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Inflammatory Bowel Diseases (IBD) are difficult to model as freshly acquired tissues are

short-lived, provide data as a snapshot in time, and are not always accessible. Many

patients with IBD are non-responders to first-line treatments, and responders are prone to

developing resistance to treatment over time—resulting in reduced patient quality of life,

increased time to remission, and potential relapse. IBD is heterogenous and we are yet to

fully understand the mechanisms of disease; thus, our ability to diagnose and prescribe

optimal treatment remains ineffective. Intestinal organoids are derived from patient tissues

expanded in vitro. Organoids offer unique insight into individual patient disease and are

a potential route to personalized treatments. However, organoid models do not contain

functional microbial and immune cell components. In this review, we discuss immune

cell subsets in the context of IBD, and the requirement of immune cell and microbial

components in organoid models for IBD research.
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INTRODUCTION

Intestinal organoids are a three-dimensional in vitromodel of the human intestinal epithelium that
allow for robust, patient specific in vitro research of the development and properties of the intestinal
epithelium. The prevalence of Inflammatory Bowel Diseases (IBD) is rapidly increasing across both
developed and developing countries (1). IBD, such as Crohn’s disease (CD) and Ulcerative colitis
(UC), affects up to 0.5% of people in the Western world (1). Due to a lack of patient specificity
and knowledge of disease mechanisms, successful treatment of these diseases remains difficult.
Frontline IBD treatments have limited efficacy in large groups of patients. For example, Infliximab,
a biologic anti-tumor necrosis factor (TNF) antibody treatment, is only effective in 60–87% of
patients, 23–46% of whom become secondary non-responders within 5 years (2). Mechanisms of
IBD are yet to be elucidated and are difficult to pinpoint in individual patients.

In this review, we explore the potential benefits and limitations of intestinal organoid
cultures for immunological research in IBD. The terminology for organoids is complex
and is used interchangeably. In this review, we refer to an intestinal “organoid” as
a self-organizing, self-renewing, multicell-complex nominally derived from intestinal crypt
Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5)+ stem cells excised from
primary tissue, human or murine (3). This definition is distinct from organoids derived from
induced pluripotent stem cells (iPSCs), which contain both an epithelial and mesenchymal
component (4). Primary intestinal crypt stem cells, when grown in suitable matrix and
media, organize themselves into three-dimensional epithelial structures, exhibiting genetic and
physiological similarities to their organ of origin.
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Intestinal organoid models are the result of stem cell research
and still lack standardized methods to include the intestinal
microbiota and immune cells of the lamina propria. IBD is the
result of a complex interplay between the intestinal epithelial
barrier (IEB), the immune system, and the microbiota (5). The
addition of a viable immune system to the organoid model, as
well as a microbiota, may allow for mechanistic studies of IBD.
Here, we discuss intestinal organoid models and their relevance
and requirement for the development of a biologically accurate
in vitro model of intestinal inflammatory diseases, focusing on
intestinal immune cells.

THE IMMUNE SYSTEM IN IBD

IBD is potentially only an umbrella term for different diseases,
most of which have not yet been accurately described. Identified
mechanisms that can lead to IBD include: loss of immune
tolerance to commensal bacteria, inflammatory and suppressive
immune cell defects, polymorphisms in pattern-recognition
receptor genes (e.g., NOD2), defects in autophagy, and tight
junction dysregulation and defects (6, 7). Each mechanism is
different; however, all have one trait in common—each result
in varying degrees of disruption of the IEB, their associated
tight junction proteins, and the overlaying mucus layer. On
the basolateral side of the IEB is the lamina propria, a tightly
regulated region of the intestine, containing a large immune
population on the basolateral border of the IEB. This immune
population is located in the lamina propria to detect and clear
viral, fungal, and bacterial migrants from the lumen.

Cells of the IEB contain Toll-like receptors (TLRs) that
can induce production of inflammatory or anti-inflammatory
responses to foreign materials (8). For example, binding of
TLR9—amembrane-bound protein complex, stimulated an anti-
inflammatory tolerogenic response upon binding of bacterial
unmethylated CpG dinucleotides on the apical surface (lumen)
of enterocytes, whereas binding of CpG by basolateral (lamina
propria) TLR9 stimulated a pro-inflammatory response (8).
In a homeostatic scenario, the polarized nature of the TLR
response of the epithelial cells allows protection against invaders
that breach the barrier, without an excessive response to the
luminal microbiota; however, the disruption of the IEB in IBD
patients allows greater migration of luminal contents into the
lamina propria (9). This is one example of a pathway that
can result in the establishment of a positive feedback loop
of epithelial inflammation. Immune cells detect the unwanted
foreign presence in the lamina propria and mount an immune
response. Inflammatory cytokines, such as IL-6, IL-17A, IL-
17F, interferon (IFN)γ, and TNF are produced by resident
immune cells (10). While this immune response can contribute
to increased epithelial turnover and pathogen clearance, it
can also generate off-target cellular damage, further increasing
IEB permeability.

An in-depth analysis on every immune cell type and their
associations with disease is beyond the scope of this review.
However, we will discuss some immune cell subsets frequently
associated with disease status in IBD patients.

Antigen Presenting Cells (APCs)
Antigen presenting cells, such as dendritic cells (DCs) and
macrophages, are important sentinels of gut microbial and
dietary antigens. DCs are situated in the lamina propria in gut-
associated lymphoid tissues, such as Peyer’s patches and intestinal
draining lymph nodes. DCs have long dendrite projections that
can sample luminal antigens via paracellular spaces. DCs provide
T cells with pro- or anti-inflammatory signals. There are two
major types of DC found in the gut, CD103+ and CD103–
DCs. CD103 is a marker of immune cell residency; its ligand, E-
cadherin, is a surface protein found on intestinal epithelial cells.
CD103+ DCs, broadly speaking, have a suppressive immune
capacity, presenting antigen to lamina propria T cells and driving
regulatory T cell (Treg) differentiation. CD103– DCs in the gut
can prime Th1 and Th17T cells but are less commonly associated
with gut tissues due to the absence of the CD103 integrin (11).
DCs in the gut respond to the presence of retinoic acid and
transforming growth factor-β (TGF-β), secreted by intestinal
epithelial cell interactions with luminal microbes (12). This
DC-epithelial crosstalk drives intestinal tolerance by inducing a
suppressive DC phenotype. Patients with IBD have been reported
to have lower frequencies of CD103+ DCs in both inflamed and
non-inflamed tissues and have reduced ability to induce Treg
differentiation, compared to healthy controls (13).

Regulatory T Cells (Tregs)
Tregs are critical in the regulation of the intestinal environment.
Peripheral Tregs express T cell receptors (TCRs) specific for
self-antigens, in contrast to intestinal Tregs, which can express
TCRs specific for microbial antigens. Tregs are abundant in
the intestinal mucosa and are also modulated directly by
bacterial antigens. For example, Faecalibacterium prausnitzii and
Bacteroides fragilis, both common gut commensals, induced Treg
activation and differentiation via the surface proteins, microbial
anti-inflammatory molecule (MAM) and polysaccharide A
(PSA), respectively (14, 15). Both F. prausnitzii and B. fragilis
are often missing or present at low abundancy in patients with
IBD (16). Both MAM and PSA prevented dextran sulfate sodium
(DSS)- and 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced
colitis in murine models, reducing Th1, Th17, and Th2 immune
responses, and promoting Treg production of IL-10 and TGF-β
(14, 15). TGF-β and IL-10 are suppressive cytokines, primarily
produced by Tregs and tolerogenic DCs.

In the context of intestinal epithelial cells, TGF-β is an inducer
of epithelial-mesenchymal transition (EMT). EMT is a process
in which cells of the epithelial barrier lose their cellular polarity
and transition into a mesenchymal phenotype (17). This process
is a natural part of wound healing. In an immune context,
TGF-β is recognized by TGFβ-receptors I and II, which initiate
downstream signaling through SMAD1/3/4/6/7, resulting in
suppression of inflammatory responses and induction of CD4+
T cell differentiation into Tregs. Murinemodels deficient in TGF-
β or specifically blocked in T cell-TGF-β signaling, developed
spontaneous autoimmune disease (18, 19). IL-10 suppression
is mediated via interaction with the IL-10 receptor, expressed
on hematopoietic cells, resulting in STAT3 phosphorylation and
subsequent activation of a broad range of anti-inflammatory
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genes. Deficiency in IL-10 leads to spontaneous development
of aggressive autoimmune disease in adoptive transfer models
of murine colitis. IL-10R polymorphisms have been associated
with early-onset UC and impaired TGF-β signaling in IBD
patients (20).

Effector T Cell Subsets
T cells are a major source of pro-inflammatory cytokines in
IBD. Gut resident T cells exist in a tolerogenic environment.
However, patients with IBD have excessive intestinal T cell
activation (21). The cause of this T cell dysregulation is largely
unknown. T cells that produce IFNγ have long been implicated
in onset of IBD. IFNγ is a pro-inflammatory cytokine vital
for immune responses and has been linked to IBD severity
in mice and humans (22). IFNγ recruits immune cells to
sites of infection and improves inflammatory responses by
inducing major histocompatibility complex (MHC) class I and
II expression (23). IFNγ directly increases intestinal epithelial
permeability by reducing expression of tight junction proteins
and perturbing apical actin organization (24). Th17 cells produce
IL-17, a pro-inflammatory cytokine with functional roles inmany
autoimmune diseases, such as rheumatoid arthritis and IBD.
T cell populations that express either IFNγ and/or IL-17 are
often found at higher frequencies in human inflamed tissues of
IBD patients (24, 25). Excessive T cell activation in IBD can be
caused by numerous pathways: (1) Inflammatory T cell subsets
are resistant to Treg suppression (26); (2) T cells may be specific
for commensal bacterial species (27); (3) unregulated activation
of APCs in the gut (28); (4) compromised intestinal barrier
integrity, leading to recurring bacterial insult (29). It is likely that
IBD is just a term for manifestation of gut inflammation, and the
mechanisms of disease are much more complex than our current
categorization of CD and UC allows. It is also likely, that in many
cases of IBD, T cells are mediators of gut inflammation, but not
the initial cause of disease. Nonetheless, adoptive transfer murine
models of colitis have shown that T cells alone can cause IBD-
like pathology, and suppression of T cell pathways can abrogate
intestinal inflammation (30).

Immune Cell Regulation and Function
Polymorphisms in NOD2 and ATG16L1 loci have been highly
associated with IBD (31). Nucleotide-binding oligomerization
domain-containing protein 2 (NOD2) is a pattern recognition
receptor expressed by a range of cells, including monocytes,
dendritic cells, macrophages, and enterocytes. NOD2 recognizes
muramyl dipeptide (MDP), a cell wall protein expressed by
both gram-positive and gram-negative bacteria. Recognition
of MDP by NOD2 induces a signaling cascade that leads to
phosphorylation of IκB, which activates NF-κB, an inducer
of inflammatory cytokine responses (32, 33). In healthy
people, activation of the NOD2 pathway leads to immune
cell activation, generation of pro-inflammatory cytokines, and
eventual bacterial clearance (34). Compared to wild-type (WT)
mice, NOD2-knockout mice have reduced bacterial clearance,
reduced numbers of goblet cells, reduced protective mucins
and anti-microbial molecules, and increased abundance of
non-commensal bacteria, such as Bacteroides vulgatus—each of

these abnormalities can contribute to intestinal dysbiosis and
onset of inflammation (35). Human genome wide association
studies (GWAS) have shown between 30 and 50% of Crohn’s
disease patients have NOD2 polymorphisms, suggesting NOD2
polymorphisms are a risk factor for disease, but alone, not
sufficient or necessary for disease (32, 36). Intestinal organoids
offer a valuable model to investigate mechanisms of disease, as
themodel itself is highly manipulatable, biologically relevant, and
suitable for genetic manipulation (3).

The Atg16l1 gene is highly associated with incidence of
Crohn’s disease. Atg16l1 encodes a core structural protein of
immune cell autophagosomes (37). Bacteria, bacterial antigens,
and cellular components are packaged within intracellular
phagosomes for degradation. Phagosomes, loaded with products
destined for degradation, fuse with degradative enzyme-
containing lysosomes—forming an autophagolysosome (37). In a
healthy system, the autophagolysosome facilitates degradation of
cellular components into reusable products—macroautophagy.
Atg16l1 polymorphisms have been shown to reduce the
formation of phagosomes. Murthy et al. (38) showed that in a
CD variant (T316A), murine and primary human macrophages
had enhanced degradation of ATG16L1 proteins by Caspase
3, resulting in defective bacterial clearance compared to
controls (38). The inability to degrade and recycle cellular
and bacterial components can lead to their accumulation. Not
only does this starve the immune cell of a vital source of
recycled cellular components, accumulation of these products
can have potent inflammatory effects upon cell death. High
concentrations of cellular debris, both host-derived and foreign,
can be recognized as damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs),
respectively. PAMPs can be recognized by a variety of Pattern
Recognition Receptors, and the release of high concentrations
of PAMPs from autophagy-deficient cells can be recognized as
an infection—generating immune responses by other immune
cells. DAMPs are potent “danger-signals” released from damaged
tissues and can be recognized by a variety of immune
cells, eliciting a potent pro-inflammatory response, leading to
pathology and further cell death. Expression of TLR2, TLR4,
and TLR9 is higher in inflamed tissue from IBD patients, which
could exacerbate inflammatory responses to DAMP and PAMP
accumulation (39, 40).

THE INTESTINAL ORGANOID MODEL

The gastrointestinal tract is a complex organ that is constantly
exposed to foreign materials and organisms. The intestinal
epithelium is a single layer of cells, with entire cell turnover
every 2–6 days (41). The stem cells responsible for this
continual turnover are positioned within the base of crypts,
tube-like invaginations that facilitate the protection of the
stem cells from constituents of the luminal environment. The
stem cells, which are identified by their expression of the
Wnt-target surface protein, Lgr5, persist in a niche defined
by the secretions of neighboring cells within the crypts and
underlying mesenchymal cells. Intestinal crypt stem cells can
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be cultured with deep-crypt cell factors in specialized media to
mimic the in vivo environment. Wnt, produced by both the
underlying mesenchymal cells and flanking Paneth cells in the
small intestine, is an inducer of Ascl2, a master regulator of
stem cell phenotype. Lgr5+ stem cells proliferate and generate
transit-amplifying (TA) cells. TA cells are highly proliferative
cells that divide a finite number of times before differentiating
into gut specialist cells (42). As these cells are generated, they
move toward the lumen, distal to the crypt. As Paneth cells are
found deep within crypts, the Wnt concentration lessens as TA
cells ascend toward the lumen, allowing TA cells to differentiate
into their mature cell phenotypes. The large intestine does not
contain Wnt-producing Paneth cells, but receives Wnt from the
underlying mesenchyme and potentially specialized epithelial
cells (43).

Organoid cultures can be established either from individual
Lgr5+ stem cells or isolated stem cell-containing crypts. These
are seeded into a supporting matrix, such as Matrigel, which
provides the high laminin levels characteristic of the stem cell
niche (44). Newly established large intestine organoid cultures
do not contain functional Wnt-producing cells; therefore,
exogenous Wnt is added. In small intestinal organoids, the
development of Paneth cells allows a reduction in exogenous
Wnt levels, but the absence of mesenchymal and Paneth cells in
colonic organoids requires the continued presence of relatively
high levels of exogenous Wnt in the media to maintain the
cultures. Cell fate is determined by exposure to different niche
factors produced by sub-epithelial fibroblasts at the serosal
surface of the crypts. Factors such as Noggin and Gremlin
inhibit bone morphogenetic protein (BMP), inducing cellular
differentiation (45, 46). Differentiation of crypt cells occur in
response to the inverse gradient relationship between Wnt and
BMP. Wnt concentrations are highest in the base of the crypt, as
cells ascend toward the lumen, BMP concentration rises as Wnt
concentration falls, inducing differentiation in ascending cells.
This crypt design, coupled with mesenchymal and flanking cell
chemical influences, allows the IEB to produce cells in a stochastic
manner. This complex cell-to-cell signaling enables neutral drift
mechanics, ensuring a specific differentiated cell is generated
when required and old cells are shed (47).

Intestinal organoids are derived from the isolation and culture
of primary stem cells of intestinal crypts or iPSCs. Intact
intestinal crypts can be isolated from colonoscopy biopsy samples
by Ca2+ chelation (48). While there are a number of different
protocols for the isolation of the crypts (3, 49) the common
feature is the incubation of the biopsy samples in Ca2+-free
Ringer solution containing ethylenediaminetetraacetic acid and
dithiothreitol, followed by mechanical agitation. This results in
the isolation of a relatively pure population of intact intestinal
crypts containing Lgr5+ stem cells. When cultured in a suitable
matrix, such as Matrigel, stem cells within the intestinal crypts
survive, avoid anoikis, and proliferate. The crypts then close,
form, and develop into a sphere-shaped organoid structure
(spheroid). Over the next several days, the cells that comprise
the spheroids proliferate and differentiate into gut specialist
cells. Lgr5+ stem cells migrate to different areas of the spheroid
and undergo crypt-fission events, generating multiple sites of

proliferation, thus expanding the culture (3). Mature organoids
can then be mechanically disrupted and passaged over months,
and maintain genetic similarity to their in vivo cell counterparts.

ORGANOIDS AS A TOOL FOR

IMMUNOLOGICAL RESEARCH

The human intestine is a complex organ with strict organization
of structural domains. Current intestinal epithelial models, such
as Caco-2 cell-lines (an immortalized cell-line derived from
human epithelial colorectal adenocarcinoma cells) (50), are
useful for drug absorption screening but do not adequately
replicate intestinal structure. Tian et al. (51) demonstrated that
mouse-derived organoids could validate pathways of microRNA
(MIR31) expression. MIR31 was induced by the presence of
either TNF or IL-6, similar to results from a colorectal cancer
cell line. These data suggest that organoids can be used in
conjunction with cell lines to provide a biologically relevant point
of comparison in vitro. Organoids allow for in-depth analysis of
pathogen-host cell interactions and investigation and validation
of human cell mechanisms and pathways. However, in general,
current organoid systems do not contain functioning immune
cells, nor do they contain microfold (M) cells, a critical cell for
intestinal antigen sampling. The introduction of a functional
immune system to organoid models could change the way
intestinal disease is modeled and investigated.

The human immune system is difficult to study, as samples
taken from donors are only a snapshot in time. The ability to
culture patient tissues and co-culture with the same patient’s
immune cells is, in theory, the gold standard for immunological
research. In an organoid model, the researcher has control of
the cells added to culture, providing the ability to systematically
observe the effect each cell type might have on a specific
epithelium. For instance, IBD patients often have low frequencies
of intestinal CD103+DCs, and CD103+DCs promote intestinal
tolerance. If patient DCs are isolated, expanded, and induced
to a tolerogenic phenotype: can epithelial integrity be restored
in vitro? How does the addition of specific immune subsets
affect organoid permeability and growth? Does a beneficial effect
require the addition of a combination of immune subsets?
Can the addition of recombinant proteins improve model
readouts? How does the addition of a microbiota affect these
changes? Can immune cell subsets or cytokines of interest be
identified to elucidate the most relevant treatment option for an
individual? The organoid model provides a tool to answer these
questions by allowing a systematic approach to an overly complex
immunological system.

3D organoids contain no stromal tissues or lamina propria.
Recently, groups have generated 2D monolayers from 3D
organoid culture systems (52). This is an interesting model
concept, sacrificing crypt-physiology, but gaining the ability to
further manipulate the model system. Mechanically disrupted
3D organoids are seeded on Transwell R© membrane plates,
generating a polarized gut cell lining that acts as a selectively-
permeable barrier, separating the apical and basal compartments
of the well. This effectively mimics in vivo physiology, providing
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a lumen (apical compartment) and a lamina propria (basal
compartment). This model system has been shown to be
effective for the investigation of pathogen-epithelial-immune cell
interactions. Noel et al. generated this system using human
small intestine organoids co-cultured with macrophages and
pathogenic Escherichia coli (52). Macrophages were observed
extending dendrites through the monolayer to interact with E.
coli in the “lumen.” Co-culture with macrophages also provided
resistance to pathogenic E. coli-induced permeability. These
data suggest that the organoid model is highly adaptable to
experimental requirements, and relevant for the investigation of
the immune system in the gut.

M cells endocytose luminal antigens for presentation to
immune cells in the lamina propria in a highly controlledmanner
(53). M cells are positioned in mucosa-associated lymphoid
tissues (MALT), areas of dense immune cell presence, found
in the submucosal regions of the gastrointestinal tract. M
cells sample antigens, enclose them in vesicles, then deliver
the vesicles to immune cells stationed directly adjacent to the
M cell basolateral membrane. A tolerogenic environment is
logical for an environment exposed to high levels of foreign
material; however, as a consequence of tolerance, the intestine
is susceptible to pathogenic insult. M cells allow for immune
surveillance of the lumen without the requirement of a luminal
immune presence. M cells are thus vital to immune preparation
and stimulation in the gut. In an adoptive transfer model in
which mice lacked Spi-B, a transcription factor critical for the
development of M cells (Spib−/−), Spib−/- mice had reduced
bacterial uptake and sampling in Peyer’s patches, and, as a
consequence, had a reduced immune response compared to WT
mice (54). It is possible to generate M cells in murine organoid
models using recombinant RANKL protein, an NF-κB ligand
that induces the expression of SpiB transcription factor and
drives M cell differentiation (55). The induction of functional M
cells in human organoid models could improve model biological
relevance and provide deeper insights into antigen presentation
at the intestinal barrier.

ORGANOIDS AS A TOOL TO INVESTIGATE

IBD-INDUCED INTESTINAL FIBROSIS

Sites of inflammation in the intestine are at high risk of
developing fibrosis, an excessive buildup of connective tissues.
During and after an inflammatory response, damaged intestinal
tissues are primarily repaired by intestinal myofibroblasts, among
other mesenchymal cells (56). Mesenchymal cells promote
the deposition of extracellular matrix (ECM), a network
of glycoproteins and collagen, which provide structure and
anchoring support to surrounding cells. In IBD, disruption
of the fibrogenic process can lead to improper repair of the
intestinal barrier, leading to the formation of ulcers or fistulas
(57, 58). In contrast, uncontrolled overproduction of ECM can
cause a buildup of connective tissues, narrowing the intestine
(strictures) (56). The generation of ECM is promoted by
immune-mesenchyme crosstalk. Inflammatory cytokines, such
as TNF, produced by activated macrophages, can promote or

inhibit myofibroblast production of various ECM-degrading
metalloproteinases (MMP) (59, 60). In contrast, myofibroblast-
derived TGF-β1, also induced by TNF, induces the production
of myofibroblast-derived tissue inhibitors of metalloproteinases
(TIMP), which inhibit MMP-mediated degradation of ECM (59).
Thus, a complex crosstalk of immune and mesenchymal cells
is required to maintain healthy restoration on inflammation-
induced epithelial damage.

Most current organoid models do not include a mesenchymal
component. 3D organoids are a collection of intestinal cells in
a Matrigel suspension, usually a single layer thick. Organoid
monolayers are typically derived from mechanically disrupted
organoids, seeded directly onto a plate or membrane. Rodansky
et al. (61), cultured 3D embryonic stem cells which were
differentiated into human intestinal organoids. Mature organoids
with high mesenchymal cell numbers (compared to other
organoids) were selected and used to evaluate the efficacy of
the anti-fibrotic drug, spironolactone, in vitro. Myofibroblasts
in their model were activated by TGF-β1 (as indicated by an
increase in the mRNA of pro-fibrotic genes), and subsequently
inhibited by the addition of spironolactone. Rodansky et al.
demonstrated the clinical and research potential of intestinal
organoids as a future model of fibrosis, a model which has been
thus far been limited to less biologically relevant models and
animal models.

DEVELOPMENT OF TOOLS FOR

PERSONALIZED DIAGNOSIS AND

TREATMENT ASSAYS

Organoid systems could be designed to support co-culture with
any immune cell type.While Noel et al. showed that macrophages
were able to function in a 2D organoid system, it is unclear
if other immune cells would be successful without antigen
presentation via the M cell pathway (52). Regardless, these
findings provided evidence that an organoid model can facilitate
a functional immune cell component that can both interact with
and influence the organoid epithelial barrier.

Throughput
The design of a high throughput personalized screening system
could reduce the impact of non-optimal therapy prescription.
Theoretically, a high-throughput system could be designed, in
which patient organoids are grown in a 96-well plate and
tested with different treatments, immune cell compositions,
and microbial species. This model design could lead to the
optimization of patient treatments before application, reducing
chance of treatment failure. Recently, rectal organoids derived
from patients with cystic fibrosis were successfully used to
predict patient response to treatment (62). This was particularly
important as cystic fibrosis patients with rare genetic mutations
are not examined in clinical trials. Modern IBD treatments are
designed to target multiple immune mediators, highlighting the
value of high-throughput in vitro personalized screening for
identification of promising treatment targets, in an individual.
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Organoid cultures could also be useful in understanding
the mechanisms of IBD, before onset of inflammation. In
some cases of IBD, Th17 cells are responsible for excessive
mucosal inflammation via the release of IL-17A, IL-17F, and the
heterodimer IL-17A/F (63). If healthy control or IBD patient
organoids are co-cultured with IBD patient Th17 cells, it may
be possible to identify whether these cells have deleterious effects
on organoid growth, proliferation, or permeability. In the same
way, Tregs could be investigated for their ability to suppress
other immune cells. This could be further investigated with the
addition of a functional microbiota in the apical compartment
of the system. The current consensus on IBD implicates a loss
of tolerance to gut commensals could be the cause of chronic
inflammation; however, the field still lacks the evidence required
to define which mechanisms of disease are the cause or a
consequence of disease. The organoid model provides a unique
opportunity to investigate IBD in vitro, potentially providing
answers to fundamental unknowns of IBD.

The Intestinal Microbiota
Multiple groups have introduced bacteria to organoids. For
example, microinjection of Salmonella typhimurium into the
lumen of intestinal organoids induced transcriptional changes
relating to cytokine expression patterns (64, 65). After injection
into the lumen, S. typhimurium penetrated host cell membranes
and resided within host-cell vacuoles. These experiments suggest
that the organoid model is capable of not only hosting microbial
lifecycles, but also responding to their presence. Researchers
could introduce a large fraction of the species found within an
individual’s microbiota via microinjection of microbes isolated
from patient-specific fecal material. However, fecal material will
only provide live-facultative anaerobes, and the oxygen required
for organoid culture will not facilitate obligate anaerobe survival.
The addition of antibiotics, pH changes, antivirals, antifungals,
recombinant cytokines, probiotics, or immune subsets, could
provide valuable insight into responses to the microbiota and
improve understanding of intestinal homeostasis.

How the microbiota interacts with immune cells of the
intestine remains largely unknown. Gut-resident immune cell
subsets maintain gut homeostasis, but little is known about the
mechanisms of control. Short chain fatty acid production by gut
microbes is important for intestinal barrier homeostasis (66).
In a study of IBD patients treated with anti-TNF, patients with
remitting IBD, but not non-remitting IBD, had a microbiome
more similar to that of healthy people (67). Non-remitting IBD
patients had lower expression of intestinal metabolites than
remitting IBD patients and healthy controls; butyrate expression
was restored in remitting IBD patients.

Probiotics may be an important emerging field for initiating
intestinal homeostasis for patients with intestinal diseases;
however, due to a lack of knowledge on microbe-barrier-immune
cell interactions, probiotics remain ineffective as treatments
(68). Theoretically, a high-throughput intestinal organoid system
could provide insight into these interactions, allowing the
production or selection of biologically relevant probiotics that
not only reduce dysbiosis, but promote immune tolerance

and homeostasis. To achieve this, researchers could use co-
culture experiments in which microbes are introduced to
organoid systems containing a functional immune system.
Positive readouts could include improvement of epithelial
integrity, production of tolerogenic cytokines, immune cell
differentiation into tolerogenic phenotypes, or a reduction of
pro-inflammatory cytokines.

Genetic Manipulation of The Organoid

Model
Organoid models may provide a powerful model for the use
of genetic manipulation tools, which could provide answers to
fundamental questions posed by current disease research. Tools
such as CRISPR-Cas, transposon mutagenesis, and siRNAs could
be used to research the effect of known genetic variants identified
by GWAS studies. Mutations in the NOD2 locus are associated
with disease in patients with CD; however, mutations in this
locus do not manifest in disease in all individuals with NOD2
mutations. Using genetic modification tools, mutations could
be introduced in a stepwise manner, allowing observation of
specific genetic variants and their effects on the system. Genetic
tools, such as CRISPR-Cas have already proven to be valuable for
the observation of the effects of genetic suppression and over-
expression. Organoid models could provide a useful model for
the validation of GWAS analyses in human tissues.

Zuo et al. (69), derived intestinal organoids from WT
and peroxisome proliferator-activated receptor delta (PPARD)-
expressing mice, under control of a villin promotor. This
approach generated mice that expressed ppard in villin-positive
gastric progenitor epithelial cells, and subsequent culture of
PPARD-positive murine gastric organoids. PPARD, a nuclear
hormone receptor, is upregulated in a variety of cancers,
including gastric, breast, and lung cancers. Organoids derived
from PPARD-positive mice resulted in tumor growth when
injected into immunocompetent mice, whereas WT mouse
organoids did not. PPARD-positive mice had higher infiltration
of CD45+ immune cells into the gastric tissues, and organoids
derived from these tissues secreted more CCL20 and CXCL1,
than WT mouse organoids. Thus, Zuo et al. generated an
organoid model capable of recapitulating the effects of PPARD,
in vitro. These models allow for a high degree of experimental
manipulation which could be used to investigate numerous other
markers of interest for cancer and IBD.

CLINICAL RELEVANCE

In recent years, a large variety of treatment options for patients
with IBD have become available. However, IBD heterogeneity
and treatment variety makes it difficult to identify which
treatment option is the optimal choice for an individual.
This leads to the administration of treatments on a trial
and error basis. Biologics, such as immune response targeting
monoclonal antibodies (mAb), have paved the way for more
precise manipulation of the immune system.

Anti-TNF biologics, such as Infliximab, Adalimumab, and
Golimumab, target and block TNF, a potent inducer of
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inflammation (70–72). Macrophages are a major source of TNF,
however, other cells, such as T cells, also produce TNF (10).
Blockade of TNF has been successful in reducing severity of
a number of diseases, such as rheumatoid arthritis, ankylosing
spondylitis, and psoriasis. However, not all patients with IBD
respond to anti-TNF treatment, and 23–46% of responders
develop resistance to treatment over time, often due to the
development of treatment-targeting antibodies (2, 73). More
concerning is the number of primary responders, whom in the
absence of treatment-targeting antibodies, still have ineffective
responses to treatment over time, suggesting different treatment
mechanisms are a requirement in individual patients.

Anti-integrin biologics, such as Natalizumab (α4-integrin)
and Vedolizumab (α4β7-integrin) aim to prevent the migration
of immune cells to the intestinal mucosa (74, 75). DCs present
antigen to T cells in gut MALT, which induces the expression
of α4β7-integrin on the T cell surface (76). As α4β7+ T
cells circulate in the blood, they can be bound by the cell
surface-α4β7 ligand, mucosal vascular addressin cell adhesion
molecule 1 (MAdCAM-1). MAdCAM-1-expressing cells are
highly localized to intestinal high endothelial venules and
facilitate capture and trafficking of circulating α4β7+ to the
intestinal mucosa (77). Thus, anti-integrin biologic treatments
broadly reduce gut inflammation by reducing intestinal mucosa
immune cell presence.

Ustekinumab is an mAb that targets the p40 subunit of IL-12
and IL-23 (78). IL-23 is a pro-inflammatory cytokine that induces
the differentiation and survival of Th17 cells. Patients with IBD
often have high concentrations of IL-23 in blood and intestinal
mucosa (79). Ustekinumab treatment has been effective for
patients with high numbers of Th17 cells in the intestinal mucosa
and for non-responders to anti-TNF therapy. Recently developed
treatment options are Filgotinib and Tofacitinib. Filgotinib and
Tofacitinib are Janus Kinase (JAK) inhibitors, which inhibit
JAK-Signal transducer and activator of transcription (STAT)
signaling pathways.

Each of these treatments comes with variable efficacy and a
range of side-effects that reduce patient quality of life. Currently,
identification of which treatment is appropriate for an individual
is conducted step-wise—increasing time-to-remission, reducing
patient quality of life, and increasing cost of treatment and care.

CONCLUSIONS

The gold standard of a scientific model is one that is: amenable
to manipulation, robust, biologically relevant, and sustainable.
Intestinal diseases and intestinal cell-cell interactions are limited
by the accessibility of fresh human tissue. Human colonic
and small intestine tissues are difficult to obtain and have a
short life span. Organoid systems offer an elegant solution
to this problem via the generation of functional organoids
from fresh intestinal adult stem cells. The ability to not only
maintain, but expand colonic tissue in vitro is a revolutionary
breakthrough for intestinal research. The organoid model has
the potential to become the gold standard of intestinal and
immunological research. The ability to observe patient tissue
in vitro provides a unique opportunity to observe patient
tissues before the onset of disease. However, the model requires
more data before this type of investigation can be fully
realized. Addition of a functional immune system, a complete
microbial influence, and the generation of M cells remain
to be optimized. Furthermore, the generation of a universal
protocol and mainstream organoid media will make the model
more accessible for laboratories and clinics looking to adopt
the model and provide more accurate comparison of data
between laboratories.
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