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ABSTRACT
Infection research largely relies on classical cell culture or mouse models. Despite having delivered 
invaluable insights into host-pathogen interactions, both have limitations in translating mechan-
istic principles to human pathologies. Alternatives can be derived from modern Tissue Engineering 
approaches, allowing the reconstruction of functional tissue models in vitro. Here, we combined 
a biological extracellular matrix with primary tissue-derived enteroids to establish an in vitro model 
of the human small intestinal epithelium exhibiting in vivo-like characteristics. Using the foodborne 
pathogen Salmonella enterica serovar Typhimurium, we demonstrated the applicability of our 
model to enteric infection research in the human context. Infection assays coupled to spatio- 
temporal readouts recapitulated the established key steps of epithelial infection by this pathogen 
in our model. Besides, we detected the upregulation of olfactomedin 4 in infected cells, a hitherto 
unrecognized aspect of the host response to Salmonella infection. Together, this primary human 
small intestinal tissue model fills the gap between simplistic cell culture and animal models of 
infection, and shall prove valuable in uncovering human-specific features of host-pathogen 
interplay.
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Introduction

The gastrointestinal mucosa forms a barrier that 
shields the human body from a variety of contami-
nants and pathogenic agents. However, enteric 
pathogens have evolved specific mechanisms to 
overcome this barrier1. A detailed understanding 
of the underlying virulence mechanisms is there-
fore important for the development of effective 
therapeutic treatments of infectious diseases. 
Importantly, the structural, biological, and phy-
sico-chemical properties of the gastrointestinal 
mucosa affect the infection process and the asso-
ciated host responses. Therefore, the models used 
in infection research need to adequately recapitu-
late these aspects – ideally, in a human context.

In the last decade, pluripotent stem cell (PSC)- 
derived organoids or adult stem cell (ASC)-derived 
enteroids gained popularity for modeling the human 
intestinal epithelium in vitro2–7. Cultured in specified 
media and embedded in Matrigel® — a biological 
extracellular matrix (ECM) — they exhibit certain 
characteristics of the native tissue, yet show an 
inverted architecture with the apical cell surface facing 
the lumen of the organoid. Alternatively, epithelial 
stem cells can be seeded and grown as two- 
dimensional (2D) monolayers on top of synthetic 
scaffolds8,9. This enables apical and basolateral acces-
sibility, but requires coating with an ECM-like sub-
stance such as Matrigel®, collagen, or gelatin, for 
cellular attachment and growth. Both enteroid/
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organoid or 2D monolayer-based models of the small 
intestinal epithelium have contributed significantly to 
our understanding of fundamental principles of gut 
biology in general and tissue-specific immunity in 
particular8–10. Likewise, when used as host models of 
infection, they improved our understanding of the 
pathogenesis of diverse viral and bacterial 
pathogens9,11–15.

We have previously combined a biological, 
organ-specific ECM scaffold (small intestinal 
submucosa; SIS) with human primary tissue- 
derived enteroids in a Transwell®-like system16. 
The resulting in vitro model of the human small 
intestinal epithelium displays an in vivo-like 
compartmentalization with high physiological 
performance, recapitulating the apical- 
basolateral polarity of the native tissue16. 
However, the complex setup of the previously 
published model in a closed bioreactor with 
dynamic flow conditions restricts the versatile 
application in infectious disease research, since 
throughput and standardization are limited in 
addition to technical challenges.

In the present work, we therefore adapted 
the model setup to a static and open system 
with adjusted cultivation conditions, which 
facilitates handling and increases the through-
put of the in vitro models. The optimized 
human small intestinal epithelium model 
(hITM) is characterized by a monolayer with 
appropriate barrier functions and resembles 
in vivo-like cellular phenotypes as demon-
strated by immunohistochemistry and single- 
cell RNA-seq. Using Salmonella enterica sero-
var Typhimurium (STm) as a representative 
enteric pathogen, we demonstrated the suitabil-
ity of the hITM as an in vitro infection model. 
Specifically, the hITM model was effectively 
infected by STm, and recapitulated key steps 
of the infection process. Besides, we revealed 
the enhanced expression of olfactomedin 4 
(OLFM4) in STm-infected cells, a previously 
unrecognized aspect of the host cell response 
to this pathogen. Together, this work intro-
duces a primary cell-based in vitro system of 
the human small intestinal epithelium and 
illustrates its use as a host model for enteric 
infection research.

Results

The hITM resembles morphological, morphometric, 
and structural key features of the human small 
intestinal epithelium

We introduced a revised version of our previously 
published Transwell®-like model of the hITM, 
combining a porcine-derived ECM scaffold (SIS) 
with intestinal epithelial cells (IECs) isolated from 
human enteroid cultures (Figure 1a). Major novel-
ties in the set-up of the hITM are as follows: 1) the 
extended time frames for the controlled prolifera-
tion of IECs on the ECM scaffold, 2) the used 
culture medium during proliferation as well as 3) 
the prolonged differentiation time to derive func-
tional cellular subtypes of the intestinal epithelium 
under static cell culture conditions. In addition, we 
also extended our analysis panel to comprehen-
sively characterize the hITM regarding morpholo-
gical, morphometric, functional, molecular, and 
cellular features. Human intestinal tissue biopsies 
or enteroid cultures grown in Matrigel® were used 
as references as indicated below.

To get first insights into the tissue structure of 
the hITM, histological analyses were performed. 
Native intestinal tissue samples served as controls. 
Alcian blue staining revealed typical compartmen-
talization of the native small intestinal epithelium 
characterized by alternating villus and crypt 
domains with a highly polarized columnar mono-
layer in the villus region and the existence of mucin 
positive cells (Figure 1 a1, a2). Similar, to the native 
tissue, a confluent and polarized IEC monolayer 
formed in the hITM (Figure 1a3) with a mucin 
layer covering its apical region (Figure 1 a4, a5). 
In comparison to the native tissue, mucin inclusion 
bodies and mucin positive cells appeared to be 
differently distributed in the hITM.

As cellular polarity is key for the functionality of 
the intestinal epithelium, we next evaluated this 
feature within the hITM by quantitatively deter-
mining the cell height based on F-actin cytoskele-
ton staining and observed a mean cell height of 
32.76 µm (±5.99 µm) which is within the range of 
the cell height reported for the native tissue (30–43  
µm, according to PT and MN, 199317 (Figure 1 b)). 
Furthermore, the polarized IEC monolayer devel-
oped a tight barrier with a mean transepithelial
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Figure 1. IECs develop a monolayer on a biological scaffold with in vivo-like tissue characteristics in a Transwell®-like setup. Aa left 
Experimental workflow: IECs were isolated from small intestinal biopsies followed by expansion as enteroids in 3D Matrigel®- 
embedded culture as previously reported7. for hITM establishment, dissociated enteroids were seeded as single cells on 
a biological SIS scaffold in a Transwell®-like setup. a right Representative histochemical Alcian blue staining of the native human 
small intestinal mucosa (top, n = 3) in comparison to the epithelial monolayer in the hITM (bottom, n = 3). Glycosylated proteins, 
typically mucins, are stained in blue, whereas nuclei are stained in deep purple and cell cytoplasm in light purple. Scale bar: 25 µm. a1 
Cross-section of the native human small mucosa with compartmentalization into villus (*) and crypt (#) domains. Scale bar: 25 µm. a2 
Magnification of the villus region shown in a1 highlighting the columnar structure of the cells organized as epithelial monolayer. The 
white arrowheads depict individual cells filled with mucins. The black arrowheads point toward mucin inclusion bodies and the 
dashed line indicates separation of the epithelial layer from the underlying connective tissue. Scale bar: 25 µm. a3 Cross-section of the 
hITM showing the epithelial cell layer in deep purple and the underlying SIS scaffold in light purple. Scale bar: 25 µm. a4 Magnification 
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electrical resistance (TEER) value of 58.46 Ω*cm2 

(±18.83 Ω*cm2) that is similar to the TEER value 
published for native tissue samples (50–100 Ω*cm2, 
according to Srinivasan et al., 201518 (Figure 1 c)). 
In line with the TEER measurements, gene expres-
sion analysis of junction associated molecules 
(JAMs; JAM 1: 0,79-fold; JAM 2: 0.42-fold) and 
further tight junction (TJ) associated genes 
(Zonula Occludens, ZO-1: 1.06-fold; ZO-2: 0.76- 
fold, ZO-3: 0.89-fold; Occludin, OCLN: 0.90-fold) 
demonstrated comparable expression levels in cells 
isolated from the hITM and human enteroid sam-
ples that have been used as reference in the high- 
throughput qRT-PCR analysis. Of note, expression 
values obtained for Tricellulin (TRIC), 
Desmoglein-3 (DSG3) and Cadherin-1 (CDH1) 
were increased in hITM-derived cells (TRIC: 1.44- 
fold, DSG3: 1.21-fold CDH1: 1.68-fold) compared 
to enteroids of human origin.

Next, we performed electron microscopy (EM) 
to gain insights into the ultrastructural organiza-
tion of the hITM (Figures 1 e, 1 e) and observed 
a polygonal cobblestone-like arrangement of the 
IEC monolayer (Figure 1 e1) and its decoration 

with typical microvilli structures (Figure 1 f1). 
Some cells lacked microvilli characterizing them 
as Microfold (M-) cells (Figure 1 e2)19. In addition, 
ultrastructural analyses highlighted desmosomes as 
well as TJ formations between cells in the apical 
region (Figure 1 f2), that were verified via immu-
nohistochemical (IHC) stainings against ZO-1 and 
OCLN (Figure 1 g). Additionally, IHC analyses 
revealed a “honeycomb”-like pattern between indi-
vidual cells and a concentrated localization of ZO-1 
and OCLN signals at the apical cell borders 
(Figure 1 g).

In the final step of hITM characterization, we 
evaluated whether the adapted differentiation in the 
novel protocol leads to an in vivo-like cellular diver-
sity in the hITM model. Thus, we first investigated the 
expression and localization of typical intestinal pro-
teins via IHC (Figure 1 h) and could demonstrate 
positive signals for Mucin-1 (MUC-1; Figure 1 h1), 
a transmembrane mucin expressed in the gut epithe-
lium on the apical side of individual cells and cell 
clusters20, Villin-1 (VIL-1; Figure 1 h2), a brush bor-
der protein localized to the microvilli, broadly but 
exclusively expressed on the apical cell surface21,22,

of the hITM demonstrating IECs lining the apical surface of the SIS as a confluent monolayer. Scale bar: 25 µm. a5 Magnification of A4 
highlighting the apical-basolateral polarity of the epithelial monolayer in the hITM, the presence of a mucin layer on top of the IECs as 
well as representative mucin+ cells (white arrowhead marks a cell filled with mucins; black arrowhead points at a cell with a mucin 
inclusion body). Scale bar: 25 µm. b Mean cellular height calculated from the measurements of 256 individual IECs within the hITM 
(n = 4, 64 cells per biological replicate); dotted red lines mark the physiological range of 30–43 µm, according to PT and MN, 199317. 
c Mean TEER value measured in the hITM (n = 3, each with >4 independent technical replicates); dotted red lines indicate the 
physiological range of 50–100 Ω*cm2 reported for the native human intestinal epithelium according to Srinivasan et al., 201518. d Heat 
map showing the gene expression profile for JAM1 and 3 as well as tight junction associated proteins (ZO −1,-2,-3, OCLN, TRIC, DSG3, 
CDH1). Expression in the hITM was compared to the expression in human enteroids. Data were obtained by high-throughput qPCR and 
were normalized to the expression level observed for enteroid samples (n = 1). e Representative SEM images of the hITM apical surface 
revealing IECs decorated with microvilli (e1; white arrow head) as well as M-like cells characterized by typical folds and the absence of 
microvilli (e2; white star) (n = 2). Scale: 1 µm. f Representative TEM pictures of a hITM cross section. Cell borders are indicated by 
dashed lines in magenta, while nuclei are presented in cyan (n = 2). Scale bar: 5 µm. f1 Magnification of the apical cell region with 
closely arranged, upright microvilli (white arrowhead). Scale bar: 1 µm. f2 Magnification of the cell-cell border in the apical region with 
indicated desmosome formation (white arrowheads). Scale bar: 1 µm. g Top view of representative IHC images of the hITM stained for 
OCLN (yellow) and ZO-1 (magenta) with side view of the cellular monolayer at the indicated regions (dashed line) (n = 3). DAPI 
counterstaining is shown in blue. Scale bar: 20 µm. h Representative IHC stainings of the hITM demonstrating the expression of 
characteristic intestinal proteins including MUC-1 (green), VIL-1 (green), MUC-2 (green), pCK (magenta) and CDH1 (magenta). Cell 
nuclei are visualized by DAPI counterstaining shown in blue (n = 3). Scale bar: 20 µm. i UMAP projection of 3,952 single-cell 
transcriptomes from two models color coded according to assigned cell types. j Cell embedding (as in i) showing scaled, log- 
normalized gene expression of cell type markers (see supplement table 1). k Dot plot showing the cluster average of scaled, log- 
normalized gene expression of cell type markers. IECs: intestinal epithelial cells, hITM: human small intestinal epithelial tissue model, 
SIS: small intestinal submucosa, TEER: transepithelial electrical resistance, JAM: junction associated molecule, ZO: Zona Occludens, 
OCLN: Occludin, TRIC: Tricellulin, DSG3: Desmoglein-3, CDH1: Cadherin-1, SEM: scanning electron microscopy, TEM: transmission 
electron microscopy, TJ: tight junction, IHC: immunohistochemistry, MUC-1: Mucin-1, VIL-1: Villin-1, MUC-2: Mucin-2, pCK: pan- 
Cytokeratin, M-like cells: microfold-like cells.
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and Mucin-2 (MUC-2; Figure 1 h3), a mucin secreted 
by goblet cells, albeit rarely observed as an intracellu-
lar signal in only a few hITM cells.

The hITM epithelium consists of a heterogeneous 
cell composition, resembling major cell types of the 
native tissue

In order to extend the cell-type classification within 
the in vitro model, we applied droplet-based single- 
cell RNA-seq. In total 3,360 cells were analyzed with 
21,645 identified genes (4,814 median genes per cell, 
23,123 median counts per cell). Unsupervised cluster-
ing of cells in the hITM (Figure 1 i) revealed eight 
populations with distinct transcriptional phenotypes. 
Based on cell type-specific gene expression signatures, 
five populations could be annotated to respective IEC 
subtypes (Figure 1 j-k). Transit amplifying (TA) cells 
were defined as “proliferation cluster” based on genes 
involved in cell cycle regulation (MKI67: Marker Of 
Proliferation Ki-67, PCNA: Proliferating Cell Nuclear 
Antigen, NUSAP1: Nucleolar And Spindle Associated 
Protein 1)23–26 and represented 6.7% of the total cell 
number. The “stem cluster” comprises stem cells iden-
tified by the expression of typical intestinal stem cell 
markers (LGR5: Leucine Rich Repeat Containing 
G-Protein Coupled Receptor 5, OLFM4: 
Olfactomedin-4, SOX4: SRY-Box Transcription 
Factor 4)23–26, accounting for 3.5% of all cells. The 
“progenitor cluster” constitutes 29.8% of all cells clas-
sified based on the relative absence or downregulation 
of marker genes specific for differentiated epithelial 
subtypes. Enterocytes (enterocytes cluster) accounted 
for of 28.9% of all cells. Immature enterocytes were 
defined by their expression of ANPEP (Alanyl 
Aminopeptidase, Membrane), FABP2 (Fatty Acid 
Binding Protein 2) and APOA4 (Apolipoprotein 4), 
while mature enterocytes were characterized based 
on their expression of RBP2 (Retinol Binding Protein 
2), APOC3 (Apolipoprotein C3) and CYP3A4 
(Cytochrome P450 Family3 Subfamily A Member 
4)23–26. Around 4% of all cellsbelonged to the 
“M-like cluster” expressing the corresponding cell 
type-specific genes (CXCL3: C-X-C Motif Chemokine 
Ligand 3, CCL20 C-C-Motif Chemokine Ligand 20, 
TNFAIP2: TNF Alpha-Induced Protein 2)23,25,27,28 as 
well as immune-associated genes such as CXCL8 
(C-X-C Motif Chemokine Ligand 8). A sixth cluster 
was defined as secretory-like cells (secretory cluster), 

accounting for 16.4% of all cells expressing LEMD1 
(LEM Domain Containing 1), TFF1 (Trefoil Factor 
1)24,29, RAB3B (Member RAS Oncogene Family)30,31, 
MMP1 (Matrix Metalloproteinase 1), DHRS9 
(Dehydrogenase/Reductase 9)32 and F3 (Coagulation 
Factor III). In addition, the combined expression of 
general epithelial cell markers along with HLA-G 
(Major Histocompatibility Complex, Class I, G), 
APOL4 (Apolipoprotein 4), and TRIP6 (Thyroid 
Hormone Receptor Interactor 6) defined a seventh 
population classified as “HLA-G+ cell cluster” 
(10.6%). The high expression of the mitochondrial 
gene MTRNR2L12 (MT-RNR2 Like 12, pseudogene) 
in combination with a low number of genes/counts 
determined a low quality cell cluster representing 
dead/fragmented cells. All clusters were positive for 
the expression of the general epithelial markers KRT8 
(Keratin 8), EPCAM (Epithelial Cell Adhesion 
Molecule), and CDH1.

STm infection of the hITM recapitulates main 
stages of human infection

Having demonstrated that the hITM recapitulates 
key characteristics of the human intestinal epithe-
lium, we next studied infection of this model by an 
exemplary enteropathogenic bacterium 
(Figure 2a). For that, we used a GFP-expressing 
STm strain that allowed us to track the bacteria 
within the tissue model during the infection pro-
cess. The infection protocol (see material and 
methods for details) involved the administration 
of STm to the apical compartment of the hITM, 
an incubation for 1 h at 37°C during which the 
bacteria invaded the host cells, followed by a high- 
dose gentamicin treatment to inactivate the 
remaining extracellular bacteria. Thereafter, a low 
dose of gentamicin was constantly applied to pre-
vent reinfection by cell-released bacteria 
(Figure 2a).

Via microscopic analysis, we observed STm 
attached to the apical brush border surface of the 
hITM at the 1 h time point (Figure 2 b). Membrane 
perturbations in the vicinity of extracellular STm 
(Figure 2 b) might indicate STm-induced mem-
brane ruffling and ongoing STm invasion. In 
order to evaluate the membrane ruffling in more 
detail, we stained our infected hITM for the cytos-
keletal protein F-actin and focused on structural
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Figure 2. Invasion characteristics of Salmonella Typhimurium in the hITM. Aa Schematic depiction of the STm infection process. hITMs 
were inoculated with STm expressing GFP by administration to the apical compartment. Incubation at 37°C allowed bacterial adhesion 
and invasion of epithelial cells. After 1 h, extracellular bacteria were killed by high-gentamicin treatment of the hITM (50 µg/ml) for 0.5 
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analyzed at 0 h, 2 h, 4 h, 6 h, 8 h, 16 h and 24 h p.I. b Representative SEM images of infected hITM 1 h p.i. highlighting invasion by
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alterations in proximity of GFP-expressing STm 
(Figure 2 c). In doing so, we recapitulated the 
characteristic steps of STm invasion33: (1) adher-
ence, (2) initiation of F-actin remodeling and (3) 
F-actin ruffling, (4) reestablishment of the F-actin 
layer and bacterial entry, and (5) restoration the 
F-actin cytoskeleton (Figure 2 c 1–5).

We further evaluated spatial localization of the 
bacteria via confocal microscopy and 3D projection 
with subsequent spatial image analysis (Figure 2 d, 
e). Our data show that the bacteria were exclusively 
intracellular and that the hITM integrity was main-
tained after infection, as indicated by the compar-
able distribution of cellular nuclei (Figure 2 d, top 
row). Interestingly, morphologies and relative 
intracellular localizations of bacteria changed over 
time (Figure 2 d). Immediately after infection (0 h 
p.i.), mainly individual STm bacteria and only 
a few cluster-forming colonies were detected in 
infected IECs. With ongoing cultivation, increased 
frequencies of those clusters were observed, espe-
cially at 8 h post infection. Of note, a few structures 
that appeared more elongated with diffuse edges 
were visible at 8 h p.i. and became dominant from 
16 h p.i. onwards. These structures likely reflect 
bacteria blocked in the cellular division process 
and hence adopting a filamentous morphology 
(Figure 2 f). Additionally, we observed infected 
cells, which carried singular or multiple non- 
filamentous bacteria at each individual time point, 

thereby indicating heterogeneity in intracellular 
STm populations.

Within their host cells, STm were detected api-
cally of the nuclei, in close proximity to the apical 
membrane of the epithelium at 0 h p.i. (Figure 2 e, 
g). From 4 h p.i. onwards, STm were predomi-
nantly observed at the same horizontal positioning 
as the cellular nucleus and from 8 h p.i. on, also on 
the basolateral side of the epithelium. 
Simultaneously with the emergence of filamentous 
STm at 16 h p.i., STm-specific GFP signals were 
detected at higher frequencies at the basal site of 
infected cells, indicating the migration of certain 
bacteria within the IEC monolayer. Interestingly at 
24 h p.i., the elongated STm structures stretched 
over the complete cell, from the apical to the 
basal side (Figure 2 e, g1), while STm without an 
elongated shape seemed to be randomly distributed 
along the apical-basolateral axis (Figure 2 g2, g3). 
We determined the localization of individual bac-
teria in relation to the apical cell membrane and 
revealed significant changes over time. The mean 
distance of STm from the apical to the basolateral 
side was −0.82 µm (±0.99 µm) at 0 h p.i., −5.64 µm 
(±3.44 µm) at 2 h p.i., −6.74 µm (±5.34 µm) at 4 h p. 
i., −11.70 µm (±7.23 µm) at 8 h p.i., −16.34 µm 
(±9.70 µm) at 16 h p.i. and −16.97 µm (±7.27 µm) 
at 24 h p.i. (Figure 2 h). Together, this indicates 
a time-dependent migration of STm toward the 
basolateral side of infected cells. In addition, flow

protuberances of the infected IEC membrane (red) and STm (yellow) on top of the IEC brush border in close proximity to the microvilli 
(n = 2). Scale bar: 1 µm. c Apical membrane area of the STm-infected hITM 1 h p.i. Representative 3D surface rendered images taken by 
confocal microscopy revealed sequential invasion steps characteristic for STm (n = 5). GFP expressing STm are depicted in yellow and 
F-actin stained by Phalloidin in gray. DAPI counterstaining is shown in cyan. Scale bar: 20 µm and scale bar in c1–5: 1 µm. 
d Representative microscope images (top view on 3D projection) of STm-infected hIITMs 0 h-24 h p.i. highlighting the existence of 
filamentous STm observed at 16 h and 24 h p.i. GFP expressing STm are shown in yellow and nuclear counterstaining by DAPI in cyan. 
Top panel represents merged images and the bottom panel visualizes STm-specific GFP signals in yellow as well as dotted cyan lines 
indicating nuclei. Scale bar: 5 µm (n = 3). e Side view on 3D projections from d showing intracellular migration of STm within the hITM 
over time. Dotted line indicates apical actin layer. Scale bar: 10 µm (n = 3). f Representative image of intracellular filamentous STm 
depicting bacterial DNA (cyan), bacterial cytoplasm with GFP (yellow), and the continuous bacterial membrane with LPS (magenta). 
Scale bar: 1 µm (n = 3). g Representative images from e of heterogeneous STm stages in individual host cells at 24 h p.i.: (1) formation 
of filamentous STm, (2) STm forming clusters, and (3) STm as single bacteria. Scale bar: 10 µm (n = 3). h Graph showing the 
quantification of the mean bacterial intracellular migration distance, given as negative distance from the apical membrane surface, of 
individual STm (analyzed number of bacteria per time point: 0 h: 43, 2 h: 34, 4 h: 32, 8 h: 52, 16 h: 204, 24 h: 185). Significance values 
are shown in the table below the graph. Significance was calculated by ordinary one-way ANOVAF and Tukey’s multiple comparisons 
test with ****= p≤ 0.0001, ***= p≤ 0.001, **= p≤ 0.01, *= p≤ 0.05, ns= p>0.05. Insignificant p-values are not displayed. i Bar diagram 
depicting the mean percentage with standard deviation of infected epithelial cells at 0 h, 2 h, 4 h, 8 h, 16 h, 24 h p.i. Infection rate was 
determined by measuring the relative proportion of GFP+ cells in the whole host cell population by flow cytometry (n = 3–5). STm: 
Salmonella Typhimurium, p.i.: post infection, SEM: scanning electron microscopy, IEC: intestinal epithelial cell, hITM: human intestinal 
tissue model.
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cytometric detection of the GFP signal emitted by 
STm revealed a stable infection rate of 7.35% 
(±1.54%) within the hITM over the time course of 
24 h (Figure 2 i).

STm infection in the hITM results in the elevated 
expression of OLFM4 in infected IECs

Next, we analyzed the response of our hITM model 
to STm infection. We profiled the expression of 
markers characteristic for intestinal cell types via 
qRT-PCR. Our data show that the mRNA levels of 
VIL1, a representative marker of mature entero-
cytes, and LYZ, a marker expressed by Paneth 
cells, were unchanged during the course of infec-
tion. Likewise, the expression of the canonical stem 
cell marker LGR5 was not significantly altered 
upon STm infection. In contrast, we observed 
increased expression values for MUC1, 
a transmembrane mucin expressed in the gut 
epithelium, and OLFM4, another common ISC 
marker (Figure 3 a).

In light of the emerging role of OLFM4 in the 
context of infectious diseases (Liu and Rodgers, 
2022), we sought to validate the STm-induced 
upregulation of OLFM4 mRNA via an independent 
method. By HCR-FISH analysis, we compared 
OLFM4 mRNA levels in STm-infected and unin-
fected hITMs. As shown in Figure 3 b, only few 
OLFM4+ cells were detected in the infected hITM 
as well as the mock control immediately after infec-
tion (0 h p.i.), presumably representing ISCs, 
which — according to our scRNA-seq data 
(Figure 1 i-k) — represent a minority in the 
model with a frequency of 3.5%. While the expres-
sion level of OLFM4 remained unchanged over 24  
h in the mock control, we observed an increased 
OLFM4 expression in the infected hITM from 4 h 
p.i. onwards (Figures 3 b, c). Quantification by 
HCR-FlowFISH (Figure 3 c) revealed 
a significantly increased percentage of OLFM4+ 
cells in the STm-infected cell population from 4 h 
to 24 h p.i. (2.28% ± 1.45% at 0 h p.i.; 8.81% ±  
5.18% at 4 h p.i.; 11.76% ± 4.60% at 8 h p.i.; 
18.50% ± 5.08% at 16 h p.i.; 31.50% ± 8.01% at 24  
h p.i.). In comparison, the percentages of OLFM4+ 
bystander cells were significantly lower (2.08% ±  
1.32% at 0 h p.i.; 1.86% ± 0.71% at 4 h p.i.; 2.46% ±  
0.78% at 8 h p.i.; 2.26% ± 1.57% at 16 h p.i.; 3.42%  

± 0.53% at 24 h p.i.). Similarly, lower frequencies 
were observed for OLFM4+ cells in the uninfected 
mock control (1.32% ± 0.30% at 0 h p.i.; 0.34% ±  
0.13% at 4 h p.i.; 0.42% ± 0.02% at 8 h p.i.; 2.81% ±  
2.32% at 16 h p.i.; 3.44% ± 1.00% at 24 h p.i.). 
Interestingly, our HCR-FISH analysis demon-
strated that the OLFM4 levels correlate with bac-
terial numbers (GFP signal intensity per infected 
host cell), as shown by the representative micro-
scope image depicted in Figure 3 d. In this context, 
we further measured an elevated median fluores-
cence intensity (MFI) of GFP, expressed by STm, at 
16 h p.i. and 24 h p.i. in the OLFM4+ cells (Figure 3 
e), indicating a link between the bacterial load of 
individual STm-infected cells and the upregulation 
of OLFM4. Along with the MFI of GFP, the MFI for 
OLFM4 showed an increasing trend in OLFM4+ 
cells over time (Figure 3 f). Together, these data 
suggest a link between the bacterial load of indivi-
dual STm-infected cells and the upregulation of 
OLFM4 in the hITM.

STm-mediated OLFM4 induction depends on 
NOTCH signaling

In the healthy gut, intestinal OLFM4 expression is 
predominantly restricted to the stem cell popula-
tion residing in the crypt compartment, and regu-
lated by the NOTCH pathway35. To confirm a role 
for the NOTCH pathway in the elevated expression 
of OLFM4 in STm-infected hITM, we measured 
OLFM4 expression in the infected hITM treated 
with DAPT, a y-secretase inhibitor of the 
NOTCH pathway (Figure 4 a). For quantification, 
we normalized the HCR-FISH intensity against the 
number of nuclei (Figure 4 b).

Immediately after infection, we detected similar 
OLFM4 signals in the infected hITM (MOI 10), the 
infected hITM treated with DAPT (MOI 10 +  
DAPT) and the uninfected control (mock) 
(Figure 4 a). In line with the data shown in 
Figure 3, we observed a significant increase of 
OLFM4 levels in the infected model as early as 4 h 
p.i., with further upregulation at 16 h and 24 h after 
infection (Figure 4 b). From 16 h p.i. onwards, the 
OLFM4 expression not only significantly increased 
in infected samples but also dropped when the 
infected hITM was treated with DAPT. Similar 
effects were seen at 24 h p.i. with a significantly
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increased OLFM4 expression in the infected hITM 
compared to DAPT-treated or uninfected models. 

Of note, the OLFM4 signal intensities in infected 
and DAPT-treated models matched those of 
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Figure 3. OLFM4 is upregulated in STm-infected cells. Aa qRT-PCR-derived gene expression of VIL1, LYZ, MUC1, LGR5, and OLFM4 in 
STm-infected tissue models from 0 to 24 h p.i. Expression is depicted as a fold change relative to 0 h p.i. (n = 2) and was calculated 
using the ΔΔCT method34. Human Ef1a was used as a reference mRNA. b Top view on 3D projections of representative fluorescent 
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(n = 2). c Frequency of OLFM4+ IECs in infected hITM (MOI10 infected) at the indicated time points compared to uninfected mock 
controls as well as in the population of non-infected bystander cells (MOI10 bystander), detected via HCR-Flowfish (n = 3; minimum 
10,000 cells). Significance was calculated via matching two-way ANOVA with statistically significant differences and Tukey’s multiple 
comparisons test. d Representative microscope pictures of STm-infected hITM (MOI10) at 24 h p.i., demonstrating the restriction of 
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p.i.: post infection, hITM: human intestinal tissue model, IEC: intestinal epithelial cell, MFI: median fluorescence intensity, HCR- 
FlowFISH: Hybridization Chain Reaction Fluorescent in-Situ Hybridization coupled with flow cytometry.
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uninfected controls. Importantly, the observed pat-
terns of OLFM4 mRNA levels were reflected at the 
protein level, as revealed by immunofluorescence 
(Figure 4 d). The intracellular growth of STm – as 
inferred from the mean fluorescence intensity per 
infected IEC – was unaffected by the DAPT treat-
ment (Figure 4 c). Interestingly, under infection 
conditions, the filamentous STm form was 
observed in cells with high OLFM4 protein levels 
(Figures 3 b and 4 e). DAPT treatment of the 
infected hITM prevented STm filamentation 
(Figure 4 d). Quantification of this observation 
revealed significantly decreased filament lengths 
in DAPT-treated hITM (MOI 10 + DAPT; median: 
3.00, 25%/75% percentile: 2.40/4.05) compared to 
untreated hITM (MOI 10; median: 3.50, 25%/75% 
percentile: 2.54/5.49) at 24 h p.i. (Figure 4 e). 
Together, our data support that DAPT-mediated 
NOTCH inhibition interferes with OLFM4 expres-
sion in the hITM epithelium and seems to counter-
act STm filamentation.

Discussion

Given the key role of the intestinal epithelium as 
the main barrier of the body to the environment36, 
it is important to replicate physico-chemical, struc-
tural, and biological properties of this tissue 
in vitro. Here, we refined a previously published 
method from our group to engineer a Transwell®- 
like model of the human small intestinal epithe-
lium grown under static cell culture conditions by 
combining a porcine-derived, organ-specific ECM 
and primary tissue-derived enteroids (referred to 
as hITM)16,37. Epithelial key features of the hITM 
were consistent with previous reports38 and com-
parable to the native tissue17,18. The intestinal 
epithelial phenotype was validated by the expres-
sion of key markers including the transmembrane- 
expressed MUC1 and VIL1, expressed on the apical 
surface of intestinal epithelial cells21,22. Structural 
similarity of the hITM to the native intestinal 
epithelium is further highlighted by a distinct poly-
gonal, cobblestone arrangement of individual cells 
that are covered by microvilli36,39. Tissue-specific 
epithelial junction complexes (JC) including TJ, 
adherens junctions (AJ), and desmosomes were 
formed between individual cells of the epithelial 
monolayer. Not only did we detect a tissue- 

specific JC expression profile, but also the distinct 
spatial arrangement of JC proteins in the model. 
For example, similar to the native tissue, the TJ- 
associated proteins ZO-1 and OCLN were observed 
in the apical region of the cells, whereas desmo-
somes were localized in the lower cell regions as 
well as laterally36. Interestingly, compared to 
Matrigel®-based enteroid cultures, hITM cells 
showed increased gene expression values for spe-
cific TJ proteins such as TRIC, a structurally spe-
cialized TJ protein as well as for CDH1, a major 
constituent of AJ, and for DSG3, a desmosomal 
cadherin. The increased expression of TRIC, 
DSG3, and CDH1 could be related to the planar 
arrangement and the pronounced polarization of 
the cells grown on the biological ECM scaffold.

In addition to the structural features, we further 
demonstrated that the hITM is composed of cellu-
lar phenotypes similar to those observed in the 
native epithelium. RNA-seq analysis at the single- 
cell level showed that the hITM is composed of 
stem cells, highly proliferative TA progenitor 
cells, and differentiated cell types, such as entero-
cytes and cell types with a transcriptional profile 
similar to secretory cells. The cell types were clas-
sified according to specific gene expression pat-
terns. An M-like cell cluster was defined by 
CCL20, TNFAIP2, CXCL8, and CXCL3 
expression23–26,40, supporting the findings 
observed by EM analysis. According to Nakamura 
et al., 2018, mature M-cells express SPIB (Spi-B 
transcription factor) and GP2 (Glycoprotein 2)41. 
However, none of these genes were detected in our 
scRNA-seq analysis, implying an immature M-cell 
phenotype in our hITM. In the native tissue, M-cell 
development is tightly regulated via RANKL sig-
naling, a factor secreted by stromal cells25,42,43. The 
lack of stromal cells and the consequent absence or 
diminished RANKL signaling possibly explains this 
apparent immaturity of the M-like cells in the 
hITM. Further, in contrast to enterocytes or 
M-like cells, the secretory-like cell cluster showed 
a non-canonical gene expression profile lacking the 
expression of markers characterizing typical sub-
types of secretory cells in the small intestine23,26.
Among them are CHGA (Chromogranin A) and 
NEUROG3 (Neurogenin 3) expressed by enteroen-
docrine cells, DEFA5 (Defensin Alpha 5) and 
REG3A (Regenerating Family Member 3 Alpha) 
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human intestinal tissue model, IEC: intestinal epithelial cell, MFI: median fluorescence intensity.
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expressed by Paneth cells, TFF3 (Trefoil Factor 3) 
and SPINK4 (Serine Peptidase Inhibitor Kazal 
Type 4) expressed by mature goblet cells. Instead, 
we could define the secretory-like cell cluster based 
on non-canonical genes including F3 or RAB3B 
expressed by enteroendocrine cells30,31, DHSR9 or 
TFF1 associated with goblet cell identity24,29,32, 
according to the online intestinal cell atlas23. In 
general, the gene expression profile of the secre-
tory-like cell cluster does not show specificity for 
a secretory subtype, but rather a mixture of gene 
expression patterns of all secretory cells. This sug-
gests that we possibly generated a precursor of the 
secretory lineage by our applied differentiation 
protocol. However, whether differentiated secre-
tory subtypes derive from a specific precursor has 
not yet been fully proven and therefore requires 
further investigation, as shown by the non- 
canonical WNT regulation of Paneth and EEC 
development without goblet cell differentiation44. 
In this context, our hITM could represent 
a suitable in vitro platform enabling secretory line-
age differentiation studies involving a bioartificial 
cell niche represented by the native ECM compo-
nent. In addition to the secretory-like cell cluster, 
we defined a second, HLA-G cell cluster based on 
a non-canonical gene expression profile, predomi-
nantly characterized by elevated expression levels 
of the HLA-G gene, which encodes an immunomo-
dulatory molecule, by intestinal epithelial cells45,46. 
The data confirm that the epithelium of the hITM 
contains key cell types of the native tissue.

To evaluate the hITM as a potential host model 
for infection experiments with enteric pathogens, 
we centered on the well-established model patho-
gen STm. Infection of our hITM recapitulated (1) 
STm adherence to the brush border, (2) actin 
remodeling, resulting in cell membrane protrusion 
and formation of the characteristic “donut” shape 
surrounding the bacteria, (3) STm encapsulation 
by the membrane, leading to membrane perturba-
tions, (4) endocytosis of STm into the cytoplasm, 
and (5) restoration of the F-actin cytoskeleton33,47. 
In contrast to the conventional ruffle-induced 
invasion process typically observed with cell line- 
based models48,49, our data support a recently pro-
posed alternative STm invasion mechanism 
referred to as discrete invasion (DI)48. Specifically, 
using a mouse model, these authors showed that 

STm enter absorptive epithelial cells via a Rho 
GTPase-independent process, which does not 
entail actin ruffling. The hITM thus lends itself 
for mechanistic studies of the DI-induced invasion 
process of STm.

Following invasion, enteric pathogens often 
transmigrate to the basolateral side of the epithe-
lium by hijacking host cellular transport 
machinery50–52. Indeed, we observed time- 
dependent STm transmigration from the apical 
membrane toward the basolateral region of the 
epithelium. Future experiments may address 
whether these processes are mediated by 
Salmonella pathogenicity island 2 (SPI-2) T3SS 
effector proteins, as recently suggested53. 
Transmigration was accompanied by morphologi-
cal changes of the intracellular bacteria. In the early 
phases of infection (0-8 h p.i.), STm exhibited its 
typical rod-shaped morphology; however, adopted 
a more elongated shape at the later stages. This 
culminated at 24 h p.i., when STm formed multi- 
nucleated, elongated filaments. Bacterial filamenta-
tion can result from perturbed cell division and has 
been observed in a variety of species54,55. Several 
Salmonella enterica serovars are known to form 
this filamentous morphology extracellularly, in 
response to environmental factors, such as osmotic 
stress or temperature variations56,57. However, the 
significance of intracellular filamentous STm is 
currently poorly understood58–61. Of note, we are 
confident that filamentous STm inside IECs are not 
just technical artifacts of our infection protocol. 
For example, all our models were exposed to the 
same gentamicin concentration, whereas STm fila-
mentation was exclusive to NOTCH-proficient 
cells yet absent when NOTCH signaling was 
inhibited.

We also measured the host responses to STm 
infection of the hITM. Among others, we observed 
an increase in OLFM4 and MUC1 expression fol-
lowing infection. The increased MUC1 expression 
is consistent with a recently reported host defense 
response against enteric pathogens62. In contrast, 
OLFM4 is predominantly expressed by intestinal 
stem cells23,63, but was upregulated in the gastric
mucosa of patients with Helicobacter pylori64, in 
children infected with Staphylococcus aureus65,66, 
in Lawsonia intracellularis infected intestinal por-
cine crypts67, and linked to the infection of the oral 
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mucosa with Porphyromonas gingivalis68. Our 
further characterization revealed the elevated 
expression of OLFM4 to be triggered by NOTCH 
signaling in consistency with former reports69. 
Importantly, OLFM4 expression did not correlate 
with the levels of LGR5 mRNA, suggesting the 
upregulation of OLFM4 as a potential novel host 
cell response to STm infection, independent of the 
stem cell context. Previous STm infection studies 
that were coupled to transcriptomics, were often 
based on immortalized cell-line models,37,70 pro-
viding a possible explanation for why this aspect of 
the epithelial response to STm may have previously 
gone unnoticed. Consistent with recent studies, 
which listed increased OLFM4 expression in STm- 
infected iPSC derived organoids71,72, our study 
demonstrated that OLFM4 is upregulated in indi-
vidual infected epithelial cells during STm infec-
tion. Of note, OLFM4 expression was found 
upregulated in IBD patient-derived intestinal 
epithelial cells73,74, suggesting this to be a genuine 
inflammation-induced response of human primary 
intestinal tissues. Together, our present data imply 
a new role of OLFM4 in Salmonella infection. Yet 
further analysis is needed to evaluate the effect of 
OLFM4 on infection outcome and thus, to distin-
guish between a potential STm virulence versus 
host defense mechanism.

Outlook

Taken altogether, the here presented hITM repre-
sents a valuable tool for preclinical infection 
research, but still leaves room for future improve-
ments. Although composed of several cellular enti-
ties of the native intestinal epithelium, our model 
does not yet include all mature intestinal cell types 
present in vivo. For example, we could not identify 
mature canonical goblet cells75, mature Paneth 
cells76, enteroendocrine cells (EEC; including I-, 
K-, L-, M-, N-, D-, enterochromaffin cells),77 or 
Tuft cells78. Future studies will therefore focus on 
increasing the cellular complexity of the hITM. For 
example, refinements of the differentiation proto-
col could increase cellular diversity, e.g. by the 
administration of a MAP kinase inhibitor and/or 
bone morphogenesis protein-4 (BMP4), possibly 
triggering the differentiation of the enteroid- 
containing ISCs in the hITM toward a mature 

EEC phenotype79,80. The inclusion of additional 
cell types would also be relevant to assess the role 
of stromal, endothelial, and/or immune cells in 
STm infections. In addition, substituting the por-
cine matrix with a human matrix would bring the 
hITM even closer to the human situation.

Material & methods

Animal handling and biological matrix preparation

Animal research was performed according to the 
German law and institutional guidelines approved 
by the Ethics Committee of the District of 
Unterfranken, Würzburg, Germany (approval 
number 55.2-2532-2-256). The biological matrix 
(SIS; small intestinal submucosa) was prepared 
from jejunal segments explanted from young pigs 
(age: 6–8 weeks; weight: ~20 kg; provided by 
Niedermayer, Dettelbach, Germany). After explan-
tation of jejunal segments, chemical decellulariza-
tion was performed according to previously 
published protocols81,82.

Human tissue

Human jejunal biopsies used for crypt isolation 
were obtained from obese patients undergoing gas-
tric bypass surgery at the University Hospital 
Würzburg, surgery unit of PD Dr. med. 
C. Jurowich. Informed written consent was 
obtained beforehand. The use of human tissue 
was approved by the Institutional Ethics 
Committee on Human Research of the Julius- 
Maximilians University Würzburg (approval num-
ber: 280/18-sc).

Organoid culture

Small intestinal organoids were established from 
human tissue biopsies as previously 
described7,16,83. Briefly, after isolating the intestinal 
crypts from tissue biopsies, cells were diluted in ice 
cold Matrigel®, mixed in a 1:1 ratio with an expan-
sion medium, and were seeded as 10–50 µl drops
into 24 well tissue culture plates. After solidifica-
tion of the Matrigel® drops at 37°C, cells were 
covered with 300 µl Expansion medium consisting 
of 75% conditioned LWRN medium (contains 
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Wnt-3A, R-Spondin-1, and Noggin, produced by 
cell-line L-WRN (ATCC)84+25% Complex med-
ium (Advanced DMEM F12 (Gibco) with 10 mM 
HEPES (Sigma Aldrich), 1× GlutaMax-I (Gibco), 
1× Anti-Anti (Gibco), 1 mM N-Acetylcysteine 
(Sigma Aldrich), 1× N2-Supplement (Gibco), 1× 
B27-Supplement without vitamin A (Gibco)) sup-
plemented with 0.05 µg/ml mEGF (Peprotech), 
0.01 µM Leu-Gastrin (Sigma Aldrich), 10 µM 
Nicotinamide (Sigma Aldrich), 0.5 µM A83–01 
(Tocris), 10 µM SB202190 (Sigma Aldrich), 0.5  
µM LY2157299 (CAYMAN Chemical Company). 
Cells were cultured at 37°C, 95% humidity, 5% CO2 
and medium was changed every 2–3 days.

Passaging of small intestinal organoid cultures 
was performed every 5–6 days by enzymatic and 
mechanical dissociation. To this aim, the orga-
noid-containing Matrigel® drops were collected 
with the Expansion medium, incubated on ice 
for 30 min, centrifuged at 350×g for 3 min, fol-
lowed by dissociation of the pellet using 1–2 ml 
1× TrypLETM express incubated for up to 10 min 
at 37°C. Afterward, the pellet was gently pipetted 
to obtain single cells that were washed in 
a complex medium and subsequently reseeded 
in Matrigel® drop cultures with a cell density of 
1000 IECs/µl. After solidification of the Matrigel® 
drops at 37°C, cells were covered with 300 µl 
Expansion medium supplemented with 10 µM 
Y-27632 (CAYMAN Chemical Company) and 
10 µM JAG-1 (AnaSpec Inc.). After 2 days, the 
medium was changed to Expansion medium 
without Y-27632 and JAG-1.

hITM generation

The hITM model was established as recently 
described16 with the following modifications: 1) 
small intestinal organoids were washed with 1× 
PBS without calcium or magnesium (PBS-) and 
dissociated into single cells by TrypLETM express 
treatment, 2) 4 × 10^5 cells diluted in 300 µl 
Expansion medium supplemented with 10 µM 
Y-27632 (CAYMAN Chemical Company), and 10  
µM JAG-1 (AnaSpec Inc.) were seeded per 0.54  
cm2 into the apical compartment of a iScript™-like 
cell crown system with the biological SIS matrix as 
scaffold, 3) the basolateral compartment was filled 
with 900 µl Expansion medium containing 10 µM 

Y-27632 (CAYMAN Chemical Company) and 10  
µM JAG-1 (AnaSpec Inc.), 4) cells adhered after 2  
days to the scaffold and tissue models were kept in 
Expansion Medium without Y27632 and JAG-2 for 
additional 3–4 days (= Proliferation Phase), 5) the 
Expansion medium was changed to Differentiation 
medium (25% conditioned Wnt-3A medium (pro-
duced by cell-line L-Wnt-3A (ATTC)85+75% 
Complex medium supplemented with 0.5 µg/ml 
R-Spondin-1 (Peprotech), 0.1 µg/ml rec mNoggin 
(Peprotech), 0.05 µ/ml mEGF (Peprotech), 0.01 µM 
Leu-Gastrin (Sigma Aldrich), 0.5 µM A83–01 
(Tocris), 0.5 µM LY2157299 (CAYMAN Chemical 
Company)) to initiate the differentiation of intest-
inal stem cells toward distinct cellular entities of 
the intestinal epithelium, and 6) the differentiation 
was performed for 4 days (= Differentiation 
Phase).86

Salmonella enterica serovar Typhimurium culture 
and hITM infection

The constitutively GFP expressing the Wild-type 
derivative of Salmonella Typhimurium strain 
SL1344 (JVS-3858, (Papenfort et al. 2009)) was 
used in infection experiments. Bacteria were cul-
tured in 5 ml Lennox broth (LB) at 37°C under 
constant agitation at 220 rpm (New Brunswick, 
Innova 44), overnight. For hITM infection, 
a 1:100 dilution of the overnight culture was 
grown to an OD of 2.0, pelleted by centrifugation 
(10,000×g for 5 min RT) and resuspended in 
a Complex medium without antibiotics to obtain 
the bacterial infection medium. For an MOI of 10, 
4 × 10^ bacteria diluted in 300 µl Complex medium 
were applied to the apical compartment of the 
hITM. The basolateral compartment was filled 
with 900 µl Complex medium . Subsequently, for 
synchronized bacterial adhesion, the tissue models 
were centrifuged at 250×g for 10 min at RT and 
incubated at 37°C, 95% humidity, 5% CO2 for 1 h. 
After adhesion, the medium (apical and basolat-
eral) was exchanged to a Complex medium con-
taining High Gentamicin (Gibco) (50 µg/ml), and 
models were incubated for 30 min at 37°C, 95%
humidity, 5% CO2, in order to inactivate extracel-
lular bacteria. Afterward, the High Gentamicin 
containing Complex medium was exchanged to 
a Low Gentamicin-Complex medium (10 µg/ml) 
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applied for ongoing culturing of the models at 
37°C, 95% humidity, 5% CO2 to prevent reinfec-
tion of the hITM.

Model dissociation for analyses of infection 
characteristics

For analyses of the hITM 0 – 24 h post infection, 
supernatants of the apical and basolateral compart-
ments were discarded, followed by washing the mod-
els with 1× PBS+1 mM EDTA (ThermoFisher) and 
incubation with Accutase (Gibco), added to both 
compartments, incubating for 10 min at 37°C. To 
detach the cells from the scaffold, the Accutase sus-
pension in the apical compartment was vigorously 
resuspended and transferred to a 2 ml reaction tube. 
The Accutase solution of the basolateral compart-
ment was discarded and the SIS scaffold was trans-
ferred to the 2 ml reaction tube containing the 
Accutase solution harvested from the apical site of 
the model with subsequent incubation on a shaker for 
10 min, 37°C at 1000 rpm. After careful resuspension 
using a 1 ml pipet and 10 min incubation at RT to 
allow settling of the cells by gravitation, the scaffold 
was removed. Next, the cells were centrifuged at 
500×g for 3 min, RT and the supernatant was dis-
carded. Afterward, the pellet was washed twice with 
1× PBS-. Finally, cells were resuspended in 1× PBS- 
and stored on ice for further analysis. Before flow 
cytometry and Drop-seq were performed, the cells 
were filtered through a 40 µm Strainer (Miltenyi).

Infection rates were determined by flow cyto-
metry performed via BD FACS Aria III (BD 
Biosciences) gating for STm-expressed GFP. To 
this aim, single-cell suspensions were filtered 
through a 30 µm cell strainer (Miltenyi 
Biontech) and a 85 µm nozzle was applied for 
flow cytometric procedure. Flow cytometric 
laser and filter settings were adjusted on 
unstained and uninfected cells and at least 
10,000 cells were analyzed. Cells were gated 
based on SSC-A and FSC-A, followed by doublet 
discrimination via SSC-A/SSC-H and FSC-A/ 
FSC-H. Uninfected and bystander cells were 
determined as GFP(-) PerCP-Cy5–5-A(-), 
including a small population of GFP(+)/PerCP- 
Cy5–5-A(+) cells. Infected cells were determined 
as GFP(+)/PerCP-Cy5–5-A(-) cells.

Cell hashing and dropseq

Single cells were dissociated from the hITM as 
described. The cells of two different models were 
hashtagged with TotalSeq-A antibodies 
(Biolegend) following the manufacturer’s proto-
col for TotalSeqTM-A antibodies and cell hashing 
with 10× Single Cell 3’ Reagent kit v3.1 (10× 
Genomics). Approximately 400.000 cells per sam-
ple were resuspended in 100 µl Cell Staining 
Buffer (Biolegend) and 5 µl Human TruStain 
FcXTM FcBlocking (Biolegend) reagent were 
added. For the blocking reaction, the cells were 
kept at 4°C for 10 min. 1 µg of TotalSeqTM- 
Antibody was added to each sample, followed by 
30-minutes incubation at 4°C. Afterward, cells 
were washed three times with 1 ml Cell Staining 
Buffer and spun down for 5 min at 350×g and 
4°C. Finally, the cells were resuspended in an 
appropriate volume of PBS- and passed through 
a 40 µm cell strainer (FlowmiTM Cell Strainer, 
Merck). Cells were counted in a Neubauer 
Hemacytometer (Marienfeld) and concentration 
was adjusted to 1000 cells/µl with PBS-. The 
hashtagged cells were pooled equally and ~ 
20.000 cells were loaded in the ChromiumTM 
Controller. The machine creates Gel Bead-In- 
Emulsions (GEMs) to separate single cells into 
a nanoliter compartment together with an indivi-
dual barcode. Reverse transcription, cDNA 
amplification, and the construction of gene 
expression libraries were performed using the 
10× Single Cell 3’ reaction kit v3.1 (10× 
Genomics). Incubation and amplification steps 
were carried out using a SimpliAmp Thermal 
Cycler (ThermoFisher). Library quantification 
and quality control was observed using 
a QubitTM 4.0 Fluorometer (ThermoFisher) and 
a 2100 Bioanalyzer with High Sensitivity DNA kit 
(Agilent). Sequencing was performed on 
a NextSeq 500 sequencer (Illumina).

Bioinformatic analysis

FASTQ files were aligned and counted using the 
CellRanger count pipeline against the GRCh38
human genome reference as well as the 
TotalSeqA Hashtags 1 and 2. The count matrix 
was imported into R for analysis using the Seurat 
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framework. All R scripts used in the analysis 
process are available at https://github.com/saliba- 
lab/tissue-model-human-intestine.git. Briefly, the 
count matrix was split between counts for hash-
tags and gene expression. Hashtags were assigned 
by using count thresholds to distinguish repli-
cates (Hashtag 1, 30; Hashtag 2, 50). Unstained 
(negative) and double positive (doublet) cells 
were removed. Gene expression counts were nor-
malized (log1pCP10k), 5000 highly variable genes 
were selected, and 45 principle components (PCs) 
were computed for UMAP projection, SNN graph 
(k = 10, type = rank), and leiden clustering (reso-
lution_parameter = 1.2, n_iterations = 5). 
Differential gene expression was assessed using 
scran:findMarkers(block=Replicate, pval.type=-
some). Visualizations were created with custom 
code using the ggplot2, dplyr, tidyr, and pheat-
map packages. The versions of all installed 
packages are specified in conda YML files in the 
GitHub repository (envs/default.yml).

Histological analyses

For histological analyses, tissue models were 
washed with 1× PBS–before fixation in 4% PFA, 
2 h at RT. Afterward, tissue models were washed 
with 1× PBS-, covered with 70% EtOH and stored 
in the dark at 4°C until further processing.

Paraffin embedding was performed using 
a Microm STP 120 (ThermoFisher). Briefly, sam-
ples were first dehydrated by incubating in an 
ascending row of H2O, 50% EtOH, 75% EtOH, 
90% EtOH, 2-Propanol and Xylol with subsequent 
incubation in liquid paraffin.

Alcian blue staining was performed on 5 µm 
sections of paraffin embedded samples, cut with 
a Sliding Microtome RM 2255 (Leica). Tissue slices 
were deparaffinized at 60°C for 1 h followed by 
rehydration of the sections by incubating them in 
a descending row of Xylol, 90% EtOH, 75% EtOH, 
50% EtOH, and H2O. Afterward, the sections were 
incubated in 3% acetic acid, 1% Alcian blue 
(Morphisto), and nuclear fast red solution 
(Morphisto) according to HADDOCK, 1948 before 
the samples were dehydrated and embedded in 
Entellan (Merck).

For immunohistological (IHC) analysis, paraf-
fin-sections were dewaxed and rehydrated. After 

rehydration, heat-mediated antigen retrieval was 
performed for 20 min at 95°C in 1× citrate-buffer 
(Sigma). Following this, sections were permeabi-
lized with 0.2% Triton X-100 (BioRad) in PBS-, 
blocked with 5% donkey serum in 1× PBS–contain-
ing 0.5% Tween 20 (PBS-T) and finally incubated 
in PBS-T with primary antibodies (MUC-1 
(Abcam, ab109185), MUC-2 (Abcam, ab76774), 
VIL-1 (Santa Cruz, sc7672), pan-Cytokeratin 
(DAKO, Z0622)) overnight at 4°C. After washing 
the samples twice with PBS-T on the next day, 
secondary antibodies (Donkey anti-rabbit AF647, 
donkey anti-goat AF555 (Invitrogen)) were applied 
for 2 h at RT diluted in PBS-T. Stained samples 
were washed with PBS-T and embedded in 
Fluoromount G containing DAPI (Invitrogen) for 
nuclei staining.

For whole mount staining, fixed models were 
disassembled, transferred to a well plate and then 
permeabilized using 0.2% Triton X-100 (BioRad). 
After washing with PBS-T, unspecific-binding sites 
were blocked by incubation with 5% donkey serum 
(Biozol) diluted in PBS-T for 30 min at RT before 
incubation with primary antibodies ((ZO-1 (Ptglab 
21,773), OCLN (ThermoFisher 33–1500), OLFM4 
(Cell Signaling D1E4M)) diluted in PBS-T over-
night at 4°C. After washing twice with PBS-T the 
next day, secondary antibodies (Donkey anti-rabbit 
AF647, donkey anti-mouse AF555 (Invitrogen)) 
diluted in PBS-T were applied for 2 h, RT. Models 
were washed once in PBS-T, incubated with 
Phalloidin (Abcam ab176756, ab176759) and/or 
DAPI (ThermoFisher) diluted in PBS-T for 20  
min at RT and washed twice with PBS-T. Finally, 
models were embedded in Fluoromount 
G (Invitrogen).

Electron microscopy

For scanning electron microscopy (SEM) and 
transmission-electron microscopy (TEM), tissue 
models were first washed with 1× PBS-before fixa-
tion overnight at 4°C in 0.1 M phosphate buffer pH 
7.4 (9.46 g/L Na2HPO4, 9,078 g/L KH2PO4 in
ddH2O) containing 6.25% glutaraldehyde (VWR). 
Fixed samples were then washed five times in 0.1 M 
phosphate buffer before sample preparation for 
SEM/TEM and imaging that was carried out in 
collaboration with Prof. Stigloher from the 
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Biocenter Imaging Core Facility, University of 
Würzburg. For TEM, the samples were washed in 
50 mM Cacodylate Buffer (pH 7.2, Roth) and 
further fixed with 2% buffered OsO4 
(ScienceServices). They were then contrasted with 
0.5% watery Uranyl Acetate (Merck) and finally 
embedded in Epon (Serva) after EtOH-based dehy-
dration. Cross-sections with 65 nm thickness were 
generated from the Epon embedded samples and 
contrasted with 2% Uranyl Acetate in EtOH and 
Reynolds stain87. The TEM imaging was performed 
on a JEM-2100 (JEOL Ltd.) with 200 kV using 
a TVIPS TemCam F416 for image registration. 
For SEM, the samples were dehydrated with acet-
one and further dried via critical point drying. 
Before imaging 10–20 nm gold/palladium (80/20) 
were applied on the sample in an argon bath using 
a BAL-TEC SCD 005 Sputter Coater (Leica 
Mikrosysteme). The SEM imaging was performed 
on a JEOL JSM-7500F scanning electron micro-
scope (JEOL Ltd.).

Quantitative real-time PCR (qRT-PCR)

For RNA isolation, tissue models were washed with 
PBS- and directly frozen at −80°C. RNA was iso-
lated using the RNeasy Micro Kit (Quiagen) 
according to the manufacturer’s protocol. 
Afterward, cDNA synthesis was performed with 
iScript™ cDNA Synthesis Kit (BioRad) following 
the manufacturer’s instructions within 
a thermocycler (Sigma) with 5 min at 25°C, 30  
min at 42°C, 5 min at 95°C, and hold at 4°C. RT- 
qPCR was performed with 25 ng cDNA using the 
EvaGreen® Supermix (Bio-Rad) and a CFX 96 
TouchTM Real-Time PCR Detection 395 System 
(Bio-Rad). Plates with technical duplicates were 
analyzed with the following reaction condition: 40 
cycles of 95°C for 10 sec, 60°C 10 sec,72°C 30 sec. 
The following exon-spanning primer pair 
sequences were used: OLFM4 (P1: 5’- 
ACTGTCCGAATTGACATCATGG−3’, P2: 5’- 
TTCTGAGCTTCCACCAAAACTC−3’88), EF1a 
(P1: 5´-AGGTGATTATCCTGAACCATCC-3´, 
P2: 5´-AAAGGTGGATAGTCTGAGAAG C-3 
´16), (P1: 5’-GCAGCATTACCTGCTCTACGT T- 
3’, P2: 5’-GCTTGATAAGCTGATGCTGTAA 
TTT-3’), (P1: 5’-CCGCTACTGGTGTAATGAT 
GG-3’, P2: 5’-CATCAGCGATGTTATCTTGC 

AG-3’), (P1: 5’-AGCTTCTACTCTGGTGCACA 
A-3’, P2: 5’-GGTGGCTGGGAATTGAGA-3’), 
(P1: 5’-TCACCTTCCCCAGGCCCCTTC-3’, P2: 
5’-TGTTCACTGCTGCGATGACCCC-3’). 
Human EF1a was used as a reference gene. Fold 
changes of gene expression were calculated using 
the ΔΔCT method.

High-throughput qPCR barrier chip

Gene expression analysis via a high-throughput 
qPCR barrier chip was performed as previously 
reported89–92. In detail, 20 µl cDNA was produced 
from 250 ng RNA using the High Capacity cDNA 
Reverse Transcriptase Kit (Thermo Fisher 
Scientific). After preamplification of the targets, 
the high-throughput qPCR chip was performed 
with the preamplified cDNA in 96 × 96 chips 
using the BiomarkTM system (Fluidigm®).

HCR-FISH

DNA probes for HCR-FISH were designed as pre-
viously described93. 25-nucleotide (nt) sequences 
of each gene were extracted. One probe consists 
of a pair of two 25-nt long oligos (25-nt encoding 
region, 2-nt spacer, and 18-nt initiator region) 
separated by a 2-nt gap. The oligo pairs were 
selected to have a Tm difference of<5°C. In addi-
tion, probe sequences were required to have a GC 
content within the 40–60% range. The NCBI data-
base was used to look up mRNA sequences. Any 
probe sequence that contained five or more con-
secutive bases of the same kind was dropped. To 
ensure specificity, an NCBI BLAST query was run 
on each probe against the human transcriptome. 
BLAST hits on sequences other than the target gene 
with a 15-nt match were considered off-targets. For 
each gene, eight encoding probe pairs were 
designed. Read-out amplifiers B3 with AF546 
fluorophores were ordered from Molecular 
Instruments.

HCR-FISH staining was performed with 
a HCR-FISH kit (Molecular Instruments)
according to the manufacturer’s protocol with 
minor modifications. Briefly, after fixation, the 
samples were permeabilized in 70% EtOH, washed 
once with 1× PBS-T and once with 5× saline 
sodium citrate buffer (Sigma) with 0.5%Tween 
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(BioRad) (SSC-T). For detection, the samples 
were equilibrated with hybridization buffer and 5 
pmol of the detection probe pool set was added. 
After incubation for 12 h at 37°C, samples were 
washed with Probe wash buffer at 37°C followed 
by washing with 5× SSC-T. For amplification, 
samples were equilibrated with the amplification 
buffer and incubated for 16 h at RT with 30 pmol 
of the amplification hairpin solution (AlexaFluor 
546). The samples were washed with 5× SSC-T, 
stained with DAPI (ThermoFisher) diluted in 
PBS-T. Finally, models were embedded in 
Fluoromount G (Invitrogen).

For HCR-FlowFISH, dissociated single cells 
were fixed in 4% PFA and permeabilized with 
70% EtOH. The cells were washed with 1× PBS-T 
and with 5× SSC-T. Afterward, 4 × 105 cells were 
equilibrated in hybridization buffer, 5 pmol of the 
detection probe pool set were added and incubated 
for 12 h at 37°C. After washing with Probe wash 
buffer and 5×-SSC-T, the cells were equilibrated in 
the amplification buffer followed by incubation 
with 30 pmol of the amplification hairpin solution 
(AlexaFluor 546) for 16 h at RT. Cells were washed 
using 5× SSC-T with subsequent dilution in 1× 
PBS- and flow cytometric analysis on a BD FACS 
Aria III (BD Biosciences). Cells (uninfected, 
bystander, or infected) were separated into 
OLFM4(+) and OLFM4(-) based on the 
AlexaFluor 546 signal. Gates were set discriminat-
ing between uninfected and unstained (no detec-
tion probes) cells.

Imaging

Imaging was performed with the Keyence B×810 
widefield microscope (Keyence), the Leica SP8 
confocal microscope (Leica), the Scanning 
Electron Microscope JSM-7500F (JEOL), and the 
Transmission Electron Microscope JEM-2100 
(JEOL). The representative images were processed 
with Fiji (v1.51s), and 3D modeling was generated 
by LasX 3D Visualization.

Cell height measurement

Cell height measurements were performed on 
cross-section views of z-stack confocal images 

representative of whole tissue samples. Briefly, 
a defined grid of 9 × 9 fields was applied on the 
field of view (FOV). Cell height was determined by 
measuring the distance between the apical and the 
basolateral F-actin signal of individual cells located 
at the cross points of the grid lines. The cell height 
measurements were performed via Fiji (v1.51s).

Bacterial migration measurement

For the measurement of bacterial migration within 
the hITM, an automated batch analysis was per-
formed with IMARIS (v8.4.2) on representative 
z-stack images in 3D projection. In a first step, 
the threshold determining the apical F-actin signal 
was set. Secondly, the centers of STm-expressing 
GFP signals were defined, and bacterial migration 
was determined as distance between the defined 
GFP spot and the apical F-actin signal.

OLFM4 intensity measurement

OLFM4 intensity was determined with Fiji 
(v1.51s) as follows: 1) z-stacks of images repre-
sentative of the whole hITM were projected as 
the sum of all stacks, 2) the mean OLFM4 
HCR-FISH signal intensity in the FOV was 
measured, 3) the number of nuclei per FOV 
were determined. The OLFM4 intensity was 
calculated as OLFM4int ¼ OLFM4meanintensity

numberof nuclei .

STm filament length

Filament lengths were determined in whole tissue 
samples using the Imaris software (v8.4.2) as fol-
lows: 1) regions with GFP signals were identified 
and determined as volumes, 2) the pixel intensity of 
the GFP signal outside of the defined volumes was 
set to zero, 3) the inbuilt filament tool was applied 
in the FOV to identify filaments with 0.5 µm dia-
meter and branching points at a filament length of 
>2 µm (= minimal length of one individual STm). 
Identified filaments with lengths<2 µm were not 
considered and excluded.

Statistical analysis

Statistical analysis was performed via GraphPad 
Prism (v6.02) with unpaired t-test, ordinary one- 
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way ANOVA with Tukey’s multiple comparison 
tests, two-ANOVA with Tukey’s multiple compar-
ison tests, and Mann-Whitney-U test.
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