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�Introduction

Inflammatory bowel disease presents with chronic inflam-
mation which damages normal intestinal mucosa. Because 
the disease is an inflammatory disease, much of the research 
on IBD has focused on the role of immune cells. However, it 
has become clear that the epithelial integrity as well as fac-
tors involved in healing of mucosa may also play a role in the 
pathogenesis of the disease. Genome-wide association stud-
ies of patients with Crohn’s and colitis have identified genes 
involved in epithelial biology such as CDH1, HNF4, and 
SATB2 [1]. Thus, examining epithelial biology is critical for 
understanding how barrier function and dysfunction in IBD 
impacts epithelial health and regeneration. Regeneration is 
important because “mucosal healing” predicts long-term 
remission in patients treated for IBD.

In the past, models utilizing intestinal epithelial monolay-
ers have been used to study epithelial mechanisms of IBD and 
in the development of therapies. Despite providing some 
insight into IBD mechanisms, these two-dimensional in vitro 
models have several disadvantages. (1) They typically require 
the use of transformed or cancer cell lines that lack normal 
physiological properties of intestinal epithelium. (2) They 
are largely enterocyte models and lack the other differentiated 
cell types and thus do not reflect intestinal physiology. (3) 
Mesenchymal cells are also absent in these models. The pres-
ence of multiple cell types is particularly important for accu-
rate modeling of disease since IBD could have effects on 
multiple cell types. For example, depletion of goblet cells is 
often observed in biopsies from ulcerative colitis (UC) 
patients and Muc2 deficient mice develop spontaneous colitis, 
suggesting a role of goblet cells in pathogenesis. Glucagon like 

peptide-2, a product of enteroendocrine cells (EECs), has 
been shown to ameliorate experimental colitis in mice, sug-
gesting that EECs may play a role in regeneration. In addi-
tion, Lgr5 positive stem cells are depleted in sites of injury in 
DSS treated mice [2]. Taken together these observations sug-
gest that most differentiated cell types found in the intestine 
are involved in the pathology of IBD. Thus an organoid sys-
tem containing multiple differentiated and stem cell types 
would more accurately mimic intestinal physiology.

In the past few years the identification of adult intestinal 
stem cell markers and the ability to isolate and culture these 
cells have led to significant advances in our understanding of 
intestinal stem cell function, differentiation, and gastrointes-
tinal cancer [3–9]. Adult intestinal organoids (also called 
enteroids) can be grown in 3D culture from single Lgr5+ 
cells. These intestinal organoids display remarkable similar-
ity to intestinal epithelium in vivo. Intestinal organoids con-
tain a central lumen surrounded by a single cell layer of 
polarized epithelial cells. In addition, this single cell layer is 
organized into crypt-villus like domains containing the main 
differentiated cell types. Lgr5+ stem cells, Paneth cells, and 
proliferative progenitors localize in the crypt-like structures. 
Polarized enterocytes line the central lumen, while goblet 
cells and enteroendocrine cells are scattered throughout the 
organoid.

Since the discovery of Lgr5 as a marker of intestinal stem 
cells, several other markers of intestinal stem cells have been 
identified including Bmi1, Sox9, HopX, Lrig, and mTert 
[10–14]. Several of these markers are present in label retain-
ing cells located at the +4 position in the crypt. These cells 
cycle slowly and are now believed to be a reserve stem cell 
population. Following damage of the intestine, these cells 
lose their quiescence and contribute to regeneration of the 
intestine while giving rise to new Lgr5+ stem cells which 
will maintain homeostasis [15–17]. It is likely that the quies-
cent stem cell contributes to regeneration in mouse models 
of colitis since Lgr5+ stem cells are lost during DSS induced 
colitis. Thus studies using organoid models could elucidate 
mechanisms by which the intestinal epithelium can 
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regenerate following damage since these organoids contain 
reserve stem cells [18].

In this chapter we review the available intestinal organoid 
models and how they have been used in the study of epithe-
lial biology and IBD (Fig. 16.1). For clarity we use three dif-
ferent terms to describe the different “organoid” types. 
Whole organoid units are derived from adult intestine and 
contain epithelial, mesenchymal, and neuronal cell types. 
Enteroids (as designated by the NIH Intestinal Stem Cell 
Consortium) are derived from adult intestinal stem cells or 
crypts and are purely epithelial organoids [19]. Induced 
human intestinal organoids (iHIOs) are derived from embry-
onic and induced pluripotent stem cells (collectively called 
PSCs) and contain both epithelial and mesenchymal cell types. 
In addition, we discuss the advantages and disadvantages of 
each model. Finally, we discuss emerging technologies and 
how they will contribute to understanding the molecular 
basis of IBD.

�Organoid Models

�Whole Organoid Units

One organoid model system was developed by Ootani et al. 
[20], whereby pieces of whole intestine or colon (including 
mesenchymal cells and enteric nerves) are grown in a liquid–
air interface, which allows for long-term growth of organoid 
structures. These organoids contain the major differentiated 
intestinal cell types found in vivo. Furthermore, the presence 
of a mesenchyme within these organoids allows growth of 
the organoids without supplementation with niche factors 
such as Noggin and R-spondin. Thus, this system would be 
advantageous for examining the effects of epithelial–mesen-
chymal interactions in the context of inflammation or regen-
eration; however, to date it has not been used to study IBD. 
However, the system has been used to effectively investigate 
the effects of oncogene activation and inactivation of tumor 
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Fig. 16.1  Overview of Intestinal Organoid systems. Intestinal organ-
oids can be derived by a variety of methods. Intestinal crypts and 
LGR5-expressing stem cells can be isolated from IBD patient biopsies 
and grown as human intestinal enteroids, which contain epithelium 
only. Thus these human intestinal enteroids can be used to study epithe-
lial functions and mutations can be corrected using CRISPR\Cas9 gene 
editing technology. In addition, human intestinal organoids can be 
grown from whole intestinal tissue which will include stromal cells and 
enteric nerves. These human intestinal organoids can be used to study 
the interaction between epithelial, mesenchymal, and neuronal cell 

types. Induced human intestinal organoids (iHIOs) can be generated 
from human pluripotent stem cells (hPSCs) which are either from 
human embryonic stem cells or from induced pluripotent stem cells 
(iPSCs) generated from any somatic cell (blood and urine are easily 
obtained sources of somatic cells). Mutations in hPSCs can also be cor-
rected using CRISPR/CAS9. iHIOs can be used to study organ develop-
ment, tissue–tissue interactions, and to model intestinal disease. iHIOs 
resemble human fetal intestine when grown in vitro. However, iHIOs 
can be transplanted in vivo under the mouse kidney capsule to generate 
more mature, functional human intestine
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suppressor genes in mouse models and could be used to 
study these changes in the context of IBD. For example, loss 
of the APC tumor suppressor gene allows for faster recovery 
in response to DSS-mediated epithelial injury [21].

�Lgr5-Based Mouse Enteroids

The most commonly used intestinal organoid model was 
developed in the lab of Hans Clevers [9], and these will be 
referred to as enteroids because they are purely epithelial. 
Sato and colleagues demonstrated that single Lgr5+ stem 
cells could be grown into 3D enteroids in Matrigel culture in 
medium containing EGF, Noggin (BMP antagonist), and 
R-spondin (ENR). Interestingly enteroids were able to pro-
liferate and differentiate spontaneously despite the lack of 
any mesenchymal cells, suggesting that ENR media was suf-
ficient to replace the signals derived from supporting mesen-
chymal cell types. In addition, this system was used to 
demonstrate that the Paneth cells act as an ISC niche cell by 
supplying Wnt3a [5]. Although there are numerous studies 
that have used the mouse enteroid system to address ques-
tions about epithelial biology in an IBD context, we focus on 
several key examples.

One study by Günther and coworkers examined the role of 
caspase 8  in epithelial cell death and inflammation of the 
ileum [22]. This work was based on the observation that mice 
deficient in caspase 8 within the intestinal epithelium 
(Casp8ΔIEC) have depleted Paneth and goblets cells and 
develop spontaneous ileitis. Examination of enteroids derived 
from the intestines of Wild Type (WT) and Casp8ΔIEC mice 
revealed no differences in the number of Paneth cells, sug-
gesting that a factor present in vivo affected the differentia-
tion or survival of this cell type. To further explore this 
possibility, the authors examined the effect of TNF-α stimula-
tion on organoids from WT and Casp8ΔIEC mice. Interestingly, 
24 h after stimulation, WT enteroids appeared normal while 
Casp8ΔIEC enteroids underwent nec-1-dependent necrosis. In 
addition, the authors presented evidence that RIP-mediated 
necroptosis of Paneth cells was also present in samples from 
patients with Crohn’s disease and suggested that this may be 
the cause of the defective antimicrobial defense that is 
observed in these patients.

In another study, Farin and Karthaus et al. used enteroids 
to examine the effect of bacterial antigens on Paneth and 
goblet cells [23]. Interestingly these antigens had little effect 
on these cell types regardless of whether they were adminis-
tered apically or basolaterally. However, when inflammatory 
cytokines were applied to these organoids, only IFN-γ caused 
degranulation of Paneth cells. In addition, IFN-γ stimulation 
led to loss of mucus containing goblet cells and mature 
enterocytes. As a consequence of the loss of Paneth cells, 
organoid growth was severely compromised likely due to the 

role of Paneth cells as a niche cell for intestinal stem cells. 
Taken together, these studies demonstrate how this organoid 
system can be used to interrogate the effect of inflammatory 
cytokines on various cell types.

�Human Enteroids

Human enteroids (as designated by the NIH Intestinal Stem 
Cell Consortium [19]) can be grown from isolated intestinal 
crypts or CD44+CD166+CD24lo single cells in Matrigel 
based 3D culture [9, 24]. In the case of colon, single cells can 
be grown into colonoids by FACS sorting based on the 
expression of ephrin type-B receptor 2 (EPHB2) [7]. 
Enteroids have been generated from small and large intestine 
and require a unique set of growth factors. Cultured human 
intestinal enteroids (and colonoids) require Wnt3a, gastrin, 
nicotinamide, A-83-01 (Alk4/5/6 inhibitor) and SB202190 
(p38 inhibitor) in addition to basic growth media containing 
EGF, Noggin, and R-spondin-1 [8]. These enteroids display 
remarkable similarity to intestinal tissue in vivo. Enteroids 
self-organize into structures containing a central lumen sur-
rounded by a single cell layer of polarized epithelial cells. In 
addition, this single cell layer is organized into crypt-villus 
like structures which can differentiate into the main differen-
tiated cell types following withdrawal of Wnt3a, nicotin-
amide, and SB202190. Interestingly, like their mouse 
counterparts, these organoids lack mesenchymal cells, sug-
gesting that growth factors produced by mesenchymal cells 
(rather than physical interaction with these cells) are neces-
sary for maintenance of the intestinal stem cell niche.

�Directed Differentiation of Pluripotent  
Stem Cells into Induced Human Intestinal 
Organoids (iHIOs)

Another method for deriving intestinal organoids is through 
directed differentiation of human pluripotent stem cells in 
a manner that approximates embryonic development of the 
intestines [25–27]. First pluripotent stem cells are differen-
tiated into definitive endoderm by treatment with Activin 
A.  Subsequent activation of Wnt and FGF pathways pro-
motes a posterior endoderm fate and induces morphogen-
esis into mid/hingut spheroids. Once formed, these midgut/
hindgut spheroids can be grown into iHIOs in three-dimen-
sional culture conditions that favor intestinal growth [9, 
26]. Moreover, growth of these spheroids into iHIOs reca-
pitulates developmental events that occur in vivo. Midgut/
hindgut spheroids transition from a simple cuboidal epithe-
lium into a pseudostratified epithelium, which then under-
goes cytodifferentiation and transitions into a polarized 
epithelium which contains zones of differentiation and pro-
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liferation. When compared to developing mouse intestine, 
these intestinal organoid cultures undergo strikingly similar 
transitions [28]. In addition, iHIOs also contain a layer of 
mesenchymal cells which also mature along with the epi-
thelium, giving rise to fibroblasts, smooth muscle cells, and 
subepithelial fibroblasts.

Transplantation of iHIOs in  vivo allows for substantial 
growth maturation of the intestinal tissue [29]. Transplanted 
iHIOs form crypts and villi as well as circular and longitudi-
nal muscle layers. Furthermore, these tissues are functional 
as demonstrated by brush border activity, mucus secretion 
and polypeptide uptake. Since iHIOs generated from IPSCs 
can also grow and mature in vivo, IBD patient specific organ-
oids could be generated and transplanted and immune cells 
from the patients could be injected to study inflammatory 
responses of the intestinal tissue. This would allow for a 
humanized mouse model of IBD that could aid in personalized 
drug development.

One example of the use of the iHIO system for IBD 
research is work by Xue and colleagues [30]. In this work, 
iHIOs were used to model inflammatory hypoxia. When 
iHIOs were grown in 1 % oxygen, they increased their 
expression of TNF-α when compared to organoids grown in 
ambient oxygen. When the hypoxia inducible factor EPAS1 
was inhibited by a chemical antagonist, the increase in 
TNF-α expression was inhibited. This work suggests that 
iHIOs are capable of expressing proinflammatory cytokines 
in the context of hypoxia. However, it was unclear if TNF-α 
expression was initiated by the epithelium or mesenchyme of 
the iHIOs.

�Choosing an Organoid Model

Because of the variety of organoid models available, the 
advantages and disadvantages of each model should be taken 
into consideration. The use of the right model is dependent 
on the biological question to be addressed and cell type(s) to 
be examined. Here we discuss the advantages and disadvan-
tages of the three main organoid models.

Enteroids from mouse intestine are a great model system 
for many reasons. First, these organoids are strictly epithelial 
and can be used to study epithelial biology directly. Second, 
genetic tools are available to examine lineage tracing, gener-
ating conditional knockouts and for visualizing epithelial 
architecture in live organoids. The availability of these tools 
is advantageous especially in the context of gene knockouts 
which may affect organoid viability. In this case, organoids 
can be grown and the gene of interested can be excised using 
an inducible Cre. Another advantage of this system is that 
organoids maintain zones of proliferation and differentia-
tion. This is especially important when examination of 

multiple cell types is desired. There are several properties of 
this system that may limit its utility for human IBD studies, 
for example as a murine system it may not reflect human 
pathobiology. Second, enteroids being epithelial only, can 
not be used to study the role of mesenchymal/stromal cell 
types in IBD. Lastly, one limitation of all organoids is that 
there are no immune cells present; however, addition of 
exogenous immune cells is possible.

Human intestinal enteroids offer an alternative to mouse 
enteroids. The most obvious advantage is that human intes-
tinal enteroids are derived from humans and thus may more 
accurately reflect human intestinal epithelial cell biology. 
Furthermore, human intestinal enteroids can be generated 
from normal and diseased patients in order to examine epi-
thelial biology within a disease context. In addition, 
enteroids are amenable to CRISPR\Cas9 mediated gene 
editing, which can allow for correction of mutated genes 
[31] or to modify tumor suppressor and oncogenes for mod-
eling colorectal cancer [32, 33]. This system does have 
some disadvantages. First, generation of these enteroids 
requires human patient samples which may be difficult to 
obtain. Second, the majority of surgical samples are from 
diseased patients so these organoids may not reflect normal 
intestinal physiology. Moreover, enteroids do not maintain 
proliferation and differentiation to the extent that mouse 
organoids do. Thus, this system may be impractical when 
interrogating questions which require the presence of the 
main intestinal call types. As with mouse enteroids, human 
enteroids are only epithelial and therefore mesenchymal 
interactions cannot be studied.

Induced Human intestinal organoids derived from human 
pluripotent stem cells also have unique advantages and disad-
vantages. First, these organoids are human and they can be 
generated from human pluripotent stem cells, which can be 
grown and expanded infinitely. Second, these organoids con-
tain a mesenchymal layer that matures with the epithelium and 
thus can be used to study epithelial–mesenchymal interac-
tions. This is especially important when examining a suscepti-
bility gene like NKX2-3 which is expressed in the intestinal 
mesenchyme [1, 34]. Furthermore, human pluripotent stem 
cells are amenable to viral based transgene delivery as well as 
CRISPR\Cas9 mediated gene editing [26, 35]. Lastly, as 
describe above, human intestinal organoids can be grown 
in  vivo, whereby they mature and form crypts from which 
enteroids can be derived [29]. This allows for patient-specific 
derivation of organoids and enteroids without the need for sur-
gical acquisition of intestinal tissues. However, iHIOs have 
limitations. First, in vitro grown organoids are fetal in nature, 
which inhibits the examination of mature differentiated cell 
types. Second, these organoids lack regional specificity, which 
may be crucial for accurate modeling since IBD often presents 
in specific regions of the small and large intestine.
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�Translation of Organoid Models of IBD

Organoid model systems have revolutionized the field of 
gastrointestinal biology by fostering the interrogation of bio-
logical question in a complex ex vivo model which recapitu-
lates many aspects of normal intestinal physiology. 
Importantly, human organoid systems can eliminate con-
cerns about species differences where human pathology is 
not adequately modeled in murine systems. So how can these 
systems be translated into medical applications? In this sec-
tion we discuss how emerging technologies advance the use 
of organoid systems in medicine.

Because IBD is a multifactorial disease, epithelium only 
organoid systems may not fully recapitulate aspects of dis-
ease. As mentioned previously, some IBD susceptibility 
genes are expressed specifically in the mesenchyme. To 
study mesenchymal factors, the iHIO system, which con-
tains mesenchyme, would allow interrogation of the role of 
mesenchymal factors in IBD.  The microbiota constitute 
another system that is perturbed in IBD but has not been 
studied in an organoid system. Although the microbiota 
exist in an anoxic environment, the ability of organoids to 
grow in low oxygen, and the relatively hypoxic nature of the 
organoid lumen open the possibility for incorporation of 
microbiota. Finally incorporation of immune cells into 
organoid cultures would be essential for elucidating mecha-
nisms of communication between these cells and the intesti-
nal epithelium. Given that immune cells are largely housed 
in the stroma, whole organoid units and iHIOs, both con-
taining mesenchyme, might be good systems to start with 
for incorporation of immune cells. A comparison of 
enteroids and mesenchyme-containing systems would allow 
for systematic analysis of how different cell types interact 
with immune cells.

With the advent of CRISPR\Cas9 technology, an efficient 
method for gene editing, it is now possible to generate genet-
ically modified organoid systems containing cell reporters 
for live cell imaging and monitoring organoid function. With 
regard to IBD research, CRISPR\Cas9 technology could be 
used to generate organoids that contain mutations associated 
with IBD susceptibility. Alternatively, enteroids or organoids 
could be generated from IBD patients to examine the effects 
of mutations on epithelial biology. CRISPR\Cas9 technol-
ogy could then be used to correct the mutation to determine 
if phenotype can be reversed. Proof of concept for this 
approach has been demonstrated in enteroids from cystic 
fibrosis patients which could be corrected using CRISPR\
Cas9 technology [31].

Regenerative medicine is another possible therapeutic use 
of organoid systems. Intestinal tissue generated ex  vivo 
could be used to replace damaged intestinal tissue in IBD 
patients. Proof of concept for this approach has been shown 

in mice. Colonoids generated from single Lrg5+ colonic 
stem cells are able to engraft into the colon of mice with 
chemically induced mucosal lesions [36]. Generation of 
enteroids from IBD patient biopsies or generation of iHIOs 
from patient derived induced pluripotent stem cells could be 
used to generate tissue for transplantation. In addition, 
patient mutations could be corrected using gene editing tech-
nology. Despite the promise of regenerative medicine, vastly 
improved methods to efficiently and safely incorporate engi-
neered intestinal tissue will need to be developed before 
tissues could be used therapeutically.

Lastly, intestinal organoids hold promise for the field of 
personalized medicine. Patient derived enteroids or organoids 
could be used to screen drugs that may be effective in treating 
IBD.  This approach has been used, whereby a biobank of 
human colorectal cancers was used for drug screening [37]. 
Such studies could be aided further by new high-throughput 
microfluidic technologies that allow screening of thousands 
of organoids [18].

�Conclusions and Future Directions

The development of organoid methodologies has led to an 
expanded knowledge of intestinal epithelial cell biology. 
Organoid systems are well suited for use in personalized 
medicine and regenerative medicine. Important improve-
ments to organoid-based systems could include incorpora-
tion of additional cellular complexity, such as immune cells, 
which would allow for better modeling of IBD. Being able 
to manipulate cell types, genetically or via the culture con-
ditions, should allow for a mechanistic dissection of the 
cellular and molecular mechanisms that participate in the 
pathogenesis of IBD. With the evolution of new technolo-
gies for gene editing and high-throughput analysis of organ-
oids using microfluidic platforms, as well as the feasibility of 
whole-genome sequencing, the use of organoid systems for 
personalized medicine should be greatly expedited.
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