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SUMMARY

Enteroid and organoid cultures have revolutionized the
study of human small intestinal biology and are outstanding

models to explore relationships between microbial
organisms and the human host. Increasing the complexity of
these cultures will contribute to a better understanding of
gut function.

New models to study the intestine are key to understand-
ing intestinal diseases and developing novel treatments.
Intestinal organ-like culture systems (organoids and
enteroids) have substantially advanced the study of the
human gastrointestinal tract. Stem cell-derived cultures
produce self-organizing structures that contain the multi-
ple differentiated intestinal epithelial cell types including
enterocytes, goblet, Paneth, and enteroendocrine cells.
Understanding host-microbial interactions is one area in
which these cultures are expediting major advancements.
This review discusses how organoid and enteroid cultures
are biologically and physiologically relevant systems to
investigate the effects of commensal organisms and study
the pathogenesis of human infectious diseases. These cul-
tures can be established from many donors and they retain
the genetic and biologic properties of the donors, which
can lead to the discovery of host-specific factors that affect
susceptibility to infection and result in personalized ap-
proaches to treat individuals. The continued development
of these cultures to incorporate more facets of the gastro-
intestinal tract, including neurons, immune cells, and the
microbiome, will unravel new mechanisms regulating
host-microbial interactions with the long-term goal of
translating findings into novel preventive or therapeutic
treatments for gastrointestinal infections. (Cell Mol
Gastroenterol Hepatol 2018;5:241-251; https://doi.org/
10.1016/j.jcmgh.2017.12.001)
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he human small intestine is a complex organ with an

epithelial surface that provides a protective barrier
against a diverse and hostile environment. New models to
study the intestine will be a key component in developing
novel treatments for many intestinal diseases. Although
tissue engineering of the human small intestine is still in its
infancy and no in vitro systems are yet available to study the
human intestine as a whole, intestinal organ-like culture

systems with long-term capacity for expansion in vitro have
given rise to elegant models of the gastrointestinal epithe-
lium. These cultures surpass and overcome limitations of
the colonic adenocarcinoma cell lines used previously that
retain altered cellular pathways of transformed cells and do
not reflect cellular or host diversity. Two pivotal technolo-
gies substantially advanced production of novel human
small intestinal cultures derived from different sources
(Figure 1). Tissue-derived stem cells isolated from human
intestinal biopsies or surgical specimens can be differenti-
ated into epithelial only cultures.””? Human pluripotent stem
cells (either embryonic in origin or reprogrammed somatic
cells) can be directed to give rise to intestinal epithelial
cultures associated with mesenchyme.’ In both systems, the
stem cells produce self-organizing cultures that contain the
multiple differentiated intestinal epithelial cell types
including enterocytes, goblet, Paneth, and enteroendocrine
cells. In 2012, the intestinal stem cell consortium proposed
nomenclature to distinguish epithelial only (enteroids) from
epithelial/mesenchymal (organoids) cultures, and we use
this terminology from here on.* These cultures have
launched a new era in the study of human gastrointestinal
tract biology, physiology, and pathophysiology.

This review discusses how enteroid and organoid cul-
tures are biologically and physiologically relevant systems
to investigate the effects of commensal organisms and
study the pathogenesis of human infectious diseases. The
small intestinal epithelium is the primary site of replica-
tion for many microbial communities and gastrointestinal
pathogens, yet fundamental knowledge of the molecular
mechanisms of human intestinal epithelial cell-microbial
interactions remains limited. Understanding host-
microbial interactions is one area where these cultures
are expediting major advancements. The unique in-
teractions between human host cells and beneficial and
pathogenic organisms are not reproduced in animal sys-
tems and unicellular transformed cell lines. Primary cell
cultures and tissue explants can be used to pattern the
human intestine, but their use is limited to short-term

Abbreviations used in this paper: HBGA, histo-blood group antigen;
IFN, interferon; IL, interleukin; 3D, three-dimensional.
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culture and continued access to the primary material. By
contrast, enteroid and organoid cultures are revealing an-
swers to longstanding questions concerning how microbial
organisms interact with and induce responses in the human
intestinal epithelium. Human-specific susceptibility factors
including genetic risk factors, age, gender, and ethnicity that
affect infection and pathogenesis can be elucidated. Both
enteroid and organoid cultures grown from many donors
resulting in “banks” will lead the way to personalized
approaches to treat individuals who develop disease. The
continued development of these cultures to include more
facets of the gastrointestinal tract will facilitate further
discoveries into host-microbial interactions with the long-
term goal of translating findings into novel preventive or
therapeutic treatments for gastrointestinal infections.
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Organization of the Small Intestine

The human small intestine consists of different cell types
and regional specialization that contribute to its biology and
physiology. The apical side of the polarized epithelium faces
the lumen of the gastrointestinal tract. The epithelium not
only functions as a barrier to the outside environment but
also has secretory and absorptive capabilities. Cellular
heterogeneity is the basis for these different functions as
goblet, enteroendocrine, and Paneth cells secrete mucous,
neuroendocrine, and antimicrobial factors, respectively,
whereas the enterocytes are primarily responsible for
absorbing and secreting luminal components basolaterally
into the portal circulation. The epithelium has 2 distinct
zones, the crypt that houses the stem cells and Paneth cells
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and the villus that is composed of the differentiated
secretory and absorptive cells and protrudes into the lumen
of the intestine. The crypt has enormous capacity for self-
renewal, which arises from multipotent stem cell pop-
ulations that proliferate, differentiate, and migrate to
become the differentiated villus cells. Adding to this
complexity is regional specificity that provides unique
functional properties in the 3 sections of small intestine
(duodenum, jejunum, and ileum). Underlying the epithelium
is the stroma consisting of mesenchymal, immune,
neuronal, smooth muscle, and endothelial cells, which
provide support, both physically and biologically, for the
epithelium. The complex nature of the small intestine pre-
sents specific challenges for tissue engineering that range
from supporting the diverse cell types that require vastly
different factors to survive in vitro and communication
pathways between the intestine and other organs that in-
fluence cellular function, to deriving an in vitro culture
platform in which the biology of the human organ is fully
recapitulated. Although not yet fully achieved, remarkable
progress is being made.

Engineered Human Gastrointestinal

Tissue

Both organoid and enteroid cultures are composed of
heterogeneous cell populations that recapitulate the
in vivo small intestinal epithelium. They self-organize into
three-dimensional (3D) structures termed mini-guts that
are maintained indefinitely by using in vitro culture
techniques with propagation in extracellular support
matrices such as Matrigel, a basement membrane analog
that helps direct the polarity of the epithelium.*>>® The
medium covering the Matrigel-embedded organoids and
enteroids contains growth factors that promote stem cell
proliferation including high concentrations of Wnt-3a and
the WNT signal amplifier R-spondin, epidermal growth
factor, and noggin, a secreted bone morphogenetic protein
inhibitor. Withdrawal of some of these growth factors
redirects the stem cells toward a differentiated cell state
resulting in cultures that are composed of all the major
differentiated cell types, in the appropriate frequencies,
that comprise the human small intestinal epithelium
in vivo. The epithelium exhibits polarization with defined
apical and basolateral surfaces, and the cultures can
generate several cell types including M cells,”® Tuft cells,’
and Paneth cells® that previously could not be generated
in vitro. Furthermore, these epithelial cultures retain
similar physiological functions of the original intestinal
tissue.'’"'* For example, they exhibit functional peptide
and ion transport and secrete chloride in response to
known secretagogues.”'®'* Most important, the stem
cells exhibit a low frequency of mutation,” and these
cultures can be expanded indefinitely and cryopreserved,
which allows long-term storage and sharing between
research groups to enable biological validation. Organoid
and enteroid cultures have several advantages over
transformed cell lines and animal models. They are able to
be generated from human cells, simulate human diseases,
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can be used to study genetic effects on intestinal biology,
are models that will theoretically lead to the establish-
ment of personalized medicine approaches for clinical
treatment, and potentially will be used in regenerative
medicine. In addition, they can be genetically manipulated
by using transfection, electroporation, and lentivirus
transduction."*'>'® These new experimental tools are
applicable for both basic and translational research.

Small Intestinal Organoids

Intestinal organoids have several advantages as an
experimental system. Because of their origin from induced
pluripotent stem cells, the establishment of organoid cul-
tures does not rely on the availability of intestinal tissue. In
addition, organoid cultures have the advantage of also
containing mesenchymal cells that interact closely with the
epithelium.*!” This mixture of mesenchymal-epithelial cells
mimics what is seen in vivo where the mesenchyme is a key
factor in controlling the growth, differentiation, and func-
tionality of the epithelium. Although the architectural
complexity of the organoid cultures approaches what is seen
in vivo, full maturation of the epithelium is not seen, and
heterogeneous differentiation between organoids is often
observed.”'®'? Transcriptional profiling analyses indicates
that human organoids exhibit a more fetal phenotype
compared with mature adult small intestine,’°"?? and the
establishment of definitive regions has been limited to
broadly proximal and distal small intestine.”® However,
further maturation is achieved when organoids are
implanted under the kidney capsule of a mouse where they
recruit mouse stromal factors that help the organoids
develop into a more adult-like phenotype.'”

Small Intestinal Enteroids

Enteroid cultures have different advantages as an
experimental system. These cultures exhibit cellular dif-
ferentiation and regional stem cell specificity similar to
what is found in vivo.” Villus-like cystic structures bud off
from a single central lumen, with stem cells and Paneth
cells at the bottom of the structure with the more mature
enterocytes, goblet, and enteroendocrine cells found closer
to the lumen. Enteroids retain regional specificity based on
the origin of the tissue (duodenum, jejunum, ileum) and
are physiologically active, exhibiting absorptive and
secretory function, and the apical surface is coated with
mucin secreted by the goblet cells.”* However, these cul-
tures lack mesenchymal cells, and thus defined exoge-
nously added factors are necessary to support their
growth. Enteroids can be used to study a number of
different somatic disorders, and many are able to replicate
disease phenotypes such as cystic fibrosis*® and cancer?
in vitro. One of the challenges in working with both the
3D organoids and enteroids is access to the apical/luminal
side of the cells that faces inward in the 3D structure.
Several methods can be used to gain access to the interior
compartment of the enclosed 3D structure including
microinjection into the lumen directly or mechanical
disruption of the enteroids.’®?’ Enteroids also can be
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plated as two-dimensional cultures in monolayers on cul-
ture dishes or on Transwells in which epithelial barrier
function can be assessed*®?? (Figure 1). In addition,
monolayer cultures allow ease of access to both the apical
and basolateral sides of the epithelium.””*’

Using Gastrointestinal Organoids and
Enteroids to Study Host-Microbial

Interactions
Microbiome

The microbiome lies on the apical side of the small
intestinal epithelium and has a significant impact on
gastrointestinal physiology and host health. Several dis-
eases have been linked to alterations in the small intestinal
microbiome including inflammatory bowel disease®” and
obesity,”® suggesting there are important molecular and
cellular mechanisms that are regulated by commensal
organisms. In addition to directly interacting with receptors
on the apical surface of the epithelium,** the commensal
organisms produce metabolic products that regulate host
physiology®® and provide a means of communication to
other organs in the body.>®*” The microbiome, called a
“new organ,” provides a variety of functions such as
maintaining intestinal barrier integrity through regulation
of tight junction proteins,*® modulating the host immune
system,*” affecting host lipid metabolism,”” and inhibiting
colonization with pathogenic organisms.*’ The localization
and density of microbial communities vary within regions
of the small intestine (duodenum, jejunum, ileum) as
well as from the lumen to the apical surface of
the epithelium.”"** Although high-throughput DNA
sequencing has made strides in determining the quantity
and identity of the microbial communities, the molecular
effects of specific organisms on the epithelium still remain
undefined.

Enteroids and organoids offer many advantages when
studying the microbiota. Although systems such as hu-
manized and gnotobiotic mice have provided the founda-
tion for understanding the impact of the microbiome in the
context of healthy and disease states, there are significant
differences in physiology, anatomy, and microbial compo-
sition between these animals and the human intestine.*?
Better approaches are needed to make advances in un-
derstanding how human physiology is modulated by mi-
crobial communities. Host-specific microbiota grown from
a single individual, cultivated classically or using novel
bioreactors,** and paired with epithelial cultures from the
same individual’s intestine enables the study of patient-
specific interventions for many gastrointestinal diseases.
Despite these advantages, there have been few to no
studies utilizing these culture systems to explore the
mechanisms by which individual bacteria impact human
epithelial physiology. One barrier is the anaerobic
requirement of many bacteria. Anaerobic organisms
injected into the lumen of 3D organoids have survived for
12 hours, suggesting the oxygen conditions in 3D cultures
may facilitate interactions between commensal bacteria
and the small intestine epithelium.”> Commensal
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Escherichia coli replicated, were completely contained
within the lumen, and did not cause damage after micro-
injection into the lumen of organoids.*® Mucin was pro-
posed as a defense mechanism to contain the non-
pathogenic bacteria. Transcriptional analysis of the
bacteria-exposed enteroids found upregulation of genes
associated with gastrointestinal maturation.

Pathogens

In contrast to the organisms in the lumen of the intestine
that maintain a homeostatic relationship with an intact in-
testinal epithelium and provide beneficial functions, patho-
genic organisms use the epithelium as a site of attachment,
invasion, and replication, leading to significant pathology
and disease in the small intestine. Gastrointestinal infections
(viral, bacterial, and parasitic) affect between 76 million
(foodborne illness) and 135 million people each year.*” The
development of treatments for gastrointestinal infections
has been limited by a lack of understanding of the patho-
genesis of many human intestinal organisms. Significant
numbers of human small intestinal infections are not
replicated well in vitro or in animals, limiting the identifi-
cation and characterization of pathogen receptors, cellular
entry pathways, mechanisms of epithelial barrier disruption,
and the epithelial response to infection. Other areas that
could benefit from increased research include studies on the
induction of antimicrobial factors within the epithelium that
prevent infection from occurring and the role of human
genetic factors that determine susceptibility to infection and
disease. New systems will advance the understanding of
biological interactions between the epithelium, commensal
bacteria, and pathogenic organisms and their relevance to
human health.

Small intestinal organoids and enteroids are new ap-
proaches to address some of the outstanding questions for
many human small intestinal pathogens. Because of the
sheer numbers of cultures that can be established from in-
dividuals of different genetic backgrounds, organoids and
enteroids can address genetically controlled susceptibility of
human cells to infection with human pathogens. Factors
influencing entry of the pathogen into the intestinal
epithelium and cell types important for replication can be
determined and evaluated. A better understanding of
signaling pathways that comprise the human innate immune
response of the epithelium, which is the first immune
response triggered by pathogenic infection, is attainable in
these systems. These pathways are important targets in the
development of therapeutics to treat infected individuals.

Both organoids and enteroids have been used to study
the pathogenesis of several enteric viruses (Table 1)
including human rotavirus, a common small intestinal viral
pathogen that causes dehydrating vomiting and diarrhea in
young children.*® Initially, organoid cultures and later
enteroid cultures were shown to support direct growth of
human rotavirus strains.'”*°~°! As expected, enterocytes
are the predominant cell type targeted by the virus in either
culture system. Unexpectedly, rotavirus also infected
mesenchymal cells in the organoids, demonstrating a



Table 1.Insights Into Human Viral Infections of Human Intestinal Enteroids

Virus Enteroid type Strains Cells infected Responses Innate responses Reference
Rotavirus HIOs Human rotavirus replication Enterocytes, 49
mesenchymal cells
Rotavirus Differentiated HIEs from Human rotavirus replicates Enterocytes, Swelling induced by viral Predominant type llI 6, 11, 51
adults, all small more efficiently than animal enteroendocrine infection and IFN response
intestinal segments in rotavirus cells; not stem cells enterotoxin treatment
3D cultures
Rotavirus HIEs from adults Human rotavirus replication Antiviral testing Selected innate 50, 53
response genes
induced
Human norovirus Differentiated HIEs from Multiple human norovirus Enterocytes; not stem Inactivation and Host-specific 6, 30
adults, all small strains replicate; strain- cells neutralization tested susceptibility to
intestinal segments on specific requirements for infection based on
monolayers replication; some require host HBGA
bile expression
Enteroviruses HIEs from human fetal Strain-specific differences in Strain-specific 56
small intestine in 3D relative replication responses
cultures efficiency with EV11 and
CBV high and EV71 low
Echovirus 11 Good infections; cpe; cell Enteroendocrine cells; Differential induction of 56
death; mislocalization of not goblet cells 350 transcripts;
occludin; infectious virus cytokines,
produced in levels similar chemokines; IFN-
to Caco-2 cells stimulated genes
Coxsackievirus B Good infections by Differential induction of 56
immunofluorescence and 13 transcripts
viral RNA
Enterovirus 71 Lower levels of replication No significant induction 56

CBV, Coxsackievirus B; cpe, cytopathic effect; EV11, Echovirus 11; EV71, Enterovirus 71; HIE, human intestinal enteroid; HIO, human intestinal organoid.
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previously unknown cell tropism. Enteroendocrine cells also
are infected in the enteroid cultures, and rotavirus-infected
or viral enterotoxin-treated enteroid cultures exhibit
swelling indicative of a pathophysiological response likely
reflecting chloride secretion that is associated with the
disease symptom of diarrhea.’! Recent studies demonstrate
that susceptibility to rotavirus infection and response to
rotavirus vaccines may be mediated by host genetic factors
such as the expression of histo-blood group antigens
(HBGAs).”” Enteroids from different patients support vary-
ing levels of rotavirus replication mimicking differences in
susceptibility between different individuals in the popula-
tion. Exposure to one licensed rotavirus vaccine resulted in
lower vaccine replication in specific enteroids when
compared with other enteroids, indicating putative host
factors that influence vaccine immunogenicity and effi-
cacy."’ Organoid and enteroid cultures provide a new tool in
which epidemiologic data on host susceptibility factors can
be tested and validated. One explanation for the variation in
host response may be the innate immune response mounted
by the epithelium. Enteroids respond to human rotavirus
infection with a robust innate immune response, with the
predominant transcriptional pathway induced by human
rotavirus infection being a type Il interferon (IFN) response
that activates IFN-stimulated genes.”’ Enteroids have been
used to model antiviral effects of both IFNs and ribavirin
against patient-derived rotavirus strains.”’ Sensitivity to
treatment with these antivirals varied substantially on the
basis of enteroid line.”” The importance of this response in
limiting epithelial infection remains to be elucidated.
Enteroids also can be used to evaluate antivirals for the
treatment of rotavirus-infected children and chronically
infected transplant patients,’*°* and may provide new
preclinical assays for understanding vaccine attenuation.

Human noroviruses cause 699 million episodes of
gastroenteritis and 219,000 deaths globally every year.”
For decades little progress had been made into preventive
or therapeutic modalities for norovirus disease. In a land-
mark discovery, human noroviruses, previously uncultivat-
able in transformed epithelial cell cultures and small animal
models, were demonstrated to replicate in human enteroid
cultures.’” Robust and reproducible in vitro cultivation of
human noroviruses in enterocytes was seen for multiple
virus strains in differentiated cultures from all segments of
the small intestine. In addition, norovirus replication in
enteroids mimics epidemiologic data on differences in host
susceptibility to infection; enteroids derived from in-
dividuals who lack a functional fucosyltransferase 2 enzyme
to express specific HBGA receptors associated with sus-
ceptibility to infection did not support virus replication.*’
Unexpectedly, strain-specific requirements were discov-
ered, with the addition of bile being required to support
replication in enteroids for some norovirus strains. This
system can be used to evaluate and develop antivirals,
inactivating agents, and to understand virus infectivity and
replication. These studies demonstrate the potential of hu-
man enteroid cultures for studying and understanding the
host factors and pathogenesis of previously non-cultivatable
pathogens.
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Other enteric viruses classified as enteroviruses, such as
echovirus 11, coxsackievirus B, enterovirus 71, and polio-
virus, infect and replicate to different levels in human
enteroid cultures produced from human fetal small intes-
tine.”® Transcriptional analysis of echovirus 11-infected
enteroids showed differential induction of 350 transcripts,
whereas only 13 transcripts were induced after coxsack-
ievirus B infection. The transcripts induced by echovirus
included immune factors such as cytokines, chemokines, and
IFN-stimulated genes, possibly explaining lower levels of
replication compared with coxsackievirus B. Like rotavirus,
in addition to infecting enterocytes, echovirus 11 infected
enteroendocrine cells. These studies contrast previous work
in transformed cell lines that suggested enterovirus did not
infect the intestinal epithelium but rather used it as a
conduit to reach other target cells.”” Taken together, these
studies of viral infections demonstrate human enteroid
cultures provide important insights into viral pathogenesis
that are not replicated in transformed cell lines.

The pathogenesis of human bacterial infections also has
been studied in organoid and enteroid systems. Bacterial
pathogens cause significant foodborne gastroenteritis, and
many cause their effects in the small intestine. The tran-
scriptional response of organoid cultures was examined
after microinjection with salmonella strains®and included
cytokine responses such as interleukin (IL)-23A, which is
linked to protection of the intestinal barrier,”” and IL8, IL1B,
tumor necrosis factor, and CXCL2, which are proin-
flammatory. Goblet and enteroendocrine cell-associated
genes were also upregulated. Imaging approaches docu-
mented the attachment of salmonella on the apical surface
of the organoid epithelium and classic vacuoles containing
the pathogen. Enteroids were used to demonstrate adher-
ence patterns when exposed to different strains of patho-
genic E. coli.?° Similar to rotavirus, 3D human enteroids
responded to luminal microinjection of enterotoxigenic
E coli by swelling representing secretion of fluid.°® The Shiga
toxins produced by enterohemorrhagic E coli stimulate toxin
micropinocytosis and host actin remodeling.*" Studies using
non-foodborne bacteria such as Clostridium difficile that
cause infectious diarrhea demonstrated disruption of the
epithelial barrier, alterations in transporter expression
related to diarrhea, loss of polarity, and reduction of mucous
production when organoid cultures were exposed to either
the pathogen or its toxins.”>®"® Vibrio cholera toxin eli-
cited a faster increase in cyclic adenosine monophosphate in
enteroids expressing blood group O antigens than those that
expressed A antigen.”® These studies had an almost perfect
parallel to clinical and epidemiologic data showing corre-
lation between O blood group and risk for cholera. Overall,
the use of these engineered gastrointestinal culture systems
to study human bacterial infections demonstrates the
potential for developing systems that allow host factors that
contribute to disease pathogenesis caused by a microbial
agent to be elucidated.

Approaches using organoid or enteroid cultures to study
helminth and protozoa infections have lagged behind those
used to study viruses and bacteria. Parasites are a world-
wide health problem and cause significant morbidity and
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mortality affecting close to 3.5 billion people. There are
many difficulties in propagating these organisms in vitro
including host restriction and complicated life cycles. Major
questions still remain for many gastrointestinal parasites
including mechanisms of disease, loss of barrier function,
and identification of virulence factors. In addition, little is
known about host factors that affect infection. Human
enteroid and organoid cultures have the potential to make
major inroads into addressing some of these questions as
they pertain to parasite infections. Once the systems are
more established, these models could be used to screen new
anti-parasitic drugs.

Challenges to Existing Engineered
Gastrointestinal Tissues

Organoid and enteroid cultures are simple to maintain,
offer the unique capability of examining susceptibility to
infections within certain genetic populations, and allow
comparative analysis between these cultures and human
tissue. Most importantly, these systems offer pathways to
personalized medicine. Several areas to improve these sys-
tems for studies involving beneficial and pathogenic or-
ganisms include adding physical organization, immune cells,
and neuronal signaling. Moving forward, the evolution of
organoids and enteroid cultures will only serve to enhance
these methods for use in studying the microbiome and in-
fectious pathogens (Figure 2).

Advances in culturing suggest that proper temporal or-
ganization in a crypt-villus-like unit in a two-dimensional
format is an attainable goal'” and one that will be neces-
sary to consider when examining the interactions of many
microbial organisms with the epithelium. Currently, orga-
noids and enteroids lack the definitive crypt-villus structure
in monolayer format that facilitates the natural route of
exposure to the apical surface. Of importance also will be

N\
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incorporation of the mesenchyme (enteroids) and the
mucosal muscular layer, the muscularis mucosa (enteroids
and organoids), both of which participate in bidirectional
signaling with the epithelium. Another hurdle in culturing
these tissues is controlling the variability of reagents.
Matrigel and non-commercially produced growth factors are
expensive, have lot-to-lot variation, and are not fully
defined. As culture conditions become more sophisticated,
the development of defined reagents will ensure reproduc-
ibility of complex cellular systems.

Organoids and enteroids also lack components of the
immune system. The complex interaction between the
epithelium, the immune system, and microbes is key to
understanding small intestinal physiology. Co-cultures of
enteroids with macrophages have been successfully estab-
lished,* resulting in enhancement of epithelial barrier
function and enteroid maturation. A coordinated response
of these co-cultures to exposure with enterotoxigenic and
enteropathogenic E coli infections was documented by
observing intraepithelial macrophage projections, efficient
phagocytosis, and stabilized barrier function. Organoids
cultured with neutrophils recapitulate innate cellular
responses when exposed to Shiga toxin-producing E coli
including cytokine response, loss of epithelial integrity, and
activation of stress responses that involve reactive oxygen
species.”® These studies provide critical evidence that
illustrates the importance of incorporating the immune
system into these cultures in the context of studying
microbial organisms.

The enteric nervous system also plays a key role in the
physiology of infections through its regulation of movement,
secretion, fluid flow across the epithelium, and epithelial
barrier integrity.®” The myenteric and submucosal plexi
have networks of neurons and glia that extend throughout
the various intestinal compartments including where they
play a critical role in modulating epithelial function. Because
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of its location and function, the enteric nervous system is
thought to modulate responses to insults by triggering
pathways that result in diarrhea and vomiting. However, the
dissection of these contributions has been difficult, with no
current way to study the enteric nervous system in vitro.
Recent work by Workman et al®® utilizing a tissue-
engineering approach resulted in the generation of normal
intestinal enteric nervous system within an organoid cul-
ture. Importantly, these neurons functionally regulated
waves of propagating contractions. This system shows
tremendous promise to dissect the molecular aspects of
enteric nervous system-epithelial interactions with both
microbiome and pathogenic organisms.

As advances are made in organoid and enteroid cultures,
validation will be an important consideration. Variability is
an inevitable result of using human tissue as the source of
these cultures. Transcriptional analyses of multiple jejunal
enteroid cultures revealed that the transcriptional profile
clusters first by individual. However, infection of these
cultures with human rotavirus revealed a distinct and
common transcriptional response,”’ indicating that amid
the human variability, common biological responses exist
that are most likely relevant to understanding host-
microbial interactions. Thus research directed toward
determining host responses to microbial pathogens or
commensals will benefit from validation across multiple
organoid or enteroid lines. Analyses in cultures representing
biologic replicates will be paramount to discovering and
validating global host factors that can then be further tested
in patients. Well-characterized biobanks of human intestinal
organoids and enteroids generated from multiple in-
dividuals and shared among researchers will be required
and will provide unique tools to define common host genes
and responses involved in host-microbial interactions.

Summary

It is evident that the use of engineered human gastro-
intestinal organoid and enteroid models that recapitulate
the complexity and cellularity of the small intestine is
facilitating discoveries and providing new, fundamental
knowledge on normal human intestinal physiology and
pathophysiology and how the host responds to microbial
pathogens and commensals. Application of these models
ranges from patient-specific personalized medicine studies
to pre-clinical studies for vaccines and therapeutics where
the impact of differences in host susceptibility and response
is a critical parameter for response assessment. Significant
efforts continue to be made in the development of complex
intestinal culture systems and will contribute to the long-
term goal of developing integrated engineered human tis-
sue models and human organs on a chip to understand gut
function in health and disease.
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