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Abstract 
Background and Aims: Crohn’s disease [CD] is a major subtype of inflammatory bowel diseases [IBD] with increasing incidence and preva-
lence. Results of studies using available small and large animal models are often poorly translatable to patients, and few CD models show small 
intestinal pathology. Due to its similarities to humans, the pig has emerged as a highly suitable translational disease model, particularly for 
testing novel nutritional and technological interventions. Our goal was to develop a physiologically relevant porcine CD model to facilitate trans-
lation of findings and interventions towards the clinic.
Methods: We generated pigs bearing a 93-bp deletion of the adenosine–uracil-rich element [ARE] and a constitutive-decay element within 
the 3ʹ untranslated region of the TNF gene. Comparative analysis of physiological, molecular, histological and microbial characteristics was 
performed between wild-type, TNFΔARE/+ and TNFΔARE/ΔARE animals. Alterations in the microbiome were compared to the TNFΔARE mouse model 
and IBD patients.
Results: TNFΔARE pigs recapitulate major characteristics of human CD, including ulcerative transmural ileocolitis, increased abundance of 
proinflammatory cytokines, immune cell infiltration and dysbiotic microbial communities. 16S rRNA gene amplicon sequencing revealed enrich-
ment in members belonging to Megasphaera, Campylobacter, Desulfovibrio, Alistipes and Lachnoclostridum in faecal or mucosa-associated 
bacteria compared to wild-type littermates. Principal components analysis clustering with a subset of TNFΔARE/+ mice and human IBD patients 
suggests microbial similarity based on disease severity.
Conclusions: We demonstrate that the TNFΔARE pig resembles a CD-like ileocolitis pathophenotype recapitulating human disease. The ability 
to conduct long-term studies and test novel surgical procedures and dietary interventions in a physiologically relevant model will benefit future 
translational IBD research studies.
Key Words: Inflammatory bowel disease [IBD]; Crohn’s disease; pig/swine model

1.  Introduction
Crohn’s disease [CD] is one of the two main subtypes of in-
flammatory bowel diseases [IBD] characterized by patchy 
transmural inflammation in the entire digestive tract, pre-
dominantly affecting the terminal ileum and proximal colon.1 
CD is a multifactorial disease driven by complex gene–envir-
onment interactions following patterns of industrialization.2 
Genome-wide association studies have identified a variety 
of genetic risk alleles pointing towards a disruption of mi-
crobe–host interactions.3 The underlying molecular mechan-
isms of IBD and specific microbial and metabolic signatures 
have been elucidated using spontaneous, chemically induced 
and genetically engineered mouse or large animal models.4–6 
However, CD-like inflammation with manifestation of small 
intestinal disease rarely occurs in currently available animal 
models of IBD, with mouse models being the most widely ap-
plied [e.g. SAMP/YitFc, Xiap−/−, Xbp1−/−, TNFΔARE]. Yet, due to 
their short lifespan and size, mouse models are of limited use 

for the assessment of human-scale technologies and methods 
and in some cases are less suitable as disease models com-
pared to species that are genetically, physiologically and ana-
tomically more closely related to humans.7,8

Our goal was therefore to generate a physiologically rele-
vant animal model that reflects the human disease phenotype 
of CD as accurately as possible. It should be able to predict 
the influence of altered nutrition or microbiome on human 
or animal health and should represent a reliable preclin-
ical model to assess new therapeutic approaches. Because 
of their comparatively large size and lifespan, large animal 
models are particularly well suited for testing technologies 
and methods developed for human clinical use, as well as 
for long-term studies and the collection of multiple fluid or 
tissue biopsies from a single animal, consistent with the 3Rs 
rules—replacement, reduction, refinement.9 In the past, in 
particular non-human primates [NHPs] and dogs have been 
used as large animal models for preclinical research because 
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they spontaneously develop IBD.5,6 However, animal studies 
with NHPs, despite their obvious similarities to humans, are 
ethically controversial, costly and carry the risk of transmit-
ting zoonotic diseases.10 Canines are highly sensitive to intes-
tinal disease and, therefore, often suffer from high mortality 
rates, mainly due to intestinal ischaemia. This is in addition 
to society’s growing rejection of animal testing on dogs.10 On 
the other hand, the pig has emerged as an exceptionally well-
suited large animal model for intestinal diseases because of 
its strong physiological, anatomical, genomic, immunological 
and nutritional similarities to humans. Porcine models have 
long been used to study the effect of human nutrition on 
metabolic syndromes, obesity and food allergies.11 Both pig12 
and human bacterial libraries13 are available to elucidate the 
effect of specific bacterial strains on IBD. Pigs can be fed a 
human diet and faecal microbiota transfer from humans to 
pigs results in a gut microbiota closely resembling that of the 
human donor.14,15 A recent study of a large pig population 
assessed the effect of host genotype on the composition of 
the intestinal microbiota, demonstrating the high value and 
applicability of digestive disease research.16 Being also used 
for food production the opposition towards porcine models, 
especially in areas of great clinical need, is considerably lower 
compared to dogs or NHPs.

Here we report the generation and characterization of 
a porcine model for CD carrying a 93-bp deletion in the 
3ʹ-untranslated region [UTR] of TNF [TNFα], which deleted 
the transcript-destabilizing AU-rich element [ARE] and a con-
stitutive decay element [CDE] similar to the TNFΔARE mouse 
model.

2.  Materials and Methods
2.1.  Ethics statement
Animal experiments were approved by the Committee on 
Animal Health and Care of the local government body of the 
state of Upper Bavaria [ROB 55.2-2532.Vet_02-18-56, 55.2-
1-54- 2531-99-13] and performed according to the German 
Animal Welfare Act and European Union Normative for Care 
and Use of Experimental Animals.

2.2.  Generation of TNFΔARE pigs
For CRISPR/Cas9-mediated excision of the 93-bp fragment 
containing the ARE and CDE1 element, two single guide 
RNAs [sgRNAs] were designed using CRISPOR.17 Both 
U6-gRNA-scaffold sequences were cloned into px330-
U6-Chimeric_BB-CBh-hSpCas9 plasmid2 [Addgene no. 
42230] [pX330-2gRNAs]. The pX330-2gRNAs plasmid 
DNA was microinjected into in vitro fertilized porcine oo-
cytes followed by laparoscopic embryo transfer, as previ-
ously described.18,19 Genomic DNA was isolated from ear 
biopsies using a GenElute Mammalian Genomic DNA Kit 
[Sigma]. Detection of the 93-bp deletion was determined 
by PCR using GoTaq polymerase [Promega] and primer 
pairs: Fwd: 5ʹ-GGGTTTGGATTCCTGGATGC-3ʹ, Rev: 
5ʹ-GCGGTTACAGACACAACTCC-3ʹ. Thermal cycling 
parameters were: 95°C, 2 min; [35×] 95°C, 45 s, 60°C, 
45 s, 72°C, 30 s; 72°C, 5 min. Amplicons were verified by 
Sanger sequencing [Eurofins Genomics]. sgRNA off-target 
sites were predicted using CRISPOR. Five highest scoring 
potential off-targets were analysed by PCR and Sanger 
sequencing.

2.3.  Macrophage culture and RNA half-life 
analysis
EDTA-blood was collected from anaesthetized pigs. Peripheral 
blood mononuclear cells [PBMCs] were isolated by Ficoll-
density gradient centrifugation. PBMCs were cultured in 10 
mL RPMI 1640, 10% fetal calf serum [FCS], 1% GlutaMax 
[Sigma], 1% Pen-Strep/Amphotericin B and 104 U/mL re-
combinant poGM-CSF [Biotechne] for 7 days. Macrophages 
were divided into four groups: [1] no supplements, [2] supple-
mented with 0.1 µg/mL lipopolysaccharide [LPS; InvivoGen], 
[3] with LPS and 150 µg/mL Polymyxin B [Invivogen] and 
[4] with LPS and after 45 min with 10 µg/mL Actinomycin D 
[Calbiochem]. Macrophages were harvested at 0, 45 and 90 
min and frozen at −80°C until processing.

2.4.  RNA isolation and quantification
RNA was isolated from gut mucosal biopsies using a 
Monarch Total RNA Miniprep Kit [NEB] according 
to the manufacturer’s protocols. cDNA was generated 
using LunaScript RT Master Mix Kit [NEB] according 
to the manufacturer’s protocol. Real-time quantitative 
PCR [qPCR] was performed using the Fast SYBR Green 
Master Mix [Sigma] in a QuantStudio 5 Real-Time-PCR-
Cycler [Thermofisher Scientific] and the following primer 
pairs: TNF, Fwd: 5ʹ-GGGCTTATCTGAGGTTTGAG-3ʹ, 
Rev: 5ʹ-TTCTGCCTACTGCACTTCGA-3ʹ; IL6, 
Fwd: 5ʹ-TCTGCAATGAGAAAGGAGATGTG-3ʹ, 
Rev: 5ʹ-AGGTTCAGGTTGTTTTCTGCC-3ʹ; IL8, 
Fwd: 5ʹ-CTGTGAGGCTGCAGTTCTG-3ʹ, Rev: 
5ʹ-GTGATTGAGAGTGGACCCCA-3ʹ. For tran-
script normalization, housekeeping genes GAPDH 
[Fwd: 5ʹ-TTCCACGGCACAGTCAAGGC-3ʹ, Rev: 
5ʹ-GCGGTTACAGACACAACTCC-3ʹ], β-actin 
[Fwd: 5ʹ-TCCCTGGAGAAGAGCTACGA-3ʹ, Rev: 
5ʹ-GCAGGTCAGGTCCACAAC-3ʹ] and RPS28 
[Fwd: 5ʹ-GTTACCAAGGTTCTGGGCAG-3ʹ, Rev: 5ʹ- 
CAGATATCCAGGACCCAGCC-3ʹ] were selected based 
on NormFinder and BestKeeper.20,21 One-way ANOVA was 
performed, followed by Tukey’s test for statistical evaluation 
using GraphPad Prism 8.

2.5.  Protein quantification via Western blot
Ileal and colonic proteins were obtained by tissue homogen-
ization in NP-40 buffer with 1× cOmplete Mini Protease 
Inhibitor Cocktail [Roche]. Protein concentrations were 
determined using the Bradford assay. Protein lysates were 
separated by semi-dry Western blot (anti-TNF, 1:1000, 
Invitrogen [14-7321-85]; anti-GAPDH, 1:3000, Sigma 
[G8795]; anti-ZO1, 1:250, ThermoScientific [61-7300]; 
anti-occludin, 1:666, LSBio [LS-B5737]). Blots were de-
veloped using Pierce ECL Plus Western Blotting Substrate 
[ThermoScientific].

2.6.  Protein quantification via ELISA
Faecal calprotectin content was measured by using faecal 
water and a pig calprotectin ELISA Kit [Cusabio, CSB-
EQ013485PI]. Faecal water was isolated by diluting 50 mg 
of faeces in 400 µL PBS followed by thorough vortexing. 
Homogenates were centrifuged at 500 g for 5 min, and the 
supernatant was collected for a second round of centrifu-
gation at 6000 g for 5 min. The supernatant was 5-fold di-
luted in 1× assay reagent for protein quantification.
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2.7.  Histology and immunohistochemistry
Macroscopic findings during necropsy were documented, and 
images were reviewed by a board-certified veterinary path-
ologist. Representative specimens for histology were collected 
from rectum, proximal colon, caecum, distal ileum, proximal je-
junum and proximal duodenum, fixed in 10% neutral-buffered 
formalin and embedded in paraffin [FFPE]. H&E-stained 
tissue sections [2 µm] were assessed for histological changes. 
Immunohistochemical stainings were performed on 3.5-μm 
FFPE tissue sections as described previously22 using the fol-
lowing antibodies: anti-Ki67, 1:300, Invitrogen [MA5-14520]; 
anti-CD3, 1:100, Southern Biotech [4511-01]; and anti-IBA1, 
1:2000, Wako FujiFilm [019-19741]. Periodic Acid-Schiff-
Alcian blue [Pas/AB] staining was performed as previously de-
scribed.22 Quantification of lamina propria CD3 [T-cells] and 
IBA1 [macrophages] was performed on randomly selected areas 
and the ratio of positive/negative cells was calculated. Pas/AB+ 
and crypt Ki67+ cells were quantified by counting positive cells 
per crypt area. Statistical evaluation was performed as described 
above. Immunofluorescence staining was performed on 3.5-µm 
FFPE colonic sections using the following antibodies: anti-ZO1, 
1:50, ThermoScientific [61-7300]; anti-occludin, 1:100, LSBio 
[LS-B5737]; and goat-anti-rabbit-Alexa Fluor Plus 594, 1:100, 
Invitrogen [A11012]. Confocal laser scanning microscopy was 
performed with an Olympus FV 3000 confocal microscope 
with a 60×/NA1.2/WD0.28 UPLSAPO60XS2 objective and 
water immersion lens, Olympus four-channel TruSpectral detec-
tion system and the Olympus FV 3000 Imaging Software, Cells 
Desktop Version 1 of the Center for Advanced Light Microscopy 
[CALM, Technical University of Munich, Germany].

2.8.  Porcine samples for microbiota profiling
Wild-type and TNFΔARE littermate pigs were co-housed at the 
Technical University of Munich. No anti-diarrhoeal medica-
tion was administered. Piglets were raised with their mothers 
until weaning. All pigs received vaccinations against Lawsonia 
intracellularis, pneumococcal disease [pneumococcal poly-
saccharide vaccine,  PPV],  porcine reproductive and respira-
tory syndrome  [PRRS], influenza, mycoplasma and porcine 
circovirus type 2 [PCV2]. All animals received the same diet 
[HEMO U 134 pellets; LikraWest] and water ad libitum. 
Faeces were collected and consistency was assessed monthly 
starting shortly after birth by digital sampling. Gut luminal and 
mucosal tissue samples were collected together with control 
samples of ambient air during necropsy and stored in Lysing 
Matrix B tubes [MP Biomedicals] filled with 500 µL Stool 
DNA Stabilizer [Invitek] at −80°C for downstream analysis.

2.9.  Murine samples for microbiota profiling
TNFΔARE mice and wild-type littermates were imported from 
Case Western Reserve University, Cleveland, and housed 
under germ-free [GF] conditions. To establish a specific-
pathogen-free [SPF] microbiota-colonized colony, 8-week-old 
GF mice were colonized with SPF-derived microbiota and 
were maintained under SPF housing conditions for three gen-
erations. Faecal samples were collected over time [8, 10, 12 
and 18 weeks] and frozen at −20°C for downstream analysis.

2.10.  Human samples for microbiota profiling
A total of 133 faecal samples from 29 CD patients with 
up to 5-year follow-up following haematopoetic stem cell 
transplantion [HSCT] were included in the analysis. Fresh 
faecal samples were collected either at the clinic or at home 

by the patients using a stool collection kit within 24 h prior 
to the study visit. Patients were instructed to keep the samples 
stored in the home freezer until transported to the study site, 
as described previously.23 Clinical assessments with measure-
ment of the Crohn’s disease activity index [CDAI] and bio-
markers including C-reactive protein and faecal calprotectin 
were performed at baseline [before HSCT]. Metagenomic 
DNA extraction and 16S rRNA gene sequencing profiling 
were performed as described previously.23

2.11.  High-throughput 16S rRNA gene amplicon 
sequencing
Metagenomic DNA was extracted as previously described.24 
Briefly, cells were mechanically lysed in DNA stabilization 
buffer and extracted using phenol/chloroform/isoamyl al-
cohol [25:24:1, by vol.]. Following heat treatment of cells 
and centrifugation, supernatants were treated with RNase. 
DNA was purified with a NucleoSpin gDNA Clean-up Kit 
[Macherey-Nagel], following the manufacturer’s instruc-
tions. Amplification with primers 341F-ovh and 785r-ovh 
and sequencing of the V3/V4 region of 16S rRNA genes was 
performed as previously described.25,26 In total, 227 porcine 
and 98 mouse samples were sequenced in paired-end mode 
[PE275] using a MiSeq system [Illumina] according to the 
manufacturer’s instructions.

2.12.  Amplicon sequence analysis
Raw 16S rRNA amplicon reads were pre-processed using the 
Integrated Microbial Next Generation Sequencing pipeline.27 
Five nucleotides on the 5ʹ end and 3ʹ end were trimmed for the 
R1 and R2 read [trim score 5] and an expected error rate of 1. 
Detected chimeric sequences were removed using UCHIME.28 
Sequences with relative abundance <0.25% and <300 and 
>600 nucleotides were excluded from analysis. A zero-radius 
operational taxonomic unit [zOTU] table was constructed 
considering all reads before quality filtering. Downstream 
analysis was performed using Rhea.29 Taxonomy assign-
ment was done using RDP classifier version 2.11 and con-
firmed using the SILVA database.30 For phylogenetic analyses, 
maximum-likelihood trees were generated by FastTree based 
on MUSCLE alignments in MegaX.31 Alpha-diversity ana-
lysis was computed using community richness and Shannon’s 
effective number of species. Beta-diversity analysis was per-
formed using generalized UniFrac distances. Permutational 
multivariate analysis of variance [PERMANOVA] was per-
formed for statistical evaluation of beta-diversity.

3.  Results
3.1.  Generation of TNFΔARE pigs
Binding motifs of RNA-degrading factors in the 3ʹ-UTR of 
the TNF gene were identified by sequence alignments with 
human and murine orthologues. The tumour necrosis factor 
[TNF] class II AREs, which possess at least two overlapping 
UUAUUUA[U/A][U/A] nonamers,32 were located at position 
445–516 bp downstream of the TNF stop codon. The CDEs 
were detected at positions 501–518 bp [CDE1] and 575–589 
bp [CDE2] downstream of the stop codon.

Excision of the ARE and CDE1 sequences was performed 
by microinjection of a Cas9 expression vector, which also en-
codes the two gRNAs, into in vitro generated porcine zyg-
otes [Figure 1A]. Five embryo transfers were carried out, 
resulting in two pregnancies and the birth of ten piglets of 
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Figure 3. [A] Alpha-diversity of the luminal and mucosa-associated microbiota. Shannon an effective number of species. Sample locations and 
genotypes are indicated. [B–D] Multidimensional scaling [MDS] plots of microbial profiles of faecal, ileal and colonic samples stratified by genotype, 
respectively. [E] Phylogenetic tree showing the similarities between microbiota profiles based on generalized UniFrac distances in luminal [n = 61] and 
mucosa-associated microbiota [n = 166] derived from 23 pigs [seven wild-type, 16 TNFΔARE]. Individual taxonomic composition at the phylum level is 
shown as stacked bar plots around the phylogram. Innermost ring shows stratification based on sample type, upper GI tract samples [blue] and lower 
GI tract and stool samples [brown] and denoted by an asterisk [*]; the second ring shows stratification based on genotype, wild-type [grey], TNFΔARE/+ 
[pink] and TNFΔARE/ΔARE [green] and denoted by two asterisks [**]. Bars in the outer ring of the figure indicate samples derived from each pig and denoted 
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which two showed biallelic excision of the ARE/CDE1 se-
quence [TNFΔARE/ΔARE, pigs 2 and 5], and five a monoallelic 
deletion [TNFΔARE/+, pigs 1, 3, 6, 8 and 9] [Figure 1B and C]. 
Two of the latter piglets [nos. 8, 9] showed in addition mo-
saicism and/or InDel mutations on the second allele, which 
was eliminated from the line after breeding with wild-type 
animals. The founder animals [nos. 6, 8, 9] used for breeding 
were screened for the five most likely off-targets and none 
were detected. Breeding resulted in 11 TNFΔARE/+ F1 and ten 
F2 offspring [seven TNFΔARE/+, three TNFΔARE/ΔARE]. A total of 
13 male and ten female TNFΔARE/+, and two male and three fe-
male TNFΔARE/ΔARE piglets were born. All progeny carried the 
identical sequence of the mutant allele.

3.2.  TNFΔARE pigs show clinical manifestations and 
inflammatory alterations of the intestine
After weaning, ~50% of TNFΔARE/+ animals showed reduced 
weight gain, and increased Bristol stool score that positively 
correlated with faecal calprotectin levels [Pearson’s r: 0.5242; 
padjusted: 0.51]. This phenotype was more pronounced in 
TNFΔARE/ΔARE pigs [Figure 1D; Supplementary Figure S1A and 
B]. Affected heterozygous and homozygous pigs were killed 
when termination criteria [chronic diarrhoea, severe weight 
loss, apathy] manifested. Median lifespan was 102 days for 
heterozygous TNFΔARE/+ pigs and 67.5 days for homozygous 
TNFΔARE/ΔARE pigs [Figure 1E]. Macroscopically, TNFΔARE ani-
mals had a more fragile intestinal wall when sampled and 
showed intestinal oedema and haemorrhage throughout the 
colon, segmental in the small intestine, frequently including 
the caecum [Figure 1F–H]. As with mice, inflammation in-
tensity varied between pigs of the same genotype [Figure 1I]. 
In TNFΔARE/ΔARE pigs the most severe alteration was ulcerative 
enteritis, sometimes covered with diphtheritic membranes in 
the caecum [Figure 1J]. Microscopically, 67% [4/6] of patho-
logically evaluated TNFΔARE/+ animals showed ileitis and/or 
colitis with mixed infiltrations of the lamina propria often 
extending into the tela submucosa accompanied by fibrino-
suppurative serositis [Figure 1I]. In rare cases, extensive 
crypt abscesses [Figure 1K] and frequent herniation of crypts 
throughout the lamina muscularis mucosae or ulceration of 
the lamina propria mucosae with mixed infiltration and de-
velopment of fibroangioblastic granulation tissue were ob-
served. As expected from the macroscopic analysis, TNFΔARE/

ΔARE pigs showed a higher degree of intestinal abnormalities, 
including strong ulcerative inflammation with crust forma-
tion. In one case, an invasion of Balantidium coli into the 
mucosa was observed [Figure 1K].

Immunohistochemistry confirmed increased cell prolifer-
ation [Ki67+], increased leukocyte and lymphocyte infiltra-
tions [IBA1+, CD3+], and decreased number of mucus-secreting 
goblet cells  [Pas/AB+] in inflamed areas, especially in the 
ileocolonic region [Figure 2A and B]. Confocal laser immuno-
fluorescence microscopy revealed a diffuse re-localization of 
tight junction proteins ZO-1 and occludin in inflamed tissue 

[Figure 2C and D], and reduced protein levels for ZO-1 and 
occludin in the proximal colon of most TNFΔARE mutants 
compared to wild-type pigs [Supplementary Figure S1B–D]. 
Complete blood counts revealed an increased monocyte 
count without significant changes in total white blood cells, 
basophilia, increased urea/creatinine ratio, hypoalbuminaemia 
and elevated serum Cu/Zn [Supplementary Figure S1F]. No 
signs of rheumatoid arthritis were observed.

3.3.  Deletion of ARE/CDE1 results in increased 
TNF-mRNA half-life, transcript abundancy and 
protein levels
TNF is expressed by many different cell types, with highest 
expression in cells of the monocytic lineage, such as macro-
phages.33 Therefore, macrophage cultures were established 
from PBMCs to investigate if the TNF mutation affects mRNA 
half-life. Transcription of TNF in macrophages was stimu-
lated with LPS and inhibited after 45 min by the addition of 
actinomycin D. Prior to stimulation, TNF mRNA levels were 
slightly higher in macrophages isolated from TNFΔARE/ΔARE and 
TNFΔARE/+ pigs compared to controls [2- and ~1.2-fold]. LPS 
stimulation resulted in an increase in TNF transcript levels at 
45 min compared with resting macrophages in all genotypes. 
Inhibition of transcription through addition of actinomycin D 
resulted in a decrease of TNF mRNA levels. After 45 min of 
incubation with actinomycin D, the detected transcript levels 
were ~0.19% [wild-type], ~0.45% [TNFΔARE/+] and ~0.74% 
[TNFΔARE/ΔARE] compared to levels before the addition of this 
transcription inhibitor [Figure 2F and G]. Thus, the calcu-
lated half-lives of TNF mRNA in macrophages were ~19 
min for wild-type, ~58 min for heterozygous and ~708 min 
for homozygous TNFΔARE pig samples. Consistent with these 
results, colonic TNF mRNA expression was 7.4-fold higher 
[padj = 0.0027] in TNFΔARE/ΔARE pigs and 2.2-fold [not signifi-
cant] higher in TNFΔARE/+ swine compared to wild-type pigs 
[Figure 2H and I]. The elevated TNF mRNA expression re-
sulted in increased TNF protein level in the colon and ileum 
of TNFΔARE pigs, as shown by Western blot [Figure 2J and K].

Next, the effect of the increased TNF expression on its 
downstream targets was assessed. In colon tissue from 
TNFΔARE pigs, mRNA expression of the key pro-inflammatory 
cytokine interleukin-6 [IL-6]34 was 3.4-fold increased and 
the potent neutrophil chemoattractant IL-835 was 6.3-fold 
increased compared to wild-type controls. The increase in 
transcript abundance of all three target genes was observed 
throughout the gut, but most markedly in the ileocolonic re-
gion [Figure 2I].

3.4.  Intestinal inflammation is linked to luminal 
and mucosa-associated bacterial dysbiosis in 
TNFΔARE pigs
The relevance of dysbiotic microbial communities in initiating 
CD-like inflammation in TNFΔARE mice was previously 
shown.36 To characterize the changes in intestinal microbiota 

showing the similarities between microbiota profiles based on generalized UniFrac distances in luminal microbiota derived from wild-type and TNFΔARE 
pigs and mice. Individual taxonomic composition at the phylum level is shown as stacked bar plots around the phylogram. Innermost ring shows 
stratification based on species, mouse or pig; and the outer ring shows stratification based on genotype, wild-type [grey], TNFΔARE/+ [pink] and TNFΔARE/

ΔARE [green]. [J] Alpha-diversity of luminal microbiota from wild-type and TNFΔARE pigs and mice is shown as Shannon effective number of species. 
[K] MDS plot of microbial profiles of faecal samples stratified by species [mouse or pig] and genotype, respectively. [L] Alpha-diversity of luminal and 
mucosal microbiota from human IBD patients and wild-type and TNFΔARE pigs is shown as Shannon effective number of species. [M] MDS plot of 
microbial profiles of samples stratified by species [human or pig] and disease activity or genotype, respectively.

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
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composition in relation to inflammation severity in TNFΔARE 
pigs, we performed 16S rRNA gene sequencing on 166 mu-
cosal tissue biopsies and 61 stool samples from seven wild-
type, ten TNFΔARE/+ and six TNFΔARE/ΔARE pigs. Samples were 
obtained from defined positions along the gastrointestinal 
tract. The microbial signatures were then compared with lu-
minal and mucosal samples obtained from TNFΔARE/+ mice 
and a previously published cohort of human IBD patients.23

Alpha-diversity was reduced in the large intestine and je-
junum of TNFΔARE pigs, while it was enriched in duodenum 
and ileum [Figure 3A]. Beta-diversity analysis showed sep-
aration of microbial profiles in ileal and colonic mucosa of 
wild-type, TNFΔARE/+ or TNFΔARE/ΔARE pigs, which was weakly 
reflected in stool [Figure 3B–D]. Comparing individual micro-
biota compositions confirmed diverse ecosystems dominated 
by the two major phyla Firmicutes and Bacteroidetes in mu-
cosal biopsies from duodenum, jejunum and ileum (upper 
gastrointestinal [GI] tract) in contrast to faecal microbiota 
or colon and cecum mucosal biopsies [lower GI tract] which 
were dominated by Firmicutes and Proteobacteria [Figure 3E, 
innermost ring and bar plots]. Microbiota profiling showed 
clear clustering in terms of inflammation severity in the dif-
ferent genotypes [Figure 3E, middle ring]. Longitudinal micro-
bial profiling of luminal and mucosa-associated microbiota 
showed individual-specific clustering of microbiota compos-
ition [Figure 3E, outermost ring]. Taxonomic classification 
at the phylum level showed significantly increased relative 
abundance of the phylum Proteobacteria in faecal and ileal-
associated bacterial communities of TNFΔARE pigs compared 
to wild-type littermates [Figure 3F And G]. On the other hand, 
an enrichment of Fusobacteriota and Campylobacterota 
was observed in colon-associated microbial communities of 
TNFΔARE pigs [Figure 3H]. Linear discriminant analysis ef-
fect size [LEfSe] analysis showed an enrichment in members 
of the genera Helicobacter, Megasphaera, Campylobacter, 
Desulfovibrio, Alistipes and Lachnoclostridum among others 
in faecal or mucosa-associated bacteria of TNFΔARE pigs com-
pared to wild-type littermates [Supplementary Figure S2A–C].

Calprotectin protein concentrations were measured in 
faeces from highly and mildly inflamed pigs for two consecu-
tive post-weaning time points t1 and t2 to examine whether 
changes in faecal bacterial composition precede inflamma-
tion. The stool samples were classified as severely [‘High’] or 
mildly [‘Low’] inflamed, based on the calprotectin concen-
tration with a threshold of 30 ng/mL [Supplementary Figure 
S2D]. At t1, 2/7 [29%] and at t2, 4/7 [57%] specimens had 
a calprotectin concentration above 30 ng/mL in the stool 
samples [Figure S2D]. Overall, the average concentration of 
calprotectin was 1.6-fold [n.s.] higher at t2 compared to t1. 
β-Diversity analysis revealed weak inflammation-dependent 
shifts of microbiota profiles [Supplementary Figure S2E]. 
Calprotectin levels at t2 had a weak impact on the micro-
biota profiles of the respective samples at t1. Samples that 
were highly inflamed at t2 [‘HI’] more closely clustered to-
gether with the respective samples at t1 when compared to 
samples that were mildly inflamed at t2 [‘MI’], suggesting that 
a change in the gut microbiome precedes the inflammation 
detectable in the stool [Supplementary Figure S2F].

The comparison of luminal microbiota between TNFΔARE pigs 
and mice showed clear separation of microbiota profiles with a 
subset of TNFΔARE/ΔARE pigs clustering with TNFΔARE/+ mice, sug-
gesting a species-independent microbial signature of intestinal 
inflammation. As expected, wild-type pigs showed significantly 

higher bacterial community richness and diversity compared to 
mice, while TNFΔARE/ΔARE pigs showed the lowest number of spe-
cies [Figure 3I–K]. LEfSe analysis identified a set of bacterial 
genera that are significantly differential between TNFΔARE/+ pigs 
and mice. While in mice an increased abundance of Alistipes, 
Bacteriodes, Escherichia coli, Fusobacterium was observed, 
the TNFΔARE/+ pigs showed more Prevotella, Lactobacillus, 
Treponema and Megasphera, among others [Supplementary 
Figure S2G]. Similar results were observed when comparing 
TNFΔARE pigs and the human IBD cohort. We found clear 
species-specific clustering of microbiota profiles [Supplementary 
Figure S2H] and a higher bacterial diversity in porcine sam-
ples [Figure 3L]. Notably, samples derived from IBD patients 
with active disease clustered with a subset of TNFΔARE/ΔARE and 
TNFΔARE/+ pigs [Figure 3M], supporting the assumption of a 
species-independent microbial signature of IBD.

4.  Discussion
Despite decades of basic and clinical research, IBD remains 
a global health problem with rising incidence and preva-
lence.2 The mouse models for CD-like chronic inflammation 
are ideally suited to basic research, to elucidate the molecular 
basis of the disease and to assess the interplay between gut 
epithelium, inflammation and the microbiome. This has un-
doubtedly contributed to considerable improvements in the 
treatment of CD.22,36 However, major differences between hu-
mans and rodents especially with regard to nutrient require-
ments, the physiology of the GI tract, as well as immunological 
and metabolic differences hamper the translation of findings 
into the clinic.7,37–40 There is a need for more physiologically 
relevant translational models. Both humans and pigs are om-
nivorous and share similarities related to anatomical features 
of the GI tract. Pigs are a widely accepted model for nutrition 
research, intestinal microbiota and gut barrier function.11 All 
of this makes them an ideal model for IBD.

TNFΔARE pigs show symptoms characteristic of IBD, 
including chronic diarrhoea and weight loss, aberrant in-
testinal morphology and changes in intestinal epithelial cell 
composition.1 Similar to human CD patients, transmural skip 
lesions within the intestinal tract with ileocolitic predomin-
ance, reduced numbers of PAS/AB+ cells, increased cell pro-
liferation and increased immune cell infiltrations in inflamed 
areas were observed.1 The blood tests were indicative of in-
testinal inflammation, malnutrition, gastrointestinal haem-
orrhage and active disease.41–43 Together with the observed 
diffuse patterning and lower concentration of tight junction 
proteins in most TNFΔARE pigs, fibrinous exudates and gut-
penetrating Balantidium coli, our findings suggest a disrup-
tion of the intestinal barrier with loss of mucosal tolerance. A 
disrupted intestinal barrier not only facilitates microbial inva-
sion into intestinal tissues but also allows increased passage 
of oxygen into the intestinal lumen with devastating effects 
on the intestinal microbiota.44,45 In line with these data, we 
observed a reduction in the often obligate anaerobic genera 
of Bacteroidota and Firmicutes and an increase in the largely 
facultatively anaerobic Proteobacteria with a concomitant de-
crease in bacterial diversity in the ileum of TNFΔARE pigs, find-
ings previously reported for IBD patients.44,46 Furthermore, 
an increase of Campylobacterota along with a decline of 
Bacteroidota in the colon was previously associated with an 
increased risk of IBD.47,48 Compositional changes in the stool 
microbiota were found to be weakly influenced by future 

http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
http://academic.oup.com/ecco-jcc/article-lookup/doi/10.1093/ecco-jcc/jjad034#supplementary-data
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calprotectin levels, indicating that changes in the faecal micro-
biota composition precede the onset of inflammation. This is 
consistent with previous findings in IBD patients, where the 
difference in mucosal samples was even more pronounced.49

The early disease onset shortly after weaning appears to con-
trast with humans, in which the majority of early-onset IBD 
patients have an age of ~10 years at diagnosis.50 The ‘weaning 
reaction’ of the immune system in response to concomitant 
microbiota alterations is accompanied by an upregulation of 
TNF, which is thought to be a disease trigger in the TNFΔARE 
animal and probably contributes to the early disease onset 
in the swine model.51 As in mice the reasons why only about 
50% of heterozygous porcine mutants show disease manifest-
ations remain to be elucidated. In the mouse model, it has been 
reported that the abundance of an immunomodulatory com-
mensal correlates with ileitis disease severity, although a cross-
model and cross-species significance remains controversial.52

Regarding the TNF mRNA decay kinetics, the pig model 
shows some differences to the IBD mouse published by 
Kontoyiannis et al.,53 in which only the ARE has been deleted 
while in the swine model the ARE and CDE1 sequence was 
removed. We observed a comparable effect of LPS stimulus 
on the transcription of TNF in PBMC-derived macrophages, 
but a more pronounced increase in transcript half-life. This is 
in line with a recently published mouse model showing that 
disease severity increased with concurrent deletions of ARE 
and CDEs, where the authors suggested an impact of the mu-
tations on post-transcriptional TNF mRNA regulation.54

Importantly, the TNFΔARE pigs show transmural inflamma-
tion not only in the terminal ileum as in TNFΔARE mice, but 
also a robust disease manifestation in the proximal colon as 
seen in humans. This is probably due to the fact that pigs, like 
humans, have their primary site for ingesta fermentation in the 
colon compared to caecal fermentation in mice. Since luminal 
microbes mediate intestinal fermentation, its anatomical local-
ization directly affects the constituents of the gut microbiota 
and thus microbe–host interactions.55 Host-specific coloniza-
tion of bacterial communities was also confirmed by the sep-
aration between microbiota profiles in the two models. On the 
other hand, clustering of the luminal and mucosal microbiota 
from TNFΔARE/+ mice or a subset of human IBD patients with 
active disease and TNFΔARE/ΔARE pigs with strong inflammation 
suggests a species-independent composition of the microbiota 
correlating with inflammation severity.

In mice and humans, microbial composition is typically 
measured from faecal samples. It does not necessarily reflect 
bacterial diversity along the GI tract. In line with this, the 
cross-genotype comparison of bacterial microbiota alterations 
in stool provided only a weak reflection of the conditions ob-
served for affected intestinal mucosal biopsies. The option to 
carry out repeated endoscopies or work with cannulated pigs 
will provide a better understanding of the local interactions be-
tween gut microbiota, inflammation, and nutritional or thera-
peutic interventions. None of this is possible in human patients. 
Like mice, pigs can be reared under GF conditions. Importantly, 
microbiome transfer from humans to pigs results in a gut micro-
biota closely resembling that of the human donor.14 Novel diag-
nostic technologies can be assessed at the human scale.9

In summary, this work reports on TNFΔARE pigs as a trans-
lational animal model for IBD. The TNFΔARE pigs recapitulate 
major characteristics of human CD, including ulcerative trans-
mural ileocolitis, increased abundance of proinflammatory 
cytokines, impaired integrity of the intestinal epithelial cell 

barrier, immune cell infiltration and changes in dysbiotic mi-
crobial communities. This model enables human-scale and 
long-term studies to assess diagnostic, nutritional or micro-
bial interventions. The pig model is not intended to substitute 
the mouse models, but rather to fill the gap for translating 
findings to the clinic. The value of pig models for digestive 
disease research has been frequently demonstrated,9,56,57 and 
the TNFΔARE pigs will undoubtedly become an important asset 
for patient-relevant translational CD studies.
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