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INTRODUCTION

Abstract

Usually, duodenal barriers are investigated using intestinal cell lines like Caco-2, which
in contrast to native tissue are limited in cell-type representation. Organoids can con-
sist of all intestinal cell types and are supposed to better reflect the in vivo situation.
Growing three-dimensionally, with the apical side facing the lumen, application of typi-
cal physiological techniques to analyze the barrier is difficult. Organoid-derived mono-
layers (ODMs) were developed to overcome this. After optimizing culturing conditions,
ODMs were characterized and compared to Caco-2 and duodenal tissue. Tight junction
composition and appearance were analyzed, and electrophysiological barrier proper-
ties, like paracellular and transcellular barrier function and macromolecule permeabil-
ity, were evaluated. Furthermore, transcriptomic data were analyzed. ODMs had tight
junction protein expression and paracellular barrier properties much more resembling
the originating tissue than Caco-2. Transcellular barrier was similar between ODMs
and native tissue but was increased in Caco-2. Transcriptomic data showed that Caco-
2 expressed fewer solute carriers than ODMs and native tissue. In conclusion, while
Caco-2 cells differ mostly in transcellular properties, ODMs reflect trans- and paracel-
lular properties of the originating tissue. If cultured under optimized conditions, ODMs
possess reproducible functionality, and the variety of different cell types makes them a

suitable model for human tissue-specific investigations.
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differentiated cell types perform the function of the small intes-

tine: absorptive enterocytes, mucus-secreting goblet cells, hormone-

The gastrointestinal tract is the main place of solute absorption
and secretion and forms the first barrier against microbial and viral
pathogen assault. The complex morphology of the small intestine is
specialized in the different small intestinal segments, including the
crypts of Lieberkiihn, as well as the villus, that contain several cell
types to maintain epithelial homeostasis and regeneration. Although

recently many different subtypes have been described,! four major

secreting enteroendocrine cells, and antimicrobial peptide-secreting
Paneth cells.2 These cell types are produced by self-renewing stem
cells located in the crypt base and migrate in coherent bands along the
crypt-villus axis; however, Paneth cells return to the crypt bottom.3
Functionality of the small intestine becomes disturbed in a variety
of diseases, including inflammatorily driven pathologies like ulcerative

colitis, Crohn’s disease, or celiac disease, congenital diseases as lactose
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intolerance, and cancer. Thus, to study the properties and regulation of
the small intestine in health and disease, sufficient models are needed.
For decades, the two main models were animal intestine (in vivo or
ex vivo) and transformed cancer-derived intestinal cell lines.

Animal models, though possessing the real morphology and all cell
types, not necessarily mimic the exact conditions and reactions of
human tissue well; they are costly, labor-intensive, and not suitable for
high-throughput procedures. Additionally, for ethical reasons, there is
an impetus to reduce or refrain from animal experiments if there are
valid alternatives.*

Commonly used cell lines include T84 and Caco-2, which have been
used as in vitro models for human small intestinal epithelia as they
reflect intestinal permeability and membrane transport.>¢ However,
they do not originate from small intestinal tissue, but colon carci-
noma and lung metastases, which also means that they are mutated
with lots of defects (e.g., immune-regulating and apoptosis-inducing
signals), which may not be problematic for general physiological stud-
ies, but for molecular biological attempts or—omics studies. In addi-
tion, they vary in their properties between different laboratories, may
change their genetics and biological behavior with time, which results
in changed proliferation, barrier properties, metabolic activity, and
expression profiles of receptor and transport proteins.” Furthermore,
they lack intestinal segment-specificity and do not possess the mor-
phology of the intestine, as on the one hand, they contain only one of
the cell types present in the intestine, and on the other hand, they do
not form crypt-villus structures as they grow as flat monolayers.

Attempts to cultivate primary cultures from intestinal tissue as
monolayers comparable to immortalized cell lines for longer times have
not been possible due to rapid loss of proliferation and renewal.” In
2009, Sato and colleagues managed to culture murine intestinal stem
cells long-term and found that these cultures consist of stem cells
that further have the ability to differentiate into all tissue-specific cell
types.'0 These so-called organoids can derive from adult stem cells
located in the crypt base and, when cultured under conditions of the
tissue-specific stem cell niche, can recapitulate the capacity for self-
renewal and differentiation of the tissue of origin.!* Due to those prop-
erties, organoids became a highly appreciated model for the epithelial
layer of the intestine and are suitable for the investigation of a variety
of gastrointestinal research topics like cancer development,'? tissue
homeostasis, '3 infectious diseases,'* 15 inflammatory bowel disease, ¢
and barrier research.’

However, a drawback to use organoids for the investigation on the
epithelial barrier is that organoids, normally seeded in extra cellu-
lar matrix, grow three dimensionally with the apical side facing the
lumen, 1018 making it difficult to measure, for example, transepithelial
resistance (TER), or to quantify permeabilities for ions, small or macro-
molecular solutes, or in general to access and stimulate the epithelium
from the apical side.

To overcome these problems, researchers have begun growing
monolayers derived from organoids (organoid-derived monolayer;
ODM) on filter inserts giving access to both the basal and apical sides
of what are primary epithelial cells,!?-2! allowing to measure TER and
tracer fluxes, or mount them in Ussing chambers to perform an in-

depth analysis of the epithelial barrier, as is known for tissue samples or

common cell lines.?? At the same time, ODMs benefit from the advan-
tages of organoids, such as the composition of different cell types, their
great genetical stability, and the much higher availability compared to
tissue samples. However, this also indicates that reproducible proper-
ties are an essential criterium that must be established to give areliable
model. First, efforts to harmonize protocols for different species have
been undertaken by our group, as differences may lead to changes in
barrier properties and behavior.23.24

One main factor representing the barrier properties is the tight
junction (TJ), which is determining the epithelial paracellular barrier.
It is composed of a variety of TJ proteins, including the family of
claudins,?®> TJ-associated MARVEL proteins,2¢ angulins,?” and many
nonmembrane scaffold-proteins like ZO-1.28 Different cell types of
the intestine have been shown to possess different TJ protein expres-
sion levels, and thus, might differently affect the barrier properties,2?
underlining the relevance of reproducible conditions to make ODMs a
good model of the intestine.

In this work, we compared human duodenal tissue, ODMs, and
Caco-2 cells regarding their barrier properties, which are based on TJs.
We show that human duodenal ODMs reflect human duodenal tissue
properties better than the commonly used Caco-2 cells, as evaluated
for barrier function and protein expression. We conclude that ODMs

serve as a good model for human intestinal barrier properties.

METHODS
Patient samples

The usage of human duodenum biopsies from healthy controls was
approved by the ethical committee of the Charité Berlin (#EA4-015-
13). Tissue specimens were either used for barrier characterization in
Ussing chambers, for isolation of intestinal crypts, or for freeze fracture

electron microscopy.

Crypt isolation

Crypt isolation was based on the protocol for corpus glands from Bart-
feld et al.%° Tissues were washed in cold PBS (Gibco, ThermoFisher,
Rockford, IL, USA) and cleaned from connective, muscle, and adipose
tissue with forceps. Epithelial tissue was cut in small pieces and trans-
ferred in a 50 ml falcon tube filled with PBS. Pieces were washed
by resuspending them in PBS with a 0.1% BSA (Sigma-Aldrich, Stein-
heim, GER)-coated 10 ml serological pipette for several times until the
supernatant was clear. After the last washing step, the supernatant
was removed, and epithelial pieces were digested by 5 ml 2.5 mM
EDTA in PBS for 5-10 min at room temperature. Afterwards, pieces
were transferred with as few liquid as possible on a petri dish and a
microscope slide was placed on top of the pieces to finally press the
crypts out of the tissue, success was indicated by a cloudy appearance
around the tissue pieces. Cover slide and petri dish were rinsed with
Advanced Dulbecco’'s modified Eagle medium (DMEM)/F12 (Gibco)
supplemented with 10 mmol/L HEPES (Gibco), 1x GlutaMax (Gibco)
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TABLE 1 Organoid and ODM media composition
Rspo1l Noggin

Protocol L-WRN CM3*? CcM33 EGF NAC NIC SB-202190 A83-01 Y-27632 DAPT

[reference] cMm3t (20%) (10%) (50ng/ml) (1mM) (10mM) (1pM) (500nM) (10 uM) (1 M) FCS(20%)

WERN?® 50% X X X X X X Initially

Standard (SM)%3 X X X X X Initially

DAPT34 25% X X X X X

ENAYY X X X

FCS203536 5% X 20%

Note: All media were based on Advanced Dulbecco’s modified Eagle medium (DMEM)/F12 (Gibco) with 10 mmol/L HEPES (Gibco), 1x GlutaMax (Gibco) and
100 U/ml penicillin, 100 ug/ml streptomycin (Corning) (AD+++) supplemented with 1x B27 (Gibco) and 1x N2 (Gibco). L-WRN conditioned medium (CM);
Rspo1-CM and Noggin-CM (produced from stable transfected HEK293 cells (ATTC) with Rspo1 or Noggin); human recombinant epithelial growth factor
(EGF, Peprotech, Hamburg, Germany); N-acetylcysteine (NAC, Sigma-Aldrich), nicotinamide (NIC, Sigma-Aldrich); p38 inhibitor (SB 202190, Stemcell, US);
TGF-B inhibitor (A83-01, Stemgent,Cambridge, MA, USA); Rho-K inhibitor (Y-27632, Tocris); Notch inhibitor DAPT (Sigma-Aldrich); fetal calf serum (FCS,

Gibco).

and 1% 100 U/ml penicillin, 100 mg/ml streptomycin (Corning, NY,
USA) (AD*+7) to collect tissue pieces and isolated crypts. Suspension
was transferred into a 15 ml falcon tube and stored on ice until the tis-
sue pieces were settled. Supernatants containing epithelial crypts were
transferred to a new falcon tube and pelleted at 500 x g (4°C) for 5 min.
The crypt pellet was resuspended in Matrigel (50 ul/well, 354230,
BD Bioscience/Corning) and seeded on a prewarmed 24 well plate
(TPP/Merck, Darmstadt, GER). The plate was stored for 15-30 min at
37°C to let the Matrigel solidify before it was overlaid with WERN
medium (Ref. 23, Table 1) supplemented with 10 uM Rho-K inhibitor
(Y-27632, Tocris, Bristol, UK).

Duodenal organoid culture

For organoid culture, medium was changed every other day and
organoids were passaged by mechanical destruction once a week. For
that, medium was replaced by 500 ul cold AD*** and Matrigel was dis-
solved by resuspending with a 1 ml Pipette. Cell suspension was trans-
ferred in a 15 ml falcon tube and organoids were broken up by resus-
pending with a 21G Needle coated with 0.1% BSA. Organoid pieces
were pelleted at 300 x g for 5 min at 4°C. The organoid pellet was
resuspended in Matrigel (50 pl/well, 354230 BD Bioscience/Corning)
and seeded on a prewarmed 24 well plate. The plate was stored for
15-30 min at 37°C to let the Matrigel solidify before it was over-
laid with WERN medium. Y-27632 was only added after splitting and

removed after 24 h.

Seeding of organoids-derived monolayers

To generate ODMs, 3D organoids were broken into pieces as described
above and the organoid pellet was incubated for 5-10 min at 37°C
in TrypLE Express (Gibco). To obtain single cells, further mechanical
destruction, using a 21G needle, was necessary. Cells were counted,

and TrypLE Express was inactivated by diluting with AD**+. Cells

were pelleted by centrifuging at 500 x g at 4°C for 5 min and seeded
on Matrigel-coated PCF filters (Merck Millipore, Tullagreen, Carrigth-
wohill, IRL) (0.5-1 x 10° cells/filter). For coating, 150 ul of a 1:50 mix-
ture of Matrigel and ice cold Advanced DMEM/F12 was added on each
filter. Filters were incubated for at least 30 min at 37°C. Before adding
the cell suspension, remaining advanced DMEM/F 12 was removed. For
differentiation, ODMs were cultured with differentiation media stan-
dard medium (SM) (Ref. 23, Table 1). ODMs were used for experiments
after reaching confluency and stable TER, normally between 8 and
10 days after seeding. For the air-liquid interface (ALI) culture, cells
were seeded as described above and apical medium was withdrawn as
soon as monolayers reached confluency.

Reverse transcriptase quantitative polymerase chain
reaction

For reverse transcriptase quantitative polymerase chain reaction
(RT-gPCR), medium was aspirated from ODMs, and cells were directly
lysed with 2 x 300 ul TriReagent (Zymo, Cat. No. R2050-1-200).
RNA was extracted using the Directzol-RNA Microprep (Zymo, Cat.
No. R2062) kit, including an on-column DNase | digest following
manufacturer’s instructions. RNA was quantified using 260/280 nm
absorption measurements using a NanoQuant plate on an Infinite
M200 Pro reader (both Tecan). Five hundred nanograms of RNA
were reversely transcribed using the High-Capacity RNA-to-cDNA Kit
(Applied Biosystems, Cat. No. 4387406) following the manufacturer’s
instructions. RT-gPCR was performed using 10 ng cDNA per reaction
on a CFX96 system with C1000 Cycler (both Biorad) using the Maxima
SYBR Green qPCR Master Mix (2%, Thermo Fisher, Cat. No. K0251).
Cycling included an initial 10 min enzyme activation step at 95°C, fol-
lowed by 40 cycles of 20 s at 95°C, 30 s at 60°C, and 20 s at 72°C.
Melting curve analysis was performed to verify amplicon specificity.
Relative expression was calculated using the AACt method. Primer

sequences are included in Table S1.
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Caco-2 cells

Caco-2 cells (ATCC HBT-37) were cultured at 37°C and 5% CO, with
Earl’s Minimal Essential Medium + GlutaMax (41090-028 Gibco) sup-
plemented with 15% (v/v) fetal calf serum (FCS, Gibco) and 100 U/ml
penicillin, 100 pg/ml streptomycin (Corning). For experiments, cells
were seeded on PCF filters (0.4 um pore size, area 0.6 cm?; Merck Mil-
lipore) and grown for 3 weeks to differentiate to a small intestinal cell-
like phenotype.3” Regular TER measurements were performed to con-
firm sufficient differentiation of the cell layers.

Immunofluorescent staining of ODMs

To check for several TJ protein localizations, ODMs were fixed in 2%
PFA for 20 min at room temperature and permeabilized with 0.2%
Triton X-100 in PBS*/* for 10 min, blocked with 5% goat serum and
5% BSA in PBS*/*, and incubated at 4°C over night with primary anti-
bodies, followed by incubation with secondary antibodies for 1 h at
37°C before staining for ZO-1 (conjugated AB; 1:500) and nuclei stain-
ing with DAPI (1:1000). All used antibody concentrations and sources
can be found in Table S2. Images were obtained using a confocal laser-
scanning microscope (LSM 780, Carl Zeiss AG, Jena, Germany) with
excitation wavelengths of 488, 543, and 633 nm.

Western blots

To compare protein expression, Caco-2 and ODMs on filters were
washed with ice-cold phosphate-buffered saline and scraped off the
filter support. Caco-2, ODMs, and tissue samples were incubated on
ice in membrane lysis buffer (1 M Tris-Cl pH 7.4, 1 M MgCl,, 0.5 M
ethylenediaminetetraacetic acid, 0.5 M ethylene glycol tetra acetic
acid, and protease inhibitors), homogenized with an insulin needle, and
centrifuged at 200 x g for 5 min at 4°C. Membrane proteins were pel-
leted by a long centrifugation at 42,100 x g for 30 min at 4°C. Pro-
tein pellet was resuspended in total lysis buffer (10 mM Tris-Cl pH 7.5,
150 mM NaCl, 0.5% Triton X-100, 0.1% SDS, and protease inhibitors).

Membrane proteins (8 ug of Caco-2 lysate, 3 ug of ODM’s lysate, and
20-30 ug of tissue) were loaded on 12.5% sodium dodecyl sulphate-
polyacrylamide gel, separated at 100 V, and transferred to PVDF
membranes (Perkin Elmer, Rodgau, Germany). For immunode-
tection, membranes were incubated in blocking solution (1%
polyvinylpyrrolidone-40, 0.5% Tween) for 1 h and incubated over
night with primary antibodies (Table S2). Membranes were washed
and incubated for 2 h at room temperature with peroxidase-coupled
secondary antibodies before detection using chemiluminescence,
SuperSignal West Pico PLUS (Thermo Fisher). Signals were detected
using Fusion FX (Vilber Lourmat), and densitometric analysis was done
using AIDA (Elysia).

Transcriptomic analysis

Comparison of the qualitative expression of typical transporter genes
between Caco-2, tissue, ODMs, and organoids was performed using
the following data sets, available at Gene Expression Omnibus
(GEO): GSE164334,%% GSE156453,%% GSE127938,%° GSE167286,%1
GSE163706, and*? GSE160695;* and one data set from Ma’ayeh
et al.** and our own data.’® Since these data were obtained using dif-
ferent methods (RNAseq and DNA microarray), they were only qual-
itatively evaluated according to whether transporters were reported
to be expressed. RNAseq data and DNA microarray data were nor-
malized by the respective authors or according to the manufacturer’s
guidelines.*®> This evaluation was summarized and visualized using
Prism 9.1 software (GraphPad).

Freeze fracture electron microscopy

Freeze fracture electron microscopy was performed as previously
described.*® Briefly, ODMs were fixed with phosphate-buffered glu-
taraldehyde (2%). Preparations were incubated in 10% (v/v) and then in
30% (v/v) glycerol, and finally frozen in liquid nitrogen-cooled Freon 22.
Cells were fractured at —100°C and shadowed with platinum and car-
bon in a vacuum evaporator (Denton DV-502). Replicas were bleached
with sodium hypochloride, picked up on grids (Ted Pella Inc.), and ana-
lyzed with a video-equipped Zeiss 902 electron microscope (Carl Zeiss
AG; Olympus iTEM Veleta).

Morphometrical analysis was performed at a final magnification of
51,000x%. Vertical grid lines were drawn at 200 nm intervals perpen-
dicular to the most apical TJ strand.*¢ Number of strands horizontally
oriented within the main TJ meshwork was counted at intersections
with grid lines. The distance between the most apical and contra-apical
strand was measured as the meshwork depth. Strand discontinuities
within the main compact TJ meshwork of >20 nm were defined as
breaks and their number is given per um length of horizontally oriented
strands. Strand formation was noted as particle type or continuous

type.

Paracellular flux measurements

Flux studies were performed in Ussing chambers under short-circuit
conditions. For flux measurements, after apical addition of FITC-
labeled and dialyzed 4 kDa dextran (0.4 mM, TdB Consultancy, Sweden)
together with basolateral addition of unlabeled dextran of the same
size (0.4 mM, Serva, Heidelberg, Germany), basolateral samples were
taken at 0, 30, 60, 90, and 120 min. Tracer fluxes and apparent perme-
abilities were calculated from the amount of FITC-dextran in the baso-
lateral compartment measured fluorometrically (Tecan Infinite M200,

Tecan, Switzerland).
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Electrogenic chloride secretion

For measuring electrogenic CI~ secretion, ODMs were stimulated
by prostaglandin E2 (10~¢ mol/l, serosal side) and theophylline
(102 mol/l, both sides). The increase in Isc (Alsc) was measured
thereafter. After reaching steady state, the effect of theophylline and
prostaglandin E2 was antagonized by bumetanide (10 umol/I, serosal
side) and the decrease in Isc was measured.

One-path and two-path impedance spectroscopy

Impedance spectroscopy was performed based on a model describing
the epithelial resistance, R, as a parallel circuit consisting of the tran-
scellular resistance, Rt and the paracellular resistance, RP22. The
subepithelial resistance, R$“?, is in series to R®P' and, in cell cultures, is
caused by the filter support. After application of alternating current
(35 uA/cm?, frequency range 1.3-65 kHz), changes in tissue volt-
age were detected by phase-sensitive amplifiers (402 frequency
response analyzer, Beran Instruments; 1286 electrochemical inter-
face; Solartron Schlumberger). Complex impedance values (Ze,,
Zimaginary) Were calculated and plotted in a Nyquist diagram. Because
of the frequency-dependent electrical characteristics of the epithe-
lium, Rt (= TER) could be obtained at minimum and RSP at maximum
frequency, and ReP" was calculated using ReP'=Rt-RSU“P (one-path
impedance spectroscopy). R and RP?@ were determined from
experiments in which impedance spectra and fluxes of fluorescein as a
paracellular marker substance were obtained before and after chelat-
ing extracellular Ca2* with EGTA (two-path impedance spectroscopy),

which caused TJs to partly open and increase fluorescein flux.*”

Statistical analysis

MS ECXEL (Microsoft) or Prism 9.1 software (GraphPad) was used for
analysis. If not stated otherwise, data are expressed as mean values +
standard error of the mean (SEM), indicating n as the number of sin-
gle measurements. Statistical analysis was performed using Student’s
t-test with Bonferroni-Holm correction for multiple testing or one-way
ANOVA with Dunnett correction for multiple comparison. p < 0.05 was
considered significant (*p < 0.05, **p < 0.01, ***p < 0.001).

RESULTS

Optimization of culture conditions and validation of
the ODMs

To compare ODMs and Caco-2 cells in their ability to reflect the
barrier properties of duodenal tissue, the appropriate conditions of
the ODM culture had to be found. Several research groups started
to work with ODMs and as many different media compositions
are postulated. In this study, four different media were tested for
their stability in the TER and their cell composition. Single cells

derived from organoids were seeded on PCF filters with SM (Table 1).
Medium was changed every other day and monolayers reached a
plateau of TER after 7-8 days. On day 8, the medium was changed
to DAPT (Notch inhibitor N-[N-(3,5-difluorphenacetyl)-L-alanyl]-S-
phenylglycin-tert-butylester),3* ENA (epidermal growth factor + Nog-
gin + A83-01), and FCS (fetal calf serum)2%:3536 for ODMs or cul-
ture continued with SM (see composition of the different media in
Table 1). TER was measured daily from day 3 to day 11 and increased to
200 Q-cm? by day 8 after seeding and remained stable for SM and
ENA until day 11, while the TER of filters with DAPT decreased to
120 Q-cm? on day 11 (Figure 1A). Under FCS conditions, TER dramati-
cally decreased to below 100 Q-cm? as early as day 9, and by day 11 the
TER equaled that of empty filters.

ODMSs’ transcriptional data were normalized to the SM/SM
composition (Figure 1B), in comparison, SM/DAPT and SM/ENA
ODMs seemed to be more differentiated as they had a significantly
lower expression of the main stem cell marker Leucine-rich repeat-
containing G-protein coupled receptor 5 (LGR5) and significantly
higher expressions for the enterocyte markers fatty acid-binding
protein (FABP2) and sucrase-isomaltase (SI) and goblet cell markers
mucin 2 (MUC2) and trefoil factor 3 (TFF3). The expressions of other
cell markers for stem cells olfactomedin 4 (OLFM4), for entero-
cytes sodium/glucose-cotransporter 1 (SGLT1/SLC5A1) and peptide
transporter 1 (PEPT1/SLC15A1) and progenitor cells atonal BHLH
transcription factor 1 (ATHO1), SRY-box transcription factor 9 (SOX9),
and delta-like ligand 4 (DLL4), as well as for Paneth cells lysozyme (LYZ),
were comparable between SM/SM, SM/DAPT, and SM/ENA ODMs.
The SM/FCS condition had a significant lower expression of LGR5,
too, but in contrast, a significantly lower expression of TFF3, PEPT1,
and LYZ. Conversely, the notch pathway ligand DLL4 was significantly
higher in SM/FCS. The enteroendocrine marker chromogranin A
(CHGA) could not be detected for all four conditions, which is in line
with previous publications using the medium conditions.>23

Due to these results, the SM/SM or the SM/ENA conditions were
found to be the most suitable, as both lead to a stable TER, and the
markers for stem cells, Paneth cells, goblet cells, and enterocytes were
detected. In addition, SM/SM has been described to not only work for
human duodenal tissue but also for mouse, chicken, and pig ODMs.23
Moreover, it was also suitable for infection studies, as shown for
Giardia duodenalis infection.'® Therefore, further experiments were
performed using SM/SM conditions.

Next, the expression and localization of TJ proteins in ODMs under
SM/SM conditions was confirmed by immunofluorescence staining
(Figure 2 and Figure S1). Typically, in intestinal duodenum, expressed
members of the claudin (CLDN) family were found, including CLDN1,
CLDN2, CLDNS3, CLDN4, CLDN7, and CLDN15. Furthermore, the
TAMP proteins occludin (OCLN) and tricellulin (TRIC), as well as
lipolysis-stimulated lipoprotein receptor (LSR), were expressed in duo-
denal ODMs. Moreover, TJ proteins were located apically within the
cell membranes of the monolayer, and TRIC was specifically expressed
at the tricellular corners of the epithelial cells.

These results showed that the chosen ODM system was a suitable

model to investigate the duodenal TJ barrier, as they had stable TER
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FIGURE 1 TERand RT-gPCR data comparing different culture conditions: (A) TER values of ODMs from day 3 to day 11 after seeding. Single
cells derived from organoids were seeded on permeable cell culture supports and cultured in standard medium (SM) until day 8. Then, medium was
changed either to DAPT, ENA, or FCS medium or maintained in SM (n = 6). (B) After day 11, RNA was extracted from ODMs and RT-gPCR was
performed for the detection of different epithelial cell makers. Dark blue represents decreased expression and red represents increased
expression. (n > 5; data are shown as mean; *p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: E, enterocytes; EE, enteroendocrine cells;

GC, Goblet cells; PC, Paneth cells; PG, progenitor cells; SC, stem cells
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Expression and localization of TJ proteins. Representative immunofluorescence images of a duodenal organoid culture (CBF1)

10 days after seeding on permeable cell culture supports cultured with SM medium. For better visibility, signal intensities were increased, and
single panels are shown in white. In merge images, the counterstaining ZO-1 (white), nuclei (blue), and the detected TJ proteins (green or red) are
shown. The vast expression of TJ proteins indicates well polarization of ODMs and presence of a continuously expressed TJ barrier. Bar = 10 um

values, were composed of different intestinal cell types, and expressed

TJ proteins that were expected in duodenal tissue.

Comparison of expression profiles of duodenal tissue,
ODMs, and Caco-2 cells

First, ODMs under SM/SM conditions and the commonly used Caco-2
cell line were compared to tissue samples regarding their composition

of TJ proteins by western blotting. For that, protein was extracted
from either tissue samples, 3-week-old Caco-2, or 10-day-old ODMs,
both grown on filter supports. Protein concentration was normalized
to Cytokeratin 19 (CK19) expression, which is a marker for epithelial
cells. Usage of this marker was necessary because Caco-2 cells and
ODM s did not contain subepithelial tissues, which were present in the
duodenal tissue samples and needed to be considered as additional
protein fraction. Accordingly, this led to loading of different amounts
of protein to make the epithelial proportions represented by CK19
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FIGURE 3 Comparison of TJ protein expression between duodenum tissue, ODMs, and Caco-2 cells. Proteins were isolated 10 days post
seeding of ODMs and 21 days post seeding of Caco-2 cells. (A) Representative western blots showing the expression of several TJ proteins,
including OCLN, TRIC, LSR variant o and variant 8, CLDN1, CLDN2, CLDN3, CLDN4, CLDN5, CLDN7, as well as the commonly used housekeeping
gene ACTB, the mesenchymal marker VIM, and the marker for epithelial cells CK19. (B) and (C) Quantification of TJ proteins. VIM is shown to
emphasize that tissue samples not only consist of epithelium but also surrounding tissue, therefore, ACTB was not used as housekeeping gene but
CK19. For quantification, densitometric intensities were normalized to CK19, and mean value of tissue samples was set to 100% (values are shown

as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001)

as uniform as possible (Figure 3A). CLDN1 (22 kDa) was expressed
similarly between native tissue and the two barrier models. However,
Caco-2 cells and the organoid line CBF3 had a lower expression
of CLDN3 (22 kDa). Furthermore, the amount of CLDN4 (22 kDa)
was lower in all three organoid lines than in the tissue, and CLDN7
(22 kDa) expression was more abundant in native tissue compared
to all other samples (Figure 3B). In contrast, the expressions of
CLDN2 (22-23 kDa), the TAMPs OCLN (65 kDa), and TRIC (65 kDa),
as well as LSR (splice variants « 68 kDa and f 56 kDa*®) in ODMs,
were very similar to that of the tissue sample, while Caco-2 cells
had a higher expression of those proteins (Figure 3C). Further-
more, ODMs reflected individual properties of the donors as the
TJ protein expression slightly differed between the organoid lines.
CBF1 had the highest protein expression and the CBF3 line the
lowest.

Besides analyzing the TJ protein expression profiles, the expres-
sions of solute carrier (SLC) transporter genes in Caco-2, tissue,
organoids, and ODMs were compared using data available in the

literature and own transcriptomic data (Figure 4 and Table S3). This

analysis revealed that 218 SLCs were expressed in all duodenal tissue
samples analyzed. Of these, ODMs and organoids expressed 191-214
and 188-205, respectively (Figure 4A). Although some Caco-2 cell
samples expressed 208 of the 218 SLCs expressed in tissue, other
samples expressed only 152 of 218 SLCs (Figure 4A). Other SLCs
were not expressed in all of the tissue samples examined, but were
detected, for example, in three out of five tissue samples. These SLCs
were referred to as differentially experimented SLCs and are listed
separately in Figure 4B. In the RNAseq data, additional 121-126
SLCs were differentially expressed in the duodenum tissue samples
(Figure 4B). While Caco-2 cells expressed only 71-115 additional
SLCs, ODMs and organoids expressed another 101-125 and 101-
112 SLCs, respectively (Figure 4B). In contrast, the DNA microarray
data detected 20 additional SLCs in duodenum tissue and 21 in ODMs
and organoids, whereas Caco-2 cells had 27 additional SLCs. However,
these data suggest that ODMs reflect the expression of SLCs of
duodenal tissue well. Furthermore, the big variance within Caco-2
cells as well as within ODMs suggests that cultivation conditions may

influence the expression of SLCs in both Caco-2 and ODMs.
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FIGURE 4 Comparison of transcriptomic data for SLC transporters in Caco-2 cells, duodenal tissue, organoids, and ODMs based on own and
sequencing data in the literature. Comparison between the different groups indicated that SLC expression in ODMs and organoids was more like
the in vivo situation than in Caco-2 cells. (A) 218 SLCs (n = 5) were expressed in all duodenal tissue samples, while ODMs expressed 191-214

(n = 3) SLCs, and organoids expressed 188-205 (n = 8) of these 218 SLCs. Caco-2 cells expressed 152-208 SLCs of 218 (n = 8). (B) Differentially
expressed SLCs within duodenal tissue samples (20-116,n = 5), ODMs (21-125,n = 3), organoids (21-112; n = 8), and Caco-2 (27-115; n = 6).
Each symbol presents one dataset: gray square ll = GSE156453,%7 white square []= Ma’ayeh et al.;** black circle @ = GSE164334,38

black triangle A = GSE160695,*% white circle O = GSE163706,*2 black square 4 = GSE127938,%C gray circle ® = GSE167286,*

black star % = own data®® (values are shown as mean + SEM)

TABLE 2 TJmorphometric analysis of freeze-fracture electron microscopy data

N Strands
ODMs 52 458 +0.21
Duodenal tissue 65 4.60 +0.14
Caco-2 52 4.35+0.28

Stimulation of anion secretion with prostaglandin E2 and theo-
phylline led to an increase in Cl~ secretion in ODMs, which indicated
that ion transporters were not only expressed but were also func-
tional. Treatment with a specific inhibitor for the Na-K-Cl cotrans-
porter (NKCC1/SLC12A2), bumetanide, showed that this transporter
was functional in ODMs (Figure S2A). To further compare differ-
ent culture conditions, experiments to determine anion secretion and
NKCC1/SLC12A2 activity were performed on ODMs as used in all
other experiments in comparisonto ODMs cultured as ALI. Here, treat-
ment with bumetanide had no effect under ALI conditions, indicating
inactivity of NKCC1/SLC12A2 in those cultures underlining again that

culture conditions are of great importance.

Ultrastructural appearance of the TJ network

Besides the general expression profiles of TJ proteins, TJ ultrastruc-
tures were analyzed employing freeze-fracture electron microscopy.
While, in general, the number of horizontally orientated strands
and their distribution of occurrence, as well as the meshwork depth
and resulting strand densities, were not different between Caco-2

cells, duodenal tissue, and ODM (Table 2), parameters of the strand

TJ depth Strand density Breaks

(nm) (x/pm) (x/pm single strand)
256.35+16.30 17.85+1.40 0.02+0.02

250.77 + 10.66 18.34+0.96 0.02 +0.02

258.17 + 25.64 16.83+1.99 0.07+0.03

appearance showed slight differences. Caco-2 cells tended to have
higher strand break numbers and more often particle type and curved
strands than the duodenal tissue. In contrast, the TJ strand appearance
of ODMs did not differ at all from that of duodenal tissue (Figure 5).

Characterization of barrier properties

Although the TER already gives a rough impression of barrier function-
ality of developed ODMs, it gives no insight into specific properties of
this barrier. Employing one-path impedance spectroscopy (Figure 6A),
it was revealed that ODMs had very similar epithelial resistances (ReP')
as duodenal biopsies, while Caco-2 cells, which already had higher
TER values, had eight times higher R values than the biopsies. As
cell lines do not possess subepithelial tissues, RSP of the Caco-2 cells
was reflecting the resistance of the filter support, which was 13.5 +
1.8 Q-cm?. For ODMs, RSUP was formed not only by the filter support,
but also by the Matrigel layer, leading to values similar to the subep-
ithelial barrier of the biopsies and thus again seemed to be a good
model for the tissue.

Further differentiation of ReP! into paracellular resistance (RPar2)
and transcellular resistance (Rf@") using two-path impedance
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FIGURE 5 Ultrastructural appearance of the TJ of ODMs, human duodenal tissue, and Caco-2 cells. (A) Occurrence of particle type and
continuous strands. In Caco-2 cells, the occurrence of particle-type strands was increased, while in tissue, this occurred sparsely and was not
detected in ODMs. (B) Occurrence of straight and curved strands. Predominantly, straight TJ networks were found. However, in Caco-2 cells, a
certain amount of curved TJs was detected. (C) Representative EM image of Caco-2 cells. (D) Representative EM image of human duodenal tissue.
(E) Representative EM image of ODMs (bar = 200 nm)
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FIGURE 6 Functional analysis of ODMs, human duodenal tissue, and Caco-2 cells. (A) One-path impedance spectroscopic analysis. Caco-2
cells possessed higher epithelial resistance (ReP') but lower subepithelial resistance (RSY?) than ODMs and duodenal tissue, which were both
comparable to each other (*p < 0.05; ***p < 0.001; n = 5, 4, 4). (B) Two-path impedance spectroscopic analysis. The higher ReP' of Caco-2 cells was
based on increased transcellular resistanc