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Gastrointestinal inflammation leads to maldigestion and systemic diseases in
poultry. To tackle the problem of the industry and to search for therapeutic
candidates in vitro models are inevitable. Both immersion and air-liquid interface
explant models are available, although there is limited information on the size-
dependent applicability and response to different pathogen-associated molecular
patterns (PAMPs) in the case of these model systems. The study aimed to compare
the morphology and viability of miniature chicken gut explant cultures obtained
with a biopsy punch to examine the size-dependent change over time. To verify
the applicability of the model, pathogen-associated molecular patterns (PAMPs):
flagellin, lipoteichoic acid (LTA) and polyinosinic polycytidylic acid (poly I:C) were
applied to induce inflammation. The 2 mm diameter explants showed a decrease
in metabolic activity measured by CCK-8 assay after 12 h and a significantly higher
extracellular lactate dehydrogenase activity indicating cellular damage compared
to the 1 mm explants, supported by histological differences after 24 h of culturing.
After 12 h of incubation, the 1.5 mm explants retained columnar epithelial lining
with moderate damage of the lamina propria (H&E and pan-cytokeratin staining).
Exposure to 100 pg/mL poly I:C reduced the metabolic activity of the 1.5 mm
explants. LTA and poly |:C increased IFN-y concentration at both applied doses
and IFN-a concentration was elevated by 50 pg/mL poly I:C treatment. Flagellin
administration raised IL-2, IL-6, and RANTES levels, while higher LTA and poly I:C
concentrations increased the IFN-y/IL-10 ratio. According to the observations,
the viability and integrity of the explants decreases with their size. After 12 h, the
1.5 mm diameter miniature chicken ileal explant stimulated with PAMPs can be an
appropriate model to mimic diseases involving tissue damage and inflammation.
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1 Introduction

The gastrointestinal tract represents the body’s largest surface
exposed to the external environment (1). The gut tolerates feed and
commensal antigens but acts when a pathogen is detected. However,
the impairment of the enterocyte layer enables the molecules of
extraneous origin to come into contact with the receptors of the innate
immune cells. The first alarm goes off as the pathogen-associated
molecular pattern (PAMP) binds to its corresponding Toll-like
receptor (TLR). Subsequently, an intracellular signal transduction
begins, leading to immense proinflammatory cytokine production.
The alert with the cytokines spreads further and calls forth a
proinflammatory response on the level of dendritic cells and the
abundantly present intraepithelial lymphocytes (2). In vitro models are
inevitable to investigate these intricate mechanisms. Inn vitro cultures
stimulated with PAMPs serve as models to challenge nutraceuticals,
probiotics, and drugs with potential anti-inflammatory effects (3).

In animals, one of the primary causes of dysbiosis and disruption
of intestinal immunological homeostasis is an enteric infection caused
by bacteria, viruses, or parasites (4). The intestinal epithelium
expresses most TLR types on the luminal surface; however, the
majority of these TLRs are not intrinsically responsive to PAMPs.
Nevertheless, proinflammatory cytokines such as interferon-y (IFN-y)
and tumor necrosis factor-alpha (TNF-a) could increase their
abundance and responsiveness (5). The intestinal mucosa is a
functional aggregation of neighborhoods and niches of roughly 20
types of immune and epithelial cells (6). Growing evidence suggests
intestinal mucosal inflammation and barrier function are defined and
regulated by the interaction of distinct cell types such as enteric glial
cells, intraepithelial lymphocytes, and some epithelial cell types with
different commitments and functions. Therefore, the structure
determines the response (7, 8).

Gut explants are cultures made of gut or gut mucosa fragments
and maintained ex vivo to recapitulate the most important
characteristics of the organ in the live animal. Compared to gut
epithelial cell cultures, the fundamental advantage of this model is the
polarized and layered structure with vital cell-cell interactions.
Intestinal explants could reproduce the tissue-specific cytokine
production of the gut (7, 9, 10). Explant culturing requires an oxygen-
rich environment and liquid-tissue-gas interface since anoxia is the
primary cause of cell necrosis in explant cultures (11). It makes the
ex vivo explant method technically complicated and challenging to
conform with the general requirements of cell culturing, e.g., a high
number of replicates and treatment groups. One potential approach
to overcome this technical limitation is to decrease the tissue sample
size (12, 13). The smaller the explant sample and the younger the
donor is, the higher the apparent resistance of the explant to anoxia
(7). Moreover, some explant methods in the existing literature on the
topic report the application of surgically removed biopsy samples or
cut slices with approximate size. Most protocols available do not
suggest how to gain explants with consistent size and shape.

The present study investigates if biopsy punches under 2 mm
diameter genuinely used for the sectioning of gut explants could
be applied to obtain tissue samples with identical size and similar
morphology. To assess the hypothetically size-dependent viability and
morphology of these ex vivo cultures over time and to select the ideal
diameter and incubation time, the morphology of 1 and 2 mm
explants were compared and their viability was followed for 36 h in
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study 1. The morphology of a potentially applicable explant was
further evaluated in study 2 with H&E stain and pan-cytokeratin
immunohistochemistry before and after 12 h culturing. Afterward, the
ileal explant with the chosen diameter was stimulated with flagellin,
lipoteichoic acid (LTA) and polyinosinic polycytidylic acid (poly I:C)
to validate its inflammatory cytokine production and assess the
change in its viability caused by exposure to different PAMPs.

2 Materials and methods
2.1 Experimental animals

For the experiments, three 21-day-old male Ross-308 broiler
chickens were sacrificed in line with the chicken ileal explant model
of Zhang et al. and the chicken hepatic culture models of the authors
(3, 10, 14). Each study (study 1, 2 and 3) was executed after the
extermination of one individual, considering the homogeneity of the
cultures and 3R principles. The animals were handled following the
animal welfare legislation of the European Union, institutional
policies, and the Local Animal Welfare Committee of the University
of Veterinary Medicine Budapest. The chickens were kept and fed in
conformity with Ross Technology. The experiment was approved by
the Government Office of Zala County, Food Chain Safety, Plant
Protection and Soil Conservation Directorate, Zalaegerszeg, Hungary
(license number GK-419/2020; approval date: May 11, 2020).

2.2 Materials

The used Penicillin-Streptomycin (Pen-Strep) is a product of
Gibco (Waltham, MA, USA), and HCMTM SingleQuotsTM Kit
(Catalog No. CC-4182) is a product of Lonza-Biocenter (Szeged,
Hungary). The latter contains ascorbic acid, bovine serum albumin,
hydrocortisone, transferrin, human Epidermal Growth Factor (hEGF),
insulin, gentamicin and amphotericin-B. All other chemicals applied
were obtained from Merck KGaA (Darmstadt, Germany). Reusable
biopsy punches with plungers were purchased from MDE GmbH
(Heidelberg, Germany).

2.3 Tissue sample isolation and excision of
the explants

Before the aseptic opening of the coelomic cavity, the animal was
decapitated under CO, anesthesia and restrained in a dorsal position.
Then 15 cm long ileal segment was excised 10 cm distally from the
Meckel’s diverticulum. The adipose tissue was removed from this
intestinal section by hand. The outer side was washed with phosphate-
buffered saline (PBS) + Pen-Strep solution (1%) and the removed
section was flushed from both directions using a stainless-steel feeding
needle according to Udden et al. (15). The intestinal section was cut
longitudinally on the mesenteric side and washed three consecutive
times with PBS + Pen-Strep solution. This step might be repeated until
no physical contaminants are visible. After that, it was cut lengthwise
into four pieces, which were placed in ice-cold fresh PBS + Pen-Strep
solution and were further handled on ice. For culturing 24- and
96-well plates (Greiner Bio-One Hungary Kft., Mosonmagyarévar,
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Hungary) coated with collagen type I (10 g/cm2) were applied. Before
excising the explants, the wells of the required culture plates were filled
with culture medium (24-well plates - 400 pL medium, 96-well plates -
100 pL medium). The medium used throughout the experiment was
Dulbecco’s Minimal Essential Medium-F12 supplemented with FBS
(fetal bovine serum) 2.5%, glutamine 1%, Pen-Strep 1% and one
package of HCMTM SingleQuotsTM Kit. The explants were cultured
at 37°C under 5% CO,. The excision of the explants was carried out
as follows:

1. One intestinal segment was placed, mucosa side up, on a sterile,
chilled glass, and then the segment was gently and evenly
pressed against the glass tile using glass slides.

2. The surface of the intestinal samples was rinsed frequently with
ice-cold PBS + Pen-Strep solution using a syringe during the
excision of the explants to keep the tissue moist.

3. Explant removal was performed with a biopsy punch
perpendicular to the glass plate, moving the punch in a
circular motion.

4. The excised specimens were transferred directly into the
prepared wells with the medium by the plunger of
the instrument.

5. Peyer’s patches were avoided, and explant replicates were
sectioned in a row for each experimental group to minimize
the potential difference between groups.

2.4 Culturing and treatment of the explants

2.4.1 Study 1

The viability, cell membrane damage and histology of 1 and 2 mm
diameter explant cultures were assessed. The cultures were obtained
according to section 2.3. Six 1 and 2 mm diameter explants were fixed
instantly with formaldehyde solution on biopsy sponges at room
temperature for further evaluation (H&E stain). The remaining
explants were directly deposited into the cell culture plate wells. I mm
explants were cultured on 96-well plates in 100 pL and the 2 mm
explants were placed in the wells of 24-well plates in 400 pL media
proportionately to the volume of the explant to make the biological
response of 1 and 2 mm explants comparable. The shape of the 1 and
2 mm explants were cylinder-like with the same height, therefore the
volume was calculated and compared according to the formula of the
volume of a cylinder. Volumes were kept at a low minimum to ease the
diffusion of gasses to the explants. The wells were allocated to have
n=06 separate explants for 24h histology (H&E stain and
pan-cytokeratin immunohistochemistry), metabolic activity and
lactate dehydrogenase measurements (H&E stain and pan-cytokeratin
immunohistochemistry) from both, the 1-and the 2 mm diameter
explants. The media of the explants was changed every 12 h, and the
removed medium samples were stored for LDH measurement in the
case of separate LDH groups of explants. A CCK-8 assay was
performed with concomitant medium changes before and after a
measurement on the separate CCK-8 groups. In case of the 24 h
histology groups a simple change of the medium has been carried out.
Most of the 2 mm explants for the CCK-8 and LDH tests were
macroscopically disrupted after approximately 48 h of culturing,
therefore the measurements were terminated after 36 h. 1 mm samples
were maintained longer with regular medium changes every other day.
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After 9 days, the study was concluded, and the 1 mm explants were
fixed on the plate wells and stained according to Giemsa.

2.4.2 Study 2

Based on the results of Study 1 and for practical reasons (The
repetitive change of media can be technically difficult in case of 1 mm
explants.), the smallest obtainable and manageable, 1.5 mm diameter
explants were excised. Five explants were placed in 200 pL of medium
on 96 well plates. The medium was changed 1h after seeding.
The explants were left untreated for 12 h, fixed with formalin on
biopsy sponges, and stored for H&E staining and pan-cytokeratin
immunohistochemistry.

2.4.3 Study 3

Based on the results of Study 1 and Study 2 1.5 mm diameter
explants were obtained. The samples (n = 5/group) were placed in
200 pL of medium on 96 well plates. The medium was changed 1 h
after seeding for the treatment media supplemented with the following
chimicals in six separate groups: 10 or 50 pg/mL LTA from
Staphylococcus aureus or 100 and 250 ng/mL Salmonella Typhimurium-
derived flagellin, or with 50 and 100 pg/mL poly I.C for 12h,
respectively. The concentrations were selected based on preliminary
results and previous studies on chicken cell cultures (3). Poly I.C was
heated at 50°C for 3 min and then cooled down before adding it to cell
culture media to achieve the re-annealing. The culture media were
collected after 12 h and stored at —80°C until further analyses. The
viability of the cultures was tested at this time point using
CCK-8 method.

2.5 Measurements and histology

2.5.1 Metabolic activity

Metabolic activity of explants was measured by CCK-8 assay (Cell
counting Kit-8, Dojindo Molecular Technologies, Rockville, MD,
USA) after 1, 12, 24 and 36 h for Study 1 and after 12 h for Study 3.
CCK-8 reagent working solution was diluted in a ratio of 1:10 with
fresh medium and it was pipetted on the explants. After 1 hour of
incubation under culturing conditions, 100 pL of culture media
sample was transferred to an empty 96-well plate to measure the
absorbance according to the manufacturer’s instructions at 340 nm
with a Multiskan GO 3.2 reader (Thermo Fisher Scientific, Waltham,
MA, USA). As the amount of formazan produced is proportional to
the amount of NAD(P)H + H* produced, the color intensity can
be used to measure the intensity of the cellular catabolic processes,
shortly the metabolic activity.

2.5.2 Extracellular lactate dehydrogenase (LDH)
activity

The LDH activity is commonly applied as the tissue viability/
breakdown parameter of ex vivo cultures (10, 16, 17). The high LDH
activity in the medium indicates that the cell membranes are damaged,
and the intracellular enzyme is released into the medium. The
extracellular LDH enzyme activity indicating membrane damage was
determined by a kinetic photometric assay from samples of culture
medium obtained after 1, 12, 24 and 36 h for Study 1 and after 12 h for
Study 3. A Lactate Dehydrogenase Activity Assay Kit (Merck KGaA,
Darmstadt, Germany) was utilized to measure the parameter. The
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enzyme reduces NAD+ to NADH+H+, which is detectable at 450 nm
with a photometric reader. 50 pL of culture medium samples diluted
with LDH Assay Buffer were added to 96-well microplates and mixed
with 50 pL of freshly prepared Master Reaction Mix. After 2 minutes
of incubation at 37°C, the absorbance was measured for the first time
at 450 nm using a Multiscan GO 3.2 reader (Thermo Fisher Scientific
Inc., Waltham, MA, United States). Every 5 minutes, measurements
were taken until the absorbance of the most active sample exceeded
the value of the highest standard.

2.5.3 Interleukin-8 (IL-8) concentration

According to the manufacturer’s instructions, IL-8 concentrations
were determined from medium samples of Study 3 using a chicken-
specific sandwich ELISA kit (MyBioSource, San Diego, CA, USA).
Measurements were performed with a Multiskan GO 3.2. Values were
normalized in GraphPad Prism and displayed as relative percentages.
The smallest mean in the data set was defined as 0% and the largest
as 100%.

2.54 IFN-a, IFN-y, IL-2, IL-6, IL-10, and RANTES
concentration

According to the manufacturer’s recommendations, the Milliplex
Chicken Cytokine/Chemokine Panel (Cat.Nr.: GCYT1-16 K, Merck
KGaA, Darmstadt, Germany) medium was used to assess the protein
concentrations of IFN-a, IFN-y, IL-2, IL-6, IL-10 and RANTES in
the medium samples of study 3. Blinded analysis was performed on
a Luminex MagPix instrument. All samples in two technical
replicates were included. Data collection employed Luminex xPonent
4.2 software. Five-parameter logistic regression curves were
produced as standard curves for each analyte using the median
fluorescence intensity values of the beads applying Millipore Belysa
1.1 software (Merck Millipore, Darmstadt, Germany). Values were
normalized in GraphPad Prism and displayed as relative percentages.
The smallest mean in each data set was defined as 0% and the largest
as 100%.

2.5.5 H&E and pan-cytokeratin
immunohistochemistry

The explants from Study 1 directly after the sampling and after
24 h of culturing and in case of Study 2 after 12 h of culturing were
fixed on foam biopsy pads. After 24h of fixation at room
temperature in formaldehyde solution, samples were trimmed and
dehydrated with a series of ethanol and xylene in an automatic
tissue processor. The dehydrated tissue samples were embedded in
paraffin blocks with the orientation to allow the largest possible
surface area to be cut. Thus 3-4 pm thin sections were made
manually and mounted onto Superfrost+ adhesion slides (Thermo
Fisher Scientific, Waltham, USA). The unstained sections were
deparaffinized and rehydrated in xylene and alcohol, respectively.
Routine H&E staining was performed using an automatic staining
instrument. The H&E slides were examined to evaluate and compare
the explants focusing on three criteria of Kolf-Clauw et al.
investigated on a porcine jejunal explant culture, precisely the lesion
of the tissue, the number of crypts and the enterocyte
morphology (18).

To compare 1 and 2 mm samples from Study 1 after 24 h of
culturing and to assess the morphology of the samples from Study
2 after 12 h of culturing, pan-cytokeratin immunohistochemistry
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was applied to evaluate the integrity of intestinal epithelium via the
assessment of cytokeratin intermediate filaments. Sections were
deparaffinized in xylene (2 x 15 min) and rehydrated in 96% and
absolute ethanol for 5-5 min. It was followed by a 2x rinse in
distilled water for a few minutes. Antigen retrieval was performed
in EnVision FLEX target retrieval solution, High pH 9 (50x) in a
microwave (800 Watts for 5 min, then 180 Watts for 10 min), then
the sections were flushed with PBS 2 times. EnVision FLEX
Peroxidase-Blocking reagent was added for 5 min, followed by a
PBS rinse 3x (EnVision Flex Wash Buffer 20x). The primary
antibody (Monoclonal Mouse Anti-Human Cytokeratin, clones
AE1/AE3, Agilent Technologies) was added and incubated at a
1:200 dilution in a wet chamber for 30 min at room temperature.
The slides were rinsed 2x in PBS before and after the 20-min
incubation of the secondary antibody (Dako, EnVision Flex HRP).
The staining was displayed with DAB Chromogen (Dako Envision
Flex DAB + Chromogen 1 drop +1 mL Envision Flex Substrate
Buffer) for 1-3 min and thereafter the sections were rinsed 2x in
PBS. The slides were counterstained with hematoxylin according to
GILL II for 10-15 s. Bluing was performed in PBS for 5 min. The
slides were covered with coverslips after dehydration in ethanol and
xylene (3-3 min in 96% and absolute ethanol, and 2 x 3 min
in xylene).

2.6 Statistics

Statistical analysis was performed using R core Team software
version 4.0.4 (19). Results were plotted as mean and standard error of
the mean (SEM) on bar graphs using GraphPad Prism software. The
distribution of the data was examined using a Q-Q plot. In Study 1
paired T-test was applied to compare the metabolic activity of the
same explant group at different time points. An unpaired T-test was
used to compare the metabolic activity and the LDH activity of 1 and
2 mm explants. In Study 3 group means were compared with those of
the untreated control group, using Wilcoxon signed-rank test. The
difference between means was considered significant if the p-value
was less than 0.05.

3 Results
3.1 Study 1

The cellular metabolic and total LDH activities of the explants
were measured in the first 36 h of culturing. The initial metabolic
activity of the 2 mm explants was remarkably higher than that of
the 1 mm samples (p = 0.002), but the value of the 2 mm explants
decreased significantly by 12 h (p = 0.001), hence there was no
significant difference between the 1 and 2 mm explants from the
12 h time point on Figure 1. Concerning the total LDH activity of
the medium samples the levels of the 2 mm explants from 12 h
time point on were found significantly higher than that of the
1 mm samples (12h p =0.015, 24 h p =0.006, 36 h p = 0.005)
(Figure 1).

Histology showed that the ileal epithelial cells lost their typical
columnar morphology. After 24 h the epithelium of 1 mm samples
was rather cuboidal while that of the 2 mm explants was more
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FIGURE 1
of 1 and 2 mm explants. Mean (n = 5/group) + SEM.

Cellular metabolic activity measured by CCK-8 assay and total lactate dehydrogenase (LDH) activity measured by an enzyme kinetic photometric assay
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FIGURE 2

crypts (arrows). Bar line = 50 pm.

H&E stained sections of the explants. 0 h 1 mm (A) and 2 mm (C): The physiologic columnar epithelial morphology (arrowheads) is visible on the
surface and within the crypts, and the proprial mononuclear infiltrate is observable (arrows). 24 h 1 mm (B): The cuboidal surface enterocytes
(arrowhead) and Goblet cells (full arrows) are visible both inside the crypts and on the surface while in the lamina propria apoptotic cell debris appears
(circle). 24 h 2 mm (D): The surface enterocytes are flattened or detached (arrowhead), cell debris is apparent in the lamina propria and also within the

flattened. Moreover, necrotic and/or apoptotic cell debris was
observed in the crypts and the lamina propria mainly of 2 mm
samples after 24 h of culturing (Figure 2).

Pan-cytokeratin staining of explants after 24 h incubation
highlighted presumably intact enterocytes and Goblet cells in 1 mm
explants. The Goblet cell counts apparently decreased in the 2 mm
samples. While tissue debris was more evident in the lamina propria
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of 2 mm specimens, intact inflammatory cells were also visible at this
location in the 1 mm explants (Figures 3A,B).

The disruption of the 2 mm explants was evident after 48 h of
culturing as they scattered into smaller pieces and cell debris,
making their further manipulation and culturing impossible. After
9 days of culturing 1 mm, explants were macroscopically intact
with epithelial cells budding out from their surface visible after
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FIGURE 3

magnified to gain picture D. Bar line = 50 um (A,B,D), 500 pm (C).

Pan-cytokeratin stained 24 h sections of 1 mm (A) and 2 mm (B) explants. The epithelial cells are marked in dark brown, and Goblet cells, with their
unstained intracytoplasmic vacuoles, are primarily seen in 1 mm explants (arrows). Giemsa staining of the 1 mm explants after 9 days of culturing
visualized with inverse microscope (C,D): epithelial cells budding from the original explant tissue. The indicated area of picture C (square) was

fixation and Giemsa inverse

(Figures 3C,D).

staining with microscopy

3.2 Study 2

The 1.5 mm explants after 12 h incubation showed retained villous
architecture to a certain degree and an epithelial lining, which was
mostly columnar. Pan-cytokeratin staining highlighted presumably
intact surface enterocytes, crypt epithelial cells and a few Goblet cells.
A mild mononuclear infiltrate is visible in the lamina propria along
with a small to moderate amount of tissue debris (Figure 4).

3.3 Study 3

The CCK-8 assay carried out immediately after 12 h PAMP (LTA,
flagellin or poly I:C) exposures showed that the higher concentration
of poly I:C treatment induced a significant decrease in the cellular
metabolic activity compared to the control (p = 0.032) (Figure 5). No
significant change was observed between PAMP-exposed and control
explants in case of the lactate dehydrogenase activity (Figure 5).

IFN-a concentration was significantly increased by 50 jig/mL poly
LI:.C treatment. LTA and poly I:C elevated IFN-y at both applied
concentrations. A significant increase was induced by LTA (10 pg/mL)
for IL-2, whereas IL-6 was elevated by 100 ng/mL flagellin and 50 pg/
mL poly I:C. In the case of flagellin treatment, IL-10 was up-regulated
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at both concentrations, while the higher concentration of poly I:C and
flagellin increased the levels of RANTES (Figure 6, Table 1). The
IFN-y/IL-10 ratio was significantly increased by the higher applied
concentration of LTA and in case of poly I:C in a concentration-
dependent manner (Figure 7, Table 1). No significant change in the
IL-8 concentration was induced by either of the applied treatments
(Figure 6, Table 1).

4 Discussion

Explant systems comply with the R principles of laboratory animal
experiments since they enable the preparation of multiple explants
from a single animal while providing a tissue-specific response within
a regulated environment (7, 9). Therefore, animal gut explant studies
were done on a large scale to investigate the effects of mycotoxins and
pathogens and to assess the impact of specific dietary components (10,
11, 16). The merit of the immersion technique is that the liquid phase,
the intestinal fluid of the intestine is more accurately modeled in
contrast to air-liquid interface cultures. Nevertheless, preventing
anoxia-induced damage to the explants is challenging (7). Therefore,
the authors aimed to follow the histology and viability parameters of
1 and 2 mm diameter sized smaller and bigger explants to describe
possible size-dependent alterations. In view of the fact that 1 mm,
smaller sized explants are hard to obtain and visualize during the
change of the media the authors opted for the smallest possible
1.5 mm diameter explants in Study 2. In study 2 the morphology of
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FIGURE 4

arrows.) Bar line = 100 pm.

H&E stained (A) and Pan-cytokeratin stained (B) sections of the 1.5 mm explants after 12 h incubation. The physiologic columnar or cuboidal epithelial
morphology (arrowheads) is visible on the surface (full arrows) and within the crypts (arrowheads). Remnants of the intestinal villi are present (empty
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FIGURE 5

Metabolic activity measured by CCK-8 assay and extracellular lactate dehydrogenase (LDH) activity measured by an enzyme kinetic photometric assay
of the 1.5 mm explants. PolylC1 = 50 pg/mL polyinosinic-polycytidylic acid, PolylC2 = 100 pg/mL polyinosinic-polycytidylic acid, LTAL = 10 pg/mL
Staphylococcus aureus lipoteichoic acid, LTA2 = 50 pg/mL Staphylococcus aureus lipoteichoic acid, Flagl = 100 ng/mL Salmonella Typhimurium
flagellin, Flag2 = 250 ng/mL Salmonella Typhimurium flagellin. Mean (n = 5/group) + SEM.
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1.5 mm sized explants was examined after 12 h incubation. In study 3
according to the results of the preliminary studies the authors aimed
to describe the effects of PAMPs on the 1.5 mm sized explant model
after 12 h culturing.

In the preliminary part of the present work, Study 1, routine
histology showed altered epithelial morphology and damaged lamina
propria layer after 24 h of culturing in case of both 1 and 2 mm
explants. Different-sized explants showed different extent of alteration
in favor of 1 mm explants. The changes in epithelial shapes are difficult
to interpret, but it is conceivable that the cells took on a flatter
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morphology, particularly in case of the 2 mm explants to cover the
basement membrane due to the absence of the detached adjacent cells,
or that they became flatter through another mechanism. The cells had
supposedly undergone apoptosis and necrosis in the lamina propria
of the specimens for both explants as inferred mainly from the nuclear
alterations. As the degradation is much more visible deeper in the
propria, the lack of nutrients or anoxia is suspected to be the reason.
Although appreciable villus is absent either in the 24 h or the 0 h
control slides, the 1 and 2 mm explants maintained their epithelial
layer. Crypt cellular debris and the lack of differentiated Goblet cells
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are presumably associated with epithelial injury in the 2 mm samples.
Randall et al. described that explants generally smaller than 3 mm are
easy to lose during processing and challenging to be embedded in an
appropriate orientation, which along with the possible damage caused
by the punch could describe the loss of the villi in the present study (7).

Control

PolylC1

PolylC2

Flag1

Flag2

FIGURE 6

The heatmap represents the normalized relative percentages of the
investigated cytokines. IFNA, interferon-a; IFNG, interferon-y;
RANTES, regulated on activation, normal T cell expressed and
secreted; IL2, interleukin-2; IL6, interleukin-6; IL8, interleukin-8; IL10,
interleukin-10; IL2, interleukin-2; PolylC1 = 50 pg/mL polyinosinic-
polycytidylic acid, PolylC2 = 100 pg/mL polyinosinic-polycytidylic
acid, LTAL = 10 pg/mL Staphylococcus aureus lipoteichoic acid,
LTA2 = 50 pg/mL Staphylococcus aureus lipoteichoic acid,

Flagl = 100 ng/mL Salmonella Typhimurium flagellin,

Flag2 = 250 ng/mL Salmonella Typhimurium flagellin.

10.3389/fvets.2025.1484333

Moreover, the Giemsa stained 1 mm cultures proved further the
viability of the epithelium and the superficial layers after multiple days
of maintenance. After 2-3 days of culturing the 2 mm explants were
fragmented, which is in line with the prompt decrease in the metabolic
activity and increase in the extracellular LDH activity in case of these
samples. Although the original metabolic activity of the cells of 2 mm
explant was higher, these changes suggest that the smaller 1 mm ileal
explants are more reliable under extended (12 h or above) culturing.
Nevertheless, prolonged incubation is controversial because of the
histological alterations observed after 24 h in both explants. Under
hypoxic conditions, the proinflammatory response related genes of
human mature dendritic cells are over-expressed (20). The Hypoxia
inducible factor (HIF)-nuclear factor signaling, and the inflammation
related Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB), which element is crucial in TLR signal transduction, are closely
connected. Under anoxia the proinflammatory cytokine gene expression
is increased, which might assist tissue recovery under physiologic
conditions (21). Therefore, to prevent the influence of excessive anoxia
on inflammatory response, the authors suggest a shorter incubation time
and thus applied 12 h incubation in Study 2. After this amount of time,
the peak translation of cytokine proteins could be assessed according to
studies on different cell lines (22). Practically, the authors found the
1.5 mm and higher diameter biopsy punch more convenient to use as
1 mm explants might be stuck to the plunger or lost during the change
of media. To shorten the time spent on the excision and to further
decrease the difference between explants when a high amount of
treatment groups and replicates are required, 1.5 mm explants could be a
choice with minimal compromise. Therefore, in Studies 2 and 3, the
smallest feasible 1.5 mm explants were examined. The length of the
incubation was also limited to 12 h to assess the morphological status of
untreated 1.5 mm explants and further in Study 3 to determine their
acute inflammatory response under PAMP exposure.

Study 3 shows that TLR agonists unequivocally induce specific
cytokine responses. A previous chicken ileal explant culture study of
Zhang et al. demonstrates that explants remain viable for 2 h under
ambient gas pressure conditions. Furthermore, according to the cited
article, the culture served as a proper model to evaluate inflammatory
response induced by lipopolysaccharide (LPS) stimuli as they observed
that 20 pg/mL LPS could elevate the gene expression of IL-1 and IL-8.
In contrast, 50 pg/mL could significantly increase the extracellular

TABLE 1 Changes with p values caused by the selected PAMPs compared to the control group.

Parameters

Poly I:C (ug/mL)

Supplements

Lipoteichoic acid (png/mL) Flagellin (ng/ml)

50 100 10 50 100 250
Metabolic activity 10.032
IFN-« 10.024
IEN-y 10.014 10.015 10.015 10.013
IL-2 10.019
RANTES 10.016 10.016
IL-6 10.016 10.016
IL-10 10.018 10.018
IEN-y/IL-10 ratio 10.018 10.018 10.027

Poly I:C, polyinosinic:polycytidylic acid.
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FIGURE 7

IFN-v/IL-10 ratio. PolylC1 = 50 pg/mL polyinosinic-polycytidylic acid,
PolylC 2 = 100 pg/mL polyinosinic-polycytidylic acid, LTA1 = 10 pg/
mL Staphylococcus aureus lipoteichoic acid, LTA2 = 50 pg/mL
Staphylococcus aureus lipoteichoic acid, Flagl = 100 ng/mL
Salmonella Typhimurium flagellin, Flag2 = 250 ng/mL Salmonella
Typhimurium flagellin. Mean (n = 5/group) + SEM, * p < 0.05.

LDH activity, indicating cell injury (10). Most of the described TLRs
have been characterized in heterophils, macrophages and in the
intestinal samples of chicken (23). Therefore the authors aimed to
assess the inflammatory response of ileal explants exposed to TLR
agonist PAMPs for 12 h of culturing: poly I:C, LTA of Staphylococcus
aureus and Salmonella Typhimurium derived flagellin. A human
intestinal explant study underpinned that PAMPs have an essential role
in gut inflammatory homeostasis which could be described accurately
by IFN-y/IL-10 ratio. This ratio is of high importance and indicative of
LPS-dependent decrease in the constitutively expressed mucosal IL-10.
This IL-10 decrease according to the authors could lead to IFN-y
elevation and concomitant damage and apoptosis of the human colon
explant cells (24). The ratio similarly indicates inflammatory status in
colitis models and an LPS-stimulated macrophage culture (25). In the
present study flagellin induced significant elevation of IL-6, IL-10, and
RANTES levels, although the IFN-y/IL-10 was not altered. This
observation might be related to the fact that TLR5, the Toll-like
receptor of flagellin is confined to the basolateral side of enterocytes in
human (26). The localization of this receptor has not been investigated,
and this similarity has not been disproved in chickens so far. Therefore,
flagellin might act on a more permeable epithelial barrier and
stimulates a niche of cells deeper in the mucosa. Meanwhile, LTA and
Poly I:C possibly induce TLR signals in enterocytes irrespective of the
polarity. The capability of Poly I:C to induce inflammation on primary
cell cultures of chicken origin was confirmed; however, its effect in
mammalian intestinal ex vivo studies is controversial as it caused no
cytokine production but increased the permeability of mucosal
explants (3, 27, 28). LTA exposure has not been investigated before
either on mammalian or on avian gut explant cultures, therefore the
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effect of LTA to increase the secreted IFN-y and IL-2 concentrations
and to elevate the IFN-y/IL-10 ratio was first described in the present
study. The elevation of the latter parameter might render LTA and also
poly I:C challenge suitable for screening of anti-inflammatory
candidates according to the mammalian model systems of Ma et al. In
the experiment of the cited authors, IFN-y/IL-10 ratio was used to
quantify LPS or dysbiosis
pro-inflammatory response and concomitant neuroinflammation

induced colonic and systemic
which were counteracted by probiotic bacterial strains (25).

The authors previously studied the effects of the listed PAMPs on
chicken 2D and 3D primary hepatocyte—non-parenchymal cell
co-cultures. In that experiment, the IL-8 production of 3D cultures
was significantly decreased by the administered endotoxins, LPS and
LTA. Meanwhile, only the higher LTA concentration was able to cause
an increase in the IL-8 secretion of 2D cultures, and the treatment
diminished the IL-6 level of 3D cultures. However, both 2 and 3D
cultures responded under flagellin and poly I:C exposure with the
elevation of IL-6 concentration and 50 pg/mL poly I.C raised even the
IL-8 secretion of the 3D model developed with magnetic bioprinting
(3). These primary cell culture studies further highlight that the
polarity of defined cell types in a model highly determines the
inflammatory response. The gut explants secrete cytokines and growth
factors that are specific to the mucosal membrane and not to a
particular cell type. This is an advantage of these models as several
proinflammatoty interleukins are not or not constitutively secreted by
single cell types e.g., human enterocytes or macrophages (29, 30).

In contrast, [FN-y and IL-6 are secreted in small concentrations
by the intestinal epithelial cells (29). Therefore, the effect of different
agents and anti-inflammatory drugs is commonly tested also on
intestinal ex vivo cultures to gain more representative data about the
response of the complete gut mucosa (9). In the present investigation
a marked significant increase in IFN-y level was induced by LTA and
poly I.C at both applied doses, while IFN-a concentration was
considerably increased by 50 pg/mL poly I:C treatment. Concerning
IL-2 concentration, 10 pg/mL LTA had an increasing effect, whereas
100 ng/mL flagellin and 50 pg/mL poly I:C elevated the level of IL-6.
When flagellin was administered, IL-10 concentration was elevated at
both doses, and RANTES levels rose in response to the higher poly I.C
and flagellin concentrations. Elevated LTA and poly I:C concentrations
considerably and concentration-dependently raised the IFN-y/IL-10
ratio compared to the control. Therefore, the application of the
examined agents, LTA, poly I:C and flagellin could induce a
satisfactory proinflammatory response on chicken ileal explant
cultures based on the cytokines of interest.

The applied 1 and 2 mm explants showed a mild alteration of the
epithelium and notable damage of the lamina propria after 24 h of
culturing, meanwhile after 12 h culturing in Study 2 the 1.5 mm
explants possessed a mostly columnal epithelial lining with moderate
impairment in the propria. Mucosal damage is a characteristic of most
of the gut leakage models as it captures the two-hit nature of gut
inflammation. This aspect of inflammatory bowel disease is exploited
and emphasized in case of the mouse model of dextran sodium sulfate
(DSS) induced ulcerative colitis. DSS primarily induces damage of the
epithelial barrier and therefore facilitates the intestinal pathogens and
their antigens to reach the deeper layers of the mucosa (31). At the site
of the inflammation, damage associated molecular patterns (DAMPs)
are released from the destructed cells. These conjointly with PAMPs
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are triggers in regulating inflammation and thus play a substantial role
in gastrointestinal diseases, e.g., inflammatory bowel disease. The
faulty healing of the gut barrier plays an unequivocal role in
maintaining inflammatory bowel disease (32). This tissue damage is
indeed a characteristic of the present in vitro model, which is, from
one hand, a limitation of it. However, the involvement of DAMPs and
impaired tissue integrity related factors could make the explant model
even more reasonable if mild damage of the propria and the epithelial
layer are not objections for the research setting. Especially if the study
aims to investigate the anti-inflammatory potential of drugs and drug
metabolites that could not penetrate through the intact mucosal
barrier (e.g., host defense peptides) (33).

5 Conclusion

The present data underpins that biopsy punches genuinely used
for the section of gut explants could be applied to obtain tissue
samples with identical size and similar morphology. Chicken gut
explants greater in size showed damage sooner during culturing
according to the macroscopic, microscopic morphology and the
cell viability assays. 1-1.5 mm diameter explants are comparable in
size to spheroid cultures, and according to H&E and
pan-cytokeratin staining, they better retain their histomorphology,
making them a suitable model for 12 h of culturing. Under these
conditions PAMPs induced remarkable changes compared to the
control group in the measured cytokines. At least one concentration
of poly I:C elevated the IFN-a, IFN-y, RANTES and IL-6 level.
Furthermore, LTA increased the concentration of IFN-y and IL-2,
while RANTES, IL-6 and IL-10 elevation was noted in the case of
flagellin exposure. Moreover, poly I:C and LTA increased the
IFN-y/IL-10 ratio indicative of the intestinal inflammatory status.
It substantiates that the application of LTA, poly I:C and flagellin
on chicken ileal explant culture renders an appropriate model to
assess the effects of the future nutraceuticals and drugs of the
poultry industry with possible anti-inflammatory effect.
Furthermore, the authors suggest similar simplistic models with
low technical requirements to be applied for modeling enteritis of
mammalian species.
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