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Abstract

Development of efficient drugs and therapies for the treatment of inflammatory conditions in the intestine is often
hampered by the lack of reliable, robust, and high-throughput in vitro and in vivo models. Current models generally fail to
recapitulate key aspects of the intestine, resulting in low translatability to the human situation. Here, an immunocompetent
3D perfused intestine-on-a-chip platform was developed and characterized for studying intestinal inflammation. Forty
independent polarized 3D perfused epithelial tubular structures were grown from cells of mixed epithelial origin, including
enterocytes (Caco-2) and goblet cells (HT29-MTX-E12). Immune cells THP-1 and MUTZ-3, which can be activated,
were added to the system and assessed for cytokine release. Intestinal inflammation was mimicked through exposure
to tumor necrosis factor-o. (TNFa) and interleukin (IL)-1P. The effects were quantified by measuring transepithelial
electrical resistance (TEER) and proinflammatory cytokine secretion on the apical and basal sides. Cytokines induced an
inflammatory state in the culture, as demonstrated by the impaired barrier function and increased IL-8 secretion. Exposure
to the known anti-inflammatory drug TPCA-I prevented the inflammatory state. The model provides biological modularity
for key aspects of intestinal inflammation, making use of well-established cell lines. This allows robust assays that can be
tailored in complexity to serve all preclinical stages in the drug discovery and development process.
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Introduction capturing the essence of the disease they are supposed to
model. Depending on the industry and preventive/therapeutic
modality, each phase of development places its own
specific demands on the complexity and screenability of the

Intestinal inflammation is among the primary health indica-
tions in the Western world.! It comprises a range of dis-
eases, from the less defined irritable bowel syndrome to full
impairment of intestinal function in inflammatory bowel
disease (IBD).? For this reason, preventive measures and IMimetas BV, Leiden, The Netherlands

treatments are major areas of focus for food, consumer  2PMIR&D, Philip Morris Products S.A., Neuchatel, Switzerland

goods, and pharmaceutical industries alike. The challenge *These authors contributed equally.

in developing such preventive and therapeutic agents is that  peceived Feb 21,2020, and in revised form April 10, 2020. Accepted for
many of the processes involved in intestinal inflammation publication April 16, 2020.

are still poorly understood. It is thought that environmental,
genetic, immunological, and microbial factors play a role in
intestinal inflammation.> Therefore, there have been  Corresponding Authors: .

increasing efforts to model the intestinal niche in its full ?ﬁerc;\tj:;::&t dT'metas BV, JH Oortweg 19, Leiden, 2333CH,
complexity, including the push forward to even more per- Email: d kurek@mimetas.com
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cell culture model. It is therefore of paramount importance
that modeling platforms are available with full modularity
with regard to the complexity of intestinal niche models. At
the same time, these models need to be robust and screen-
able. Such modular platforms allow tailoring of complexity
to the need of the respective phase in the development of a
preventive or therapeutic modality.

Great progress has been made in advancing in vitro mod-
els representing the physiological and inflammatory pro-
cesses in the gut through 3D,%’ organoid-based,® '’ and
microfluidic models.!" " Yu et al. showed that a 3D intesti-
nal model that mimicked the shape and size of the human
small intestinal villi by using collagen hydrogel scaffolds
was more accurate than 2D cultures in predicting drug per-
meability. Furthermore, they demonstrated that cell differ-
entiation varied along the villus, indicating the importance
of the 3D architecture.® As shown by Noel et al., enteroids
cultured as a monolayer in coculture with macrophages
demonstrate enhanced barrier function and maturity, allow-
ing access to both the apical and basal sides.'* To develop a
more powerful tool for understanding and investigating the
human intestine, Kasendra et al. combined primary epithe-
lial cells cultured as 3D organoids with a microfluidic chip.
This model is exposed to fluid flow and can therefore be
used to study nutrient digestion, mucus secretion, and the
effect of drugs/substances on barrier integrity in a more in
vivo-like situation.!" Although these models are relevant
and pertinent to the field of intestinal inflammation model-
ing, they lack the robustness or relationship to industry-
adopted cellular standards and are generally not suitable for
screening large libraries of compounds. '

Previously, we introduced an intestinal model compris-
ing perfused tubules composed of the intestinal cell line
Caco-2 in a microfluidic platform, the OrganoPlate.'® The
gut tubules showed accelerated cellular polarization, funda-
mental receptor expression, and tight junction formation in
a robust and reproducible manner. Moreover, this gut-on-a-
chip model was shown to be applicable for studying inflam-
matory processes in the gut.!” The OrganoPlate platform
allows the formation of 40 tubules in parallel and, owing to
its standardized format, is compatible with a screening
environment. The model comprises cells of the enterocyte
phenotype, captured extracellular matrix (ECM) interaction
and response to shear stress. Use of the industry-wide-
adopted and broadly available cell line Caco-2 accelerated
the uptake of the platform by various pharmaceutical com-
panies.'”'®  However, because it was based on
a single cell line, the model was limited in biological
complexity.

In this study, we demonstrate that the biological com-
plexity of the OrganoPlate-based intestinal tubular model
can be expanded at will, here referred to as plug-and-play
modularity. We expanded the tubular Caco-2 enterocyte
model with the mucus-secreting HT29-MTX-E12 cells

containing a goblet cell phenotype. Furthermore, we added
the immune-competent cells THP-1 and MUTZ-3 to the
basal side of the epithelium. To mimic intestinal inflamma-
tion, we exposed the model to various cytokines and
assessed their effects by measuring transepithelial electrical
resistance (TEER) and proinflammatory cytokine secretion
in both compartments. Finally, we exposed the model to the
well-known anti-inflammatory drug TPCA-1 and showed
that the drug can prevent inflammation.

Materials and Methods
Cell Culture

The human colon adenocarcinoma cell line Caco-2
(86010202; Sigma-Aldrich, St. Louis, MO) was cultured in
T75 flasks in Eagle’s minimum essential medium (EMEM;
30-2003; ATCC, Manassas, VA) supplemented with 10%
fetal bovine serum (FBS; 16140-071; Thermo Scientific,
Waltham, MA), 1% nonessential amino acids (NEAA;
11140-050; Life Technologies, Carlsbad, CA), and 1% pen-
icillin—streptomycin (P4333; Sigma-Aldrich). The human
colon cell line HT29-MTX-E12 (12040401; Sigma-Aldrich)
was cultured in T75 flasks in Dulbecco’s modified Eagle’s
medium (DMEM; D6546, Sigma-Aldrich) supplemented
with 10% FBS (16140-071; Thermo Scientific), 1% NEAA
(11140-050; Life Technologies), 1% GlutaMAX (35050-
061; Thermo Scientific), and 1% penicillin—streptomycin
(P4333; Sigma-Aldrich). The human acute monocytic leu-
kemia cell line THP-1 (Tib-202; ATCC) was cultured in
T25 flasks in Roswell Park Memorial Institute 1640 medium
(RPMI; RO883, Sigma-Aldrich) supplemented with 10%
FBS (16140-071; Thermo Scientific), 1% GlutaMAX
(35050-061; Thermo Scientific), and 1% penicillin—strepto-
mycin (P4333, Sigma-Aldrich). THP-1 cells cultured in six-
well plates were differentiated toward macrophages by
exposure to 5 ng/mL PMA (phorbol 12-myristate 13-ace-
tate) in the medium. After 72 h, the medium was replaced
with standard culture medium, and the cells were further
incubated for 24 h and then trypsinized with TrypLE
Express (12604-013; Life Technologies) for seeding in the
OrganoPlate. The human acute myelomonocytic leukemia
cell line MUTZ-3 (ACC 295; DSMZ, Braunschweig,
Germany) was cultured in T25 flasks in alpha-minimum
essential medium (M4526; Sigma-Aldrich) supplemented
with 20% FBS (16140-071; Thermo Scientific), 1%
GlutaMAX (35050-061; Thermo Scientific), 1% penicillin—
streptomycin (P4333; Sigma-Aldrich), and a 10% condi-
tioned medium of confluent layers of 5637 cells (HTB-9;
ATCC). The cells were cultured in a humidified incubator
(37 °C; 5% CO,) and maintained by adding fresh medium
every 2-3 days. All experiments were performed with
Caco-2, HT29-MTX-E12, THP-1, and MUTZ-3 cells
between passages 53 and 60, 53 and 58, 6 and 14, and 6 and 9,
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respectively. The cells were routinely tested for mycoplasma
contamination and found negative.

OrganoPlate Culture

This study employed the OrganoPlate three-lane (Mimetas
BYV, Leiden, the Netherlands) with 400 X 220 um (w X h)
channels. The phaseguides were 100 X 55 um (w X h) in
dimension. Before loading ECM, each observation window
was filled with 50 puL od Hank’s balanced salt solution
(HBSS) to prevent dehydration and provide optical clarity.
Next, 2 uL of ECM composed of 4 mg/mL collagen-I
(Cultrex 3D collagen-I Rat Tail; 5 mg/mL; 3447-020-01;
AMS Biotechnology, Abingdon, UK), 100 mM HEPES
(15630-122; Thermo Scientific), and 3.7 mg/mL NaHCO,
(S5761; Sigma-Aldrich) was dispensed into the gel inlet.
After incubation for 15 min at 37 °C, 20 uL of HBSS was
added on top of the gel inlet, and the plate was incubated
overnight in a humidified incubator at 37 °C. Caco-2 and
HT29-MTX-E12 cells were trypsinized with 0.25% trypsin
(15290-046; Thermo Scientific) and 0.53 mM ethylenedi-
aminetetraacetic acid (AM9260G; Thermo Scientific), ali-
quoted, and pelleted (200g; 5 min). A suspension of Caco-2
and HT29 cells (concentration, 1 X 107 cells/mL) was pre-
pared in a ratio of 6:1 in EMEM-supplemented Caco-2
medium. Subsequently, a 2 pL cell suspension was injected
into the inlet of the top medium channel, after which 50 pL
of medium was added to the same well. The OrganoPlate
was placed on its side for 3.5 h at 37 °C to allow the cells to
sediment and attach to the ECM. Next, an additional 50 pL
of culture medium was added to each of the remaining inlets
and outlets of the top and bottom medium channels.
Subsequently, the OrganoPlate was placed horizontally in a
humidified incubator (37 °C; 5% CO,) on an interval rocker
switching between a +7° and —7° inclination every 8 min
(OrganoFlow; Mimetas BV), allowing bidirectional flow.
With these settings, a mean flow rate of 2.02 pL/mL could
be achieved, resulting in a mean shear stress of 0.13
dyne/cm? and thereby closely mimicking physiological lev-
els of intestinal epithelial shear stress ranging between
~0.002 and 0.08 dyne/cm?.'*! The medium was refreshed
every 2-3 days. On day 4 of culture, differentiated THP-1
and MUTZ-3 cells were collected, aliquoted, and pelleted
(300g; 5 min). A suspension of THP-1 and MUTZ-3 cells
(concentration, 3 X 10° cells/mL) was prepared in a ratio of
1:1 in EMEM-supplemented Caco-2 medium. The medium
in the bottom perfusion channel of each chip was aspirated,
and 2 puL of the cell suspension was injected into the inlet of
the bottom medium channel. Because the channels were
wet, and the capillary force was lost, the cells were forced
through the channel by pipetting 0.5 pL of the cell suspen-
sion from the outlet into the inlet. This process was repeated
three times, after which the OrganoPlate was placed on its
side for 30 min at 37 °C to allow the immune cells to attach

to the ECM. Subsequently, the medium present in the top
medium channel was aspirated, and 50 pL of fresh EMEM-
supplemented Caco-2 medium was added to all inlets and
outlets of the top and bottom medium channels. The plate
was again placed horizontally on the interval rocker.
Experiments involving compound exposure for inducing or
preventing inflammation were all performed on day 4 or 5
of culture.

Immunohistochemical Analysis

Cultures in the OrganoPlate were fixed with 3.7% formalde-
hyde (252549; Sigma-Aldrich) in phosphate-buffered saline
(PBS; 20012068; Life Technologies) for 10 min, then washed
twice for 5 min with PBS, and permeabilized with 0.3%
Triton X-100 (T8787; Sigma-Aldrich) in PBS for 10 min.
Next, the cultures were washed with 4% fetal calf serum
(FCS; 16140-071; Thermo Scientific) in PBS and incubated
with blocking solution (2% FCS, 2% bovine serum albumin
[BSA; A2153; Sigma-Aldrich], and 0.1% Tween-20 [P9416;
Sigma-Aldrich] in PBS) for 40 min. The cells were then incu-
bated with primary antibodies for 60 min at room tempera-
ture (RT), washed twice, incubated with secondary antibodies
for 30 min at RT, and washed twice with 4% FCS in PBS.
The following antibodies were used for immunohistochemi-
cal analysis: mouse anti-acetylated tubulin (1:2000; T6793;
Sigma-Aldrich), rabbit anti-occludin (1:100; 71-1500;
Thermo Scientific), mouse anti-ezrin (1:50; 610602; BD
Biosciences, San Jose, CA), rabbit anti-ZO-1 (1:125; 617300;
Invitrogen, Carlsbad, CA), rabbit isotype (86199; Life
Technologies), mouse isotype (86599, Life Technologies),
goat anti-rabbit AlexaFluor 488 (1:250; A11008; Thermo
Scientific), and goat anti-mouse AlexaFluor 555 (1:250;
A21422; Life Technologies). Finally, the nuclei were stained
with Hoechst 33342 (H3570; Thermo Scientific) and the
cells were stored in PBS. The cultures were imaged with the
ImageXpress Micro XLS-High Content Imaging System
(Molecular Devices, San Jose, CA).

TEER Measurement

The TEER of the cultures in the OrganoPlate was measured
by using an automated multichannel impedance spectrom-
eter (OrganoTEER; Mimetas BV). An electrode board con-
taining gold electrodes that matched the OrganoPlate
three-lane layout was cleaned with 70% ethanol an hour
before measurement. Prior to measurement, 50 pL of
Caco-2 culture medium was added to all inlets and outlets,
and the OrganoPlate was placed on a rocker platform
(8 min; 7°) for 30 min in a humidified incubator (37 °C; 5%
CO,) for equilibration. Subsequently, the OrganoPlate was
placed in the OrganoTEER device, and point impedance
measurements were performed with a frequency range of
10 Hz to 1 MHz (41 points; precision, 0.2) at RT. The
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corresponding software automatically generated the TEER
values per chip in ohms (€2). These values were normalized
to ohm-square centimeters by multiplication with the sur-
face area of the tubule-ECM interface (0.0057 cm?).

Gene Expression Analysis

Epithelial tubes composed of Caco-2 and HT29-MTX-E12
cells were harvested from the top medium channel of the
OrganoPlate by using RLT lysis buffer (79216; Qiagen,
Hilden, Germany). RNA was extracted by using the RNeasy
Micro kit (74004; Qiagen) and purified in accordance with
the manufacturer’s protocol. M-MLV reverse transcriptase
(28025013; Thermo Scientific) was used to synthesize
complementary DNA by following the manufacturer’s pro-
tocol. The following probes were used in this study: MUC2
(forward: 5'-ACTGCGAGCAGTGTGTCTGT-3', reverse:
5-AGGTGTACGTCTTCCCATCG-3'), MUC5AC (forward:
5-AGGCCTGTGTCTGCACCTAC-3', reverse: 5'-CAGG
GGTAGACCCTCCTCTC-3"), MUCI12 (forward: 5'-CCTG
GAAACCTTAGCACCAG-3', reverse: 5'-GACAGACGC
ATTGTTTTCCAT-3"), MUC13 (forward: 5'-TCCTCCTCA
GATTACCAAGCA-3', reverse: 5'-GTTTAGGGTGCTGG
TCTCCA-3"), MUCI16 (forward: 5'-GGTGGACATCCATG
TGACAG-3/,reverse: 5'-TCCTAGGTTGGTGATGGTGA-
3"), MUC20 (forward: 5-TCCCTCCGACTACAACCAA
C-3', reverse: 5'-ACCTCCATTTTCACCTGCAC-3"), and
ACTB (forward: 5-CTCTTCCAGCCTTCCTTCCT-3,
reverse: 5'-AGCACTGTGTTGGCGTACAG-3"). Quantita-
tive PCR was performed with the LightCycler 96 system
(Roche Molecular Systems Inc., Pleasanton, CA) by using
FastStart Essential DNA Green Master (06402712001,
Roche). Data were analyzed with the corresponding soft-
ware, and the expression levels of B-actin were used as the
reference for normalization.

Alcian Blue Staining

Cultures in the OrganoPlate were fixed with 0.1% glutaral-
dehyde (G5882; Sigma-Aldrich) in HBSS (H6648; Sigma-
Aldrich) for 20 min at RT and then washed three times with
HBSS. Next, the cultures were exposed to 1% Alcian blue
(B8438; Sigma-Aldrich) prepared in 3% acetic acid (A6238;
Sigma-Aldrich; pH 2.5) and incubated for 2 h by placing the
OrganoPlate on a rocker platform (8 min; 7°). Alcian blue
was used to detect acidic mucous substances in the tubular
structures. Subsequently, the cells were washed once with
3% acetic acid and two times with HBSS and then stored in
HBSS. Image acquisition was performed by using the
EVOS FL Auto 2 Imaging System (Thermo Scientific).

Cytokine Kinetics in the OrganoPlate

To analyze the diffusion of potentially inflammatory cyto-
kines either released by the immune cells or added to the

system, the kinetics of several cytokines in the OrganoPlate
was assessed. A total of 2 uL of ECM composed of 4 mg/mL
collagen-I, 100 mM HEPES, and 3.7 mg/mL NaHCO, was
dispensed into the gel inlet. After incubation for 15 min at
37°C, 20 uL of HBSS was added on top of the gel inlet, and
the plate was incubated overnight in a humidified incubator
at 37 °C. Next, 50 uL of a cytokine mixture composed of
0.5 mg/mL fluorescein isothiocyanate (FITC)—dextran (150
kDa; 46946; Sigma-Aldrich), 100 ng/mL tumor necrosis
factor-o. (TNFa) (210-TA-020; R&D Systems, Minneapolis,
MN), 100 ng/mL interleukin (IL)-1p (11340015; Immuno-
tools, Friesoythe, Germany), and 20 ng/mL IL-8 (11349084
Immunotools) in Caco-2 complete medium was added to the
inlet and outlet of each top medium channel in the
OrganoPlate three-lane. In the bottom medium channel, 50
pL of Caco-2 complete medium was added to the inlet and
outlet. The OrganoPlate was then placed on a rocker plat-
form (8 min; 7°), and medium was collected from the apical
(top) and basolateral (bottom) compartments after 0.5, 1, 2,
6,24, and 72 h. Then, IL-8, TNFa, and IL-1p present in the
medium were quantified by using the human IL-8/CXCL8
DuoSet ELISA kit (DY208; R&D Systems), human IL-1
beta/IL-1F2 DuoSet ELISA kit (DY201-05; R&D Systems),
and human TNF alpha DuoSet ELISA kit (DY210-05; R&D
systems), respectively, in accordance with the manufactur-
er’s protocol. Additionally, the diffusion of FITC—dextran
was assessed by fluorescent imaging with ImageXpress
XLS Micro (Molecular Devices).

Immune Cell Functionality in the OrganoPlate

To determine the functionality of the immune cells in the
OrganoPlate, 3000 or 6000 differentiated THP-1 and/or
MUTZ-3 cells were seeded in the top compartment of a
three-lane chip in mono- or coculture against a collagen-I
ECM. The cells were exposed to 0, 1, 10, and 100 ng/mL
lipopolysaccharide (LPS; L2630; Sigma-Aldrich) in the
apical (top) compartment. Medium was collected from the
apical and basolateral compartments 24, 48, and 72 h after
exposure, and the concentration of IL-8 (CXCL8) was
determined by using the human IL-8/CXCL8 DuoSet
ELISA kit (DY208; R&D Systems) in accordance with the
manufacturer’s protocol. The absorbance of the samples at
450 nm was measured by using the Multiskan FC Microplate
Photometer (Thermo Scientific).

Induction of Inflammation

The tetraculture model in the OrganoPlate was exposed to
300 ng/mL TNFa (210-TA-020; R&D Systems) on the
basolateral side (bottom medium channel) or 200 ng/mL
TNFa and IL-1B (11340015, Immunotools) on the apical
and basolateral sides (top and bottom medium channels) on
day 4 of culture. This was done by replacing the cell culture
medium in the inlets and outlets of the bottom and/or top
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medium channels with 50 pL of medium containing the
inflammatory trigger(s). TNFa and IL-1p were dissolved in
sterile PBS and sterile Millli-Q water, respectively. The cul-
tures were exposed to the cytokines for 72 h on a rocker
platform for interval measurement of phase-contrast imag-
ing, barrier integrity (fluorescent probe assay and TEER
measurement), and cytokine secretion. Finally, the cultures
in the OrganoPlate were fixed with 3.7% formaldehyde and
stored in PBS at +4 °C.

Cytokine Secretion Analysis

Media in the top and bottom medium channels were col-
lected, and samples from the inlets and outlets were pooled.
CXCLS8 was determined by using the human IL-8/CXCLS
DuoSet ELISA kit (DY208; R&D Systems) in accordance
with the manufacturer’s protocol. The absorbance of the
samples at 450 nm was measured by using the Multiskan
FC Microplate Photometer (Thermo Scientific).

Barrier Integrity Assay in the OrganoPlate

All medium was aspirated from the chips, and 20 pL of
medium without a fluorescent compound was added to the
basal side of the chips (inlets and outlets of the gel channel
and the bottom medium channel). Medium containing
0.5 mg/mL tetramethylrhodamine isothiocyanate (TRITC)—
dextran (4.4 kDa; T1037; Sigma-Aldrich) was added to the
top medium channel, which contained an epithelial tubule
of Caco-2 and HT29-MTX-E12 cells. Subsequently, leak-
age of the fluorescent dye from the lumen of the tube
into the ECM compartment was imaged over time with
ImageXpress XLS Micro (Molecular Devices). The ratio
between fluorescent signals in the basal and apical compart-
ments of the tube was analyzed by using FiJi.?2

Compound Exposure for Preventing
Inflammation

To determine the protective effect of anti-inflammatory com-
pounds on an inflamed tetraculture, cells in the OrganoPlate
were pretreated with 1 uM TPCA-1 (2559; Tocris, Bristol,
UK) or budesonide (100, 500, or 1000 nM; B7777; Sigma-
Aldrich) on both the apical and basolateral sides or only on the
basolateral side for 6 h, respectively. Subsequently, the medium
was replaced with medium containing the cytokine triggers
(300 ng/mL TNFa on the basolateral side or 200 ng/mL TNFo
and IL-1p on both sides) and the anti-inflammatory compound.
The cultures were placed on a rocker platform and exposed
to the cytokines and anti-inflammatory compound for interval
measurement (24, 48, and 72 h) of phase-contrast imaging,
barrier integrity (fluorescent probe assay and TEER mea-
surement), and cytokine secretion. Finally, the cultures in
the OrganoPlate were fixed with 3.7% formaldehyde.

Statistics and Data Analysis

Image analysis was performed by using FiJi. Data analysis
was performed by using Excel (Microsoft Corp., Redmond,
WA) and GraphPad Prism 6 (GraphPad Software Inc., San
Diego, CA). All data are expressed as the mean * standard
deviation (SD) of values from at least three individual
chips (n = 3). Statistical analysis was performed by two-
way analysis of variance with Tukey’s multiple compari-
sons test, unless stated otherwise. Statistical significance
was considered at p < 0.05. Datasets, detailed protocols,
and additional data visualizations are available on the
INTERVALS platform at https://doi.org/10.26126/inter-
vals.o3gtmh.1.

Results

Establishment of a Multicellular
Intestine-on-a-Chip Model

To establish a 3D in vitro multicellular microfluidic intesti-
nal model, we adapted a previously established intestine-
on-a-chip model in which polarized and leak-tight Caco-2
tubules had been achieved.!® The microfluidic device used
in this study, the OrganoPlate three-lane, contains 40 micro-
fluidic chips embedded in a standard 384-well microtiter
plate format (Fig. 1A). Each chip comprises three adjacent
culture channels linked to 9 wells of the microtiter plate,
which serve as channel inlets and outlets. The channels join
at the center of the chip, where they are separated by two
capillary pressure barriers called phaseguides. The center
well also serves as an observation window for monitoring
the culture and for readout purposes.

Additional cell types were added to the system to better
recapitulate the intestinal physiology and increase the
model complexity and cell-to-cell interaction. The entero-
cyte-like Caco-2 tubule phenotype was enriched by addi-
tion of the mucus-producing HT29-MTX-E12 cells.?*?* To
explore the usability of the platform for modeling intestinal
inflammation, two immune cell components were incorpo-
rated into the chip: intestinal macrophages and dendritic
cells, which have been shown to be involved in the patho-
genesis of intestinal inflammation.?> This was achieved by
employing THP-1 cells (mimicking the macrophage pheno-
type) and MUTZ-3 cells (mimicking dendritic cells).?® The
methodology for establishing a membrane-free multicellu-
lar intestine-on-a-chip model is schematically illustrated in
Figure 1B. Depending on the research question, either a
simple or a more complex coculture can be assembled. The
patterning of a collagen-I gel in the middle channel of each
chip is the first step in setting up the model for all culture
configurations. The liquefied ECM enters the channels by
capillary action and, owing to the meniscus-pinning effect
of the phaseguides, it does not overflow into the adjacent
channels. After ECM gelation, a single-cell mixture of
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Figure |. Establishment of a multicellular intestine-on-a-chip model in the OrganoPlate. (A) Bottom view of the OrganoPlate three-
lane platform with 40 microfluidic cell culture chips embedded in a standard 384-well microtiter plate. Zoom-in image and schematic
image showing the horizontal and vertical views of one microfluidic chip consisting of three channels: two medium perfusion channels
and a gel channel in the middle separated by phaseguides. These channels join in the center of the chip and are located in the
observation window (OW) well. (B) Schematic representation of the seeding strategy for establishing a biological modular model
consisting of a coculture (i), triculture (i), or tetraculture (jii) intestine-on-a-chip. After patterning a collagen-l ECM (light blue) into
the middle channel of the chip, between two phaseguides, a mixture of Caco-2 and HT29-MTX cells is seeded in the top channel. By
placing the plate on its side, the cells are allowed to settle against the ECM. Upon starting medium perfusion flow, the cells start to
grow into a tubular structure, covering the channel and ECM surface. Once a confluent tubular structure has been obtained, usually
on day 4 of culture, differentiated THP-1 and/or MUTZ-3 cells are added to the bottom perfusion channel. After an attachment
period against the ECM, medium perfusion flow is restarted. (C) Phase-contrast image of the intestine-on-a-chip model comprising

the tubular structure of Caco-2 and HT29-MTX cells in the top compartment and differentiated THP-1 and MUTZ-3 cells in the
bottom compartment on day 4 of culture. Scale bar in white = 200 pm.

Caco-2 and HT29-MTX-E12 cells in medium (6:1 ratio) is
loaded into the top medium channel, and the cells are
allowed to attach to the ECM by placing the plate on its side
in the vertical position. This step is the same for the cocul-
ture (2CC), triculture (3CC), and tetraculture (4CC) plat-
forms (Fig. 1Bi-iii). Subsequently, the plate is placed
horizontally on an interval rocker platform to induce perfu-
sion flow through gravity-driven liquid leveling between
the reservoirs. Upon perfusion flow, the cells start to prolif-
erate and line all surfaces of the perfusion channel. After
establishment of a confluent tubular structure, either a sin-
gle-cell suspension of differentiated THP-1 or MUTZ-3
cells in medium (Fig. 1Bii) or a combination of both cells
(1:1 ratio) is loaded into the bottom medium channel (Fig.
1Biii), and the cells are allowed to attach to the ECM. Both
the apical (lumen of the tube) and basolateral (accessible
from the bottom medium channel) sides can be perfused
with medium, exposed to compounds, and assessed for

cytokine release. The culture conditions for the intestinal
tetraculture model were optimized by testing different
parameters such as seeding density and configuration of
cells relative to each other (Suppl. Fig. SIA-D). We have
thus established a microfluid-based multicellular intestine-
on-a-chip model with a robust and reproducible phenotype
(Fig. 1C, Suppl. Fig. S2A).

Characterization of the Intestinal Model

To examine the physiological relevance of mimicking the
intestinal microenvironment, the expression of key markers
in the tetraculture model in the OrganoPlate was assessed
by using an immunofluorescence-based approach in combi-
nation with high-content microscopy. A 3D reconstruction
of a gut tubule consisting of Caco-2 and HT29-MTX-E12
cells shows a tubular structure with cells lining the ECM
and walls of the medium channel, which indicates the
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ECM gel

Figure 2. Characterization of the tetraculture intestine-on-a-chip model in the OrganoPlate. (A) 3D reconstruction of a confocal
z-stack at 10X magnification, showing a tubular epithelial structure of Caco-2 and HT29-MTX cells against a collagen-l ECM patterned
in the middle compartment. The tube was stained for acetylated tubulin (red), occludin (yellow), and DNA (blue). (B) Representative
immunofluorescent max projections (20X magnification) of the epithelial tube in the tetraculture on day 4, stained for ezrin (yellow),
zonula occludens | (ZO-1; red), and DNA (blue). (C) Max projection of a stained tubular structure of Caco-2 and HT29-MTX cells

in the top compartment of an OrganoPlate three-lane on day 4 of culture. The cells are stained for mucin 5AC (MUC5AC; yellow)
and DNA (blue). Scale bar in white = 50 pm. (D) Alcian blue staining of a monoculture of Caco-2 (i) or HT29-MTX cells (i) or

a coculture of Caco-2 and HT29-MTX cells (iii) in an OrganoPlate three-lane on day 4. Acidic glycosaminoglycans produced and
secreted by the cells into the lumen of the tube are visualized in blue. (E) Epithelial tubule barrier function in the tetraculture model
was assessed by measuring TEER at multiple days, showing stable barrier formation from day 4 until day 10 (n = 4). All cultures were

fixed on day 4 of culture. Scale bars in white = 100 um (A,B), 50 pm (C), and 25 pm (D).

presence of a clear lumen with access to both the apical and
basolateral sides (Fig. 2A). Furthermore, the coculture of
Caco-2 and HT29-MTX-E12 cells displays brush-border
formation and tight junctions, as shown by the expression
of ezrin and ZO-1, respectively (Fig. 2B). To further exam-
ine functional barrier formation in the coculture, the barrier
integrity of the culture was assessed by using a fluorescent
probe (the 4.4 kDa TRITC—dextran probe), which was per-
fused into the lumen of the gut tubule. Leakage of the fluo-
rescent probe into the ECM compartment was determined
and normalized to the fluorescence in the lumen of the tube.
As shown in Supplemental Figure S2B, the fluorescent
probe was retained in all chips filled with the coculture,
indicating the presence of an intact and leak-tight barrier.
Additionally, the TEER of the coculture was measured
from days 4 to 10 of culture. The epithelial coculture tubules
showed a TEER of 369 * 15.4 Qcm? on day 4 of culture,
and this TEER remained stable up to day 10 (Fig. 2E).
Furthermore, the functionality of the mucus-producing
HT29-MTX-E12 cells in the intestinal model was con-
firmed by assessing gene expression and mucus production.
Expression of the genes MUC2, MUC5AC, MUCI?2,

MUCI13, MUCI6, and MUC2( was observed after 24 h (day
4), 48 h (day 5), and 72 h (day 6) of coculture (Suppl. Fig.
S1E). The results of immunofluorescence staining of
MUCSAC showed clear local expression of mucin in the
coculture tubule (Fig. 2C).

Finally, tubular structures composed of only Caco-2 or
HT29-MTX-E12 cells and a coculture of both cells in the
OrganoPlate were stained with Alcian blue on day 4 of cul-
ture. As shown in Figure 2D, the monoculture of HT29-
MTX-E12 cells (Fig. 2Dii) showed the highest intensity of
staining. Interestingly, the Caco-2 monoculture (Fig. 2Di)
also displayed staining of mucins, but to a lower extent than
the HT29-MTX-E12-containing tubules. Finally, the cocul-
ture of Caco-2 and HT29-MTX-E12 cells showed an interme-
diate level of staining (Fig. 2Diii). In summary, these results
showed that leak-tight, polarized, and mucus-producing
tubular structures were obtained in the OrganoPlate.

Mimicking Intestinal Inflammation

In order to obtain a model that closely reflects the physio-
logical cellular composition of the intestine, immune cells
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were added to the bottom perfusion channel of the
OrganoPlate three-lane to obtain the triculture or tetracul-
ture intestine model. First, the functionality of both THP-1
and MUTZ-3 cells in the OrganoPlate was determined.
Mono- and cocultures of the immune cells (3000 or 6000
cells) seeded in the OrganoPlate were exposed to different
concentrations of LPS and assessed for the release of IL-8.
The individual and combined contributions of the different
cell types to IL-8 release were assessed after 24, 48, and 72 h
of exposure (Suppl. Fig. S3). IL-8 release was higher in
both monoculture conditions with 6000 cells than in cul-
tures with 3000 cells (Suppl. Fig. S3A,B). Furthermore,
higher levels of IL-8 were detected in the apical (top) com-
partment, where the cells were located, than in the basolat-
eral compartment. Combining THP-1 and MUTZ-3 cells in
a coculture resulted in a synergistic release of IL-8 into the
medium in the apical compartment; this IL-8 release was
higher when more cells were present in the system (Suppl.
Fig. S3C). Thus, to ensure robust and measurable IL-8
release, 6000 cells/chip was considered the optimal seeding
density for both immune cell types.

Additionally, LPS was also tested as an inducer of
inflammation in the epithelial tubule and showed no effect
on barrier integrity or IL-8 release (Suppl. Fig. S4A,B).
Interestingly, the proinflammatory cytokines involved in
intestinal inflammation®’ (TNFa?® and IL-1p) either alone
or together caused a substantial decrease in barrier integrity,
as revealed by the TEER values (Suppl. Fig. SSA). Next,
the diffusion of inflammatory cytokines—either released by
the immune cells or added to the system—was determined
by assessing their kinetics in the OrganoPlate. To this end,
IL-8, TNFa, and IL-1p were added—together with the 150
kDa FITC—dextran probe—to the top (apical) medium com-
partment of a chip containing only ECM in the middle com-
partment (Suppl. Fig. S5B). Real-time imaging at intervals
showed diffusion of the dye over time in the chip (Suppl.
Fig. S5C). The fluorescence images showed that 82.7% of
the FITC—dextran was detectable in the bottom perfusion
channel after 72 h (Suppl. Fig. S5D). Cytokine analysis of
medium samples containing IL-8, TNFa, and IL-1B
revealed that 16.7%, 10.1%, and 8.5% of these cytokines
had reached the bottom medium channel after 72 h, respec-
tively (Suppl Fig. SSE-G). Overall, these results indicate
that the cytokines can cross the collagen-I1 ECM by passive
diffusion and reach the other compartment.

Knowing this, we proceeded to mimic intestinal inflam-
mation in the model by exposing the tetraculture model to
TNFa and IL-1 on both the apical and basolateral sides for
72 h on days 4-5 of culture (Fig. 3A). This inflammation
cocktail and exposure strategy were found to be the most
effective in inducing a decrease in barrier integrity and an
increase in IL-8 expression in all seeding conformations
(Suppl. Fig. S6). Phase-contrast images revealed that the
morphology of the Caco-2 and HT29-MTX-E12 coculture

was not affected by the cytokine cocktail or TNFa alone in
comparison with control chips (Fig. 3B, Suppl. Fig. S7B).
The integrity of the epithelial coculture barrier was assessed
on the basis of fluorescent probe leakage and TEER values.
To this end, medium containing the 4.4 kDa TRITC—dextran
probe was added to the lumen of the tube and assessed for
leakage into the adjacent ECM channel. The cell-free con-
trol showed clear leakage of the fluorescent dye into the
ECM channel (Suppl. Fig. S8). In contrast, chips that con-
tained the tetraculture and were exposed to inflammatory
triggers (TNFa or TNFa and IL-1P) showed retention of
the fluorescent dye within the lumen of the tube. This result
was comparable to that observed in chips that were not
exposed to the cytokines. These results indicate that the epi-
thelial barrier remains leak-tight even when exposed to
inflammatory triggers for 72 h. Interestingly, TEER mea-
surements revealed that exposure to cytokines produced a
significant drop in TEER over time relative to the TEER
observed in nonexposed chips (Fig. 3C, Suppl. Fig. S7C).
After 72 h, exposure to TNFo or TNFa and IL-1 led to a
decrease in TEER of 29.7% or 45.6%, respectively, relative
to the TEER in nonexposed cultures. Furthermore, the
TEER values of nonexposed chips increased over time,
indicating increased barrier integrity. Overall, TEER mea-
surement of the cultures produced more sensitive and accu-
rate observations than the fluorescent barrier integrity assay.
Subsequently, IL-8 release in the apical and basolateral
compartments was assessed. Figure 3D and Supplemental
Figure S7D show that triggered cultures released signifi-
cantly higher levels of IL-8 into the medium than nontrig-
gered cultures. Furthermore, the effect of combining THP-1
and MUTZ-3 cells on IL-8 release in cultures exposed to
both TNFa and IL-1f can be observed in Supplemental
Figure S6.

Preventing Intestinal Inflammation

Finally, to test the applicability of the model for screening
anti-inflammatory compounds, the tetraculture was pre-
treated with 1 pM TPCA-1 for 6 h prior to addition of the
inflammatory cocktail (TNFa and IL-1pB) in the extended
presence of the compound (Fig. 4A). TEER measurements
revealed a significant difference in TEER between the
treated and nontreated chips in the presence of TNFo and
IL-1B after 72 h of exposure. TPCA-1-treated cultures trig-
gered with TNFa and IL-1p3 showed TEER values similar
to those of the vehicle control (Fig. 4B). Furthermore, the
IL-8 levels in medium samples from the apical and basolat-
eral sides were assessed 24, 48, and 72 h after exposure.
Cultures exposed to TNFa and IL-1B showed increased
IL-8 secretion (both apical and basolateral sides) relative to
nontreated cultures (Fig. 4C). Of note, TPCA-1 pretreat-
ment significantly hampered IL-8 release, as evident upon
comparing TPCA-1-treated cells with cytokine-treated
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Figure 3. Induction of inflammation in the intestine-on-a-chip model. (A) Schematic images showing induction of inflammation in the
tetraculture intestinal model in a single chip of the OrganoPlate three-lane upon exposure to TNFa and IL-1f3 (both at 200 ng/mL)

on the apical and basolateral sides. (B) Phase-contrast images of the tetraculture model at 4X or 10X magnification, showing the
effect of TNFa and IL-13 (200 ng/mL, both sides) on the morphology of the cells. (C) To determine the effect of the cytokines, TEER
of the epithelial barriers was assessed at 2, 24, 48, and 72 h after exposure to the cytokines. Data are represented in percentage

and normalized to the 2 h nonexposed condition (n = 4). (D) Secretion of proinflammatory cytokine IL-8 was assessed in the apical
(Caco-2/HT29-MTX) and basolateral (THP-1 and MUTZ-3) compartments in the triggered and nontriggered conditions at 72 h
postexposure (n = 5). ¥*¥p < 0.0001. Scale bars in white = 200 or 100 um for 4X and 10X images, respectively.

cells. This effect of TPCA-1 in decreasing IL-8 secretion
was observed in both apical and basolateral samples when
cultures were exposed to both TNFa and IL-1f3. Additionally,
another anti-inflammatory compound, budesonide, was
tested at different concentrations on the basolateral side of
the tetraculture model. The results showed that budesonide
had no significant effect on TEER values. However, it
caused a decrease in IL-8 secretion in basolateral samples at
all concentrations (Suppl. Fig. S9). In summary, these
results showed that treatment of cultures with the anti-
inflammatory compound TPCA-1 can prevent inflamma-
tory status in the cells.

Discussion

In this study, we established a unique intestine-on-a-chip
model with biological modularity to study inflammatory
processes. By making use of well-established cell lines, we
constructed a mucus-producing intestinal tube culture, the

complexity of which can be tailored according to the needs
of the model. This toolbox allows the development of a
complex 3D multicellular model, in which we mimicked
intestinal inflammation in the present study, as demon-
strated by the loss of barrier function and production of
cytokines. Moreover, this simple and reproducible tool kit
can be used in its highest (tetraculture) or lowest (coculture)
complexity, depending on the research question. This allows
robust assays that can serve all preclinical stages in the drug
discovery and development process.

The complexity of the model was achieved by creating a
tubular structure comprising a coculture of Caco-2 cells and
the mucus-producing HT29-MTX-E12 cells against a colla-
gen-I ECM. Additionally, a coculture of the immune-com-
petent THP-1 and MUTZ-3 cells was established by adding
the cells to the basal medium compartment. We showed that
the Caco-2 and HT29-MTX-E12 coculture formed conflu-
ent and polarized tubular structures against the collagen-I
ECM in the OrganoPlate, with stable barrier function over
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chip model. Cultures were pretreated with | pM TPCA-| and incubated for 6 h under perfusion. Next, the cultures were exposed
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barrier integrity of the culture as well as cytokine release in the culture were assessed. (B) To determine the effect of cytokines and
the anti-inflammatory action of TPCA-1 on the culture, TEER of the epithelial barriers was assessed 24, 48, and 72 h after exposure
to the cytokines. Data are represented in percentage and normalized to the 24 h nonexposed condition (vehicle control [VC]; n =
4-9 chips). (C) Secretion of the proinflammatory cytokine IL-8 was assessed in the (A) apical (Caco-2/HT29-MTX) and (B) basolateral
(THP-1 and MUTZ-3) compartments in the triggered and nontriggered conditions 24, 48, and 72 h after exposure to the cytokines.

sy < 0.001; #kp < 0.0001.

time. We also showed that the model is capable of mucus
secretion, as evident from the staining and gene expression
analysis results. Mucus is of considerable importance in the
gut because it serves as a physical barrier and a way to cap-
ture pathogens.” Therefore, an in vitro intestinal model
containing mucus better reflects the human situation and
serves as a better tool for predicting the effect of drugs or
pathogens in healthy and disease conditions.

In our system, the cultures are exposed to fluid shear
stress through gravity-driven liquid leveling of medium,
without the need for pumps or intricate tube systems. Using
a defined proinflammatory trigger and immune cells mim-
icking disease-activated macrophages and dendritic cells,
we were able to recapitulate the key characteristics of
inflammation in a relevant and reproducible manner. By
exposing the cultures to TNFa and/or IL-1f3, we were able
to induce an inflammatory state, characterized by cytokine
release (IL-8) and a decrease in TEER values. As reported

by Singh et al., IBD patients show significantly elevated
systemic levels of TNFa and IL-1[ relative to healthy sub-
jects,*® with the former showing average TNFo and IL-1B
concentrations of 3000 and 250 pg/mL, respectively.
However, it has been shown that systemic concentrations of
proinflammatory mediators are much lower than their local
tissue levels because of the half-life of cytokines as well as
their renal clearance.’!3? Therefore, systemic cytokine lev-
els cannot serve as representative levels for modeling
inflammation in in vitro or in vivo models. Additionally,
TNFa and IL-1p proved to be more effective than LPS in
activating the epithelium in the present study. The immune
cell functionality of the model was determined by exposing
monocultures or cocultures of differentiated THP-1 and
MUTZ-3 cells to various concentrations of LPS. We
observed a concentration- and cell number-dependent
increase in IL-8 release by both cells as well as a synergetic
effect in the cocultures. This induced inflammatory state of



Gijzen et al.

595

the cultures in the tetraculture model could be prevented by
treatment with the anti-inflammatory compound TPCA-1;
this result was evident from the decreased secretion of IL-8
and retention of barrier function in treated cultures at levels
similar to those observed in untreated cultures.

Compared with Transwell cultures, other intestine-on-a-
chip systems, and animal models, this platform has consid-
erable throughput capacity because of its ability to
accommodate 40 independent intestinal cultures in paral-
lel.'®!'7 Additionally, the standard 384-well microtiter for-
mat of the plate makes it easy to handle, compatible for use
within a general cell culture lab, and less consuming in
terms of reagents, cells, and time. In addition, organ-on-a-
chip systems provide versatile modularity for studying the
individual contribution of each factor, thus paving the way
toward unraveling the underlying pathophysiology of intes-
tinal inflammation, which is not possible in any animal
model. Finally, it is amenable for the pharmaceutical indus-
try to implement microfluidic models in standard drug
development processes, as this could lead to an overall
reduction of 10%—26% in total costs and save up to 631 mil-
lion euros for every new drug reaching the market.’33
Other microfluidic intestinal models might capture its niche
in a certain step of development, but they are lacking inter-
comparability and overlapping applications. In contrast, the
intestine-on-a-chip model in the OrganoPlate supports ver-
satile modularity in capturing intestinal complexity, making
it amenable to adoption to all stages of development of
novel therapies and preventive agents.

In the present study, TEER measurements provided more
sensitive and accurate observations of the changes in barrier
integrity of the model than the fluorescent probe (TRITC-
dextran) assay. A possible explanation for this is that, while
the presence of the mucus layer prevents the fluorescent dye
from leaking into the ECM compartment, this is less of a
problem for measuring electrical resistance. It has been
shown that both pore size and the interaction of the diffusing
particle with the mucosal layer determine the permeability
of a molecule through the mucus layer.>>*¢ Furthermore,
TEER measurement demonstrates the ionic conductance of
the paracellular and transcellular routes of the epithelium,
whereas the flux of a fluorescent dye demonstrates only the
paracellular flow of water and the pore size of tight junc-
tions.’” Finally, for assessing barrier integrity, TEER mea-
surement is preferred over the fluorescent probe assay,
because the probe could also interfere with the transport and
diffusion of released cytokines and chemokines in the sys-
tem.>® TEER measurement is noninvasive and can be applied
for monitoring cell growth and differentiation and even the
effect of compounds in real time. The nontriggered tetracul-
ture model in the present study showed an increase in TEER
over time, indicating improved barrier function. It has been
shown that variations in TEER values could arise because of
factors such as temperature and cell passage number.*®

The effect of another anti-inflammatory compound,
budesonide, was tested on the tetraculture model. Contrary
to the effect of TPCA-1 treatment, budesonide treatment
did not prevent an inflammatory state in the culture.
Budesonide was added solely on the basolateral side of the
culture, whereas TPCA-1 was added on both the apical and
basolateral sides. The rationale behind this application was
the fact that steroids, such as budesonide, regulate immune
response by inducing apoptosis and suppressing proinflam-
matory cytokines and T-cell proliferation.***® Furthermore,
it has been shown that budesonide specifically inhibits the
effects of most cytokines produced by macrophages.*' The
direct effect of budesonide on intestinal epithelial cells is
not well established but could be of importance in reducing
intestinal inflammation.*? We believe that the current results
are interesting for further investigation and, at the same
time, demonstrate how such models can be used for assess-
ing anti-inflammatory compounds.

Because the capabilities of the OrganoPlate coculture are
vast, the tetraculture biological modular intestinal model
presented in this study could be further improved by addi-
tion of intestinal microbiota to the lumen of the epithelial
tubule, as intestinal microbiota play an important role in
maintaining gut homeostasis.** Although the use of cell
lines allows controlled and reproducible data, it often fails
to completely recapitulate in vivo intestinal phenotypes.
Alternatively, primary intestinal cells, cells derived from
induced pluripotent stem cells (iPSC), and intestinal organ-
oids could serve as sources for increasing the physiological
relevance of the model. Ultimately, the organoid or iPSC
route can be used to personalize the model for patient strati-
fication and personalized medicine.

In summary, we have developed and characterized a
robust, high-throughput, 3D biological modular multicellu-
lar perfused intestine-on-a-chip model in which we were
able to mimic intestinal inflammation, as demonstrated by
the loss of barrier function and production of cytokines.
Additionally, this model can be applied for screening anti-
inflammatory compounds. Overall, this model allows the
versatile modularity of mimicking the key features of intes-
tinal inflammation, which positions it at the forefront of
high-throughput screening efforts for supporting drug dis-
covery and providing a platform for personalized medicine.
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