Biomaterials 220 (2019) 119396

Contents lists available at ScienceDirect

Biomaterials

materialstoday

journal homepage: www.elsevier.com/locate/biomaterials

A three-dimensional immunocompetent intestine-on-chip model as in vitro = W)

Check for

platform for functional and microbial interaction studies s

Michelle Maurer™, Mark S. Gresnigt”, Antonia Last”, Tony Wollny®, Florian Berlinghof*,
Rebecca Pospich®®, Zoltan Cseresnyesf, Anna Medyukhinaf, Katja Graf®, Marko Groger™®,
Martin Raasch™‘, Fatina Siwczak®, Sandor Nietzsche', Ilse D. Jacobsen™®", Marc Thilo Figge"",
Bernhard Hube”", Otmar Huber™‘, Alexander S. Mosig™“*

2 Center for Sepsis Control and Care, Jena University Hospital, Friedrich-Schiller-University of Jena, Jena, Germany

Y Department of Microbial Pathogenicity Mechanisms, Leibniz Institute for Natural Product Research and Infection Biology - Hans-Knoell-Institute, Jena, Germany
¢ Institute of Biochemistry II, Jena University Hospital, Jena, Germany

d Research Group Microbial Immunology, Leibniz Institute for Natural Product Research and Infection Biology-Hans Knoell Institute, Jena, Germany

€ Division of Immunodermatology and Allergy Research, Hannover Medical School, Hannover, Germany

f Research Group Applied Systems Biology, Leibniz Institute for Natural Product Research and Infection Biology (HKI), Jena, Germany

& University of California, UCSF Broad Center of Regeneration Medicine and Stem Cell Research, San Francisco, USA

! Institute of Microbiology, Faculty of Biological Sciences, Friedrich Schiller University, Jena, Germany

I Centre for Electron Microscopy, Jena University Hospital, Friedrich-Schiller-University of Jena, Jena, Germany

ARTICLE INFO ABSTRACT

Keywords: Alterations of the microbial composition in the gut and the concomitant dysregulation of the mucosal immune
Microphysiological system response are associated with the pathogenesis of opportunistic infections, chronic inflammation, and in-
Gut-on-chip flammatory bowel disease. To create a platform for the investigation of the underlying mechanisms, we es-
Microbiota

tablished a three-dimensional microphysiological model of the human intestine. This model resembles orga-
notypic microanatomical structures and includes tissue resident innate immune cells exhibiting features of
mucosal macrophages and dendritic cells. The model displays the physiological immune tolerance of the in-
testinal lumen to microbial-associated molecular patterns and can, therefore, be colonised with living micro-
organisms. Functional studies on microbial interaction between probiotic Lactobacillus rhamnosus and the op-
portunistic pathogen Candida albicans show that pre-colonization of the intestinal lumen of the model by L.
rhamnosus reduces C. albicans-induced tissue damage, lowers its translocation, and limits fungal burden. We
demonstrate that microbial interactions can be efficiently investigated using the in vitro model creating a more
physiological and immunocompetent microenvironment. The intestinal model allows a detailed characterisation
of the immune response, microbial pathogenicity mechanisms, and quantification of cellular dysfunction at-
tributed to alterations in the microbial composition.

Mucosal immunity
Candida albicans
Lactobacilli

1. Introduction interactions known as dysbiosis are directly associated with the devel-

opment of human diseases, including diabetes [1], obesity [2], in-

Commensal microorganisms of the intestinal microbiota support the
digestion and absorption of nutrients by the gut. Microbial colonization
is supported by the host via a mucus layer secreted by epithelial cells
organized in a complex tissue comprising villi and crypts that form a
tight and protective barrier between the microbiota and the circulation.
A physiological communication between the members of the intestinal
microbiota and their host is crucial for the maintenance of homeostasis
in the human body. Thus, dysregulation and imbalance of these

flammatory bowel disease (IBD) [3], cancer [3], depression [4] and
non-infectious inflammatory diseases caused by opportunistic patho-
genic fungi [5].

However, current knowledge on the impact of the microbiota on
health is based solely on descriptive and correlative studies. So far, the
lack of suitable experimental models prevented mechanistic studies on
the complex cellular and molecular signalling processes within the
microbiota under physiological conditions. Current in vitro models lack
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the required tissue complexity with major limitations for the co-culture
of living bacteria with human intestinal cells. On the other hand, an-
imal models have limitations in the transferability to the human si-
tuation, since the composition of the microbiota, as well as immune
system considerably varies between men and mice and even between
individual mouse strains [6]. Established cell lines, such as Caco-2 cells,
cultured as monolayers on extracellular matrix-coated standard plastic
dishes or transwell inserts are frequently used to study human intestinal
epithelial cells in vitro. Although these two-dimensional culture tech-
niques have elucidated numerous aspects of intestinal epithelial cell
biology, it should be noted that they do not recreate typical micro-
anatomical structures of the human intestine.

The intestine is the primary site for interaction of the gut microbiota
consisting of commensal microorganisms and opportunistic pathogens
[7]. The continuous exposure to microbial-associated molecular pat-
terns (MAMPs) in the intestinal lumen requires the immune system to
weigh tolerogenic and protective responses continuously. It is becoming
increasingly clear that dysregulation of this tolerant immune response
and alterations in the gut microbiota contribute to chronic in-
flammatory diseases and breakdown of the gut barrier [3,8]. Although
three-dimensional organoid cultures allow the in vitro differentiation of
microanatomical structures in high detail [9], these models have lim-
itations in their ability to reflect a tolerant immune response to the
colonising microbiota. Recently a microfluidically perfused model of
the human intestine has been described that allows circulation of per-
ipheral blood mononuclear cells (PBMCs) and effectively recapitulates
structural features of intestinal microanatomy and physiology, in-
cluding a polarised intestinal tissue differentiation [10,11]. Although
this system represents a major advancement in emulating the human
intestine, models are still required that are capable of stably cultivating
commensal microbiota in an immune responsive environment and
consider the balanced response to the microbiota and its metabolites.

The Toll-like receptor 4 agonist lipopolysaccharide (LPS) derived
from gram-negative bacteria is a ubiquitously present MAMP in the
human intestinal lumen [12]. However, upon dysfunction of the in-
testinal barrier, LPS can translocate into the circulation and in more
substantial amounts eventually triggers a systemic inflammatory re-
sponse syndrome associated with multiple organ failure [13]. Phago-
cytes play a critical role in gatekeeping MAMPs between the intestinal
lumen and the circulation. In mice, it has been shown that tissue-re-
sident phagocytes such as mucosal macrophages (mMphs) and dendritic
cells (DCs) are central players in the release of inflammatory cytokines
[14]. Both cell types populate the normal human intestinal mucosa but
play distinct complementary roles in the selective local immune re-
sponse and tissue homeostasis with mMphs as the most abundant
mononuclear phagocytes in the intestinal lamina propria [15]. They
account for most of the uptake of microbes that cross the epithelial
barrier and are required to maintain an anti-inflammatory milieu in the
mucosa by scavenging of apoptotic and damaged cells [16,17]. The
expression of G protein-coupled chemokine receptor CX3CR1 on
mMphs has been demonstrated as a central receptor in regulating in-
testinal barrier integrity [18,19]. The homeostatic function of
CX3CR1*% mMphs is complemented by CD103% DCs that represent
another primary antigen-presenting cell type of the intestine [20].
These cells continually sample their environment for antigens derived
from food, microbiota, and self-antigens [21] by extension of trans-
epithelial dendrites into the intestinal lumen [22]. During homeostasis,
intestinal DCs are considered to be tolerogenic, whereas mMphs are
actively involved in tissue remodelling.

To resemble these conditions in vitro, we developed a three-di-
mensional model of the human intestine composed of endothelial and
epithelial cell layers forming organotypic microanatomical villus- and
crypt-like structures. For the first time, we demonstrate physiological
interactions between epithelial and endothelial cells in an im-
munocompetent environment. This is created by tissue resident mMphs
and DCs in a microphysiological model resembling essential conditions
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within the human intestine. We studied the biological intestinal
homeostasis, barrier functionality and immunotolerance to stimulation
with LPS at the intestinal luminal side of the model. To emulate dys-
regulation, imbalance and inflammation, the endothelial side was sti-
mulated with LPS in a model of endotoxemia. Furthermore, we colo-
nized the intestinal model with non-damaging living bacteria
(Lactobacillus rhamnosus). Similar to in vivo, where the intestinal mi-
crobiota antagonizes microbial associated pathogenicity by limiting
overgrowth and translocation through the intestinal epithelial barrier,
we validated L. rhamnosus’ antagonistic interactions on the opportu-
nistic pathogenic fungus Candida albicans in our intestinal model.

2. Material and methods
2.1. Cell isolation and culture

Endothelial cells: Human umbilical cord vein endothelial cells
(HUVECs) were isolated and seeded at a density of 2.5 x 10* cells/cm?
in Endothelial Cell Medium (ECM) (Promocell, Heidelberg, Germany)
up to passage 4 as described previously [23]. The study was approved
by the ethics committee of the Friedrich Schiller University Jena
(2018-1052), and all donors were informed about the aim of the study
and gave written consent.

Caco-2 cells: The human epithelial colorectal cell line Caco-2 was
kindly provided by the Institute for Laboratory Medicine, Clinical
Chemistry and Pathobiochemistry, Charité - University Medicine Berlin.
Cells were cultured in DMEM (GIBCO Darmstadt, Germany) supple-
mented with 10% foetal calf serum (FCS, Life Technologies), 20 ng/ml
gentamicin (Invitrogen), 1% MEM non-essential amino acids (GIBCO).
5 x 10° Caco-2 cells are seeded in a 25 cm? flask and cultured in DMEM
medium (Life Technologies) containing 10% FCS. The medium was
changed every three to four days and cells used from passage 30 to 50.

Peripheral blood mononuclear cells and primary macrophages: PBMCs
of three different healthy donors were isolated by Ficoll density gra-
dient centrifugation as described previously [66] and seeded in 6- well
plates with a density of 1.0 x 10°cells/cm? in X-VIVO 15 medium
(Lonza, Cologne, Germany) supplemented with 10% (v/v) autologous
human serum, 10ng/ml human granulocyte macrophage colony-sti-
mulating factor (GM-CSF) (PeproTech, Hamburg, Germany), 10 ng/ml
M-CSF (PeproTech), 100 U/ml penicillin and 100 pg/ml streptomycin
(Pen/Strep) (Thermo Fisher, Darmstadt, Germany). After 1 h incubation
in a humidified cell incubator at 5% CO-, and 37 °C the cells were wa-
shed twice with X-VIVO 15 medium and cultivated for 24 h before
subcultured with endothelial cells in the biochip were terminal mac-
rophage differentiation was performed in the supplemented X-VIVO 15
medium.

2.2. Biochip cell culture

MOTIF biochips made from polystyrol (PS) were obtained from
microfluidic ChipShop GmbH (Jena, Germany). Biochips were manu-
factured by injection moulding as described elsewhere [23]. The
chamber above the membrane has a height of 700 um; the chamber
under the membrane has a height of 400 um. The width of the afferent
and efferent channels is 0.8 mm and 2 mm, respectively. The height of
these channels is 0.6 mm and 0.4 mm, respectively. Upper and the
lower chamber including channel systems have a volume of 220 pl and
120 ul, respectively. A 12um thin polyethylene terephthalate (PET)
membrane with a pore diameter of 8 um and a pore density of 1 X 10°
pores/cm? (TRAKETCH Sabeu, Radeberg, Germany) was integrated. An
area of 1,1 cm? is available for cell culture. Chips and channels struc-
tures were sealed on top and bottom side with an extruded 140 um thin
PS foil using a low-temperature proprietary bonding method. Gas
permeable silicon tubing was used for perfusion allowing oxygen
equilibration during experiments. Additionally, PS bulk material and
140 um thin PS bonding foil allowed re-diffusion of oxygen. Ramping
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structures have been introduced into the chip bulk for prevention of
unfavourable flow conditions and trapping of stationary air bubbles.
For hydrophilization of the whole surface, the biochips were treated
with oxygen plasma.

Intestine-on-chip models were assembled by staggered seeding of
endothelial and epithelial cell layers. HUVECs were seeded with a
density of 1.5 x 10° cm ™~ 2 in the upper chamber of a sterilised biochip
in EC medium. Following 48 h of culture, macrophages were seeded on
top of the confluent HUVEC cell layer with a density of 5 x 10*cm™2in
M199 medium (Life Technologies) supplemented with 10% FCS), 10%
(v/v) autologous serum, 68 X 107" M L-glutamine (Sigma-Aldrich),
25ug/mL heparin (Sigma- Aldrich), 7.5pug/ml endothelial mitogen
(Thermo Fisher), 5pug/ml ascorbic acid (Sigma-Aldrich), 10 ng/ml GM-
CSF, 10 ng/ml M-CSF and Pen/Strep. After 72h of static culture and
daily medium exchange, Caco-2cells were seeded in the bottom
chamber of the biochip with a density of 4,5 x 10°cm ™2 and cultured
in DMEM. The inlets of each biochip were sealed and the whole in-
testinal model cultured upside down for 24 h under static conditions.
Subsequently, the fully assembled organ-on-chip model was used in
experimental series as described. The endothelial side of the model was
perfused with M199 medium with a flow rate of 50 pl/min (shear stress:
0.07 Pa). The luminal side of the model was perfused with 50ul/min
(shear stress: 0.01 Pa). For LPS stimulation cells were treated with
100 ng/ml LPS (Sigma-Aldrich, Taufkirchen, Germany). Supernatants
were collected and replaced with fresh medium containing 100 ng/ml
LPS after 24 h. Supernatants were collected again after an additional
24 h. Cells were cultured in a humidified cell incubator at 5% CO2 and
37°C.

2.2.1. Microbial strains and culture conditions

L. rhamnosus ATCC 7469 was grown on Man, Rogosa, and Sharpe
(MRS) agar plates (Carl Roth, Karlsruhe, Germany) at 37 °C and 1% O.
For use in experiments, bacterial cells were grown at 37 °C without
agitation in MRS broth (Carl Roth, Karlsruhe, Germany). Prior to ex-
periments, lactobacilli were collected by centrifugation, washed twice
in PBS and diluted to an optical density ODgoonm Of 0,5 in DMEM.

The C. albicans wild-type strain SC5314 was grown on YPD plates
(2% peptone, 1% yeast extract, 2% glucose, 2% agar) at 30 °C. For use
in experiments, C. albicans cells were grown overnight (o/n) in YPD
medium (2% peptone, 1% yeast extract, 2% glucose) at 30°C and
180 rpm. Prior to infection, yeast cells from an o/n culture were col-
lected by centrifugation, washed two times with phosphate-buffered
saline (PBS), the cell number was determined using a Neubauer
chamber system, and adjusted to 5 x 10° cells/120 pl in DMEM.

Host cells were cultured in antibiotic-free medium for 72 h. After
24 h of LPS treatment, the bacterial suspension was inoculated onto the
epithelial layer and incubated for 30 min to allow attachment to the
epithelium. Subsequently, unattached cells were removed and PBMCs
inoculated. The endothelial layer was cyclically perfused with a flow-
rate of 50pul/min (shear stress: 0.07Pa) while the luminal chamber was
linearly perfused with 25ul/min (shear stress: 0.03Pa). After 24 h of
culture in the chip, supernatants were plated on MRS agar (Carl Roth).
The membrane was lysed in 0.2% Triton-X 100 for 15 min at RT and
removed before the suspension was pelleted, washed with PBS and
plated.

2.3. Immunofluorescence staining

Cells were fixed with either 4% paraformaldehyde for 10 min at
room temperature or methanol for 20 minat —20 °C. For permeabili-
zation and blocking of unspecific binding sites, cells were incubated in
PBS including 0.1% saponin (Sigma Aldrich) and 3% goat serum
(Dianova, Hamburg). Staining was performed with antibodies against
CD68, CD103, E-cadherin, VE-cadherin, (-Catenin (BD Biosciences,
Heidelberg, Germany), occludin, ZO-1 (Invitrogen, Karlsruhe,
Germany), CEACAM-1, CX3CR1l, CYP3A4 (Merck-Millipore,
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Schwalbach, Germany), a-defensin (abcam, Cambridge, UK), mucin 2
(Acris, Herford, Germany), villin (Santa Cruz Biotechnology,
Heidelberg, Germany), von Willebrand factor (Dako, Hamburg,
Germany) and secondary antibodies goat-anti-mouse-Cy3, goat-anti-
rabbit-AF488, goat-anti-rabbit-AF647, DAPI (Invitrogen) and
Phalloidin (ThermoFisher). Samples were embedded in fluorescent
mounting medium (Dako). Imaging was performed with an
AxioObserver Z1 fluorescence microscope equipped with an ApoTome-
2 (Carl Zeiss AG, Jena, Germany). Images were analysed with ImageJ2
software (Fiji).

2.4. Scanning electron microscopy

Cells were fixed with 2.5% (v/v) glutaraldehyde in cacodylate
buffer for 120 min. Afterwards, the samples were washed twice with
cacodylate buffer for 10min and dehydrated in ascending ethanol
concentrations (30, 50, 70, 90 and 100%) for 10min each.
Subsequently, the samples were critical-point dried using liquid CO5
and sputter coated with gold (thickness approx. 4 nm) using a SCD005
sputter coater (BAL-TEC, Liechtenstein) to avoid surface charging.
Finally, the specimens were investigated with a field emission (FE) SEM
LEO-1530 Gemini (Carl Zeiss NTS GmbH, Oberkochen, Germany).

2.5. Image analysis and quantification

Images were acquired as Z-stacks utilising a Zeiss Apotome micro-
scope and were saved in the Zeiss native image format ,,CZI”. The
Apotome images were first processed by Zeiss' ZEN software to provide
optical sectioning. Further preprocessing included deconvolution using
Huygens Professional (SVI, Hilversum, Holland), applying the
,»Spinning disk” deconvolution module by setting the pinhole spacing at
4 um, according to SVI guidelines. The deconvolved images were ana-
lysed using Imaris 9.2.1 (Bitplane, Ziirich, Switzerland). Automated
quantification of confocal fluorescence microscopy data was performed
by customised software, which was implemented in the programming
language “python” (https://www.python.org/) and is available upon
request.

Cell-based analysis: The three-dimensional image data were used to
identify individual cells applying nuclear staining as guidance. Here the
,Cells” module of Imaris was applied, where the DAPI channel was
selected to create the cell nuclei, whereas the E— (VE-) cadherin or the
Z0-1 labelling channel provided information about the membrane lo-
cation. The segmented nuclei served as seeds to assist the search for the
cell membranes. After successful segmentation, the area between the
nuclei and the cell membrane was identified as cytoplasm. Particle
analysis was applied when necessary, where the intensity and mor-
phometry of additional components (for example the von Willebrand
factor) was characterised in the cytoplasmic area.

Membrane-based analysis: The 3D image stacks were preprocessed in
Zen and Huygens Professional as described above. In analysing the (V)
E-cadherin and ZO-1 distribution, cell membranes were segmented
using the Surfaces module of Imaris 9.2.1. The deconvolved Z-stacks
were locally thresholded using the Otsu algorithm with a 2-um neigh-
bourhood diameter preceded by Gaussian blurring with a spatial filter
size of 0.4 um. The segmented membrane objects were limited to items
with sphericity in the range of 0.0-0.9 and volume above 100 voxels in
order to exclude artefacts. Macrophages were segmented as surfaces
objects in Imaris. Here the Gaussian blurring was executed with a filter
size of 0.645 pum, and the local Otsu thresholding was applied at a 2.4-
um neighbourhood diameter. The macrophage volume was limited to
the 60-1200 um [3] range in order to avoid detecting fragments or
large clusters.

Quantification: Statistical information was extracted from the seg-
mented images in Imaris 9.2.1. Here we measured the mean and the
standard deviation of the fluorescence intensity for all channels within
all regions of the segmented surfaces and cells; the area, the volume and
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Fig. 1. Caco-2 cells form crypt and villus-like structures under perfusion conditions in the biochip. A, B) Histological H&E staining of Caco-2 cell layers
cultured A) statically in the transwell, and B) under perfused conditions in the biochip. C-F) Scanning electron microscopy of Caco-2 cell layers cultured for 7 days
under C, D) static conditions on transwell filters, and E, F) under perfusion conditions in the biochip. G) Permeability of epithelial cell layers for FITC-labelled dextran
beads (3-5 kDa) under static and perfused conditions in the biochip. A-F) microscopy images are representative of three independent experiments, G) data from four
independent experiments, data presentation shows the mean =* standard deviation., Statistical test was made using the Student's t-test, ****p < 0.0001.

the sphericity of the entire cells, the cell compartments and the cell
membranes; the number of cells per Z-stack, etc. These analysis results
were saved in Excel spreadsheets and used for statistical analysis and
plotting.

Ellipticity index: The reconstructed surfaces were assigned a best-
fitting ellipsoid in Imaris. According to the relationship amongst the
main axis of the ellipsoid (a, b, c), we characterized the surfaces as
prolate (a = b < c; cigar-shaped) and oblate (a < b = c; disk-shaped),
by using the following indices:

20 1— a + b?
a? + b? 22 )’

20, 2a?
€oblate = > B 1- B 5]
b*+ ¢ b*+ ¢

€prolate =

2D analysis: Automated quantification of VE-cadherin staining in 2D
was performed by customized software, which was implemented in the
programming language Python. Prior to the analysis, images were
preprocessed with a median filter (size 3 pixels) to remove spike noise.
Then each image was thresholded at 100 intensity levels (out of 255, 8-
bit) to obtain a binary mask of the cellular junctions. After that, con-
nected regions were identified and regions with an area less than 20 pm
[2] were assigned to a separate class of small particles. To evaluate the
integrity of the cellular junctions, we computed the total area of cellular
junctions, as well as the mean and maximum intensity of the cellular
junctions. For computing the mean intensity, only those pixels were
used that belonged to the foreground after the thresholding step.
Moreover, we computed the total area and area fraction of the small
particles. In the latter case, the area of the small particles was nor-
malized by the total area of the cellular junctions.

2.6. Cytokine profiles

Supernatants were collected after indicated time periods and im-
mediately frozen at —80 °C. Cytokines were detected using CBA assay
(BD Biosciences) according to the manufacturer's protocol. Enhanced
sensitivity flex set was used for the measurement of TNF and IL-1f
release. Secretion of IL-6, IL-8 and IL-10 was analysed using standard
CBA flex sets. The analysis was performed on a BD FACS-Canto II

cytometer with FACSDiva software. Data analysis was performed using
FCAP Array V3 software (Softflow, Pecs, Hungary).

2.7. Permeability assay

Fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich) with an
atomic mass of 3-5kDa was used. The medium in both chambers is
replaced by preheated PBS. Subsequently, 150 ul FITC-dextran solution
is added in the lower chamber containing Caco-2 cells and is incubated
for 30 min at 37 °C. The biochip is turned upside down during incuba-
tion allowing FITC-dextran to permeate through the cell layer under
static conditions. After washing of the lower chamber with PBS, the
solution was collected from the upper chamber. All steps were per-
formed protected from light.

2.8. Statistics

For each experiment replicates have been performed as indicated in
the figure legend. Statistical analysis has been performed with
GraphPad Prism 6.05 (GraphPad Software, La Jolla, CA, USA). For
analysis of statistical significance, the tests indicated in the figure le-
gend have been performed. A p-value < 0.05 was considered statisti-
cally significant.

3. Results

The epithelial cell layer of the intestinal model is formed by Caco-
2cells cultured on a 10um thin porous polyethylene terephthalate
(PET) membrane suspended in the biochip and continuously perfused
with cell culture medium. During cell culture, microfluidic perfusion
ensures a constant removal of metabolic waste products and a con-
tinuous resupply with nutrients [23]. In contrast to conventional cell
culture approaches such as transwell filters (Fig. 1 A), Caco-2 cells
cultured in microfluidically perfused biochips form a self-organised
three-dimensional cell layer with columnar epithelium (Fig. 2 B) and
increased microvilli formation at the apical cell surface within 7 days of
culture (Fig. 1C - F). Permeability measurements confirmed an in-
creased barrier function of the three-dimensional cell layer compared to
conventional cell culture under static conditions where only two-
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Fig. 2. Design of the intestine-on-chip model featuring organotypic microanatomy and expression of endothelial and intestinal epithelial cell type
markers. A) A porous membrane suspended in the biochip serves as a scaffold for the multi-layered intestinal model composed of endothelial and epithelial cells.
Microchannels integrated into the biochip separately perfuse both epithelial and endothelial layers at 50 ul/min. B) Cross-section of the three-dimensional intestinal
model: endothelial cells express von Willebrand factor (green), epithelial cells express E-cadherin (orange) and F-actin (red). Both cell layers are separated by a
porous membrane (dashed line). Actin filaments are stained with phalloidin (red). Scale bar 100 um. Nuclei were stained with DAPI (blue). C-D) Endothelial cells
form a confluent monolayer and express C) VE-cadherin (orange) and D) von Willebrand factor (green). E-N) Epithelial cell layer: E) Scanning electron microscopic
image of the crypt-like structures. Expression of F) CEACAM-1 (orange); G) villin (green) (DAP blue, dashed lines marks membrane); H) ZO-1 (red); I) occludin
(green); J) B-catenin (orange); K) E-cadherin (orange); CYP3A4 (red); L) a-defensin (red); ZO-1 (green); M) mucin-2 (green); E-cadherin (red); C-D, F-J) Scale bar
50 pm. Nuclei were stained with DAPI (blue). C-M) Representative images of four independent experiments. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

dimensional Caco-2 monolayers are formed (Fig. 1G).

The multi-layered tissue model was separately perfused by two
microchannels at the endothelial and the luminal side of the model
(Fig. 2A). The vasculature of the intestine was mimicked by co-culture
of HUVECs on the membrane opposite to the epithelial layer. En-
dothelial cells formed a confluent lining in the biochip that express
endothelial cell marker proteins VE-cadherin (Supplementary Video S1)
and von Willebrand factor (vWF) (Fig. 2B-D). In the epithelial cell
layer, we observed the cellular self-organisation into three-dimensional
structures with morphological features of crypts and villi that fully
cover the membrane serving as cell substrate (Fig. 2 E-J, Supplementary
Video S2). The formation of a three-dimensional Caco-2 cell layer upon
microfluidic perfusion has also been reported by Ingber and colleagues,
demonstrating the differentiation of these cells into a polarized co-
lumnar epithelium that contains cells with markers of absorptive,
mucus-secretory, enteroendocrine, and Paneth cell populations [11].
Also in our model, villus-like structures appear polarised and express at
the outer cell borders the carcinoembryonic antigen-related cell adhe-
sion molecule 1 (CEACAM]1, Fig. 2 F), a protein expressed by intestinal
epithelial cells (IEC) in vivo at the apical surface of intestinal villi [24].

Further, villin, a protein controlling the shape and motility of IEC by
interconnecting the brush borders to the cytoskeleton [25] was found
expressed at the tip of villus-like structures (Fig. 2 G). These structures
present themselves in a well-defined organisation expressing tight
junction proteins ZO-1 and occludin (Fig. 2H, I), both critically in-
volved in the maintenance of barrier function [26]. Further, 3-catenin
(Fig. 2 J), an essential regulator of epithelial cell proliferation and
differentiation [27], and cytochrome P450 3A4 (CYP3A4, Fig. 2 K), a
major CYP enzyme responsible for metabolizing over fifty percent of
prescribed drugs [28] are stably expressed by the epithelial cell layer. In
contrast to static culture, Caco-2cells differentiate under perfusion
conditions into cell-subtypes expressing specific cell type markers such
as a-defensin, a marker of Paneth cells (Fig. 2 L) and Mucin-2, a marker
protein of Goblet cells (Fig. 2M).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2019.119396

The lack of tissue-resident mMphs and DCs is a limitation of most
currently available in vitro gut models. These two cell types are required
to initiate immune responses causing inflammation and to prevent pa-
thogen dissemination, yet also for mediation of immunotolerance to
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Fig. 3. Mobility and phenotype marker expression of mPCs upon LPS stimulation. A) The distribution pattern of mPCs with the majority of mMphs populating
the endothelial cell layer and DCs residing in the epithelial cell layer. Two different LPS stimulation conditions were tested for recreating 1) physiological contact of
epithelial cells with LPS; and 2) conditions of endotoxemia, with LPS exposed to the endothelial cell layer. B-C) Total number of B) CD68 * * cells or C) CD103™" cells
per um [2] within the endothelial or epithelial cell layer of the non-stimulated model (w/0), and the model stimulated at the endothelial side (LPS/endothel) or the
epithelial side (LPS/epithel). D-E) Mean fluorescence intensity (MFI) of CD68, CX3CR1 and CD103 expression by mPCs in the D) endothelial and E) epithelial cell
layer. Whisker plots: 10th — 90th percentile, the box represents the 25th and 75th percentile with the line in the box marking the median. Data points outside
whiskers mark outliers. A-D) Statistical testing with one-way ANOVA and Tukey's correction, **p < 0.01, ****p < 0.0001 vs. non-stimulated condition (w/0); Data

of five independent experiments is shown.

commensal bacteria and derived MAMPs in the gut lumen. To simulate
these functions in vitro, human primary monocytes were seeded on the
endothelial cell layer and differentiated in the presence of macrophage
colony stimulating factor (M-CSF), and granulocyte-monocyte colony
stimulated factor (GM-CSF). After 7 days of culture, monocytes differ-
entiated into two phenotypically distinct monocyte-derived phagocyte
subsets (mPCs) resembling features of mMphs and DCs, respectively.
The functionality of these mPCs was studied in the presence of LPS,
both at the endothelial and epithelial cell layer (Fig. 3 A). Expression of
CX3CR1 with a high level of CD68 (CD68+ +) defined mMph surro-
gates, whereas DCs were defined by expression of lower CD68 levels
(CD68 ™) and the presence of the DC marker integrin alpha E (CD103).
It has been reported that mMphs depend on CX3CR1 to be maintained
within the lamina propria and to prevent translocation of commensal
bacteria to mesenteric lymph nodes [29]. In accordance with these
reports, we found that LPS exposure to the intestinal luminal side of the
model triggered mMphs and DCs to self-organise within the tissue. LPS
stimulation at the intestinal luminal side supported the formation of
CD68*/CD103™ DCs and triggered DC invasion into the epithelial cell
layer (Fig. 3C, D, E) with some of these DCs forming dendrites through
the epithelial cell layer contacting the luminal space (Supplementary
Figure 1). In mice, lamina propria-resident CD103* DCs were shown to
migrate into the epithelium during homeostasis to facilitate capture of
bacterial antigens [21]. In the intestinal model, a significantly increased
expression of CD103 by DCs was observed at the luminal side upon
epithelial cell stimulation (Fig. 3 D, E, Supplementary Figures 2 and 3).
Thus, a physiological contact of epithelial cells with LPS contributed to
improved DC maturation within the epithelial cell layer. LPS stimula-
tion also upregulated CD68 and CX3CR1 in mMphs that predominately
populate the endothelial cell layer (Fig. 3 B, D, E).

Endotoxemia represents a disease condition in which LPS leaks into
the bloodstream. This condition was simulated by exposing the

endothelial lining to LPS. Although we observed an upregulation of
CD68 in mPCs, we were unable to find increased upregulation of
CX3CR1 in mMphs within the epithelial cell layer as observed upon
intestinal luminal LPS stimulation. Further, CD103 expression by DCs
was significantly decreased in the epithelial barrier compared to LPS
stimulation at the luminal side (Fig. 3 B - E). These results demonstrate
guided mobility and adapted activation pattern of mPCs depending on
the microenvironment created by the endothelial and epithelial cell
layers with their individual responsiveness to LPS exposure.

Subsequently, we studied the responsiveness of mPCs depending on
their differentiation and distribution pattern induced by the different
LPS stimulation sites. In general, no adverse effects were observed on
barrier functionality despite the presence of mPCs in the model, irre-
spective of the side of LPS exposure (Fig. 4 A). Under simulated phy-
siological conditions with LPS present at the luminal side of the model,
we observed immunotolerance reflected by the absence of a release of
pro-inflammatory cytokines. However, emulated endotoxemia with LPS
exposure to the endothelial layer induced a robust inflammatory re-
sponse characterized by release of TNF, IL-13, IL-6, and IL-8
(Fig. 4B-E).

The proinflammatory cytokines TNF, IL-1f, IL-6, and IL-8, are es-
sential mediators of human intestinal inflammation and LPS-induced
cell damage [30]. Moreover, these cytokines are critically involved in
the loss of intestinal barrier function frequently observed in IBD
[31,32]. A decrease in the expression of endothelial VE-cadherin, and E-
cadherin/ZO-1 expressed by IECs is directly associated with intestinal
permeability in IBD [33]. Similar observations were made in our in-
testinal model, were direct exposure of the endothelial lining to LPS
significantly reduced expression of VE-cadherin with a diffuse and
disrupted expression pattern along the cell borders. In addition, an
analysis of endothelial cells by quantification of the cellular ellipsoid
index (0 =line, 1 = circle) revealed significant morphological
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Fig. 4. Permeability and cytokine release upon LPS stimulation. A) Permeability of the intestinal model for FITC-dextran, and B-E) release of proinflammatory
cytokines B) TNF, C) IL-18, D) IL-6, and E) IL-8 at the endothelial or luminal side of the intestinal model without LPS stimulation (w/0), and upon LPS stimulation at
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***p < 0.001; **p < 0.01; *p < 0.05). Data of three independent experiments are shown.

alterations of endothelial cells directly exposed to LPS. Endothelial cells
exposed to LPS appeared elongated with a diffuse VE-cadherin ex-
pression, indicating endothelial dysfunction [34]. In contrast, we ob-
served an even increased VE-cadherin expression and no alterations of
endothelial morphology when LPS was perfused at the intestinal lumen
of the model (Fig. 5A and B; Supplementary Figure 4). Similar ob-
servations were made for E-cadherin and ZO-1 expression in the epi-
thelial cell layer. For both proteins, we found an increased expression
level when the epithelial cell layer was stimulated with LPS. However,
the expression of E-cadherin and ZO-1 was significantly reduced when
the endothelial cell layer was exposed to LPS (Fig. 5C, Dj
Supplementary Figs. 4B and C).

The observed immunotolerance at the luminal side represents a
crucial physiological feature required for stable colonisation with living
bacteria in the presence of functional mPCs. Therefore, we next colo-
nised the luminal side with the probiotic bacterium L. rhamnosus in the
presence of LPS at the luminal side resembling physiological conditions.
Alternatively, LPS was added to the endothelial layer mimicking en-
dotoxemia. We observed that independent from the side of LPS stimu-
lation, L. rhamnosus stably colonised the epithelial cell layer without
translocating through the tissue barrier (Fig. 6 A). Further, a trend to-
wards an improved barrier function was observed upon luminal

colonisation with L. rhamnosus (Fig. 6 B). Infection of the intestinal tract
is often accompanied by infiltration of the intestine by leukocytes [35].
We therefore introduced circulating PBMCs into the vascular perfusion
circuit of the endothelial compartment to investigate the potential im-
munomodulatory effects of L. rhamnosus in the intestinal model. Mea-
surement of the cytokine release profiles for IL-1p, IL-6, IL-8, IL-10, and
TNF in intestinal models colonised with L. rhamnosus showed a sig-
nificant increase of cytokine release and PBMC adhesion upon LPS
stimulation of the endothelial cell layer compared to LPS stimulation at
the luminal side (Fig. 6C, D). Though, we observed only slightly in-
creased IL-1p and IL-6 levels and no alterations of IL-8, IL-10 and TNF
release associated with the luminal colonisation with L. rhamnosus.

L. rhamnosus was described among other probiotic bacteria to re-
duce enteric colonisation and infection with opportunistic pathogens.
Multiple mechanisms, including nutritional competition, reduction of
barrier permeability, and the modulation of the immune response have
been discussed in this context [36,37]. We found that L. rhamnosus
colonisation significantly increased the expression of E-cadherin and
Z0-1 even in the presence of PBMCs (Fig. 6 E, F) and improved cell
viability at the epithelial cell layer indicated by lower LDH release
(Fig. 6 G). Lactobacilli have been shown to counteract infections of the
gastrointestinal tract (GI) by opportunistic pathogens [38,39]. The
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Fig. 5. Expression of VE-cadherin, E-cadherin and ZO-1 upon LPS stimulation. A) Expression pattern of VE-cadherin and endothelial cell morphology under non-
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of VE-cadherin expression is plotted for each individual cell analysed against its ellipsoid index (0 = line, 1 = circle). B) Quantification of VE-cadherin expression
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protein levels. Statistical testing performed by one-way ANOVA with Tukey's correction; *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. non-stimulated condition
(w/0) or between indicated conditions. Data of four independent experiments are shown.

yeast C. albicans usually exists as a harmless commensal in healthy
individuals [40]. However, it can also become a pathogen causing se-
vere systemic infections as part of ultra-low diversity microbial com-
munities in the gut, i.e. after antibiotic treatment of critically ill pa-
tients with suppressed immune function [41]. L. rhamnosus has been
shown to interfere with colonization of C. albicans in the gut by limiting
fungal growth [38,42]. However, most of these studies were performed
in absence of epithelial cells [43,44] or in monolayered epithelial cell
cultures [45-47]. We therefore studied the interaction of C. albicans
with L. rhamnosus a more complex and immunocompetent micro-
environment reflected by the intestine-on-chip model. The luminal side
of the intestinal model was infected with C. albicans, and the impact of
L. rhamnosus pre-colonization was analysed for the resulting fungal
burden after 24 h of co-culture. We found that L. rhamnosus colonisation
not only limit the growth of C. albicans at the luminal side of the model
(Fig. 6H), but also reduces the translocation of the fungus over the
intestinal barrier into the endothelial compartment emulating the vas-
culature (Fig. 6 1, J, K).

4. Discussion

The intestinal epithelium is one of the most dynamic and rapidly
renewing tissues in the body, which requires continuous remodelling as
well as disposal of effete cells. In order to simulate the human intestine
as a stable and immunocompetent ecosystem, we developed a micro-
fluidic organ-on-chip model forming a three-dimensional epithelial cell
layer that can be colonised by living bacteria. We could demonstrate
that the model, in contrast to monolayer cultures, exhibits near phy-
siological 3D tissue architecture. Similar to normal intestinal epithelial
our model demonstrates immunotolerance of resident mMphs and DCs
to MAMPs (LPS) present in the intestinal lumen, whereas the presence
of LPS in the vascular compartment elicited strong inflammatory

responses. Further, we were able to include an artificial microbiota
consisting of living lactobacilli that was shown to protect against in-
vasion of the opportunistic pathogen C. albicans by lowering fungal
burden overgrowth in the intestinal lumen and limiting fungal trans-
location through the gut barrier. Our observations are in agreement
with reports from in vivo studies [38] and demonstrate the usefulness of
the intestine-on-chip model as a platform for functional studies on
microbial communication and host-microbe interaction in vitro.

A potential limitation of our model is the use of the intestinal epi-
thelial Caco-2 cell line, isolated from a colorectal tumour [48]. How-
ever, the cell line was shown to exhibit features more similar to human
small intestine [10,11] and to retain stem cell-like capabilities able to
recreate microanatomical structures of the human intestine in vitro
[11]. Caco-2cells cultured under microfluidically perfused conditions
can self-organise and differentiate into a polarised columnar epithelium
containing cells with markers of absorptive, mucus-secretory, en-
teroendocrine, and Paneth cell populations [11], which is not observed
in Caco-2 cells cultured under static conditions [49]. The use of per-
fused conditions is thus imperative to evolve a more physiological mi-
croenvironment facilitating proper cell differentiation and increased
mucus secretion to provide a suitable substrate layer that could be ef-
ficiently populated by living bacteria. Moreover, microfluidic perfusion
and related shear forces on cell layers have been recently shown to
prevent detrimental bacterial overgrowth in vitro [50].

Recently the HuMiX system, a multichannel intestine chip con-
sisting of Caco-2 cells has been described [51]. This system allowed
substantial advances in modelling host-microbe interactions in vitro but
lacks endothelial cells and an immunocompetent environment created
by mPCs. Further, microorganisms cultured in the chip are separated by
a nanoporous membrane from the epithelial cells preventing their di-
rect interaction. To fully mimic host-microbe interaction direct inter-
actions of epithelial cells, immune cells, and the microbes are required.
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Fig. 6. Colonisation of the intestinal model with L. rhamnosus and C. albicans. A) Colony forming units (CFU) of L. rhamnosus from inoculated medium
(Inoculum), in the supernatant at the endothelial side (Endothelium SN) or the luminal side (Epithelium SN), and in both cell layers after tissue lysis (Tissue Lysate).
Colonisation was performed with LPS exposed to the endothelial side (LPS/endothel, orange bars) or LPS exposed to the epithelial cell layer (LPS/epithel, grey bars).
B) Permeability assays with FITC-dextran in the model without L. rhamnosus (—) or L. rhamnosus colonised at the luminal side (+). C) Cytokine release in the
supernatant at the endothelial side with endothelial cells stimulated with LPS (LPS/endothel) or epithelial cells stimulated with LPS (LPS/epithel). PBMCs were
circulated at the endothelial side without L. rhamnosus (PBMC), and with L. rhamnosus colonising the luminal side of the model (PBMC + L. rhamnosus). D) Adhesive
PBMCs in the presence of L. rhamnosus at the luminal side upon stimulation with LPS at the endothelial (LPS/endothel) or epithelial cell layer (LPS/epithel). E-F)
Expression of E) E-cadherin and F) ZO-1 quantified as the volume in the epithelial cell layer. G) Release of LDH in the supernatant of the intestinal luminal side and
vascular side with and without L. rhamnosus colonisation. H) Colony forming units (CFU) of C. albicans (C. a.) co-cultured without and with L. rhamnosus at the
epithelial and endothelial side. I-K) C. Microcolonies formed by C. albicans upon translocation from the luminal side in absence or presence of L. rhamnosus. I)
Quantified results of microcolony formation. J) low (scale bar 2 mm) and K) higher magnification (scale bar 100 pm) of formed microcolonies. J, K) Representative
images of four independent experiments. Circles indicate identified microcolonies, fuzzy red background is caused by endothelial cells. E-F) A-C) Statistical testing
with one-way ANOVA and Tukey's correction, *p < 0.05, ***p < 0.001 vs. non-stimulated condition (w/0) or between indicated conditions. D, G, H, I) Two-tailed
ratio paired t-Test, *p < 0.05, ***p < 0.001 between indicated conditions. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

The self-formation of the three-dimensional epithelial cell layer in our these cells were found to express high levels of CX3CR1 upon LPS sti-
model allows the colonisation of living microorganisms directly at the mulation of the intestinal lumen. These mMphs primarily populated the
luminal side of the intestinal model. Further, the organotypic micro- endothelial side of the model, whereas CD103 expressing DCs were
environment supports the self-organization of mMphs and DCs guided mainly recruited to the luminal side of the epithelial cell layer [19,21].
by physiological LPS gradients ranging from the luminal to the vascular In vivo CX3CR1* mMphs initiate innate and adaptive immune re-
side. Already present at birth, mMphs share many characteristics with sponses to fungi in the intestine via expression of c-type lectin receptors
their monocyte-derived counterparts in the adult intestine including [57]. Furthermore, it has been recently shown that CX3CR1* mMphs
high-phagocytic activity [52]. These findings support the emerging are critically involved in limiting microbiota-induced intestinal in-
view that instead of their origin, the location and the surrounding mi- flammation. They promote tissue homeostasis by limiting expansion of
croenvironment determines the functions of tissue-resident macro- microbe-specific T helper 1 (Th1) cells and support the generation of
phages [53,54]. After their arrival in the mucosa, invading monocytes microbiota specific regulatory T-cells. Interestingly, this study also de-
undergo a process of local cell differentiation and acquire the expres- monstrated that colonization with microbes that adhere to the epithe-
sion of CX3CR1 and MHCII [55]. During homeostasis, resident in- lium can compensate for intestinal microbiota loss and activate
testinal mMphs are replenished continuously by circulating monocytes homeostatic immunoregulatory mechanisms [19]. Under physiological
with up to 50% of mature mMphs [56]. Similar to the in vivo situation conditions in vivo mMphs do not respond to inflammatory triggers such
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as LPS allowing them to act as efficient scavengers without inducing
inflammation that usually ensues upon encounter of MAMPs and would
compromise intestinal homeostasis [58]. In the intestinal model, we
could demonstrate that LPS is well tolerated at the luminal side of the
model with physiological homeostasis in the presence of commensal L.
rhamnosus.

The maintenance of epithelial integrity has been shown to rely on
the function of mMphs and DCs that reduce epithelial susceptibility to
inflammatory insults and drive intestinal epithelial cell renewal and
differentiation [59,60]. Further, mMphs stimulate the differentiation of
regulatory T-cells and thereby contribute to intestinal homeostasis [61].
Recruited monocytes can differentiate into mature mMphs under in-
flammatory conditions exerting repair functions as has been described
for monocytes infiltrating the liver [62,63]. We were able to demon-
strate that by integration of mMphs and DCs tissue homeostasis can by
mediated and LPS is tolerated at the luminal model side. Further, pri-
mary leucocytes (PBMCs) can be perfused in the model in the presence
of LPS without detrimental effects on immune cell activation.

Colonisation of the intestine with L. rhamnosus did not induce in-
flammatory responses by release of proinflammatory cytokines. Instead,
colonization improved cell viability of the intestinal model and was
associated with increased E-cadherin and ZO-1 expression in the epi-
thelial layer under simulated conditions of endotoxemia. These ob-
servations are in agreement with recent in vivo studies in mice, were an
improved E-cadherin expression was also induced by lactobacilli [36].
Although the mechanism of the barrier improvement remains spec-
ulative, a potential explanation might be cytoprotective induction of
heat shock proteins that were reported to contribute to cell protection
by modulation of tight junction protein expression [64]. Stable colo-
nisation of an intestinal model with L. rhamnosus was also shown by
Kim at al [10]. However, PBMCs circulated in the model caused injury
of villi and the intestinal barrier through the release of IL-8 induced by
LPS present at the luminal side [10]. Here we demonstrate that in
presence of mMphs and DCs physiological immunotolerance to LPS can
be established, without detrimental effects of immune cell activation.
This allows endothelial PBMC perfusion and a stable co-culture of living
bacteria and LPS at the luminal side of the model. A pro-inflammatory
immune response associated with tissue damage was only observed in
the endotoxemia model, with L. rhamnosus colonisation ameliorating
inflammation-associated tissue damage.

In vivo, continuous checks and balances between immune tolerance
and the induction of inflammatory responses upon translocation of
microorganisms are required. We observed increased leukocyte re-
cruitment to the endothelial cell layer when LPS was present at the
vascular side of the model creating an inflammatory environment that
resembles conditions of IBD. The number of adhesive PBMCs under
these simulated disease conditions was significantly higher compared to
the more physiological conditions when LPS was present at the luminal
side of the model. These observations are in agreement with clinical
reports from IBD patients where blockade of recruitment of leucocytes
into the intestine represents a promising treatment option for the pa-
tient [65]. The model has proven a suitable platform to elucidate me-
chanisms of host-microbe interactions in an immunocompetent en-
vironment in studies on leucocyte recruitment, immune cell
differentiation, and the establishment of an adapted immune response
to commensal and pathogenic microorganisms. Nevertheless, further
improvements will be performed in follow up studies. These improve-
ments should consider the contribution of other immune cells on im-
mune surveillance of microorganisms in the gut, i.e. B- and T-cells or-
ganised in lymphoid follicles of the Peyer's patches and within gut-
associated lymphoid tissue.

We could further demonstrate the feasibility of our model to in-
vestigate microbial interactions between commensal and opportunistic
microorganisms with functional consequences for the intestinal barrier
under near-physiological and well-controlled conditions in vitro. We
here show for the first time that L. rhamnosus colonisation can diminish
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invasion of C. albicans into the “bloodstream” in a microphysiological
environment created by our intestine-on-chip system. Similar to the in
vivo situation where the bacterial microbiota protects against C. albicans
overgrowth [38,39], we could demonstrate a protective effect of pro-
biotic L. rhamnosus limiting the overgrowth and translocation of C. al-
bicans to the endothelial cell compartment. It is tempting to speculate
that also luminal exposure to LPS contributes to a reduced translocation
of pathogenic microbes into the vascular compartment by improving
the intestinal barrier.

Our intestinal model has proven to be a valuable tool to system-
atically explore the underlying mechanisms of microbial communica-
tion, host-microbe interactions, microbial pathogenicity mechanisms,
and immune cell activation under physiologically relevant conditions in
vitro. Thus, it represents a powerful platform for the investigation of
disease mechanisms, driven by (opportunistic) pathogens, i.e. under
well-defined conditions of dysbiosis created in synthetic microbiomes
that are composed of a limited number of microbial community mem-
bers. Further, it allows the screening and development of novel treat-
ment strategies for IBD by supporting and maintaining physiological
conditions of the human microbiota that keep opportunistic pathogens
in their commensal state and prevent the onset of related inflammatory
diseases.
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