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Impact statement
The development of a gastrointestinal

MPS has the potential to facilitate the

understanding of GI physiology. An ultim-

ate goal is the integration of the intestinal

MPS with other organ MPS. The develop-

ment and characterization of nontrans-

formed human intestinal cultures for use in

MPS have progressed significantly since

the inception of the MPS program in 2012,

and these cultures are a key component of

advancing MPS. Continued efforts are

needed to optimize MPS to comprehen-

sively and accurately recapitulate the

complexity of the intestinal epithelium

within intestinal tissue. These systems will

need to include peristalsis, flow, and

oxygen gradients, with incorporation of

vascular, immune, and nerve cells.

Regional cellular organization of crypt and

villus areas will also be necessary to better

model complete intestinal structure.

Abstract
Gastrointestinal diseases are a significant health care and economic burden. Prevention and

treatment of these diseases have been limited by the available human biologic models.

Microphysiological systems comprise organ-specific human cultures that recapitulate

many structural, biological, and functional properties of the organ in smaller scale including

aspects of flow, shear stress and chemical gradients. The development of intestinal micro-

physiological system platforms represents a critical component in improving our under-

standing, prevention, and treatment of gastrointestinal diseases. This minireview

discusses: shortcomings of classical cell culture models of the gastrointestinal tract;

human intestinal enteroids as a new model and their advantages compared to cell lines;

why intestinal microphysiological systems are needed; potential functional uses of intestinal

microphysiological systems in areas of drug development and modeling acute and chronic

diseases; and current challenges in the development of intestinal microphysiological

systems.
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Introduction

Microphysiological systems (MPSs) are in vitro microfluidic
platforms that use human cells and recapitulate the physi-
ology of the tissue through the implementation of fluid
flow and mechanical factors. In addition, these platforms
are designed to physically couple two or more organs in a
scalable fashion. The development of these systems is already
advancing the understanding of organ function and diseases
of lung, liver, nervous system, skin, pancreas, kidney,
and intestine.1 The recent development of new models of
the human intestinal epithelium2 has provided novel tools
which can now be used to propel the development of
the intestinal MPS forward. These new technologies are
reviewed below and their potential use in furthering the
development of the intestinal MPS discussed.

Intestinal disorders, including specific diarrheal diseases
such as celiac disease, inflammatory bowel disease, irritable
bowel syndrome, infectious diarrhea, and metabolic and

genetic diseases such as cystic fibrosis and cancer, affect
approximately 60–70 million Americans each year with an
economic cost of close to $150 billion.3 Symptoms such as
abdominal pain, gastroenteritis, diarrhea, and constipation
cause an estimated 72 million ambulatory care visits and
4.6 million hospitalizations yearly.3 The gastrointestinal
(GI) tract is one of the most architecturally and functionally
complex organs of the body and performs many physio-
logical functions including digestion, absorption, hormone
and enzyme secretion, peristalsis, detoxification, excretion,
and immunity. Alterations in these functions occur in dis-
ease and involve the dysregulation of pathways such as
those that regulate metabolism, motility, and immunity.
Prevention and therapy of gastrointestinal diseases are
important priorities, yet development of effective drugs
to treat intestinal disorders has been limited by the
available human biological models, which do not fully
recapitulate the human intestine, and are lacking in
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their effectiveness of rapid and accurate evaluations of
potential compounds.

As a major component of the GI tract, the small and large
intestinal epithelium functions both in the secretion and
uptake of molecules, such as enzymes, defensive peptides,
hormones, water, nutrients and drugs. The epithelium also
functions as a barrier between the external environment,
which contains a large amount of microbial species, and
the rest of the body. Junctional complexes maintain a phys-
ical barrier between the body and the intestinal lumen. The
intestinal epithelium consists of a wide variety of polarized
cell types organized with a regional dependent architecture.
Absorptive cells function in nutrient, electrolyte, and water
uptake as well as in drug absorption. Secretory cells pro-
duce mucin and bicarbonate, which add to the protective
barrier. Stem cells renew the epithelium, Paneth cells pro-
duce anti-microbial peptides and contribute to the stem cell
niche, and enteroendocrine cells mostly affect and coordin-
ate intestinal effects on other intestinal cells including
immune and neuronal cells, and other body organs, such
as the liver, kidney, and brain, through the production and
secretion of chemical messengers such as hormones and
neurotransmitters. Many secreted products communicate
with other organs starting with the liver via the portal
circulation and then are widely disseminated to other
organs including the brain and kidney through the systemic
circulation. The intestinal lumen contains many species of
resident commensal organisms that affect the function of
the epithelium through such mechanisms as maintenance
of the barrier, control of the immune response, and regula-
tion of metabolic function. Additionally, the lamina propria
contains capillaries, lymph, immune and inflammatory
components, and the enteric nervous system. The muscu-
laris mucosa, which lies below the lamina propria, is com-
posed of a three layer thick smooth muscle that gives some
structure to the epithelium and its mechanical effects play a
role in epithelial homeostasis.

Shortcomings of classical culture systems
of the intestinal epithelium

Many models have been used to study the gastrointestinal
tract including static in vitro transformed cell lines and
intact animal models.4 In vitro classical culture models
(e.g. immortalized human colon cancer cells) consist of a
single epithelial cell population, and while they have been
used for many years in GI research, they do not fully recap-
itulate normal tissue architecture, segment specificity,
biology, molecular signaling including paracrine and auto-
crine cross-talk between different cell types in the intestinal
epithelium, or susceptibility to human pathogens.4 In add-
ition, it is not clear how much a transformed cell line recap-
itulates the function of an untransformed heterogeneous
epithelium. Genetic drift, lack of selective pressure, and
sub-cloning have led to many different versions of the
colon cancer cell lines such as Caco-2 that are used by
different laboratories. In some cases, immortalization or
transformation alters the response of the cells to drugs or
infectious agents as they are selected for proliferation and
resistance to cell death.5 Various studies have commented

on the lack of functional correlation between Caco-2 cells
and human intestine. Mainly, various drug transporters are
either mislocalized or have inaccurate expression in Caco-2
cells when compared to human intestine.6–8 There are some
reports of co-culturing Caco-2 cells with HT-29X or
HT29-5M21 cells, a mucin secreting population, or with
PBMC-derived macrophages and dendritic cells in an
attempt to improve the in vitro cultures to mimic a more
in vivo like response.9–11 Although these cultures have add-
itional complexity compared to Caco-2 cell cultured alone,
the use of transformed epithelial (Caco-2) cells still raises
questions as to the validity of recapitulating true intestinal
epithelial biology with these transformed cell cultures.
Computational modeling or systems biology approaches
are often necessary to take in vitro responses from these
cells and extrapolate predictive in vivo responses such as
absorption and transport but these approaches have had
limited accuracy.12–15 Animal models can recapitulate the
human intestine from an anatomical and structural stand-
point but exhibit limitations in recapitulating physiology
and subsequent responses to drugs targeting intestinal dis-
orders, depending on the animal.16,17 In fact, failures are
common when preclinical animal testing is used to predict
adverse outcomes arising from sequential, multi-organ
metabolism of drugs and xenobiotics.18 Other factors that
limit the use of animal models in development of intestinal
therapies include the labor-intensive and expensive nature
of maintaining an animal colony, the lack of genetic diver-
sity often critical to disease development and drug treat-
ments, the lack of suitability for high-throughput drug
screening, and the inability to model human patient- and
population-specific physiology and pathophysiology.17,19

These considerations highlight the interest and need
for models of human intestine that recapitulate human
physiology and function yet are compatible with high-
throughput analyses.

New models (organoids and human
intestinal enteroids) and their advantages
compared to cell lines

Two new models of the human GI epithelium have recently
been developed: induced pluripotent stem cell (iPSC)-
derived intestinal organoid cultures20 and ex vivo intestinal
enteroid cultures derived from either a single LGR5þ
stem cell/Paneth cell unit or multi-cell human intestinal
crypts2,21 obtained from human intestinal tissue. These
cultures have emerged as a potentially transformative and
biologically relevant model of intestinal biology.2,22–24

The iPSC-derived cultures have a more immature, fetal
tissue phenotype making them valuable to study develop-
mental biology,25,26 and much current effort is focused on
understanding the signals required to drive their matur-
ation. The ex vivo intestinal enteroids are derived from
either biopsies or surgical specimens from both the large
and small intestine. Cell cultures are established from stem
cells isolated from the crypts along with Paneth cells and are
propagated as three-dimensional cultures in Matrigel�

with media containing appropriate growth factors
(Wnt3a, Noggin, R-spondin) to stimulate stem cell growth.
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These 3D enteroids, which express stem cell and proliferative
markers, can be passaged indefinitely once they are estab-
lished and retain intestinal regional-specific properties as
well as multiple host phenotypic properties (Figure 1(a)
and (b)). Removal of the growth factors stops the stem cell
proliferation and the cells differentiate into mature intestinal
cell types found in the epithelium (Figure 1(c) and (d)). Thus,
these multicellular cultures recapitulate the central features
of normal intestinal epithelial structure and function includ-
ing cell polarization, the presence of the brush border with

microvilli (Figure 1(e)), and appropriate physiologic respon-
siveness.27,28 These multicellular cultures represent a step
towards returning to the whole organ with the retention of
host genetic and phenotypic properties. In addition, these
cultures maintain specific gene expression profiles reflecting
their region of origin (duodenum, jejunum, ileum, and
colon).29 These features will be useful in assessing the influ-
ence of genetic heterogeneity and regional specificity on mul-
tiple conditions in the intestine including infection, injury,
and drug transport, metabolism and toxicity.

Figure 1 Properties of human intestinal enteroids (HIEs). Jejunal crypts were propagated in vitro for 6–10 passages in Matrigel� and media containing WNT3A. WNT

was removed from the cultures resulting in differentiation and the presence of the mature cell types that line the villi in the small intestine. (a, b) Light micrograph of one

individual line illustrating the 3D structure in the proliferative (A) or differentiated (B) state, scale bar 50 mm. (c, d) Expression levels of stem cell (LGR5, HOPX),

proliferative markers (Ki67), and differentiation markers (CHGA, MUC2, VILLIN) were assessed in three individual lines by RT-qPCR in the proliferative (U) or differ-

entiated (D) state. Each color represents an individual enteroid line. (e) Electron microscopy was used to confirm the presence of the brush border with microvilli on the

apical surface of the differentiated jejunal HIEs, scale bar 500 nm.
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Why intestinal MPSs are needed

MPSs are biomimetic systems consisting of organ-specific
human cultures that recapitulate many structural, bio-
logical, and functional properties of the organ in small
scale (micro refers to 10�6 that of the actual size). These
systems have emerged based on advances in bioengineer-
ing, microchip technology, microfluidics, and tissue engin-
eering.30 MPSs replicate several aspects of human organs
that have been lacking in tissue culture models and have the
potential to bridge the gap between in vitro static culture of
transformed cells and the complexity of the human system
in vivo. They model the three-dimensional architecture of
the organ, involve simultaneous formation of two or more
tissues, and replicate many aspects of the organ microenvir-
onment.31 The terminology ‘‘organs-on-a-chip’’ or ‘‘human-
on-a-chip’’ is currently being used to describe systems in
which multiple modular organs in an MPS are linked and
integrated using microfluidic technology.32 Microfluidics
provide critical physical cues such as flow rate and direc-
tion, shear stress, and chemical gradients that are important
at both the tissue and organ level.33 Morphology and archi-
tecture of the epithelium depend in part on the extracellular
microenvironment. Several materials including mem-
branes, PDMS, and hydrogels are currently being used in
MPS. PDMS has been used widely; however, it does not
appear to be an optimal model for the in vivo extracellular
matrix because it absorbs small hydrophobic molecules
affecting physiological and pharmacological studies.34–36

Synthetic hydrogels may provide a more physiologically
relevant matrix.37–39 Hydrogels overcome the limitations
of PDMS and closely mimic the physical properties of the
extracellular matrix. Gjorevski et al.40 have recently defined
the extra-cellular matrix parameters required for intestinal
stem cell expansion by the utilization of modular synthetic
hydrogels, while others have employed microchambers or
droplets to control the cellular microenvironment.41,42 Since
MPS represent a more complex culture system that can
mimic the whole human, they are developed and evaluated
to determine if the efficiency of the drug development pro-
cess can be improved with their use. These systems have
great potential to facilitate new drug screening; their use in
pharmacokinetic and toxicology assays are expected to pro-
vide more accurate predictions of clinical trial outcome. The
ideal MPS will have the ability to obtain absorption, distri-
bution, metabolism, excretion, and toxicity (ADMETOX)
profiles along the timeline of a repeated dose substance
test in coupled human organs.

There are several critical features that are important to
develop a physiologically relevant model of the human
intestine in vitro. The epithelium must contain a heteroge-
neous population of cells that is spatially organized,
mimicking the crypt-villus axis where the proliferating
cells are located in the crypt and the differentiated cells in
the villus. The epithelium must be supported by matrices
that mimic the lamina propria and the muscular layers that
form a concentric tube along with the epithelium. The epi-
thelium also experiences luminal unidirectional sheer stress
on its apical surface while the basolateral surface is exposed
to blood flow. The intestine is further exposed to periodic

squeezing by the muscular layers (peristalsis) that propels
the luminal contents from the mouth to the anus.
Additionally, the intestine has a unique relationship to the
liver in that the basolateral outflow from the intestinal epi-
thelium is directly transported to the liver through the
portal system. Conversely, liver produced products
are secreted into the lumen of the duodenum and act on
the apical side of the intestinal epithelium. Thus, enterohep-
atic signaling is critical to understand the biology of both
tissues. Previously available in vitro models of the GI epi-
thelium consist of transformed cell lines that do not reflect
the heterogeneity and special organization present in vivo.
New models using enteroids or iPS-derived organoids are
being developed to overcome these limitations. The glass
and plastic tissue culture supports used to culture these
cells do not reflect the actual mechanical forces the epithe-
lium would experience in vivo, and static culture conditions
do not incorporate fluid flow.

Current platforms are focusing on introducing fluid
sheer stress, flow direction and rate, and chemical gradients
to well characterized gastrointestinal transformed cell lines
and are being used to examine whether these changes in
cellular microenvironment, polarization, spatial organiza-
tion, and/or differentiation of the cultures better resemble
that found in vivo. There have been several reports linking
the addition of dynamic flow to static transformed cells
with increased cell growth, differentiation, and polariza-
tion.43 Kim et al.44 have examined the response of fluidic
cultures of Caco-2 cells and reported villi-like folds, increas-
ing surface area, and cell reorganization that they compared
to in vivo properties. However, there has been much discus-
sion over whether these structures truly represent villi.
Other work has focused on using a ‘‘human-on-a-chip’’-
based approach to link multiple transformed cell lines
from different tissues such as the intestinal Caco-2/HT29-
MTX and liver HepG2,C3A cell lines45 using microfluidic
engineering to examine aspects of the enterohepatic com-
munication pathways. However, these systems are still
developed using transformed cell lines causing questions
as to whether the findings have biological relevance. Wang
et al.46 have used an air–liquid interface (ALI) culture to
propagate enteroid cultures and report that they form a
highly uniform 3D serpentine pattern that exhibits all the
characteristics of a differentiated intestinal epithelium.46

The continued development of an MPS using iPSC-derived
intestinal organoids or crypt stem cell-derived enteroids
will increase the complexity of current MPS comprising
transformed cells and providing a more biological relevant
cell culture system in which new knowledge can be learned
and the heterogeneous nature of the human population can
be modeled.

With increasing knowledge about stem cell differenti-
ation and better characterization of organoids and enter-
oids, these cell lines are becoming invaluable to further
intestinal MPS platforms for uses in personalized medicine
and establishing multi-organ system ‘‘human-on-a-chip.’’
The ability to disperse 3D enteroid cultures and then
grow them as 2D monolayers on Matrigel�, collagen, or
other extracellular matrices represents an important
advance by providing separate access to apical and
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basolateral surfaces of the epithelium.47–49 These mono-
layers appear to be identical to their 3D counterparts in
terms of composition and physiology; the monolayers
remain multi-cellular and express differentiated cell type
specific markers expected in the epithelium (Figure 2).
The monolayer format now allows the enteroid cultures to
be adapted to MPS platforms. The MPS can be seeded with
proliferating intestinal stem cells to form the monolayers,
differentiated by the withdrawal of growth factors, and
then used for drug testing or other biological investigation.
It is unknown how MPS factors, such as fluid shear stress,
mechanical forces that mimic peristalsis, and spatial organ-
ization of cells, will affect the growth and differentiation of
these cultures. Progress is underway to develop and valid-
ate these cultures for adaptation to a number of MPS
platforms.

Potential functional uses of intestinal MPS
Drug development

The development of optimized ‘‘gut-on-a-chip’’ modules
represents a critical goal, as oral administration of thera-
peutic agents is often the preferred route for clinical use.
Therefore, intestinal MPS are being developed to study
intestinal behavior related to drugs or xenobiotics. The
intestine is the largest organ in the body and absorption,

metabolism, transport and clearance of drugs in the intes-
tine can affect downstream availability, toxicity, and efficacy
in particular to the liver. There is evidence that for some
drugs, there are segment-specific preferential absorption
and metabolism rates.50 Defining effects regulated by spe-
cific regions of the GI tract on bioavailability of compounds
to the liver are an important goal and challenge of the drug
development community. Recapitulation of drug metabol-
ism pathways, such as that of acetaminophen’s first pass
metabolism in intestinal cells and the production of liver
toxic metabolites, has already been successfully performed
using first iterations of these platforms.51 An intestinal MPS
could be used initially to determine the kinetics of absorp-
tion, transport, and metabolism of compounds by the intes-
tinal epithelium. Once the output from the intestine has
been characterized, the modular unit can be plugged into
the multiple organ system, which can then be configured
for unidirectional flow (i.e. intestine->liver->[target
organ(s)]->kidney) or a looped flow with feedback from
the other organ modules in the system. In these linked sys-
tems, scaling will be a major concern and the multi-MPS
platform must be designed to accurately reflect in vivo
physiology as well as relative quantitative contributions
of each organ to modeled blood flow.52 These consider-
ations are important in pre-clinical and clinical drug testing
to determine the bioavailable fraction of an orally adminis-
tered compound that enters the systemic circulation and
ultimately affects dosing regimens and drug effectiveness.
Currently, uptake and metabolism transformation of many
orally administered drugs by the GI tract is often not con-
sidered. Organoids and enteroids combined with an MPS
platform offer a complex model system in which key
pharmacologic responses could be defined and docu-
mented in a patient-specific way.

Microfluidic platforms using multiple Transwell� per-
meable supports seeded with the Caco-2 transformed cell
line are already being used to predict drug bioavailability
provided by the intestine and subsequent liver metabolism
and provide proof-of-principle data that MPS platforms can
be used to model pharmaceutical testing.53–55 There are
several limitations to the use of Caco-2 cells in these studies,
as they are a good model of drug absorption56 but lack the
required factors necessary for metabolic pathways that
model in vivo responses.57 The response of the colon car-
cinoma line to several drugs differs dramatically from the
response in enteroid cultures58 suggesting that the enter-
oids might be more suitable and reflective of the in vivo
metabolic response when studying drug toxicity. Using
the human intestinal enteroids (HIEs) to assess anticipated
toxicities as well as discovery of unexpected adverse drug
effects will be a great strength of this model. Initial studies
indicate HIE cultures exhibit expected toxicity when treated
with indomethacin (Figure 3). Caco-2 cells are also being
used in microfluidic cultures to study real time intestinal
permeability to model substances such as curcumin to
study pharmacokinetic processes that regulate bioavailabil-
ity, drug metabolism, absorption, and excretion.59 As HIEs
are adapted to the microfluidic platforms, they have
the potential to better predict the response of the human
intestinal epithelium to novel drugs. Drug toxicity can be

Figure 2 Properties of human intestinal enteroids after culturing in monolayer

format. Jejunal enteroid lines were cultured in monolayer format followed by

withdrawal of WNT to induce differentiation. (a) H&E stain of a jejunal monolayer.

Scale bar 10 mm. (b) Immunofluorescent staining of markers of differentiated

intestinal epithelium (Blue, nuclear; Red, E-cadherin; Green, Sucrase Isomaltase,

Teal, Muc2). Scale bar 10mm. (c) RT-qPCR was performed to assess expression

levels of stem cell (LGR5, HOPX) and differentiation markers (Sucrase Isomaltase

[SI], mucin [MUC2]) in proliferative (U) or differentiated (D) enteroid lines. Each

color (blue, green, red) represents an individual enteroid line.
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measured in HIEs using a variety of techniques as has been
done previously in cancer cell lines. Enteroid cell death can
be monitored in real time by microscopy directly on some
platforms; by LDH assay of the effluent from the mono-
layer; and by terminal analysis using confocal microscopy,
flow cytometry, and western blotting (Figure 3(a) to (f)).

Other approaches seek to optimize integration of HIEs in
MPS platforms with other organ modules to contribute to
drug evaluation. The feasibility of such studies on an
MPS platform was recently demonstrated by the functional
coupling of small intestine (jejunum), liver, kidney (prox-
imal convoluted tubules), blood–brain barrier, and skeletal
muscle through the sequential organ-to-organ transfer of
media between MPS platforms.60 In this work, linked
human tissues replicated drug/toxin metabolism and
novel tissue responses were observed to terfenadine, vita-
min D3, and trimethylamine (TMA). Metabolic activity of
each tissue was preserved as expected with sequential drug
intermediates quantifiable.60 This study represents an
advance in integrating various organs to screen drugs and
chemicals for toxicity. After successful integration, scaling
becomes an important barrier to modeling accurate physio-
logical responses. The challenge lies in the technology and
expertise required to integrate or directly physically couple
each organ system in the right scale and the design of a
universal ‘‘one size fits all’’ MPS platform to accommodate
the unique features of each organ. Platforms that incorpor-
ate individual inserts with permeable supports or chambers
with apical and basolateral flow seem to meet the needs of

most models. However, currently there is no single device
available that is able to achieve this successfully and is one
of the future challenges that remains to be solved.

Modeling diseases: GI and the role
of other organ systems

The study of acute gastrointestinal diseases may benefit
from using MPS platforms to probe the pathogenesis
of these diseases in a system that better replicates the
gastrointestinal environment. Many acute diseases have
infectious etiologies and although much has been learned
about pathogenesis from static transformed cell lines, the
use of the organoid and enteroid primary human epithelial
lines in an MPS platform will provide a more physiological
environment with flow and sheer stress to study how
pathogens such as human rotavirus and norovirus48,61

infect and potentially alter epithelial responses. In addition,
regional contributions of specific intestinal segments to
pathogenesis can be examined. MPS platforms will also
help identify global metabolic changes that occur following
infection that affect other organs besides the primary target
organ. The response of these ‘‘non-infected’’ organs to the
presence of the pathogen or to pathogen-induced signals
can then be investigated. The development of intestinal
MPS platforms also will be of potential value to rapidly
assess the impact of emerging biologics, toxins, and patho-
gens. With recent bioengineered attacks and the continual
emergence of infectious diseases that rapidly spread world-
wide, there is a tremendous need to bolster our capabilities
to rapidly gain information to assist in combating these
threats. MPS offer the opportunity to dramatically reduce
the time and the cost of development of new treatments as
well as assessment of their safety and efficacy. Studying
emerging pathogenic infections of the GI tract in the context
of a multiple organ MPS platform can contribute to the
implementation of global health plans to combat both
known and other emerging infectious pathogens.24

The study of chronic gastrointestinal diseases such as
IBD, IBS, cystic fibrosis, infectious or chronic diarrhea,
celiac disease, and cancer may also benefit from using
MPS platforms that better mimic the physiological environ-
ment of the GI tract to understand the role that intra-organ
communication contributes to these disease processes in
ways that have been previously inaccessible. Many of
these diseases are not modeled adequately in small animals
due to species differences such as immune responses and
microbiota.62,63 GI diseases can also affect multiple organs
and the response at the organ level may have global effects
that cannot be discovered using cells from a single organ.
MPS platforms containing enteroids can be made from indi-
viduals that have mutations that are linked to specific dis-
ease, such as the TTC7 gene that is linked to infantile IBD
that results in epithelial barrier defects, and can be used to
assess therapies that can reverse the effects of the mutation
on the epithelium.64,65 High-throughput screening methods
are being developed to test patient-derived cultures from
patients with chronic intestinal illnesses for drug discov-
ery.66 Notable examples include the screening of iPSC-
derived cholangiocytes from cystic fibrosis patients with a
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Figure 3 Indomethicin treatment of HIEs results in cell toxicity. (a–b) 3D jejunal

HIEs were treated overnight with indomethicin or vehicle and dead cells imaged

following overnight incubation with 0.1 ug/ml propidium iodide. (c, d) HIEs were

treated with either vehicle or indomethicin. Dead cells marked by propidium

iodide uptake were quantified by flow cytometry. (e) LDH was quantified in the

HIE supernatants by LDH ELISA assay after HIE treatment with increasing con-

centrations of indomethicin. (f) Cell death also can be analyzed by detection of

cleaved caspase three by Western blotting and quantified densitometrically fol-

lowing vehicle or indomethicin treatment and normalized to GAPDH.
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mutation in CFTR for drugs that could correct the CF
phenotype through reductions in misfolding and stabiliza-
tion of the CFTR protein.67 Once effective drugs are identi-
fied, their efficacy, toxicity, and effects on downstream
organs can be pursued on MPS platforms.

Tumor metastasis is a major factor predicting poor clin-
ical outcomes and increased mortality. Metastasis occurs
when cells that originate from the primary tumor migrate
through the lymphatic and vascular systems to remote
organs where they ultimately implant, establish lesions,
and compromise the function of the invaded organ. Little
is known about the mechanics by which a disseminated
cancer cell seeds and overtakes organs. This process has
been difficult to study due to a lack of model systems.

Cancer metastasis in animals has questionable relevance
to human metastasis16,18 and although studies in conven-
tional transformed cultures have provided much of our
understanding of tumor growth, they are not able to pro-
vide information about the complex interactions that occur
between the cancer cell and its microenvironment, nor are
they able to model the specific steps of metastasis. The MPS
has the potential to overcome several of these limitations.
Recently, a metastasis-on-a-chip was described that allowed
real-time tracking of labeled colon cancer cells from a gut
model to a downstream liver module using circulatory
flow.68 CRISPR-CAS9-mediated gene editing of healthy
human enteroids has allowed the evaluation of candidate
genes in carcinogenesis69,70 and examination of these lines
in a multi-organ MPS will provide important information
about the genes that might mediate metastasis. Systems
such as these have the potential to unlock much information
concerning the process of tumor spread.

Current challenges for the development
of intestinal MPS

The development of gastrointestinal MPS will facilitate the
understanding of physiologically relevant interactions with
the ultimate goal being integration with the other organs.
Current MPS have limitations that need to be overcome
(Table 1). First, current cultures do not fully represent the
complexity of the intestine but only the intestinal epithe-
lium. Optimized future MPS intestinal platforms will
need to incorporate the addition of immune cells, vascula-
ture, and nerves.71,72 Recently, aspects of the enteric

Figure 4 Ideal gut MPS platform with primary cells and other important GI components integrated with basolateral flow to the liver and apical access.

Table 1 Limitations and current challenges for the development of

intestinal MPS

Limitations Current challenges

HIEs are in flat monolayer format

that lacks the intestinal

architecture

Engineer crypt-villus like struc-

tures and integrate chemical

gradient for the establish-

ment of stem cell and differ-

entiated cell zones

HIEs only contain intestinal

epithelium

Incorporated immune, vascula-

ture and nervous systems

HIEs lack a microbiome Flow and oxygen gradients are

needed for the colonization

of the microbiome

MPS: Microphysiological systems; HIEs: human intestinal enteroids.
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nervous system have been integrated into iPSC-derived
cultures and formed neuroglial structures similar to a
myenteric and submucosal plexus.73 Other groups are
working with incorporating macrophages and myofibro-
blasts and assessing changes in growth and differentiation
of intestinal progenitor cells.72 In addition, incorporation of
the microbiome will be an important aspect to develop in
these systems as it makes major contributions to human
health and disease. The microbiome is a previously
unappreciated ‘‘complementary organ’’ that metabolizes
nutrients and drugs, regulates the immune system, and
maintains intestinal homeostasis. Attempts at integration
of these two organs have been modeled. The probiotic,
Lactobacillus rhamnosus, was introduced into an MPS con-
taining transformed cells resulting in colonization of the
MPS with the organism and positive effects on the cells
such as increased barrier function.44,74 Others have looked
at the effects of microbial communities on intestinal enter-
oid growth and differentiation.72 Two features are emerging
as critical to the integration of the microbiome in the GI
MPS. First, the presence of flow is important to replace
used nutrients, remove waste, and prevent toxic bacterial
build-up (Figure 4). The development of a ‘‘blood mimic’’
will be essential to advancement in this area. Second, regu-
lation of oxygen levels is essential to maintain the balance of
aerobic and anaerobic species that represent the true intes-
tinal microbial flora. Another critical aspect of developing a
GI MPS will be the incorporation of the immune system
(Figure 4). The GI tract is the largest immune organ in the
body; therefore, studying biological responses of an intes-
tinal MPS without this important aspect of the GI tract will
be incomplete. In addition to the microbiome and immune
system, a fully relevant intestinal MPS will have a differen-
tiated multicellular composition and exhibit cellular organ-
ization including crypts and villi (Figure 4). Attayek et al.75

are designing chemical gradients consisting of stem cell sig-
naling factors that result in basal luminal patterning of colo-
nic cells in vitro.75 Research such as this will contribute to the
design and development of gut MPS platforms. With these
considerations, the human intestinal MPS will provide a new
in vitro model system in which diseases can be studied, drugs
can be tested, and mechanisms can be dissected.
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