
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Intestinal organoids as a model for unravelling bacteria-host 
interactions 
 

ABSTRACT 
Gastrointestinal organoids represent a meaningful 
advance in structural and functional complexity 
over underlying in vitro cell culture models of the 
human gastrointestinal epithelium while maintaining 
much of the genetic and molecular acquiescence 
that makes in vitro experimentation so enchanting. 
Specific human models for studying the crosstalk 
between commensal bacteria and host interactions 
are crucial for better understanding gastrointestinal 
infections. Gastrointestinal organoids are ex vivo 
models that can be used to explore the various 
functions of healthy intestines in comparison with 
pathogen-infected tissues or to examine the effects 
of colonisation with one of several species of 
commensal bacteria. A robust human microbiome-
gut-brain axis model with a potential to expand our 
understanding of this complex system and 
properly explore novel, microbiome-based 
pathogenesis needs to be developed to imitate the 
in vitro model to carry comprehensive studies of 
the mechanisms underlaying complex cross-talk 
within the microbiome-gut-brain axis and functional 
gastrointestinal disorders. A human epithelial 
organoid culture can be derived ex vivo from intestinal 
crypts isolated from biopsies and surgical specimens 
and has been shown to retain the specificity of the 
intestinal segment of origin. Therefore, the study 
 

of gastrointestinal organoids represents an effective 
strategy for dissecting the mechanisms underlying 
disease progression and the establishment of a healthy 
interplay. In this review, we provide an overview 
highlighting the importance of this model, its 
applications for the study of various gastrointestinal 
infections, and approaches for investigating how 
commensal bacteria contribute to eubiosis. 
 
KEYWORDS: organoids, colonoids, crosstalk, 
bacterial pathogens, bacterial commensals. 
 
INTRODUCTION 
Organoids are three-dimensional cell assemblages 
derived from stem cells or organ-specific progenitor 
cells that resemble the organs from which they are 
derived [1]. Gastrointestinal (GI) organoids retain 
their molecular and genetic tractability while 
presenting a degree of functional and structural 
complexity that make organoids generally 
advantageous over traditional in vitro cell cultures. 
The first introduced in vitro GI model was the 
Caco-2 cell model [2], which was used to uncover 
significant findings that enhanced our understanding 
of intestinal physiology and cancer biology [3]. 
Similarly, organoids represent a breakthrough in 
the understanding of both intestinal development 
and the complex interplay underlying bacteria-
host interactions.  
Organoids are derived from primary tissues and 
have the capacity for long-term growth. They contain 
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varying levels of cellular complexity and physiological 
similarity to native organ systems. Human 
pluripotent stem cell (hPSC) derived intestinal 
organoids (HIOs) lack some cellular populations 
found in the native organ, including vasculature. 
Intestinal stem cells are closely associated with a 
diverse but poorly characterized network of 
mesenchymal cell types. Analyses of patient-
derived organoids established that PGE (2)-
PTGER4 also regulates stem-cell function in 
human. The resulting three-dimensional intestinal 
organoids consisted of a polarized, columnar 
epithelium that was patterned into villus-like 
structures and crypt-like proliferative zones that 
expressed intestinal stem cell markers. With the 
goal of modeling human disease of the large 
intestine, we sought to develop an effective 
protocol for deriving colonic organoids (COs) 
from differentiated human embryonic stem cells 
(hESCs) or induced pluripotent stem cells (iPSCs). 
The organoids can be derived from two stem cell 
sources: induced pluripotent stem cells (iPSCs) 
and organ-restricted adult stem cells (ASCs) [4-
11]. The primary advantage of organoids is their 
ability to form defined structures that mirror 
cytoarchitectures (e.g., the villi and crypts of the 
small intestine). Moreover, organoids can undergo 
self-renewal and self-organisation for prolonged 
periods [12-14]. 
GI organoids have been used in combination with 
emergent technologies, such as genome editing 
(clustered regularly interspaced small palindromic 
repeats [CRISPR]–CRISPR associated [Cas9]) to 
study how certain cancer-promoting mutations 
affect cellular signalling [15-18]. Additionally, one 
study used single-cell RNA sequencing (scRNA-
Seq) to uncover detailed transcriptional patterns 
and monitor how each cell type within the organoid 
responds to the addition of intestinal bacteria to 
the organoid culture, which revealed specific 
pathways that were activated in certain cells [19]. 
scRNA-seq has also been used to delineate the 
response of colorectal cancer cells to a first-line 
cancer drug, which demonstrated heterogeneous 
cellular behaviour (i.e. chemosensitive and 
chemotolerant cellular subgroups) and successfully 
recapitulates clinical heterogeneity [20-22]. The 
use of organoids, single-cell transcriptomics, and 
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genome editing are likely to have deep impacts on 
human health, highlighting the importance of 
using new technologies to improve well-being, 
particularly for personalised medicine. This 
review aims to provide a wide perspective on the 
interactions that have been uncovered in host-
bacteria interplay (between pathogenic and 
commensal species) in studies using intestinal 
organoids as a platform. 
 
Intestinal organoid development and 
classification 
In 2009, two independent groups achieved the in 
vitro long-term growth of non-transformed, GI-
derived tissue for the first time [13, 23]. These 
breakthroughs laid the basis for propagating 3-
dimensional (3D) intestinal tissues in culture, 
which were termed organoids (Figure 1). Organoids 
can be grown from two cell sources: i) iPSCs and 
ii) embryonic stem cells [3]. iPSCs are first 
allowed to develop into a 3D aggregate, and the 
induction of specific developmental signals 
mimicking the in vivo process is used to obtain a 
specific organ. To obtain organoids from embryonic 
stem cells, specific, fully differentiated stem cells 
are acquired from the tissue of interest, and growth 
factors are added to generate organoids, which 
consist of stem cells and organ-specific cell types. 
The establishment of organoids from either cell 
type requires the maintenance of physical and 
chemical niches that support the long-term growth 
of intestinal tissue, particularly an extracellular 
matrix (ECM) or Matrigel (transcriptome-wide 
analysis revealed hallmarks of human intestine 
development and maturation in vitro and in vivo) 
and growth factors (including epidermal growth 
factor [EGF], Noggin, and R-spondin-1). When 
placed in Matrigel in the presence of an adequate 
concentration of growth factors [7, 12, 13, 24-26], 
Lgr5+ stem cells differentiate and proliferate into 
3D organ-like structures, even in the absence of 
mesenchymal and stromal cells, that can then be 
differentiated into human intestinal organoids 
(HIOs). Although these HIOs can perform some 
transport functions (dipeptide absorption), they are 
foetal in nature, failing to express specific proteins 
necessary to mimic the segment specificity of the 
jejunum, ileum, duodenum, or colon [27]. However, 
the HIOs’ maturation can be achieved when they 
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an effort to systematise the nomenclature [28]. The 
term “organotypic” has been used to define tissues 
capable of recapitulating some in vivo functions 
and cellular diversity; however, this term has been 
applied to both in vitro organoid cultures and ex 
vivo whole tissue explants [10, 29, 30]. Several 
protocols have now been developed for the 
generation of intestinal organoid cultures, resulting 
in significant variations. In one approach, organoids 
are grown from isolated Lgr5+ crypt stem cells 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
are transplanted into mouse kidney capsules, resulting 
in the development of mature villus compartments 
and crypts, in addition to adult-like intestinal 
features [8]. The development of iPSCs into 3D 
HIOs was pioneered in 2011 [10] through the 
manipulation of signalling pathways to mimic in 
vivo intestinal development. 
Currently, no universal consensus exists regarding 
the classification of intestinal organoids, despite 
 

Figure 1. Two different strategies were applied for gastrointestinal organoid development. A) Human intestinal 
organoids derived from embryonic/pluripotent stem cells were foetal in nature. B) Colonoid/enteroid/gastric 
organoids were derived from adult stem cells. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sample and propagated over the long term. This 
intrinsic feature makes organoids a powerful tool 
for translational research. Recently, remarkable 
findings in the field of bacteria-host research have 
been reported by studies using intestinal organoids 
as a platform to dissect interactions. Most of these 
studies focused on the co-cultivation of organoids 
with specific bacterial species (pathogens or 
probiotics); however, the use of bacterial metabolites 
to analyse cellular responses also yielded significant 
discoveries (Table 1). Recently, a new approach 
was developed to study whole bacterial communities 
obtained from stool samples that is capable of 
delineating interactions. New insights into the 
mechanisms by which those agents may prevent 
or trigger diseases significantly widen our knowledge 
of diet-microbiome-host interactions. This review 
aims to provide a broad perspective on the 
interactions that have been uncovered in host-
bacteria interplay (pathogenic and commensal) 
using intestinal organoids as a platform. 
 
Clostridioides difficile 
Clostridioides difficile is an obligate anaerobic 
pathogenic bacterial species that represents the 
leading cause of nosocomial diarrhoea, leading to 
14,000 deaths each year [39]. Leslie et al. [40] 
used HIOs derived from human pluripotent stem 
cells (hPSCs) to determine the virulence of the C. 
difficile strain VPI 10463 using a nontoxigenic C. 
difficile strain as a control. Using a microinjection 
technique, the authors colonised the HIO lumen 
with viable vegetative C. difficile VPI 10463, which 
disrupted the organoid epithelium. By contrast, 
the nontoxigenic C. difficile strain did not affect 
the organoid. To further validate the model for 
this specific bacterium, purified C. difficile toxin 
A (TcdA) and TcdB were injected into the organoid 
to analyse their effects. Only TcdA recapitulated 
the damage observed following the injection of 
the VPI 10463 strain. This study was the first report 
in which HIOs were successfully colonised with 
anaerobic pathogens, paving the way for future 
detailed studies and highlighting how organoids 
can be used to untangle the specific contributions 
of toxins to bacterial pathogenesis. One breakthrough 
using enteroid/colonoid models to dissect pathogen-
host interactions was the identification of frizzled 
proteins as receptors for TcdB. Using an elegant 
 

obtained from mature tissue using Matrigel to 
provide artificial niche-specific scaffolding and 
signalling molecules [13], whereas another approach 
uses mesenchyme for this purpose [23]. These 
organoids are not fully comparable due to 
differences in the provided developmental niches. 
As previously mentioned, iPSC-derived organoids 
resemble foetal tissues and should be expected to 
provide different information in comparison with 
mature tissue-derived organoids. The term enteroid 
describes 3D organoids derived from the ileum, 
duodenum, or jejunum, whereas colonoid describes 
3D organoids derived from the distal or proximal 
colon [26, 31, 32]. Both enteroids and colonoids 
are composed of epithelial cells that have undergone 
differentiation and self-organisation into mature 
subtypes, including Paneth cells, goblet cells, 
enteroendocrine cells, enterocytes, and tuft cells [13]. 
Following the establishment of 3D intestinal 
organoids, 2D organoid monolayers can be generated 
containing entire differentiated cell populations 
(enterocytes, Paneth cells, tuft cells, goblet cells, 
and enteroendocrine cells). The 3D organoid is 
first dissociated into a single-cell suspension that 
is plated into porous membranes previously coated 
with ECM. The cells form a monolayer when in 
the presence of adequate growth factors. The 
polarised monolayer then expands, expressing all 
of the differentiated intestinal cell types [33, 34]. 
The advantage of 2D monolayer intestinal organoids 
is easy accessibility to basolateral and apical surfaces, 
offering an uncomplicated method for studying 
host-bacteria interactions or metabolite-host 
interactions using high-throughput approaches [35, 
36]. However, an automated microinjection technique 
was recently developed for the performance of 
high-throughput assays on 3D organoids, allowing 
for the study of host-bacteria, host-metabolite, or 
host-drug interactions (Figure 2). In addition, 3D 
organoids have been characterised with a decreasing 
internal oxygen gradient that is suitable for the 
modelling of strict anaerobic bacteria-host interactions 
[37, 38].  
 
Bacteria-host interactions uncovered using 
intestinal organoids as a study platform 
One major advantage of GI organoids (either 2D 
or 3D) is cell differentiation. In addition, organoids 
can be grown from any cancer or normal intestinal 
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receptors (FZDs) 1, 2 and 7 as high-affinity TcdB 
receptors in the colonic epithelium. Using colonoids 
isolated from an FZD7-knockout mouse strain (in 
addition to the knockdown of FZD1 and FZD2), 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

methodology to dissect the mechanism through 
which TcdB binds to the epithelium, Tao et al. [41] 
applied CRISPR-Ca9 at the whole-genome level 
and identified the Wnt receptor frizzle family 
 

Figure 2. Three approaches were applied to study bacteria-host interactions. A) Complex bacterial 
communities filtered from faecal samples were injected into organoids. B) A single bacterial species 
obtained from culture was injected into organoids. C) Well-established bacteria-produced metabolites were 
injected either individually or collectively into organoids. In all three scenarios, after incubation, organoids 
were harvested to further characterise interactions. 
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also demonstrated reduced MUC2 expression, 
which suggested a defect in the mucus barrier. To 
further analyse this issue, HIOs were injected with 
C. difficile, which was sufficient to decrease MUC 
production but not sufficient to alter the mucus 
oligosaccharide composition. The co-injection of 
C. difficile together with a stool supernatant 
obtained from an infected patient was able to 
mimic the physiological changes observed in 
biopsy samples obtained from infected patients, 
which suggested the participation of yet another 
factor in the observed changes [42]. To further 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the authors demonstrated increased resistance to 
TcdB injection compared with wild-type (WT) mouse 
colonoids. The epithelium of the FDZ7-knockout 
mouse strain demonstrated decreased in vivo 
damage when challenged with a toxigenic C. difficile 
strain, further indicating the contributions of these 
receptors to the establishment of TcdB as a 
virulence factor [41]. In a different approach, 
the mucus secreted by patients with C. difficile 
infections was analysed [42], and mucin 1 (MUC1) 
protein was identified as the major component in 
the acidic mucus. Patients infected with C. difficile 

Table 1. Significant bacteria-host interactions using intestinal organoids. 

Clostridioides difficile 

• Frizzled proteins identified as enterocyte receptors for the 
establishment of Toxin B virulence factor [41]. 

• Mucin 1 (MUC1) detected as the major component of acidic mucus [42]. 
• NHE3 (Na+/H+ exchanger) is decreased during infection, providing a 

favourable environment for infection [43]. 

Salmonella 

• Antimicrobial peptides produced by Paneth cells effectively restrict 
the bacterial growth of S. enterica ser. Typhimurium [48]. 

• The early infection mechanism for S. typhi differs substantially from 
that of S. enterica ser. Typhimurium [52]. 

• VexD emerged as a potential vaccine candidate for S. typhi [52]. 

Escherichia coli 

• The earliest targets of enterohemorrhagic E. coli (EHEC) are MUC2 
and protocadherin 24 (PCDH24), which are tackled sequentially [54]. 

• Macrophage-enteroid co-cultures showed a significant increase in 
macrophage projections when exposed to enteropathogenic E. coli 
(EPEC). When macrophage-enteroid co-cultures were exposed to 
enterotoxigenic E. coli (ETEC), the bacteria attached to the apical side 
of the enteroid monolayer and macrophages physically interacted with 
the bacteria on the apical surface [55].  

Helicobacter pylori 

• CagA virulence factor associates with the c-Met receptor shortly after 
exposure to the culture [58]. 

• Long-term cultures showed that sheathed flagella did not induce a host 
response, which confirmed that this characteristic was crucial to 
initiating cell colonisation [60]. 

Lactobacillus rhamnosus 

• Gut permeability was maintained when faecal supernatants were 
incubated with L. rhamnosus in enteroids, demonstrating the 
mechanism through which the probiotic can alleviate some irritable 
bowel syndrome (IBS) symptoms [67].  

Akkermansia muciniphila 
• Hdac3 and Hdac5 were upregulated after the injection of A. 

muciniphila supernatants into enteroids, whereas Fiaf, Gpr43, and 
Pparg were downregulated [71]. 

Short-Chain Fatty Acids (SCFAs) 

• Butyrate, propionate, and acetate were independently and collectively 
injected into ileal organoids. Acetate upregulated Hdac3 and Hdac5, 
whereas butyrate upregulated Fiaf, Hdac3, and Hdac5, and propionate 
upregulated Fiaf, Hdac3, and Hdac5. This suggested that SCFAs are 
sufficient to promote changes in specific genes involved in the cell 
cycle [71].  
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of biofilms. Several strains of both species were 
used, and the results were consistent, providing 
outstanding evidence in a vastly unexplored field 
to support that the interactions between bacterial 
species within the microbiota community 
contribute to infection [46]. 
 
Salmonella 
One of the first studies to characterise the interaction 
between Salmonella and host cells using a 3D 
system was reported by Radtke et al. [47]. Although 
the 3D epithelium model used by Radtke et al. 
[47] differs substantially from enteroid/colonoid 
models, they replicated previously reported in 
vivo findings. Mutants from different Salmonella 
pathogenicity islands (SPIs) belonging to the type 
III secretion system (T3SS) were used to evaluate 
their roles in epithelial cell invasion. SPI-1, SPI-2, 
and flhCD mutants, both alone and in combinations 
(SPI-1/SPI-2; SP1-1/SPI-2/flhCD), were used to 
demonstrate that these proteins were not necessary 
for the invasion of 3D epithelial cells, as none of 
these strains was associated with a significant 
decrease in invasive ability. By contrast, the 
individual and combined mutations reduced the 
capacity for intracellular replication. 
Wilson et al. [48] developed a microinjection 
methodology to study host-pathogen interactions. 
They injected several noninvasive Salmonella 
enterica serovar Typhimurium strains into mouse 
ileal enteroids and evaluated whether the production 
of antimicrobial α-defensin peptides by the organoid’s 
Paneth cells could disrupt bacterial growth. They 
developed enteroids from a WT mouse and an 
Mmp7–/–strain, which lacks functional α-defensins 
in the small intestine. When challenged with S. 
enterica serovar Typhimurium, WT enteroids 
showed restricted bacterial growth for at least 
20 hrs in culture; however, this phenomenon was 
significantly attenuated in colonoids derived from 
Mmp7–/– mice. However, when human defensin 5 
was expressed transgenically in the Mmp7–/–-
derived enteroids, bacterial suppression was 
restored, which demonstrated that enteroids are 
responsive to host factors that influence Paneth 
cell function. 
Using mouse ileum and jejunum crypt-derived 
enteroids, Zhang et al. [49] demonstrated that 
 

investigate this phenomenon, the working hypothesis 
focused on the effects of Na+/H+ exchanger 3 
(NHE3), which can be functionally inhibited by 
TcdB. An NHE3-knockout mouse strain showed 
an altered intestinal environment and dysbiosis. 
HIOs injected with C. difficile and stool supernatants 
from infected patients demonstrated reduced 
NHE3 mRNA and protein levels compared with 
those injected with C. difficile and supernatants 
from healthy subjects. Combined with the observation 
that C. difficile grows optimally in vitro under 
conditions of high Na+ concentrations and alkaline 
pH, these findings suggested that C. difficile 
inhibits NHE3 in vivo, generating a favourable 
environment for infection [43]. In further support 
of this hypothesis, NHE3 protein and mRNA 
concentrations were reduced in biopsies obtained 
from C. difficile infection patients compared with 
healthy tissues. Using mouse and human 
colonoids, a process involving TcdB was shown 
to be involved in the C. difficile-induced disruption 
of the epithelium, affecting the cellular organisation. 
Moreover, the ability to repair the injured 
epithelium is diminished during the intoxication 
process due to an altered colonic LGR5+ stem cell 
population and WNT-dependent signalling [44]. 
Evidence indicated that α-defensin-1 neutralises 
bacterial toxins, including TcdB, as demonstrated 
by the combined treatment of human HIOs with 
TcdB and α-defensin-1; α-definsin1 protected not 
only against TcdB alone but also against the 
combination of TcdA, TcdB, and C. difficile 
binary toxin (CDT), which mimics the combination 
of hypervirulent C. difficile strains. [45]. In co-
culture experiments using human HIOs, a remarkable 
bacterial synergy between C. difficile and 
Fusobacterium nucleatum was described. F. 
nucleatum is primarily localised in the oral 
microbiota, but sequencing evidence indicated 
that patients with C. difficile infections also have 
an increased F. nucleatum population in the gut. 
When the two genera were grown together in 
vitro, they formed intimate aggregates through 
specific interactions due to the binding of the F. 
nucleatum protein RadD with C. difficile flagella, 
and the interaction can be inhibited through RadD 
deletion or the use of a C. difficile strain lacking 
flagella. This synergy also results in the formation 
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colonoids using untransformed and transformed 
cells. Both models were used because whether the 
observed differences between mice and humans 
could be attributed to difficulties using in vivo 
approaches or transformed cells was unclear. The 
data showed that caspase-1 plays a prominent role 
in restricting intracellular replication in mouse but 
not in human cells. In addition, caspase-4 restricts 
S. Typhimurium replication and interleukin (IL)-
18 production in both untransformed and 
transformed cells [53]. 
 
Escherichia coli 
The development of colonoids in a monolayer was 
developed by In et al. [54], which provided a new 
pathophysiological colonic model for the study of 
host-pathogen interactions. Using the isolation of 
adult proximal colonic crypts from human biopsies, 
an approach similar to obtaining small intestinal 
enteroids was developed, allowing for the 
establishment of polarised monolayer colonoids. 
Enterohemorrhagic Escherichia coli (EHEC) was 
used to validate the model, leading to the 
description of the earliest host targets used by this 
bacterium to promote infection. Extracellular mucin 
2 (MUC2) and protocadherin 24 (PCDH24) are 
targeted sequentially, which promotes attachment 
to the epithelium, triggering the typical attachment 
and effacement lesions associated with EHEC. 
The development of organoid models to characterise 
host-pathogen interactions continued with the 
introduction of increasingly sophisticated approaches. 
One limitation to the use of intestinal organoid 
models is the absence of immune signalling in 
organoids, which plays a pivotal role in infection 
regulation. Noel et al. [55] resolved part of this 
problem by performing the co-cultivation of 
macrophages with enteroids to dissect the fine 
interactions between bacterial pathogens. 
Enteropathogenic E. coli (EPEC) and enterotoxigenic 
E. coli (ETEC) were studied for their effects on 
macrophage-enteroid by co-cultivation in the 
absence or presence of macrophages. Appropriate 
controls were used to demonstrate that both 
enteroids and macrophages developed in a normal 
fashion. Following the addition of EPEC, the 
macrophage projections increased significantly in 
response to the infection, and adherent macrophages 
increased compared with uninfected co-cultures. 
 

Salmonella disrupted epithelial tight junctions in 
infected organoids. The inflammatory response in 
the organoids was measured, revealing the activation 
of the nuclear factor (NF)-κB pathway. Interestingly, 
stem cell markers, such as Lgr5 and Bm1 fused 
with GFP, decreased significantly when the 
organoids were infected by Salmonella. In a 
different study, a Salmonella strain featuring a 
mutation in invA, which is a crucial gene involved 
in Salmonella invasion, was injected into HIOs 
for 90 min using a WT Salmonella strain as a 
control [50]. After determining the colony-forming 
units (CFU)/mL in HIO cells, the invasiveness of 
the WT strain was found to be as high as 30-fold 
that of the invA-mutant strain. No invA-mutant 
Salmonella cells were detected inside the 
enteroids, which confirmed the pivotal role played 
by this protein in the internalisation and invasion 
of host cells. In comparison, the WT strain was 
localised in the vacuoles of the cells [50], which 
was similar to descriptions from other models [51]. 
In a compelling study, Salmonella typhi colonisation 
was evaluated using HIOs obtained from biopsies 
to uncover the underlying mechanisms involved 
in the early stages of this infection, which 
revealed significant mechanistic strategies [52]. 
Surprisingly, prior to this research, no previous 
studies had focused on the early stages of S. typhi 
infection, which was generally assumed to utilise 
similar infection mechanisms as those used by S. 
enterica serovar Typhimurium, despite differences 
in the incubation periods, symptoms, and genetic 
divergence between these two strains. Enteric 
biopsies and HIOs were infected with S. typhi, 
and transcriptomic analyses were performed, 
identifying the downregulation of 57 genes involved 
in B cell receptor signalling, innate and adaptive 
immune responses, and cell signalling. Monolayer 
HIOs infected with S. typhi revealed a role for the 
cytoskeleton in the infection process, and the 
addition of a microtubule inhibitor prior to infection 
prevented invasion compared with untreated 
controls [52]. VexD, a polysaccharide that serves 
as an integral component of the outer wall, was 
proposed as a candidate for vaccine development 
because it was the only upregulated gene identified 
in ileal biopsies during early infection [52]. The 
importance of caspases during Salmonella 
typhimurium was evaluated in mouse and human 
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uniform polygonal shape into an elongated state 
characterised by the formation of needle-like 
structures) was observed, mediated by the 
translocation of CagA into host cells. Using 
microarrays to investigate the global response to 
H. pylori, a strong upregulation was observed for 
IL-8, which is a member of the NF-κΒ signalling 
pathway. Other upregulated genes included tumour 
necrosis factor (TNF) targets, which are involved 
in the inflammatory response to lipopolysaccharide 
(LPS). Since the initial conditions for growing in 
vitro gastric organoids were initially established, a 
long-term (>1 year) culture methodology has been 
developed [60]. This long-term model allowed for 
the in vitro simulation of a fundamental H. pylori 
feature: chronic infection. Three stimuli previously 
shown to trigger a response in the host were 
injected into the organoid: LPS, flagellin, and 
bacterial DNA. Interestingly, gastric organoids 
did not exhibit any alterations in response to 
purified LPS or DNA. However, the organoids 
displayed a strong IL-8 upregulation in response 
to purified flagellin or the positive controls TNF-α 
and IL-1β. To further dissect this response, non-
flagellated mutants were injected into the organoids, 
which continued to induce IL-8 expression [60]. 
H. pylori typically produce three to seven 
sheathed flagella (i.e., covered with a membrane 
composed of many different proteins) [61, 62], 
which several studies have proposed to serve as a 
mechanism that was developed to evade the host 
immune response [63]. Therefore, a slight immune 
response in the presence of non-flagellated mutants 
was expected because several proteins found in 
the flagellum are also present on the bacterial 
external wall. Earlier studies demonstrated that 
WT bacteria could colonise gastric glands, whereas 
mutants carrying deletions in the chemotactic 
system only colonise the surface mucus [64]. The 
injection of CagA in cell cultures triggers an 
increase in cell motility, the loss of polarity and 
adhesion. Unbiased interactome evidence showed 
that apoptosis-stimulating of p53 protein 2 
(ASPP2) was a prominent target of CagA. The 
interaction was delineated using gastric organoids, 
using a peptide as an inhibitor, which disrupted 
the interaction, preventing the loss of cell polarity. 
A receptor tyrosine kinase (RTK)/phosphoinositide 3-
kinase (PI3K)/protein kinase B (AKT) signalling 
pathway was found to be involved in the 
 

These findings suggested that microbial exposure 
was responsible for this observation. ETEC 
attached to the apical side of the enteroid monolayer, 
and macrophages physically interacted with the 
bacteria on the apical surface. The presence of 
macrophages in the co-culture caused a reduction 
in live bacteria recovery after 16 h exposure 
compared with cultures containing enteroids alone, 
indicating a biological role for macrophages in the 
infection process. 
In a thorough report, the effects of Shiga toxin 
(Stx) secreted by EHEC were evaluated in HIOs 
derived from iPSCs. Mesenchymal and epithelial 
cells underwent necrotic and apoptotic cell death, 
attributed to changes in transcription and cellular 
proliferation. Surprisingly, the epithelial barrier 
was resistant to Stx for up to 48 h after infection, 
which indicated a potential avenue for future 
therapeutic interventions [56]. In a different 
approach, strains isolated from cancer patients 
with EPEC-associated diarrhoea were able to 
colonise HIOs with novel adherence patterns. 
However, the authors clarified that not all patients 
with diarrhoea were EPEC-positive, as assessed 
by either quantitative polymerase chain reaction 
(qPCR, 70%), or cultivation (46%), suggesting 
that other important enteropathogens likely contribute 
to disease development, which can delay cancer 
care or decrease defined doses of the 
chemotherapeutic agent [57]. 
 
Helicobacter pylori 
One of the most studied pathogens using intestinal 
organoids is Helicobacter pylori, which causes 
chronic infection and is estimated to cause 10% of 
all peptic ulcer disease and gastric cancers 
globally. During the pioneering studies that led to 
the development of human gastric organoids 
(hGOs), McCracken et al. [58] identified that the 
virulence factor CagA was rapidly associated with 
the c-Met receptor following the inoculation of H. 
pylori into hGOs. Two years after the development 
of hGOs, Schlaermann et al. [59] grew 3D 
spheroids derived from several locations in the 
human stomach; after shearing the spheroids, a 
polarised 2D epithelial gastric cell model was 
established. When the 2D model was infected 
with H. pylori for 22 h, the characteristic 
“hummingbird” phenotype (cells switch from a 
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GG was not observed when cell wall extracts, 
DNA, or denatured bacteria were used, which indicate 
that this process might involve the secretion of a 
beneficial metabolite from the bacteria into the 
extracellular milieu [67]. 
Faecalibacterium prausnitzii is a major butyrate-
producing bacteria found in the human gut [68], 
and its absence has been associated with Crohn’s 
Disease [69]. Furthermore, the presence of 
Akkermansia muciniphila has been inversely 
associated with obesity, diabetes, inflammation, 
and metabolic disorders, and one of its primary 
metabolites is propionate [70]. Using mouse ileal 
enteroids, Lukovac et al. [71] investigated the 
roles played by these bacteria and their 
corresponding SCFAs in host epithelial gene 
expression. Supernatants from single cultures of 
F. prausnitzii and A. muciniphila were injected 
into ileal enteroids, and the expression of five 
genes involved in cell cycle control was evaluated: 
Fiaf, Gpr43, Hdac3, Hdac5, and Pparg. A. 
muciniphila had the strongest impact on the host 
response, upregulating the expression of Hdac3 
and Hdac5 and downregulating Fiaf, Gpr43, and 
Pparg. F. prausnitzii supernatants had no 
significant effects on the expression of the five 
genes analysed in this study. The expression 
levels of these host genes were also affected by 
the application of butyrate, acetate, or propionate, 
independently, as a single stimulus for the 
enteroids. Acetate upregulated Hdac3 and Hdac5, 
whereas butyrate upregulated Fiaf, Hdac3, and 
Hdac5 but downregulated Gpr43 and Pparg. By 
contrast, propionate upregulated Fiaf, Hdac3, and 
Hdac5 and downregulated Gpr43 and Pparg. 
These results indicated that SCFA stimulation was 
sufficient to promote the expression of specific 
genes involved in the cell cycle. Interestingly, 
supernatants from F. prausnitzii were not sufficient 
to affect the expression of the analysed genes, 
which was likely due to high degrees of genetic 
variation among strains [72], as previous studies 
have reported that butyrate production by some F. 
prausnitzii strains can reach up to 40 mM [73]. 
E. coli Nissle is used primarily as a probiotic, but 
genetic evidence indicates a close relationship 
with uropathogenic E. coli (UPEC) strain 
CFT073. E. coli Nissle has been used as a 
therapeutic agent and has been shown to confer 
 

recruitment of ASPP2 by CagA, providing 
mechanistic insights into mechanisms underlying 
H. pylori infection [65]. 
 
Commensal bacteria-host interactions using 
organoids as a model 
Most of the interactions uncovered between the 
host and commensal microbiota have focused on 
probiotic bacterial strains or their beneficial 
metabolites, such as short-chain fatty acids (SCFAs). 
An interesting example, provided by Kitamura et 
al. showed that carcinoembryonic antigen-related 
cell adhesion molecule (CEACAM) 1 and CEACAM 
20 (both members of the immunoglobulin 
superfamily) have an increased expression, likely 
activated by commensal bacteria. They 
hypothesised that a metabolite (SCFA) produced 
by commensal bacteria might be responsible for 
this effect. Enteroids were used to dissect the 
individual and combined effects of the injection of 
three SCFAs, butyrate, acetate, and propionate, 
into enteroids, which revealed that butyrate alone 
was responsible for an increase in the observed 
Ceacam20 mRNA and CEACAM20 protein levels. 
None of the combined or individual SCFAs altered 
the expression level of CEACAM1, which 
suggested the direct participation of butyrate in 
the regulation of CEACAM20 expression in 
intestinal epithelial cells, likely mediated by the 
effects of butyrate on histone deacetylases (HDACs) 
[66]. Lactobacillus rhamnosus is one of the most 
widely used probiotics, associated with the 
alleviation of symptoms caused by irritable bowel 
syndrome (IBS), although the mechanism remained 
unclear until a recent study by Han et al. [67]. In 
that study, colonoids and enteroids were co-injected 
with faecal supernatants obtained from IBS 
patients and L. rhamnosus GG to unravel the 
interactions that promote a beneficial effect; 
faecal supernatants obtained from healthy subjects 
were used as a control. Gut permeability, as 
measured by fluorescein isothiocyanate (FITC)-
Dextran (FD4) flux through the epithelium, 
revealed that those colonoids incubated with 
faecal supernatants derived from patients with IBS 
patients and L. rhamnosus GG were unaffected, 
whereas colonoids incubated with only the IBS-
derived supernatant displayed increased paracellular 
permeability. The protective effect of L. rhamnosus 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

isolated from any patient, allowing for the 
development of model systems that reflect the 
unique genetic information of each individual, 
facilitating the development of personalised 
medicine and the testing of drugs or bacterial 
probiotic combinations that will work for each 
particular individual. Many avenues can be explore 
using organoids as a platform for the study of 
host-bacteria interaction, as existing studies have 
been limited to the explorations of interactions 
between the host and individual bacterial species 
or known purified metabolites. When combined 
with transcriptomics, approaches involving 
complex populations – either known and defined 
or complex (faecal samples) – will provide valuable 
information that can be used to delineate the 
interactions and model-specific bacterial diseases. 
Thus, these organoids may be invaluable for 
monitoring the progress of dysbiosis during certain 
diseases (e.g. Crohn’s disease, IBS) and determining 
how C. difficile infections are established. The 
complex mechanisms underlying the transformation 
of these interactions into dysbiosis can be 
explored using various microbial combinations to 
challenge healthy organoids and observe interactions 
with healthy faecal microbiota. Prebiotics and 
probiotics are widely used to ameliorate minor 
diseases and promote a healthier gut. Organoids 
may be the key to dissecting how these beneficial 
bacteria interact with eubiotic or dysbiotic 
communities, which opens many possibilities for 
testing and improving combinations that offer a 
major host response. As most of the countless 
interactions that occur within faecal bacterial 
communities remain unknown, organoids represent 
a promising vehicle for observing and describing 
these interactions within an ecosystem that closely 
represents a physiological gut. 
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protection against EHEC and UPEC. To discern 
whether E. coli Nissle protects against EHEC and 
UPEC, the co-cultivation with HIOs was 
performed. E. coli Nissle was not able to replicate 
inside HIO cells, unlike EHEC and UPEC, which 
also destroyed the epithelial barrier. After 
incubating HIOs with E. coli Nissle for 18 and 24 
h, a challenge assay was performed using either 
EHEC or UPEC. Preincubation with E. coli Nissle 
inhibited apoptosis, the loss of epithelial barrier 
functions, and the loss of E-cadherin expression. 
Taken together, these results indicate that despite 
the close relationship with UPEC, E. coli Nissle is 
non-pathogenic and is able to confer protection 
against infections with EHEC and UPEC. E. coli 
Nissle appears to have higher fitness, 
outcompeting EHEC and UPEC due to highly 
effective intestinal colonisation, likely due to its 
intestinal adherence mechanisms and multiple 
iron acquisition systems. However, E. coli Nissle 
is prone to phage infections, and these lysogens 
can produce Shx. Thus, the wide use of E. coli 
Nissle as a probiotic and therapeutic agent could 
result in unwanted adverse effects [74]. 
A newly developed model is the “gut-on-a-chip” 
device, which was engineered to simulate the 
intestinal epithelial tissue, including peristalsis-
like motion, providing a niche for the generation 
of a stable ecosystem that can be used to track 
interactions for longer than one week. Envisioned 
by Kim et al. [75], this microdevice was tested 
using a therapeutic probiotic mixture (VSL#3) co-
cultured with enteroinvasive E. coli (EIEC). After 
one week of co-cultivation, a 50% increase in 
transepithelial electrical resistance (TEER; a 
parameter to measure intestinal barrier function) 
was observed compared with a control without 
VSL#3 colonisation. While the probiotic mixture 
was unable to completely prevent EIEC infection, 
the onset of intestinal injury was delayed by 18 h, 
which is similar to clinical findings reported for 
patients with ulcerative colitis during the early 
phase of the disease [75]. 
 
CONCLUSIONS 
Intestinal organoids are culture systems that can 
self-organise and differentiate, typically derived 
from either mature intestinal stem cells or 
pluripotent stem cells. Intestinal organoids can be 
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