culture conditions, we established the L-WRN conditioned medium,
which proved to be more efficient than the conventional commercial-medium. This optimization enabled the
reproduction of various epithelial cell types and physiological characteristics of the intestinal epithelium. The
improved culture conditions contributed to the development of porcine small intestinal organoids as a reliable in
vitro model.

Second, we developed a Transwell-based 2D organoid system that overcame the structural limitations of
conventional 3D culture systems, enabling precise studies-on nutrient absorption and intestinal barrier function.
TEER measurements and FITC-dextran permeability assays confirmed strong barrier functionality, and the
nutrient absorption kinetics closely resembled those of the native small intestine. These findings highlight the
potential of the Transwell-based 2D organoid system as a valuable tool for future nutritional studies and disease

modeling.
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Figure 1. Growth performance in 3D culture of porcine ileum-derived intestinal organoids. (A) Porcine
ileum-derived intestinal organoids grown in 3D culture showing spheroidal (round-shaped) morphology on day 2
and mature villi and crypt-like structures on day 7 at each passage. Spherical: 50 um, Branched: 50 um. (B)
Haematoxylin and eosin staining to identify distinct crypt and villus structures from the ileal tissue of 10-month-
old pigs. Scale bar: 20 um. (C) Growth rate of porcine ileum-derived intestinal organoids presented as the number
of organoids/well (mean n = 3 wells) growing in a 100-uL Matrigel dome in each well. Intestinal organoids were
maintained for up to 10 generations without loss of the recapitulating capacity of crypts. (D)
Immunohistochemistry of LGR5 and F-actin in the ileal tissue of the porcine small intestine. The fluorescently

stained crypts were counterstained with diamidino-2-phenylindole. Scale bar: 20 um
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Figure 2. Characterisation and cellular potentials of porcine ileum-derived intestinal organoids. (A) Scatter
plot showing the expression patterns of intestinal stem cell (LGR5 and HNF4A) and epithelial (CDH1 for adherent
junctions, MUC2 for goblet cells, CHGA for enteroendocrine cells and GATA6 for the differentiation and
maturation of intestinal epithelial cells markers, which were significantly upregulated in intestinal organoids (10s)
at passage 5 (P5) compared with those in muscle as a negative control. Porcine ileum-derived 10s at P5 were
significantly upregulated or similar to the intestine. (B) Gene expression profiling of porcine ileum-derived 10s.
gRT-PCR was performed to evaluate the gene expression of porcine ileum-derived 10s using several intestinal
stem cell (LGR5 and HNF4A) and epithelial (CDH1, MUC2, CHGA and GATA6) markers characteristics, with the
muscle as a control. Gene expression was analysed using the 2-*ACt method. Significant differences between
groups were analysed using Student’s t-test. A p-value less than or equal to 0.05 indicated statistical significance
(*p < 0.05, ***p < 0.001). (C) Immunostaining of LGR5, Bmil, Cytokeratin 19, E-cadherin and Ki67 in 3D
porcine ileum-derived 10s at P5. The fluorescently stained organoids were counterstained with diamidino-2-
phenylindole. Scale bar: 20 um. (D) Paracellular permeability of the epithelial layer in porcine ileum-derived

intestinal organoids using fluorescent tracers. Scale bar; 100 um.
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Figure 3. Development of L-WRN CM for culturing porcine intestinal organoids. (A) L-WRN cells grow as
an adherent monolayer with an elongated and spindle-shaped morphology. Scale bar: 200 um. (B) Identification
and quantification of Wnt3a in L-WRN CM for each batch after drug treatment using Mouse Wnt-3a DuoSet
ELISA. (C) Cell viability of intestinal organoids cultured in L-WRN CM was determined using a Cell Counting
Kit 8. The experiment was independently replicated thrice. (D) Pearson’s coefficient for porcine ileum-derived
intestinal organoids cultured in Intesticult medium (OGM) and L-WRN CM, as well as in their combination (OGM
+ L-WRN CM). (E) Scatter plot revealing the upregulation of specific genes related to the epithelial markers of
porcine ileum-derived intestinal organoids cultured in L-WRN CM and the comparison between OGM + L-WRN
CM and OGM. (F) Immunostaining of LGR5, Bmil, F-actin, E-cadherin, Cytokeratin 19, and MUC2 in porcine
ileum-derived intestinal organoids cultured in L-WRN CM. The fluorescently stained organoids were

counterstained with diamidino-2-phenylindole. Scale bar: 100 um.
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Figure 4. Generation and characterisation of 2D intestinal organoids. (A) 2D intestinal organoids were

generated by disrupting 3D intestinal organoids after 7 days of growth within a Matrigel dome using a single-cell
suspension. (B) Immunostaining of Bmil, Cytokeratin 19, E-cadherin, and Mucin2 in 2D intestinal organoids.
The organoids were counterstained with diamidino-2-phenylindole. Scale bar: 100 um. (C) Transendothelial
electrical resistance (TEER) value of fully confluent 2D intestinal organoids after 3 days of culture was measured
with bovine ear fibroblast (BEF) as the control. (D) Glucose (GLUT2) and peptide (PEPT1) transporter activity
and fatty acid uptake in 2D intestinal organoids. The fluorescent organoids were counterstained with diamidino-
2-phenylindole. Scale bar: 100 um. (E) Accurate measurement of nutrient uptake using fatty acids, amino acids,

and glucose analogues in 2D intestinal organoids. The experiment was independently replicated thrice.

22



515

516
517

518
519
520
521
522
523
524
525

526

Figure 5
A Transwell System
? é |
B
3D 2D
8 4o Jekede [JUpper Compartment
E --I % I []Lower Compartment
c
o 30
H —
g 20
= - —
]
» 10 .
a
o
o
E] | H
o 0hr 24 hr 48 hr
C S [JUpper Compartment
[]Lower Compartment
4 et

= .

©

E

Amino Acid Concentration

2 N
In
n
Y ﬁ
]
*
_, |:r

Figure 5. Development of an in vitro platform for precisely measuring nutrient absorption. (A) A Transwell-
based culture system with 2D intestinal organoids for evaluating nutrient absorption under controlled conditions.
(B) The glucose content in both the apical and basolateral compartments was measured using an IDEXX Catalyst
Dx Chemistry Analyser equipped with a Chem 17 Clip after treatment with glucose. The experiment was
independently replicated thrice. Significant differences between groups were determined using Student’s t-test. A
p-value less than or equal to 0.05 indicated statistical significance (*p < 0.05, ***p < 0.001). (C) The amino acid
content in both the apical and basolateral compartments was measured using an Agilent HPLC DAD/FLD detector
with a Pickering 1260 after treatment with amino acids. The experiment was independently replicated thrice.
Significant differences between groups were determined using Student’s t-test. A p-value less than or equal to 0.05

indicated statistical significance (*p < 0.05, **p <0.01, ***p < 0.001).
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Additional Figure 2. Gene expression profiling of porcine ileum-derived intestinal organoids. (A) Principal
component analysis (PCA) of intestinal organoids (10s) at passage 5 (P5) compared with muscle and the ileal
tissue of 2- (2M-1) and 10-month-old (L0M-1) pigs. (B) Hierarchical clustering showing that several genes between
the porcine ileum-derived 10s and 2M-I or 10M-I are shared and similarly expressed compared with those in the

muscle (control).
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Additional Figure 4. Gene expression profiling of porcine ileum-derived intestinal organoids cultures in L-
WRN CM. (A) Principal component analysis (PCA).of porcine ileum-derived intestinal organoids cultured in
Intesticult medium (OGM) and L-WRN CM, as well as in their combination (OGM + L-WRN CM). (B)
Hierarchical clustering showing that several genes.in ileum-derived intestinal organoids cultured in OGM and L-

WRN CM and OGM + L-WRN CM are shared and similarly expressed.
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Additional Figure 5. The number of porcine ileum-derived intestinal organoids with the branched structure
cultured in Intesticult medium (OGM) and L-WRN CM, as well as in their combination (OGM + L-WRN CM)
on Day 7. Significant differences between groups were analyzed by Student’s t test. The difference between the

groups is not statistically significant.
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Table 1. Antibodies used to characterise porcine intestinal organoids in this study.

No. Company (Catalog No.) Antibody Host species Dilution
1 Origene Technologies, Inc. (TA503316) LGR5 Mouse 1:100
2 Abcam (AB84632) Cytokeratin 19 Rabbit 1:100
3 Santan Cruz Biotechnology, Inc. (SC-515032) Mucin2 Rabbit 1:200
4 Abcam (AB38295) Bmil Mouse 1:100
5 BD Biosciences (61081) E-cadherin Rabbit 1:100
6 Abcam (AB83746) F-actin Mouse 1:200
7 Cell Signaling Technology (9123) Ki67 Rabbit 1:200
8 Novus Biologicals (NBP1-69466) Glut2 Rabbit 1:200
9 Biosis (BS-0689R) PEPT1 Rabbit 1:200
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Table 2. Details of the primers used to analyse gene expression in porcine intestinal organoids in this study.

No. Gene Name Accession number Forward Reverse Product size(bp)
1 GAPDH NM_001206359.1 GTCGGTTGTGGATCTGACCT AGCTTGACGAAGTGGTCGTT 210
2 LGR5 NM_001315762.1 AATTCCCTTTGCTTCCTGGT GGGCTGATGAATGTGAGGTT 197
3 HNF4A NM_001044571.1 AGAAATGAACCGGGTGTCTG GCGGTCGTTGATGTAATCCT 202
4 CDH1 NM_001163060.1 CATCTTCAACCCAACCTCGT ACGCCTTCATTGGTTACTGG 186
5 GATAG6 NM_001044571.1 CTGTCCCCATGACTCCAACT ATGTACAGCCCGTCTTGACC 178
6 MUC2 XM_021082584.1 AACTGCGAGCAATGTGTCTG CAGGTCTGCTTGTCTGTGGA 224
7 CHGA NM_001164005.2 TCGAGGTCATCTCTGACACG TTCTTCTGCTGATGGGACCT 178
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