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SUMMARY

The 3-dimensional structure of human intestinal organoids
makes them challenging to use. Here we describe how
organoids, derived from induced pluripotent stem cells, can
be incorporated into small microengineered Chips making
them more amenable for study.

BACKGROUND AND AIMS: Human intestinal organoids
derived from induced pluripotent stem cells have tremen-
dous potential to elucidate the intestinal epithelium’s role
in health and disease, but it is difficult to directly assay
these complex structures. This study sought to make this
technology more amenable for study by obtaining epithelial
cells from induced pluripotent stem cell–derived human
intestinal organoids and incorporating them into small
microengineered Chips. We then investigated if these cells
within the Chip were polarized, had the 4 major intestinal
epithelial subtypes, and were biologically responsive to
exogenous stimuli.

METHODS: Epithelial cells were positively selected from
human intestinal organoids and were incorporated into the
Chip. The effect of continuous media flow was examined.
Immunocytochemistry and in situ hybridization were used to
demonstrate that the epithelial cells were polarized and
possessed the major intestinal epithelial subtypes. To assess if
the incorporated cells were biologically responsive, Western
blot analysis and quantitative polymerase chain reaction
were used to assess the effects of interferon (IFN)-g, and
fluorescein isothiocyanate–dextran 4 kDa permeation was used
to assess the effects of IFN-g and tumor necrosis factor-a on
barrier function.

RESULTS: The optimal cell seeding density and flow rate were
established. The continuous administration of flow resulted
in the formation of polarized intestinal folds that contained
Paneth cells, goblet cells, enterocytes, and enteroendocrine cells
along with transit-amplifying and LGR5þ stem cells. Adminis-
tration of IFN-g for 1 hour resulted in the phosphorylation of
STAT1, whereas exposure for 3 days resulted in a significant
upregulation of IFN-g related genes. Administration of IFN-g
and tumor necrosis factor-a for 3 days resulted in an increase
in intestinal permeability.

CONCLUSIONS: We demonstrate that the Intestine-Chip is
polarized, contains all the intestinal epithelial subtypes,
and is biologically responsive to exogenous stimuli. This
represents a more amenable platform to use organoid tech-
nology and will be highly applicable to personalized medicine
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and a wide range of gastrointestinal conditions. (Cell Mol
Gastroenterol Hepatol 2018;5:669–677; https://doi.org/
10.1016/j.jcmgh.2017.12.008)
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Sfunction have been severely hampered because
primary intestinal epithelial cells rapidly undergo apoptosis
when cultured ex vivo.1,2 Although adenocarcinoma lines,
such as Caco-2 cells, recapitulate some aspects of intestinal
function, namely barrier function, a substantial breakthrough
in the intestinal epithelial field occurred when it was
reported that 3-dimensional human intestinal “organoids”
(HIO) could be generated from either human biopsy
samples3,4 or induced pluripotent stem cells (iPSCs).5 Irre-
spective of how these organoids are derived, they contain all
the intestinal epithelial subtypes, are polarized toward
the lumen, and can be maintained for prolonged periods of
time in a tightly controlled milieu. However, there are sub-
stantial technical challenges associated with this technology.
Organoids are heterogeneous both in shape and size, which
may lead to inconsistent findings. Access to the lumen, which
is crucial for assessing intestinal permeability, microbial-
epithelial interactions, and drug absorption are technically
challenging. Coculture with other cell types, such as immune
cell subtypes or endothelial cells, is also difficult given that
organoids are typically embedded in a 3-dimensional matrix.

One potential way to overcome such challenges is to
combine intestinal organoid culture with microengineering
technology. Small microengineered Chips are integrated
systems that place living human cells in precisely micro-
engineered environments that can more accurately reca-
pitulate human physiology and disease states. They allow
unprecedented control over key physiological aspects, such
as interactions between tissues, mechanical forces, blood
and immune components, and the biochemical milieu.6 This
engineering also allows the tuning and control of
the microenvironment. Indeed, lung7,8 and Caco-2 cells9–11

have previously been incorporated into such Chips and
studies examining epithelial-immune cell interactions, pro-
longed epithelial-microbial interactions, and permeability
experiments have all successfully been performed.

Given that iPSCs can be generated from any individual,12

iPSC-derived HIOs were chosen for incorporation into this
Chip system, thereby permitting the study of intestinal
epithelial cells from virtually any patient or nondiseased con-
trol. It also allows for the generation of other patient-specific
cell types, such as macrophages,13 dendritic cells,14 and
neutrophils,15 that can also be incorporated into the Chip and
used to studymulticellular interactions. Furthermore, we have
previously reported that lymphoblastoid cell lines can be reli-
ably reprogrammed to form iPSCs.16 Given there are numerous
lymphoblastoid cell lines available in well-characterized
worldwide repositories that are linked to patient clinical
history and long-term genotype-phenotype data,17 studies
into epithelial cells and their interactions with other cell types
from well-characterized patient cohorts are now possible.

Materials and Methods
Ethics Statement

All the cell lines and protocols in the present study were
carried out in accordance with the guidelines approved by
the stem cell research oversight committee and institutional
review board at the Cedars-Sinai Medical Center under the
auspice of the institutional review board stem cell research
oversight committee protocols Pro00027264 (Derivation of
Intestinal Stem Cells). All authors had access to the study
data and have reviewed and approved the final manuscript.

Cell Lines and Culturing Conditions
Two iPSC lines (CS83iCTR-33n1 and CS688iCTR-n5)

were obtained from the iPSC Core at Cedars-Sinai. Both
lines were fully characterized and were confirmed to be
karyotypically normal. All iPSC lines were maintained
in an undifferentiated state on Matrigel-coated plates in
mTeSR1 media (Stem Cell Technologies, Vancouver, British
Columbia, Canada) under feeder-free conditions. All iPSC
cultures were tested monthly for mycoplasma contamina-
tion. Caco-2 (ATCC HTB-37) cells were cultured in Eagle’s
Minimum Essential Medium supplemented with 10% fetal
bovine serum (Gibco, Gaithersburg, MD).

Small Microengineering Chip Microfabrication
Chips were fabricated using modified methods for

Chip microfabrication as previously described.18 Briefly, pol-
y(dimethylsiloxane) (PDMS) prepolymer was mixed at a 10:1
ratio of PDMS base to curing agent, wt/wt using a planetary
mixer (Thinky ARE-310). PDMS prepolymer was then cast
onto molds forming the microchannels of the upper layer
(1000 mm wide � 1000 mm high) and lower layer (1000 mm
wide � 200 mm high). The membrane was cast onto a silicon
mold that was fabricated using photolithography and deep
reactive ion etching, resulting in 7-mmpores. The components
were cured overnight and removed from the mold. The upper
layer, membrane, and lower layer were permanently bonded
via plasma bonding to form the complete Chip.

Generation of Human Intestinal Organoids From
Induced Pluripotent Stem Cells

The generation of HIOs from iPSCs involves a multistep
technique whereby iPSCs were directed to form definitive
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endoderm, epithelial structures, and ultimately organoids. To
induce definitive endoderm formation, iPSCs were cultured
with a high dose of Activin A (100 ng/mL, R&D Systems,
Minneapolis, MN) with increasing concentrations of fetal
bovine serumover time (0%, 0.2%, and 2%onDays 1, 2, and 3,
respectively). Wnt3A (25 ng/mL, R&D Systems) was also
added on the first day of endoderm differentiation. To
induce hindgut formation, cells were cultured in
Advanced DMEM/F12 with 2% fetal bovine serum and
FGF4 (500 ng/mL, R&D Systems) and CHIR99021 (3 mM,
Tocris, Minneapolis, MN). After 3–4 days, free-floating
epithelial spheres and loosely attached epithelial tubes
becamevisible andwereharvested. These epithelial structures
were subsequently suspended inMatrigel and then overlaid in
intestinal medium containing CHIR99021 (2 mM, Tocris),
noggin, and epidermal growth factor (both 100ng/mL, all R&D
Systems) and B27 (1X, Invitrogen, Carlsbad, CA). HIOs were
passaged every 7–10 days thereafter.

Cell Sorting, Seeding, and Maintenance
of Intestine-Chip

To seed intestinal epithelial cells into the Chip, HIOs were
first dissociated and the intestinal epithelial cells were posi-
tively selected using fluorescent activated cell sorting. At 24
hours before sorting, ROCK inhibitor (10 mM, Tocris) was
added to HIO culture media. The following day, HIOs were
removed from Matrigel and subsequently incubated in Try-
pLE Express (Life Technologies, Camarillo, CA) for 15–30
minutes until the organoids were completely disassociated to
a single cell suspension. These cells were then passed through
a 30-mm filter and stained with CD326 (Biolegend, San Diego,
CA) for 30 minutes. A minimum of 5 � 106 cells were then
positively sorted for CD326. Cells were collected and
resuspened to a density of 6.25 � 106 cells/mL in intestinal
media containing ROCK inhibitor (10 mM, Tocris), SB202190
(10 mM, Tocris), and A83-01 (500 nM, Tocris). Before cell
seeding, Chipswere treatedwith plasma in 100%oxygen for 2
minutes using a CUTE series plasma system (Femto Science,
Gyeonggi-Do, South Korea) and immediately coated with
Matrigel (83 mg/mL). Dead/nonadhered cells were removed
after 3–6 hours by flushing media through the Chip. Flow was
started 3–6 hours later at a rate of 30 mL/h. ROCK inhibitor
was removed from media 24 hours postseeding. To induce
flow, gas-permeable tubing (PharMed BPT, 1/32� 5/32 inch
tubing, Cole Palmer, Vernon Hills, IL) with a connector (Right
angle tube 18RW, Fourslide Spring and Stamping, Bristol, CT)
was inserted into the microchannels to supply cell culture
medium. A Fusion 200 Touch Syringe Pump (Chemyx, Staf-
ford, TX) fitted with a modular 10 syringe rack was used to
induce and maintain flow. All of the apparatus, the Intestine-
Chip, and syringe pumps were stored in an incubator and all
experiments were carried out at 37�C.

Quantitative Real-Time Polymerase
Chain Reaction

Phosphate-buffered saline was flushed through the
upper and lower channels and total RNA from the Intestine-
Chip was extracted in situ with the RNeasy mini kit (Qiagen,
Germantown, MD). cDNA was generated from 1 mg of RNA
using the Omniscript RT Kit (Qiagen). Quantitative real-time
polymerase chain reaction was performed using SYBR Select
Master Mix (Applied Biosystems, Carlsbad, CA) on a BioRad
CFX384 Real-Time System. Primer sequences as follows;
IDO1 F-ACACTTTGCTAAAGGCGCTG, IDO1 R-TGCCTTTCCAG
CCAGACAAA, GBP1 F-AAACTTCAGGAACAGGAGCAAC, GBP1
R-GGTACATGCCTTTCGTCGTCT, PLA2G2A F-CAAGTTTAG
CAACTCGGGGA, PLA2G2A R-TCTAGCAAAACAGGTGGC AG,
MUC4 F-AGACGCACAGCCACATCAC, MUC4 R-GGGAAAC
TCCTCTCTCAGGC, LYZ F-TTTCTGTTACGGTCCAGGGC, LYZ
R-ACACATCCAGTTTGCTAGGCT.

Immunohistochemistry and Microscopy
HIOs were fixed in 4% paraformaldehyde (Electron

Microscopy Sciences, Hatfield, PA), transferred to 30% su-
crose overnight at 4�C, embedded in Tissue-Tek O.C.T Com-
pound (VWR, Radnor, PA), and cut into 10-mm sections.
Sections were blocked in 10% normal donkey serum (Jack-
son ImmunoResearch, West Grove, PA) with 0.5% Triton X-
100 and incubated with primary antibodies (Supplementary
Table 1) for either 3 hours at room temperature or overnight
at 4�C. Sections were then rinsed and incubated in species-
specific AF488, AF594, or AF647-conjugated secondary an-
tibodies (Life Technologies, Carlsbad, CA) followed by DAPI
(0.5 mg/mL; Life Technologies) to counterstain nuclei, and
were imaged using a Leica DM6000 B microscope. Intestine-
Chips were flushed through the upper and lower channels,
and cells were fixed with 4% paraformaldehyde for 15
minutes without flow. Intestine-Chips cultured under static
conditions were immunostained and imaged in a similar
manner as previously mentioned. To obtain cross-section
images, a Leica VT1200S vibratome or Leica CM3050S
cryostat was used to obtain sections of the Intestine-Chip.
These sections were blocked in 10% normal donkey
serum with 0.5% Triton X-100 and incubated with primary
antibodies (Supplementary Table 1) for 24 hours at 4�C.
Sections were rinsed; incubated in species-specific AF488,
AF594, and AF647 followed by DAPI; and were imaged
using a Nikon A1R Eclipse Ti Confocal Microscope.

In Situ Hybridization
Intestine-Chips were fixed as previously mentioned in

4% paraformaldehyde for 15 minutes without flow. To
obtain cross-section images, Intestine-Chips were sectioned
with a Leica CM3050S cryostat at 10 mm per section. These
sections were prepared and treated using RNAscope In Situ
Hybridization 2.5 HD brown assay kit (Advanced Cell
Diagnostic, Newark, CA). In brief, the tissue underwent
target retrieval, permeabilization, hybridization of LGR5
(Hs-LGR5 311021) and WDR43 (Hs-WDR43 472711),
amplification, and visualization using DAB-A and DAB-B.
Sections were imaged using a Leica DM6000 B microscope.

Permeability and Cytotoxicity Assay
Intestine-Chips were prepared as previously mentioned,

and maintained under flow conditions (30 mL/h) for
10 days. Each Intestine-Chip was microscopically assessed



672 Workman et al Cellular and Molecular Gastroenterology and Hepatology Vol. 5, No. 4
to confirm barrier integrity before experimentation. After
10 days, 10 ng/mL interferon (IFN)-g and 10 ng/mL tumor
necrosis factor (TNF)-a (both from R&D Systems) was
added to the lower channel of the Intestine-Chip for 3 days,
whereas the control group was untreated. After 3 days, the
media was removed and the system was flushed with
transport buffer (HBSS supplemented with 12.5 mM glucose
and 25 mM HEPES) and equilibrated for 1.5 hours. At time
zero, fluorescein isothiocyanate–dextran 4 kDa was added
to the top channel (10 mg/mL) in transport buffer, and the
lower channel transport buffer was either untreated or
contained 10 ng/mL IFN-g and 10 ng/mL TNF-a. Samples
from the lower channel were taken every 1.5 hours
for 6 hours and samples from the top channel were taken
at 0 and 6 hours to determine the area under the curve.
Fluorescence was measured in a spectrofluorometer
(EnVision 2104, Perkin Elmer, Waltham, MA) with an
excitation wavelength of 490 nm and an emission
wavelength of 525 nm. Area under the curve was calculated
using Prism-7 software (GraphPad, La Jolla, CA). After
the final time point for the permeability experiments, the
Intestine-Chip was flushed with transport buffer and the
epithelium was treated with MTS (3-[4,5-dimethylthiazol-
2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H-
tetrazolium) to assess cytotoxicity induced by IFN-g and
TNF-a exposure. Intestine-Chips were incubated with MTS
for 4 hours at 37�C in a humidified incubator with 5% CO2

and 95% O2. Optical density was measured at 490 nm.
Each value presented was normalized against untreated
control. Permeability and cytotoxicity experiments were
calculated from 2 independent experiments, each of which
included 6 replicates.

Western Blotting
Phosphate-buffered saline was flushed through both the

upper and lower channels and total protein was extracted
in situ using cell lysis buffer supplemented with protease and
phosphatase inhibitor (# MSSAFE, Sigma, Carlsbad, CA). Pro-
tein concentrationwas then determined and equal amounts of
protein lysates were heat denatured and separated on a 10%
mini-protean precast gel (Bio-Rad, Hercules, CA). Gelwas then
transferred on to midi format 0.2 mm Nitrocellulose Mem-
brane (Bio-Rad). Blot was blocked in Odyssey Blocking Buffer
(LI-COR, Lincoln, NE) for 1 hour and then incubated in pri-
mary antibody for STAT1, pSTAT1, and glyceraldehyde-3-
phosphate dehydrogenase (Supplementary Table 1) over-
night at 4ºC. After incubation with infrared conjugated
secondary antibodies (LI-COR) for 1 hour, blots were washed
with TBST and bands were visualized by scanning membrane
on Odyssey Infrared Imaging System (Li-COR). Image J anal-
ysis was used to quantify levels of phosphorylated STAT1
compared with glyceraldehyde-3-phosphate dehydrogenase.

Statistical Analyses
All data are represented as mean ± standard error of

the mean. An unpaired Student’s t test was completed
using Excel, and control and IFN-g treated Chips were
compared with each other in each condition. Differences
between groups were considered statistically significant
when P < .05. No statistical method was used to predeter-
mine sample size. The investigators were not blinded to
allocation during experiments and outcome assessment. No
randomization was made.

Results and Discussion
To develop the Intestine-Chip, we established a multistep

technique whereby iPSCs were differentiated into HIOs,
dissociated to single cells, sorted on an epithelial cell marker,
and subsequently incorporated into small microengineered
Chips (Figure 1A). iPSCs were directed to form 3-dimensional
HIOs by culturing them with Activin A to induce definitive
endoderm formation; CHIR99021andfibroblast growth factor
4 to induce hindgut formation; and ultimately epidermal
growth factor, Noggin, and CHIR99021 to induce andmaintain
organoid formation. This protocol resulted in the robust
generation of intestinal organoids that were polarized to-
wards the lumen, were CDX2/E-cadherin-immunopositive
and, in contrast to biopsy-derived organoids, contained
mesenchymal cells as previously reported (Figure 1B).5 The
Chips used in this study were fabricated as previously
described.18 Briefly, the Chips aremade of PDMS and contain a
top channel with a height andwidth of 1 mm separated from a
parallel bottom channel (0.2 mm high� 1mmwide) by a thin
(50 mm), porous (7-mmpores) PDMSmembrane coated on the
upper sidewithMatrigel (Figure 1C). Initially, we attempted to
place intact HIOs into the top channel of the Chip. Although
some HIOs adhered to the PDMS membrane and formed a
partial monolayer of intestinal epithelial cells (Supplementary
Figure 1A andB),most did not adhere and someHIOs gave rise
to partial monolayers of mesenchymal cells (Supplementary
Figure 1C) that physically impeded the expansion of the
epithelial cells (data not shown). Given that the number of
epithelial andmesenchymal cells within HIO cultures can vary
enormously and the presence of mesenchymal cells seems to
impede the expansion of epithelial cells, we sought to refine
our approach. HIOs were dissociated to a single cell suspen-
sion and epithelial cell adhesion molecule (EpCAM/CD326)
was used to positively select for HIO-derived epithelial cells
using fluorescent activated cellular sorting. Concentrations of
positively selected cells ranging from 2.5–7.5 � 106 cells/mL
were added to the Matrigel-coated top channel of each Chip
and it was found that 6.25 � 106 cells/mL gave a near
continuous monolayer after 24 hours (Figure 1D). After 3
days, we observed a fully confluent monolayer of intestinal
epithelial cells along the entire top channel of the Chip and
thus this cell concentration was added in all future experi-
ments to incorporate HIO-derived epithelial cells into the
Intestine-Chip (Figure 1E).

After establishing the conditions to successfully incor-
porate HIO-derived epithelial cells into the Intestine-Chip,
we then ascertained the optimal rate that media should
continuously be flowed through the Chip. Continuous media
flow over cells mimics some of the in vivo microenviron-
mental conditions and not only permits prolonged exposure
to microbes, but enhances the differentiation of cells.6,9–11

Indeed, it was previously shown that continuous media
flow caused Caco-2 cells to spontaneously develop intestinal



Figure 1. (A) Schematic of workflow for incorporation of iPSC-derived HIOs into the Intestine-Chip. Scale bar ¼ 200 mm.
(B) Representative images showing polarized HIOs immunopositive for E-cadherin (red) and ZO-1 (green), and HIOs immu-
nopositive for E-cadherin/CDH1 (red), CDX2 (gray), and vimentin (green) all counterstained with DAPI (blue). Scale bar¼ 50 mm.
(C) Schematic of the small microengineered Chip used in this study. (D) HIO-epithelial cells ranging in concentrations from
2.5–7.5 � 106 cells/mL were seeded into the Chip and representative phase contrast images were obtained after 24 hours.
Yellow lines denote areas of the Chip not covered by HIO-derived epithelial cells. Scale bar ¼ 200 mm. (E) HIO-epithelial cells
were seeded at 6.25 � 106 cells/mL into the Intestine-Chip and E-cadherin/CDH1þ cells (red) counterstained with DAPI (blue)
were imaged 3 days later. Images were stitched together to show a fully confluent monolayer of intestinal epithelial cells along
the entire channel of the Chip. Scale bar ¼ 1 mm.
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folds.9–11 We first tested a similar flow rate of 30 mL/h that
was previously reported9–11 and found that after 72 hours,
the HIO-derived epithelial cells exhibited a more crenulated
appearance along the Intestine-Chip, which became more
pronounced after 5 and 7 days (Figure 2A). Under static
conditions, some small folds were observed after 7 days,
although they primarily remained as a monolayer. Similarly,
cells seeded at a lower density (2.5–5 � 106) failed to
generate intestinal folds despite exposure to continual flow
(data not shown). A stitched phase contrast image of HIO-
epithelial cells that were exposed to continual media flow
at 30 mL/h for 5 days demonstrated homogenous and near
complete coverage of the Intestine-Chip (Figure 2B). An
increased flow rate of 60 mL/h did not seem to accelerate
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the process and so a flow rate of 30 mL/h was used in all
subsequent studies (Supplementary Figure 2). After 14
days, a cross-section of the Intestine-Chip revealed a sub-
stantially thickened layer that seemed to have organized
into villous-like projections (Figure 2C). The presence of
E-cadherin and polarized ZO-1 immunostaining toward the
apical surface demonstrates these are polarized epithelial
cells and illustrates that the top channel is representative of



Figure 3. (A) Western blot analyses and quantification of phosphorylation of STAT1 in Chips containing either HIO-
derived intestinal epithelial or Caco2 cells in response to exposure of increasing concentrations (0–1000 ng/mL) of
IFN-g in the lower channel for 1 hour. Glyceraldehyde-3-phosphate dehydrogenase and STAT1 were used as loading
controls. Image J analysis was used to quantify levels of phospho-STAT1 compared with glyceraldehyde-3-phosphate
dehydrogenase. (B) Quantitative reverse-transcription polymerase chain reaction analyses of IDO1 and GBP1 and (C)
PLA2G2A, MUC4, and LYZ in Chips incorporating either HIO-derived epithelial or Caco-2 cells in response to exposure of 10
ng/mL of IFN-g in the lower channel for 3 days. Three independent experiments were carried out; data represent mean ± SEM;
*P < .05, **P < .01 compared with respective untreated controls. (D) Area under the curve of fluorescein
isothiocyanate–dextran 4 kDa permeation over 6 hours was statistically higher (P < .01) in Intestine-Chip treated with IFN-g
and TNF-a compared with untreated. (E) Following the permeability studies, MTS cytotoxicity assay was carried out and
showed no statistical difference between Intestine-Chips treated with IFN-g and TNF-a or untreated. Two independent
experiments were carried out; data represent mean ± SEM. **P < .01. AUC, area under the curve; CTL, control; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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the luminal aspect of the intestine (Figure 2D). Addition-
ally, the presence of CDX2 and villin staining demonstrates
that these cells are of intestinal lineage with brush borders
(Figure 2E). Given that it was previously reported that
Figure 2. (See previous page). (A) Representative phase con
Chip. Cells were exposed to continuous media flow at 30 mL/h
after 7 days. Scale bar ¼ 200 mm. (B) Stitched phase contrast
media flow at 30 mL/h for 5 days. Scale bar ¼ 1 mm. (C) Repre
exposed to continual media flow at 30 mL/h for 14 days. Scale b
E-cadherin/CDH1 (red), ZO-1 (green), DAPI (blue), and (E) E-cad
Chip under conditions similar to C. Both scale bars ¼ 50 mm. (F)
(red), and MUC2, lysozyme, FABP2, and chromogranin A (all gre
that were exposed to continual media flow at 30 mL/h for 7 da
hybridization for LGR5þ and WDR43þ (white arrows) in conditio
rescent image showing E-cadherin/CDH1 (blue), Ki67 (green), a
Graph shows percent Ki67þ nuclei per section.
HIOs contained the major epithelial subtypes,5,16 we
confirmed the presence of lysozymeþ cells, MUC2þ cells,
chromogranin Aþ cells and FABP2þ in the Intestine-Chip
(Figure 2F), which suggests that this platform may be
trast image of HIO-derived epithelial cells seeded into the
and imaged after 0, 3, 5, and 7 days. Static Chip was imaged
image of HIO-epithelial cells that were exposed to continual
sentative brightfield image of cross-section of Chip that was
ar ¼ 250 mm. Representative fluorescent images showing (D)
herin (blue), CDX2 (red), and Villin (green), in cross-section of
Representative fluorescent images showing E-cadherin/CDH1
en), counterstained with DAPI (blue), in cross-section of Chips
ys. Scale bar ¼ 10 mm. (G) Representative images of in situ
ns similar to F. Scale bar ¼ 10 mm. (H) Representative fluo-
nd DAPI (blue) in conditions similar to F. Scale bar ¼ 100 mm.
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useful for studying Paneth cells, goblet cells, enterocytes,
and enteroendocrine cells. We also confirmed the
presence of LGR5þ stem cells and WDR43þ transit-
amplifying cells via in situ hybridization (Figure 2G).19

Although the number of differentiated cells were rela-
tively low, we did find a large percentage of proliferative
(Ki67þ) cells, which were distributed throughout the
intestinal folds (Figure 2H).

To demonstrate that the intestinal epithelial cells in
the Intestine-Chip were biologically responsive to exoge-
nous stimuli and therefore suitable for modeling epithelial
responses, we chose to examine the response to IFN-g, a
cytokine known to be upregulated in patients with
inflammatory bowel disease.20–22 Because Caco-2 cells
are routinely used to assess intestinal epithelial responses
and have previously been incorporated into Chips,9–11

we included these cells as a direct comparison with the
new Intestine-Chip. Exposure to IFN-g at concentrations
ranging from 10–1000 ng/mL resulted in the robust
phosphorylation of STAT1 in both cell types when added
to the bottom channel for 1 hour (Figure 3A). Thus,
both cell types were incubated with 10 ng/mL of IFN-g
for 3 days and assessed for upregulation of indoleamine
2,3-dioxygenase 1 (IDO1) and guanylate binding protein
1 (GBP1). These proteins were chosen because they
are both upregulated in various cell lines in response to
IFN-g exposure and are also upregulated in the inflamed
intestinal epithelium of patients with inflammatory
bowel disease.23,24 We found that IDO1 and GBP1 were
significantly increased in IFN-g-treated Intestine-Chips
as compared with respective untreated controls, vali-
dating results from these previous reports (Figure 3B).
Although IDO1 and GBP1 were upregulated in Caco2-
Chips, this biologic affect was attenuated in comparison
with the Intestine-Chip. We then looked for changes in
expression of various genes that are specific to Paneth
and goblet cells. There was significant upregulation of
the antimicrobial, PLA2G2A, and the mucin, MUC4,
although no differences were observed in LYZ (Figure 3C).
Although Caco-2 cells in the Intestine-Chip were
immunopositive for the intestinal epithelial subtypes
(Supplementary Figure 3), corroborating a previous
study,10 there was no significant upregulation of the
aforementioned genes. These findings indicate that HIO-
derived intestinal epithelial cells may provide a more
faithful model to predict human intestinal epithelial
responses. We then performed barrier function studies on
the Intestine-Chip whereby IFN-g and TNF-a were added
to the bottom channel for 3 days and the permeability of
fluorescein isothiocyanate–dextran 4 kDa was subse-
quently assessed over 6 hours. The area under the curve
of fluorescein isothiocyanate–dextran 4 kDa was signifi-
cantly increased in Intestine-Chips exposed to IFN-g and
TNF-a compared with those untreated (Figure 3D).
Following the permeation assay, a cytotoxicity assay
(MTS) was carried out and revealed that there was no
change in the viability between groups, which demon-
strates that this increase in permeability was not a result
of increased cell death (Figure 3E).
Conclusions
The Intestine-Chip combines the strengths of both

human iPSC-derived intestinal organoids and small micro-
engineering technologies. The intestinal organoid compo-
nent permits the incorporation of biologically responsive
intestinal epithelial cells from almost any individual into
the system. Previous studies have shown that various
immune cell types and microbes can be incorporated into
Chips,7–11 and the microengineering component now allows
for an examination of how an almost unlimited combination
of cytokines, microbes, and immune cells affects the func-
tioning of intestinal epithelial cells in a patient-specific
manner. The Chips further allow the establishment and
control of a more physiologically relevant microenviron-
ment, such as recapitulating the in vivo Wnt and BMP
signaling gradients that regulate the location and differen-
tiation of intestinal epithelial cells,25 or establishing an
anaerobic upper channel model to potentiate epithelial-
microbial studies.18 All of these approaches would be
highly applicable in the gastrointestinal field and will likely
have major implications for personalized medicine.
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Supplementary
Figure 1. (A) Phase
contrast image (scale
bar [ 500 mm) and (B)
fluorescent image (scale
bar [ 100 mm) showing
E-cadherin/CDH1
(green), CDX2 (red),
counterstained with DAPI
(blue) of intact HIO that
was incorporated into the
Chip and imaged 3 days
later. (C) Phase contrast
image showing epithelial
and mesenchymal cells
that arose from intact HIOs
that were incorporated into
the Chip and imaged 4
days later. Yellow dotted
lines represent mesen-
chymal cells in Chip. Scale
bar ¼ 500 mm.

Supplementary Figure 2. Representative phase contrast images of HIO-derived epithelial cells seeded into the chip.
Cells were exposed to continuous media flow of 60 mL/h and imaged after 0, 3, 5, and 7 days. Scale bar ¼ 200 mm.
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Supplementary Figure 3. Representative fluorescent images showing E-cadherin (gray), CDX2 (red), and MUC2,
lysozyme, FABP2, and chromogranin A (all green) in cross-section of Chips incorporating Caco-2 cells that were
exposed to continual media flow of 30 mL/h and imaged after 8 days. Scale bar ¼ 50 mm.

Supplementary Table 1.Table of Antibodies Used in Study

Antigen Dilution Catalogue # Isotype Manufacturer

CDX2 1:500 NBP1-40553 Rabbit IgG Novus Biologicals

Chromogranin A(CGA414) 1:500 NBP2-29428 Mouse IgG1 Novus Biologicals

E-cadherin 1:1000 AF648 Goat IgG R&D Systems

FABP2/1-FABP(9A9B7B3) 1:500 NBP1-51589 Mouse IgG1 Novus Biologicals

GAPDH 1:1000 sc-25778 Rabbit IgG1 Santa Cruz

Ki67 (SP6) 1:200 RM-9106-S0 Rabbit IgG Thermo Fisher

Lysozyme (BGN/0696/5B1) 1:500 NB100-63062 Mouse IgG2A Novus Biologicals

Mucin-2 (CCP58) 1:500 NBP2-25221 Mouse IgG1 Novus Biologicals

P-Stat1(Y701) (58D6) 1:1000 9167S Rabbit mAb Cell Signaling

Stat1(9H2) 1:1000 9176S Mouse IgG1 Cell Signaling

Villin 1 (1DC2C3) 1:500 NB600-1349 Mouse IgG1 Novus Biologicals

Vimentin 1:1000 550513 Mouse IgG1 BD Biosciences

ZO-1 (ZO1-1A12) 1:500 33-9100 Mouse IgG1 Life Technologies

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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