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There is a rapidly growing interest in how the avian intestine is affected by dietary components and feed additives. The paucity of physiologically relevant models has limited research in this field of poultry gut health and led to an over-reliance on the use of live birds for experiments. The development of complex 3D intestinal organoids or “mini-guts” has created ample opportunities for poultry research in this field. A major advantage of the floating chicken intestinal organoids is the combination of a complex cell system with an easily accessible apical-out orientation grown in a simple culture medium without an extracellular matrix. The objective was to investigate the impact of a commercial proprietary blend of organic acids and essential oils (OA+EO) on the innate immune responses and kinome of chicken intestinal organoids in a Salmonella challenge model. To mimic the in vivo prolonged exposure of the intestine to the product, the intestinal organoids were treated for 2 days with 0.5 or 0.25 mg/mL OA+EO and either uninfected or infected with Salmonella and bacterial load in the organoids was quantified at 3 hours post infection. The bacteria were also treated with OA+EO for 1 day prior to challenge of the organoids to mimic intestinal exposure. The treatment of the organoids with OA+EO resulted in a significant decrease in the bacterial load compared to untreated infected organoids. The expression of 88 innate immune genes was investigated using a high throughput qPCR array, measuring the expression of 88 innate immune genes. Salmonella invasion of the untreated intestinal organoids resulted in a significant increase in the expression of inflammatory cytokine and chemokines as well as genes involved in intracellular signaling. In contrast, when the organoids were treated with OA+EO and challenged with Salmonella, the inflammatory responses were significantly downregulated. The kinome array data suggested decreased phosphorylation elicited by the OA+EO with Salmonella in agreement with the gene expression data sets. This study demonstrates that the in vitro chicken intestinal organoids are a new tool to measure the effect of the feed additives in a bacterial challenge model by measuring innate immune and protein kinases responses.
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1 Introduction

Avian gastrointestinal studies have long been hampered by a lack of representative cell culture tools such as cell lines, but the global movement to reduce experimental animals has resulted in the development of alternative comprehensive lab models that closely resemble the chicken intestinal tract. Since the initial landmark paper by Sato et al. (1) which described the first stem cell-derived 3D intestinal organoid that differentiated into villus-crypt structures that encompassed key epithelial cell lineages found in vitro, various progressive models were developed over the past 10 years along with “intestine-on-a-chip” microfluidic bioengineered models for human and mice [reviewed in (2)]. The development of livestock intestinal organoids is progressing although the application of livestock organoids to investigate pharmaceutical and neutraceutical components is lacking compared to the application of human organoids to investigate functional foods (reviewed in (3)). Various chicken organoid models have been described, ranging from enterospheres or spheroids (4) to extracellular matrix (ECM) embedded organoids using mammalian culture methods. These organoids form a central functional lumen lined by highly polarized epithelial cells whose apical brush borders face internally and basolateral surfaces lie in contact with the ECM scaffold (5, 6). A practical limitation of the “basal-out” 3D geometry is that it prevents easy access to the apical surface of the epithelium. The omission of the ECM and additional niche growth factors has led to the development of organoids with an “apical-out” orientation with easy access to the apical epithelium which makes their application more practical and cheaper (7). Although they cannot be passaged like the classical organoids (8) the costs are lower due to a lack of animal-derived products used for classical organoid cultures (ECM), the option to cryopreserve the “apical-out” chicken organoids enables large scale studies and biobanking. A major advantage of the “apical-out” 3D organoids is that they naturally contain all cells of the intestinal epithelium as wells as the underlying lamina propria (7). This complex cell system mimics the cross-talk between epithelial and lamina propria cells which maintains the homeostatic state of the intestine (7, 9). Organoids comprised of only an epithelial cell layer lack the regulatory circuits that are switched on after inflammatory insults (10). These advantages will enable further investigations into host-pathogen interaction and into the mode of action of feed additives.

There is growing interest in the use of feed additives to reduce the use of antibiotic growth promotors (AGP) to improve gut health. When combined with improved biosecurity practices, natural feed additives, such as a combination of organic acids (OA) and essential oils (EO) with proven positive effects on chickens’ intestinal health (11, 12), can play a key role in improving growth performance. Organic acids can be supplied via the feeds but can also originate from endogenous microbial fermentation and some can be naturally found in the intestinal tract of animals, whereas EO blends are mixtures of phytochemical compounds. The main mode of action linked to the synergic effect of OA and EO has been suggested to be via the modulation of the intestinal microbiota, promotion of nutrient absorption and anti-oxidant effects, while antimicrobial properties have also been documented (reviewed in 13–15).

The chicken-specific kinome peptide array technique is designed to measure and evaluate the immunometabolic signaling changes that occur between treatment and control groups (16). The technology utilizes 15 amino acids (AA) long peptides from the chicken proteome corresponding to known kinase target sites in the human proteome (orthologues sequences). Kinases are enzymes which catalyze phosphorylation events, the transfer of a phosphate group from ATP to a target protein, and act as key regulators of cell signaling. This post-translational modification can act to increase or inhibit the target protein’s activity and modulate its capacity to interact with other molecules. Proteins also can contain multiple kinase target sites, sometimes with complementary or enhancing functions and sometimes with antagonistic or competing functions. In the peptide array assay, active kinases in the samples phosphorylate their target sites represented on the array. By considering a proteomic perspective, specifically the post-translational modification of a protein that alters activity, it is easier to generate and interpret phenotypically relevant immune and metabolically integrated data.

Although in vitro models are not able to replace performance studies, they can disentangle the effects of feed additives on epithelial barrier integrity and immune status as well as quantify the effect on bacterial invasion. The objective of this study was to validate the 3D chicken intestinal organoids as an in vitro tool to measure the effect of feed additives on the potential to improve resilience to microbial challenges and to investigate their mode of action.




2 Materials and methods



2.1 Generation of 3D intestinal organoids

Experiments were performed using 18–19-day old Hy-Line Brown embryos (Gallus gallus) obtained from the National Avian Research Facility, Edinburgh, UK. Embryos were humanely culled under the authority of UK Home Office Project Licences (PE263A4FA) following the guidelines and regulations of the UK Home Office ‘Animals (Scientific Procedures) Act’ 1986. The small intestine (duodenum, jejunum and ileum) was removed, cut open longitudinally then into 3 mm sections and collected in Mg2+ and Ca2+ free phosphate buffer saline (PBS). For each independent batch, the intestines from five embryos were pooled and a total of eight independent batches were tested. The villi were released from the tissue as previously described (7). In brief, the tissues were digested with Clostridium histolyticum type IA collagenase (0.2 mg/mL, Merck, Gillingham, UK) at 37°C for 50 min with agitation at 200 rpm. Single cells were removed by filtering the digestion solution through a 70 µM cell strainer (Corning, Loughborough, UK). The villi were collected by washing the inverted strainer. Villi were collected and pelleted at 100 g for 4 min. The villi were resuspended in Floating Organoid Media (FOM media; Advanced DMEM/F12 supplemented with 1X B27 Plus, 10 mM HEPES, 2 mM L-Glutamine and 50 U/mL Penicillin/Streptomycin; ThermoFisher Scientific, Paisley UK (TFS)) and seeded at ~3000 organoids/well in 6 well plates and incubated overnight at 37°C, 5% CO2.




2.2 Bacterial strain and culture conditions

Salmonella enterica serovar Typhimurium strain 4/74 (STm) was engineered previously to constitutively express GFP by transformation with a derivative of pFVP25·1 (17). Bacteria were cultured in Luria-Bertani broth supplemented with 50 µg/mL of ampicillin (Merck) and 20 µg/mL of naladixic acid (TFS) and incubated for 18 h at 37°C with shaking at 180 rpm. Bacteria were grown to the optical density of 1 at 600 nm and pelleted at 3220 g for 10 min at 4°C. Bacteria were washed twice with PBS and resuspended in 10 mL of antibiotic-free FOM. Tenfold serial dilutions were plated on naladixic acid containing LB agar in duplicate and incubated at 37°C overnight to determine colony forming units (CFU) and expression of GFP was checked under blue light. A titration of the challenge dose was performed using 1000, 500, 250 and 125 CFU of STm per organoid. Infection of organoids for 3 h with 500 CFU or more of STm provided the most reproducible CFU measurements based on CFU counts from homogenized organoids (data not shown). Therefore, 500 CFU of STm was used as the challenge dose in this study.




2.3 Treatment of organoids and STm with OA+EO

A proprietary blend of organic acids and essential oils (OA+EO) (Jefo Nutrition Inc. Canada) was prepared at a concentration of 1 mg/mL in antibiotic-free FOM and dissolved at 37°C with regular inversion. After 24 h in culture the organoids were collected by centrifugation at 100 g for 4 min and resuspended in antibiotic-free FOM media or antibiotic-free FOM media supplemented with 0.5 mg/mL (high dose) or 0.25 mg/mL (low dose) of OA+EO in 6 well plates at 37°C, 5% CO2. After 24 h, the untreated and the OA+EO treated organoids were collected by centrifugation at 100 g for 4 min and reseeded at 200 organoids per well on 24 well plates in a final volume of 350 µL of antibiotic-free FOM media or antibiotic-free FOM media supplemented with 0.5 mg/mL or 0.25 mg/mL of OA+EO for 24 h at 37°C, 5% CO2. The treated organoids were exposed to OA+EO a total of 48 h before inoculation with STm.

STm was resuspended with antibiotic-free FOM media supplemented with high (0.5 mg/mL) or low (0.25 mg/mL) OA+EO and incubated at 4°C for 24 h before inoculation of the organoids.




2.4 Infection of organoids with STm and net replication

For bacterial invasion assays, control organoids were infected with 500 CFU/organoid of STm not pre-treated with OA+EO or remained uninfected. Organoids treated for 48 h with OA+EO were infected with 500 CFU/organoid of OA+EO treated STm. To encourage bacterial:organoid interaction, plates were centrifuged for 5 min at 10 g and subsequently incubated at 37°C, 5% CO2 for 3 h. For each batch of organoids, 3 wells on a 24 well plate were prepared for bacterial enumeration, 3 wells for RNA isolation, and 3 wells for protein isolation. The experiments were repeated twice with 4 independent batches of organoids in each experiment (total N=8 independent batches).

To quantify the number of bacteria that invaded the untreated and OA+OE treated organoids, organoids were treated with gentamycin (Gibco, 50 μg/mL) for 30 min at 37°C. Three wells were pooled, and centrifuged at 400 g for 4 min. Organoids were washed twice in PBS and homogenized in 300 μL PBS using steel beads in a Tissue-Lyser at 25 Hz for 1 min. Ten-fold serial dilutions were plated on naladixic acid (20 µg/mL) containing LB agar in duplicate and incubated at 37°C overnight to enumerate intracellular bacteria. All input STm inocula were plated out on the day of infection to measure the direct effect of OA+EO on Salmonella invasion. The mean and standard deviation were calculated and significant differences between groups were determined by the nonparametric Mann-Whitney U test, with a P-value of <0.05 considered statistically significant.




2.5 RNA isolation and reverse transcription

Organoids were collected from 3 wells of each treatment group and centrifuged at 2300 g for 4 min. The pellets were lysed in 350 µL RLT Plus buffer with 2β-mercaptoethanol. Total RNA was extracted using a RNeasy Plus Mini Kit (Qiagen) consisting of a genomic DNA column eliminator according to the manufacturer’s instructions and quantified spectrophotometrically. Twenty-five ng/µl of RNA was reversely transcribed using a High-Capacity Reverse Transcription kit (Life Technologies, Paisley, UK), according to the manufacturer’s instructions, with a random hexamer primer and oligo(dT). The cDNA was stored at −20°C until future use.




2.6 High-throughput qPCR 96.96 IFC dynamic array

Pre-amplification of cDNA was performed as previously described (18) and unincorporated primers were digested from the pre-amplification samples using 16 U/μl Exonuclease I (E. coli, New England Biolabs) at 37°C for 30 min. High-throughput qPCR was performed using 96x96 Integrated Fluid Circuits (IFC) arrays (Standard BioTools) as previously described (19). Samples were amplified in duplicate reactions using primers for 88 genes of interest and seven reference genes. Quantitative PCR was performed on the BioMark HD instrument (Fluidigm) using the thermal cycling conditions as previously described (19). The fluorescence emission was recorded after each cycling step. Raw qPCR data quality threshold was set to 0.65-baseline correction to linear (derivative) and quantitation cycle (Cq) threshold method to auto (global) using the Real-Time PCR Analysis software 3.1.3 (Standard BioTools).




2.7 Data processing and analysis

The raw Cq values were processed with GenEx.v6 MultiD Analyses AB, with correction for primer efficiency. IL1R2 gene was removed from the analysis due to missing over 50% of the data. The stability of the expression of seven putative reference genes - TATA box binding protein (TBP), Tubulin alpha chain (TUBA8B), beta-actin (ACTB), beta-glucuronidase (GUSB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Beta-2-Microglobulin (B2M) and ribosomal 28S (r28S) - was evaluated via the NormFinder tool in GenEx. The geometric mean of the most stable genes (ACTB, B2M, TBP) was used to normalize all samples. Technical replicates were averaged, and the relative quantification values were assessed to the maximum Cq value obtained per gene, transformed to the logarithmic scale.

Statistical analysis of the gene expression of organoids treated with OA+EO and STm from the IFC array was conducted to identify significantly differentially expressed genes (DEGs) between stimulated groups and was performed using GenEx6, with group means compared with two-way t-tests adjusted for multiple comparisons with post hoc Bonferroni correction, with significant DEGs having a fold change >1.5 and <−1.5, illustrated in heat maps, and the shared or unique genes annotated in Venn diagrams. For all statistical analyses, P-values < 0.05 were considered significant. All statistical analyses were conducted using GraphPad Prism 9 or GenEx v6.




2.8 Kinome peptide array

Organoids were centrifuged at 2300 g for 4 min and the pellet was snap-frozen in liquid nitrogen and stored at -80°C. Samples were shipped on dry ice to the University of Delaware, for kinome peptide array analysis.

The kinome peptide array was performed as described by (20). Forty mg of samples were lysed using bead-based homogenization in 100 μL of lysis buffer containing protease and phosphatase inhibitors. The lysed organoids were incubated pelleted at 14,000 g for 10 min at 4°C. An aliquot of supernatant was mixed with 10 μL of activation mix containing ATP as the phosphate group donor. Eighty μL of the supernatant-activation solution was applied to the peptide microarray. The custom-designed peptide arrays were obtained from JPT Peptide Technologies (Berlin, Germany), based on in-house sequence designs. A 25 × 60 mm, glass lifter slip was then applied to the microarray to sandwich and disperse the applied lysate.

The microarrays were incubated in a humidity chamber at 40°C and 5% CO2. Arrays were placed in a 50 mL centrifuge tube containing PBS-1% Triton, to remove the lifter slip from the microarray surface, and submerged in 2M NaCl-1% Triton and agitated for a minimum of 30 s. This process was repeated with fresh 2M NaCl-1% Triton and arrays were washed in double distilled water with agitation.

Array slides were submerged in phosphospecific fluorescent ProQ Diamond Phosphoprotein Stain (Life Technologies, Carlsbad, CA) on a shaker table at 50 rpm for 1 h and destained twice for 10 min with agitation at 50 rpm in 20% acetonitrile (EMD Millipore Chemicals, Billerica, MA) and 50 mM sodium acetate (Sigma Aldrich, St. Louis, MO). The arrays were then washed with double distilled water, spun dried, and scanned using a Tecan PowerScanner microarray scanner (Tecan Systems, San Jose, CA) at 532 to 560 nm with a 580 nm filter to detect dye fluorescence.




2.9 Kinome peptide array data analysis

Images were gridded using GenePix Pro software, and the spot intensity signal was collected as the mean of pixel intensity using local feature background intensity calculation with the default scanner saturation level. The resultant data was analyzed by the PIIKA2 peptide array analysis software (http://saphire.usask.ca/saphire/piika/index.html) (21). Briefly, the resulting data points were normalized to eliminate variance due to technical variation, for example, random variation in staining intensity between arrays or between array blocks within an array. Variance stabilization normalization was performed. Using the normalized data set comparisons between treatment and control groups were performed, calculating fold change and a significance P-value. The P-value was calculated by conducting a one-sided paired t-test between treatment and control values for a given peptide. The resultant fold change and significance values were then used to generate higher order analysis (heat maps, hierarchical clustering, principal component analysis, pathway analysis, etc.).

As described by Perry et al. (22), post PIIKA2 analysis was performed using the following online databases and tools; STRING database (23) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and KEGG color and search pathways (24), PhosphoSitePlus (25), Uniprot (26), and Venny 2.1 (27).





3 Results



3.1 OA+OE reduced Salmonella invasion of chicken 3D intestinal organoids

To investigate the effect of OA+EO on Salmonella enterica serovar Typhimurium (STm) invasion and its effects on the innate immune responses, we mimicked the in vivo circumstances by pre-treating the organoids for 48 h and STm with OA+EO for 24 h prior to infection similar to expose in the intestinal tract. The treatment of organoids with low (0.25 mg/mL) or high (0.5 mg/mL) OA+EO did not alter the morphology of the organoids compared to the untreated organoids (Supplementary Figure 1). The effect of OA+EO on the viability of STm has been described previously (14) and in our study, the OA+EO treatment of STm for 24 h at 4°C also reduced the viability, on average by 28%, compared to storage in a floating organoid medium (FOM) for 24 h at 4°C (data not shown).

The number of live bacteria that invaded the organoids was calculated as relative to the number of inoculated bacteria within each independent experiment, i.e. the number of invaded bacteria compared to its input inoculum. The treatment of organoids with 0.5 or 0.25 mg/mL OA+EO resulted in a significantly lower number of invaded bacteria (Figure 1) compared to the untreated organoids, suggesting that OA+EO has a minor effect on the bacteria while having a major effect on the intestinal organoids.




Figure 1 | Treatment of chicken 3D organoids with OA+EO reduces Salmonella Typhimurum (STm) invasion. Organoids were treated for 48 h with a blend of organic acids and essential oils (OA+EO) at a concentration of 0, 0.5 or 0.25 mg/mL followed by infection with 500 CFU/enteroid of STm. STm was treated for 24 h at 4°C with the respective concentration of OA+EO or remained untreated. After 3 h the extracellular bacteria were killed using gentamycin and cells were harvested, lysed and bacterial invasion enumerated. The number bacteria is represented as relative to the number of inoculated bacteria. N=8 biological replicates per group; *p<0.01 and error bars represent ± standard deviation.






3.2 Altered innate immune gene expression in the intestinal organoids after treatment with OA+EO

To determine the effects the OA+EO on the immune responses of organoids, a high throughput qPCR array was used to analyze the mRNA expression levels of 88 innate immune genes. The organoids were treated for 48 h with 0.5 or 0.25 mg/mL OA+EO and compared to untreated (0 mg/mL) organoids. The number of significantly differentially expressed genes (DEGs) with a fold change (FC) ≥1.5 at p<0.05, was higher after treatment with 0.5 mg/mL compared to 0.25 mg/mL, 24 and 7 respectively, with 5 genes in common (Figure 2A).




Figure 2 | Effect of OA+EO on intestinal organoids. (A) The number of significantly differentially expressed genes (DEGs) in organoids treated for 2 days with 0.5 or 0.25 mg/mL OA+EO compared with untreated control organoids. Heat maps illustrate the fold change associated with significant DEGs with a fold change ≥1.5 at p<0.05 that are shared (B) or uniquely expressed or uniquely expressed in the high (C) or low (D) treatment groups. Fold change values are represented on a divergent, intensity color. N=8 biological repeats per group.



The higher dose of OA+EO upregulated 16 genes and downregulated 10 genes, whereas the lower dose of OA+EO upregulated one gene and downregulated six genes compared to untreated samples (Figure 2B). Five genes were regulated by both concentrations of OA+EO of which one gene is upregulated, the chemokine ligand CXCLi2 which is an orthologue of human CXCL8. GLUL (Glutamate-Ammonia Ligase), LYG2, and UPP1 were all downregulated. UPP1 or Uridine Phosphorylase 1 in human studies was profoundly associated with immune and inflammatory response and correlated with MHC-II and LCK, and is expressed in macrophages and distal enterocytes (28). Lysozyme G like 2 (LYG2) is an antibacterial peptide expressed by heterophils (29). The C-type lectin superfamily member CD72 was affected in a dose dependent manner, with a higher concentration of OA+EO upregulated CD72 whereas the lower dose downregulated CD72 albeit at a low level (FC -1.8). CD72 is involved in B cell activation and signaling and the cytoplasmic domain contains two immunoreceptor tyrosine-based inhibitory motifs (ITIM1 and 2; 30). In mice, CD72 was shown to be an inhibitory receptor on NK cells regulating cytokine production (31).

Next, we analysed the FC levels of the genes specifically regulated by the different doses of OA+EO. Treatment with the higher dose of 0.5 mg/mL resulted in the upregulation of three genes with an FC >3, EDN1, DTX2 and IL10RA. Although Endothelin 1 (EDN1) is associated with endothelial cells and vasoconstriction, but recent human single-cell analysis showed high RNA expression in enteroendocrine cells and enterocytes (The Human Protein Atlas, version 23.0). DTX2 encodes the enzyme Deltex E3 ubiquitin ligase 2 and regulates Notch signaling, a signaling pathway involved in cell-cell communications that regulate a broad spectrum of cell-fate determinations, controlling the homeostasis of occludin and ER stress (32). Only two genes, CCL20 (FC -1.5) and IL12β (FC -2.9), were specially downregulated by a low dose of OA+EO treated enteroids (Figure 2D). In summary, treatment of intestinal organoids with a high dose of OA+EO resulted in the activation of innate immune responses, whereas the low dose of OA+EO mostly downregulated genes, while only CXCLi2 was slightly upregulated by both concentrations of OA+EO.




3.3 Treatment of organoids with OA+EO alters inflammation during Salmonella challenge

To determine the effects of OA+EO on altering the innate-immune responses to STm infection in chicken 3D enteroids, we first determined the induction of inflammatory responses to STm without treatment. The infection of organoids with STm resulted in a strong upregulation of (pro)-inflammatory genes at 3 hpi (Figure 3). Especially the cytokine (IL1B, IL6) and chemokine genes (CCLi2, CXCLi2, CCL20) were upregulated with a fold change of 14–79 compared to uninfected controls. A molecular pathway promoting cell activation is the nuclear factor-κB (NF-κB) signaling pathway and STm upregulated several signaling genes such NFKB2, NFKBIZ and TNFAIP3 a gene involved in tightly regulating NF-κB activity (33).




Figure 3 | STm upregulates of pro-inflammatory responses in untreated 3D organoids. Heat maps illustrate the fold change associated with significant DEGs in organoids 3 h after challenge with STm compared with control organoids. Significant DEGs with a fold change ≥1.5 at p<0.05 that are represented on a divergent, intensity color. N=8 biological repeats per group.



In contrast, when the organoids were treated with OA+EO and then infected with STm the inflammatory responses were prevented (Figure 4). A total of 50 significant DEGs were found after OA+EO treatment and STm challenge, 15 DEGs were regulated by the lower dose and 13 DEGs by the higher dose while 22 DEGs were in common between the high and low doses (Figure 4). However, compared to the expression in the STm challenge control group, all DEGs were downregulated after OA+EO treatment of the organoids, with the exception of PPARG in the high dose group.




Figure 4 | Effect of OA+EO on innate responses of intestinal organoids to STm challenge. (A) The number of significantly differentially expressed genes (DEGs) in organoids treated for 2 days with 0.5 or 0.25 mg/mL OA+EO compared and challenged with STm compared with untreated control organoids. Heat maps illustrate the fold change associated with significant DEGs with a fold change ≥1.5 at p<0.05 that are shared (B) or uniquely expressed (C) in the two treatment groups. Fold change values are represented on a divergent, intensity color. N=8 biological repeats per group.



Another striking difference between treatment and bacterial challenge versus bacterial challenge only was the level of expression of DEGs. After STm infection 19 DEGs had a fold change of >4 or <4 and a maximum fold change of 78. In contrast, the OA+EO treated and challenged organoids had 7 DEGs with a fold change of >4 or <4 and a maximum FC of -9 (Figures 4B, C). In conclusion, treatment of organoids with OA+EO downregulated the inflammatory responses induced by STm infection aiming to balance homeostatic status.




3.4 OA+EO alters the immunometabolic phenotype of organoids during Salmonella challenge

The kinome array was used to study immune signal transduction pathways occurring in 3D organoids after treatment with high or low dose OA+EO and STm challenge. All the samples were compared with the uninfected and untreated control (0 mg/mL) using the Platform for Integrated, Intelligent Kinome Analysis 2 (PIIKA2) online software (21). The heatmap of phosphorylation changes and experimental group clustering data are shown in Figure 5. We observed that high dose OA+EO+STm shows tighter clustering with the low dose OA+EO while these groups do not cluster with high dose OA+EO compared to the untreated control. Low dose OA+EO+STm shows tighter clustering with low dose OA+EO and does not cluster with the high dose OA+EO. These results show that the addition of OA+EO has a significant effect on the signaling of the organoids in the context of the Salmonella challenge, especially at the high dose.




Figure 5 | Heat map representing the fold change comparison of peptide phosphorylation on all the five samples compared to the negative control. Red indicates the peptides with increased fold change corresponding to increased phosphorylation and the green indicates the peptides with the decreased fold change corresponding to decreased phosphorylation. The lines connecting each group and the height of those lines represent differences between them. N=6 biological repeats per group.



Similar to the gene expression data, we compared the proteins that were significantly altered by the high dose and low dose OA+EO compared to the control (Figure 6A). While the gene expression data showed that most of the changes that occurred were unique to the high dose (Figure 2A), the kinome data showed that most of the changes at the protein phosphorylation level (75%) occurred uniquely in the low dose OA+EO group (Figure 6A). Most of the changes detected by the peptide array showed a relative decrease in phosphorylation of the proteins unique to the low dose OA+EO while in those proteins unique to the high dose OA+EO, the changes were an increase in phosphorylation (Supplementary Table). These results are similar to the gene expression data, where the high dose induced increased gene expression and the low dose mostly reduced gene expression (Figure 2). When we considered the Salmonella inoculated groups treated with high or low dose OA+EO the majority of the differential protein phosphorylation was shared between the two groups at 62% (Figure 6B). The trend in the OA+EO+STm groups was that much of the phosphorylation change relative to control was decreased phosphorylation (Supplementary Table).




Figure 6 | Effects of OA+EO on protein phosphorylation in uninfected and STm infected enteroids (A) Significant peptides, illustrated in heat maps, and the shared or unique peptides annotated in Venn diagrams having P-values < 0.05. N=6 biological repeats per group. (B) Number of unique proteins statistically significantly differentially phosphorylated in each group and the overlap between groups. All comparisons were carried out against the untreated, uninfected controls, N=6 biological repeats per group, cut off= 0.05.



The pathway overrepresentation analysis of the data generated a list of pathways for each experimental group relative to the control. For all groups, the PI3K-Akt pathway was highly represented in the data (Tables 1–5). The PI3K-Akt pathway is a central signaling pathway that leads to a number of immune and metabolic responses. Though this pathway is overrepresented in all groups, there are distinct differences in the number of peptides displaying differential phosphorylation and the direction of that phosphorylation (increased or decreased relative to control) (Supplementary Table). The Salmonella challenge group showed a relatively small number of phosphorylation changes in PI3K-Akt thought many of those were increased phosphorylation, among those several proinflammatory and proliferative response proteins including, Raptor, IRS1, HSP90, FGFR2, ERK, Raf1 (Supplementary Table). Interestingly, the high dose OA+EO treated group showed a similar profile to the infection group, with a limited number of phosphorylation changes but among those pro-inflammatory and proliferative (for example NFkB, mTOR, IRS1, HSP90). This contrasts with the low dose OA+EO treated group, which showed a larger number of changes in the PI3K-Akt pathway members, but these were predominantly decreased in phosphorylation, especially amongst the proinflammatory proteins (Supplementary Table). Both low and high dose OA+EO+STm showed a relatively large number of changes in the PI3K-Akt pathway, again predominantly as decreased phosphorylation. Therefore, while there was a split in the number of peptides affected and directionally of change between the low and high dose OA+EO, the effects of these two doses merged when in the context of Salmonella.


Table 1 | The 20 significant signal transduction pathways generated by incorporating the statistically significant proteins obtained using the PIIKA2 software followed by normalization between STm infected 3D organoids and negative control.




Table 2 | The 20 significant signal transduction pathways generated by incorporating the statistically significant proteins obtained using the PIIKA2 software followed by normalization between 0.5 mg/mL OA+EO treated organoids and negative control.




Table 3 | The 20 significant signal transduction pathways generated by incorporating the statistically significant proteins obtained using the PIIKA2 software followed by normalization between 0.25 mg/mL OA+EO treated organoids and negative control.




Table 4 | The 20 significant signal transduction pathways generated by incorporating the statistically significant proteins obtained using the PIIKA2 software followed by normalization between 0.5 mg/mL OA+EO treated organoids infected with treated STm and negative control.




Table 5 | The 20 significant signal transduction pathways generated by incorporating the statistically significant proteins obtained using the PIIKA2 software followed by normalization between 0.25 mg/mL OA+EO treated organoids infected with treated STm and negative control.







4 Discussion

The objective of this study was to evaluate if the apical-out chicken 3D intestinal organoids that comprise an epithelial cell layer and a lamina propria can be used as a model to mimic the chicken gut responses to feed additives. Evidence of efficacy of feed additives is primarily provided by in vivo feeding trials but an in vitro model may reduce the number of bird performance studies by way of preselection of compounds. Thereby the global trend to reduce the use of experimental animals will also be addressed.

In this study, treatment of organoids with OA+EO affected the intestinal organoids in a dose-dependent matter. Low dose OA+EO had a moderating effect while the high dose at 0.5 mg/mL appeared more stimulatory based on the number of upregulated genes and the number of proteins being phosphorylated (Figure 2D; Supplementary Table).

The treatment of chicken intestinal organoids with OA+EO at high and low doses significantly reduced the invasion of Salmonella. Although we did not address the mode of action linked to OA+EO in our study, previous studies suggested multiple effects may occur simultaneously including the modulation of the intestinal microbiota, promotion of nutrient absorption and anti-oxidant effects, but antimicrobial properties have been documented (13–15, 33). In our study, a direct antimicrobial activity on Salmonella was found as well as modulation of the intestinal oxidative stress based on alteration of the PI3K/AKT and FoxO signaling pathways. The effect on the microbiome can be excluded due to the lack of a microbiome in the model used in this study.

The Salmonella challenge alone induced an innate immune response based on mRNA expression of 88 selected genes. The bacteria are recognized by a variety of pathogen pattern recognition receptors leading to the upregulation of proinflammatory cytokines and chemokines including IL1B, CCLi2, CXCLi2, CCL20, and IL6. Intestinal inflammation seen in vivo after Salmonella challenge elicits alterations in tissue metabolism and energy-demanding processes such as phagocytosis and generation of oxidative burst (34). Salmonella infection alone did not elicit an exceptionally strong response in the organoids as measured by phosphorylation, most likely due to the short period of infection (3 hours). However, this timeframe was sufficient to activate the MAPK, PI3K-Akt, T cell receptor and AMPK signaling pathways (Table 1). The induction of pro-inflammatory gene expression and the activation of these signaling pathways have been described in vivo after infection with Salmonella spp (35, 36). While here we focused on the description of PI3K-Akt signaling alterations by the Salmonella inoculation and treatment of the organoids with OA+EO, this central immunometabolic pathway links to the others previously described (37). Our previous work in vivo showed pathway alterations in the chicken gut due to Salmonella infection in the pathways listed above (35, 38, 39). Our results in this study are consistent with what has been observed in vivo in the chicken intestine, providing strong support for the concept of chicken organoids as a model for chicken gut in future mode of action studies.

The two-day treatment of intestinal organoids with OA+EO significantly moderated the response to Salmonella challenge both metabolically and immunologically. The inflammatory responses were mostly absent and signaling pathways maintained a more baseline level. In addition, both data sets showed that when comparing the two doses OA+EO in the context of Salmonella exposure, the majority of the changes were shared (Figure 4A and Tables 1–5). The changes elicited by the OA+EO with Salmonella were decreased gene expression (Figures 4B, C) and phosphorylation (Supplementary Table) again showing agreement between the gene expression and phosphorylation data sets. Lower inflammatory responses are associated with higher intestinal barrier integrity and lower enteric epithelial leakage. Broilers fed diets with OA+EO and challenged with Eimeria spp. and Clostridium perfringens showed improved intestinal barrier integrity based on FITC-dextran leakage and increased gene expression of claudin-1 and occludin (11). Other in vivo studies have shown increased villus height and villus height to crypt depth ratio in the jejunum of broilers fed diets supplemented with OA (12, 40, 41). In addition, our study suggests that the beneficial effects of OA+EO may be associated with the reduction of the inflammatory status of the intestine because non-typhoidal Salmonella serotypes survive and even thrive in the inflamed intestine.

Alternative methods to assess new potential feed additives for poultry are very limited. We previously developed 2D chicken organoids, grown on Matrigel-coated transwell, that can be used to measure transepithelial electrical resistance and demonstrated the beneficial effect of sodium butyrate on epithelial barrier integrity (42). Primary chicken epithelial cell cultures have also been used to demonstrate the inhibitory effect of carvacrol on Campylobacter adhesion (43, 44). In this study, we demonstrated that 3D intestinal chicken organoids are a useful alternative method. We demonstrated that treatment of the 3D intestinal organoids with a blend of OA+EO followed by Salmonella infection resulted in significantly lower invasion of bacteria and maintenance of homeostatic status instead of an inflammatory response seen after Salmonella infection only. The innate immune gene expression and the protein phosphorylation data not only supported each other but also resembled the in vivo feeding trials and Salmonella challenge.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was approved by Roslin Institute Animal Welfare and Ethical Review Body. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

JM: Writing – review & editing, Formal analysis, Investigation. KS: Formal analysis, Investigation, Writing – review & editing, Visualization. JE: Formal analysis, Investigation, Visualization, Writing – review & editing. DB: Formal analysis, Investigation, Visualization, Writing – review & editing. FP: Formal analysis, Investigation, Writing – review & editing. LL: Conceptualization, Funding acquisition, Project administration, Resources, Writing – review & editing. ES: Conceptualization, Project administration, Resources, Writing – review & editing. RA: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing, Writing - original draft. LV: Conceptualization, Data curation, Funding acquisition, Project administration, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by Jefo Nutrition Inc., the Biotechnology and Biological Sciences Research Council Institute Strategic Program Grant funding (BBS/E/D/10002073 and BBS/E/D/20002174), and University of Delaware internal support funds.




Acknowledgments

We wish to thank the animal caretakers of the National Avian Research Facility for the supply of eggs and Drs M. Kogut, E. Fontaine and J.-D. Bunod for fruitful discussions and technical support. For the purpose of open access, the author has applied a Creative Commons Attribution (CC BY) license to any Authors Accepted Manuscript version arising from this submission.





Conflict of interest

Author ES and LL were employed by the company Jefo Nutrition Inc.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors declare that this study received funding from Jefo Nutrition Inc. .Jefo Nutrition Inc. provided research support and played role in the decision to publish and study design, but not in the data collection and analysis.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1368545/full#supplementary-material




References

1. Sato, T, Vries, RG, Snippert, HJ, Van de Wetering, M, Barker, N, Stange, DE, et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature. (2009) 459:262–5. doi: 10.1038/nature07935

2. Xiang, Y, Wen, H, Yu, Y, Li, M, Fu, X, and Huang, S. Gut-on-chip: Recreating human intestine in vitro. J Tissue Eng. (2020) 11. doi: 10.1177/2041731420965318

3. Stanton, JE, and Grabrucker, AM. The use of organoids in food research. Curr Opin Food Sci. (2023) 49:100977. doi: 10.1016/j.cofs.2022.100977

4. Pierzchalska, M, Grabacka, M, Michalik, M, Zyla, K, and Pierzchalski, P. Prostaglandin E2 supports growth of chicken embryo intestinal organoids in Matrigel matrix. BioTechniques. (2012) 52:307–15. doi: 10.2144/0000113851

5. Li, J, Li, L Jr, Zhang, SY, Li, SX, Lin, X, Mi, YL, et al. Culture and characterization of chicken small intestinal crypts. Poult Sci. (2018) 97:1536–43. doi: 10.3382/ps/pey010

6. Zhao, D, Farnell, MB, Kogut, MH, Genovese, KJ, Chapkin, RS, Davidson, LA, et al. From crypts to enteroids: establishment and characterization of avian intestinal organoids. Poult Sci. (2022) 101:101642. doi: 10.1016/j.psj.2021.101642

7. Nash, TJ, Morris, KM, Mabbott, NA, and Vervelde, L. Inside-out chicken enteroids with leukocyte component as a model to study host-pathogen interactions. Commun Biol. (2021) 4:377. doi: 10.1038/s42003-021-01901-z

8. Oost, MJ, Ijaz, A, van Haarlem, DA, van Summeren, K, Velkers, FC, Kraneveld, AD, et al. Chicken-derived RSPO1 and WNT3 contribute to maintaining longevity of chicken intestinal organoid cultures. Sci Rep. (2022) 12:10563. doi: 10.1038/s41598–022-14875–7

9. Nash, TJ, Morris, KM, Mabbott, NA, and Vervelde, L. Temporal transcriptome profiling of floating apical out chicken enteroids suggest stability and reproducibility. Vet Res. (2023) 54:12. doi: 10.1186/s13567–023-01144–2

10. Sutton, K, Nash, T, Sives, S, Borowska, D, Mitchell, J, Vohra, P, et al. Disentangling the innate immune responses of intestinal epithelial cells and lamina propria cells to Salmonella Typhimurium infection in chickens. Front Microbiol. (2023) 14:1258796. doi: 10.3389/fmicb.2023.1258796

11. Stefanello, C, Rosa, DP, Dalmoro, YK, Segatto, AL, Vieira, MS, Moraes, ML, et al. Protected blend of organic acids and essential oils improves growth performance, nutrient digestibility, and intestinal health of broiler chickens undergoing an intestinal challenge. Front Vet Sci. (2020) 6:491. doi: 10.3389/fvets.2019.00491

12. Liu, Y, Yang, X, Xin, H, Chen, S, Yang, C, Duan, Y, et al. Effects of a protected inclusion of organic acids and essential oils as antibiotic growth promoter alternative on growth performance, intestinal morphology and gut microflora in broilers. Anim Sci J. (2017) 88:1414–24. doi: 10.1111/asj.12782

13. Chouhan, S, Sharma, K, and Guleria, S. Antimicrobial activity of some essential oils-present status and future perspectives. Med (Basel). (2017) 4:58. doi: 10.3390/medicines4030058

14. Zhang, S, Shen, YR, Wu, S, Xiao, YQ, He, Q, and Shi, SR. The dietary combination of essential oils and organic acids reduces Salmonella enteritidis in challenged chicks. Poult Sci. (2019) 98:6349–55. doi: 10.3382/ps/pez457

15. Nazzaro, F, Fratianni, F, De Martino, L, Coppola, R, and De Feo, V. Effect of essential oils on pathogenic bacteria. Pharm (Basel). (2013) 6:1451–74. doi: 10.3390/ph6121451

16. Arsenault, RJ, and Kogut, MH. Immunometabolism and the kinome peptide array: A new perspective and tool for the study of gut health. Front Vet Sci. (2015) 2:44. doi: 10.3389/fvets.2015.00044

17. Chaudhuri, RR, Morgan, E, Peters, SE, Pleasance, SJ, Hudson, DL, Davies, HM, et al. Comprehensive assignment of roles for Salmonella typhimurium genes in intestinal colonization of food-producing animals. PloS Genet. (2013) 9:e1003456. doi: 10.1371/journal.pgen.1003456

18. Bryson, KJ, Sives, S, Lee, HM, Borowska, D, Smith, J, Digard, P, et al. Comparative analysis of different inbred chicken lines highlights how a hereditary inflammatory state affects susceptibility to avian influenza virus. Viruses. (2023) 15:591. doi: 10.3390/v15030591

19. Borowska, D, Kuo, R, Bailey, RA, Watson, KA, Kaiser, P, Vervelde, L, et al. Highly multiplexed quantitative PCR-based platform for evaluation of chicken immune responses. PloS One. (2019) 14:e0225658. doi: 10.1371/journal.pone.0225658

20. Johnson, CN, Kogut, MH, Genovese, K, He, H, Kazemi, S, and Arsenault, RJ. Administration of a postbiotic causes immunomodulatory responses in broiler gut and reduces disease pathogenesis following challenge. Microorganisms. (2019) 7:268. doi: 10.3390/microorganisms7080268

21. Trost, B, Kindrachuk, J, Määttänen, P, Napper, S, and Kusalik, A. PIIKA 2: an expanded, web-based platform for analysis of kinome microarray data. PloS One. (2013) 8:e80837. doi: 10.1371/journal.pone.0080837

22. Perry, F, Johnson, C, Aylward, B, and Arsenault, RJ. The Differential Phosphorylation-Dependent Signaling and Glucose Immunometabolic Responses Induced during Infection by Salmonella Enteritidis and Salmonella Heidelberg in Chicken Macrophage-like cells. Microorganisms. (2020) 8:1041. doi: 10.3390/microorganisms8071041

23. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING v11: protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. (2019) 47:D607–13. doi: 10.1093/nar/gky1131

24. Kanehisa, M, and Sato, Y. KEGG Mapper for inferring cellular functions from protein sequences. Protein Sci. (2020) 29:28–35. doi: 10.1002/pro.3711

25. Hornbeck, PV, Zhang, B, Murray, B, Kornhauser, JM, Latham, V, and Skrzypek, E. PhosphoSitePlus, 2014: mutations, PTMs and recalibrations. Nucleic Acids Res. (2015) 43:D512–20. doi: 10.1093/nar/gku1267

26. UniProt Consortium. UniProt: the universal protein knowledgebase in 2021. Nucleic Acids Res. (2021) 49:D480–9. doi: 10.1093/nar/gkaa1100

27. Oliveros, JC. Venny. An interactive tool for comparing lists with Venn's diagrams (2007). Available at: https://bioinfogp.cnb.csic.es/tools/venny/.

28. Wang, J, Xu, S, Lv, W, Shi, F, Mei, S, Shan, A, et al. Uridine phosphorylase 1 is a novel immune-related target and predicts worse survival in brain glioma. Cancer Med. (2020) 9:5940–7. doi: 10.1002/cam4.3251

29. Sekelova, Z, Stepanova, H, Polansky, O, Varmuzova, K, Faldynova, M, Fedr, R, et al. Differential protein expression in chicken macrophages and heterophils in vivo following infection with Salmonella Enteritidis. Vet Res. (2017) 48:35. doi: 10.1186/s13567–017-0439–0

30. Fujiwara, N, Hidano, S, Mamada, H, Ogasawara, K, Kitamura, D, Cooper, MD, et al. A novel avian homologue of CD72, chB1r, down modulates BCR-mediated activation signals. Int. Immunol. (2006) 18(5):775–83. doi: 10.1093/intimm/dxl014

31. Alcón, VL, Luther, C, Balce, D, and Takei, F. B-cell co-receptor CD72 is expressed on NK cells and inhibits IFN-gamma production but not cytotoxicity. Eur J Immunol. (2009) 39:826–32. doi: 10.1002/eji.200838682

32. Takeyama, K, Aguiar, RC, Gu, L, He, C, Freeman, GJ, Kutok, JL, et al. The BAL-binding protein BBAP and related Deltex family members exhibit ubiquitin-protein isopeptide ligase activity. J Biol Chem. (2003) 278:21930–7. doi: 10.1074/jbc.M301157200

33. Das, T, Chen, Z, Hendriks, RW, and Kool, M. A20/tumor necrosis factor α-induced protein 3 in immune cells controls development of autoinflammation and autoimmunity: lessons from mouse models. Front Immunol. (2018) 9:104. doi: 10.3389/fimmu.2018.00104

34. Kogut, MH, Genovese, KJ, He, H, and Kaiser, P. Flagellin and lipopolysaccharide up-regulation of IL-6 and CXCLi2 gene expression in chicken heterophils is mediated by ERK1/2-dependent activation of AP-1 and NF-kappaB signaling pathways. Innate Immun. (2008) 14:213–22. doi: 10.1177/1753425908094416

35. Kogut, MH, Genovese, KJ, Byrd, JA, Swaggerty, CL, He, H, Farnell, Y, et al. Chicken-specific kinome analysis of early host immune signaling pathways in the cecum of newly hatched chickens infected with Salmonella enterica serovar enteritidis. Front Cell Infect Microbiol. (2022) 12:899395. doi: 10.3389/fcimb.2022.899395

36. Parsons, BN, Humphrey, S, Salisbury, AM, Mikoleit, J, Hinton, JC, Gordon, MA, et al. Invasive non-typhoidal Salmonella typhimurium ST313 are not host-restricted and have an invasive phenotype in experimentally infected chickens. PloS Negl Trop Di. (2013) 7:e2487. doi: 10.1371/journal.pntd.0002487

37. Hoxhaj, G, and Manning, BD. The PI3K-AKT network at the interface of oncogenic signalling and cancer metabolism. Nat Rev Cancer. (2020) 20:74–88. doi: 10.1038/s41568–019-0216–7

38. Arsenault, RJ, Genovese, KJ, He, H, Wu, H, Neish, AS, and Kogut, MH. Wild-type and mutant AvrA- Salmonella induce broadly similar immune pathways in the chicken ceca with key differences in signaling intermediates and inflammation. Poult Sci. (2016) 95:354–63. doi: 10.3382/ps/pev344

39. Kogut, MH, Swaggerty, CL, Byrd, JA, Selvaraj, R, and Arsenault, RJ. Chicken-specific kinome array reveals that salmonella enterica serovar enteritidis modulates host immune signaling pathways in the cecum to establish a persistence infection. Int J Mol Sci. (2016) 17:1207. doi: 10.3390/ijms17081207

40. Yang, X, Xin, H, Yang, C, and Yang, X. Impact of essential oils and organic acids on the growth performance, digestive functions and immunity of broiler chickens. Anim Nutr. (2018) 4:388–93. doi: 10.1016/j.aninu.2018.04.005

41. Gunal, M, Yayli, G, Kaya, O, Karahan, N, and Sulak, O. The effects of antibiotic growth promoter, probiotic or organic acid supplementation on performance, intestinal microflora and tissue of broilers. Int J Poultry Sci. (2006) 5:149–55. doi: 10.3923/ijps.2006.149.155

42. Orr, B, Sutton, K, Christian, S, Nash, T, Niemann, H, Hansen, LL, et al. Novel chicken two-dimensional intestinal model comprising all key epithelial cell types and a mesenchymal sub-layer. Vet Res. (2021) 52:142. doi: 10.1186/s13567-021-01010-z

43. Mueller, K, Blum, NM, Kluge, H, and Mueller, AS. Influence of broccoli extract and various essential oils on performance and expression of xenobiotic- and antioxidant enzymes in broiler chickens. Br J Nutr. (2012) 108:588–602. doi: 10.1017/S0007114511005873

44. Wagle, BR, Donoghue, AM, Shrestha, S, Upadhyaya, I, Arsi, K, Gupta, A, et al. Carvacrol attenuates Campylobacter jejuni colonization factors and proteome critical for persistence in the chicken gut. Poult Sci. (2020) 99:4566–77. doi: 10.1016/j.psj.2020.06.020




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Mitchell, Sutton, Elango, Borowska, Perry, Lahaye, Santin, Arsenault and Vervelde. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1368545-g002.jpg
0.25 mg/mL OA+EO 0.5 mg/mL OA+EO

OA+EO
0.5 mg/mL

EDN1

DTX2
OA+EO IL10RA

0.25 mg/mL 0.5 mg/mL HPS5

CXCL13L2
ENSGAL22324
IRG1

G0S2

CCLi4
CD200L-

TGM4 -
IL13RA2
Fold change TIRAP

TIMD4

OA+EO S0ocst
MADPRT

0.25 mg/mL SELE

TUBAT

STEAP4

-7 Fold change 5 -7 Fold change





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Chicken intestinal organoids: a novel method to measure the mode of action of feed additives

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Generation of 3D intestinal organoids

          



          		

            2.2 Bacterial strain and culture conditions

          



          		

            2.3 Treatment of organoids and STm with OA+EO

          



          		

            2.4 Infection of organoids with STm and net replication

          



          		

            2.5 RNA isolation and reverse transcription

          



          		

            2.6 High-throughput qPCR 96.96 IFC dynamic array

          



          		

            2.7 Data processing and analysis

          



          		

            2.8 Kinome peptide array

          



          		

            2.9 Kinome peptide array data analysis

          



        



        



        		

          3 Results

        

          		

            3.1 OA+OE reduced Salmonella invasion of chicken 3D intestinal organoids

          



          		

            3.2 Altered innate immune gene expression in the intestinal organoids after treatment with OA+EO

          



          		

            3.3 Treatment of organoids with OA+EO alters inflammation during Salmonella challenge

          



          		

            3.4 OA+EO alters the immunometabolic phenotype of organoids during Salmonella challenge

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1368545-g004.jpg
FOM+ OA+EQ_0.25 + STm FOM+ OA+EO_0.5 + STm

<& S
b‘% xé
9‘} 9‘?
L L
e e
x x
N\ N\
&L &L

IRF7
SOCS3
GCH1
NFKBIZ
IRF1
CCL20
IFITS
LYG2
ENSGALS747
IL1B
IRF10
CCLi3
CXCL13L2
CCLi2
NR4A3
IL10RA
IRG1
RASD1
CXORF21
ENSGAL25905
L6 -32

A

o
- 5
-~

~

HH‘

~

i
TS
il

GLUL

[
-10 Fold change 3

FOM + OA+EO_0.25 + STm

EGR1
PTGS2
SERPINE2

ENSGAL22324
CSF1
1L4i1





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Term Description Observed Background Strength False

protein count protein count Discovery Rate

hsa05200 ‘ Pathways in cancer 69 517 09 1.31E-36
hsa04910 ‘ Insulin signaling pathway 42 133 1.28 1.07E-34
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hsa04066 HIF-1 signaling pathway 32 106 1.26 3.17E-26
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The four pathways highlighted in different colors were further analysed for individual phosphorylation changes (N=6).
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OEBPS/Images/table1.jpg
Term Description Observed Background Strength False

protein count protein count Discovery Rate

hsa04910 Insulin signaling pathway 20 133 137 2.16E-18
hsa04010 MAPK signaling pathway 23 288 1.1 ‘ 4.86E-16
hsa04151 PI3K-Akt signaling pathway 21 350 097 1.9E-12

hsa04660 T cell receptor signaling pathway 14 101 134 1.9E-12

hsa05206 MicroRNAs in cancer 16 160 L19 1.9E-12

hsa04931 Insulin resistance 14 107 131 1.96E-12
hsa04152 AMPK signaling pathway 14 120 1.26 7.08E-12
hsa05135 Yersinia infection 14 125 ‘ 124 1.03E-11
hsa05200 Pathways in cancer 23 517 0.84 1.58E-11
hsa04012 ErbB signaling pathway 12 83 135 2.94E-11
hsa04722 Neurotrophin signaling pathway 13 114 125 4.54E-11
hsa05235 PD-L1 expression and PD-1 12 88 1.33 4.59E-11

checkpoint pathway in cancer

hsa04932 Non-alcoholic fatty liver disease 14 148 117 5.31E-11

hsa04014 Ras signaling pathway 16 226 1.04 7.51E-11

hsa04068 FoxO signaling pathway 13 127 12 1.17E-10

hsa05205 Proteoglycans in cancer 15 196 1.08 ‘ 1.17E-10

hsa04922 Glucagon signaling pathway 12 101 127 1.42E-10

hsa01521 EGEFR tyrosine kinase 11 78 ‘ 1.34 1.94E-10
inhibitor resistance

hsa04211 Longevity regulating pathway 11 87 13 5.36E-10

hsa04380 Osteoclast differentiation 12 122 119 9.22E-10

The four pathways highlighted in different colors were further analysed for individual phosphorylation changes (N=6).
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Term Description Observed Background Strength False

protein count protein count Discovery Rate
hsa04010 MAPK signaling pathway 42 288 1.08 3.34E-28
hsa05200 Pathways in cancer 48 517 | 0.88 8.26E-25
hsa04151 PI3K-Akt signaling pathway 40 350 0.97 1.41E-23
hsa05230 Central carbon metabolism in cancer 23 69 144 2.92E-22
hsa04910 Insulin signaling pathway 27 133 122 1.73E-21
hsa05206 MicroRNAs in cancer 27 160 1.14 1.04E-19
hsa04012 ErbB signaling pathway 21 83 132 2.16E-18
I hsa04722 Neurotrophin signaling pathway 23 114 122 246E-18
hsa05205 Proteoglycans in cancer 27 196 1.05 7.73E-18
hsa04014 Ras signaling pathway 28 226 1.01 1.84E-17 ‘
hsa04152 AMPK signaling pathway 22 120 118 7.19E-17 ‘
hsa04660 T cell receptor signaling pathway 20 101 121 6.47E-16 ‘
hsa05131 Shigellosis 26 218 0.99 ' 6.47E-16
hsa05235 PD-L1 expression and PD-1 19 88 125 8.81E-16
checkpoint pathway in cancer
hsa05135 Yersinia infection 21 125 114 1.54E-15
hsa05132 I Salmonella infection 25 ‘ 209 ‘ 0.99 2.06E-15
hsa05167 Kaposi sarcoma-associated 24 187 102 2.06E-15

herpesvirus infection

hsa05215 Prostate cancer 19 96 121 2.81E-15
hsa05163 Human cytomegalovirus infection 25 218 097 4.27E-15
hsa04380 Osteoclast differentiation 20 122 113 9.88E-15

The four pathways highlighted in different colors were further analysed for individual phosphorylation changes (N=6).
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