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Abstract 

Chicken infection with Salmonella Typhimurium is an important source of foodborne human diseases. Salmonella col‑
onizes the avian intestinal tract and more particularly the caecum, without causing symptoms. This thus poses a chal‑
lenge for the prevention of foodborne transmission. Until now, studies on the interaction of Salmonella with the avian 
gut intestine have been limited by the absence of in vitro intestinal culture models. Here, we established intestinal 
crypt‐derived chicken organoids to better decipher the impact of Salmonella intracellular replication on avian intes‑
tinal epithelium. Using a 3D organoid model, we observed a significantly higher replication rate of the intracellular 
bacteria in caecal organoids than in ileal organoids. Our model thus recreates intracellular environment, allowing 
Salmonella replication of avian epithelium according to the intestinal segment. Moreover, an inhibition of the cellular 
proliferation was observed in infected ileal and caecal organoids compared to uninfected organoids. This appears 
with a higher effect in ileal organoids, as well as a higher cytokine and signaling molecule response in infected ileal 
organoids at 3 h post‑infection (hpi) than in caecal organoids that could explain the lower replication rate of Salmo-
nella observed later at 24 hpi. To conclude, this study demonstrates that the 3D organoid is a model allowing to deci‑
pher the intracellular impact of Salmonella on the intestinal epithelium cell response and illustrates the importance 
of the gut segment used to purify stem cells and derive organoids to specifically study epithelial cell ‑Salmonella 
interaction.
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Introduction
Salmonella  is an intracellular bacterium, causing impor-
tant public health and economic problems throughout 
the world. Salmonellosis is after campylobacteriosis, the 
second commonest reported zoonosis and food poison-
ing in Europe, resulting in hospitalization and death [1]. 
Non‐typhoidal Salmonella are the most frequent patho-
gen isolated in foodborne outbreaks. Human contami-
nation mainly occurs through consumption of poultry 
products, especially eggs and meat. Contaminated food 
with Salmonella can thus have a negative impact on 
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agrifood industry and trade sectors due to costly recalls 
of products and by limiting market access. It thus results 
in significant economic losses and represents a substan-
tial burden on healthcare system.

Salmonella  can induce several diseases ranging from 
gastro‐enteritis to typhoid fever according to the host 
and serotype. In humans, S. Enteritidis and S. Typhimu-
rium are the two main serotypes responsible for gastro-
enteritis. Poultry infections with those serotypes are very 
insidious as infected animals are usually symptomless 
carriers. The absence of symptoms makes the identifica-
tion of infected animals difficult, leading to the produc-
tion of contaminated poultry meat and eggs that will be 
consumed by humans.

After oral contamination, the initiating step for Sal-
monella infection requires the interaction of bacteria 
with the intestinal epithelium.  In order to survive in 
the host cellular environment, Salmonella has evolved 
mechanisms to manipulate host cell functions for its 
own benefit. Salmonella is able to attach to, enter non-
phagocytic cells by using three known invasion factors: a 
type three secretion system (T3SS-1) and 2 invasins (Rck 
and PagN). It multiplies inside host intestinal cells by fol-
lowing a common pathway leading to the formation of a 
Salmonella containing vacuole (SCV) [2]. Both wild-type 
Salmonella and T3SS1-invalidated Salmonella show the 
maturation of the SCV continued through an acidified 
phase, leading to Salmonella replication [3] and inducing 
host cellular responses, which are known to be critical for 
bacterial survival, colonization and establishment of the 
disease. The presence of S. Typhimurium according to 
the intestinal segment has been studied and pointed out 
that the caecum is the intestinal segment most highly col-
onized and also the site of persistence in infected chicks 
[4, 5]. However, the lack of avian chicken cell lines leads 
to very little knowledge about the intracellular fate of S. 
Typhimurium, crucial steps allowing the chicken intesti-
nal epithelium colonization.

Until now, avian gut infection by Salmonella has only 
been studied in in  vivo models but the recent opportu-
nity to study the bacterial interaction with epithelial cells 
in organoids [6] offers a unique chance to improve our 
knowledge. Indeed, isolated primary intestinal epithelial 
cells in 3D culture reconstitute the crypt architecture 
(central lumen with surrounding epithelial monolayer) 
and the cell lineage diversity thanks to the stem cell 
properties. The first chicken intestinal organoids were 
obtained from the entire small intestine of chicken 
embryo [7, 8]. They were cultivated in 3D in Matrigel™ 
matrix and exposed to a probiotic, a TLR2 ligand [9] or 
various chemicals [10] to demonstrate a functional epi-
thelium. Many studies have described optimization in the 
culture conditions with different concentrations of EGF, 

R-Spondin and of Noggin to improve enrichments, pas-
sages and cryopreservation of chicken organoids [11–13]. 
Two novel methods of cultivation of intestinal chicken 
organoids were described in order to allow access to the 
apical side of the cells: the two-dimensional (2D) polar-
ized models of intestinal monolayers and the inside-out 
organoids [14–16]. Infections by S. Typhimurium have 
been successfully performed in the chicken inside-out 
enteroids, leading to intracellular bacterial replication 
but only for 8 h. Despite the different chicken intestinal 
organoid models described, no study has compared the 
capacity of Salmonella to intracellularly replicate accord-
ing to intestinal segment and evaluated the cellular 
response of chicken intestinal epithelium to intracellular 
Salmonella.

The aim of this study was to (1) establish a 3D avian 
minigut model from ileum and caecum of young chick-
ens, (2) confirm the capacity of this model to recreate 
intracellular environment, allowing Salmonella replica-
tion of avian epithelium and (3) investigate the impact of 
intracellular Salmonella on the intestinal cell response.

Materials and methods
L‑Wnt3a, R‑spondin and Noggin (L‑WRN) production 
and medium
L-WRN cell line (ATCC ®: CRL-3276, LGC Standard, 
Molsheim, France) secreting Wnt-3A, R-spondin 3, and 
Noggin  was cultured in DMEM (Dulbecco’s modified 
Eagle’s medium, Gibco Life Technologies, Paisley, UK) 
containing 4.5 g/L glucose supplemented with 10% fetal 
bovine serum (FBS; Sigma Aldrich, Saint-Louis, MO, 
USA), 0.5 mg/mL geneticin (G-418; Sigma Aldrich, Saint-
Louis, MO, USA) and 0.5  mg/mL hygromycin (Thermo 
Fisher Scientific, Illkirch, France) at 37 °C in a humidified 
atmosphere at 5%  CO2. After 3  days, cells were washed 
with DMEM and then further cultured in DMEM con-
taining 4.5 g/L glucose supplemented with 10% FBS. The 
L-WRN cell supernatant constitutes the L-WRN condi-
tioned medium (L-WRN CM) and was collected every 
2–3 days over 12 days. After centrifugation at 300 x g for 
5  min at room temperature, L-WRN CM was aliquoted 
and stored at − 20 °C until use. L-WRN cells were weekly 
sub-cultured (dilution 1:10 v/v) by partial digestion with 
EDTA-trypsin 0.25% w/v (Thermo Fisher Scientific, 
Illkirch, France).

Isolation of intestinal crypts
White Leghorn PA12 chickens from INRAE experimen-
tal unit PFIE (Centre Val de Loire, France) were used 
for intestinal crypt isolation in strict accordance with 
French legislation and approved by the French Ministry 
of education, higher education and research  (Ministère 
de l’Education Nationale, de l’Enseignement Supérieur 
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et de la Recherche). Sections of ileal and caecal segments 
were removed from 4  days old chicken and placed in 
phosphate-buffered saline (PBS) without  Ca2+ and  Mg2+ 
(ThermoFisher Scientific, Illkirch, France) supplemented 
with 100 U/mL penicillin and 100 mg/mL streptomycin. 
Intestinal crypts were isolated according to established 
protocols [17]. Briefly, tissue was longitudinally opened 
and cut before being placed  in dissociation buffer (PBS 
without  Ca2+ and  Mg2+ containing 9 mM EDTA (Sigma 
Aldrich, Saint-Louis, MO, USA), 3  mM 1,4-Dithiothréi-
tol (DTT, Sigma Aldrich, Saint-Louis, MO, USA) and 
10 µM Y27632 (Tocris, Bristol, UK) in order to dissoci-
ate crypts for 45 min with 16 rpm shaking at room tem-
perature. Then, the intestinal fragments were transferred 
in cold PBS without  Ca2+ and  Mg2+ following by 2 min 
manual vigorous up and down shaking. To remove the 
intestinal villus, the supernatant was filtered first with a 
100  µm cell strainer and then rinsed with PBS without 
 Ca2+ and  Mg2+. This step was repeated with a 70  µm 
cell strainer and the final filtrate was centrifugated at 
220 x g for 5 min at room temperature. The pellet con-
taining intestinal crypts was resuspended in DMEM/
F12-Glutamax-HEPES (Gibco Life Technologies, Pais-
ley, UK), 5% FBS, 100 U/mL penicillin  and 100  mg/mL 
streptomycin. The number of crypts was estimated using 
a bright field optical microscopy (Nikon, Champigny-
sur-Marne, France). About 2500 crypts were embedded 
in 50 μL Matrigel™ (Corning, Amsterdam, The Nether-
lands) mixed at 50% with L-WRN complete medium 
(DMEM/F-12 Glutamax-Hepes (Gibco Life Technolo-
gies, Paisley, UK) supplemented with 50% L-WRN CM, 
10  mM HEPES (Gibco Life Technologies, Paisley, UK), 
B27 1X (ThermoFisher Scientific, Illkirch, France), 50 ng/
mL EGF (Sigma Aldrich, Saint-Louis, MO, USA), 500 nM 
A83-01 (Tocris, Bristol, UK), 10 µM SB2022190 (Tocris, 
Bristol, UK), 10 nM gastrin I (Tocris, Bristol, UK), 1 mM 
N-acetyl-L-cysteine (Sigma, Saint-Louis, MO, USA), 
10 µM SB431542 (Tocris, Bristol, UK) and 10 µM Y27632 
(Tocris, Bristol, UK), and seeded in pre-warmed 24-well 
plates. After Matrigel™ polymerization (about 20  min 
at 37 °C in a humidified atmosphere at 5%  CO2), 500 μL 
L-WRN complete medium/well were added. L-WRN 
complete medium was changed every 2–3 days.

Organoid culture and passaging
After 5–8  days of culture, the number of organoids per 
well was estimated using a bright field optical micros-
copy (Nikon, Champigny-sur-Marne, France). For 
weekly passaging at 1:4 to 1:8 split ratios, organoids were 
washed with warm PBS without  Ca2+ and  Mg2+ and 
then, enzymatically dissociated using TrypLE™ (Gibco 
Life Technologies, Paisley, UK) according to manufac-
turer recommendations. Depending on the number 

of organoids and the splitting ratio, the corresponding 
quantity of dissociated organoid was then embedded in 
50 µL fresh Matrigel™ mixed at 50% with L-WRN com-
plete medium, seeded per well of a 24-well plate and 
cultured with L-WRN complete medium as described 
above.

Transmission electron microscopy (TEM)
Organoids were collected and fixed in 4% paraform-
aldehyde (PFA), 1% glutaraldehyde (Sigma Aldrich, 
Saint-Louis, MO, USA) and 0.1  M phosphate buffer 
(pH 7.2) for  24  h. Samples were then washed in PBS 
and incubated with 2% osmium tetroxide (Agar Scien-
tific, Stansted, Essex, UK) for 1  h. Organoids were then 
fully dehydrated in a graded series of ethanol solutions 
and propylene oxide. The impregnation step was per-
formed with a mixture of (1:1) propylene oxide/Epon 
resin (Sigma Aldrich, Saint-Louis, MO, USA) and then 
left overnight in pure resin. Cells were then embedded 
in Epon resin (Sigma Aldrich, Saint-Louis, MO, USA), 
which was allowed to polymerize for 48 h at 60 °C. Ultra-
thin section (90 nm) of these blocks were obtained with 
a Leica EM UC7 ultramicrotome (Leica Microsystems, 
Wetzlar, Germany). Sections were stained with 5% uranyl 
acetate (Agar Scientific, Stansted, Essex, UK), 5% lead cit-
rate (Sigma Aldrich, Saint-Louis, MO, USA) and observa-
tions were made with a transmission electron microscope 
(JEOL 1011, Tokyo, Japan).

Gene expression analyses
Total RNA was extracted from about 300 organoids cul-
tivated in 24 well plate after washing with PBS without 
 Ca2+ and  Mg2+ at 37  °C and resuspension in 300 µL 
Tri-Reagent (Sigma Aldrich, Saint-Louis, MO, USA). 
The samples were kept at − 80 °C until RNA extraction. 
After thawing, RNA was extracted with DirectZol mini-
prep (Zymo Research, Irvine, USA) according to manu-
facturer’s recommendations. RNA concentration was 
determined using a Nanodrop (ThermoFisher Scientific, 
Illkirch, France) before storage at − 80  °C. RT reactions 
were performed with iScript RT Supermix (Biorad, Her-
cules, CA, USA) according to manufacturer’s recomman-
dations. Gene expression measure was analyzed by real 
time qPCR using CFX96 real-time PCR detection system 
(Biorad) and with iQ™  SYBR® Green Supermix (Biorad). 
The protocol used for qPCR was: 95  °C for 5  min and 
40 cycles at 95 °C for 10 s and 60 °C for 15 s followed by 
60  °C for 5  s. Melting curves were performed at 60  °C 
for 5  s followed by gradual heating (0.5  °C/s) to 95  °C. 
Gene expressions were normalised to Ct values obtained 
for  Gallus gallus reference genes: Tbp, ActB, G10, Hmbs 
and Gapdh using the formula:  2−(Ct Gallus gallus specific gene − Ct 

mean of Gallus gallus reference genes). The primer sequences used 
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Table 1 Primers used in this study. 

Gene name Forward Reverse

Actb CCA GAC ATC AGG GTG TGA TGG CTC CAT ATC ATC CCA GTT GGTGA 

Agr2 CGC AGA CGT ATG AGG AAG CC GGT TTC GTA CAC AAG GTT CAGG 

Bmi1 CTG CTC AAC ATC AGG TCA GATA TCT TCG TCA GCC ACT TCT CCC 

Ccl20 GGC ACA AAG CAA CCA AGA TT GGA TTT ACG CAG GCT TTC AG

CD3d GAC GCT CCC ACC ATA TCA GG ATC ATT CCG CTC ACC AAG GG

CD8a CGA GGG GTC AAA GCAAG TGT GGC TGG GAA GAAGG 

CD24 AGC AAG TTC CAC TTT GCC AGC TTT CCA TGT CCA TGA GCG GTG 

CD44 ACG AGG AGC AAA GCA TGT GA GTG AGC CGT CCT CAT TGT CA

Chga ATC TCC CTT CCT GTG ACA AATG GAT CGG CAG TGG GTC TGG CTT 

Cldn 1 AGA TCC AGT GCA AGG TGT ACG CTG ACA GAC CTG CAA TGA TGAAG 

Cldn 10 TCC AAC TGC AAG GAC TTC CC GCA CAG CCC ACA CAG TAT GA

CSF1R AGC TCT CAC CTG GAA CCA AC AGG CTT CTC TTG TCC TTC AACC 

Cxcl8 GCT CTG TCG CAA GGT AGG AC GGC CAT AAG TGC CTT TAC GA

CX3CR1 GGC TGT CTC GGA CCT TCT TT TTG CAG GGG ATA GTG CCA AG

CyclinA2 CAA GCT CCA GAA TGA AAC TC GAT GTA GAC GAA CTC TGC TA

CyclinB2 GTT CTG TCT CCT GTC CCT AT AGC TCA AGC TGT CTC AGA TA

Fabp2 GCT GAC GGG ACT GAA CTT TCA CGC TGT GAG TAC TTT TCC ATT ATC TTT 

Fabp6 ACT ATA GAC AAG GAA GCA GAC ATG GA TCC ATT TTG ACT GTT GCC TTGA 

FLT3 TTT GGA CAG GTT CTC GGC TC CTC CCG CCT TGC TAA TTC CA

G10 AAC AGC CTC TGC ATC CAC AGT TCA AGG AAG GGT ACG CTG ACA 

Gapdh CCA CAA CAT ACT CAG CAC CTGC GTC CTC TGG CAA AGT CCA AG

Jam2 AGA CAG GAA CAG GCA GTG CT TCC AAT CCC ATT TGA GGC TA

Klf4 CAA AGC CCA AGA GGG GAC GG GCA AAC TTC CAT CCG CAG CCT 

Krt7 TGA CAA AGG GCG TCT GGA GG GAG CAC CAC GAA CTC ATT CTC 

Lgr5 GCT GGC TTC TCT TCG TTC TCT ATG TAG CCC CGT CAC AGG AAA 

Lrig1 GCA TCG TGC TGA CTT CGC TG TAG TCT CAT CTG TGT TGG TGAC 

Mmp7 TAC ACA CCT GAC CTA CCC CGA GGC TGA AAA GCA TGA GCT AATG 

MRC1L-B CGT TCC GGT GGA TAG ATG GAAG GGG AGC AAT ACT TGG ACG AA

Muc2 TGG AGG CAA AGT GTC TGC TCT TAA TAG CAT GGG CAT TTG GAGAT 

Mx1 GGG GAA CCA GCC ACA AGA TA TTA GTG AGG ACC CCA AGC GT

Myd88 CGT GCC AAA GAC TTC AGA GC ACC ATC CTC CGA CAC CTT CTT 

Nfkb1 CGA ACA GCA GAT GGA CCG TA TTA CCC ACC AAG CTG TGA GC

Occludin CCG TAA CCC CGA GTT GGA T ATT GAG GCG GTC GTT GAT G

Olmf4 CGA CAG ACG TGA CTC CTC CTG GGT GTG CTG GCT GGT AGT CTT 

Reg4 GGA GGC AGA GGC ACA GTG TC CTC AGC GTG GCT GCT TCC TT

Socs1 CAC GCA CTT CCG AAC CTT TC ACT TCA GCT TCT CAT GGG CG

Stat1 AAG CAA ACG TAA TCT TCA GGA TAA C TTT CTC TCC TCT TTC AGA CAG TTG 

Stat3 AAG GGT GAC CCA ATT GTC CA TGT TAA ACT TCC GGG ACC CCC 

Tbp AGC TCT GGG ATA GTG CCA CAG ATA ATA ACA GCA GCA AAA CGC TTG 

Tjp1 ACC GAG AGA TGC TGG TAC TG GCA CAG CCT CAT TCT CAT GG

Tjp2 CAT TGT TCG GGA GGA TGC TG AGC CAG CCA GTT TCC TAG TT

Tjp3 GGA TAC AGT GCG GCA GAT TG TGG TAG CAG TGA AGA GGT GG

Tlr1 TGA GCT TCA TGA CCA GCC GT TGG TTG TTT TGT AGG TCC ACT 

Tlr15 AGC TGA ACT GCT GCC ACA TTT TTT CCT CTG TTC TTC TTT GTC TGA ATC 

Tlr3 GAT CCA TGG TGC AGG AAG TTT CTG GCC AGT TCA AGA TGC AG

Tlr4 ACC TCA ATG CGA TGC ACT CT AGT CCG TTC TGA AAT GCC GT

Tlr5 TGT GTT GTG ACC AGG CAG TT AAT CTT CAG GCC AAC GCA GA

Vil1 GCA ACT TGT GTC AGG GCT CACC CCA GCA CGT CCA GTG GGA AGGT 

Wdr43 TCC CTA TTC TAG CGG CTG CGT GTT CAC AAC TGG CGT CCT CAC 
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in this study are listed in Table 1. To obtain a global view 
of gene expression in non-infected organoids, a heatmap 
analysis was performed using the R package Pheatmap 
[18]. Median of gene expression values were normal-
ized with a Z-score approach and scaled by row (genes). 
When organoids were infected, a ratio between  2−∆Ct of 
infected samples over non-infected samples was calcu-
lated and referred as fold change.

Bacterial strains and infection conditions
The bacterial strains used in this study are listed Table 2. 
Bacteria were routinely grown in Luria–Bertani (LB, 
Sigma Aldrich, Saint-Louis, MO, USA) broth with shak-
ing at 150 rpm at 37  °C overnight. The day of infection, 
2.108 bacteria were added per well of 24-well plate for 
90 min at 37  °C in a humidified atmosphere at 5%  CO2. 
After 90 min, infected organoids were washed with warm 
DMEM/F12 and then re-incubated further 90  min with 
fresh DMEM/F12. The time zero of post-infection (pi) 
was set at the beginning of the infection.

Gentamicin protection assay
To quantify the number of internalized bacteria, 
DMEM/12 was removed and L-WRN medium contain-
ing gentamicin (100 µg/mL) was added to infected orga-
noids (at 3 hpi) for 1 h 30 at 37 °C. The efficiency of the 
gentamicin (Gibco Life Technologies, Paisley, UK) treat-
ment to kill extracellular bacteria in  MatrigelTM has 
been verified at 4 h 30 pi (Additional file 1).  MatrigelTM 
drops without organoids were infected with bacteria 
and treated with gentamicin as described above. Next, 
 MatrigelTM drops containing or not organoids were 
washed with DMEM/12 at 37  °C and then lyzed in cold 
distilled  H2O for 30 min on ice by osmotic shock [19, 
20]. Finally, the number of internalized and surviving 
bacteria at 4 h 30 pi was determined by plating appro-
priate dilution on Tryptic Soy Agar (TSA, BD  DifcoTM, 
Le Pont de Claix, France) and counted after overnight 
growth at 37 °C. The number of internalized bacteria was 
calculated as the ratio of colony forming units of lysates 
and inoculum and then, expressed relative to 100 orga-
noids. To determine the intracellular replication level 
of Salmonella in infected organoids, L-WRN medium 

containing gentamicin at 100 µg/mL was replaced by cell 
culture medium containing gentamicin at 10 µg/mL for 
the remaining incubation time. The number of intracel-
lular bacteria released from lyzed organoids at 24 hpi 
was numbered as at 4 h 30 pi. The ratio of the number 
of internalized bacteria at 24 hpi and 4 h 30 pi allowed to 
calculate the bacterial replication rate.

Viability assay
The uninfected and infected organoids went through 
the same steps to assess the cell viability at 24 hpi using 
CellTiter-Glo 3D Cell Viability Assay according to the 
manufacturer’s recommendations (Promega, Madison, 
Wisconsin).

Statistical analysis
The statistical differences between two groups were 
analyzed using a non-parametric Mann–Whitney test. 
p-values of 0.05 or less were statistically considered sig-
nificant. Differences among three or more groups were 
analyzed using a Kruskall-Wallis test with a Dunn’s mul-
tiple comparisons post-test ANOVA (Prism, version 6.0; 
GraphPad Software, La Jolla, CA, USA).

Results
Organoids derived from chicken ileal and caecal crypts
In chicks, the small and large intestine as well as the cae-
cum, are colonized by S. Typhimurium. However, the 
caecum is the most heavily colonized intestinal segment 
[4]. To compare in vitro the direct interaction of S. Typh-
imurium with chicken ileal and caecal epithelial cells, we 
attempted to design organoid culture derived from intes-
tinal crypts of the two segments. Intestinal organoids 
were chosen as they  recapitulate the cellular complex-
ity and architecture of the intestinal epithelium in  vitro 
without variability of in vivo experiments introduced by 
immune cells or the intestinal microbiota [21]. Purified 
ileal and caecal crypts were resuspended in Matrigel™ to 
form structures in 3D and cultured in L-WRN complete 
medium which has been described to allow obtention of 
intestinal epithelial lineages [21]. Figure 1 illustrates the 
growth of crypts to form mature organoids. By 2  days 
of culture, the crypt rapidly became sealed and had a 
rounded shape (Figure 1). This structure becomes larger 
over time and starts budding, showing an enclosed 
central lumen (Figure  1, day 4). By 7  days of culture, 
numerous buds are observed, demonstrating a typical 
morphology of crypt-like structure and characteristic of a 
mature organoid (Figure 1) [22]. Organoids derived from 
ileum are generally composed of bigger buds compared 
to organoids derived from caecum (Figure  1). Few days 
after crypt seeding, the cells are exfoliated into the orga-
noid lumen, leading to an accumulation of apoptotic cells 

Table 2 Bacterial strains and plasmids used in this study. 

Strains Relevant characteristic(s) Source or 
reference

Strains MC1061 E. coli hsdR mcrB araD139 
Δ(araABC‑leu)7679 ΔlacX74 galU 
galK rpsL thi

[46]

STm S. enterica subsp. enterica ser. Typh‑
imurium 14028 wild‑type strain

ATCC 
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visualized by a dark lumen (Additional file 2). Organoids 
were enzymatically dissociated weekly and replaced in 
Matrigel™ to form new organoids. They were kept for at 
least 7 passages (data not shown).

Characterization of chicken intestinal organoid
To be as close as possible to the in  vivo intestine with 
the diversity of epithelial cells displaying specific func-
tions, organoids must harbor intestinal stem cells, pro-
genitor cells and differentiated cells, representing the 
intestinal epithelium and recapitulating the epithelial 
functions. Ultrastructural analyses of ileal and caecal 
organoids derived from chicken at day 7 revealed highly 
polarized organization of enterocytes with their typi-
cal apical brush border and cell-to-cell interactions such 
as adherent junctions (Figure  2). Mature ileal and cae-
cal organoids derived from chicken thus have basal-out 
conformation with the apical side facing the lumen of 
the organoid, containing shed apoptotic cells, that occur 
during intestinal renewal (Figure 2). Moreover, we clearly 
distinguished the presence of goblet cells with intracellu-
lar mucin granules (Figure 2). The presence of rare cells 
containing dense cytoplasmic vesicles could be detected 
in ileal organoids but not in caecal organoids that could 
be indicative of Paneth-like cells (Figure  2). To further 
characterize the cellular composition of ileal and caecal 
organoids, the expression of some genes, characteristic of 

intestinal cell type and barrier markers was assessed by 
qRT-PCR in ileal and caecal chicken organoids by 7 days 
of culture of various passages P0, P1 and P2. Our data 
shown in Figure 3A suggest that ileal and caecal chicken 
organoids recapitulate the cellular diversity of the intes-
tinal epithelium. Bmi1, CD44, Lgr5, and Wdr43 genes 
revealed the presence of stem and transit-amplifying 
cells and Lrig1 and CD24 genes, proliferation regulators. 
Enterocytes can be identified by the expression of Fabp2, 
Fabp6 and Vil1. Agr2, Klf4, Muc2 gene expression is cur-
rently used to detect goblet cells. CD24 and Mmp7 gene 
expression suggest the presence of Paneth-like cells and 
Chga, Krt7, Reg4 of enteroendocrine cells. In chicken 
intestine, AvBD9 was detected in enteroendocrine cells 
[23], this gene expression could be associated to this cell 
type. Expression of several genes encoding components 
of tight junctions Cldn1, Jam2, Ocln and Tjp1, 2, 3 was 
detected in the organoids (Figure 3B), consistent with the 
detection of these structures by TEM (Figure  2). Some 
TLRs are also expressed in ileal and caecal organoids sug-
gesting a potential response of organoids to PAMP stim-
ulation or infection (Figure 3C).

Nash et al. as well as Orr et al. described the presence of 
immune  cells in chicken enteroid cultures derived from 
ED18 embryonic chickens,  potentially isolated during 
the crypt purification process [14, 15]. The presence of 
T cells, dendritic cells and macrophages was searched by 

Figure 1 Intestinal crypt cultures derived from chicken. The images are representative of purified crypts derived from ileal and cecal segments 
cultured in Matrigel™ and L‑WRN complete medium as described in Materials and Methods. Original magnifications of the crypt growth from day 0 
to 7: day 0, × 40; day 2, × 20; day 4, × 10; day 7 × 4.
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analyzing gene expression of specific marker in ileal and 
caecal chicken organoids. CD3d and CD8α were used for 
T cell, FLT3 and CX3CR1 for dendritic cell and  CSF1R, 
MRC1 for macrophages and Vil1 for enterocytes as con-
trol. The transcriptional analysis showed  only  detec-
tion of  CD8α  expression as well as  FLT3  and  CX3CR1 
but  in a lesser number of samples (Additional file  3) in 
both ileal and caecal organoids, suggesting the presence 
of immune  cells in our 3D chicken intestinal organoid 
model. However, as the presence of immune cells could 
not be observed by TEM, it suggests a very weak propor-
tion of these cells compared to epithelial cells.

Taken together, our data demonstrated that in chicken 
organoids cultivated in Matrigel™ and L-WRN complete 
medium, the intestinal hierarchy derived from stem cell 
is maintained as well as the epithelial barrier function. As 
the intestinal physiology is closely reproduced in ileal and 
caecal organoids derived from chicken during passages, 
these models were therefore used to study the intracellu-
lar S. Typhimurium replication in the chicken epithelium 
and the cell responses.

Salmonella infection in chicken ileal and caecal organoids
The intracellular survival of S. Typhimurium in ileal and 
caecal organoids were compared by performing a gen-
tamicin protection assay at 4  h 30 pi and 24  hpi. To do 
that, the ileal and caecal 3D organoids were first incu-
bated with the bacteria for 90  min to allow bacteria to 
cross the Matrigel™ and to contact the basal cell surface 
of the organoids. Then, the extracellular medium con-
taining bacteria was replaced with fresh DMEM medium 

and incubated again 90 min. Next, the infected organoids 
were incubated with L-WRN complete medium contain-
ing 100 µg/mL gentamicin for 90 min and the number of 
internalized bacteria was quantified (4 h 30 pi time point). 
To quantify the number of internalized bacteria at 24 hpi, 
the ileal and caecal 3D organoids were incubated at 4 h 
30 pi with L-WRN complete medium containing 10 µg/
mL gentamicin overnight (24 hpi time point). The bacte-
rial replication rate was calculated by dividing the num-
ber of internalized bacteria at 24 hpi by the one obtained 
at 4 h 30 pi. As shown in Figure 4A, S. Typhimurium is 
able to replicate and survive in both ileal and caecal orga-
noids. However, the S. Typhimurium rate is about 8 in 
ileal organoids, while it is about 53 in caecal organoids, 
when the number of internalized bacteria is similar at 4 h 
30 pi (Figure 4B). Of note, the comparison of cell viabil-
ity between ileal and caecal organoids at 24 hpi revealed 
that there is no significant difference (Figure 4C). A non-
invasive E. coli strain (MC1061) was used as control for 
the quantification of internalized bacteria to demonstrate 
that the internalization process observed does not result 
from intrinsic ability to ingest bacteria independent of 
any virulence factors. As shown in Figure 4B, the num-
ber of internalized E. coli strain is negligible (significantly 
lower, by 94.06% ± 5.5 in ileal organoids and 93.16% ± 5.7 
in caecal organoids, compared to S. Typhimurium set 
at 100%), leading to the conclusion that the internaliza-
tion process observed in chicken organoids is specific of 
Salmonella.

Taken together, these data demonstrated that the 
uncomplicated infection model of basal-out chicken 

Figure 2 Morphological analysis. TEM images of ileal and cecal organoids derived from chicken after 7 days of culture in Matrigel™ with L‑WRN 
complete medium as described in Materials and Methods. The scale bars are indicated. G, goblet cells, *cell‑to‑cell interaction. B, basal lamina; L, 
lumen.
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organoid recreate an intracellular environment allowing 
Salmonella replication, a common crucial step to colo-
nize the epithelium. This model was therefore used for 
the remaining experiments.

Modulation of the intestinal proliferation by Salmonella
As the interaction of S. Typhimurium with chicken 
intestinal epithelial cells leads to a reduced proliferation 
of the intestinal stem cell [24], we next investigated the 
impact of S. Typhimurium replication on the intestinal 
cell proliferation in ileal and caecal organoids. To do that, 
the mRNA expression level of specific genes involved in 
intestinal cell proliferation  was analyzed with 3D ileal 
and caecal organoids uninfected or infected with S. 

Typhimurium at 3 h and 24 hpi. As control, non-infected 
cells were used. Gene expression results are presented 
as fold-changes over the non-infected cells. We did not 
choose to use the E. coli strain even without internaliza-
tion capacity, as E. coli expresses some factors that can 
lead to host cell responses such as those that can stim-
ulate TLR responses. Lgr5, Olmf4 and CD44 were used 
as marker of stem/ transit-amplifying cells (SC/TA), 
CyclinA2 and B2 for the cell cycle and the proliferation 
regulators CD24 and Lrig1, as negative regulator of EGFR 
signaling. As shown Figure  5, despite similar invasiness 
at 3 hpi of S. Typhimurium in ileal and caecal organoids 
(Figure  4A), S. Typhimurium repressed expression of 
stem/ transit-amplifying cell, cell cycle and proliferation 

Figure 3 Relative gene expression of cell and function markers in chicken ileal and caecal organoids. Gene expression in organoids 
was analyzed by qRT‑PCR. Heat maps show the  Log2 −∆Ct of a range of epithelial cell genes and colours represent scaled values of gene expression 
with blue for low and red for high values. P: organoid passage number (3 samples by passage). A Cell type genes B Tight‑Junction genes C TLR 
genes.
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regulators related genes but to a lesser extend in ileal 
organoids at 3 hpi. At 24 hpi, when a higher intracellular 
replication rate of S. Typhimurium is observed in caecal 
organoids, expression of stem/ transit-amplifying cells 
(SC/TA), cell cycle and proliferation regulators related 
genes was less modulated than in ileal organoid. Taken 
together, these data suggest that the cells of the S. Typh-
imurium infected caecal organoids are more proliferative 
compared to those of ileal organoids.

Modulation of the intestinal responses by Salmonella
S. Typhimurium stimulates specific host receptors 
triggering a variety of generic responses directed at 
controlling pathogen spread [25]. In this study, to bet-
ter characterize the impact of Salmonella replication 
on intestinal cell response, we analyzed the mRNA 
responses of CCL20 and CXCL8, two well described 
cytokine and chemokine produced by infected epithe-
lial cell lines in  vitro [26, 27] and measured in  vivo in 
chicken epithelial cells [28, 29]. We observed a significant 
increased mRNA expression of CCL20 and CXCL8 as 
soon as 3 hpi which is significantly higher in ileal orga-
noids compared to caecal organoids (Figure 6). We also 
explored the response of signaling molecules involved in 
host cell immune response. As soon as 3 hpi, we observed 
a significant increase of Mx1, Stat1 and Socs1 mRNA 
expression in infected organoids compared to uninfected 

organoids (Figure  6). As observed above for chemokine 
response, Mx1 and Stat1 increase are higher in ileal orga-
noids compared to caecal organoids, whereas Socs1, as a 
negative feedback regulator of cytokines, is higher in cae-
cal organoids (Figure 6).

Compared to non-infected organoids, the Mx1 and 
Stat1 responses were still significantly increased at 24 hpi 
in infected ileal organoids but in a lesser extent, whereas 
they are significantly decreased in caecal organoids.

Discussion
The gastrointestinal tract of chicken harbors differ-
ences when compared to the mammals one. It displays 
a shorter size relative to body length, and the size and 
role of the caeca are clearly different [30, 31]. Moreover, 
at the cellular composition level, it was reported that the 
proliferation of epithelial cells in the small intestine of 
the chicken is not restricted to crypts (80%), and is also 
present along the villus. This was demonstrated by meas-
uring the uptake rate of 3H-thymidine, immunostaining 
of 5-bromo-2-deoxyuridine (BrdU) and proliferating cell 
nuclear antigen (PCNA) on chicken small epithelium [32, 
33]. This discrepancy was recently described on chicken 
intestinal organoids [14].

S. Typhimurium can colonize the different parts of 
the intestinal tract in chicks older than 3 days of age for 
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several weeks [34] and the caecum is the segment most 
highly colonized in infected chicks [4, 5]. However, the 
impact of the intracellular fate of S. Typhimurium allow-
ing the chicken intestinal colonization was limited due to 
the absence of in vitro intestinal epithelium model.

In this study, we cultured chicken intestinal organoids 
obtained by seeding ileal and caecal crypts in Matrigel™ 
with L-WRN complete medium. These organoids con-
tain the different cell types, forming the intestinal epithe-
lium and some immune cells, according to visualization 
by TEM and gene expression of specific cell markers as 
previously described [14, 15]. Moreover, epithelial func-
tionalities are reproduced in organoid model as key 
components of the epithelial barrier (e.g. tight junction 
proteins) are found expressed. In addition to the initial 

characterization by Zhao et  al. [11], we demonstrated 
that there is no difference in TLR expression between 
ileal and caecal organoids (Figure  3). By transmission 
electronic microscopy, microvilli at the luminal side 
are observed, indicating that epithelial cells were polar-
ized in our intestinal organoids derived from chicken 
(Figure  2). However, in this 3D model, the apical side 
of organoid epithelial cells, which is the first target of S. 
Typhimurium, is not directly accessible and this leads to 
a basolateral exposure of S. Typhimurium when directly 
added in the medium. Other approaches have been 
described to mimic intestinal infections and circum-
vent this difficulty to access apical side of epithelial cells. 
It is possible to inject S. Typhimurium into organoid 
lumen as described in human intestinal organoids for 
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understanding the initial steps of Salmonella pathogen-
esis [35, 36]. However, this method needing specific tech-
nical skills, is relatively labor intensive and concerns have 
been raised regarding unintended leak into the medium 
and reproducibility due to variable volume injected in 
each organoid [21]. A recent study showed that chicken 
enteroid cell polarity can be reversed by removal of the 
Matrigel™ [15]. S. Typhimurium infection was performed 
in these conditions but only for 8 h and no cell response 
was investigated. The main drawback of these apical-out 
organoids is that they originated from cultivated crypts 
and no passage is possible for a long term culture. This 
also can explain the presence of leukocytes in the culture. 
Moreover, it is difficult to be sure that the polarity of all 
organoids is reversed leading to potential variability in 
these culture conditions. Another method to facilitate the 
access to the apical side is the culture of 2D monolayers 

of organoid epithelial cells [14]. No infection by Sal-
monella was performed in this model but a stimulation 
with Salmonella LPS revealed the possible induction of 
an innate immune response with IL-6 and IL-8 increased 
expression 6 h after stimulation.

S. Typhimurium has the ability to adhere to and invade 
intestinal epithelium at both apical and basolateral side 
but once internalized, Salmonella intracellularly repli-
cate independently of the internalization mechanism and 
its impact have never been investigated. To invade non 
phagocytic cells, S. Typhimurium expresses three known 
internalization factors (T3SS-1, Rck and PagN) [2]. But 
it is still unclear when S. Typhimurium expresses and 
uses them in the intestine. Expression of the T3SS-1 and 
the secretion of the T3SS-1 effectors are influenced by 
various environmental signals such as oxygen concentra-
tion and bacterial growth. Thus, the culture conditions 
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affect S. Typhimurium invasion efficiency [37, 38]. In 
this study, S. Typhimurium overnight grown cultures 
were used, which does not allow an optimal expression 
of the T3SS-1 as well as T3SS-1 dependent invasion. The 
impact of the T3SS-1 in this study is therefore limited.

The lack of avian chicken cell lines leads to very lit-
tle knowledge about the intracellular fate of S. Typh-
imurium, a crucial step allowing the chicken intestinal 
epithelium colonization. Using the basal-out organoid 
model derived from ileal and caecal segment, we showed 
that S. Typhimurium replicates 6 times more in cae-
cal than in ileal epithelium. Our findings suggest that 
the uncomplicated infection model of basal-out chicken 
organoid recreates an intracellular environment allow-
ing Salmonella replication, a common crucial step to 
colonize the epithelium. This infection model is therefore 
appropriate to investigate the impact of intracellular Sal-
monella on avian intestinal cell response.

In our study at 24 hpi, a higher quantity of internal-
ized S. Typhimurium was observed in chicken organoids 
derived from caecum, while the invasiveness in ileal and 
caecal organoids was similar. This could reflect a differ-
ent apoptosis induction in infected organoids. To elimi-
nate this hypothesis, the cell viability in uninfected and 
infected chicken organoids derived from ileum and cae-
cum has been investigated. However, no significant dif-
ference was observed between infected organoids derived 
from ileum and caecum (Figure 4C). It thus appears that 
the higher number of internalized bacteria at 24 hpi was 
linked to a better bacterial replication and not to apop-
tosis induction in ileal organoids. A tendency (but non-
significant) decrease of cell viability was observed in 
infected organoids compared to non-infected organoids 
(Figure  4C), which is in line with previous study in cell 
lines. In fact, following infection with Salmonella, human 
colon epithelial cells are shown to undergo apoptosis, 
requiring bacterial entry and replication. The ensuing 
phenotypic expression of apoptosis occurs 12–18 h after 
bacterial entry [39].

In cell culture and mouse model, the Wnt/β catenin 
signaling pathway that is known to regulate stem cells 
seems to be suppressed after infection with S. Typhimu-
rium [40]. Similar results are observed in chicken model 
infected with S. Typhimurium. Zhang et al. demonstrated 
in small intestine of chicken that S. Typhimurium infec-
tion caused a decrease in crypt depth, as well as a reduc-
tion in the number of proliferative cells per crypt [24]. In 
this study, we observed that S. Typhimurium infection 
causes a decrease in mRNA expression of genes specific 
to stem/ transit-amplifying cells, cell cycle, prolifera-
tion regulators and EGFR signaling, thus demonstrat-
ing a negative modulation of intestinal cell proliferation. 
Our results are in line with the results obtained in vivo, 

validating intestinal basal-out organoid as in vitro model 
to modelling Salmonella infection. However, a lower 
impact of S. Typhimurium on proliferation of intestinal 
stem/ transit-amplifying cells is observed in infected cae-
cal organoids than in ileal organoids. As Zhao et al. have 
highlighted that S. Typhimurium replication is greatly 
boosted when host cells were in G2/M phase [41], this 
allows us to emit the hypothesis that S. Typhimurium 
preferentially replicates in a proliferative environment. 
This hypothesis is currently under verification in our 
laboratory.

The intestinal epithelium is the first line of defense 
or communication with intraluminal bacteria. A num-
ber of bacteria alters pro-inflammatory cytokine and 
chemokine production by the gut epithelium and par-
ticularly CXCL8 and CCL20 which are rapidly induced at 
the transcriptional level. S. Typhimurium induces CXCL8 
transcription and secretion by increasing intracellular 
[Ca2 +]. In chicken intestinal organoids, we also observed 
a rapid IL-8 and CCL20 response after S. Typhimurium 
infection compared to non-infected organoids. These 
increased expressions after infection were significantly 
higher in ileal organoids compared to caecal organoids 
despite similar invasion rate at 3 hpi. Enhanced expres-
sions of CXCL8 and CCL20 after infection were consist-
ent with prior in vivo studies in chickens, and in mouse 
and human organoid models [27, 29, 42], thus establish-
ing the chicken organoids as a valuable infection model 
for  Salmonella.  CXCL8 and CCL20 responses were 
shown to be independent on TLR expression [43] and on 
the ability of S. Typhimurium to invade epithelial cells 
[44, 45]. We can therefore hypothesize that the CXCL8 
and CCL20 differential responses after infection could be 
attributed to a differential intracellular fate of Salmonella 
in ileal and caecal chicken epithelial cells. Moreover, in 
addition to stimulation of pro-inflammatory gene expres-
sion, S. Typhimurium also induced the expression of sev-
eral genes whose products limit the immune response, 
such as the suppressors of cytokine signaling (SOCS) and 
members of the DUSP family of tyrosine phosphatases 
(DUSP1, DUSP2, DUSP4, DUSP5, DUSP6, DUSP8) in 
a human epithelial cell line [43]). The increased SOCS1 
response observed after infection of chicken organoids 
still confirms the relevance of the model.

Taken together, this study shows that the intestinal 
organoid model is suited to mimic the in vivo Salmonella 
infection, making them promising in vitro model to spe-
cifically decipher the interactions of Salmonella with the 
intestinal epithelium. Moreover, it illustrates the impor-
tance of the gut segment used to purify stem cells and 
derive organoids. In addition, the organoid model car-
ries a great potential to drastically reduce the number of 
animals used in the future. Thus, we believe that the use 
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of the intestinal organoid model derived from different 
mammalian species such as human, mouse and chicken 
would contribute to better characterize the interaction of 
S. Typhimurium with intestinal epithelium according to 
the host and to establish a link with its potential role in 
the pathogenicity of Salmonella.
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Additional file 2. Examples of mature organoid cultures containing 
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