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Introduction

Organoids are 3-dimensional (3D) structures that represent the organ from which they
originate, containing most of the cells that are present in the organ and can be generated from
multiple organs and from various animal species, including pigs (Sato and Clevers, 2013; Kar
et al., 2021). Organoids can be a powerful tool to study complex phenotypes such as gut
health, screen functional ingredients or pharmaceutical components, and provide researchers
with an optional tool to reduce animal testing. However, organoids still lack interactions with
other cell types such as immune cells. I vivo, the intestinal immune system is mainly located
in the lamina propria, below the epithelial layer of the intestine and is responsible for
carrying out immune functions. A more complete understanding of gut health mechanisms
requires the inclusion of immune cells in intestinal organoid research. Recent studies have
focused on incorporating immune cells into organoid cultures, an approach known as
organoid-immune cell co-culture. Co-culture techniques allow a variety of cell types to be
cultured together, enabling examination of cell-cell interactions. In human research,
significant progress has been made in developing intestinal immune co-culture systems by
combining human intestinal organoids with various immune cell populations, such as CD4* T
cells and macrophages (Schreurs et al., 2021; Heuberger et al., 2023; Noel et al., 2017). To
our knowledge, no in vitro co-culture models combining porcine intestinal organoids with
immune cells have been reported in the scientific literature. In our study, we focus on naive
(MO) macrophages. These cells are both responsible for first line of protection and crucial for
maintenance and stability of the organ. Moreover, macrophages adjust their local phenotype
based on nutrients and microbial metabolic products, making them a valuable immune cell
type for animal research. Therefore, the aim of this study was to develop a 2D co-culture of
pig intestinal organoids and blood-monocyte-derived macrophages to investigate the
biological mechanism of gut health and immune response in pigs. Using this 2D in vitro
model, (genetic) differences between individual-based organoids can be identified. In
addition, pathogen challenges or adding nutritional components can be conducted to
stimulate (genetic) differences between individual-based organoids. This will enable breeding
companies to select selection candidates based on the organoid performance.

Materials & Methods

For this study ethical approval was not necessary, as we used animal material from
commercial slaughter animals.

Intestinal organoid culture. Ileal tissue samples were collected from three pigs in the
slaughterhouse (n = 3). The smooth muscle layer was removed from the intestine and the
intestine was scraped to isolate the epithelial layer. Crypt cells were isolated by incubating
the crypts in EDTA for 30 minutes at room temperature. Crypt cells were washed and placed
in Matrigel domes as previously described (van der Hee et al., 2018). Organoids were
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cultured in Intesticult growth medium (Stemcell Technologies) supplemented with
antibiotics. The intestinal stem cells developed into 3D organoids. After seven days,
organoids were split by incubating the organoids in 1X TryplE Express for 5-7 minutes at 37
°C. After, the single cells were placed in Matrigel domes.

Peripheral Blood Mononuclear Cells (PBMC) and monocyte isolation from whole
blood. Whole blood of three pigs (n = 3) was collected from the slaughterhouse and mixed
immediately in sodium citrate (3.2% final concentration). The blood was transported on ice
to the lab where it was diluted 1:1 with RPMI Glutamax. The diluted blood was overlayed
onto Pancoll (PAN Biotech GmbH) in the sepmate tube and centrifuged 1000xg for 20
minutes. The upper layer was removed and the remaining PBMCs were washed twice with
RPMI Glutamax. To remove the red blood cells, the PBMCs were centrifuged again and the
pellet was resuspended in ammonium chloride and incubated on ice for 10 minutes. Cells
were washed 2 times in RPMI. The cells were diluted in RPMI + 20% FCS + 10% DMSO to
a concentration of 5x1077 cells/ml and frozen overnight in a MrFrosty at —80 °C before
storage in liquid nitrogen. Seven days before the co-culture experiment, PBMCs were thawed
and checked for cell number and viability. Monocytes were isolated from the PBMC
population through Magnetic Activated Cell Sorting, according to the provided human CD14
microbeads protocol (Miltenyi). Cells were centrifuged and pellet was resuspended in RPMI
Glutamax supplemented with 10% FCS, 50ng/mL human M-CSF and antibiotics. Cells were
counted and cell viability was checked before plating the cells. Cells were differentiated into
macrophages for seven days before adding the macrophages to the immune organoid co-
culture.

Co-cultures on transwell inserts. 3D ileal organoids were collected and a single cell
suspension was generated and seeded on the apical side of Collagen IV coated Transwell
inserts (sample size: 3 biological samples x 3 technical samples per condition). Organoid
monolayer confluency and barrier integrity was assessed through measuring the real-time
trans-epithelial electrical resistance (TEER) with the CellZScope2 (NanoAnalytics). After
seven days of culture, blood-derived autologous macrophages were added to the basolateral
(serosal) side of the organoid culture. As a control, macrophages were added to Transwell
inserts lacking an organoid monolayer culture. To test immune cell response of the co-
culture, on day 7, Lipopolysaccharide (100 ng/mL, LPS) was incubated overnight on the
apical side of the organoid immune-cell co-culture.

Characterization. On day 8, medium and cells were collected for characterization. Immune
cells were characterized by flow cytometry. Co-culture functionality was assessed through
barrier permeability (measuring TEER). To characterize the macrophages in the immune co-
culture system and macrophage monoculture, immune cells were collected and analysed with
flow cytometry. Immune response to LPS was measured through cytokine levels.

Statistical analysis. Statistical analyses were performed using R. To assess differences
between the treatments, a Kruskal-Wallis test was performed.

Results & Discussion

In this pilot study, we developed an immune—organoid co-culture system to study gut health
in animals. 2D intestinal organoids were cultured on Transwell inserts, with autologous
blood-derived macrophages added to the basolateral compartment. Co-culture functionality
was assessed via LPS stimulation. Inter-animal variability in immune cell viability was



observed prior to co-culture, with only one animal providing viable cells. Therefore, only
immune cells of one animal were used in the co-culture. Due to the reduction of the sample
size, inter-animal variability in immune-cell co-culture could not be investigated. Blood
samples were collected at a slaughterhouse, so animal parameters like age, health status, and
genetic background were unknown, likely contributing to the variability. Previous studies
showed that pig age affects monocyte recovery (Pereira et al., 2019). Optimizing immune
cell viability will be important for developing a more robust co-culture model. For the 2D
organoids, a confluent monolayer formed within one day on Transwell inserts (Fig 1A;
colours indicate individual pigs). TEER values rose rapidly, plateauing at ~400 Q-cm? after
30 hours and remaining stable for at least 140 hours. This is faster than previous reports
reaching similar TEER after 4-8 days (Plenge et al., 2025; Vermeire et al., 2021), likely due
to the higher initial seeding density in our study. The addition of macrophages (blue), LPS
(orange), or both (yellow) did not affect TEER values compared with control (black; Fig 1B),
indicating that the monolayer integrity is maintained. This contrasts with a previous study
showing TEER increase after adding macrophages to human organoids, interpreted as
monolayer maturation (Noel ef al., 2017).
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Figure 1. A) Trans-epithelial electrical resistance (TEER) throughout the 7-day organoid
monoculture (3 pigs, 3 replicates/pig) and B) of the overnight organoid monoculture without
(black line) or with LPS (orange line) and the organoid-macrophage co-culture without (blue
line) and with LPS (yellow line).
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Figure 2. A) Flow cytometry MFI levels of different immune cell markers, and B) Cytokine
levels in medium in apical (Api) and basolateral (Baso) compartment of the Transwell insert.
M= macrophages, ML = macrophages + LPS, O = organoids, OL = Organoids + LPS, OM =
macrophage-organoid co-culture, OML = macrophage-organoid co-culture + LPS (n = 3
technical replicates per condition).



To assess immune—organoid co-culture functionality, immune cell phenotypes were analyzed
by flow cytometry and responses by cytokine measurements. Although the sample size was
small, preliminary results showed slight changes in MFI levels of CD172a (Fig. 2A; p = 0.07,
n =3), CDI (p =0.42), and CD163 (p = 0.68) in co-cultured macrophages (OM) compared to
monocultures (M), suggesting intercellular communication. IL-8 cytokine levels also showed
a non-significant difference in macrophages monocultures (M) compared to the co-culture
(OM; Fig 2B; p = 0.67), although interpretation was limited by an outlier in the macrophage
monoculture condition. LPS addition did not affect the MFI levels in either the macrophage
monoculture (ML) or the co-culture setup (OML). Although LPS treatment showed a trend
toward increased IL-8 levels in macrophage monocultures (p = 0.71), no such trend was
observed in the co-culture condition. These results are consistent with cytokine responses
occurring faster than surface marker changes. The lack of an LPS response in co-culture is
likely due to an intact epithelial monolayer restricting basolateral LPS transfer. Longer LPS
exposures and additional cytokine analyses may further elucidate organoid—immune
signalling.

First results show the potential for a stable co-culture model, when combining organoids and
immune cells. However, these findings require repetition to confirm reproducibility. In future
work, this model can be used to investigate differences between pigs with divergence
phenotypes and with different genetic backgrounds. Furthermore, this model can give
insights in the in vivo functioning of intestines, which can enable the improvement of gut
health in porcine through e.g. nutritional interventions.

Conclusions

In this study we have developed a viable immune- intestinal organoid co-culture system that
provides a promising foundation for advanced mechanistic studies of gut health, host—
microbe interactions. This model has the potential to be used for both breeding
and nutritional strategies in animal research.
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