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In Vitro Models of Intestine Innate Immunity
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Animal models have delivered critical insights into mechanisms underlying the
intestinal innate immune system; however, inherent differences exist between
human and animal systems. To further understand the intestine innate immune
system, there is a growing need for in vitro tissue model systems using human
cells. A critical feature of in vitro cell and tissue models is the subepithelial envi-
ronment, which contains additional cell types and includes 2D, microfluidic,
organoid, and 3D tissue models. Where mouse models for the study of intestinal
innate immune systems fall short, developments from in vitro models continue to
grow in importance to aid efforts to understand this system in the context of dis-
ease and potential treatments.

Rationale for In Vitro Models of the Intestine Innate Immune System

The intestinal innate immune system is the first line of host defense against intestinal pathogens.
This system encompasses barrier defenses maintained by the epithelial cell layer, as well as bac-
tericidal immune cell populations consisting of macrophages and neutrophils (Box 1). Animal
models have delivered critical insights into mechanisms underlying the intestinal innate immune
system, but there is a growing need for new in vitro tissue model systems using human cells to fur-
ther understand this system, due to the differences between animal and human innate immunity,
especially in the intestine. Mice, which form the basis of immunology research, have evolved to
handle short lifespans in environments closer to the ground, leading to different immunologic chal-
lenges. Inherent differences between human and mouse intestines include more types of a-
defensins (see Glossary) secreted by Paneth cells [1], a lower neutrophil to lymphocyte ratios
[2], and altered microbiome compositions [3] (Table 1). Recent advances in the development of
in vitro tissue models include more cell types, particularly through the use of intestinal organoids,
which have enabled the improved recapitulation of human intestinal epithelial complexity [4,5]. Fur-
thermore, different cell and tissue model formats (e.g., 2D cell culture, microfluidic chips, organoids,
3D tissues with scaffolds) have enhanced the utility of in vitro models (Figure 1). These advances
now enable studies of intestinal innate immunity, including those related to inflammatory bowel
disease (IBD), by investigating fundamental cell and tissue level interactions (Figure 2).

The structure of the subepithelial space, where immune cell types can be cultivated, is a critical
feature impacting intestinal innate immunity and provides a basis for grouping these in vitro cell
and tissue models. For example, 2D models are static cultures typically with a planar epithelial
space with or without subepithelial culture space on the lower side of Transwell (Figure 1A).
Microfluidic models similarly have a planar epithelial space but with a dynamic (fluid flow) culture
subepithelial space, though a subepithelial space comprised of an encapsulated matrix is possi-
ble (Figure 1B). Organoids that have a hollow lumen enclosed with an epithelium have a Matrigel
subepithelial space with limited access to apical and basal cell surfaces (Figure 1C). 3D tissue
models that tend to have a lumen space on top of an epithelium cultured on a 3D matrix have
a 3D scaffold-based subepithelial space (Figure 1D). 3D tissue models with bioreactor perfusion
also provide long-term culture and peristaltic stimulation, enabling the study of both acute and
chronic inflammation. There is a need to clarify how well the various cell and tissue model systems
mimic the native system, including the strengths and limitations of each of these options (Table 2,
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Box 1. Barrier Defenses of the Intestinal Innate Immune System

The intestinal epithelium has several key features that are part of its function as a selective barrier that allows nutrient
uptake while barring pathogens from entering the body. Goblet cells secrete a transparent layer of mucus and acts as a
barrier between epithelial cells and gut microorganisms (Figure IA). The small intestine epithelium tends to have a thinner
mucus layer, though a thick mucus layer can be induced [67]. In the large intestine, two distinct layers of mucus are
present: an inner layer that is firmly attached to the epithelium and is void of microorganisms and a loose outer layer
populated with bacteria [67]. Due to the barrier functions of the mucus layer, this is a crucial part of the intestine’s innate
immune system. Epithelial barrier permeability is controlled by tight junctions, which regulate the translocation of water,
nutrients, and other solutes across the microscale spaces between enterocytes and other epithelial cells, including
enteroendocrine cells (Figure IB) [68]. Hormone-secreting enteroendocrine cells and the enteric nervous system work in
conjunction to sense the luminal environment, then regulate intestinal barrier function and the immune response [69,70].
Paneth cells secrete a-defensin and other antimicrobial peptides into the lumen, which prevents colonization of epithelial
surfaces by pathogens (Figure IC) [1]. Epithelial barrier disruption by bacteria triggers an inflammatory response involving
cytokine release, which results in localized tissue responses such as infiltration of neutrophils and macrophages (Figure ID).
Neutrophils provide defenses against microbes and recruit other cells, including macrophages, which are responsible for
phagocytizing pathogens [71]. During and after inflammation, fibroblasts and myofibroblasts secrete factors involved with
inflammatory response and ECM remodeling for tissue repair [72]. Tissue renewal to re-establish intestinal barrier function
is driven by LGR5+ stem cells, which reside in intestinal crypts and are capable of recreating all cells types in the intestinal
epithelial layer [4].
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Key Table), the subject of this review. Synergies between cell culture, tissue engineering, and im-
munology continue to improve the relevance of in vitro tissue models for investigating disease
mechanisms and treatments.

2D Models: Tissue Culture Plastic, Transwells, Ussing Chambers
The 2D models comprise cells grown on a flat substrate, often tissue culture plastic (Figure 1A), in
a static culture environment and are commonly used to investigate cell interactions in vitro due to
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Glossary

a-Defensins: antimicrobial peptide
produced by Paneth cells and human
neutrophils.

Butyrate: a short chain fatty acid, a
major energy source for epithelial cells.
Caco-2, HT-29, T-84: three commonly
used human colon cell lines for modeling
the intestinal epithelium.
Card15/Nod2-deficient: mice with
little Card15 and Nod2 expression.
Casp8 ~'EC: mice that do not express
caspase-8 (casp8, critically involved in
mediating cell death) in the intestinal
epithelium.

Celiac disease: characterized by
intestinal inflammation against gluten.
Colonoids, enteroids, induced
pluripotent stem cell (iPSC): derived
from the large intestine, small intestine,
and iPSCs, respectively.

Crohn’s disease: type of inflammatory
bowel disease, typically affecting small
intestine epithelia.

Cyclic GMP: cyclic guanosine 3',5-
cyclic monophosphate, a signaling
molecule that modulates a range of
intestine functions, including proliferation
and barrier functions.

Cystic fibrosis: hereditary disease,
characterized by thick mucus.

Dextran sulfate sodium (DSS):
induces colitis in mice by disrupting
epithelial lining.

Extracellular matrix (ECM): network
of macromolecules that provide
structural support and cell signals.
Gliadin: storage protein responsible for
gluten intolerance.

H19™"~: mice without H19 expression.
IFNB: interferon beta, a type 1 interferon
that protects epithelial cells under viral
infections.

IFNy: interferon gamma,
proinflammatory cytokine.

IL-17: proinflammatory cytokine.
IL17A~"~ mice without IL17A
expression.

Inflammatory bowel disease (IBD):
uncontrolled immune reaction of the
intestinal epithelial lining; Crohn’s
disease and ulcerative colitis are types of
1BD.

LGRS5: leucine-rich repeat-containing
G-protein coupled receptor 5, marker for
intestinal epithelial stem cells.
Lipopolysaccharide (LPS):
proinflammatory molecule derived from
bacteria.

Lumen: interior of tubular structure.
Matrigel: gelatinous protein mixture
derived from mouse tumor cells.

Trends in Biotechnology, March 2021, Vol. 39, No. 3 275



Image of Figure I

- ¢? CellPress

Table 1. Features in the Human Intestine That Are Different Than in Mice

Location Human intestine Mouse intestine Refs
General e Higher Firmicutes:Bacteroidetes ratio ¢ Higher Bacteroidetes:Firmicutes ratio [3,73-76]
differencesin e Actinobacteria present e Actinobacteria absent
intestine * Enteroendocrine populations are sparsely * Enteroendocrine populations are densely
populated populated
o | -cells express more GIP, CHGA, ASIC5, GIPR, ¢ L-cells express more Gpr174, Gpri71,
GPR142, SCTR, PTH2R, CHRNAS, and OPRK1 Ghr, Grpr, Ptger1, Cnr1, Insl5, Gpr22,
* Neutrophis produce defensins and Ghrl
® Blood composition is 30-50% lymphocytes and ®  Neutrophils do not produce defensins
50-70% neutrophils e Blood composition is 70-90% lympho-
*  Only 60% of dendritic cells express CD103 in cytes and only 10-30% neutrophils
ileum and colon e Almost all dendritic cells express CD103
in ileum and colon
Small e Shorter villi with mucosal folds e Taller villi with no mucosal folds [74,75,77]
intestine e Enteroendocrine populations secrete motilin - ®  Enteroendocrine populations do not
* Paneth cells secrete two a-defensins secrete motilin
e Paneth cells secrete over 20 a-defensins
Large e Susceptible to E. coli infection at low doses e  Susceptible to E. coli infection at much ~ [283,31,77]
intestine ® Paneth cells present in cecum and proximal colon  higher doses

Paneth cells present only in cecum
Goblet cells abundant in proximal colon

o Goblet cells present from cecum to rectum .
e Small pouches segmenting the large intestine,
known as haustra, are present but diminish in distal colon and rectum
® Increased permeability in left colon * Haustra absent
* Increased permeability in midcolon
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Figure 1. In Vitro Models of Intestinal Innate Immune Functions. (A) The 2D models present a flat cell culture surface
with static media conditions. Transwell membranes enable coculture with multiple cell types and can provide each cell type
with optimized media [16-19]. (B) Microfluidics enable dynamic culture conditions. The mechanical microenvironment of the
of cell is known to influence cell function [27]. By continuously streaming in media, cells experience shear stress, which
improved epithelial barrier functions and modulated microbial-epithelial interactions [10,26,27]. Membrane-based
microfluidics enable cocultures of different cell types separated by a porous membrane and can expose cells and
microbes to shear stress [25-32]. (C) LGR5+ intestinal organoids form hollow multicellular structures in Matrigel droplets.
Organoids derived from small and large intestinal epithelia of patients can be stably propagated in Matrigel culture. The
epithelial cells are typically polarized with microvilli protrusions facing the inside, mimicking the intestinal epithelium.
(D) Epithelial cells can be cultured on a 3D substrate embedded with immune cells; these 3D substrates present a
microenvironment differing significantly from 2D, resulting in altered cell morphology and gene expression [79]. A spongey
matrix with collagen gel can be used to form a tubular structure, with epithelial cells lining the inside surface and immune
cells embedded within the spongey matrix to mimic intestinal architecture [65].
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Peripheral blood mononuclear
cells: a mixed population of
lymphocytes and monocytes.

Short chain fatty acid: produced by
fermentation and the primary energy
source of colonic epithelium.

STAT1: signal transducer and activator
of transcription 1, involved in gene
regulation under interferon stimulation.
THP-1: human monocyte-like cell line,
used to model monocytes and
macrophages.

TNFa: tumor necrosis factor alpha;
proinflammatory cytokine.

TNF2ARE: mice with uncontrolled TNFa
expression.

Transepithelial electrical resistance
(TEER): quantifies barrier integrity.
Ulcerative colitis: inflammatory bowel
disease, typically affecting large intestine
epithelia.
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Figure 2. How In Vitro Models Are Used to Study Diseases of the Intestine Innate Immune System. (A) Epithelial
proteins such as wheat germ agglutinin (WGA) and actin may be labeled via immunohistochemistry on non-differentiated (ND)
and differentiated (DF) epithelial cells to confirm epithelial organization and polarity (scale bars: 20 pm) [16]. Reproduced from [16]
under a Creative Commons license. (B) Secretion of cytokines such as interleukin (I-1f3, IL-6, and TNFa can be quantified using
ELISAs in either apical (AP) or basal (BL) compartments of microfluidics-based systems inflamed by dextran sulfate sodium
(DSS), lipopolysaccharide (LPS), or Escherichia coli [36]. Reproduced from [36] under the PNAS license. (C) Expression of genes
associated with innate immune responses, such as IL-37, can be assessed via gRT-PCR in organoids derived from non-celiac
patients (NC), celiac patients with active disease (CD-A), and celiac patients in remission (CD-GF) [19]. *P < 0.01, **P < 0.001
based on the Mann-Whitney test. Reproduced from [19] under a Creative Commons license. (D) Histological sections of 3D
biomimetic tissue models can be immunostained for e-cadherin and CD68 to label epithelial cells and macrophages,
respectively, to observe immune interactions with the epithelium [65]. Reprinted, with permission, from [65].

cost effectiveness, ease of use, and speed (Table 2). While 2D models are convenient, they
present a cell environment unlike that of the native tissue as cells are confined to a monolayer.
Strategies to improve the physiological relevance of 2D models include adding multiple cell
types [6,7], stratifying cells, incorporating extracellular matrix (ECM) components, and
dynamic elements [8,9].

Key Table

Table 2. Overview of In Vitro Models of the Intestine Innate Immune
System

Transwell Microfluidic chips Organoids 3D tissue cultures
Spatial architecture Planar Planar 3D Planar & 3D
Compartmentalization v v v
Anaerobic lumen v v
Microbiome v v v v
Peristalsis v v
Long-term cultivation (>1 month) v
Immune coculture (>1 week) v
3D innervation v v
Epithelial growth area 0.33 cm? <0.33 cm? N/A >0.33 cm?
Refs [9,16-18,20]  [25,27,29-31,36]  [42,45,57,79]  [61,64-66,78,80]
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Common cell sources for in vitro models of the intestinal epithelial barrier include immortalized cell
lines such as Caco-2, HT-29, or T84 due to ease of use and relatively low cost [6,7,10,11].
Coculturing enterocyte-like Caco-2 with goblet-like HT-29 cell lines, as opposed to monocultures
of either of these lines, provided a better mimic of intestinal nutrient absorption and mucus secre-
tion [6]. However, T84 cell lines were better in vitro mimics of colonocytes than Caco-2 cells due
to their shorter microvilli and their response to short chain fatty acids, features that are prom-
inent when moving from the small to the large intestine [11]. A synthetic mucus layer overlaid on a
Caco-2 monolayer improved viability and barrier functions with a fed state simulated intestinal
fluid over single and cocultures of Caco-2 and HT-29 [7]. Studies also used intestinal organoids
that are intestinal stem cells derived directly from the native intestine epithelium without transfor-
mation for 2D studies. Unlike organoid studies, 2D models enable easy access to the apical cell
surface for feeding and treatment [9,12]. Additionally, 2D models reduce variability in cell mor-
phology so that other variables, such as proliferation, differentiation, self-renewal, and polariza-
tion, can be studied to optimize culture conditions [9].

Inflammatory molecules, ECM components, and bacterial cultures can be added to 2D intestinal
epithelial barrier models to study tissue response [13-15]. Addition of collagen peptides on the
apical side of a Transwell insert counteracted increases in barrier permeability in Caco-2 cells in-
duced by the addition of TNFa to the basolateral side of the insert [13]. Furthermore, lipopoly-
saccharide (LPS)-induced inflammation in Caco-2 and THP-1 cell lines affected the levels of
anti-inflammatory cytokine, interleukin 10 (IL-10), and proinflammatory cytokines, IL-13 and
TNFa [14]. Bifidobacterium dentium enhanced goblet cell function in cocultures with T84 cells,
providing a protective advantage for the host [15].

To study interactions between the intestinal epithelium and underlying immune cell populations, 2D
Transwell membrane systems with an epithelial monolayer seeded on the top side of the Transwell
membrane and a macrophage layer in the bottom compartment are common (Figure 1A) [16,17].
Transwell-based systems can be used to study cell interactions since both anchorage-dependent
and anchorage-independent cell lines can be cultured in separate media. This is due to a porous
membrane that separates the different cell types and media allowing for migration, invasion, and
permeability studies. The porous membrane enables measures of transepithelial electrical re-
sistance (TEER), which provides quantitation of the electrical, ohmic resistance of the membrane
bound cell layer. TEER provides a measure of barrier functions and therefore allows for increased
physiological relevance of in vitro epithelial cell monolayers [18,19]. In one study, TEER was used to
investigate the contribution of the intestinal permeability to celiac disease [19]. Organoids from
celiac disease patients and controls were seeded onto Transwell plates, challenged with gliadin,
and finally given microbiota-derived byproducts. TEER measurements showed decreased barrier
function upon addition of gliadin and improved barrier function upon addition of microbial
byproducts [19]. Oxygen perfusion was also used to generate a dynamic Transwell system
using affordable and commercially available materials. This setup is especially useful for studies in-
volving coculture with anaerobic microbes that typically only last up to 8 hours in the absence of
fluid flow. The addition of perfused oxygen from the basolateral side of the epithelial monolayer in-
creased the TEER of the monolayer and also supported longer-term cultures of over 24 hours in
the absence of fluid flow [20].

A coating of ECM protein on transwell membranes or plastic can increase cell viability, differenti-
ation, migration, and proliferation. Common ECM protein coatings include collagen, fibronectin,
poly-L-Lysine, and Matrigel [8,9]. Many studies use a collagen coating, as this is a well-
established, reliable coating method that mimics in part the native composition of the intestinal
stroma [21,22]. Matrigel coatings improved organoid monolayer survival compared with poly-L-
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Lysine or collagen coatings, however, this study was conducted using monolayers derived from
mouse enteroids and further studies would be needed to confirm this outcome with human
enteroids [9]. ECM coated models are important in culturing organoid as these cells have more
complex needs and require more remodeling than immortalized cell lines.

Ussing chambers provide a system for studying the transport of nutrients, ions, and drugs across
epithelial tissue. An Ussing chamber can be used to take electrophysiological measurements of
active transport across a membrane, such as an intestinal epithelium, by eliminating forces like
hydrostatic pressure, osmotic pressure, and membrane potential. Ussing chambers are therefore
useful for modeling and measuring gut integrity and innate immunity. Ussing chamber models are
also used to study in vitro constructed epithelial tissues as well as harvested ex vivo epithelial
tissues [23,24]. While Ussing systems present advantages in limiting outside forces and allowing
for ex vivo tissue permeability analysis, they are seldom used for in vitro studies due to the
challenges involved in equipment setup and methodology [23].

The standard for in vitro modeling has long been 2D tissue culture and even as newer models
emerge that better represent the complexities found in vivo, 2D culture remains important. It is
fast, straightforward, and cost-effective and consequently imperative to retrieving preliminary
data and serving as a control group when testing more complicated in vitro modeling platforms.

Intestinal Barrier Models in Microfluidic Systems

Membrane-based microfluidics are comprised of an ECM coated membrane with micro-level
fluid flow on either side of the membrane, mimicking the dynamic microenvironment of epithelial
tissue (Figure 1B). Multiple studies have investigated the relevance of features such as fluid flow
[25-28], oxygen content control [29,30], cyclic membrane stretch [25-27], and whole membrane
imaging [31,32] in these systems. Coupled with the capability to culture multiple cell types and
microbial species, these systems enable investigation of host-microbe interactions for insights
into the intestine’s innate immune functions, especially in epithelial barrier defense. Recent ad-
vances in organoid cultures have yielded intestine chips using human colonoids, enteroids,
and induced pluripotent stem cell (iPSC) organoid cells, although Caco-2 cell lines continue
to reveal insights. However, like 2D cultures, cells in microfluidics systems are often seeded in
a monolayer, which restricts cell proliferation to a planar growth area (Table 2).

Human colonoids are used to model the large intestine epithelium in membrane-based
microfluidic systems to leverage imaging of the whole epithelium in assessing epithelial response
to enterohemorrhagic Escherichia coli and metabolites [31]. Changes in colonoid mucus produc-
tion were also studied and showed that colon mucus thickness could be modulated by prosta-
glandin E2 [32]. While luminal flow was used in these studies, contributions of cyclic stretch
and oxygen content were not explored.

Human enteroids are used on membranes in microfluidic systems to model the small intestine
epithelium and to investigate the relevance of flow and cyclic stretch [25] on the functions, with
comparisons to Caco-2 systems [10,28,33]. In one study, human jejunal enteroids cocultured
with heat-stable enterotoxin from enterotoxigenic E. coli showed that fluid flow increased cell
heights and cyclic GMP secretion [25]. In another study, multiple patient-derived enteroids
cultured with human intestinal microvascular endothelial cells had more transcriptomic similarities
with the native tissue than enteroids in Matrigel culture [33]. Lastly, human enteroids derived from
iPSCs cultured in the membrane-based microfluidics showed the formation of villi-like projections
and response to IFNy and TNFa, two inflammatory cytokines present in IBD [28].
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The lumen of the intestine is largely oxygen-free space and many intestinal microbes are obligate
or facultative anaerobes; as a result, controlling the oxygen content is necessary for physiologi-
cally relevant cocultures of microbiomes and intestine cells. Oxygen control has been explored
in membrane-based microfluidics using Caco-2 cell lines to coculture microbial species
[29,30,34]. Anoxic media in the top compartment with an oxygenated bottom compartment
resulted in comparable Caco-2 epithelial viabilities between anoxic and oxygenated conditions
when cocultured with bacteria [30]. Moreover, low oxygen conditions sustained diversity of a
mixed population of bacteria in an oxygen-sensing intestine chip with Caco-2 cells [29]. In the
HuMiX microfluidics system, membranes separated anoxic bacterial cultures from the
oxygenated epithelial layer, allowing transcription and metabolic and immunologic analyses of
host-microbe interactions [34].

Fully oxygenated membrane-based microfluidics systems with Caco-2 cells also contributed im-
portant insights into modeling intestinal barrier functions and microbe interactions [26,27,35-39].
Luminal flow and cyclic strain increased intraepithelial cell growth of Shigella [26]; however, those
mechanical forces also suppressed E. coli overgrowth in an earlier study [27]. In one study, multi-
organ tissue flow (MOTIiF) membrane-based microfluidic chips with dual flow were adapted for a
successful triculture of Caco-2, human vascular endothelial cells, and monocyte-derived macro-
phages with cultures of Lactobacillus rhamnosus, a probiotic bacteria, and Candida albicans, a
pathogenic fungus [35]. The importance of maintaining epithelial barriers for studying the effects
of probiotics was demonstrated and the adherence of peripheral blood mononuclear cells to
the bottom side of the membrane was observed under dextran sulfate sodium (DSS) and LPS
stimulation [36]. Viral infections were also supported and the apical and basal release of viral loads
and cytokines was demonstrated [37]. Characterization of microfluidics with Caco-2 cells
showed populations of enterocytes, goblet cells, Paneth, and enteroendocrine cells, as well as
a mucus layer, establishing Caco-2 cells as relevant for studying epithelial barrier functions [38].
Moreover, coculture of the Caco-2 system with L. rhamnosus GG showed improved Caco-2 dif-
ferentiation and the formation of villi-like structures [39]. Though organoid cultures have demon-
strated improved immunologic responses over Caco-2 cell lines [28], important microfluidics
studies using Caco-2s continue to be published.

Alternative microfluidic systems include whole organ and tissue biopsy culture systems [40,41]. In
one study, whole mouse intestines were removed and perfused through the lumen, preserving
the native cell populations and architecture of the organ for up to 40 hours [40]. This system
was used to investigate innate immune and neuronal response to bacteria and demonstrated
peristaltic activity. Human tissue biopsy samples of intestines have also been integrated into
microfluidics systems with sustained culture for 72 hours and separation between luminal and
bulk media flow [41]. Biopsies in the system from IBD patients showed sustained release of
calprotectin, a marker for inflammation.

Dynamic culture conditions, cyclic stretch, and anaerobic sensing are unique features of
microfluidic models. These models can highlight how mechanical influences such as shear stress
and epithelial stretch impact the epithelial barrier and culture with microbes.

Innate Immunity in Intestinal Organoids via Matrigel Droplet Culture

Intestinal organoids are hollow multicellular structures derived from the small or large intestine
LGR5+ epithelial cell populations and can be indefinitely propagated as a nontransformed and
stable cell population in Matrigel droplets (Figure 1C). While organoids can display features of
the derived intestine tissue, spatial control of organoids for coculture is difficult and compartmen-
talization of difference cell populations is not possible (Table 2).
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Accessing the apical side of intestinal organoids, which mimics the lumen of the intestine, is chal-
lenging; however, technigues such as fragmentation and microinjection have supported cultures
of pathogens, including Toxoplasma gondii [42], Cryptosporidium parvum [43], Salmonella
typhimurium [44], and Lactobacillus acidophilus [44] within the lumen of mouse and human intes-
tinal organoids. The successful infection of genetically modified T. gondii in mouse Intestinal
organoids [42] and C. parvum in human enteroids enabled studies to explore these organisms.
For C. parvum, the parasite completed its life cycle, validating organoids as a physiologically
relevant platform to study parasitic infections [43]. L. acidophilus cultured within organoids via
fragmentation prevented organoid disruption, while culturing S. typhimurium elevated TNFa se-
cretion [44]. Basal cocultures of immune cells were also performed by mixing cell suspensions
of bone marrow-derived dendritic cells (BMDCs) [45], or lamina propria leukocytes (LPLs) [45]
with dissociated organoids in liquid Matrigel prior to droplet formation. Cocultures of LPLs or
BMDCs with mice intestinal organoids showed that adhesion of LPLs or BMDCs to organoids
resulted in large cystic morphologies with goblet cell depletion [45].

Monocultures of intestinal organoids were used to investigate intestinal immunity to derive
mechanistic insight. Human intestinal organoids were propagated directly from patient intestinal
biopsies to model innate immunity in IBD [46-48], very early onset IBD [49], cystic fibrosis [50],
and celiac disease [19]. In a study using organoids established from inflamed intestinal epithelial
regions of patients with ulcerative colitis, increased frequencies of mutations were detected
compared with organoids from uninflamed regions [46]. Furthermore, IL-17 was found to
indirectly promote expansion of mutated cells [46]. Single cell gene expressions showed that
stem cells from active Crohn’s disease lesion sites had altered expression of stem cell markers
and organoid reformation rates compared with healthy patients and those undergoing remission,
suggesting the inflammatory environment of Crohn’s modifies intestinal stem cell properties [47].
Butyrate consumption in organoids from IBD patients were found to remain similar to organoids
from non-IBD controls [48]. Additionally, TNFa treatment lowered responsiveness to butyrate in
differentiated organoids compared with organoids without TNFa treatment [48]. Investigations
on epithelial cell death response in organoids derived from patients with very early onset IBD
showed that caspase-8 deficient intestinal epithelial cells had impaired apoptotic functions [49].
Intestinal organoids derived from cystic fibrosis patient-iPSCs were cultured and their potential
to model cystic fibrosis was demonstrated [50]. Gene expression analysis of celiac patient
organoids showed differential gene expression profiles related to barrier function, innate immu-
nity, and stem cell function compared with non-celiac controls [19].

Human intestinal organoids were also utilized to validate conclusions derived from mouse intes-
tinal organoids [51,52] and cell lines [53]. Human enteroids and colonoids showed that mouse
organoids recapitulated IFNy-mediated apoptosis in human intestinal stem cells [51]. IFNB stim-
ulation in human and mice colonoids validated mouse intestinal organoids for investigating type 1
interferon responses [52]. IFNy-mediated increases in permeability and changes in expression of
claudin-2 in T84 and HT-29 cell lines were ameliorated with Janus kinase inhibition and was con-
firmed in human intestinal organoids [53].

Mouse intestinal organoids derived from genetically engineered mice such as the Casp8 A'EC
[54], Card15/Nod2-deficient [55], TNFAARE [56], IL17A~~ [57], and H197/~ [58] mice were
used to derive mechanistic insights into innate immunity responses in humans. Casp8 AIEC
mice were used to show that Paneth cell death was mediated by high levels of IFNy. This relation-
ship was observed in patient ileum tissue with severe inflammation; it was also observed that
inhibiting STAT1 ameliorated Paneth cell death [54]. In one study, muramy! dipeptide, a bacterial
peptidoglycan, protected intestinal stem cells against autophagy by inducing destruction of the
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mitochondria, resulting in lowered levels of reactive oxygen species under cell stress [55]. Intes-
tinal organoids from TNFAFE mice showed that inflammation impaired the growth of organoids,
suggesting that inflammation impaired the function and growth of LGR5+ intestinal stem cells and
Paneth cells [56]. Investigation of CXCL10, a proinflammatory cytokine, found that while IL-17 de-
creased CXCL10 production in healthy mice colonoids, IL-17 had no effect on CXCL10 levels in
DSS inflamed mice organoids [57]. Mouse organoids from H19™~ mice showed increased lyso-
zyme and mucin 2 positive cells with an increased tolerance to LPS [58].

Intestinal organoids are derived from patient biopsies and recapitulate many features of the pa-
tient. However, functional characteristics are difficult to measure and control over spatial distribu-
tion of other cell populations is not possible. As a result, these organoids may be seeded on other
in vitro model platforms to better characterize epithelial interactions with mechanical forces and
other cell types.

3D Tissue Models of Intestine Innate Immune Functions

To recapitulate the complex architectural and cellular environments found in vivo, 3D
bioengineered tissue models of the human intestine have been developed using scaffolds and
multiple intestinal cell populations (Figure 1D). These share common features with other
transwells, microfluidic chips, or organoids, such as spatial architecture, anaerobic conditions,
microbiome colonization, peristalsis, and innervation (Table 2). However, 3D tissue models
have new features that other systems cannot recapitulate, including long-term immune coculture
and an increased epithelial growth area (Table 2).

A 3D intestinal coculture model involving an intestinal epithelial cell line, macrophages, and
dendritic cells was used to assess the inflammatory responses to nanoparticles [59]. The
model mimicked diseased conditions and therefore was suitable for the assessment of the in-
flammatory effects of engineered nanomaterials. However, the effects of proinflammatory cyto-
kines and hypoxia conditions were not considered in the study. More recently, a poly(N-
isopropylacrylamide) hydrogel scaffold was used to support the growth of a mixed population
of intestinal cells under dynamic conditions to develop an in vitro intestinal epithelium model
[60]. After treatment with proinflammatory cytokines IL-1(3, TNFa, or varying hypoxic condi-
tions, the model mimicked the inflammatory response observed during IBD. Many other
studies have exploited 3D scaffolding and 3D printing technology to obtain in vitro models of
the intestine using primary epithelial cells to study infection and inflammation [61-63]. Findings
from those studies further demonstrated that 3D intestinal tissues can mediate injury
responses to compound- or bacteria-induced toxicity and inflammation by releasing the
proinflammatory cytokines, such as IL-1 and TNFa, which resembles human IBD. The imple-
mentation of these tissue engineering approaches may help to ensure drug safety and efficacy
during drug development.

Human intestinal enteroids or colonoids can also be disassociated and grown as polarized epi-
thelial monolayers on 3D cell culture platforms to generate the native human intestinal epithelium
conditions. For example, human intestinal enteroid-derived epithelial cells can be grown in a 3D
silk-collagen protein composite scaffold to resemble the human intestine [64]. Upon infection
with E. coli, genes involved in the innate immune response were significantly upregulated in this
3D tissue model. In addition, many of these upregulated genes are associated with human
IBD. These findings demonstrated that intestinal epithelial cells actively participate in immunolog-
ical processes in the intestinal mucosa. More recently, a novel system using human colonoids
and human primary monocyte-derived macrophages cultured in a bi-layered silk scaffold sponge
was established [65]. This in vitro model exhibits different phenotypic responses to inflammation
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through disruption of epithelial tight junctions, macrophage migration/invasion, and the secretion
of cytokines associated with IBD. The results also confirmed that the immune cell component in
intestinal epithelial models was important to better understand innate immunity in the small intes-
tine. Additional systems with neuronal cultures have enabled investigation of interactions with the
enteric nervous system, enabling studies of neuroinflammation [66].

In summary, the implementation of these tissue engineering approaches may help to ensure drug
safety and efficacy during drug development and advance current IBD research practices.

Concluding Remarks and Future Perspectives

Current investigative methods into the intestine innate immune system for autoimmune
diseases, including IBD and celiac disease, have yielded few clinical treatments, inconsistent
patient responses, and high costs for these treatments. Current discovery relies heavily on
mouse models, which have provided general insights in immunology but due to inherent
differences in biology, drug targets are often unable to translate to human systems and
thus the clinic. Furthermore, mouse models have resulted in the identification of the most
obvious drug targets, while a new paradigm in drug discovery is critically needed to refine
human system insights for the next generation of targeted and effective treatments for
these diseases.

To accelerate and improve methods of identifying cellular pathways leading to effective clinical
treatments, investigators have continued to develop various in vitro models, taking advantage
of advances in human intestine biology, stem cell biology, and bioengineering. The in vitro plat-
forms developed can be categorized into 2D cultures, microfluidic devices, organoids, and 3D
biomimetic tissue cultures. The 2D cultures and microfluidic devices present planar cell culture
surfaces to study cell interactions. However, microfluidics devices enable dynamic culture condi-
tions, whereas 2D cultures are in static culture conditions. The 3D biomimetic tissue cultures and
organoids present 3D cell culture environments. However, 3D cultures enable spatial control over
cell populations and compartmentalization.

Successful development of model systems with high relevance to human biology is a necessary
technological leap towards discovering future treatments for diseases of the intestinal innate im-
mune system (see Outstanding Questions). Specific areas of development include multicellular in-
teractions between bacterial, epithelial, immune, mesenchymal, and neural cell types. By
focusing on increasing complexity of cell-cell interactions, in vitro models will be more physiolog-
ically relevant; 3D biomimetic tissue models are especially suitable for this challenge due to spatial
control of multiple cell populations. Combined with perfusion capabilities, 3D models can recapit-
ulate dynamic culture conditions found in vivo. Where mouse models fall short, developments
from in vitro tissues models should aid efforts to understand these diseases, leading to improved
treatments.
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